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Editorial on the Research Topic
 Fecal Microbiota Transplants: challenges in translating microbiome research to clinical applications




Gut microbiota encompasses a complex ecosystem including bacteria, viruses, protozoa, yeasts, fungi, and archea (Seekatz, 2025). It has a multifaceted functional profile affecting human host metabolism, nutrient absorption, immune system education and tolerance and nervous system functioning, with impact on autism, depression (Li et al., 2025). With accumulating evidence on the extra-digestive communication between the gut and other organs via short-chain fatty acids, the vagus nerve, or cytokines, the gut microbiome has become a key therapeutic target (Bendriss et al., 2023).

This Research Topic aims at gathering multidisciplinary insights into the clinical application of fecal microbiota transplantation (FMT) across a broad range of conditions. Lately, FMT has been implemented to treat Clostridium difficile resistant infections, with excellent results, leading to its recognition by regulatory bodies as a life-saving therapy (Herman et al., 2025). Nevertheless, its broader use brings forward important questions regarding efficacy, safety, donor screening, and regulatory frameworks. With over 500 clinical trials currently investigating its potential in gastrointestinal, neurological, metabolic, and immune-mediated disorders, FMT is increasingly recognized as a central tool in the translation of microbiome research into practice. The contributions in this Research Topic explore key methodological, mechanistic, ethical, and clinical aspects of FMT—ranging from delivery strategies and treatment variability to host–microbiome interactions. Several studies also consider the role of computational tools, including artificial intelligence and metabolomic profiling, in enhancing predictability and safety. Together, these works reflect the growing need to standardize, refine, and ethically frame FMT as part of a precision medicine approach. Its modulation via prebiotics, probiotics, and postbiotics has seen several advancements in human disease over the last decades (Scarpellini et al., 2021). In detail, an increasingly personalized approach has taken place in research and current clinical practice (Baldi et al., 2025).

FMT has been explored in treatment of Crohn's disease, ulcerative colitis, irritable bowel syndrome, and neurological conditions such as Alzheimer's and Parkinson's disease, to improving response to cancer immunotherapy treatments (Al-Ali et al., 2021). However, there is a lack of objective markers of its efficacy across such a wide spectrum of research and clinical applications. In particular, it is crucial to measure the extent of engraftment following FMT to assess patients' response to treatment. More specifically, the gray zones in FMT investigation are community coalescence, which aims to study microbiome shifts following FMT engraftment; indicator features, which aim to assess specific microbiome features as a signal of engraftment; resilience, which aims to assess post-FMT recipients' microbiomes' resistance to shifts (Cymbal et al., 2025).

The contributions gathered in this Research Topic extend well beyond the established use of FMT for recurrent Clostridioides difficile infections and illustrate the breadth of its translational potential. Evidence now supports meaningful clinical benefits in functional and metabolic disorders: a systematic review demonstrated that FMT provides remission and symptom improvement in chronic constipation with favorable safety and microbial remodeling (Wang et al.), while preclinical work showed that gut microbial transfer can ameliorate hyperuricemia (Yuan et al.) and high-fat diet–induced obesity (Men et al.). Neurological and psychiatric conditions have also emerged as promising targets, with studies documenting improvements in chronic insomnia (Fang et al.), disease modification in Alzheimer's models (Xiang et al.), and integrative microbiome–metabolome signatures linked to attention-deficit/hyperactivity disorder (Lu et al.), alongside genetic evidence for causal associations between the gut microbiome and anorexia nervosa (Xia et al.).

In oncology, microbial modulation is increasingly recognized as a key determinant of therapeutic efficacy. FMT was found to suppress oncogenic programs in colorectal cancer (Han et al.) and to enhance the efficacy of 5-fluorouracil in pancreatic cancer (Li et al.) highlighting opportunities to optimize immuno- and chemotherapy responsiveness. Similarly, immune and autoimmune conditions are gaining attention: a comprehensive synthesis outlined the role of gut microbiota in shaping autoimmune disease progression and treatment strategies (Adawi), while experimental work demonstrated that FMT could alleviate lipopolysaccharide-induced osteoporosis by regulating microbial communities and lncRNA-TUG1 (Ma et al.). Microbiota transfer has also been shown to benefit chronic liver disease associated with hepatitis B virus infection, with improvements in both metabolic and microbial parameters (Deng et al.).

These advances also underscore the importance of donor factors and methodology. A study on healthy donors revealed that prior antibiotic exposure can durably alter microbial composition, phage dynamics, and resistance gene profiles, raising critical safety considerations (Karimianghadim et al.). At the same time, innovative delivery methods are being developed: an encapsulation protocol has demonstrated feasibility for stable, capsule-based administration (Sipos et al.). Expanding the scope even further, animal models illustrate how FMT influences systemic immune and neural processes, with demonstrated protection against pediatric traumatic brain injury (Fagan et al.) and mitigation of acute lung injury through anti-inflammatory and microbial pathways (Hua et al.).

Across this Research Topic, mechanistic insights converge on the role of transferable metabolic signatures—including SCFA production, bile acid pathways, and amino acid metabolism—in mediating host responses (Deng et al.; Lu et al.; Men et al.). Finally, forward-looking perspectives emphasize the urgent need for standardization and predictive tools: multi-omics integration and intelligence are proposed as key strategies to monitor engraftment, anticipate therapeutic outcomes, and tailor donor–recipient matching, bringing FMT closer to a precision medicine framework (Larsen and Brummer; Liu et al.; Cantón et al., 2024). Together, these studies demonstrate both the promise and complexity of FMT, reinforcing the need for careful methodological refinement and ethical oversight as the field moves toward clinical translation.

This Research Topic allows experts in the field to update their knowledge on the concept of gut microbiota, FMT, its use in clinical and research practice to beneficially affect human health.
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Pediatric traumatic brain injury (TBI) is a leading cause of death and disability in children. Due to bidirectional communication between the brain and gut microbial population, introduction of key gut bacteria may mitigate critical TBI-induced secondary injury cascades, thus lessening neural damage and improving functional outcomes. The objective of this study was to determine the efficacy of a daily fecal microbial transplant (FMT) to alleviate neural injury severity, prevent gut dysbiosis, and improve functional recovery post TBI in a translational pediatric piglet model. Male piglets at 4-weeks of age were randomly assigned to Sham + saline, TBI + saline, or TBI + FMT treatment groups. A moderate/severe TBI was induced by controlled cortical impact and Sham pigs underwent craniectomy surgery only. FMT or saline were administered by oral gavage daily for 7 days. MRI was performed 1 day (1D) and 7 days (7D) post TBI. Fecal and cecal samples were collected for 16S rRNA gene sequencing. Ipsilateral brain and ileum tissue samples were collected for histological assessment. Gait and behavior testing were conducted at multiple timepoints. MRI showed that FMT treated animals demonstrated decreased lesion volume and hemorrhage volume at 7D post TBI as compared to 1D post TBI. Histological analysis revealed improved neuron and oligodendrocyte survival and restored ileum tissue morphology at 7D post TBI in FMT treated animals. Microbiome analysis indicated decreased dysbiosis in FMT treated animals with an increase in multiple probiotic Lactobacilli species, associated with anti-inflammatory therapeutic effects, in the cecum of the FMT treated animals, while non-treated TBI animals showed an increase in pathogenic bacteria, associated with inflammation and disease such in feces. FMT mediated enhanced cellular and tissue recovery resulted in improved motor function including stride and step length and voluntary motor activity in FMT treated animals. Here we report for the first time in a highly translatable pediatric piglet TBI model, the potential of FMT treatment to significantly limit cellular and tissue damage leading to improved functional outcomes following a TBI.

KEYWORDS
traumatic brain injury, porcine (pig) model, fecal matter transfer, MRI, microbiome gut-brain axis, behavior analysis, gait analysis


Introduction

Pediatric traumatic brain injury (TBI) is a substantial contributor to death and disability worldwide. Each year in the United States alone there are over 2.8 million TBI hospital visits of which over 850,000 are children (CDC Injury Center, 2022). TBI results in brain lesioning, edema, hemorrhage, cerebral blood flow disruption, and inflammation that can have widespread effects on the body including gut dysbiosis (Feighery et al., 2008; Sundman et al., 2017) and loss of gastrointestinal tract (GIT) integrity (Hang et al., 2003). In children, TBI can interrupt and irrevocably alter ongoing neural development, thus leading to lifelong deficits in learning (Prasad et al., 2017), memory (Prasad et al., 2017), motor function (Beretta et al., 2009), and behavior (Li and Liu, 2013). As such, TBI is considered a chronic disease as opposed to a static injury (Masel and DeWitt, 2010). Although TBI is a worldwide epidemic, there is no FDA-approved treatment. Therefore, there is a significant need for the development of novel and innovative TBI therapies that will lead to improved patient recovery. Recent studies in rodent TBI models have demonstrated that manipulating the GIT microbiome through fecal microbiota transplantation (FMT) (Du et al., 2021; Davis et al., 2022) or introduction of specific probiotic species, Lactobacillus acidophilus (Sun et al., 2015; Ma et al., 2019) or Clostridium butyricum, (Li et al., 2018) may lead to reduced intracerebral brain damage and improved cognitive and motor function outcomes, making the GIT microbiome a novel TBI therapeutic target.

A number of recent studies have discovered significant connections between the gut microbiome and brain health (Tremlett et al., 2017). The gut microbiome consists of over a trillion microorganisms that primarily inhabit the lower portion of the GIT system. Connected through the microbiota-gut-brain-axis (MGBA), bi-directional communication exists in which the gut microbiome communicates to the brain through the immune system, enteric nervous system, and hypothalamic-pituitary-adrenal (HPA) axis using complex signaling molecules (Rice et al., 2019). Indeed, TBI can result in changes to the gut microbiome which have been detected as early as 2 h after experimental TBI (Crapser et al., 2016; Fung et al., 2017; Nicholson et al., 2019; Jeon et al., 2020). These changes often include an increase in opportunistic pathogenic bacteria commonly associated with disease and a corresponding decrease in healthy, commensal bacteria resulting in a population imbalance, termed dysbiosis. GIT dysbiosis leads to the activation of GIT inflammatory cells, breakdown of the intestinal wall, and leakage of intestinal contents and bacteria into the circulatory system which results in systemic inflammation that further exacerbates TBI induced inflammation in the brain. Additionally, the vagus nerve and HPA axis are activated in a positive feedback loop which perpetuates inflammation in both the brain and the GIT following TBI (Thayer and Sternberg, 2009). Therefore, a microbial based therapy may act on each arm of the MGBA to reduce the TBI-induced secondary injury cascade and improve outcomes.

As interest in the gut microbiome-health connection increases, evidence has grown that introduction of key gut bacteria may contribute to the treatment of numerous central nervous system (CNS) pathologies such as Alzheimer’s Disease, Parkinson’s Disease, and TBI (Vendrik et al., 2020). Recent studies have demonstrated that FMT may be a potent microbiome altering therapeutic option for TBI (Du et al., 2021; Davis et al., 2022). FMT is the ingestion of a healthy bacterial population isolated from donor stool with the goal of replenishing a dysbiotic gut microbiome. FMT studies in controlled cortical impact (CCI) TBI mouse models showed that TBI induced significant gut dysbiosis, including changes in microbial population alpha- and beta-diversity, with increasing levels of dysbiosis correlating with increased brain lesion volumes (Li et al., 2018). FMT treatment restored gut microbial populations back to a pre-injury state (Du et al., 2021; Davis et al., 2022). FMT-induced restoration of the microbiome was associated with decreased oxidative stress, cortical volume loss, and attenuated white matter damage in the brain (Du et al., 2021; Davis et al., 2022). FMT-treated animals also showed reduced neurological deficits as measured by improved modified neurological severity scores, decreased anxiety-like behavior as determined by open field testing, and improved spatial memory and learning as determined by Morris Water Maze testing (Du et al., 2021; Davis et al., 2022). These studies demonstrate that FMT is a promising therapeutic that can limit TBI pathogenesis and lead to improved recovery in rodent models.

Despite highly compelling FMT TBI therapeutic data in rodent systems, significant differences exist in human and rodent anatomy and physiology that may decrease the translational potential of FMT into human patients, particularly in the pediatric population. Porcine models are increasingly utilized in neural injury studies due to key similarities in human and pig anatomy and physiology (Kinder et al., 2019c; Kaiser and West, 2020). In fact, humans and pigs share remarkably similar neuroanatomical architecture, including both possessing gyrencephalic brains, similar white matter composition (>50%), and cerebral vasculature (Ahmad et al., 2015; Kaiser and West, 2020). Evaluating the effects of TBI in a gyrencephalic brain is critically important as gyrification significantly influences the movement of the brain in the skull during TBI, including maximum mechanical stress in tissues, with considerably more brain deformation occurring and deeper transmission of forces relative to a lissenciphalic brain like those found in typical rodent models (Vink, 2018). The human brain is approximately 650 times the size of the average rodent brain, while only 7.5 times larger than the pig brain- a size comparable to non-human primate models (Lind et al., 2007). Brain size is an important factor when evaluating TBI effects on brain pathophysiology as smaller rodent brains can tolerate much greater angular acceleration forces than animals with larger brains as shearing forces and inertial loading are related to brain mass (Vink, 2018). Moreover, the piglet brain shows a more similar time course in neural development, maturation, and myelination to human adolescents as compared to the rodent model (Flynn, 1984; Conrad et al., 2012). Humans and pigs also share key GIT features including similarities in body size resulting in more relatively proportional intestinal size, length, and transit time as opposed to rodents (Heinritz et al., 2013). Pigs and humans share more similar digestion strategies as opposed to rodents. For example, fermentation occurs primarily in the colon of pigs and humans versus cecal fermentation in rodents (Miller and Ullrey, 1987). Studies have also demonstrated similarities in the gut bacterial populations in humans and pigs when compared to rodents (Lamendella et al., 2011). Both adult human and pig GIT microbial populations are dominated by Firmicutes and Bacteroidetes and show similar levels of microbial diversity (Lamendella et al., 2011). Furthermore, >95% of functional genes in the human gut metagenome are present in the pig, thus demonstrating significant overlap between the functional capacity of pig and human microbiomes and further supporting the use of porcine preclinical microbial models whereas less microbial functional gene overlap is observed between humans and rodents (Xiao et al., 2016). Finally, the pediatric piglet TBI model has also demonstrated relevant functional deficits after TBI including loss of motor coordination and behavioral changes (Baker et al., 2019; Kinder et al., 2019a,b; Wang et al., 2021). Taken together, these key similarities in human and pig brain, GIT, microbiome, and functional outcomes enable the pig to be an invaluable tool in preclinical neural injury research, specifically in modeling gut mediated therapies.

The objective of this study was to determine the efficacy of a daily FMT to alleviate neural injury severity, reverse GIT dysbiosis, and improve functional recovery post TBI in a translational pediatric porcine model. In this study, we demonstrate that FMT treatment leads to a significant reduction in lesion volume, midline shift, hemorrhage, and edema in our piglet TBI model. Furthermore, we demonstrate that FMT treatment prevents an acute increase in potentially harmful fecal microbial species and promotes an increase in cecal therapeutic probiotic species post-TBI. These FMT-mediated improvements in injury severity and gut dysbiosis led to enhanced recovery in motor function and behavioral outcomes in TBI piglets.



Materials and methods


Animals and housing

Four-week-old castrated male crossbreed piglets (N = 18) were used as experimental animals in this study due to animal availability. Previous research from our lab indicated that crossbreed animals showed similar brain pathophysiology and motor outcomes following TBI as Yucatan biomedical pigs (Sneed et al., 2020). Additional castrated male piglets (N = 9) were kept from each litter as healthy fecal matter donor pigs. All piglets were born from the same genetic lineage and maintained in an environmentally controlled room to minimize microbiome variability. This study was performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals guideline. All procedures were reviewed and approved by the University of Georgia Institutional Animal Care and Use Committee (Animal Use Protocol A2019 07-007-Y1-A9). Pigs were housed in Public Health Service (PHS) and Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) approved facility with a 12-h light/dark cycle maintained at room temperature (27°C). Pigs were provided free access to water and fed standard pig starter I diets. Additionally, all pigs received daily enrichment through human contact and toys.



Study design

A total of 18 animals were enrolled in this randomized single blinded study. To minimize day effects, this study was conducted in a randomized block design in which animals were randomly assigned to one of three treatment groups (Sham craniectomy + saline, TBI + saline TBI + FMT). Treatments were administered in an unblinded fashion; however, all data was anonymized and underwent blinded analysis. Beginning the day after birth, piglets were socialized and acclimated to human interaction in order to reduce handling stress during future procedures. Starting at 2 weeks of age, piglets were individually habituated to the gait track and underwent gait training 5 days per week for 2 weeks. After weaning at approximately 4 weeks of age, pre-injury gait and behavior data were collected, and pigs were randomly assigned to either TBI + FMT (FMT; n = 6), TBI + saline (TBI; n = 6) or craniectomy + saline (Sham; n = 6) experimental groups. FMT or saline treatments were administered 2-h post TBI or Sham surgery, and once a day thereafter. MRI collection occurred 1 and 7 days post-surgery. Gait, behavior, and fecal matter collections took place 1, 3, and 7 days post-surgery. All experimental animals were sacrificed 7 days post-surgery for tissue analysis and cecal collection.



Controlled cortical impact

Approximately 12-h prior to surgery a transdermal fentanyl patch (12 mcg/h; Covetrus) was applied to each pig for pain management. Pre-induction analgesia and sedation for TBI or Sham surgery was achieved using xylazine (2 mg/kg IM; VetOne) and midazolam (0.2 mg/kg IM; Heritage). Prophylactic lidocaine (0.5 mL 2% lidocaine VetOne) was administered topically to laryngeal folds, and propofol (0.5 mL to effect IV; Zoetis) to facilitate intubation. Anesthesia was maintained with isoflurane (1.0–2.0% Abbott Laboratories) in oxygen. Vitals including heart rate, respiration, and temperature were continuously monitored throughout surgery and maintained within normal parameters.

Using aseptic sterile technique, 4 cm left-sided incision was made at the top of the cranium to expose underlying skull. Bupivacaine (0.5% bupivacaine, 2 mg/kg; Pfizer) was applied as a periosteal block for desensitization of the area. A 20 mm craniectomy was performed at the left anterior junction of the coronal and sagittal sutures, exposing the underlying dura of the motor cortex. Each pig was then secured in in a controlled cortical impact device (University of Georgia Instrument Design and Fabrication Shop, Athens, GA, USA). A 15 mm blunt impactor tip was centered over the exposed dura to induce a motor cortex TBI with the following parameters: 4 m/s velocity, 9 mm depth of depression, 400 ms dwell time. Studies conducted previously by our lab determined these parameters generate a moderate-severe TBI (Baker et al., 2019; Kinder et al., 2019a). Sham animals received craniectomy only with no TBI. After TBI or Sham induction, the injury site was flushed with sterile saline. A second dose of Bupivacaine (0.5% bupivacaine, 2 mg/kg; Pfizer) was administered as an incisional block prior to closing the tissue with surgical sutures.

Post-operatively, pigs were monitored continuously until extubated. Once returned to their pen, pigs were monitored every 15 min until vitals returned to normal, then every 4 h for 24-h, and twice daily thereafter.



Gut microbial transplant


Collection

Healthy male piglets were kept from each litter as sex- and age-matched fecal matter donor pigs. Fecal matter was collected once per day beginning on the day of TBI induction, through day 6 of the study for the administration of fresh solution each day. For collection, a trained handler restrained each donor pig as a second trained handler cleaned the rectum with a 70% ethanol wipe. A sterile swap was used to stimulate the rectum. Fecal matter was collected into a sterile 50 mL conical tube and immediately placed on ice until all collections were complete and transported for processing.



Processing

All processing occurred in an anaerobic chamber. Fecal matter from each donor pig was combined and pooled into one sample to obtain a homogenous mixture to ensure all FMT treated piglets received the same treatments. Pooled fecal matter was then weighed and placed in a commercial blender (Oster Classic Series). Sterile saline was added to the blender based on weight to result in a 50 g fecal matter per 250 mL sterile saline ratio (Ponte et al., 2015), and blended on low for 30 s until a smooth texture was achieved. The mixture was then filtered through sterile gauze three times to ensure removal of particulate matter. Approximately 30 mL of microbial transplant material was placed into sterile syringes and immediately administered to FMT piglets.



Administration

Piglets were placed in individual pens for treatment administration in which 25 mL of the prepared 30 mL of microbial transplant material or saline were administered to FMT or saline piglets, respectively. Treatments were slowly dispensed orally via syringe feeding. Treatments were administered at 2 h post TBI or craniectomy, and once a day thereafter. All piglets were monitored for approximately 15 min after treatment to ensure no adverse effects (vomiting, diarrhea) occurred. However, no adverse events were noted for the duration of the study.




Magnetic resonance imaging (MRI) acquisition and analysis

Magnetic resonance imaging was preformed 1 and 7 days post TBI using a General Electric 32-channel fixed-site Discovery MR750 3.0 Tesla MRI magnet and an 8-channel knee coil placed over the head. All pigs were sedated as previously described for craniectomy surgery, with the addition of ketamine (4 mg/kg IM; Henry Schein) at the 7 day scan as fentanyl was no longer in use. Pigs were placed in supine recumbency, and mild anesthesia was maintained via inhalation isoflurane (1.5%; Abbott Laboratories) in oxygen. Vitals were monitored for the duration of the scan, and until pigs recovered and were ambulatory. Multiplanar MRI sequences were acquired including Fast Spin Echo T2-Weighted (FSE T2W), susceptibility-weighted angiography (SWAN), diffusion weighted imaging (DWI), diffusion Tensor Imaging (DTI), and magnetic resonance spectroscopy (MRS). Sequence analysis was conducted using Osirix software (Version 12.5.2) default thresholds and Fiji ImageJ software (Version 2.0.0).

Lesion volume and midline shift were calculated from coronal FSE T2W sequences using Osirix software. To determine lesion volume, hypointense and hyperintense areas in the ipsilateral hemisphere were manually traced. Computer-generated lesion volumes were automatically calculated and reported. Similarly, each slice of the ipsilateral hemisphere was manually traced to calculate the percentage of which the lesion occupied (lesion volume divided by ipsilateral hemisphere volume). The midline shift (MLS) was measured at the falx cerebri and septum pellucidum (Yang et al., 2018). Specifically, the distance from each structure to the lateral border of the ipsilateral and contralateral hemisphere was measured. The MLS was then calculated using the formula: (total diameter/2)–contralateral diameter (Wang et al., 2021). Intracranial hemorrhage volume was measured with Osirix from coronal SWAN sequences. Similar to lesion volume, hypointense areas were manually outlined on each ipsilateral slice and automated computer-generated volumes produced. Apparent diffusion coefficient (ADC) maps were generated from DWI sequences and utilized within ImageJ software to measure changes in water diffusivity, corresponding to cytotoxic (hypointense regions) and vasogenic (hyperintense regions) edema. Specifically, each hemisphere was manually defined. Using the contralateral hemisphere as an internal control, the percent of abnormal (low or high, respectively) signal intensity was automatically calculated for each slice and averaged for a final value.

Proton magnetic resonance spectroscopy (1H-MRS) and unsuppressed water reference data were acquired in two voxels (16 × 20 × 25 mm3) using a standard point-resolved single voxel spectroscopy (PRESS) sequence (TR/TE = 2,000/35 ms; 8 averages; 5 kHz bandwidth with 4,096 data points; scan time 2:56 min per voxel). The first voxel was placed in the ipsilateral hemisphere to cover the lesioned area, and the second voxel was placed symmetrically in the contralateral hemisphere, with adjustments to avoid the skull. The voxel size was selected to best fit within the piglet brain and to maximize signal-to-noise and spectrum quality. Pre-scan shimming was performed to achieve a suitable line width (FWHM < 13 Hz). All MRS data were analyzed offline in Osprey software (version 1.1.0) (Oeltzschner et al., 2020) using the standard processing pipeline. Briefly, preprocessing steps include spectral frequency- and phase correction, spectral alignment and averaging, Fourier transformation, residual water removal, and linear baseline correction. The processed averaged spectra were then fitted using LCModel’s default linear-combination algorithms (Provencher, 1993) and baseline knot spacing of 0.40 ppm, as implemented in Osprey. Levels of total N-acetyl aspartate (NAA) and N-acetyl aspartyl glutamate (NAAG) (NAA + NAAG), and creatine and phosphocreatine (Cr + PCr) were estimated using water as a reference. For these peaks, model fit quality was high, as indicated by low Cramer-Rao Lower Bounds (<15% for all metabolites on all spectra). We also estimated levels of Cr and PCr separately, Lactate (Lac), and glutamate (Glu) as exploratory analyses; however, the quality of the model fits for these metabolites were often lower (Cramer-Rao Lower Bound exceeding > 15%). Though metabolite levels are commonly expressed as a ratio relative to total creatine (Cr + PCr), it is not used here as creatine levels can be variable, especially after brain injury (Ross et al., 1998; Rae, 2014).



Histology

All pigs were euthanized following the 7 day post TBI MRI via euthanasia solution (1 mL/10 lbs IV). Immediately after euthanasia, pigs’ brains were removed and coronally sectioned at the level of the optic chiasm. The rostral portion of the brain was placed in 10% buffered formalin for immunohistochemical analysis. After fixation, the brain was further sectioned in which two serial ipsilateral slices at the level of the lesion which were routinely processed, embedded in paraffin, and stained with antibodies specific to NeuN (1:500), glial fibrillary acidic protein (GFAP; 1:4,000), Olig2 (1:400), Iba1 (1:8,000), and doublecortin (DCX; 1:2,000). Additionally, 5 cm of the distal ileum were dissected, cleaned, and placed in 10% buffered formalin. After fixation, three serial slices of the distal end of the ileal segment were routinely processed, embedded in paraffin wax, and stained with hematoxylin/eosin (H&E) for morphological analysis.

All slices of both gut and brain tissue were imaged using a Cytation 5 Imaging Multi-mode reader (BioTek, Vermont) in montage mode at 4 × magnification. Using Gen5 Software (Biotek, Vermont), images were digitally stitched together to create a single image. Quantification of brain cells was performed using ImageJ software by counting cell numbers (NeuN + neurons) or calculating the number of stained pixels per brain slice as indicated by percent positive staining (Olig2 + oligodendrocytes, Iba1 + microglia, GFAP + astrocytes, and DCX + neuroblasts). Villus height (measured from the top of the villus to the villus-crypt junction), and crypt depth (measured from the villus crypt junction to the base of the crypt) were measured using Gen5 Software. Measurements were conducted on 15 well-oriented, intact villi and their associated crypt for each pig.



Microbiome analysis


Fecal collection and storage

Fecal samples were collected pre, 1, 3, and 7 days post TBI. Fecal samples were collected using aseptic equipment directly from the rectum of piglets. Piglets were restrained by a trained handler during collection. Prior to collection, the piglet’s rectum was cleaned using 70% ethanol wipes to avoid contamination. Sterile swabs were utilized to stimulate defecation, and feces was collected and stored in sterile 50 mL conical tubes. Samples were immediately frozen and stored at −80°C until further analysis.



Cecal content collection and storage

On day 7 after euthanized, the abdominal cavity of all piglets was dissected using sterilized tools. The cecum of all piglets was located by identifying the ileocecal junction. Using sterilized scissors, the cecum was opened and cecal contents were collected directly into sterile 50 mL conical tubes. Samples were immediately frozen and stored at −80°C until further analysis.



DNA extraction, sequencing, and analysis

Deoxyribonucleic acid extraction was performed on fecal and cecal samples following a previously described protocol with slight modifications (Welch et al., 2020). Briefly, 350 mg of sample was placed in a 2 mL Lysing Matrix E tube (MP Biomedicals LLC, Irvine, CA, USA), and homogenized using a QIAGEN vortex adapter (QIAGEN, Venlo, Netherlands) to disrupt the cells. Enzymatic inhibition was achieved by using InhibitEX Buffer (QIAGEN, Venlo, Netherlands), and DNA elution and purification was carried out using a spin column and a series of specialized buffers according to manufacturer’s specifications (QIAamp Fast DNA Stool Mini Kit; QIAGEN, Venlo, Netherlands). Determination of DNA concentration and purity in the resulting eluate was performed spectrophotometrically using the Synergy LX Multi-Mode Microplate Reader in conjunction with the Take3 Micro-Volume Plate (BioTek Instruments Inc., Winooski, VT, USA). Samples with a minimum volume of 100 μL and 10 ng/μL of DNA were stored at −20°C.

Following DNA extraction, samples underwent library preparation and 16S ribosomal ribonucleic acid (rRNA) gene sequencing. The library preparation step included polymerase chain reaction (PCR) replications using the forward: S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and reverse: S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTAATCC-3′) primer pairs (Klindworth et al., 2013), followed by a PCR clean-up using AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis, IN, USA). A second PCR step was then carried out to attach Illumina’s indices and sequencing adapters (Nextera XT Index Kit; Illumina Inc., San Diego, CA, USA), followed by another PCR clean-up step using AMPure XP beads. Following the final clean up, the library was quantified using quantitative PCR (qPCR), and the nucleotides were sequenced using an Illumina MiSeq instrument and a MiSeq v3 reagent kit (Illumina Inc., San Diego, CA, USA). A well-characterized bacteriophage PhiX genome (PhiX Control v3 Library; Illumina Inc., San Diego, CA, USA) was used as a control for the sequencing runs.

Sequencing data was demultiplexed and converted to FASTQ files. Pair-end reads were converted into QIIME 2 artifacts (Bolyen et al., 2019) for further processing as described previously (Akerele et al., 2022). Sequences were denoised, dereplicated, and chimera-filtered using the DADA2 plugin (Callahan et al., 2016). A pre-trained Naïve Bayes classifier (Pedregosa et al., 2011) was utilized to assign taxonomies using the SILVA 138 SSU database (Quast et al., 2013). Even sequencing depth was set to 28,145 sequences per sample for computation of alpha and beta diversity indexes.




Gait analysis

Pigs underwent gait analysis collection on three separate days pre-TBI, as well as 1, 3, and 7 days post-injury. Data were recorded using a GAITFour electronic pressure sensitive mat (CIR Systems, Inc.) that is 7.01 × 0.85 meters in size. The mat contains a 6.10 × 0.61 meter active area will a total of 23,040 sensors. Before weaning, pigs were habituated to the gait mat in small groups. Approximately 2 weeks before TBI, pigs were individually trained to travel across the mat at a consistent two beat trotting gait. After training, pigs were asked to travel across the mat until 5 consistent runs were collected, or for a maximum of 15 min. Individual runs with less than 10% variability in stride cycle velocity were kept for potential analysis. Runs were then selected for analysis based on the individual stride cycle velocity falling within 20% of the mean stride cycle velocity on each trial day. Trials were normalized to pre-TBI values to account for high levels of inter-pig variability.

Gait was semi-automatically analyzed using GAITFour Software to provide quantitative measurements for all limbs. Parameters analyzed include stride length (the distance between successive ground contact of the same hoof) and step length (the distance between corresponding successive points of contact of opposing hooves) for all four limbs of each animal.



Open field testing

Pigs underwent open field behavior testing as an additional measure of functional outcomes pre-TBI as well as 1, 3, and 7 days post. All tests occurred in a 2.7 × 2.7 meter arena. Trials lasted 10 min and were recorded using EthoVision video tracking software (Noldus Systems) to obtain objective and quantifiable measures of behavioral characteristics such as velocity, distance traveled, and movement. Exploratory behaviors (sniffing) were manually tracked and coded by trained personnel.



Statistical analysis

All quantitative data were analyzed using Minitab® Statistical Software (version 21.1.1.0, Pennsylvania). For MRI, fecal microbiome, and behavior data, a mixed effects model was used in which treatment nested in pig was a random factor and time, treatment, and treatment by time were fixed effects. Differences were measured with post-hoc Tukey–Kramer pairwise comparisons. For cecal microbiome and histological measurements, statistical significance between groups was determined with one-way ANOVA and post-hoc Tukey–Kramer pairwise comparisons. Due to high levels of individual gait variability, significance between groups was measured at each timepoint using one-way ANOVA with post-hoc Fisher pairwise comparison. All results are reported as mean ± standard error of the mean (M ± SEM) using model adjusted values; however, figures are presented using the raw unadjusted values. P-values < 0.05 were considered significantly different, and p-values between 0.05 and 0.10 were considered trending.




Results


FMT decreases lesion volume and midline shift

To evaluate the effect of FMT (fecal microbiota transplant abbreviation; Table 1) treatment on structural TBI pathology in the brain, FSE T2W MRI sequences were evaluated at 1 and 7 days post TBI (Figures 1A–F). Lesion volume was significantly decreased in FMT treated animals at 7 days post injury as compared to 1 day post (6.041 ± 1.233 vs. 11.089 ± 1.233 cm3, respectively, p = 0.001; Figure 1G), while non-treated TBI control animal lesion volumes did not differ between day 7 and day 1 (6.918 ± 1.233 vs. 9.636 ± 1.233 cm3, respectively, p = 0.079; Figure 1G). Nominal lesion injuries were detected in Sham animals due to craniectomy surgery and lesions did not change at 7 days as compared to 1 day post-surgery (0.021 ± 1.233 vs. 0.062 ± 1.233 cm3, respectively, p = 1.000; Figure 1G).


TABLE 1    Frequently used abbreviations.

[image: Table listing medical abbreviations and their meanings: TBI (Traumatic brain injury), GIT (Gastrointestinal tract), MGBA (Microbiota-gut-brain-axis), HPA (Hypothalamic-pituitary-adrenal), FMT (Fecal microbial transplant), CCI (Controlled cortical impact), FSE T2W (Fast Spin Echo T2-Weighted), SWAN (Susceptibility-weighted angiography), DWI (Diffusion weighted imaging), MRI (Magnetic resonance imaging), MRS (Magnetic resonance spectroscopy), MLS (Midline shift), ADC (Apparent diffusion coefficient), NAA (N-acetyl aspartate), NAAG (N-acetyl aspartyl glutamate), Cr (Creatine), PCr (Phosphocreatine), Lac (Lactate), Glu (Glutamate), GFAP (Glial fibrillary acidic protein), DCX (Doublecortin).]
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FIGURE 1
FMT significantly reduced lesion volume and MLS following TBI. Coronal T2W MRI scans revealed minimal to no lesion present in Sham animals at 1 and 7 days (A,B). Hyperintense and hypointense ipsilateral lesioning characteristic of heterogenous TBI were present at 1 and 7 days in TBI non-treated (C,D) and to a lesser degree in FMT treated (E,F) animals. FMT treatment led to a significantly reduced lesion volume (G) and lesioned percent of the ipsilateral hemisphere (H) at 7 days as compared to 1 day post TBI. TBI non-treated animals experienced a significant change in MLS as measured at the falx cerebri (I) and at the septum pellucidum (J), while FMT treated animals showed no changes in MLS. All data is expressed as mean ± SEM. Bar denotes a time effect within treatment. **p < 0.01 and *p < 0.05.


In order to account for possible differences in brain size, the percent of ipsilateral tissue occupied by the lesion was calculated for all groups. The percent of ipsilateral brain containing lesion tissue was significantly less in FMT pigs at 7 days as compared to 1 day post TBI (12.299% ± 2.327% vs. 21.727% ± 2.327%, respectively, p = 0.020; Figure 1H). No significant changes were observed from 7 to 1 day in TBI non-treated control (14.255% ± 2.327% vs. 18.908% ± 2.327%, respectively, p = 0.118; Figure 1H). Additionally, Sham animals did not exhibit a change in lesion tissue from 7 days as compared to 1 day (0.041% ± 2.327% vs. 0.124% ± 2.327%, respectively, p = 1.000; Figure 1H) post TBI. This data suggests FMT contributed to a reduction in lesion volume following TBI.

Midline shift severity is directly correlated with poor clinical outcomes making it an important injury/recovery biomarker (Palekar et al., 2021). MLS was calculated at 1 and 7 days post injury utilizing the falx cerebri, as the injury was more dorsal, as well as the more commonly utilized septum pellucidum. The midline significantly shifted between 1 and 7 days post injury in the non-treated TBI group (0.233 ± 0.443 vs. −1.858 ± 0.44 mm, respectively, p < 0.001; Figure 1I) measured at the falx cerebri and at the level of the septum pellucidum (−0.082 ± 0.388 vs. −1.417 ± 0.388 mm, respectively, p = 0.044; Figure 1J). There was no significant difference in MLS from 1 to 7 days post injury in the FMT treated group at the falx cerebri (0.483 ± 0.443 vs. −0.525 ± 0.443 mm, respectively, p = 0.111; Figure 1I) or the septum pellucidum (0.475 ± 0.388 vs. −0.650 ± 0.388 mm, respectively, p = 0.112; Figure 1J). The Sham group demonstrated no change between the 1 and 7 day timepoints at the falx cerebri (0.008 ± 0.443 vs. −0.033 ± 0.443 mm, respectively, p = 1.00; Figure 1I) nor the septum pellucidum (−0.008 ± 0.388 vs. 0.008 ± 0.388 mm, respectively, p = 1.00; Figure 1J). Negative values demonstrate a shift toward the ipsilateral hemisphere, indicative of tissue atrophy. Therefore, our MLS data suggest FMT-treated pigs may have experienced less tissue atrophy 7 days post injury.



FMT reduces intracranial hemorrhage volume

The SWAN MRI sequence is a sensitive measure of cerebral hemorrhage (Docampo et al., 2013). Others have reported a reduction in hemorrhagic brain injury as a result of microbiota transplant (Yu et al., 2021), therefore we investigated the effects of FMT on hemorrhage volume 1 and 7 days post injury (Figures 2A–F). A decrease in hemorrhagic volume was noted in FMT treated pigs at 7 days as compared to 1 day post injury (1.323 ± 0.321 vs. 2.543 ± 0.337 cm3, respectively; p = 0.003; Figure 2G). A significant decrease was not observed in non-treated TBI pigs at 7 days as compared to 1 day post injury (1.950 ± 0.321 vs. 2.523 ± 0.321 cm3, respectively; p = 0.212 Figure 2G). As expected, Sham animals showed minimal cerebral hemorrhage at 1 day and 7 day (0.186 ± 0.321 cm3 vs. 0.012 ± 0.321 cm3, respectively; p = 0.975; Figure 2G). These results indicate FMT therapy may alleviate intracranial hemorrhage associated with moderate-severe TBI.
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FIGURE 2
FMT significantly reduced hemorrhage volume in TBI piglets. Coronal SWAN images showed hypointense regions indicative of intracerebral blood and blood products (A–F). Sham animals show minimal hemorrhage at 1 day (A) and 7 days (B). TBI non-treated animals showed a slight decrease in hypointense hemorrhagic lesion volume from 1 day (C) to 7 days (D) post TBI whereas FMT treated animals showed a significant reduction in hypointense hemorrhagic lesion volume from 1 day (E) to 7 days (F) post TBI (G). Data is presented as mean ± SEM. **p < 0.01.




FMT reduces cytotoxic and vasogenic edema

Apparent diffusion coefficient maps generated from DWI MRI sequences were used to evaluate changes in water diffusivity in the ipsilateral hemisphere (Figures 3A–F). TBI causes a heterogeneous injury that includes hypointense and hyperintense regions of cytotoxic and vasogenic edema, respectively. Therefore, ipsilateral hemisphere analysis was used to identify and quantitate changes in hypointense and hyperintense regions. At 1 day post TBI, as compared to Sham (1.100 ± 0.912%), both FMT treated (11.436 ± 0.912%, p < 0.001) and TBI non-treated (11.998 ± 0.912%, p < 0.001) animals had significantly increased levels of hypointensity (Figure 3G). At 7 days post TBI, a decrease was observed in which FMT treated pigs did not differ from Sham (3.343 ± 0.912 vs. 0.474 ± 0.912%, respectively, p = 0.283), but non-treated TBI pigs hypointense regions remained increased as compared to Sham (6.104 ± 0.912% vs. 0.474 ± 0.912%, respectively, p = 0.006; Figure 3G). An overall treatment difference was observed for hyperintensity (p < 0.001), indicative of vasogenic edema in the ipsilateral hemisphere. TBI non-treated animals (7.549 ± 1.077%) showed a significant (p = 0.004) increase in hyperintensity relative to Sham (2.069 ± 1.077%; Figure 3H). FMT treated animals (5.358 ± 1.077%) showed no difference as compared to Sham (p = 0.070) or TBI non-treated animals (p = 0.341; Figure 3H). Together these results indicate administration of FMT may lead to the reduction of cytotoxic and vasogenic edema at 7 days post TBI.
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FIGURE 3
FMT ameliorates cytotoxic and vasogenic edema. Axial ADC maps showed minimal edema at 1 day (A) and 7 days (B) in Sham animals. However, the percentage of the ipsilateral hemisphere occupied by cytotoxic edema (hypointense regions) was significantly elevated in TBI non-treated (C) and FMT treated (E) animals at 1 day post TBI as compared to Sham (A,G). However, the percentage of the ipsilateral hemisphere occupied by cytotoxic edema was not significantly different between Sham (B) and FMT (F) treated animals at 7 days post TBI, while cytotoxic edema remained significantly elevated in TBI non-treated animals (D,G). An overall treatment effect was reported in the percent of the ipsilateral hemisphere occupied by vasogenic edema (hyperintense regions) in which TBI non-treated animals (C,D) displayed a significantly greater area of hyperintensity whereas there was no difference in vasogenic edema in FMT treated animals (E,F) compared to Sham animals (A,B,H). Data is presented as mean ± SEM. Treatment effect within day is compared to Sham. Bracket indicates treatment difference compared to Sham. **p < 0.01.




FMT alters key brain metabolite levels

Magnetic resonance spectroscopy enables non-invasive, quantitative evaluation of brain metabolites, which have been reported to be altered after TBI (Croall et al., 2015; Kinder et al., 2019b). Commonly measured metabolites include N-acetylaspartate (NAA; neuron death and dysfunction), N-acetyl aspartyl glutamic acid (NAAG; membrane turnover), NAA and NAAG (NAA + NAAG), lactate (Lac; glycolysis), glutamate (Glu; neuronal death), phosphocreatine (PCr), creatine (Cr), and the sum of creatine and phosphocreatine (Cr + PCr; cellular energy). Although no treatment by time interactions were observed, a significant treatment effect was noted for multiple metabolites. The NAAG concentration was significantly affected by treatment (p = 0.021) as TBI non-treated animals exhibited lower NAAG concentration as compared to Sham (1.080 ± 0.209 vs. 1.974 ± 0.195 IU, respectively, p = 0.019) but FMT treated pigs did not statistically differ from Sham (1.739 ± 0.199 vs. 1.974 ± 0.195 IU p = 0.682; Supplementary Figure 1A), which may indicate a neuroprotective effect (Neale et al., 2011). A significant decrease was observed in PCr (p = 0.022) in TBI non-treated pigs compared to Sham (4.503 ± 0.490 vs. 6.411 ± 0.457 IU, p = 0.017), but FMT treated pigs did not statistically differ from Sham (5.376 ± 0.468 vs. 6.411 ± 0.457 IU, respectively, p = 0.262; Supplementary Figure 1B), suggesting FMT promoted proper energy metabolism in the TBI brain. A significant treatment difference was also detected in NAA + NAAG concentration (p = 0.013) in which TBI non-treated (14.279 ± 0.476 IU, p = 0.017) and FMT treated (14.629 ± 0.454 IU, p = 0.042) animals were lower relative to Sham (16.339 ± 0.446 IU; Supplementary Figure 1C). No difference was reported for Lac between TBI non-treated, Sham, and FMT treated animals (0.489 ± 0.258 vs. 1.271 ± 0.241 vs. 0.787 ± 0.246 IU, respectively, p = 0.097; Supplementary Figure 1D). A significant treatment effect was noted for NAA (p = 0.043) in which the concentration of FMT treated animals was significantly decreased as compared to Sham (14.369 ± 0.442 vs. 16.009 ± 0.434, respectively, p = 0.046), but TBI non-treated animals did not significantly differ from Sham (14.707 ± 0.464 vs. 16.009 ± 0.434, respectively, p = 0.135; Supplementary Figure 1E). The concentration of Cr + PCr approached a trending (p = 0.097) treatment difference, but post-hoc analysis revealed no statistical differences between the three groups (p > 0.100; Supplementary Figure 1F). No statistically significant differences between groups were noted for Glu (p = 0.672; Supplementary Figure 1G) or Cr (p = 0.534; Supplementary Figure 1H). These data suggest FMT treatment may contribute to moderate recovery of brain metabolism following TBI.



FMT improved neuron and oligodendrocyte survival

Ipsilateral tissue sections underwent histological assessment to determine cellular level changes in neuron survival, gliosis, microglia and astrocyte activation, and neuroblast stimulation in response to FMT treatment (Supplementary Figure 2). There was a difference between treatments in number of surviving NeuN+ neurons (p = 0.007). A decrease was observed in the number of surviving NeuN+ neurons in TBI non-treated animals (p = 0.005) but not in FMT treated animals (p = 0.181), as compared to Sham (45133.000 ± 4121.000 and 53990.000 ± 4514.000 vs. 65090.000 ± 4121.000 cells, respectively; Figures 4A–D), indicating less neuronal death in FMT treated animals compared to TBI non-treated. Similarly, the percent area positive for Olig2+ oligodendrocytes was different (p = 0.018) between treatments. There was a decrease in the percentage of area positive for Olig2+ oligodendrocytes in TBI non-treated animals (p = 0.013) but not in FMT treated animals (p = 0.214) as compared to Sham (1.126 ± 0.134 and 1.371 ± 0.134 vs. 1.697 ± 0.134%, respectively; Figures 4E–H), demonstrating improved oligodendrocyte survival in FMT treated animals compared to TBI-non-treated. TBI induced an increase in the percent of Iba1+ microglia activated (p < 0.001) in TBI non-treated animals and FMT treated animals as compared to Sham (9.779 ± 0.864 and 8.526 ± 0.864 vs. 4.339 ± 0.864%, respectively, p < 0.005; Figures 4I–L). This data demonstrates TBI led to an increase in the percent of activated microglia thus increasing harmful neural inflammation. FMT did not decrease astrocyte activation as TBI non-treated and FMT-treated animals both demonstrated significantly increased GFAP + percent area as compared to Sham (11.859 ± 0.655 and 11.397 ± 0.655 vs. 6.441 ± 0.655%, respectively; (p < 0.001); Figures 4M–P). However, there was not a difference in GFAP + percent area between TBI non-treated and FMT treated animals (11.859 ± 0.655 vs. 11.397 ± 0.655%, respectively; (p = 0.622); Figures 4M–P) demonstrating FMT treatment did not influence subacute astrocyte activation. Finally, the number of DCX + neuroblasts was evaluated at the subventricular zone. TBI non-treated and FMT treated animals showed a significant increase in the percent area of DCX + neuroblasts as compared Sham animals (15.555 ± 0.859 vs. 13.377 ± 0.859 and 8.003 ± 0.859%, p ≤ 0.004; Figures 4Q–T). It should be noted that changes Olig2 + oligodendrocytes, Iba1 + microglia, GFAP + astrocytes, and DCX + neuroblast markers may be due to an increase in cell number or a change in morphology as staining was quantified on a per pixel basis. Collectively, these data indicate that FMT treatment improves neuron survival and has limited effects on other cellular responses in TBI animals.
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FIGURE 4
FMT increases neuron survival in TBI animals at 7 days post TBI. Histological evaluation of NeuN+ neurons in Sham (A), TBI non-treated (B), and FMT treated animals (C) showed TBI non-treated animals demonstrated a significant decrease in NeuN+ neurons relative to Sham animals, while FMT treated animals (C) showed no difference from Sham (D). Histological assessment of Olig2+ oligodendrocytes in Sham (E), TBI non-treated (F), and FMT treated animals (G) showed TBI non-treated animals demonstrated a significant decrease in Olig2+ relative to Sham animals, while FMT treated animals did not (H). Iba1+ activated microglia in Sham (I), TBI non-treated (J), and FMT treated (K) animals showed TBI non-treated and FMT treated animals displayed a significant increase in Iba1+ microglia cells as compared to Sham animals (L). GFAP+ astrocytes in Sham (M), TBI non-treated (N), and FMT treated (O) animals demonstrated TBI non-treated and FMT treated animals showed a significant increase in GFAP+ astrocyte activation as compared to Sham animals (P). DCX+ neuroblasts in Sham (Q), TBI non-treated (R), and FMT treated (S) animals demonstrated TBI non-treated animals showed a significant increase in DCX+ cells as compared to FMT treated and Sham animals (T). Additionally, FMT treated animals had a significant increase in DCX+ cells as compared to Sham (T). All images were captured at 10 × magnification. Data is presented as mean ± SEM. Treatment effects are as compared to Sham. **p < 0.01 and * p < 0.05.




FMT did not alter alpha diversity or phylum level in feces

No changes in fecal sample alpha diversity indices were detected as measured by number of features, Faith’s Phylogenetic Diversity (PD) index, Shannon index, and Evenness index in 1, 3, and 7 day post TBI fecal samples (Supplementary Table 1) or 7 day post TBI cecal samples (Supplementary Table 2). The microbial composition of donor FMT treatment (Supplementary Figure 3A) contained 20 different phyla at relative abundances of 63.2% Bacillota (formerly Firmicutes), 30.5% Bacteroidota, 2.5% Spirochaetota, 2.4% Actinobacteriota, and 0.7% Pseudomonadota (formerly Proteobacteria) with all other phyla comprising less than 0.5% of the total relative abundance. The overall composition of day 7 cecal bacterial phyla can be found in Supplementary Figure 3B for Sham, FMT, and TBI piglets and Supplementary Figure 3C for individual piglets. The overall composition of fecal bacterial phyla can be found in Supplementary Figure 3D for Sham, FMT, and TBI piglets pre-TBI and 1, 3, and 7 days post TBI and Supplementary Figure 3E for individual piglets pre-TBI and 1, 3, and 7 days post TBI. Visual differences were observed between phyla; however, to draw more meaningful conclusions, further analyses of the gut microbiome were focused on bacterial species.



FMT prevented pathogenic bacterial increase in feces

Fecal bacterial species relative abundances (Figure 5) were measured via 16S rRNA sequencing to detect acute changes in GIT microbiota post TBI and measure effects of FMT treatment on these populations. Actinobacillus indolicus (Figure 5A), a known pathogenic bacterium, made up a relatively small portion of the microbial population of Sham, TBI and FMT piglets prior to surgery (0.000 ± 0.002 0.001 ± 0.002 and 0.000 ± 0.002, respectively). However, there was a significant increase (0.015 ± 0.002; p = 0.007) in the relative abundance of A. indolicus 1 day post TBI in TBI non-treated piglets compared to FMT treated and Sham piglets (0.001 ± 0.002 and 0.002 ± 0.002, respectively). Fecal relative abundances of Actinomyces howellii (Figure 5B) was increased (0.002 ± 0.004) 1 day post TBI in TBI non-treated piglets compared to Sham and FMT treated piglets (0.000 ± 0.004 and 0.000 ± 0.004, respectively; p = 0.043). Similarly, Bifidobacterium animalis (Figure 5C) had a trending increase in relative abundance 1 day post TBI in TBI non-treated piglets compared to FMT treated and Sham piglets (00.048 ± 0.0085 vs. 0.000 ± 0.0085 and 0.000 ± 0.0085, respectively; p = 0.067). Fecal relative abundances of Streptococcus hyointestinalis (Figure 5D) increased 3 days post TBI in TBI-non treated piglets compared to FMT treated and Sham piglets (0.044 ± 0.008 vs. 0 ± 0.008 and 0.003 ± 0.008, respectively; p = 0.020). Collectively, these data indicated TBI resulted in an acute increase in harmful bacteria which can be prevented by FMT treatment.
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FIGURE 5
FMT prevented pathogenic bacterial increase in feces of FMT treated piglets at acute timepoints. Fecal microbiome analysis of Actinobacillus indolicus (A), Actinomyces howellii (B), Bifidobacterium animalis (C), and Streptococcus hyointestinalis (D) showed that TBI non-treated animals had an acute increase in potentially pathogenic bacteria compared to FMT treated and Sham animals. Data is presented as mean ± SEM. **p < 0.01 and *p < 0.05.




FMT increased probiotic cecal bacteria

Cecal relative abundances of bacterial species (Figure 6) were measured 7 days post TBI to determine the effects of FMT on intestinal microbial populations. A number of differences were measured in cecal relative abundances of beneficial bacteria. The relative abundance of L. amylovorus (Figure 6A) and L. mucosae (Figure 6B) was increased in FMT treated piglets compared to TBI non-treated piglets (2.637 ± 0.784 vs. 0.971 ± 0.784; p = 0.024 and 2.38 ± 0.607 vs. 0.000 ± 0.607; p = 0.023, respectively). Lactobacilli coleohominis (Figure 6C) and L. pontis (Figure 6D) was increased in cecal contents of FMT treated piglets compared to TBI non-treated and Sham piglets (0.049 ± 0.014 vs. 0.006 ± 0.014 and 0.002 ± 0.014; p = 0.027 and 0.698 ± 0.159 vs. 0.173 ± 0.159 and 0.000 ± 0.159; p = 0.006; respectively). Collectively, these results indicated FMT treatment may be capable of shifting specific species in gut populations to an increased proportion of potentially beneficial bacteria, thus preventing gut dysbiosis.
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FIGURE 6
FMT increased probiotic cecal bacteria at 7 days post TBI. Cecal microbiome analysis revealed significant increases in probiotic species L. amylovorus (A) and L. mucosae (B) in the cecum of FMT treated animals versus TBI non-treated animals. L. coleohominis (C) and L. pontis (D) were increased in FMT treated animals compared to TBI non-treated and Sham animals. Data is presented as mean ± SEM. **p < 0.01 and *p < 0.05.




FMT restores gut villi morphology

Ileal tissues were collected and analyzed for changes in villi morphology 7 days post TBI (Figure 7A). A significant difference was observed in TBI non-treated animals in villi length to crypt depth ratio (p = 0.018). No differences were noted between Sham and FMT treated animals (3.083 ± 0.351 vs. 2.493 ± 0.351μm, respectively, p = 0.412), but TBI non-treated animals (1.480 ± 0.351 μm) demonstrated a significantly reduced ratio as compared to Sham (p = 0.015; Figure 7B). However, there was no treatment differences detected for villi length (p = 0.180; Figure 7C) between Sham (314.400 ± 37.500 μm), TBI non-treated (236.300 ± 37.500 μm), FMT (335.000 ± 37.500 μm) animals. Additionally, no treatment differences were noted (p = 0.351) for crypt depth of TBI non-treated (113.800 ± 13.300 μm, p = 0.330) or FMT treated (109.500 ± 13.300 μm, p = 0.869) animals as compared to Sham (124.500 ± 713.300 μm) (Figure 7D). Together, these findings suggest FMT administration contributes to an improvement of gut villi morphology ratios.
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FIGURE 7
FMT treatment restores gut villi morphology. At 7 days post TBI, ileum tissue was acquired, and morphological measurements including villi height (red line), (A) and crypt depth (black line), (A) were obtained on 15 intact villi. TBI non-treated animals showed a significant reduction in villi length to crypt depth ratio, while FMT treated animals showed no significant difference (B). No differences were noted between any treatment group in villi length (C) and crypt depth (D). Data is presented as mean ± SEM. Treatment effects are as compared to Sham. **p < 0.01.




FMT promotes motor function recovery

Step length and stride length were normalized to pre-TBI values and analyzed 1, 3, and 7 days post TBI as markers of gait deficits and FMT-mediated recovery. Step length (Figure 8A) is defined as the distance between corresponding contact of opposing hooves, with decreased step length indicating instability. There was a difference in left front step length detected between treatment groups over time (p = 0.038; Figure 8B). However, there was no difference in right front (p = 0.131; Figure 8C), right hind (p = 0.052; Figure 8E), or left hind (p = 0.103; Figure 8D) step length between treatments. At 1 day post TBI, TBI non-treated and FMT treated pigs demonstrated a reduction in step length in the left front (0.901 ± 0.042 and 0.927 ± 0.042 vs. 1.045 ± 0.042, p ≤ 0.048; Figure 8B) as compared to Sham animals. At 3 days post TBI, TBI non-treated pigs demonstrated a reduction in step length in the left front (0.931 ± 0.042 vs. 1.106 ± 0.042, p = 0.005; Figure 8B) as compared to Sham animals, while FMT (1.009 ± 0.042 vs. 1.106 ± 0.042, p = 0.005; Figure 8B) did not. At 7 days post TBI, TBI non-treated pigs demonstrated a reduction in step length in the left front (0.916 ± 0.042 vs. 1.060 ± 0.042 and 1.054 ± 0.042, p ≤ 0.024; Figure 8B) as compared to Sham and FMT treated animals.


[image: Silhouettes of a walking pig are depicted above bar charts analyzing step and stride lengths. Charts are labeled A-E for step length and F-J for stride length, represented in black for sham, gray for traumatic brain injury, and red for fecal microbiota transplantation. Each graph shows normalized measurements for different legs at pre, 1-day, 3-day, and 7-day intervals, with statistically significant differences indicated by asterisks.]

FIGURE 8
FMT improves step and stride length following TBI. Step length is the measured distance between heel strikes of opposite hooves (A). At 1 day post TBI a decrease in left front step length was noted in TBI non-treated and FMT treated animals as compared to Sham (B). At 3 days post TBI, TBI non-treated animals displayed a decreased step length in the left front (B) limbs as compared to Sham. At 7 days post TBI, TBI non-treated animals displayed a decreased step length in the left front (B) limbs as compared to Sham and FMT treated animals. However, there was no difference in right front (C), right hind (E) or left hind (D) step length between treatments. Stride length measures the distance between consecutive heel strikes of the same limb (F). At 1 day post TBI, TBI non-treated pigs exhibited a reduced stride length in the right front (H) limb as compared to Sham. At 3 days post TBI, TBI non-treated pigs exhibited a reduced stride length in the left front (G) and right front (H) limb as compared to Sham. At 7 days post TBI, as compared to Sham and FMT treated animals, TBI non-treated animals showed a decreased stride length in the left front (G) and right front (H) limbs. At 7 days post TBI, TBI non-treated animals showed a decreased stride length in the left hind (I) limbs as compared to FMT treated animals. However, there was no difference in right hind stride length between treatments (J). All data is presented as mean ± SEM. Treatment effects are as compared to Sham. *p < 0.05.


Stride length (Figure 8F) measures the distance between consecutive contacts of the same hoof with a decrease often reported after TBI indicating reduced stability (Neumann et al., 2009; Peri et al., 2019). There was a trending difference in right front (p = 0.068; Figure 8H), left front (p = 0.067; Figure 8G), and left hind (p = 0.085; Figure 8I) stride length between treatment groups. However, there was no difference in right hind stride length between treatments (p = 0.102; Figure 8J). At 1 day post TBI, TBI non-treated animals exhibited a reduction in stride length as compared to Sham animals in the right front (0.902 ± 0.041 vs. 1.034 ± 0.041, p = 0.029; Figure 8G) limb, but FMT treated animals did not statistically differ from Sham in any limb. At 3 days post TBI, TBI non-treated animals exhibited a reduction in stride length as compared to Sham animals in the left front (0.930 ± 0.041 vs. 1.097 ± 0.041, p = 0.029; Figure 8G) and right front (0.933 ± 0.042 vs. 1.100 ± 0.042, p = 0.038; Figure 8H), but FMT treated animals did not statistically differ from Sham in any limb. At 7 days post TBI, TBI non-treated animals exhibited a significant reduction in stride length as compared to Sham animals in the left front (0.917 ± 0.041 vs. 1.043 ± 0.041, p = 0.035; Figure 8G) and right front (0.918 ± 0.042 vs. 1.045 ± 0.042, p = 0.040; Figure 8H). Additionally, the stride length of TBI non-treated animals was decreased as compared to FMT treated animals in the left front (0.917 ± 0.041 vs. 1.045 ± 0.041, p = 0.033 Figure 8G), right front (0.918 ± 0.042 vs. 1.048 ± 0.042, p = 0.036; Figure 8H) and left hind (0.899 ± 0.037 vs. 1.056 ± 0.045, p = 0.014; Figure 8I) limbs. Overall, FMT treated pigs displayed less gait impairment as measured by step length and stride length 3 and 7 days post injury as compared to TBI treated animals, which is indicative of improvement in motor function following TBI.



FMT improves behavioral deficits caused by TBI

Traumatic brain injury related behavioral changes were assessed by open field testing pre TBI and 1, 3, and 7 days post TBI. Furthermore, as pigs are inherently exploratory animals, the amount of time an animal spent sniffing the wall of the behavior arena was quantified. There were treatment differences detected overtime for distance traveled (p = 0.004; Figures 9A–C), velocity (p = 0.004), movement duration (p = 0.033), sniff duration (p = 0.007; Figures 9D–F), percent of trial moving (p = 0.033), and time not moving (p = 0.033). In comparing treatments at each timepoint, as expected no treatment differences were observed pre-injury in any measured parameter. At 1 day post TBI, no significant difference was noted between Sham and FMT treated pigs in velocity (0.182 ± 0.019 vs. 0.097 ± 0.019 m/s, respectively, p = 0.105; Figure 9H), movement duration (295.980 ± 32.412 s vs. 168.200 ± 32.412, respectively, p = 0.220; Figure 9I), sniffing duration (194.193 ± 22.333 vs. 142.127 ± 22.333 s, respectively; p = 0.881; Figure 9J), percent of trial moving (49.330 ± 5.402 vs. 28.033 ± 5.402 percent, respectively; p = 0.220; Figure 9K), or time not moving (304.020 ± 32.403 vs. 431.800 ± 32.403 s, respectively; p = 0.219; Figure 9L). However, at 1 day post TBI, TBI non-treated animals showed a decrease as compared to Sham in velocity (0.065 ± 0.019 vs. 0.182 ± 0.019 m/s, respectively, p = 0.004; Figure 9H), movement duration (136.540 ± 32.412 vs. 295.980 ± 32.412 s, respectively, p = 0.046; Figure 9I), sniffing duration (52.340 ± 22.333 vs. 194.193 ± 22.333, respectively; p = 0.003; Figure 9J), percent of trial moving (22.757 ± 5.402 vs. 49.330 ± 5.402 percent, respectively; p = 0.046; Figure 9K). Meanwhile, at 1 day post TBI, TBI non-treated animals had an increase in time not moving compared to Sham (463.460 ± 32.403 vs. 304.020 ± 32.403 s, respectively; p = 0.046; Figure 9L). Similarly, 3 days post injury Sham and FMT treated animals only exhibited a trending difference in distance traveled (99.364 ± 11.470 vs. 44.902 ± 11.470, respectively, p = 0.062; Figure 9G) and velocity (0.167 ± 0.019 vs. 0.075 ± 0.019, respectively, p = 0.059; Figure 9H). Additionally, 3 days post injury Sham and FMT treated animals had no difference in movement duration (277.360 ± 32.412 vs. 135.080 ± 32.412 s, respectively, p = 0.113; Figure 9I), percent of trial moving (46.227 ± 5.402 vs. 22.513 ± 5.402 percent, respectively; p = 0.113; Figure 9K), or time not moving (322.640 ± 32.403 vs. 464.920 ± 32.403 s, respectively; p = 0.113; Figure 9L). However, at 3 days post TBI, TBI non-treated animals showed a decrease relative to Sham in distance traveled (33.322 ± 11.470 vs. 99.364 ± 11.470, respectively, p = 0.009; Figure 9G), velocity (0.056 ± 0.019 vs. 0.167 ± 0.019 m/s, respectively, p = 0.008; Figure 9H), movement duration (102.053 ± 32.412 vs. 277.360 ± 32.412 s, respectively, p = 0.018; Figure 9I), and percent of trial moving (17.009 ± 5.402 vs. 46.227 ± 5.402 percent, respectively; p = 0.018; Figure 9K). At 3 days post TBI, TBI non-treated animals had an increase compared to Sham in time spent not moving (497.947 ± 32.403 vs. 464.920 ± 32.403 s, respectively; p = 0.018; Figure 9L). There was no significant difference between any of the three treatment groups in behavioral parameters measured 7-days post injury, most likely due to habituation to the behavior arena as has been noted previously (Xiao et al., 2016). Together, this data indicates FMT leads to improved recovery of spontaneous movement and characteristic porcine exploratory behavior.
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FIGURE 9
FMT improved voluntary motor activity and exploratory sniffing behavior following TBI. Representative tracking images of distance traveled (A–C); (red lines), and time sniffing (D–F); (red lines) are shown at 1 day post TBI in Sham (A,D), respectively, TBI non treated (B,E), respectively, and FMT treated (C,F), respectively animals. At 1 and 3 days post TBI, TBI non-treated animals traveled significantly less distance (G), moved at a slower velocity (H), spent less time moving during their trial (I), spent a smaller percent of the trial moving (K), and spent more time not moving (L) as compared to Sham animals, while FMT treated animals were more comparable to sham. Additionally, at 1 day post TBI, TBI non-treated animals spent less time sniffing (J) compared to Sham. Data is presented as mean ± SEM. Treatment effects are as compared to Sham. **p < 0.01 and *p < 0.05.





Discussion

In this study, we provide, for the first-time, pivotal evidence that FMT can improve cellular and tissue damage, gut microbiota dysbiosis, and functional recovery in a translational pediatric piglet TBI model. Advanced MRI analysis revealed FMT treatment was associated with reduced lesion volume, MLS, hemorrhage volume, and cytotoxic and vasogenic edema. Histological analysis demonstrated that FMT had a neuroprotective leading to increased neuron and oligodendrocyte survival. At the level of the gut, FMT treatment prevented an increase in harmful bacteria, increased beneficial bacterial populations, and restored villi morphology ratios to a pre-TBI like state in treated pigs. Ultimately, these FMT mediated cellular and tissue level improvements were associated with enhanced functional recovery. Gait analysis showed preserved step and stride length and open field testing showed increased voluntary movement including distance traveled, velocity, percent of trial moving, movement duration while decreasing time not moving. Together these findings suggest that daily FMT may be a highly effective therapy for pediatric TBI patients, highlighting the potential of this treatment as a promising avenue for future clinical research.

Magnetic resonance imaging analysis demonstrated significant improvements in TBI-related tissue damage as a result of FMT administration. Lesion volume and MLS, reliable clinical predictors of TBI outcomes in patients (Chastain et al., 2009; Wang et al., 2021), showed FMT administration led to a 45% reduction in lesion volume and a 32 and 54% decrease in MLS at the falx cerebri and septum pellucidum, respectively, at the 7 day timepoint. Similarly, others have reported a reduced lesion volume via ex vivo brain tissue analysis at 3 and 7 days post severe CCI as a result of Lactobacillus acidophils probiotic administration in a rodent model (Ma et al., 2019). To the best of the author’s knowledge, this is the first study that has reported MLS as a metric of FMT-mediated recovery. However, as a related metric, FMT administration reportedly attenuated cortical volume loss, which is known to be a contributing factor to MLS, at 3 days post severe CCI injury as compared to TBI-injured mice (Davis et al., 2022).

Intracerebral hemorrhage occurs in approximately 40% of children with TBI and are directly related to increased morbidity and mortality in pediatric TBI patients (Tong et al., 2004; Beauchamp et al., 2013). Hemorrhagic transformation has been shown to be closely associated with gut microbiome perturbations (Huang et al., 2022). The present study showed, for the first time, FMT of healthy bacterial populations induced a 48% decrease in TBI hemorrhage volume along with functional recovery.

Apparent diffusion coefficient maps allow for quantification of cytotoxic (restricted diffusion) and vasogenic (increased diffusion) edema (Ashwal et al., 2006) which constitutes excessive intra- and extra-cellular water in the brain (Michinaga and Koyama, 2015). Such fluid accumulation has been reported to begin earlier, to be detected more frequently, and is associated with worst outcomes and higher risk for mortality following pediatric TBI as opposed to adult (Tong et al., 2004; Ichkova et al., 2017). This study found FMT treated pigs exhibited a greater reduction in cytotoxic and vasogenic edema (70% vs. 50% reduction, respectively) as compared to TBI non-treated animals, potentially due to restoration of the blood brain barrier (BBB) (Galea, 2021). This data is in agreement with other preclinical studies that demonstrated probiotic administration decreased edema and improved BBB functionality as compared to non-treated TBI rodents at 24 h and 3 days after TBI (Li et al., 2018; Ma et al., 2019). Together, our clinically relevant, multisequence MRI evaluation approach revealed that FMT led to significant improvements in brain tissue following TBI.

Neural injury has been well documented by our group and others to induce gastrointestinal distress including a shift in microbial population, with dysbiosis correlated to increased lesion volume in porcine and rodent neural injury models (Nicholson et al., 2019; Jeon et al., 2020). Our study demonstrated the ability of FMT to restore specific populations of gut bacterial species after dysbiosis occurred post TBI including reducing acute increases of bacteria that can have harmful effects on the host while increasing probiotic Lactobacilli species. Currently, research focusing on specific bacterial species impact on the gut-brain axis is limited. Most research has focused on bacterial phylum level differences. However, with the diverse array of bacterial species within a phylum, including those that are pathogenic and therapeutic, drawing conclusions at higher taxonomic levels can be misleading. Many of the bacterial species that acutely increased in TBI non-treated piglets post TBI have previously been reported to have potentially harmful effects on the host (Jeon et al., 2022). Previously, A. indolicus populations were decreased in the gut of piglets receiving colistin, an anti-inflammatory feed additive used to promote animal growth and health (Ali et al., 2022), suggesting this bacterium is associated with an inflamed GIT tract. Similarly, A. howellii has been associated with the disease actinomycosis (Ali et al., 2022) in humans which is indicative of this bacteria’s pathogenic nature suggesting the gut of TBI non-treated piglets in the current study were in a dysbiotic diseased state. Similarly, administration of B. animalis subsp. Animalis previously caused duodenal inflammation and mild colitis in gnotobiotic mice (Moran et al., 2009) and increased in abundance in gnotobiotic mice that have colitis compared to mice without colitis (Bibiloni et al., 2005). Based on previous research on B. animalis’ effects on inflammation in mice, TBI non-treated piglets in the current study could have had an increase in the relative abundance of B. animalis subsp. Animalis due to its associated with inflammation and GIT distress. However, further research is needed to confirm the bacterial subspecies. Finally, increases in S. hyointestinalis observed in TBI non-treated piglets at 3 days post TBI may be indicative of gut dysbiosis that has systemic impacts on host health because this bacterium has previously been correlated to peripheral (Duarte and Kim, 2022) and neuroinflammation (Zhou et al., 2020) as well as depressive-like behaviors in mice (Tian et al., 2019). Collectively, our results indicate that FMT treatment may inhibit the growth of potentially harmful bacteria that are associated with disease, inflammation, and GIT distress.

Lactobacillus, a bacterial genus from the most abundant phylum Bacillota, has been identified as an important probiotic for gut health due to its anti-inflammatory effects. Specific species such as L. acidophilus show promising neuroprotective effects and the ability to restore gut dysbiosis and intestinal smooth muscle contractility post TBI (Masel and DeWitt, 2010; Davis et al., 2022). The present study identified four Lactobacilli, L. amylovorus, L. coleohominis, L. mucosae, and L. pontis, that were increased in cecal relative abundances in FMT piglets, suggesting their gut populations were less dysbiotic and may have a neuroprotective effect. Lactobacilli amylovorus has previously been shown to decrease inflammation by preventing activation of toll-like receptor 4 (TLR4) signaling pathways (Finamore et al., 2014) while also inhibiting growth of many intestinal porcine pathogens in vitro (Hynönen et al., 2014). Lactobacilli coleohominis, which increased in abundance in the gut microbiota of piglets overtime, produces antimicrobial metabolites (Hu et al., 2016) that can prevent dysbiosis and improve intestinal health. Lactobacilli mucosae has been identified to reduce acute inflammation in piglets following a lipopolysaccharide (LPS) challenge by increasing mucosal production of immunoglobulin A (Li et al., 2021). Additionally, it has been shown to alleviate neuropsychiatric disorders in mice by modulating their gut microbiota (Kim et al., 2020) by preventing GIT pathogen colonization and subsequent LPS production that causes GIT and hippocampal inflammation. Lactobacilli pontis, which was increased in the cecum of FMT-treated piglets in the current study, was recently isolated from the gut of pigs after probiotic administration. However, this bacterium’s role in the gut microbiota and its effects on immunity has not been fully elucidated (Satora et al., 2020). Our results are indicative of the ability of FMT to increase the relative abundance of many Lactobacilli species, thus improving the health of the gut and ultimately the host.

Recovery of gross and fine motor skills and motor coordination is often stated as a patient’s primary goal of TBI rehabilitation, yet severe TBI frequently results in long term gait impairment in children despite significant rehabilitation efforts (Katz-Leurer et al., 2008; Prasad et al., 2017). Our study found TBI induced a significant decrease in step and stride length, consistent with gait changes in piglet (Baker et al., 2019; Kinder et al., 2019b; Sneed et al., 2020) and human (Kuhtz-Buschbeck et al., 2003; Katz-Leurer et al., 2008) pediatric TBI populations. Additionally, we observed decreases in open field voluntary motor parameters including distance traveled time spent moving and exploratory behaviors, such as sniffing, following TBI. In the present study, FMT treatment led to significant gait improvements as well as in voluntary movement and exploratory behavior measures. To date, no rodent studies have conducted gait analysis following FMT or probiotic therapy for TBI. However, rodent studies of gut microbial therapeutics following TBI have reported beneficial functional outcomes including reduced anxiety and improved neurologic function as measured by neurological severity score (Li et al., 2018; Ma et al., 2019; Du et al., 2021), rotarod performance (Ma et al., 2019), Morris Water Maze, (Du et al., 2021), and Elevated Zero Maze (Davis et al., 2022). Maintained exploratory behavior assessed by open field testing was noted here and by Davis et al. (2022) following FMT administration. Therefore, based on the improvement in gait and voluntary movement tests observed herein, FMT treatment shows promise for promoting clinically relevant functional recovery in TBI patients.

Fecal microbial transplant treatment led to significant recovery in TBI animals, which is likely mediated through the MGBA. However, questions remain as to which MGBA component mediates the FMT therapeutic effect- stimulation of the enteric nervous system, activation of the hypothalamic pituitary adrenal axis, dampening systemic inflammation, or potentially all 3 arms of the MGBA axis. The authors hypothesize that FMT administration may contribute to improvement following TBI via anti-inflammatory mediators. Inflammation is a key consideration in the progression of TBI, as early inflammation is important to clear dead cells and debris, however, extended inflammation can exasperate brain damage (Simon et al., 2017). As demonstrated by the current study and others, brain damage can result in changes to the gut (Crapser et al., 2016; Fung et al., 2017; Nicholson et al., 2019). This can lead to an increased systemic inflammatory response, which may further exacerbate neural damage. Increased levels of systemic cytokines have been detected in serum over a year following TBI (Kumar et al., 2015). At the level of the gut, probiotic bacteria have been shown to interact with toll-like receptors to stimulate the immune system, thus altering levels of circulating cytokines (Kashiwagi et al., 2015; Maranduba et al., 2015). In rodent TBI models, administration of Lactobacillus acidophilus (L. acidophilus) or Clostridium butyricum (C. butyricum) inhibited the inflammatory response leading to alterations in the gut microbiome and correlating brain and functional recovery (Li et al., 2018; Ma et al., 2019). In a mouse TBI weight drop model, animals treated with L. acidophilus showed higher levels of GIT tight junction protein occludin and prevention of inflammatory leaky gut syndrome as indicated by reduced circulating endotoxin levels (Ma et al., 2019). This resulted in decreased circulating TNF-α levels and brain inflammatory activity including microglia proliferation and Tlr4 and Myd88 gene expression. Changes in neuroinflammation were associated with a reduction in BBB damage and edema and ∼50% reduction in lesion volume. These cellular and tissue level changes led to significant improvements in neurological severity scores (NSS) and motor function. Similarly, treatment with C. butyricum in a mouse TBI weight drop model decreased IL-6 levels in the colon and increased occludin levels, thus indicating decreased GI inflammation and improved integrity GIT integrity (Li et al., 2018). Clostridium butyricum treatment also correlated with a significant reduction in BBB damage, edema, cortical apoptosis, and neurodegeneration relative to controls. These results again correlated with a significant improvement in NSS scores. However, further studies are needed to confirm this effect in our porcine model. While positive results were noted in our all-male cohort, sex differences in response to pediatric TBI have been reported including increased neuroinflammation in males relative to females, likely due to differences in circulating hormones (Arambula et al., 2019). Furthermore, age and sex have been shown to alter the components of the gut microbiome (Yoon and Kim, 2021). Therefore, possible sex differences in response to FMT following TBI should be investigated in future studies.

The therapeutic effect of FMT in TBI animals are expected to persist even after discontinuation of the FMT treatment as the microbial bacteria population can restore the dysbioitic GIT microbiota. The increase in probiotic bacteria in the cecum of FMT treated animals demonstrates the ability of the FMT to reestablish beneficial bacteria in the microbiota. Further studies are needed to confirm the longevity of the FMT TBI therapeutic effect. Beyond FMT treatment, modulation of the gut microbiome to limit TBI injury and promote recovery can potentially be accomplished through other approaches such as consumption of bioactive foods or probiotic supplementation. Fermented foods such as yogurt, apple cider vinegar, cheese, kimchi, kombucha, miso, and sauerkraut (NIH, 2023) contain live microorganisms that may provide a similar probiotic effect to the GIT microbiota as a FMT. However, further research needs to be conducted to determine if adding fermented foods to the diet could have a therapeutic effect following a TBI.



Conclusion

For the first time in a highly translatable pediatric piglet TBI model, our study has demonstrated the potential of FMT treatment to significantly limit tissue damage, prevent gut dysbiosis, and ultimately improve functional outcomes following TBI. Treatment with FMT resulted in significant therapeutic efficacy as assessed by neuro- and gastrointestinal-histology, advanced neuroimaging, microbiome analysis, and gait and behavior functional testing. Our study highlights the strong therapeutic potential of FMT treatment for TBI and underscores the need for further investigations into its long-term effects and mechanistic pathways. Such studies will be critical in establishing the efficacy and safety of FMT to be evaluated for potential use in human clinical trials.
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SUPPLEMENTARY FIGURE 1
FMT improves brain metabolites post TBI. As compared to Sham, TBI non-treated animals exhibited a significant decrease in NAAG (A) and PCr (B), while FMT treated pigs did not. TBI non-treated and FMT treated pigs displayed a significant reduction in NAA + NAAG as compared to Sham (C). FMT treated animals showed a significant decrease in NAA as compared to Sham animals (E). No treatment differences were reported in Lac, (D), Cr + PCr (F), Glu (G), or Cr (H). Data is presented as mean ± SEM. Treatment effects are as compared to Sham. **p < 0.01 and * p < 0.05.
SUPPLEMENTARY FIGURE 2
A consistent location was used for histological imaging of neural cells. Following euthanasia, brains were immediately removed and placed in a custom piglet brain slicer to ensure consistency in brain sectioning. The rostral portion of the brain (black box) was placed in 10% buffered formalin for immunohistochemical analysis. After fixation, the brain was further subdivided (red box) and tissues were routinely processed, paraffin embedded, sectioned, and serial sections were stained.
SUPPLEMENTARY FIGURE 3
FMT caused visual changes at the phylum level post TBI. Microbiome analysis of FMT treatment administered to FMT treated piglets (A). Microbiome analysis of the cecal [average per treatment: (B); individual piglets (n = 6/treatment)]: (C) and fecal [average per treatment: (D); individual piglets (n = 6/treatment pre-TBI and 1 and 7 days post TBI; n = 5/treatment 3 days post TBI)]: (E) environments at the phylum level indicated there were visual differences. There were increased cecal relative abundances of Bacteroidota and Pseudomonadota and decreased cecal relative abundances of Actinobacteriota in TBI non-treated animals 7 days post TBI (B). There were increased fecal relative abundances of Pseudomonadota and Actinobacteriota on 1 day post TBI in TBI non-treated animals and Spirochaetota on day 1 post TBI in FMT treated and TBI non-treated animals (D).
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Introduction: Acute lung injury (ALI) is a severe respiratory tract disorder facilitated by dysregulated inflammation, oxidative stress and intestinal ecosystem. Fecal microbiota transplantation (FMT) is a rapid method for gut microbiota (GM) reconstruction. Furthermore, our previous studies have confirmed that human umbilical cord mesenchymal stromal cells (HUC-MSCs) can alleviate ALI by improving GM composition. Therefore, we aimed to explore the efficacy and mechanism of FMT from HUC-MSCs-treated mice on ALI.
Methods: In brief, fresh feces from HUC-MSCs-treated mice were collected for FMT, and the mice were randomly assigned into NC, FMT, LPS, ABX-LPS, and ABX-LPS-FMT groups (n = 12/group). Subsequently, the mice were administrated with antibiotic mixtures to deplete GM, and given lipopolysaccharide and FMT to induce ALI and rebuild GM. Next, the therapeutic effect was evaluated by bronchoalveolar lavage fluid (BALF) and histopathology. Immune cells in peripheral blood and apoptosis in lung tissues were measured. Furthermore, oxidative stress- and inflammation-related parameter levels were tested in BALF, serum, lung and ileal tissues. The expressions of apoptosis-associated, TLR4/NF-κB pathway-associated, Nrf2/HO-1 pathway related and tightly linked proteins in the lung and ileal tissues were assessed. Moreover, 16S rRNA was conducted to assess GM composition and distribution.
Results: Our results revealed that FMT obviously improved the pathological damage of lung and ileum, recovered the immune system of peripheral blood, decreased the cell apoptosis of lung, and inhibited inflammation and oxidative stress in BALF, serum, lung and ileum tissues. Moreover, FMT also elevated ZO-1, claudin-1, and occludin protein expressions, activating the Nrf2/HO-1 pathway but hindering the TLR4/NF-κB pathway. Of note, the relative abundances of Bacteroides, Christensenella, Coprococcus, and Roseburia were decreased, while the relative abundances of Xenorhabdus, Sutterella, and Acinetobacter were increased in the ABX-LPS-FMT group.
Conclusion: FMT from HUC-MSCs-treated mice may alleviate ALI by inhibiting inflammation and reconstructing GM, additionally, we also found that the TLR4/NF-κB and Nrf2/HO-1 pathways may involve in the improvement of FMT on ALI, which offers novel insights for the functions and mechanisms of FMT from HUC-MSCs-treated mice on ALI.
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1. Introduction

Acute lung injury (ALI) is a serious disorder characterized by acute, inflammatory, and diffuse damage that occurs in the lungs (Jiang et al., 2021). In the United States, 200,000 patients are diagnosed with ALI, and the mortality rate is as high as 40% (Costa et al., 2017). Despite great efforts, the mortality of ALI remains considerable, and definitive therapies are still lacking (Wang et al., 2021). So far, lung protective ventilation represents the only beneficial strategy for ALI patients, but the extensive adoption of the strategy contributes to the occurrence of ventilator-induced lung injury (Li et al., 2017). Thus, new and efficacious treatment strategies for ALI are desperately required.

Following ALI, numerous inflammatory factors were generated and released, which exacerbate lung injury (Yang et al., 2020). The triggered inflammation not only causes oxidative stress but also results in apoptosis in the lungs, both of which play key roles in ALI initiation and progression (Jia et al., 2021). As is well-known, the TLR4/NF-κB pathway is a classic signal pathway responsible for regulating inflammation (Zhang et al., 2019a). Currently, research has found that inflammation in lipopolysaccharide (LPS)-induced ALI can be alleviated via the inhibition of the TLR4/NF-κB pathway (Liu et al., 2020b). In addition, the Nrf2/HO-1 pathway is also a crucial pathway for antioxidant defense (Su et al., 2020). Following oxidative stress, Nrf2 separates from Keap-1, combines with the antioxidant response element (ARE), and then elevates the expression of some antioxidant-encoding proteins, which protect against oxidative stress in ALI (Li Y. et al., 2023). Bi et al. have revealed that activating the Nrf2/HO-1 pathway can reduce oxidative stress in ALI mice. Hence, looking for new drugs that can suppress inflammation and oxidative stress by modulating the TLR4/NF-κB and Nrf2/HO-1 pathways is an efficient approach to treating ALI.

Gut microbiota (GM) interacts with the host and is pivotal for controlling host health (Bi et al., 2020). Recent research has demonstrated that GM can impact the lung function of ALI via the “gut–lung axis” (Kapur et al., 2018). Specifically, disordered GM will break down intestinal barrier integrity, so as to activate the immune system, facilitate bacterial displacement, induce migration of bacteria to the lungs, and exacerbate lung inflammation and oxidative stress (Tang et al., 2021). Fecal microbiota transplantation (FMT) is a simple and fast method for gut bacterial transplantation. Following FMT, the composition of GM in the recipient is similar to that in the donor (Le Bastard et al., 2018). Published studies have found that FMT from normal mice can relieve ALI by restoring GM composition, inhibiting inflammation (Li et al., 2020), and reducing oxidative stress (Tang et al., 2021). In addition, our previous study has also revealed that human umbilical cord mesenchymal stromal cells (HUC-MSCs) can attenuate LPS-stimulated ALI by modulating lung–gut microbiota. In addition, we also observed that compared with the sham mice without HUC-MSC treatment, there were three microflora with upregulated abundance and nine microflora with downregulated abundance in the feces of mice treated with HUC-MSCs (Supplementary Figure 1). However, the effect and mechanism of FMT from HUC-MSC-treated mice on ALI remain unknown.

Hence, in this study, we performed animal experiments to explore whether FMT from HUC-MSC-treated mice can alleviate LPS-induced ALI by modulating inflammation and GM composition. These findings may offer a novel effective therapeutic option for ALI.



2. Materials and methods


2.1. Animals

C57BL/6J mice (6–8 weeks old, 20.0 ± 2 g) were supplied by Beijing Vital River Laboratory Animal Technology Co., Ltd (China, license No. SCXK (Beijing) 2016-0006). The mice were all housed in a specific pathogen-free environment with controlled temperature (22–26°C), humidity (40%−60%), and lighting (12/12-h light–dark cycle). All mice received water and standard food freely. All animal-related experiments were carried out with the evaluation and supervision of the Animal Experimentation Ethics Committee of Zhejiang Eyong Pharmaceutical Research and Development Center [certificate No. SYXK (Zhe) 2021-0033] and in compliance with the guidelines of the Institutional Animal Care and Use Committee.



2.2. Animal grouping and FMT treatment

All mice were allowed to acclimate to the conditions of the animal house for 7 days before the experiments. A mouse died during the adaptation phase, and subsequently, the surviving mice were randomized into five groups (n = 12/group): Group A: normal control group (NC); Group B: normal mice received FMT from HUC-MSC-treated mice group (FMT, the protocol of FMT is presented below); Group C: LPS-stimulated group (LPS); Group D: mice received antibiotics (ABX) and LPS stimulation group (ABX-LPS); Group E: mice treated with ABX, stimulated by LPS, and then received FMT from the HUC-MSC-treated mice group (ABX-LPS-FMT).

The flow of the experiment is shown in Figure 1. In brief, mice from the ABX-LPS and ABX-LPS-FMT groups received broad-spectrum antibiotics (0.1 mg/g neomycin, 0.1 mg/g ampicillin, 0.1 mg/g metronidazole, and 0.05 mg/g vancomycin) by gavage twice per day for 8 days; the step was utilized to remove the GM of the mice. The other mice were treated with an equal volume of sterile water intragastrically. Subsequently, the LPS, ABX-LPS, and ABX-LPS-FMT groups were administered with 100 μl LPS (10 mg/kg) intraperitoneally to construct the ALI model, and the remaining mice were perfused with the same amount of sterile saline (Yang et al., 2021). After 6 h, mice in the FMT and ABX-LPS-FMT groups received FMT treatment; fresh fecal samples were collected from normal mice that had received HUC-MSC treatment (in short, 6–8-week-old male C57BL/6 mice were treated with 100 μl 0.9% NaCl). After 6 h, the mice were injected intraperitoneally with 0.5 ml of phosphate-buffered saline (PBS) containing HUC-MSCs (2 × 106 cells/ml, iCell Bioscience). After 3 days of HUC-MSC intervention, the fecal samples of the mice were collected (Wu et al., 2022). Then, the fecal samples were homogenized and diluted to a final concentration of 50 mg/ml using sterile saline. Afterward, the fecal samples were centrifuged, and the supernatant filtered by filters (70 μm) was applied for FMT. FMT was achieved by giving 200 μl fecal sample supernatant to the recipient mice intragastrically for four consecutive days (twice per day) (Wu et al., 2021). Correspondingly, mice in other groups were treated with an equal volume of sterile saline. The ALI model induced by LPS is deemed to be reliable and stable (Yang et al., 2021).


[image: Timeline diagram illustrating an experimental process with mice over 19 days. Mice are treated with broad-spectrum antibiotics twice daily for 8 days, starting at day 0 with adaptive feeding. At day 15, mice receive LPS, followed by sample collection at days 17 and 19. Six hours after LPS treatment, mice receive FMT twice daily for 4 consecutive days.]
FIGURE 1
 The flow of the experiment. LPS, lipopolysaccharide; FMT, fecal microbiota transplantation.




2.3. Specimen collection

On the day of the last injection, fecal samples from the NC, FMT, LPS, and ABX-LPS-FMT groups were collected. Then, the mice were euthanized using 5% isoflurane, and the blood from the abdominal aorta was collected and centrifuged to obtain serum. After bronchoalveolar lavage fluid (BALF) was collected from the left lung, the right lung was harvested to evaluate the lung wet to dry (W/D) ratio and other indicators. Additionally, ileal tissues were removed from the mice and kept for further tests.



2.4. Collection and analysis of BALF

The trachea cannula of the left lung was washed with 0.7 ml of PBS repeatedly. The collected BALF was centrifuged, and the supernatant was utilized to determine BALF protein concentration and inflammatory cytokines. The cell pellets were resuspended by PBS, and then, the total cell number in BALF was counted by cell counting plate. Furthermore, the number of neutrophils in BALF was calculated by Wright–Giemsa staining.



2.5. Lung W/D ratio

The middle lobe of the right lung was excised and weighed immediately to obtain the wet mass of the lungs. Next, these lung tissues were dehydrated for 48 h at 80°C, to obtain the dry mass of the lungs. Finally, the lung W/D ratio was calculated to evaluate pulmonary edema.



2.6. Detection of malondialdehyde, glutathione, superoxide dismutase, and myeloperoxidase levels in the lung tissues

Lung tissue samples were rinsed with PBS and then minced into pieces. The tissues were fully homogenized on ice with PBS. Then, the homogenates were centrifuged; the supernatant was obtained to measure the levels of detection of malondialdehyde (MDA), glutathione (GSH), superoxide dismutase (SOD), and myeloperoxidase (MPO) by commercial kits (A003-1; A006-2-1; A001-1; A044-1-1; Nanjing Jiancheng Bioengineering Institute, China).



2.7. Enzyme-linked immunosorbent assay (ELISA) analysis

The homogenates of ileal tissues were prepared as lung tissue. Then, commercial enzyme-linked immunosorbent assay (ELISA) kits were applied to test the contents of interleukin-1β (IL-1β, ml063132-1), interleukin-6 (IL-6, ml002293-1), and tumor necrosis factor-a (TNF-a, ml002095-1) in the BALF, serum, lung, and ileal tissues, following the manufacturer's instructions. All ELISA kits were bought from Shanghai Enzyme-linked Biotechnology Co., Ltd (China).



2.8. Peripheral blood immune cell analysis

The whole blood of the mice was collected and anticoagulated with heparin sodium. Then, the blood was treated with corresponding antibodies for 0.5 h at room temperature. Specifically, Tc cells were evaluated by anti-CD3e (F2100301), anti-CD8a (F2100810), and anti-CD4 (F2100403) antibodies. DCs were measured using anti-CD11c (F21011C03) and anti-CD86 (F2100810) antibodies. NK cells were examined with anti-CD49b (F21049B03) and anti-CD3e antibodies. Tregs were tested using anti-CD4, anti-CD25 (F2102504), and anti-Foxp3 (F21FP302) antibodies. Finally, the mixture was centrifuged. After removing the supernatant, the pellet was resuspended in PBS and analyzed using flow cytometry. All antibodies used in the experiment were supplied by Liankebio (China).



2.9. Histological analysis

The collected lung and ileal tissues were rinsed with PBS, followed by fixation and dehydration using 4% paraformaldehyde and a series of ethanol, respectively. Thereafter, the tissues were embedded in paraffin and cut into sections (5 μm thick) for staining with hematoxylin (H3136, Sigma, USA) and eosin (HE, E4009, Sigma, USA). The histopathological changes in the lung and ileal tissues were observed using a microscope (Eclipse Ci-L, Nikon, Japan).



2.10. Terminal deoxynucleotidyl transferase-mediated nick end labeling staining

Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay was employed to assess the apoptosis in the lung tissues. In short, TUNEL staining was performed on the processed lung tissue sections by an in situ cell death detection kit (11684795910, Roche, France), as per the supplier's instructions. Finally, the slices were counterstained with 4′,6-diamidino-2-phenylindole for 10 min in the darkness to identify the nucleus. After completing staining, the non-apoptotic cell appeared blue, while the apoptotic cell was green. The slices were viewed using the microscope, and the apoptosis of the lung tissues was exhibited as the amount of TUNEL-positive cells.



2.11. Quantitative PCR (qPCR)

The total RNA was isolated from lung tissue homogenate by TRIzol reagents. Then, the total RNA was used to synthesize cDNA using reverse transcription kits (CW2569, CWBIO). Thereafter, quantitative PCR (qPCR) was conducted by SYBR Green qPCR kits (11201ES08, YE SEM, China) and carried out on real-time PCR instruments (LightCycler 96, Roche, Germany). The relative mRNA expressions were calculated as the ratio of GAPDH and analyzed by the 2−ΔΔCt method. The qPCR primer sequences designed in the experiment are presented in Table 1.


TABLE 1 qRT-PCR primers.

[image: Table listing gene names, forward primers, and reverse primers for mouse genes. Genes include IL-1β, IL-6, TNF-α, iNOS, Cox-2, and GAPDH, with respective primer sequences provided in columns.]



2.12. Immunohistochemical staining

After fixation with paraformaldehyde, the lung and ileal tissues were embedded and cut as usual. Immunohistochemical staining was, then, performed to detect the expressions of TLR4, ZO-1, claudin-1, and occludin. In brief, the sections were deparaffinized and rehydrated prior to quenching in H2O2 (3%). Upon placing in 5% bovine serum albumin to block non-specific binding, the lung samples were probed with anti-TLR4 antibody (1:100, AF7017, Affinity, China), and the ileal samples were probed with anti-ZO-1 (1:500, ab221547, Abcam, UK), anti-claudin-1 (1:250, ab211737, Abcam, China), and anti-occludin (1:200, ab216327, Abcam, UK). The next day, the slices were washed and then reacted with secondary antibodies, stained with diaminobenzidine and hematoxylin, and finally examined under a microscope.



2.13. Western blot analysis

The total protein was isolated from lung and ileal tissue homogenate by Radioimmunoprecipitation assay buffer. Then, bicinchoninic acid kits were applied to detect protein concentration. Afterward, protein extracts were separated by SDS polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. After shaking softly in blocking solution, the membranes were incubated with primary antibodies overnight at 4°C. The following day, the membranes were washed and incubated again with secondary antibodies. After the blots were visualized using enhanced chemiluminescence, data were analyzed by ImageJ software. All information on the primary antibodies is presented in Table 2.


TABLE 2 Antibody information.

[image: A table listing antibodies, sources, catalog numbers, and dilutions. Antibodies include Bax, Bcl-2, Caspase-3, Cleaved-caspase-3, ZO-1, Claudin-1, among others. Sources are Affinity, CST, Abcam, and Proteintech. Catalog numbers and dilutions are specified respectively, mostly at one to one thousand dilution, with exceptions at one to ten thousand.]



2.14. 16S rRNA gene amplicon sequencing

DNA extraction and 16S rRNA gene sequencing of fecal samples were conducted with the help of BioNovoGene Co., Ltd. (China). In short, the total microbial DNA was extracted from the feces and then quantified by Nanodrop. Agarose gel electrophoresis (1.2%) was utilized to evaluate the quality of extracted DNA. After completing 16S rRNA amplification by PCR, purification, and recovery by magnetic beads, the products were subjected to fluorescence quantitative analysis. Subsequently, the TruSeq Nano DNA LT Library Prep Kit provided by Illumina was employed to construct sequencing libraries.

Raw sequence reads were trimmed and filtered into effective reads, which were further clustered into operational taxonomic units (OTUs) with a similarity >97% by UPARSE. The taxonomy of OTU was carried out by the SILVA database. In addition, the α-diversity of microbiota was analyzed by Shannon and Simpson indices, and the β-diversity of microbiota was assessed by weighted UniFrac distance and visualized with non-metric multidimensional scaling (NMDS) plot and analysis of similarities (ANOSIM) test. Additionally, linear discriminant analysis effect size was applied to taxonomic discovery analysis for microbial biomarker discovery.



2.15. Statistical analysis

The data were analyzed by SPSS 19.0 and presented as mean ± SD. Differences between multiple groups were compared by analysis of variance (ANOVA) and Tukey's tests. The Kruskal–Wallis H-test was applied when variances were not homogeneous. p < 0.05 was considered statistically significant. R software was used to perform amplicon sequencing statistical analysis. Furthermore, the Wilcoxon test was utilized to calculate the microbial α-diversity index, while the ANOSIM non-parametric test was conducted to compare microbial β-diversity between the two groups.




3. Results


3.1. FMT from HUC-MSC-treated mice counteracted the upregulation of BALF inflammatory cell counts and alleviated lung injury in ALI mice

As shown in Figure 2A, LPS treatment leads to an obvious upregulation of the concentrations of total protein, the counts of total cells, and neutrophils in BALF of ALI rats (p < 0.01). Consistent with this, after mice were exposed to LPS, the lung W/D ratio increased clearly (p < 0.01), and the lung exhibited serious injury (Figures 2B, C); specifically, the remarkable thickening of the alveolar septum and wall was observed. In addition, from the results of HE staining, we also observed pulmonary capillary edema and congestion in LPS mice. When LPS mice were pre-treated with ABX, all the phenomena described were more pronounced (p < 0.01). However, FMT treatment effectively reversed the increase of total protein, total cells, and neutrophils in BALF, reduced the W/D ratio in the lung, and improved lung injury induced by LPS and ABX; the alveolar septa were thinning, and inflammatory cell infiltration was alleviated (p < 0.01).


[image: Bar charts and histological images related to lung injury in different experimental groups. Part A shows bar charts with different treatments and their effects on BALF cell count, protein concentration, and neutrophil infiltration. Part B presents another bar chart indicating the effects on MPO activity. Part C contains histological images of lung tissues under various conditions (NC, FMT, LPS, ABX + LPS, ABX + LPS + FMT) at 100x and 400x magnifications, with a bar chart summarizing the data. Statistical significance is indicated by * and **.]
FIGURE 2
 FMT from HUC-MSC-treated mice decreased BALF inflammatory cell counts and attenuated lung injury in ALI mice. Following FMT treatment, the protein concentration, total cells, and neutrophils were detected in the BALF (A), and the W/D ratio in the lung was measured (B), moreover, the pathological changes of the lung tissues were observed by HE staining (C). The magnification for HE staining was 100× and 400×. BALF analysis and HE staining for the lung tissues were repeated three times, and the W/D ratio in the lung was detected once for every mouse. ++p < 0.01 vs. NC, **p < 0.01 vs. LPS, ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD. HUC-MSCs, human umbilical cord mesenchymal stromal cells; BALF, bronchoalveolar lavage fluid; ALI, acute lung injury; W/D, wet to dry; HE, hematoxylin and eosin.




3.2. FMT from HUC-MSC-treated mice restored immune cell number in the peripheral blood of ALI mice

Given that innate immune cells are crucial in ALI development, the percentage of immune cells was detected in the study. Flow cytometry results revealed that LPS exposure caused a significant increase in the percentages of CD4+ Th, CD8a+ Tc, CD86+ DC, and CD3e+ NK cells but blocked the percentages of CD25+ Tregs and CD4+ Tregs cells (p < 0.05, Figure 3). Interestingly, ABX pre-treatment worsened this situation (p < 0.05). As expected, it can be observed from Figure 3 that FMT treatment moderately attenuated ABX- and LPS-stimulated immune cell changes (p < 0.05).


[image: Flow cytometry analysis with scatter plots and bar graphs illustrating immune cell subsets. Plots are categorized into Th, Tc cells (A), DCs (B), NK cells (C), and Tregs (D) across six treatment groups: NC, FMT, LPS, ABX+LPS, ABX+LPS+FMT. Bar graphs show corresponding quantitative data, indicating variations in cell populations across treatments.]
FIGURE 3
 FMT from HUC-MSC-treated mice restored the immune system of the peripheral blood in ALI mice. After treatment with FMT, Th and Tc cells (A), DCs (B), NK cells (C), and Tregs (D) in the peripheral blood were evaluated by flow cytometry. Peripheral blood immune cell analysis was repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, #p < 0.05 and ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD.




3.3. FMT from HUC-MSC-treated mice blunted the apoptosis of the lung tissue in ALI mice

The percentage of apoptotic cells was raised remarkably in the lung tissues of LPS-exposed mice (p < 0.01, Figure 4A). Accordingly, ABX pre-treatment deteriorated the apoptosis of the lung tissues in LPS mice (p < 0.01). Nevertheless, FMT treatment effectively counteracted the upregulation of apoptosis in the lung tissues after ABX and LPS stimulation (p < 0.01). The apoptosis-related proteins in the lung tissues were utilized to verify the extent of apoptosis. Unanimously, we found that LPS and ABX increase the Bax, caspase-3, and cleaved-caspase-3 protein expressions and decrease the Bcl-2 protein expression (p < 0.05, Figure 4B); however, those changes were offset by the FMT treatment (p < 0.01).


[image: Panel A shows fluorescent staining of DAPI and TUNEL for five groups: NC, FMT, LPS, ABX+LPS, and ABX+LPS+FMT, along with a bar graph indicating relative fluorescence intensity. Panel B displays Western blot results for Bax, Bcl-2, Caspase-3, Cleaved-caspase-3, and GAPDH across the same groups, with accompanying bar graphs showing protein expression levels.]
FIGURE 4
 FMT from HUC-MSC-treated mice reduced the apoptosis of the lung tissues in ALI mice. After FMT, the apoptosis of the lung tissues was evaluated by TUNEL staining with the magnification of ×400 (A), and the expressions of apoptosis-associated protein (including Bax, Bcl-2, caspase-3, and cleaved-caspase-3) in the lung tissues were tested by Western blot (B). TUNEL and Western blot analyses for the lung tissues were repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD. TUNEL, Terminal Deoxynucleotidyl Transferase-Mediated Nick End Labeling.




3.4. FMT from HUC-MSC-treated mice prevented oxidative stress and inflammation response in ALI mice

Next, the effect of FMT from HUC-MSC-treated mice on the inhibition of oxidative stress and inflammation response was determined. As shown in Figure 5A, the lung tissues of LPS-stimulated mice had higher MDA and MPO levels and lower GSH and SOD levels than normal control mice (p < 0.05). In addition, ELISA results also revealed that the LPS challenge led to serious inflammation in the BALF, serum, lung, and ileal tissues (Figure 5B). ABX pre-treatment further worsened those changes. However, ABX- and LPS-induced increases of MDA, MPO, IL-1β, IL-6, and TNF-α and reduction of GSH and SOD were effectively restored by FMT treatment (p < 0.01). Then, qPCR was conducted to further assess the antioxidant and anti-inflammatory effects of FMT treatment. It can be observed from Figure 5C that IL-1β, IL-6, TNF-α, iNOS, and Cox-2 mRNA expressions were significantly raised in the LPS and ABX-LPS groups (p < 0.05), but upon FMT treatment, the upregulation of these mRNA was effectively relieved (p < 0.05).


[image: Bar graphs showing the expression levels of pro-inflammatory cytokines TNF-α, IL-6, IL-1β, and IL-12 in BALF, serum, lung, and ileum across four groups: control, sepsis, sepsis with drug treatment, and sepsis with combination treatment. Each group is represented by bars of different colors, indicating changes in cytokine levels. Statistical significance is marked with asterisks.]
FIGURE 5
 FMT from HUC-MSC-treated mice prevented oxidative stress and inflammation in ALI mice. Upon FMT treatment, the levels of MDA, GSH, SOD, and MPO were measured in the lung tissues (A). In addition, the contents of IL-1β, IL-6, and TNF-a in the BALF, serum, lung, and ileal tissues were assessed by ELISA (B), the expressions of IL-1β, IL-6, TNF-a, iNOS, and Cox-2 mRNAs in the lung tissues were detected using qPCR (C). MDA, GSH, SOD, and MPO levels in the lung tissues and ELISA assay for the BALF, serum, and lung were measured once for every mouse; in addition, qPCR analysis for the lung tissues was repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, #p < 0.05 and ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD. ELISA, enzyme-linked immunosorbent assay; qPCR, quantitative PCR.




3.5. FMT from HUC-MSC-treated mice improved the barrier function and inhibited the apoptosis of ileal tissues in ALI mice

It is well-known that injured ileal tissues and impaired barrier function contribute to the development of ALI (Xu Y. et al., 2021). Thus, we checked whether FMT from HUC-MSC-treated mice could alleviate the injured degree, inhibit apoptosis, and improve the impaired barrier function for the ileal tissues. It can be observed that after stimulation by LPS, the ileal tissues appeared with obvious injury (Figure 6A). Accordingly, the situation was more serious in the ABX-LPS group. As expected, FMT treatment attenuated ABX- and LPS-induced ileal tissue injury. In addition, following LPS stimulation, Bax protein expression was increased, while Bcl-2 protein expression was decreased (p < 0.01), the situation further deteriorated in the ABX + LPS group (p < 0.01, Figure 6B). However, FMT from HUC-MSC-treated mice decreased Bax protein expression but increased Bcl-2 protein expression (p < 0.01). The expressions of ZO-1, claudin-1, and occludin are crucial for maintaining barrier function (Shi et al., 2020). The results of immunohistochemical staining revealed that ZO-1, claudin-1, and occludin protein expressions were obviously decreased upon ABX and LPS stimulation (p < 0.05, Figure 6C). Of note, FMT treatment elevated the decrease in ZO-1, claudin-1, and occludin protein expressions (p < 0.05). As expected, the Western blot results exhibited a similar trend as the results of the immunohistochemical staining (Figure 6D).


[image: Histological and protein analysis of intestinal samples in different treatment groups. Panel A shows H&E stained sections displaying villi structures, with a bar graph comparing measurements. Panel B depicts western blot results for Bcl-2 expression, including a bar graph of quantified data. Panel C presents immunohistochemical staining highlighting Claudin-1 expression, and Panel D shows western blot analysis of Occludin, with accompanying quantified graphs. Each panel compares the effects across NC, FMT, LPS, ABX+LPS, and ABX+LPS+FMT groups.]
FIGURE 6
 FMT from HUC-MSC-treated mice restored barrier integrity of the ileum tissues in ALI mice. After treatment with FMT, the pathological changes in the ileum tissues were analyzed by HE (A), and the protein expressions of Bax and Bcl-2 in the ileum tissues were measured by Western blot (B), moreover, immunohistochemical staining (C) and Western blot (D) were employed to measure ZO-1, claudin-1, and occludin protein expressions. The magnification for immunohistochemical staining was 200×, and for HE staining was 100× and 400×. HE staining, Western blot, and immunohistochemical staining for the ileum tissues were repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, #p < 0.05 and ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD.




3.6. FMT from HUC-MSC-treated mice restored the TLR4/NF-κb and Nrf2/HO-1 pathways in ALI mice

LPS has been found to play pro-oxidative and pro-inflammatory roles by the TLR4/NF-κB and Nrf2/HO-1 pathways (Xin et al., 2020). Therefore, the impact of FMT from HUC-MSC-treated mice on the TLR4/NF-κB and Nrf2/HO-1 pathways was tested. Immunohistochemical staining and Western blot analysis demonstrated that ABX and LPS treatments raised the protein expressions of TLR4, Myd88, COX-2, and iNOS, as well as the phosphorylation of NF-κB and IκBα in the lung tissues of mice, but decreased the protein expressions of Nrf2 and HO-1 (p < 0.05, Figure 7). Notably, FMT treatment restored the expressions and phosphorylation of TLR4/NF-κB and Nrf2/HO-1 pathway-related proteins in the lung tissues from ABX- and LPS-treated mice (p < 0.05). The results obtained from the ileal tissues were similar to those from the lung tissues (Figure 8). The mechanistic diagram is presented in Figure 9.


[image: Panel A displays TLR4 staining across five conditions: NC, FMT, LPS, ABX + LPS, and ABX + LPS + FMT, showing varying levels of brown staining intensity. Panel B presents Western blot results and corresponding bar graphs for several proteins, including TLR4, MyD88, NF-κB, p-IκBα, IκBα, COX2, and iNOS. The bar graphs depict relative expression levels under different conditions, with significant differences indicated by asterisks. Beta-actin is used as a loading control.]
FIGURE 7
 FMT from HUC-MSC-treated mice recover the TLR4/NF-κB and Nrf2/HO-1 pathways for the lung tissues of ALI mice. Immunohistochemical staining was conducted to detect the expression of TLR4 in the lung tissues with the magnification of ×200 (A), and Western blot was performed to detect the protein expressions of TLR4, Myd88, Nrf2, HO-1, COX-2, and iNOS and the phosphorylation of NF-κB and IκBα in the lung tissues (B). Immunohistochemical staining and Western blot for the lung tissues were repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, #p < 0.05 and ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD.



[image: Western blot and bar graphs showing the expression of various proteins like TLR4, Myd88, and NF-κB in different experimental groups, including NC, VUR, and a treatment group. Protein bands are on the left, while the corresponding quantification is shown in bar graphs on the right, indicating differences in protein levels across conditions.]
FIGURE 8
 FMT from HUC-MSC-treated mice recovers the TLR4/NF-κB and Nrf2/HO-1 pathways for the ileum tissues of ALI mice. Western blot was performed to detect the protein expressions of TLR4, Myd88, Nrf2, HO-1, COX-2, and iNOS and the phosphorylation of NF-κB and IκBα in the ileum tissues. Western blot for the ileum tissues was repeated three times. +p < 0.05 and ++p < 0.01 vs. NC, *p < 0.05 and **p < 0.01 vs. LPS, ##p < 0.01 vs. ABX + LPS. The results were presented as mean ± SD.



[image: Diagram showing the Nrf2/Keap1 signaling pathway. Nrf2 moves from the nucleus due to oxidative stress, interacting with Keap1. This leads to increased expression of antioxidant enzymes SOD, HO-1, and GSH-Px. The pathway inhibits the TLR4/NF-κB pathway, decreasing TNF-α, IL-1β, and IL-6 levels while increasing IL-10 production.]
FIGURE 9
 The mechanism map of effects of the TLR4/NF-κB and Nrf2/HO-1 pathways on oxidative stress and inflammation.




3.7. FMT from HUC-MSC-treated mice alleviated the dysbiosis of GM in ALI mice

Further sequencing of the 16S rRNA gene was applied to detect the microbial profiles of the fecal samples from mice in the NC, FMT, LPS, and ABX-LPS + FMT groups. The top 20 bacterial genera are presented in Figure 10A in terms of the relative abundance. In addition, microbial α-diversity analyzed by Shannon and Simpson indices revealed that the community diversity of microbe in the LPS group was higher than those of the NC and FMT groups, despite the difference was not significant (Figure 10B). However, the community diversity of microbe from ABX-LPS + FMT mice was effectively decreased (p < 0.01). Additionally, microbial β-diversity was also analyzed by NMDS and ANOSIM, and the results revealed that the microbial community structure of ABX-LPS + FMT mice changed obviously (Figures 10C, D). Then, we further screen the potential GM change by FMT treatment in LPS mice. LEfSe analysis was conducted to detect the bacterial taxa that differed significantly among the groups (Figures 10E, F). Specifically, at the genus level, we found that relative to the NC group, the relative abundances of Bacteroides, Christensenella, Coprococcus, and Roseburia were significantly elevated in the LPS group. However, the relative abundances of Bacteroides, Christensenella, Coprococcus, and Roseburia were decreased obviously in the ABX-LPS + FMT group. Furthermore, the relative abundances of Xenorhabdus, Sutterella, and Acinetobacter obviously increased in the ABX-LPS + FMT group (Figure 10G).
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FIGURE 10
 FMT from HUC-MSC-treated mice alleviated the disorder of GM in ALI mice. After FMT treatment, the top 20 bacterial genera with the highest relative abundance among the groups were tested (A). The microbial α-diversity was analyzed by Shannon and Simpson indices (B). The microbial β-diversity was analyzed by NMDS (C) and ANOSIM (D). LEfSe was carried out to discriminate the different taxa from the fecal samples of the mice (E, F). (G) The relative abundance of Bacteroides, Christensenella, Coprococcus, Roseburia, Xenorhabdus, Sutterella, and Acinetobacter was compared between the groups. In total, 24 fecal samples from 4 groups were applied for 16S rRNA gene amplicon sequencing. *p < 0.05 and **p < 0.01. GM, gut microbiota; NMDS, non-metric multidimensional scaling; ANOSIM, analysis of similarities; LEfSe, linear discriminant analysis effect size.





4. Discussion

Despite immense efforts have been made and substantial achievements have been achieved to develop new therapies for ALI, effective treatments for ALI continue to be limited (Wang et al., 2021). Recently, scholars have demonstrated that MSCs have excellent immunomodulatory functions in numerous lung disorders, including ALI (Peng W. et al., 2021). A published study has revealed that MSCs derived from the bone marrow, chorion, and lung can manage LPS-induced ALI by suppressing inflammatory responses and increasing the Tregs/Th17 cell ratio (Wang L. et al., 2022). In addition, our previous study has also proven that HUC-MSCs can be used to treat ALI effectively by redefining gut microbiota. At the same time, researchers have demonstrated the composition, structure, and distribution of the intestinal flora were remarkably different between the ALI and normal mice (Li et al., 2014). However, elevating short-chain fatty acid generation and remodeling intestinal flora disorder can alleviate LPS effectively (Peng L.-Y. et al., 2021). Given that FMT is an effective method to improve the altered GM diversity and exhibited more cost-effectiveness than antimicrobial treatment in some cases (Hu et al., 2019), we hypothesized that FMT from HUC-MSC-treated mice may have the potential to treat ALI.

Using appropriate animal models is crucial for studying the effects and mechanisms of drugs for diseases. Currently, LPS-induced ALI has become the most common and reliable animal model to test the potential therapies for ALI (de Souza Xavier Costa et al., 2017). It is well-known that intratracheal injection of LPS will induce the generation of inflammatory factors and stimulate the neutrophils to migrate to the lung, thereby inducing systemic inflammation and lung damage (Li et al., 2021). In this study, the BALF protein concentration, total cell number, neutrophil number, and lung W/D ratio increased obviously after LPS administration, which implied that lung damage happened in mice. The pathological injuries of the lung further demonstrated it. Nevertheless, all the changes induced by LPS were restored by FMT treatment, which indicated that FMT from HUC-MSC-treated mice can ameliorate LPS-stimulated ALI.

A body of evidence has revealed that inflammation is the key mechanism for ALI pathogenesis (Chen et al., 2022). Specifically, inflammatory responses can increase alveolar capillary permeability, which facilitates the leak of fluid, thereby promoting the formation of lung edema (Zhao and Bie, 2020). Additionally, inflammation-induced oxidative stress also plays a key function in the development of ALI (Du et al., 2021). Under a healthy condition, the scavenging and generation of reactive oxygen species (ROS) are balanced in the body; however, inflammation will disrupt this balance and stimulate the production of ROS (Lv et al., 2016). Excessive ROS will attack polyunsaturated fatty acids, generating lipid peroxides (such as MDA) and leading to the injury of tissues (Huang et al., 2016). On the other hand, excessive ROS also contributes to the release of inflammatory factors in turn, thus entering a vicious cycle (Wang et al., 2019). This study found that inflammation and oxidative stress were aggravated in response to LPS treatment, which aligned with the symptoms observed in ALI patients (Gong et al., 2023). However, FMT treatment could effectively inhibit the inflammatory response and oxidative stress stimulated by LPS, suggesting that FMT from HUC-MSC-treated mice may alleviate ALI by repressing inflammatory response.

TLR4 is thought to be the specific receptor for LPS in mammals and is essential in the development of inflammatory response, while the NF-κB pathway plays a central role in the modulation of inflammatory response (Yang W. et al., 2022). Activation of the NF-κB pathway promotes the excessive release of pro-inflammatory factors (TNF-α, IL-6, IL-1β, and so on) but inhibits the secretion of anti-inflammatory factors (interleukin 10); the imbalance between pro-inflammatory and anti-inflammatory factors will result in ALI (Han et al., 2019). Previous research by Li et al. (2016) has reported that MSCs obtained from the bone marrow have the potential to treat ALI by suppressing inflammation by downregulating the TLR2 and 4/NF-κB pathways. In addition, when the body suffers from inflammation and oxidative stress, Nrf2, a basic leucine zipper protein, will modulate the expression of proteins that participate in protection from oxidative injuries (Lei et al., 2020). In normal physiological conditions, Nrf2 exists in the cytoplasm by binding with Keap-1 (Zhang Z. et al., 2022). However, when subjected to oxidative stress, Nrf2 will dissociate from Keap-1, combined with ARE, and subsequently transported to the nucleus to induce the expressions of target genes (such as HO-1, GSH-Px, and SOD), thereby protecting cells from oxidative stress (Liberti et al., 2020). Drugs that activate the Nrf2/HO-1 pathway have been studied for treating diseases caused by oxidative stress (Xu C. et al., 2021). It has already been demonstrated that MSCs can activate HO-1 and Nrf2 and suppress inflammation, cell apoptosis, and oxidative stress in the lung tissues, thereby improving ALI (Zhang et al., 2019b). In addition, another study has revealed that pre-treating HUC-MSCs with pyrogallol improves LPS-stimulated lung injury and inflammation by activating the Nrf2/HO-1 pathway (Zhang Y. et al., 2022). Similarly, this research found that FMT from HUC-MSC-treated mice inhibited the TLR4/NF-κB pathway and activated the Nrf2/HO-1 pathway, which might explain the improving mechanism of FMT on ALI.

The intestinal barrier is pivotal in sustaining intestinal balance, and impairment of its function may result in the displacement of harmful intestinal substances to the circulatory system (Wang R. et al., 2022). The expressions of ZO-1, claudins, and occludin in the ileum are essential in modulating intestinal permeability (Li L. et al., 2023). In addition, it is widely accepted by researchers that injured ileal tissues and impaired barrier function are involved in ALI development (Xu Y. et al., 2021). In the study, we found that FMT from HUC-MSC-treated mice could improve the impaired degree of the ileum and upregulated the expressions of ZO-1, claudins, and occludin proteins in the ileum, suggesting that FMT from HUC-MSC-treated mice can improve intestinal barrier function for ALI mice.

The composition of GM can also influence the development of ALI (Kosyreva et al., 2020). By alerting the composition and metabolisms of GM and modulating the balance between beneficial and harmful bacteria, the injured lung can be alleviated and lung immunity can be enhanced (Liu et al., 2020a). Bacteroides is a microbe recognized as a potential mucus degrader; research has reported that pulmonary Bacteroides are negatively associated with lung function (Yang Y.-S. H. et al., 2022). Additionally, Christensenella dominates the lungs of patients with idiopathic pulmonary fibrosis or lung cancer, while the Roseburia genus was elevated in the fecal sample of non-small cell lung cancer patients (D'Alessandro-Gabazza et al., 2018). Moreover, inhibiting the relative abundance of Coprococcus in the gut can improve immune function and lung function (Jia et al., 2022). It is well-known that Xenorhabdus can produce various antimicrobial compounds (Dreyer et al., 2019), and the abundance of Sutterella is negatively correlated with ileal-pouch inflammation (Olaisen et al., 2021). In the present study, Bacteroides, Christensenella, Roseburia, and Coprococcus were reduced, while Xenorhabdus, Sutterella, and Acinetobacter were increased after FMT treatment, which confirmed that FMT from HUC-MSC-treated mice alleviated LPS-induced ALI by regulating the relative abundance of specific GM. In future, we will gavage Xenorhabdus, Sutterella, and Acinetobacter to ALI mice, so as to further investigate whether these GM can ameliorate ALI and explore the specific mechanism.

However, the main limitation of the study is the absence of a control group, i.e., letting the mice in the ABX + LPS group receive FMT from healthy mice. In future, we will treat ABX + LPS mice with FMT from healthy mice to make the key funding of the study more convincing.

In summary, this study demonstrated that FMT from HUC-MSC-treated mice may improve ALI by inhibiting inflammation and modulating GM abundance (Figure 9). Additionally, the TLR4/NF-KB and Nrf2/HO-1 pathways may also take part in the improvement of FMT on ALI, which needed further exploration by using corresponding agonist and inhibitor. These discoveries provided powerful evidence for the protective function of FMT from HUC-MSC-treated mice on ALI.
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SUPPLEMENTARY FIGURE 1
 The microflora homeostasis in feces of mice treated with or without HUC-MSCs. After HUC-MSC treatment, the top 20 bacterial families with the highest relative abundance among the groups were tested (A). The microbial α-diversity (B) and β-diversity (C) were statistically analyzed in the feces of different groups. The heatmap was applied to analyze the differences in the genus abundance of different microflora in feces (D). n = 6. Note: HUC-MSCs, human umbilical cord mesenchymal stromal cells.
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Background and aim: Nutrient production by intestinal microbiota corresponds to regulate appetite while gut microbial composition was influenced by diet ingestion. However, the causal relationship between gut microbial taxa and anorexia nervosa (AN) remains unclear. Mendelian Randomization (MR) is a novel research method that effectively eliminates the interference of confounding factors and allows for the exploration of the direct causal effects between exposure and outcome. This study employs MR to explore the causal effect between AN and specific gut microbiome.
Methods: Large-scale Genome Wide Association Study (GWAS) data of AN and 211 gut microbes were obtained from the IEU open GWAS project and Mibiogen Consortium. Two-sample MR was performed to determine the causal relationship between gut microbiota and AN. Furthermore, a bi-directional MR analysis was to examine the direction of the causal relations. The Bonferroni correction test was used to adjust potential correlations among microbial taxa.
Result: In forward MR analysis, 10specific gut microbial taxa have an impact on the occurrence of AN (the p value of IVW <0.05). The high abundance of Genus Eubacteriumnodatumgroup ID: 11297 (OR:0.78, 95% CI:0.62–0.98, p = 0.035) and Class Melainabacteria ID: 1589 (OR:0.72, 95% CI:0.51–0.99, p = 0.045) may be considered protective factors for AN. But after Bonferroni correction, only Class Actinobacteria ID:419 (OR:1.53, 95% CI:1.19–1.96, p = 0.00089) remained significantly associated and high abundance of Class Actinobacteria ID:419 considered as a risk factor for AN. In the reverse MR analysis, AN influences 8 gut microbial taxa with none-statistically significant associations after adjustment.
Conclusion: We identified a significant correlation between AN and 18 microbial taxa which have not been previously reported. Among them, 10 kinds of gut bacteria may affect the occurrence of AN, and the status of AN would affect 8 kinds of gut bacteria. After correction, the Class Actinobacteria ID:419 continued to exert an influence on AN.

KEYWORDS
 gut microbiome, Mendelian randomization, anorexia nervosa, genome-wide association study, causality
[image: Illustration of a person labeled with "Anorexia nervosa." On the left are bacteria labeled in red, such as Class Actinobacteria and Genus Bifidobacterium, with associated IDs. There are also bacteria in green like Genus Eubacterium. On the right, more bacteria in red are listed, including Class Alphaproteobacteria and Genus Anaerostipes, with their IDs. Arrows point from the bacteria to the person.]

GRAPHICAL ABSTRACT
 The left half of the figure shows the forward Mendelian randomization results showing the causal effect of gut microbiota on AN. The right half of the figure shows the reverse Mendelian randomization results showing the causal effect of AN on the gut microbiota. Risk factors are indicated in red font and protective factors in dark green font.



1. Introduction

Anorexia nervosa (AN) is one of the most serious psychiatric disorders, characterized by life-threatening very-low body weight, nutritional restrictions, and obviously occurs in females and adolescents (Treasure et al., 2015; Bulik et al., 2019; Seitz et al., 2019). Its prevalence in the population is estimated to be around 1% (Fan et al., 2023). Over the past decade, there has been a progressively increasing trend in the incidence of anorexia nervosa. This rising incidence has been observed in several countries such as the United Kingdom, Germany, and Japan (Holland et al., 2016; Bulik et al., 2019). The aggregate mortality is estimated to approximately 5.6% per decade, significantly surpassing that of the general population (Mitchell et al., 2020). However, AN suffers from efficient therapeutic methods and liability to relapse (Bulik et al., 2019). Previously researches displayed the incidence of AN accompanied by multiple dysfunctions, including endocrine alterations (Schorr and Miller, 2017), increased inflammation (Dai et al., 2013), and immune response (Seitz et al., 2019).

The human gastrointestinal tract harbors a multitude of microorganisms. Previous research has indicated that any disruption in the composition of the gut microbiota can lead to the onset of liver diseases (Tilg et al., 2022). These microorganisms can modulate individual behavior through various mechanisms, including metabolite, endocrine pathways (Albillos et al., 2020). The gut microbiota’s involvement in the development of neurological disorders through the microbiota-gut-brain axis has been reported for some time (Schorr and Miller, 2017; Mossad et al., 2021; Drljaca et al., 2023). However, the specific role played by individual microbial groups in this process remains unclear. Recently, the crucial role of the gut microbiome in AN has been gradually unveiled. Nevertheless, exploring the connection between AN and the gut microbiota poses challenges owing to the susceptibility to various influencing factors. A recent meta-analysis has unveiled links between AN and numerous microbial taxa. However, numerous studies have generated conflicting outcomes regarding the precise relationships between particular microbial taxa and AN (Nikolova et al., 2021). The reasons for these divergent results are multifaceted. Firstly, there’s the influence of confounding factors like environmental elements (such as mental status, sleep status, etc.). Secondly, the intricate interplay among gut microbiota complicates the causal effect between individual microbial groups and AN, making it difficult to reveal cause-and-effect relationship. Currently, there is also a lack of large-scale randomized controlled trials (RCTs) to substantiate this causal link.

Mendelian randomization (MR) is a genetic epidemiological approach that utilizes instrumental variables (IVs) which are highly correlated with the exposure of interest, to investigate causality and mitigate the impact of confounding factors (Emdin et al., 2017; Davies et al., 2018). This method capitalizes on the inherent property of Single Nucleotide Polymorphisms (SNPs) to be randomly assorted and distributed during gamete formation, rendering them unaffected by confounding factors following gametogenesis. Furthermore, the non-reversible nature of heredity helps in excluding the possibility of reverse causal effects (Bowden et al., 2015). In essence, MR, as an innovative methodology, offers the means to address confounding and reverse causality by leveraging genetic variants with close associations to the exposure of interest in order to infer potential causal relationships with the outcome (Emdin et al., 2017; Davies et al., 2018).

In this study, we investigated the potential causal effect between 211 gut microbiota taxa and AN by MR study design. After correction, the Class Actinobacteria ID:419 was found to exert an influence on AN. Our study provides a new sight into exploring the relationship between AN and gut microbiota.



2. Materials and methods


2.1. Study design

Two hundred and eleven gut microbiota taxa were selected as exposure and AN was defined as outcome for MR analysis. Then, the exposure and outcome were exchanged for reverse MR analysis. All MR analysis of this study was executed under three basic assumptions: (1) IVs must be strongly correlated with exposure; (2) IVs cannot be correlated with confounding factors; (3) IVs can only affect outcomes through exposure factors (Bowden and Holmes, 2019). The GWAS data we selected all originate from populations of European ancestry. These individuals are largely independent of each other. The flow-chart of this study was shown in Figure 1. Furthermore, we used the STROBE-MR (Strengthening the Reporting of Observational Studies in Epidemiology-Mendelian Randomization) checklist to explain our MR study (Skrivankova et al., 2021). The checklist shown in Supplementary Table S1.

[image: Flowchart depicting the analysis process, starting with GWAS summary data for gut microbiome and anorexia nervosa. SNPs are extracted, followed by clumping for removing linkage disequilibrium. Harmonization takes place, leading to MR and reverse MR analysis. IVW checks for consistency among methods. Sensitivity analysis and Bonferroni correction determine significant or potential microbiomes, leading to MR and reverse MR analysis respectively. Blue and red arrows indicate data flow.]

FIGURE 1
 The flow chart of the study. The GWAS data of flora was used as exposure, and anorexia nervosa was used as outcomes for MR analysis. The instrumental variables of flora were extracted in the following way: (1) p < 1 × 10−5; (2) r2 = 0.01, kb = 500. Five methods were used for MR analysis after harmonization. Floras with IVW estimates below 0.05, exhibiting consistent results across the five analytical methods, were deemed to hold potential association. Subsequently, an investigation into the presence of pleiotropy and heterogeneity among these potential floras was undertaken. Those floras displaying pleiotropic or heterogeneous characteristics were promptly eliminated. Meaningful bacterial groups were screened out. Then reverse MR analysis was performed, and different criteria were used for the screening of instrumental variables for AN (p < 5 × 10−6, r2 = 0.001, kb = 10,000). All potential floras were corrected by the Bonferronitest. The floras passed the Bonferroni were considered as significant. MR, Mendelian randomization; LD, linkage disequilibrium; GWAS, Genome Wide Association Study; SNPs, single nucleotide polymorphisms; IVW, inverse variance weighting.




2.2. GWAS data of gut microbiome

The large-scale GWAS summary data of gut microbiome were obtained from Mibiogen consortium, including 18,340 individuals from 24 cohorts (Kurilshikov et al., 2021). The consortium utilized standardized analytical pipelines for both microbiota phenotype and genotype, ensuring uniform data processing methods. This approach was employed to mitigate potential variations introduced by technical differences in generating microbiota data. This study used three different regions (V4: 10,413 samples, 13 cohorts, V3-V4: 4,211 samples, 6 cohorts and V1-V2: 3,716 samples, 5 cohorts) (V: hypervariable region sequencing for identifying bacterial taxa)of the 16S rRNA gene to analysis the composition of gut microbiota and identified genetic variants that influent the relative abundance of microbial taxa by use of microbiota Quantitative Trait loci (mbQTL) mapping (Kurilshikov et al., 2021). In the original study, the gut microbiota was categorized into 257 taxa at five taxonomic levels: Phylum, Class, Order, Family, and Genus. Finally, 211 taxa were defined, including 131 genera, 35 families, 20 orders, 16 classes, and 9 phyla. All data from this study are publicly accessible, which could acquire from the website (https://mibiogen.gcc.rug.nl/menu/main/home/).



2.3. GWAS data of AN

The GWAS summary data of AN were obtained from the IEU open GWAS project (v7.5.5-2023-08-09, N = 42,348, https://gwas.mrcieu.ac.uk/). The GWAS summary dataset encompassed 2,907 individuals diagnosed with AN across 14 countries, along with 14,860 ancestrally matched control subjects, constituting a part of the Genetic Consortium for Anorexia Nervosa (GCAN) and the Wellcome Trust Case Control Consortium 3 (WTCCC3) (Boraska et al., 2014). All individuals were of European ancestry and detailed information of ANwas available in the website (https://gwas.mrcieu.ac.uk/datasets/ieu-a-45/).



2.4. The selection of IVs

The criterion of selecting IVs as following: (1) SNPs, significantly associated with gut microbiota, were selected (the p value of SNPs <1 × 10−5) as the potential eligible IVs (Yu et al., 2023); (2) SNPs were clumped for excluding the effect of linkage disequilibrium (r2 = 0.01, window size = 500 kb) (Xu et al., 2021); (3)palindromic alleles were removed. Then, For the reverse MR analysis, we filtered the IVs of AN. p ≤ 5 × 10−6was chose as the criterion and clump were reset (r2 = 0.001, window size = 10,000 kb) (Yu et al., 2023). Other criterions were the same as above. To avoid weak instrumental bias, the F statistics for each bacterial taxon was calculated by following equation (Xu et al., 2021):

[image: Formula for F equals R squared times the fraction of n minus 1 minus k over the product of 1 minus R squared and k.]

In this equation, R2 is to explain exposure variance of the IVs, n is the sample size, and k is the number of IVs (Xu et al., 2021). According to previous study, F statistic ≥10 were considered that there is no weak instrument bias (Pierce et al., 2011).



2.5. MR analysis

Five methods (including Inverse variance weighted (IVW), MR Egger, Weighted median, Simple mode, and Weighted mode method) were used to estimate the causal effect of the gut microbiota on AN. Due to its assumption that all instrumental variables are valid, IVW is susceptible to the effects of instrumental variable pleiotropy and heterogeneity (Bowden et al., 2016). However, in the absence of these influences, IVW considered to be the most accurate method, even when the other four methods may not yield positive results (Long et al., 2023).

To establish the accuracy and seriousness, five distinct methods was employed to assess the causal impact of gut microbiota on AN, namely: (1) Inverse Variance Weighted (IVW); (2) MR Egger; (3) Weighted Median (WM); (4) Simple Mode; (5) Weighted Mode method. It’s worth noting that, while the IVW method assumes the validity of all instrumental variables, it can be influenced by instrumental variable pleiotropy and heterogeneity. However, in scenarios devoid of these influences, IVW remains esteemed as the most precise technique (Wang et al., 2023). Thus, the result of MR analysis was mainly based on IVW (Burgess et al., 2013). The remaining four methods were considered supplementary to the IVW approach. Once instrumental variables (IVs) were harmonized, if the count of matched SNPs for a specific microbiota was <3, that microbiota was excluded due to lack of credibility in results.

A significance threshold for multiple testing was established at each taxonomic level (phylum, class, order, family, and genus). Bonferroni correction method was employed to adjust the p-values, mitigating the potential for false positives (p < 0.05/N, N refers to the effective number of independent bacterial taxa at the specific taxonomic level). The significant p values were following: 0.00038 (131 Genera), 0.0014 (35 Families), 0.0025 (20 Orders), 0.0031 (16 Classes), and 0.0056 (9 Phyla). Subsequently, when the estimated value of five methods exhibited congruence and IVW yielded a value <0.05/N, the gut microbes were deemed to exhibit a statistically significant distinction. Microbial taxa with the p-values of IVW below 0.05, although not statistically significant after Bonferroni correction, are considered to have potential associations.

The significant microbiotas were tested for pleiotropy and heterogeneity to ensure the accuracy of the IVW results. MR-Egger Intercept Test and Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) global test were employed to detect horizontal pleiotropy (Long et al., 2023). MR-PRESSO could assess the overall horizontal pleiotropy of IVs and the abnormal SNPs which led to the pleiotropy (Verbanck et al., 2018). For assessing the presence of horizontal pleiotropy, p values greater than 0.05 for two methods were indicative of its absence. To gage the extent of heterogeneity, Cochran’s Q test was employed, with p values above 0.05 indicating non-heterogeneity. Therefore, in our study, any microbiota with Cochran’s Q test p-value remaining less than 0.05 were excluded from further analysis to ensure the reliable results of IVW method. Meanwhile, Leave-one-out analysis was employed to exclude the influence of single SNP.



2.6. Reverse MR analysis

To investigate whether AN exerted acausal influence on gut microbiomes, we additionally conducted a reverse MR analysis. In this procure, we employed SNPs strongly linked with AN as instrumental variables (IVs) to further probe the causal effect of AN on gut microbiome. The analytical approach was same with the MR analysis.



2.7. Data processing

All data processing and analysis were accomplished by R software (R.4.2.3; http://www.R-project.org). The R packages used in study is TwoSampleMR, MendelianRandomization, and MR-PRESSO.




3. Results


3.1. Instrumental variables for gut microbiome and AN

After strong correlation screening (p < 1 × 10−5) and clump (r2 = 0.01, window = 500 kb). SNPs associated with gut microbiota at difference levels were identified (Class: 231, Family: 509, Genus: 1740, Order: 289, Phylum: 126; Detail information shown in Supplementary Table S2). For AN, a threshold of 5 × 10−6 (r2 = 0.001, window = 10,000 kb) adopted for selection. Finally, 7 IVs were filtered and detail information was displayed in Supplementary Table S3.



3.2. Causal effects of gut microbiota on AN

Under the condition of IVW < 0.05, 10 gut microbiotas were associated with AN (Figures 2, 3A). The result showed that high abundancy of 8 microbiotas were the risk factors for the onset of AN, including Class Actinobacteria ID:419 (OR:1.53, 95% CI:1.19–1.96, p = 0.00089), Family Unknown family ID:1000006161 (OR:1.34, 95% CI:1.08–1.67, p = 0.0077), Genus Bilophila ID:3170 (OR:1.73, 95% CI:1.03–2.90, p = 0.039), Genus Holdemania ID:2157 (OR:1.36, 95% CI:1.02–1.83, p = 0.038), Genus Lactobacillus ID:1837 (OR:1.48, 95% CI:1.07–2.04, p = 0.018), Genus Ruminococcaceaeucg009 ID:11366 (OR:1.55, 95% CI:1.16–2.07, p = 0.0029), Genus Unknowngenus ID:1000006162 (OR:1.34, 95% CI:1.08–1.67, p = 0.0077), Order Nb1N ID:3953 (OR:1.34, 95% CI:1.08–1.67, p = 0.0077). Two microbiotas were the protective factors for AN, including Genus EubacteriumnodatumgroupID:11297(OR:0.78, 95%CI:0.62–0.98, p = 0.035), Class Melainabacteria ID:1589 (OR:0.72, 95% CI:0.51–0.99, p = 0.045). After Bonferroni correction, only one microbiota was significance associated with AN (Class Actinobacteria ID:419).

[image: Table analyzing potential causal effects of gut microbiome on anorexia nervosa. It lists different microbial classes and genera, methods used (e.g., MR Egger, Weighted median), and statistics including number of SNPs, odds ratios (OR), confidence intervals, and p-values. The analysis includes microbe exposures like Actinobacteria, Melainabacteria, and others against the outcome of anorexia nervosa. Risk indicators are visually represented by red markers, and results vary by method and exposure.]

FIGURE 2
 The result of MR between gut microbiome and anorexia nervosa by five methods.


[image: Two side-by-side heatmaps titled A and B display p-value results for different microbial classes, families, and genera. Each row represents a different taxonomic group, with color-coded values indicating significance levels from 0 to 1. The x-axis lists statistical methods: MR Egger, weighted median, inverse variance weighted, simple mode, and weighted mode. Colors range from blue (p-value of 0) to red (p-value of 1). Each heatmap shows the variation in p-values across these methods for different taxonomic groups.]

FIGURE 3
 The heatmaps of five MR analysis methods. (A) The p value of five MR analysis (Forward); (B) The p value of five MR analysis (Reverse).




3.3. Causal effects of AN on gut microbiota

In the reverse MR, the abundancy of eight gut microbial taxa were identified that are influenced by AN (Figures 3B, 4), including Class Alphaproteobacteria ID:2379 (OR:1.02, 95% CI:1.00–1.03, p = 0.0092), ClassCoriobacteriia ID:809 (OR:1.01, 95% CI:1.00–1.02, p = 0.016), Family Christensenellaceae ID:1866 (OR:1.02, 95% CI:1.00–1.03, p = 0.0056), Family Coriobacteriaceae ID:811 (OR:1.01, 95% CI:1.00–1.02, p = 0.016), GenusAnaerostipesID:1991 (OR:1.01, 95% CI:1.00–1.02, p = 0.035), Genus Christensenellaceaer.7Group ID:11283 (OR:1.02, 95% CI:1.00–1.03, p = 0.032), Genus Enterorhabdus ID:820 (OR:1.02, 95% CI:1.00–1.04, p = 0.041), and Order Coriobacteriales ID:810 (OR:1.01, 95% CI:1.00–1.02, p = 0.016). Under conditions of AN, these microbial taxa are suppressed and would display low abundancy. In essence, AN acted as a potential risk factor for these microbial communities. However, there was no significant microbiota after Bonferroni correction.

[image: Table showing the potential causal effect of anorexia nervosa on gut microbiome. It lists exposures such as various bacterial classes and families, with columns for outcome, method, number of SNPs, odds ratio with confidence interval, and p-value. The table uses a color-coded scale to indicate protective and risk factors, highlighting significant associations.]

FIGURE 4
 The result of reverse MR analysis between gut microbiome and anorexia nervosa by five methods.




3.4. Sensitivity analysis of MR

MR PRESSO did not identify heterogeneity among the significant and potential microbiota (Tables 1, 2). Similarly, Cochran’s Q test indicated the absence of heterogeneity across the studies (Tables 1, 2). Moreover, the Leave-one-out analysis revealed no significant differences in SNP effects. Furthermore, the MR Egger regression did not yield any evidence of horizontal pleiotropy (p > 0.05), and all F-statistical values exceeded 10 (Tables 1, 2). The MR analysis and Leave-one out analysis result of Class Actinobacteria ID:419 was shown in the Figure 5.



TABLE 1 The results of pleiotropy and heterogeneity in MR analysis.
[image: Table listing different exposures related to the outcome of anorexia nervosa, with columns for MR Egger test, MR-PRESSO, Cochran's Q test, and F value. Each row provides scores for various microbial classes, families, genera, and orders, with specific numeric IDs and test values.]



TABLE 2 The results of pleiotropy and heterogeneity in MR analysis.
[image: Table displaying the outcomes of an MR analysis with anorexia nervosa exposure, including Class, Family, Genus, and Order categories. Columns show results from MR Egger test, MR-PRESSO, Cochran's Q test, and F value. Data includes IDs and numerical values, with consistent F value of 1144.90 across all entries.]

[image: Panel A shows a scatter plot with lines for different Mendelian Randomization tests, depicting SNP effects on Class Actinobacteria ID:419 against anorexia nervosa. Panel B is a forest plot for MR leave-one-out sensitivity analysis for the same class with individual SNP IDs listed.]

FIGURE 5
 The result of MR between gut microbiome and anorexia nervosa by five methods. (A) In the scatter plot,estimated value of five MR tests were consistent. (B) The leave-one-out analysis validated that there is no significant differences in SNP effects between Class Actinobacteria ID:419 and anorexia nervosa.





4. Discussion

As early as the 20th century, it was discovered that probiotics could improve human mental well-being, such as fatigue, melancholia and the neurosis (Bested et al., 2013). The composition of gut microbiota in individuals with mental illnesses significantly differs from that of healthy individuals. Preclinical experiments have demonstrated that transplanting fecal material from individuals with mental disorders into the intestines of germ-free mice can markedly alter the behavior in mice (Kelly et al., 2016; Zheng et al., 2016; Li et al., 2019; Sharon et al., 2019; Zhu et al., 2020; Fan et al., 2023). Furthermore, previous researches had already demonstrated the role of gut microbiota in regulating appetite (Breton et al., 2016; Fetissov, 2017; Han et al., 2021). This process may depend on tryptophan (Dong et al., 2020). Thus, some researchers are also attempting to treat anorexia nervosa by inhibiting healthy individuals’ feces (Wilson et al., 2023). Furthermore, a recent meta-analysis also indicates variations in the microbiota of individuals with mental disorders (Nikolova et al., 2021). This study incorporated 59 case-control studies, including 10 related to AN (involving 211 patients). It revealed alterations in 12 microbial taxa among AN, though the results pertaining to these taxa were not consistent across all studies (Nikolova et al., 2021). Current research faces challenges in obtaining consistent conclusions by experimental design that can eliminate the influence of confounding factors. The MR method ingeniously mitigates the impact of confounding factors, thereby yielding consistent results (Emdin et al., 2017).

To our knowledge, this is the first MR study to ascertain the relationship between AN and gut microbiome. We found that there was genetic liability to 18 gut microbiotas causally associated with AN. Our study also found some results were consistent with previously researches. For instance, a high abundance of Genus Lactobacillus, in our study, is a risk factor for AN. Interestingly, a recent study also observed that the abundance of several Lactobacillus species was increased in the Activity-Based Anorexia mouse model (Breton et al., 2021). In another study, an increased abundance of Class Actinobacteria was observed in patients of AN (Nikolova et al., 2021). Interestingly, a similar increase in Class Actinobacteria abundance was also found in a clinical trial involving obese patients, coinciding with weight reduction in overweight individuals (Chambers et al., 2019).

However, our study also deviated from several previous research findings. Another study highlighted variations in the composition of fecal microbiota between AN patients upon admission and at discharge, specifically involving Genus Anaerostipes and Genus Christensenellaceaer.7Group. In their study, the abundance of these two taxa decreased from admission to discharge. Our study, in contrast, revealed that the growth of Genus Anaerostipes and Genus Christensenellaceaer.7Group was likely inhibited under AN condition. We hypothesized that this increase might stem from complex interactions within the microbial communities. In addition, Family Coriobacteriaceae ID:811was reported increasing in the patients of AN. However, AN, in our study, acted as an inhibitory factor for the growth of Family Coriobacteriaceae ID:811. Family Coriobacteriaceae ID:811, should be decease under the condition of the AN. It’s worth noting that our study also provided a clear conclusion for the conflicting results from prior research. For instance, a meta-analysis published in 2020 indicated a potential significant association between Anaerostipes and BMI (Di Lodovico et al., 2021). However, with an increase in studies, a meta-analysis in 2021 suggested inconsistent findings (Nikolova et al., 2021). In our study, we observed that Genus Anaerostipes ID:1991 exhibited suppressed growth under condition of AN. One possible explanation for this difference could be that, while MR analysis eliminates the interference of various confounding factors, the inherent differences in the physical properties of the selected microbial samples themselves cannot be ignored. These differences may have led to variations in our study’s conclusions compared to previous findings. Standardized sample selection and large-scale randomized controlled trials can help eliminate the potential interference caused by these differences.

Meanwhile, our study has several limitations. Firstly, constrained by GWAS data, we can accurately examine the relationship between the genus level or higher taxonomic levels and AN, but cannot extend the validation to more specific levels, such as species. Secondly, due to the utilization of publicly available GWAS data, there was an imbalance in the number of case and control groups within these cohorts, potentially increasing the likelihood of pleiotropy. Concurrently, the impact of genetic mutations on other pathways might also impact the interpretability of the results. Thirdly, the GWAS data we utilized are derived from individuals of European ancestry. Therefore, it remains uncertain whether our conclusions are applicable to other populations, such as East Asian or South Asian populations. Fourthly, since we were unable to obtain individual-level gender data from the GWAS data, we were unable to analyze AN patients of different genders and, therefore, explore the interaction between microbial taxa and AN patients of different genders. Lastly, the absence of pertinent GWAS data precluded us from conducting validation through replication samples.

In summary, our analysis delved into the causal connection between 211 gut microbiota and AN. For the first time, we have not only showed that 10 gut microbiotas acted as risk or protective factors for AN, but also revealed that 8 gut microbiotas were influenced under AN condition. This study offered novel insights into the causal relationship between AN and gut microbial taxa.
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Alzheimer’s disease is a common neurological disorder, which has become one of the major factors affecting human health due to its serious impact on individuals, families and society. It has been confirmed that gut microbiota can affect the occurrence and development of Alzheimer’s disease. Especially, fecal microbiota transplantation plays a positive role in the treatment of Alzheimer’s disease. The mechanisms for improving Alzheimer’s disease might include anti-inflammation and regulation of amyloid β-protein, synaptic plasticity, short-chain fatty acids, and histone acetylation. In this mini-review, the relationship between fecal microbiota transplantation and Alzheimer’s disease was summarized. It is hoped that fecal microbiota transplantation would play a positive role in the prevention and treatment of Alzheimer’s disease in the future.
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1. Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disease and the most common cause of dementia. The pathological features of AD mainly include deposition of amyloid β-protein (Aβ) (Duyckaerts et al., 2009; Bloom, 2014; Jouanne et al., 2017), neurofibrillary tangles caused by hyperphosphorylated tau protein (Duyckaerts et al., 2009; Bloom, 2014), and enhancement of neuroinflammation (Felsky et al., 2019). AD is usually characterized by cognitive deficits, as well as impairments in expressive speech, visuospatial processing, and executive function (Knopman et al., 2021). Epidemiology studies show that over 50 million people worldwide have been affected by AD (Hodson, 2018). According to the World Alzheimer’s Disease Report, the number of people with dementia is expected to increase to 139 million by 2050 due to an aging population, among which AD accounting for approximately 60–80% (World Alzheimer Report, 2022).

The etiology of AD may be the result of the interaction between multiple factors, including age, genetic factors, family history, lifestyle actors, and environmental factors. For example, the percentage of AD patients increases dramatically with age. It has been found that 5% of people age 65 to 74, 13.1% of people age 75 to 84 and 33.3% of people age 85 and older suffer from AD (Rajan et al., 2021; Wang et al., 2021). Meanwhile, many genes can increase the risk of AD, among which apolipoprotein E4 is the greatest effect on risk of late-onset AD (Bellenguez et al., 2022). People who have or had a parent or sibling with AD are more likely to develop the disorder (Loy et al., 2014). Genetic and non-genetic factors (e.g., diet and exercise) may play a role when disorders spread within families (Alzheimer’s Association, 2023). In addition, gender (World Alzheimer Report, 2022), smoking (Jeong et al., 2023), education (Manly et al., 2022), traumatic head injury (Schneider et al., 2021), cardiovascular disease (Samieri et al., 2018), gut microbiota (Kim et al., 2020), and other heterogeneous factors (Abolhasani et al., 2023) have been reported to be related to AD. These studies show that AD poses an enormous threat to global health because of high incidence rate, lacking effective efficacious pharmacotherapy and poor prognosis. Therefore, it is necessary to develop new therapeutic approaches to solve this disease.

There are about 100 trillion microorganisms in intestine (Valdes et al., 2018), which play an important role in maintaining the balance of the human body. At the same time, due to their key role in the regulation of the central nervous system, the gut microbiota is named the human “second brain” (Ridaura and Belkaid, 2015). There is a gut-brain axis between gut microbiota and the central nervous system (Morais et al., 2021; Mayer et al., 2022). The gut-brain axis consists of bidirectional communication between the enteric nervous system and the central nervous system, including the immune system, tryptophan metabolism, the vagus nerve and the enteric nervous system (Cryan et al., 2019). Relevant studies have confirmed that gut microbiota can slow down the AD progression by regulating brain function (Dodiya et al., 2019; Elangovan et al., 2019; Fujii et al., 2019; Zhou et al., 2019; Hazan, 2020; Park et al., 2021; Jin et al., 2023).

The gut microbiota of patients with AD is disordered. Research shows that the diversity of α and β of gut microbiota was reduced in patients with AD compared to healthy people (Liu et al., 2019). The gut microbiota disturbance has also been demonstrated in animal models (Harach et al., 2017). Currently, it has become a new strategy in the treatment of AD by targeting regulation of gut microbiota. Prebiotics (Sun et al., 2019a), probiotics (Akbari et al., 2016), and antibiotics (Angelucci et al., 2019) are associated with improvement of prognosis in AD. However, fecal microbiota transplantation (FMT) may be more effective, which involve a broader range of microbiome modifications than prebiotics, probiotics, or antibiotics (Smits et al., 2013). It has been shown that the symptoms of AD can be improved by FMT. Compared with mice from the same background and conventional breeding, FMT can regulate the disturbance of gut microbiota and improve their cognitive function in AD mice (Yang, 2018; Sun et al., 2019b).

In this mini review, the current knowledge about the relationship between gut microbiota and AD has been introduced, including the relationship between AD and gut microbiota, as well as the possible mechanisms of the effects of FMT. In addition, the research progress in FMT for AD has also been summarized (Table 1). Finally, we emphasize that FMT may become a new therapy for the treatment of AD.


TABLE 1    Summary of the application of FMT in the intervention of AD.
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2. Alzheimer’s disease and gut microbiota

As the largest microbiota in the human body, the human gut microbiota has over 1000 species. “Healthy microbiome” is defined as an ideal set of a healthy “functional core”: a complement of metabolic and other molecular functions that are performed by the microbiome within a particular habitat (Shafquat et al., 2014). Such a core might need to be present as genetic potential, and it must include at least the housekeeping functions necessary for individual microbial life (Lloyd-Price et al., 2016). Meanwhile, a healthy microbiome may be characterized further by the resistance of a microbiome to stress and perturbation and its ability to recover to a healthy functional profile afterward (Bodelier, 2011; Backhed et al., 2012).

Several studies have shown that the gut microbiota of AD patients or model animals is disrupted. For example, compared with age matched wild-type mice, the abundance of Odoribacter and Helicobacter increased in AD mice, while Prevotella decreased (Shen et al., 2017). Another study found that the abundance of Verrucomicrobia and Proteobacteria increased in AD mice, while Ruminococcus and Butyricicoccus decreased (Zhang et al., 2017). In clinical studies, the abundance of Firmicutes and Actinobacteria decreased in AD patients, while Bacteroidetes increased. Meanwhile, the phylum with elevated abundance was negatively correlated with Aβ1-42/Aβ1-40, and positively correlated with P-tau and P-tau/Aβ1-42 (Vogt et al., 2017).

Previous studies have found that transplanting gut microbiota of AD patients or mice into germ-free mice can lead to significant cognitive deficits in object localization and recognition. In contrast, FMT of healthy patients or mice can reverse symptoms and pathologic manifestations in AD model animals. For example, it has been demonstrated that cognitive deficits caused by deposition of Aβ and neurofibrillary tangles can be improved by FMT from healthy mice donors (Kim et al., 2020). Meanwhile, FMT could improve cognitive function by reducing deposition of Aβ, attenuating glial cell hyperactivation and secondary neuroinflammation, and decreasing blood-brain barrier (BBB) permeability (Sun et al., 2019b; Kim et al., 2021). The above evidence suggest that gut microbiota is closely related to the occurrence and development of AD. Based on the existing evidence, it is suggested that improving cognitive function by regulating gut microbiota may provide new ideas for the prevention and treatment of AD.



3. Definition and process of FMT

Fecal microbiota transplantation is a technology that places stool from a healthy donor into another patient’s gastrointestinal tract to change the recipient’s gut microbiota, thereby gaining therapeutic benefits (Gupta and Khanna, 2017). The first records of FMT have been traced back to the fourth century China, where it was used in patients with severe diarrhea (Zhang et al., 2012). Studies have shown that FMT has a positive effect on various diseases, including Clostridium difficile infection (CDI) (Hamilton et al., 2012), inflammatory bowel disease (Paramsothy et al., 2017), metabolic syndrome (Mocanu et al., 2021), autoimmune disorders (Yang et al., 2023), and neurological disorders (Xu et al., 2015). It is worth noting that FMT is also beneficial for AD (Yang, 2018; Sun et al., 2019b).

The process of FMT is rigorous. First of all, strict donor screening tests of FMT are needed (Cammarota et al., 2017), including a donor questionnaire, additional interview, standard donor screening protocols and the time between screening and donation. Secondly, patients undergoing FMT need support and education prior to treatment and antibiotics are avoided 12–48 h before fecal infusion (Blackburn et al., 2015). Finally, the current administration of stool by means include oral capsule, lower gastrointestinal route (via colonoscopy or retention enema) and upper gastrointestinal route (via nasogastric, nasojejunal, esophagogastroduodenoscopy, or nasoduodenal tube) (Wang et al., 2019). For example, a study showed that a non-significant difference in cure rate of recurrent CDI between upper and lower gastrointestinal routes of FMT (Youngster et al., 2014). However, another study found that the lower gastrointestinal route had higher clinical cure rate than the upper gastrointestinal route in CDI patients (Kassam et al., 2013). Furthermore, FMT via oral capsules had comparable results to delivery by colonoscopy in prevention of recurrent CDI (Kao et al., 2017). To sum up, there is no current strong evidence of the optimal FMT measure has been proved in clinical treatment, and it is recommended to select according to individual situation of patients.



4. Biological mechanisms of FMT to improve AD

More and more evidence showed that FMT may have potential for the prevention and treatment of AD. A randomized controlled trial suggested that the abundance of Proteobacteria and Verrucomicrobia decreased, while Bacteroidetes increased, in the FMT-treated mice. Meanwhile, the spatial learning ability and familiarity with novelty performed of FMT-treated mice better than AD model mice (Sun et al., 2019b). A randomized controlled trial suggested that the abundance of Proteobacteria and Verrucomicrobia decreased, while Bacteroidetes increased, in the FMT-treated mice. Meanwhile, the spatial learning ability and familiarity with novelty performed better than AD model mice (Sun et al., 2019b). Another study showed that FMT could reverse the disturbance of gut microbiota in AD mice and enhance the learning and memory ability (Yang, 2018). Numerous studies have shown that FMT can improve AD, which may be related to reducing the abundance of pathogenic bacteria, exerting the anti-inflammatory effects, decreasing the deposition of Aβ, regulating synaptic plasticity, increasing short chain fatty acids, and curbing histone acetylation.


4.1. Anti-inflammatory mechanisms

Inflammation plays an important role in the occurrence and development of many diseases, including metabolic disorders, immune system disorders, cardiovascular diseases and nervous system diseases.

The high expression of inflammatory factors can lead to metabolic disorders of neurotransmitters and disrupt the regulation and signaling mechanisms of behavior and cognition (Johnson et al., 2021). Research have found that the level of interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) is significantly increased in the cerebrospinal fluid and peripheral blood of AD patients (Cattaneo et al., 2017). The symptoms of AD could be improved by inhibition of pro-inflammatory cytokines and enhancement of anti-inflammatory cytokines. For example, the defect of exercise behavior induced by lipopolysaccharide improved and the number of activated microglia of nigra reduced while the IL-1 receptor antagonists was added to the brain of P70 newborn rats (Pang et al., 2015). Meanwhile, the cognitive and memory function of transgenic male mice with IL-6 knock-out was lower than wild-type control mice (Hryniewicz et al., 2007). A 6-month prospective, single-center, open study showed that the cognitive function of AD patients was improved by TNF-α inhibitor enalapril (Tobinick et al., 2006). In addition, FMT could increase the level of anti-inflammatory cytokines, such as interleukin-10 (IL-10) and interleukin-22 (IL-22) (Kim et al., 2021).

Fecal microbiota transplantation can inhibit the level of pro-inflammatory cytokines and increase anti-inflammatory cytokines. For example, a study showed that manganese could induce the deposition of Aβ and production of tau protein, increasing inflammatory cytokines (e.g., IL-1β) and NLRP3 inflammasomes. FMT from healthy rat donors relieve neurotoxicity by reversing the above changes, but the composition of FMT is unclear (Wang et al., 2020). Another study found that FMT from AD mice donors led to impaired cognitive impairment, activated microglia, and increased NLRP3 and inflammatory factors (including IL-1β, IL-18, and TNF-α). The above changes could be reversed by FMT from healthy people donors, but the composition of FMT is unclear (Shen et al., 2020). In addition, the level of pro-inflammatory cytokines increased, such as TNF-α and monocyte chemoattractant protein-1 (MCP-1), in AD mice. Pearson correlation analysis showed that Ruminiclostridium_5 was positively correlated with inflammatory markers TNF-α and MCP-1. Nevertheless, FMT from wild type mice significantly decreased serum TNF-α and MCP-1 levels, which may be associated with reducing the abundance of Ruminiclostridium_5 (Zhang et al., 2022). Hang et al. (2022) showed that FMT treatment could increase the level of anti-inflammatory factors IL-2 and transforming growth factor-β (TGF-β) and reduce pro-inflammatory factors TNF-α and IL-1β in AD mice. The results may be associated with the increased Firmicutes and Prevotella and the decreased Bacteroidetes, Bacteroides and Sutterella. Yang (2018) found that the level of anti-inflammatory factors increased, such as IL-10, and the pro-inflammatory cytokines decreased, such as TNFα and IL-6, in the FMT-treated mice. The results may be associated with the increased Firmicutes, Bacteroidales, Verrucomicrobia, Clostridia, and Bacteroidia, and the decreased Erysipelotrichia, Clostridia, and Bacteroidia. Xu et al. (2020) showed that yeast β-glucans could increase beneficial bacteria and reduce pathogenic bacteria in the gut microbiota of AD mice, and reverse the increased IL-1β, IL-5, IL-6, and INF- γ and the decreased IL-10. Meanwhile, spearman correlation analyses showed that there were three negatively correlated (Oscillibacter, Butyricicoccus, and Mucispirillum) and two positively correlated (Lactobacillus and Bifidobacterium) with anti-inflammatory. Inversely, there were two negatively correlated (Lactobacillus and Bifidobacterium) and six positively correlated (Alistipes, Oscillibacter, Butyricicoccus, Rikenella, Mucispirillum, and Anaerotruncus) with pro-inflammatory. The above studies suggest that FMT may have a positive effect on cognitive function by regulating the gut microbiota, reducing the expression of pro-inflammatory cytokines, and increasing anti-inflammatory factors.



4.2. Regulating Aβ protein and synaptic plasticity

Previous studies have shown that excessive deposition of Aβ can accelerate the cascade of oxidative stress and neuroinflammation, and induce apoptosis of nerve cells. It has been reported that Aβ42 aggregation is the main cause of Aβ42 toxic protein, and the latter is the major reason of AD. The development of AD can be effectively prevented by inhibiting Aβ42 aggregation (Lansbury and Lashuel, 2006). Meanwhile, high level of Aβ was detected throughout the intestines of both mice and humans. The expression of Aβ42 increased in colons of mice after receiving the gut microbiota of aged APP/PS1 mice donors (Jin et al., 2023). Moreover, low density lipoprotein receptor-related protein 1 (LRP-1) overexpressing expression mice had reduced the level of Aβ in the blood and brain, which was associated with spatial learning, memory consolidation, and spatial recognition memory (Cheng et al., 2023). The above studies suggest a correlation between Aβ42 and AD.

It has been demonstrated that Aβ targets the modulation of synapses (Almeida et al., 2005), and impairment of synaptic plasticity is associated with cognitive decline in AD (D’Amato et al., 2020).

The definition of synaptic plasticity is the ability of synapses to adjust their function or shift shape in response to changes of internal and external environment. The time-dependent appearance of neurofibrillary tangles after deposition of Aβ can alter synaptic function, affect synaptic plasticity and cause synaptic loss in AD patients. Meanwhile, the memory and synaptic plasticity were damaged by oxidative stress induced by the imbalance between antioxidants and free radicals (Sehar et al., 2022). The change of synaptic plasticity in AD patients is characterized by synaptic dysfunction and impairment of synaptic morphology and structure, which regulated by neurotransmitters, synaptic plasticity related proteins and signaling pathways.

In recent years, the main target of synaptic plasticity mechanism studies is synapse-associated proteins, including growth-associated protein-43, synaptophysin, and postsynaptic density protein-95 (PSD-95). The synaptic function is inhibited by reduction of synapse-associated proteins. The expression of synaptic protein and PSD-95 decreased in AD mice. For example, the expression of PSD-95 in Tg2576 APP mutant neurons was lower than wild-type neurons (Almeida et al., 2005). In contrast, the synaptic plasticity enhanced by increasing the expression of PSD-95, thereby improving the reduction of synapse associated protein. Research showed that FMT from aged donors led to changed expression of proteins involved in synaptic plasticity and neurotransmission in young adult recipients. Meanwhile, four genera (Prevotellaceae, Faecalibaculum, Lachnospiraceae, and Ruminococcaceae) were found to be significantly differentially abundant compared to adult mice. There were three (Faecalibaculum, Lachnospiraceae, and Ruminococcaceae) were significantly correlated with proteins implicated in mitochondrial energy metabolism and neurotransmitter transport (D’Amato et al., 2020). Furthermore, FMT from aged donors led to significant changes in synaptic structure of young rats, which may be associated with reducing the abundance of Bacteroidetes, Prevotella, Bacteroides, and Parabacteroides. However, FMT treatment could reduce the brain deposition of Aβ40 and Aβ42 and increase the expression of PSD-95 and synapsin I in AD model mice, which may be associated with increasing the abundance of Desulfovibrionaceae (Sun et al., 2019b). Therefore, we speculate that FMT may improve AD by reducing deposition of Aβ and inducing synapse recurrent (Li et al., 2020).



4.3. Regulating the short chain fatty acids and histone acetylation

Short chain fatty acids (SCFAs) are the main metabolites of the gut microbiota, including acetate, propionate, butyrate, pentanoate and Caproate. SCFAs can regulate human homeostasis and play critical roles in biological functions. Many studies have shown that SCFAs are closely related to the occurrence and development of AD. A study found that the acetate concentration decreased in the AD model drosophila induced by Aβ deposition (Kong et al., 2021). Meanwhile, the concentrations of propionate, butyrate, and isobutyric acid in AD model mice was lower than wild-type mice (Zheng et al., 2019). In clinical studies, the expression of SCFAs in AD patients was the lowest compared to healthy humans and patients with mild cognitive impairment (Wu et al., 2021). An increase in SCFAs can reduce deposition of Aβ and improve cognitive impairment in AD mice. For example, the reshaped gut microbiome and enhanced butyrate formation are highly associated with behavioral alteration and brain oxidative status, and SCFAs attenuated the behavioral disorders and Aβ accumulation in AD mice (Liu et al., 2021a). Furthermore, there was a strong correlation between the levels of increased SCFAs and reduced cognitive functions in AD mice (Liu et al., 2021b). These studies show that SCFAs play an important role in the occurrence and development of AD.

There is a closely relation between histone deacetylases (HDACs) and AD. In the hippocampus, HDAC1, HDAC2, and HDAC8 are reported to strengthen neuroinflammation associated with cognitive dysfunction, while HDAC3 decreases dendritic spine density and levels of proteins associated with synaptic plasticity (Yang et al., 2022). Meanwhile, it has been reported that the increased activity of HDAC6 related to memory impairment (Li et al., 2021). However, treatment with acetate was shown to reduce mRNA levels of HDAC2, HDAC5, HDAC7, and HDAC8 (Huang et al., 2021), which indicate that SCFAs can regulate the expression of HDACs. According to the report, SCFAs (such as butyrate) can inhibit the activity of histone deacetylase (Tan et al., 2014), reduce deposition of Aβ in neurons. Treatment with butyrate can improve cognitive functioning in AD mice by adding hippocampal acetylation and increasing the expression of genes associated with synaptic plasticity (Govindarajan et al., 2011). At the same time, butyrate can serve as a histone deacetylase inhibitor to enhance the acetylation of histones adjacent to the neurotrophic factor promoter, thereby improving memory (Barichello et al., 2015). Furthermore, acetyl CoA converted by acetate can serve as an acetyl donor for histone acetylation, thus altering the inflammatory signaling in the microglia of brains (Shi and Tu, 2015). The above studies suggest that SCFAs may improve AD by affecting histone acetylation.

Many studies showed that FMT treatment could improve AD by regulating gut microbiota and increasing the expression of SCFAs. For example, a study showed that FMT from aged donors led to impaired spatial learning and memory in young adult recipients, which may be associated with a strong reduction of bacteria associated with SCFAs production (Lachnospiraceae, Faecalibaculum, and Ruminococcaceae) (D’Amato et al., 2020). However, yeast β-glucans could reverse the increased Firmicutes, Oscillibacter, Mucispirillum, and Butyricicoccus, and the decreased Bacteroidetes, Lactobacillus, and Bifidobacterium in AD mice (Xu et al., 2020). Meanwhile, yeast β-glucans treatment was able to trigger the generation of SCFAs, which may be associated with increasing the abundance of Bacteroidetes, Lactobacillus and Bifidobacterium (Xu et al., 2020). Moreover, another study found that FMT could reverse the decreased Bacteroidetes in the Tg mice. Meanwhile, the level of butyrate was significantly increased in the FMT-treated mice, which may be associated with increasing the abundance of Bacteroidetes (Sun et al., 2019b). Therefore, we speculate that FMT may improve AD by increasing the inhibition of histone acetylation by SCFAs. Therefore, we speculate that FMT may improve AD by increasing the inhibition of histone acetylation by SCFAs.




5. Conclusion and future directions

Based on the above evidence, we conclude that FMT is beneficial for AD. AD has a serious impact on the health and quality of life of patients, and it is urgent to find low cost and few side effects intervention measures. However, there is relatively less research on the effects of FMT on AD, especially in clinical studies. So far, only three articles involved in FMT and AD, but no clinical trials have been published, among which one was terminated early due to the COVID-19 pandemic. Therefore, there is an urgent need for large-scale clinical trials to verify whether FMT can be used as a strategy for the treatment of AD. At the same time, seven gut microbiotas were defined as a good FMT, such as, Lachnospiraceae, Faecalibaculum, Ruminococcaceae, Bacteroidetes, Lactobacillus, Bifidobacterium, and Desulfovibrionaceae, which still needs to be further validation.

This mini-review summarized the evidence of FMT in the treatment of AD in recent years, which can bring significant benefits to the prevention and treatment of AD. FMT play a positive effect on AD through the anti-inflammatory effects, regulating deposition of Aβ, synaptic plasticity, SCFAs, and the histone acetylation. Our findings may provide evidence for fecal microbiota-related drug preparations as adjuvant therapy for the prevention and treatment of AD. In the future, the biological mechanism of improvement of AD of FMT still needs to be further clarified.
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Objective: To assess the efficacy and safety of fecal microbiota transplantation (FMT) for adult chronic insomnia.
Methods: Patients treated with FMT for chronic diseases were divided into chronic insomnia and non-insomnia group. The primary endpoint was the efficacy of FMT for insomnia 4 weeks after treatment, the secondary endpoints included the impacts of FMT on anxiety, depression, health-related quality of life, gut microbiota, and adverse events associated with FMT. Insomnia Severity Index (ISI) and Pittsburgh Sleep Quality Index (PSQI) were utilized to assess the efficacy of FMT on insomnia, self-rating anxiety/depression scale [Zung Self-Rating Anxiety Scale (SAS), Zung Self-Rating Depression Scale (SDS)] was employed to evaluate anxiety and depression. Quality of life was evaluated by SF-36. 16S rRNA sequencing was employed to analyze the gut microbiota and correlation analysis was performed.
Results: Forty patients met the inclusion criteria and seven were excluded. 33 patients were enrolled and stratified into chronic insomnia group (N = 17) and non-insomnia group (N = 16). Compared to baseline, FMT significantly ameliorated the ISI (17.31 ± 5.12 vs. 5.38 ± 5.99), PSQI (14.56 ± 2.13 vs. 6.63 ± 4.67), SAS (54.25 ± 8.90 vs. 43.68 ± 10.64) and SDS (57.43 ± 10.96 vs. 50.68 ± 15.27) score and quality of life of chronic insomnia patients. 76.47% (13/17) of insomnia patients achieved the primary endpoints. In chronic insomnia patients, the relative abundance of Eggerthella marked enhanced at baseline, while the relative abundance of Lactobacillus, Bifidobacterium, Turicibacter, Anaerostipes, and Eisenbergiella significantly increased after FMT treatment, the latter positive correlated with the efficacy of FMT. Encouragingly, FMT also improved the sleep quality of non-insomnia patients.
Conclusion: Eggerthella may potentially serve as a distinctive genus associated with chronic insomnia. FMT maybe a novel treatment option for adults with chronic insomnia and provide an alternative to traditional treatments for insomnia. The effects were positive correlated with the augmentation of probiotics, such as Bifidobacterium, Lactobacillus, Turicibacter, and Fusobacterium.
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 chronic insomnia, brain-gut axis, fecal microbiota transplantation, gut microbiota, dysbiosis


Introduction

The physiological imperative of sleep for all living organisms is emphasized by the fact that adult humans spend average around one-third of their lives engaged in this essential activity. However, sleep disorders have emerged as a prevalent global public health concern in modern society (Han et al., 2022). The term insomnia refers to the unwelcome experience of difficulty in initiating or maintaining sleep, awakening during the night with difficulty returning to sleep, or early morning awakenings, resulting in impaired daytime functioning (Zhang et al., 2022). The prevalence of insomnia is considerably high, ranging from 6.6 to 12% in the general population, with its occurrence reported by 19 to 50% of adults (Koopman et al., 2020; Dos Reis et al., 2021). Nearly 50% of the elderly population suffer from chronic insomnia, which is characterized by fragmented sleep and early morning awakening (Reid et al., 2010; Ryden et al., 2019). The prevalence of this condition is higher in women than men, with a ratio ranging from 1.3 to 1.7, and it may manifest or worsen during hormonal fluctuations such as premenstrual, peripartum, and postmenopausal periods (Suh et al., 2018). Up to 40% of insomnia sufferers also experience comorbid psychiatric disorders, with depression and anxiety being the most prevalent (Roth, 2007). The occurrence of insomnia can be acute, intermittent, or chronic, making it one of the most prevalent forms of sleep disturbance. Insomnia is closely linked to the etiology and progression of a range of disorders, such as obesity, type II diabetes, and cardiovascular diseases (Liu et al., 2019).

The objective of treating insomnia is to enhance the patient’s sleep experience and quality of life while minimizing any potential adverse effects. The current guidelines advocate a combination of pharmacological and non-pharmacological interventions, with cognitive behavioral therapy for insomnia (CBTI) being the preferred approach due to its proven efficacy, safety, and enduring benefits. Pharmacotherapy can be considered as an alternative in cases where CBTI fails to yield satisfactory outcomes (Sutton, 2021). Compared to no treatment or sleep hygiene advice, CBTI demonstrated superior efficacy in improving nocturnal sleep measures among adults with and without psychiatric and/or medical comorbidities, as well as those taking concomitant sleep medication (van Straten et al., 2018). However, each of these treatment modalities has limitations in clinical practice. While population surveys inquire about insomnia symptoms, sleep medicine trials and guidelines on insomnia treatment solely focus on individuals who meet the criteria for insomnia disorder. Therefore, these guidelines do not apply universally to all individuals experiencing symptoms of insomnia. Both CBTI and pharmacologic therapy yield only modest effects on objective sleep measures. The utilization of CBTI is further associated with increased access barriers in comparison to pharmacological treatments, which are commonly employed for the management of insomnia symptoms (Sutton, 2021). Hence, this underscores the imperative to develop innovative (non-pharmacological) treatment modalities for the management of chronic insomnia in adult individuals.

With the increasing comprehension of brain-gut axis, it is becoming increasingly clear that the relationship between host and microbiota is a key area of impact for populations (Cryan et al., 2020). It has been hypothesized that the gut microbiota may exert a significant impact on neurological disorders throughout the lifespan, encompassing early-onset conditions such as autism and attention deficit hyperactivity disorder (ADHD), adult-onset diseases like multiple sclerosis (MS) and major depressive disorder (MDD), as well as age-related afflictions such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Cox et al., 2019). The classification of psychiatric disorders is based on diagnostic categories encompassing a wide range of symptoms; however, patients with the same diagnosis often exhibit significant clinical. This clinical heterogeneity, coupled with the incomplete knowledge of the biological mechanisms of psychiatric disorders and their comorbidity with other conditions, have so far contributed towards the limited efficacy of current treatments. Multi-omics technologies (e.g., genomics, transcriptomics, proteomics, and lipidomics) provide a promising avenue for the identification of biomarkers in psychiatry, enabling patient stratification within a diagnosis, facilitating more targeted treatment options, and predicting treatment response (Sathyanarayanan et al., 2023). Furthermore, omic technologies also play pivotal roles in bacterial resistance reserach (Bongiorno et al., 2023) The gut microbiota has emerged as a promising therapeutic target for psychiatric disorders such as depression, Parkinson’s disease, and dementia (Ho et al., 2021). Recently, a range of probiotics have been reported to possess effective stress-modulating and anxiolytic effects on stressed individuals by maintaining intestinal homeostasis, enhancing mucosal and systemic immunity, and regulating gut microbiota metabolism. The findings suggest that probiotics show potential as psychobiotics for mitigating psychiatric disorders, and they offer a promising non-pharmacological therapy for insomnia. For instance, Lactobacillus, a prominent bacterium in the gut microbiota, possesses the potential to modulate the central nervous system through the vagus nerve and exert an impact on sleep patterns. The utilization of probiotics for sleep and emotional disorders, such as insomnia, stress, anxiety, and depression, is gaining significant momentum (Irwin et al., 2020; Tian et al., 2022).

Fecal microbiota transplantation (FMT) commonly refers to the transfer of gut microbiota from healthy donors to patients with dysbiosis-related diseases, aiming to restore homeostasis of the gut microbiota and achieve treatment goals (Fang et al., 2021). FMT has demonstrated remarkable efficacy in treating recurrent Clostridium difficile infection, surpassing that of vancomycin in randomized controlled trials and exhibiting promising results for managing inflammatory bowel disease (IBD) in both pediatric and adult populations (Fang et al., 2018). Moreover, gut microbiota is involved in several mechanisms sustaining the model of the “gut-liver axis.” Evaluation of changes in the gut microbiota composition in liver transplantation patients is essential for monitoring transplant success and potentially implement appropriate preventive measures (Abenavoli et al., 2023). FMT has shown preclinical and initial clinical promising results in non-alcoholic fatty liver disease treatment through re-modulation of microbial dysbiosis (Abenavoli et al., 2022). This highlights FMT as a potential therapeutic option with great promise (Fang et al., 2018). Germ-free mice receiving FMT from participants who underwent overnight sleep deprivation exhibited an increase in inflammatory states and enhanced intestinal barrier permeability, similar to that observed in specific pathogen-free (SPF) mice after sleep deprivation. These findings suggest that gut dysbiosis contributes to both peripheral and central inflammatory processes induced by sleep loss, highlighting the potential of manipulating the microbiota as a therapeutic intervention for mitigating the detrimental consequences of sleep deprivation (Wang et al., 2021). A pilot study revealed that FMT had a beneficial impact on sleep quality as well as patients’ mood of FMT, regardless of gastrointestinal symptom change in patients with irritable bowel syndrome (IBS), functional diarrhea (FD) or functional constipation (Kurokawa et al., 2018). However, it is important to note that the scope of above study was limited to investigating the potential enhancement of sleep quality specifically in patients with aforementioned intestinal diseases. Furthermore, the assessment relied solely on sleep-related sub-scores derived from the Hamilton Rating Scale for Depression (HAM-D). FMT could improve sleep quality among IBS patients experiencing poor sleep (Zhang Z. et al., 2023). However, to the best of our knowledge, there is a paucity of studies specifically investigating the efficacy and safety of FMT in individuals afflicted with chronic insomnia. The aim of our study was to investigate whether FMT could potentially ameliorate self-reported sleep quality, mood disturbances, daytime dysfunction and health-related quality of life in adults with chronic insomnia.



Methods


Patients and study design

The present study is an observational study conducted in a real-world setting, serving as a sub-analysis of an ongoing investigation into the efficacy and safety of FMT for refractory chronic diseases in adult patients. These disorders encompass recurrent Clostridium difficile infection (rCDI), irritable bowel syndrome (IBS), chronic functional constipation, ulcerative colitis (UC), or Parkinson’s disease with constipation. The study employed a parallel pre-post design to investigate the impact of FMT on self-reported sleep quality, mood, quality of life, and gut microbiota composition at baseline and post-intervention (4 weeks after FMT). The study was conducted at the Department of Gastroenterology, the Second Affiliated Hospital of Anhui Medical University. Participants were enrolled from September 2020 to July 2022.

According to the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5), the diagnostic criteria for insomnia necessitate the presence of at least one of the following symptoms: difficulty initiating sleep, difficulty maintaining sleep, or early morning awakening with an inability to return to sleep. Chronic insomnia is defined as experiencing any of these symptoms for a minimum of three nights per week over a period lasting 3 months or longer (Seow et al., 2018). The sleep quality was assessed using the Insomnia Severity Index (ISI) and Pittsburgh Sleep Quality Index (PSQI), which can be considered as objective assessment methods for subjective experiences (Besedovsky et al., 2019). The present study employed the ISI as a screening tool to identify clinical insomnia, whereby participants were classified into either the chronic insomnia group or control group based on their PSQI scores. Individuals who achieved a PSQI score of 11 or higher and had not undergone CBTI within the preceding 4 weeks were included in the chronic insomnia group, whereas those with a score below 11 were assigned to the control group representing typical sleep patterns. Patients with chronic insomnia who were pregnant, had a history of FMT treatment, had been exposed to probiotics or prebiotics within the past 4 weeks, exhibited evidence of infection such as cytomegalovirus or Epstein–Barr virus, or required parenteral antibiotics were excluded. The exclusion criteria also encompassed patients with comorbidities such as cardiovascular disease, pulmonary disease, cerebrovascular disease, a history of gastrointestinal malignancy or polyps, and those who had undergone abdominal surgery. Participants who were ineligible for endoscopy or had contraindications were also excluded from the study. The Ethics Committee of the Second Affiliated Hospital of Anhui Medical University granted approval for this study [No. YX2019-039(F2)] and [No. YX2019-040(F2)], and Trial registration: ChiCTR, ChiCTR2000030080 and ChiCTR1900027238. All patients provided written informed consent.



Donor-recipient matching model for donor selection and preparation of donor fecal microbiota solutions

Potential healthy stool donors were identified through a rigorous screening questionnaire, followed by a comprehensive medical interview and examination, as well as blood and stool testing to minimize the risk of disease transmission, in accordance with previously established protocols in our center (Fang et al., 2021). Bioinformatics analyzes were conducted, and the composition and stability of gut microbiota in stool samples obtained from eligible donors were dynamically monitored using metagenomics. Six representative microbial characteristics, namely richness, distance, beneficial taxa, harmful taxa, beneficial pathways and harmful pathways were employed as indicators for constructing a donor-recipient matching model using the Analytic Hierarchy Process (AHP) (Zhang B. et al., 2023). A minimum of 100 grams of fresh stool sample was required for each donation. The fresh stool (25%) should be homogenized with normal saline (60%) and pharmaceutical grade glycerol (15%), and then processed in an automatic stirring and separation machine. The specifications, appearance, quantity, and weight of all products were thoroughly examined before being immediately frozen at −80°C. Based on the donor-recipient matching model, a total of thirteen healthy donors were included, with an average age of 22.08 ± 2.29 (19–25) years old, comprising eight males and five females. The mean BMI was documented as 21.62 ± 1.36 (18.9–23.5) kg/m2, while the health assessment indicated normal findings with no history of smoking or alcohol consumption and absence of oral or gut inflammation.



FMT procedure

The participants were given explicit instructions to abstain from consuming any other probiotic products or antibiotics throughout the entire duration of the study, and a light diet was recommended for 2–3 days prior to FMT. The participants received bowel preparation with polyethylene glycol electrolyte dissolved in 2 L of water, which is an isotonic lavage fluid for the entire intestine. This lavage fluid contains 125 mmol/L sodium ions, 10 mmol/L potassium ions, 20 mmol/L bicarbonate ions, 40 mmol/L sulfate ions, and 35 mmol/L chloride ions. The gastroscopy and colonoscopy procedures were conducted under propofol sedation, while the nasoduodenal graft tube was inserted below the descending portion of the duodenum 4–6 h prior to FMT. The participants underwent FMT treatments administered via the nasoduodenal route. Specifically, a total of 600 mL of donor fecal slurry was introduced into the gastrointestinal tract through a naso-duodenal tube for three consecutive days (200 mL/d × 3d). Following completion of transplantation, all recipients were instructed to maintain a semi-recumbent position for at least 60 min without defecation. Stool specimens were collected at baseline (prior to FMT) and post-FMT (at least 4 weeks after treatment).



Assessments of the primary and secondary endpoints

The primary endpoints of this study were to evaluate the efficacy of FMT in improving sleep quality among patients with chronic insomnia, 4 weeks post-FMT. The secondary endpoints encompassed the evaluation of the impact of FMT on anxiety and depression, health-related quality of life, as well as any adverse events associated with FMT, which were documented throughout both the treatment and follow-up periods. Questionnaires were administered at baseline and post-treatment (4 weeks after FMT). The ISI and PSQI were employed to assess subjective sleep quality and severity of insomnia. The PSQI, a 19-item measure, was utilized to evaluate sleep quality and disturbances over a one-month period. From this assessment, seven sub-scores were derived: sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and daytime dysfunction. Meanwhile, the Zung Self-Rating Anxiety Scale (SAS) and the Zung Self-Rating Depression Scale (SDS) were employed to evaluate participants’ mental health status. They both had 20 questions, each with a score from 0 to 4. The total scores of 20 items were used as raw scores, and the index scores were derived from the raw scores multiplied by a factor of 1.25. According to the Chinese population, the SAS standard score cut-off value was established at 50 points, with scores ranging from 50 to 59 indicating mild anxiety, scores between 60 and 69 denoting moderate anxiety, and scores of 70 or higher representing severe anxiety. The SDS standard score cut-off value was set at 53 points, with scores ranging from 53 to 62 indicating mild depression, scores between 63 and 72 signifying moderate depression, and scores of 73 or higher reflecting severe depression. The severity of depression was determined by calculating the cumulative score of each item divided by 80. A score below 0.5 indicates the absence of depression, while a score ranging from 0.5 to 0.59 suggests mild to moderate depression, a score between 0.6 and 0.69 indicates moderate to severe depression, and a score above 0.7 is indicative of major depression. Health-related quality of life was evaluated using the SF-36 questionnaire.



Evaluation and analysis of the fecal microbiota through 16S rRNA sequencing

The donors provided fresh fecal samples, and patients’ pre- and post-FMT samples were collected using a sterile collection spoon. Subsequently, the samples were preserved in 3 mL of solution and stored at −80°C for subsequent analysis. The gut microbiota was analyzed using 16S rRNA sequencing. The V3-V4 hypervariable region of the 16S rRNA gene was amplified through high-throughput sequencing on the Illumina MiSeq platform, and the raw sequencing data from these stool samples were processed into operational taxonomic units at a similarity level of 97%, following previously established protocols (Fang et al., 2021).



Statistical analyzes and visualization

A intention-to-treat analysis was conducted, wherein baseline demographic, medication, and disease parameters - including disease duration, severity, and extent - were presented using mean ± standard deviation ([image: It seems like you're referring to a mathematical notation. If you have an image to describe, please upload it or provide a URL. If you meant the notation \(\bar{x}\), it represents the mean or average in statistics.]±s) or frequencies (percentages). The Chi-square test was utilized to compare categorical variables between groups, while the Student’s t-test was employed to compare clinical response in both groups. The statistical analysis was conducted using SPSS Statistics v25.0, while the plotting was performed with GraphPad Prism 8. A significance level of p < 0.05 was considered.

The alpha diversity estimates were computed based on an evenly rarefied OTU abundance matrix, encompassing observed richness, species, and the Shannon, Simpson, ACE, and Chao1 indices using the R package vegan. Beta diversity was evaluated using the Bray-Curtis distance metric based on an evenly rarefied table of OTU abundances. LEfSe analysis was conducted to identify taxa exhibiting differential abundances across groups. Additionally, indicator analysis at the genus level was performed. To predict the functional content of metagenomics, phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was employed to forecast the presence of genes based on 16S data between groups. The metagenome predictions were conducted using the predicted metagenomes.py script. The significant difference analysis was performed using ANOVA. The results were visualized using a custom R script based on ggplot2, in accordance with previously reported protocols (Fang et al., 2021).




Results


Demographic characteristics of patients

The present study was conducted in a real-world setting. Forty patients met the inclusion criteria from September 2020 to July 2022, seven patients were excluded, including 3 who met the exclusion criteria and 4 who refused FMT therapy. Consequently, a total of 33 patients were enrolled in this study, including 25 females and 8 males. The disease spectrum encompasses a range of conditions including rCDI, IBS, chronic constipation, UC, and Parkinson’s disease. The 33 patients were assigned to either the chronic insomnia group (N = 17) with an average age of 54.29 ± 19.76 years old or the typical sleep group (N = 16) with an average age of 56.81 ± 17.81 years old based on their PSQI scores. Interestingly, in this study, the prevalence rate of insomnia was found to be significantly higher among women compared to men, with a ratio of 15 to 2 (Table 1). There was no statistically significant disparity observed in terms of demographic characteristics and disease types between the two groups. The three consecutive days FMT treatment was administered to all 33 patients for their aforementioned diseases. The study flow chart illustrate the process of recruitment and group assignment (Figure 1), illustrating the baseline demographic features and clinical characteristics of patients with chronic insomnia.



TABLE 1 Demographic and clinical features of patient.
[image: A table compares chronic insomnia and control groups. The chronic insomnia group has 17 participants, 15 female and 2 male, average age 54.29 ± 19.76. The control group has 16 participants, 11 female and 5 male, average age 56.81 ± 17.81. Other diagnoses include chronic constipation, IBS, UC, Parkinson's disease, and rCDI. ISI scores are 17.31 ± 5.12 for the insomnia group and 2.40 ± 2.47 for the control group. PSQI scores are 14.56 ± 2.13 for insomnia and 5.40 ± 2.58 for control. Both groups received FMT 200 mL/day for three days via nasoduodenal route.]

[image: Flowchart illustrating a study process. Forty people were evaluated for eligibility, with seven excluded. Thirty-three enrolled, then underwent ISI screening and PSQI grouping. Participants were divided into chronic insomnia and typical sleep groups. Each group had baseline fecal 16sRNA sequencing and FMT treatment. Evaluations included sleep quality, emotional quality, quality of life, and additional fecal 16sRNA sequencing.]

FIGURE 1
 The study flow chart illustrates the process of recruitment and group assignment.




Effects of FMT on sleep quality in chronic insomnia patients

In the chronic insomnia group, the patients exhibited symptoms such as difficulty initiating sleep, early morning awakening, reduced total sleep time, and daytime fatigue. The initial ISI score was 17.31 ± 5.12, while the baseline PSQI score was 14.56 ± 2.13. Following FMT treatment, there was a significant reduction in the PSQI score during the four-week follow-up period, averaging at 6.63 ± 4.67. FMT demonstrated a noteworthy improvement in PSQI scores compared to the baseline value (p = 0.0041). Additionally, Compared to the baseline value, the ISI value also demonstrated a significant decrease with an average of 5.38 ± 5.99 (p = 0.0027, Figure 2). 76.47% (13/17) of insomnia patients achieved the primary endpoints after undergoing FMT treatment.

[image: Scatter plot showing PSQI and ISI scores at baseline and post-FMT. Blue circles represent PSQI-Baseline, green squares for PSQI-Post FMT, blue diamonds for ISI-Baseline, and orange triangles for ISI-Post FMT. Error bars indicate standard deviation.]

FIGURE 2
 The PSQI and ISI scores at baseline and post FMT in the insomnia group. Compared to baseline, FMT significantly improved both PSQI (p = 0.0041) and ISI scores (p = 0.0027).


According to the PSQI score sub-item, FMT demonstrated significant improvements in insomnia by reducing sleep onset latency, enhancing sleep efficiency, and subsequently alleviating symptoms of daytime fatigue (Figure 3).

[image: Bar chart comparing Pittsburgh Sleep Quality Index (PSQI) subitem scores at baseline and post-FMT across seven categories. Symbols represent subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime dysfunction. Vertical axis ranges from zero to four.]

FIGURE 3
 The PSQI sub-item score at baseline and post FMT in the insomnia group.


Encouragingly, patients without insomnia who underwent FMT also reported improved sleep quality with reduced sleep onset latencies, decreased wake time after sleep onset, and increased sleep efficiency (data not shown).



Effects of FMT on anxiety and depression symptoms in chronic insomnia patients

In this study, we observed varying degrees of anxiety and depression symptoms among patients with insomnia, The average baseline scores for the SAS and SDS in these patients were 54.25 ± 8.90 and 57.43 ± 10.96, respectively. The patients with comorbid chronic insomnia and chronic diseases displayed mild levels of anxiety and depression. After FMT treatment, the mean SAS score decreased to 43.68 ± 10.64 and the mean SDS score decreased to 50.68 ± 15.27. Following FMT treatment, there was a significant reduction in self-reported scores for anxiety and depression, indicating that FMT may effectively ameliorate psychiatric symptoms in patients with chronic diseases (Figure 4).

[image: Scatter plot comparing SAS and SDS scores at baseline and post-FMT. The left panel shows blue circles representing SAS scores, while the right panel shows green squares for SDS scores. Both panels compare scores before and after FMT, with error bars indicating variability.]

FIGURE 4
 The anxiety and depression scores at baseline and post FMT in the insomnia group. SAS, Self-rating anxiety scale; SDS, Self-rating depression scale.




Effects of FMT on quality of life in chronic insomnia patients

The SF-36 is an 8-dimensional instrument specifically designed for the professional assessment of health-related quality of life (HRQoL). In order to investigate the impact of FMT on the quality of life in patients with chronic insomnia. We assessed the scores of the SF-36 questionnaire at baseline and 4 weeks after undergoing FMT treatment. As results, the FMT treatment demonstrated significant improvements in physical functioning, role-physical, body pain, general health, vitality, social functioning, role-emotional and mental health compared to the baseline (Figure 5), indicating FMT has the potential to enhance the quality of life for patients with chronic diseases.

[image: Bar and scatter plot showing SF-36 subitem scores at baseline and post-FMT across different categories: PF, RP, BP, GH, VT, SF, RE, MH. Each category uses distinct symbols and colors. Bars represent the range of scores, with scatter points indicating individual data.]

FIGURE 5
 The plot of the SF-36 sub-item score at baseline and post FMT in the insomnia group. RF, Physical functioning; RP, Role-physical; BP, Body pain; GH, General health; VT, Vitality; SF, Social functioning; RE, Role-emotional; MH, Mental health.




Safety of FMT in the treatment of chronic insomnia

Adverse events were recorded after FMT and follow-up. All patients could tolerate FMT well, and no serious adverse events occurred. No FMT-related serious adverse events were reported during the study period.



Comparison of gut microbiota characteristics in patients with chronic diseases comorbid chronic insomnia or not

To investigate the potential variations in gut microbiota among individuals with chronic insomnia, the fecal microbiomes of the two groups at baseline were analyzed by sequencing the 16 s rRNA gene. Based on the observed plateau in the rarefaction curve of the current sequencing data, it can be inferred that a substantial portion of diversity has already been captured across all samples. Compared to the non-insomnia group, the insomnia group did not exhibit a significant difference in the alpha and beta diversity index. The linear discriminant analysis effect size (LEfSe) was subsequently employed to identify differential microbial communities between the two groups. However, no statistically significant differences were observed at the phylum, class, or family levels, potentially due to the similarity in disease spectrum between the two groups. Interestingly, at the order level, there was a notable increase in the relative abundance of fecal Rhizobiales in the non-insomnia group; however, at the genus level, patients with chronic insomnia exhibited a significantly higher relative abundance of Eggerthella. The reason for this can be attributed to the fact that both groups of patients had a similar range of diseases, except for the chronic insomnia symptoms.

PICRUSt algorithm was employed to predict the functional profiles of gut microbiota based on the predicted metagenome. Subsequently, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functions were categorized using PICRUSt. The findings from the PICRUSt analysis revealed significant reductions in styrene degradation and aminobenzoate degradation pathways among patients with chronic insomnia. The metabolic pathways, including riboflavin metabolism, cofactors and vitamins metabolism, nitrotoluene degradation, ethylbenzene degradation, chlorocyclohexane and chlorobenzene degradation, exhibit diversity. Although no statistically significant difference was observed (p value ranging from 0.0516 to 0.0616), this could be attributed to the limited number of patients enrolled in this study.



The regulatory effects of FMT on gut microbiota in patients with chronic insomnia

Based on the observed plateau in the rarefaction curve of the current sequencing data suggested that sequencing depth was enough to capture all bacterial species across all samples and sufficient for downstream analysis (Figure 6A). Venn diagram of gut microbial species among the groups of pre- and post-FMT therapy, as well as healthy donors was shown in Figure 6B. The alpha diversity indices such as observe and ACE showed significant difference between the healthy donors and the insomnia groups, while no notable disparity was observed in the diversity indexes (Shannon and Simpson, Figure 6C). This suggested that insomnia disorder may result in alteration of gut microbiota diversity. The β-diversity revealed substantial structural disparities between insomnia patients pre- and post-FMT therapy, as well as healthy donors. PCoA analysis unveiled a substantial divergence in the composition of gut microbiota between individuals with insomnia and healthy donors. Following FMT treatment, the dysbiosis of the gut microbiota was significantly ameliorated with no apparent separation from that observed among healthy donors (Figure 6D). Compared to healthy donors, patients with insomnia exhibited dysbiosis of gut microbiota, characterized by a significant increase in the relative abundance of Howardella at the general level. The ANOSIM analysis based on the Bray Curtis distance demonstrated a statistically significant disparity in gut microbiota composition between the baseline and post-FMT treatment groups (R > 0), although no significant differences were observed in terms of group contributions (p = 0.1651). The findings suggest that FMT effectively ameliorates dysbiosis in the gut microbiota of insomnia patients, resulting in a microbial community resembling that of healthy donors (Figure 6E).

[image: A composite image displaying multiple data visualizations related to biodiversity and statistical analysis. Panel A shows rarefaction curves indicating observed species against the number of reads sampled. Panel B is a Venn diagram showing species overlap among three groups: A-A-F, A-B-F, and A-GT. Panel C displays box plots comparing different alpha diversity measures across groups with p-values for statistical significance. Panel D is a PCoA illustrating sample clustering with accompanying box plots. Panel E presents an ANOSIM box plot comparing peak dissimilarity among groups.]

FIGURE 6
 Stool microbiota composition analysis the healthy donors (marked as A-GT), chronic insomnia patients (marked as A-B-F) and patients post FMT treatment (marked as A-A-F). (A) The rarefaction curve of the current sequencing data. (B) Venn diagram indicating the number of differential OTUs in each group. (C) Alpha diversity index box chart, the abscissa represents sample grouping, and the ordinate is the alpha index. (D) Principal coordinate analysis (PCoA) of the gut microbiota among the healthy donors, chronic insomnia patients and patients post FMT treatment. The distance between the samples represents the similarity of the gut microbiota composition, and a closer distance indicates higher similarity. (E) Analysis of similarities (ANOSIM) among the healthy donors, chronic insomnia patients and patients post FMT treatment. A-GT: healthy donors, A-B-F: Patients with chronic insomnia before FMT intervention, A-A-F: Patients with chronic insomnia after FMT intervention.


The LEfSe analysis was employed to ascertain the dominant flora, with an LDA value >2 indicating a statistically significant difference in the healthy donor, chronic insomnia patients before and after FMT treatment. The results revealed a significant increase in the relative abundance of Lactobacillus, Bifidobacterium, Prevotella_6, and Anaerofustis at the genus level within the intestinal tracts of insomnia patients after FMT treatment (Figure 7B). Analysis on the difference of the gut microbiota at the phylum level among the healthy donors, pre and post FMT treatment group showed that Actinobacteria, Fusobacteria and Cyanobacteria displayed marked differences. The relative abundance of Actinobacteria in the gut was significantly increased, while Cyanobacteria showed a significant decrease in chronic insomnia patients who underwent FMT treatment (Figure 7C). The top 20 genera with significant differences in the intestinal flora at the genus level in chronic insomnia patients before and after FMT treatment was illustrated in Figure 7A. Additionally, Figure 7D presents a box diagram showcasing the top 10 genera with notable variations, we found that FMT treatment can significantly enhance the relative abundance of Lactobacillus, Bifidobacterium, Turicibacter, Anaerostipes, and Eisenbergiella in the gastrointestinal tract of patients with chronic insomnia.

[image: Panel A displays a heatmap showing microbiome data with varying color intensities representing different expression levels. Panel B is a bar chart illustrating Linear Discriminant Analysis (LDA) scores across groups. Panel C consists of box plots for three selected taxa, showing statistical significance with different group comparisons. Panel D features multiple box plots, each indicating taxonomic abundance across samples. Panel E presents a bar and dot plot for different metabolic pathways, highlighting significant differences. Panel F shows a bar and dot plot detailing functional annotations with corresponding COG descriptions.]

FIGURE 7
 Histogram of taxonomic profiles of the gut microbiota among the healthy donors (marked as A-GT), chronic insomnia patients (marked as A-B-F) and patients post FMT treatment (marked as A-A-F). (A) Heat maps of different bacteria at genus level in the healthy donor, chronic insomnia patients before and after FMT treatment. (B) LDA scores of different species of gut microbiota in the healthy donor, chronic insomnia patients before and after FMT treatment. (C) Analysis on the difference of the gut microbiota at the phylum level. (D) Analysis on the difference of the gut microbiota at the genus level. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functions analyzes. (F) COG analyzes.


To further elucidate the underlying mechanism of gut microbiota and metabolites in the treatment of insomnia, we conducted a comprehensive KEGG analysis. The PICRUSt analysis results revealed significant alterations in 40 KEGG pathways among insomnia patients before and after FMT treatment, as well as healthy donors, especially the D-Alanine metabolism, purine metabolism, purine metabolism, taurine and hypotaurine metabolism, DNA repair and recombination proteins, protein folding and associated processing, replication, recombination and repair proteinsribosome biogenesis, peptidoglycan biosynthesis aminoacyl-tRNA biosynthesis, translation proteins were marked different among the groups (Figure 7E).



Correlation analysis of different flora with sleep quality, mood and quality of life scores

The correlation analysis of the top 20 bacterial types with significant differences at the genus level and scores of sleep quality, mood, and quality of life in patients with chronic insomnia before and after FMT treatment revealed a negative correlation between Bifidobacterium, Lactobacillus, Turicibacter, and Fusobacterium. Conversely, a positive correlation was observed with Prevotella_6, Anaerofustis, Howardella, Lachnoanaerobaculum, Lachnospira, Roseburia, Neisseria, and Haemophilus. Furthermore, Bifidobacterium, Lactobacillus and Fusobacterium exhibited negative correlations with ISI scores, PQSI total scores, PQSI subitem scores and SF-36 subitem scores in patients suffering from chronic insomnia (Figure 8).

[image: Heatmap displaying correlation coefficients between various sleep-related variables and bacterial genera. Blue and red colors indicate negative and positive correlations, respectively, with a scale from -1 to 1. Bifidobacterium through Haemophilus are shown as columns, with sleep quality, sleep latency, and other related metrics listed as rows.]

FIGURE 8
 Correlation analysis of different species of gut microbiota in insomnia patients before and after FMT treatment.





Discussion

Sleep disorders have become an epidemic, whereas chronic sleep disturbances cause long-lasting gastrointestinal, psychiatric, and neurological problems. A total of 33 subjects diagnosed with chronic diseases were enrolled in this study, 51.5% (17/33) of them had comorbid chronic insomnia, and the prevalence rate of insomnia was found to be significantly higher among women compared to men. The high prevalence of chronic insomnia in this study is considered to be associated with the inclusion of patients suffering from chronic diseases (including rCDI, UC, IBS, chronic consitpaiton and Parkinson disease). Insomnia is comorbid with a range of psychiatric and inflammatory disorders as well as metabolic syndromes. Individuals with IBS have a twofold higher risk of comorbid depression, anxiety, and sleep disorders, conversely, patients presenting with depression and anxiety are reported to have a heightened susceptibility to developing IBS (Liu et al., 2023). Idiopathic rapid eye movement sleep behavior disorder is a powerful early sign of Parkinson’s disease (Postuma et al., 2019). The available evidences suggest that individuals with chronic lifelong diseases are at a heightened vulnerability to sleep disorders. The co-existence of chronic disease with psychiatric disorders can be a big burden, and the presence of comorbid depression exerts a more negative effect on health than depression or anxiety does alone (Moussavi et al., 2007). The growing prevalence of sleep disorders has raised the question of what governs sleep quality and how these factors can be manipulated to improve sleep (Sen et al., 2021).

Accumulated evidences suggest that the gut microbiota plays a crucial role in regulating human health, particularly metabolic, immunological, and neurobehavioral functions. The strong correlation between psychiatric disorders, including sleep, and dysbiosis of gut microbiota or alterations in intestinal metabolism has been extensively discussed, indicating an inherent cross-link between the gut microbiota and brain regions that has been referred to as the microbiota-gut-brain axis. In 1983, Rechtschaffen and colleagues conducted groundbreaking research in the fields of sleep, gut microbiota, and health. Their findings revealed a systemic deterioration in rats exposed to prolonged sleep deprivation (Rechtschaffen et al., 1983). Benedict and colleagues provide the inaugural published insights into the intricate interplay between sleep and gut microbiota in human subjects, thereby introducing a pioneering exploration of acute sleep restriction’s impact on gut microbiota. This initiates a crucial discourse on future investigations of the gut microbiota in human sleep research (Benedict et al., 2016). A recent murine study revealed that mice with depleted gut bacteria using antibiotics exhibited significant sleep disturbances, characterized by spending less time in non-REM sleep during the light phase and spending more time in non-REM and REM sleep during the dark phase, leading to poorer quality of sleep (Ogawa et al., 2020). Disrupted sleep can also induce alterations in the composition of the gut microbiome. In human male adults, the sleep efficiency and total sleep time were positively correlated with the diversity of the gut microbiota (Smith et al., 2019). Compared to healthy controls, insomnia patients exhibit reduced microbial richness and diversity in the gut microbiota, as well as a depletion in anaerobic bacteria and short-chain fatty acid (SCFA)-producing bacteria. Moreover, there is an expansion of potential pathobionts present (Li et al., 2020). Despite the ongoing lack of understanding regarding the precise pathological mechanisms underlying insomnia, there is a widespread recognition that maintaining gut microbiota homeostasis plays a pivotal role in determining both the onset and severity of this disorder. Moreover, insomnia has been shown to exert profound structural and functional effects on the gut microbiota.

Here we investigate characteristics of fecal microbiome diversity and composition in patients with chronic bowel disease comorbid chronic insomnia or not. The analysis of gut microbiota characteristics in the two groups at baseline (before FMT treatment) revealed no significant differences at the phylum level. However, a statistically significant increase in the relative abundance of Eggerthella genus was observed among patients with chronic insomnia compared to individuals without insomnia. The observed dissimilarities at the phylum and genus levels between the two groups are hypothesized to be associated with their similar disease spectrum. The bacterium Eggerthella is a gram-positive, anaerobic, non-sporulating microorganism that typically resides in the human microbiota. However, emerging evidence suggests its potential as a significant human pathogen capable of causing life-threatening infections under specific circumstances. Additionally, Eggerthella is significantly enriched in patients with various autoimmune diseases and exhibits an increased presence in individuals with inflammatory bowel disease (IBD) and exacerbates colitis models (Alexander et al., 2022). Interestingly, a recent meta-analysis of psychiatric disorders and gut microbiota showed that enriched levels of Eggerthella were consistently shared between major depressive disorder, anxiety, bipolar disorder, psychosis and schizophrenia, suggesting these disorders are characterized by an increase of pro-inflammatory genera (Nikolova et al., 2021). The bulk of earlier research into insomnia on gut microbiota has focused on animal models of sleep deprivation and intervention studies involving probiotics. To the best of our knowledge, our results represent the first evidence linking Eggerthella to chronic insomnia in humans, as revealed by a comprehensive real-world case analysis. However, sleep is a complex physiological process of the body, the initiation and maintenance of the sleep–wake cycle are regulated by both the central nervous system and peripheral tissues. The understanding of Eggerthella’s pathogenic mechanism and treatment options still requires further enhancement. The acquisition of a substantial amount of clinical data is essential for a comprehensive exploration in this field.

The findings from the PICRUSt analysis revealed significant reductions in styrene degradation and aminobenzoate degradation pathways among patients with with refractory bowel disease comorbid chronic insomnia. Although no statistically significant differences were observed among the metabolic pathways, including riboflavin metabolism, cofactors and vitamins metabolism, nitrotoluene degradation, ethylbenzene degradation, chlorocyclohexane and chlorobenzene degradation; however, they did exhibit variations, which maybe due to the limited sample size. These findings may have implications for future investigations into the underlying mechanism of chronic insomnia, as the study included various disease types but shared a common comorbidity: chronic insomnia. For example, there were significant relationships between moderate/severe insomnia and the presence of malnutrition and risk of malnutrition (Soysal et al., 2019). The regression models showed that patients with generalized anxiety disorder displaying low levels of vitamin D demonstrate a poor subjective quality of sleep and heightened anxiety. A strong relationship between peripheral biomarkers of calcium homeostasis imbalance, insomnia, poor sleep quality, and anxiety symptomatology was underlined (Carbone et al., 2023).

Gaining insights into the correlation between sleep and gut microbiota may facilitate the development of targeted interventions aimed at enhancing sleep health by modulating the composition of gut microbiota. Gut microbiota-targeted interventions have been shown to exert a therapeutic effect on sleep disturbances. In 2013, Dinan and colleagues defined the term “psychobiotics” as a novel class of probiotics that suggest potential applications in treating psychiatric diseases (Dinan et al., 2013). Psychobiotics are efficacious in ameliorating neurodegenerative and neurodevelopmental disorders, including autism spectrum disorder (ASD), Parkinson’s disease (PD) and Alzheimer’s disease (AD), which led researchers to focus on a new area in neuroscience (Cheng et al., 2019). Evidence in preschool-aged children indicates a correlation between sleep duration and the diversity of gut microbiota, with children who have longer total nighttime sleep showing a higher relative abundance of Bifidobacterium (Wang et al., 2022). Importantly, studies conducted in adult humans have also demonstrated the efficacy of Bifidobacterium, whether administered as a standalone probiotic or in combination with other probiotics, in modulating mood (Pinto-Sanchez et al., 2017). Daily administration of Lactobacillus plantarum may lead to a decrease in depressive symptoms, fatigue level, cortical excitation, and an improvement in sleep quality during the deep sleep stage (Ho et al., 2021). In addition, lower Bifidobacterium and/or Lactobacillus counts were observed in subjects with major depressive disorder, probiotics composed of specific strains of genera Lactobacillus and Bifidobacterium have the potential to prevent and treat various psychiatric conditions such as depression and anxiety (Cheng et al., 2019).

FMT is a robust method to rebalance the gut microbiota ecosystem of recipient through the transfer of healthy donor-derived gut microbiota to patients. Engraftment of donor microbiota resulted in a long-lasting response in patients with recurrent Clostridium difficile infection and active ulcerative colitis (Weingarden et al., 2015; Fang et al., 2021). Furthermore, FMT is a well-tolerated, effective, and safe method as an add-on therapy in patients with mild-to-moderate ulcerative colitis (Tkach et al., 2023). In the present study, we demonstrated that FMT significantly enhanced sleep quality, alleviated anxiety and depression symptoms, and improved the quality of life in individuals with chronic insomnia as assessed through self-reported questionnaires. The ISI and PSQI score sub-item indicates that FMT significantly improves insomnia by reducing sleep onset latency, enhancing sleep efficiency, and subsequently alleviating symptoms of daytime fatigue. It is encouraging to note that patients without insomnia who underwent FMT also reported an improvement in their sleep quality. The application of FMT can also enhance the psychological well-being of patients with chronic insomnia, alleviating symptoms of anxiety and depression, while concurrently enhancing their quality of life. The analysis of gut microbiota before and after FMT treatment revealed a significant improvement in dysbiotic gut microbiota among patients with chronic insomnia who underwent FMT, leading to a composition resembling that of healthy donors, indicating a clear restoration in the dysbiosis of gut microbiota. The LEfSe analysis found that there was a significant increase in the relative abundance of Lactobacillus, Bifidobacterium, Prevotella_6, and Anaerofustis at the genus level within their gut microbiota. The correlation analysis revealed a significant positive correlation between the efficacy of FMT in treating insomnia and the presence of Lactobacillus and Bifidobacterium. The findings indicated that FMT exhibited the potential to enhance the abundance of probiotics in the gut of individuals suffering from chronic insomnia. The majority of these taxa have been linked with sleep-related neurochemicals in previous studies, such as serotonin, tryptophan and gamma-aminobutyric acid. For example, Lactobacillus and Bifidobacterium produce gamma-aminobutyric acid (GABA) and serotonin. In addition, strains of Lactobacillus produce acetylcholine (Cheng et al., 2019). Additionally, Bacteroides is a crucial taxon involved in the production of the SCFA propionate through the succinate pathway (Louis and Flint, 2017).

However, unlike probiotics, which only contain a limited number of bacterial species, FMT contains thousands of species native to the human gut. On the other hand, apart from alterations in the composition of the gut microbiota, disruptions were observed in both signaling pathways and metabolic functions among individuals with insomnia disorder. Mice with depleted gut bacteria displayed impaired sleep quality and decreased concentrations of serotonin in their gut (Ogawa et al., 2020). Following FMT from sleep-fragmented mice, the recipients mimicked the donor’s characteristics, including increased systemic white adipose tissue inflammation and altered insulin sensitivity (Poroyko et al., 2016). These suggest that FMT is likely to exert its therapeutic effects through multiple mechanisms. In the present study, PICRUSt supported the gut taxa composition, signaling pathways, and metabolic functions perturbed by insomnia disorder. There were significant alterations observed in 40 KEGG pathways among insomnia patients before and after FMT treatment, as well as healthy donors. Specifically, the D-alanine metabolism, purine metabolism, taurine and hypotaurine metabolism, DNA repair and recombination proteins, protein folding and associated processing, replication, recombination and repair proteins ribosome biogenesis, peptidoglycan biosynthesis aminoacyl-tRNA biosynthesis, translation proteins exhibited marked differences among the groups. This implies the potential mediating roles of neurotransmitters in connecting gut microbiota and sleep (Fung et al., 2019).

Our study demonstrates the following characteristics: firstly, it was conducted in a real-world setting and encompassed a diverse range of medical conditions, including rCDI, IBS, chronic constipation, UC, and Parkinson’s disease with chronic constipation and all patients received a donor-recipient matching FMT tailored to these diseases. Additionally, a comparison was conducted between the gut microbiota characteristics of chronic disease patients with and without comorbid chronic insomnia at baseline. This makes it more applicable in clinical settings regarding FMT for the treatment of chronic insomnia. Secondly, there is a distinction in the definition of insomnia, using the ISI and PSQI for screening, grouping, and efficacy assessment. We define chronic insomnia as having a PSQI score equal to or exceeding 11, which provided evidence supporting the therapeutic potential of FMT in the treatment of chronic insomnia. Thirdly, we conducted an analysis on the characteristics of gut microbiota of chronic insomnia patients both before and after FMT treatment, as well as its correlation with treatment efficacy.

Of course, the current study is merely a limited sample size observational study. In addition, this study was primarily relied on self-reported questionnaires and lacked actigraphy sleep measures included total nighttime sleep (TST), sleep efficiency (SE), and wake-time after sleep onset (WASO). Therefore, it is imperative to conduct large-scale randomized controlled trials in conjunction with metagenomic and metabolomic to identify the effects of FMT on chronic insomnia. Although the potential benefits of FMT in various diseases, there exists a variation and complexity in procedural agreement among research groups for performing FMT, and the optimal approach to achieve engraftment after FMT remains unclear (Bokoliya et al., 2021). The adoption of the use of antibiotics prior to FMT and data remain controversial (Cammarota et al., 2017; Ng et al., 2020). As known, the host-microbiota encompasses a variety of microbial communications, including the oral, nasal, lung, gut, skin, bladder, and vaginal microbiota. Microbiota in one organ have the potential to influence those in another, and they can interact with the gut microbiota via inflammatory and immune system pathways (Hashimoto, 2023). The oral cavity serves as the primary entry point to the human body, and the oral microbiota represents the second-largest microbial community in humans, which may potentially contribute to the development and progression of psychiatric and neurodegenerative disorders, as well as autoimmune diseases. Patients with chronic insomnia harbored a significantly higher diversity of oral bacteria when compared to healthy controls. More importantly, the results revealed that the diversity and relative abundance of the bacterial community was significantly altered among different tongue coatings in patients but not in healthy individuals (Liu et al., 2020). Compared to the control group, insomniac patients exhibited a significantly higher abnormal low-frequency/high-frequency (LF/HF) ratio. Furthermore, linear discriminant analysis of oral microbial population revealed that the relative abundances of Clostridia, Veillonella, Bacillus and Lachnospiraceae were significantly higher in the insomniac patients than the control group (Park et al., 2022). The impact of various lifestyle and environmental factors on sleep is well-documented. Increasingly, evidence suggests that gut microbiota plays a significant role in regulating brain function and behavior (Sen et al., 2021). The present study included individuals with underlying chronic conditions who mainly reported no history of smoking or alcohol consumption, and their lifestyle and dietary practices aligned with widely promoted eating patterns prevalent in Anhui Province, China. Considering the exploratory nature of this study and the preliminary positive findings of FMT in managing adults chronic insomnia, it is imperative to incorporate the potential influence and significance of lifestyle factors and antibiotic pretreatment prior to FMT in subsequent randomized controlled trials (RCTs).



Conclusion

The present study represents the first real-world case analysis demonstrating that Eggerthella could potentially serve as a distinctive genus associated with chronic insomnia. FMT therapy not only improves sleep quality, but also enhances antidepressant and anxiolytic effects, as well as overall quality of life in patients with chronic insomnia and the effects was positive associated with the augmentation of probiotic microorganisms, such as Bifidobacterium, Lactobacillus, Turicibacter, and Fusobacterium. Our preliminary empirical work supported the acceptability and feasibility of using FMT to be a novel treatment option for adults with chronic insomnia and provide an alternative to traditional treatments for insomnia., the mechanism may be correlated with reshaping the dysbiosis of gut microbiota and increasing the abundance of beneficial bacteria such as Bifidobacterium and Lactobacillus.
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Introduction: “Probiotic therapy” to regulate gut microbiota and intervene in intestinal diseases such as inflammatory bowel disease (IBD) has become a research hotspot. Bacteroides acidifaciens, as a new generation of probiotics, has shown beneficial effects on various diseases.
Methods: In this study, we utilized a mouse colitis model induced by dextran sodium sulfate (DSS) to investigate how B. acidifaciens positively affects IBD. We evaluated the effects ofB. acidifaciens, fecal microbiota transplantation, and bacterial extracellular vesicles (EVs) on DSS-induced colitis in mice. We monitored the phenotype of mouse colitis, detected serum inflammatory factors using ELISA, evaluated intestinal mucosal barrier function using Western blotting and tissue staining, evaluated gut microbiota using 16S rRNA sequencing, and analyzed differences in EVs protein composition derived from B. acidifaciens using proteomics to explore how B. acidifaciens has a positive impact on mouse colitis.
Results: We confirmed that B. acidifaciens has a protective effect on colitis, including alleviating the colitis phenotype, reducing inflammatory response, and improving intestinal barrier function, accompanied by an increase in the relative abundance of B. acidifaciens and Ruminococcus callidus but a decrease in the relative abundance of B. fragilis. Further fecal bacterial transplantation or fecal filtrate transplantation confirmed the protective effect of eosinophil-regulated gut microbiota and metabolites on DSS-induced colitis. Finally, we validated that EVs derived from B. acidifaciens contain rich functional proteins that can contribute to the relief of colitis.
Conclusion: Therefore, B. acidifaciens and its derived EVs can alleviate DSS-induced colitis by reducing mucosal damage to colon tissue, reducing inflammatory response, promoting mucosal barrier repair, restoring gut microbiota diversity, and restoring gut microbiota balance in mice. The results of this study provide a theoretical basis for the preclinical application of the new generation of probiotics.
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1 Introduction

Inflammatory bowel disease (IBD) is a chronic disease with unclear pathogenesis and a repeated course and is mainly divided into Crohn’s disease and ulcerative colitis (Jakubczyk et al., 2020; Santana et al., 2022). The basic characteristics of IBD are abdominal pain and diarrhea, which can be complicated with colon stenosis and obstruction and tissue fibrosis and even induce colon cancer (Ullman and Itzkowitz, 2011). Since 1950, the number of patients in the western world, represented by Europe and America, has gradually increased, and recent epidemiological surveys show that the number of patients in eastern countries has also begun to increase rapidly (Molodecky et al., 2012). IBD has become a global disease. At present, although there are many treatments for IBD, such as hormones, immunosuppressants, biological agents, small molecule drugs and surgical treatments, the therapeutic effects are limited due to the unclear disease mechanism (Rogler et al., 2021).

Although the etiology of IBD is unknown, it is recognized that IBD is influenced by heredity, environment and intestinal microbiota, and it is characterized by a host immune response, intestinal barrier destruction and intestinal microbial community changes (Kudelka et al., 2020). The intestinal microbiota plays an important role in maintaining the intestinal mucosal barrier, stabilizing intestinal immune function and regulating intestinal metabolism (Li et al., 2021). However, intestinal microbiota imbalance or gut microbiota displacement can lead to intestinal inflammation and even tumors (Deng et al., 2022). Studies have shown that compared with healthy people, the ecological imbalance of IBD is characterized by a decrease in bacterial diversity or a change in composition (Franzosa et al., 2018). Therefore, it has become a research hotspot to intervene in intestinal diseases such as IBD by regulating intestinal microbiota. For example, “probiotic therapy,” in which enough live probiotics are supplemented to maintain the health of the host, has been widely used in the clinic and has achieved certain results (Fedorak et al., 2015; Tamaki et al., 2015).

Under physiological conditions, 90% of the intestinal microflora are composed of Firmicutes and Bacteroides (Eckburg et al., 2005). Bacteroides acidifaciens belongs to Bacteroides, a gram-negative anaerobic bacterium and one of the dominant symbiotic bacteria in the intestine (Momose et al., 2011). A study revealed that in a mouse model, B. acidifaciens has a protective effect on concanavalin A-induced liver injury (Wang et al., 2022). Nagahara et al. revealed that B. acidifaciens can increase the level of intestinal immunoglobulin A (IgA), protect the intestine from pathogen infection and relieve IBD (Nakajima et al., 2020). Another study showed that alginate oligosaccharide and its compound supplement may enhance immune function and improve intestinal microecological disorder by increasing the abundance of B. acidifaciens (Yan et al., 2023). Tamas Korcsmaros et al. revealed that bacterial extracellular vesicles (EVs) produced by the intestinal symbiotic bacteria Bacteroides thetaiotaomicron have potential therapeutic value in IBD (Gul et al., 2022). EVs are small, spherical double-layer structures (20∼400 nm) containing proteins, lipids, nucleic acids and some metabolites, which are secreted by gram-negative bacteria and some gram-positive bacteria (Kaparakis-Liaskos and Ferrero, 2015; Toyofuku et al., 2019). EVs are important cell communication carriers that participate in the exchange of biological information between prokaryotes and eukaryotes. EVs can pass through the aseptic mucous layer of the colon through different routes, enter the border intestinal epithelial cells, interact with mucosal immune cells and the intestinal vascular system, and promote its widespread and systemic spread (Chronopoulos and Kalluri, 2020; Liu J. H. et al., 2021; Chen et al., 2022). Previous studies have shown that EVs play an important role in regulating the intestinal microenvironment and host health (Díaz-Garrido et al., 2021; Liu L. et al., 2021). This indicates that bacterial EVs are a possible factor by which the intestinal microbiota alleviates diseases.

In this study, we used B. acidifaciens to interfere with dextran sulfate sodium (DSS)-induced colitis in mice, revealing its anti-inflammatory and barrier protection effects on enteritis mice. The effects of B. acidifaciens-mediated microorganisms and their metabolites on alleviating the symptoms of enteritis mice were confirmed by fecal bacteria transplantation (FMT) and aseptic fecal filtrate transplantation (FFT). Finally, we found that EVs of B. acidifaciens can inhibit inflammatory reactions, repair the intestinal mucosal barrier, and finally alleviate colitis in mice. Through proteomic analysis, it was confirmed that the functional proteins of B. acidifaciens and B. acidifaciens-EVs were different.



2 Materials and methods


2.1 Ethics statement

This study was approved by the Animal Experiment Ethics Committee of Nanchang University (NCULAE-20221031149).



2.2 Culture of bacteria

Bacteroides acidifaciens (BNCC353574, BeNa, Henan, China) was cultured on fastidious anaerobe broth (FAB, Cat# LA4550; Solarbio, Inc., China) or Columbia agar (Cat#HB8511; Qingdao Hope Bio-Technology, Co., Ltd., China) with 5% goat blood (Cat# TX0020; Solarbio, Inc., China) under anaerobic conditions at 37°C for 48–72 h (Wang et al., 2022). The bacterial concentration was calculated by counting the number of CFUs after plating on Columbia agar containing 5% goat blood.



2.3 Isolation and identification of EVs from B. acidifaciens

The conditioned medium containing B. acidifaciens was obtained as described above. The conditioned culture of B. acidifaciens was centrifuged at 15,000 × g at 4°C for 20 min and then filtered through a 0.45 μm sterile filter membrane to remove residual bacteria and debris. The filtered supernatant was centrifuged at 20,000 × g at 4°C for 40 min and then filtered through a 0.22 μm sterile filter membrane. The supernatant was transferred to 100 kDa Amicon Ultra15 filters at a concentration of 300–400 times. The concentrated solution was centrifuged at 120,000 × g at 4°C for 2 h to remove the supernatant, washed with sterile PBS, and centrifugation was repeated once to obtain EVs (Ma et al., 2022). As described, EVs were purified by OptiPrep (Cat# D1556, Sigma Aldrich, USA) gradient density centrifugation. Nanoparticle tracking analysis (NTA) method was used to detect the particle size distribution of EVs, and transmission electron microscopy (TEM) was used to observe the morphology of EVs.



2.4 Animal experiments

In this study, male C57BL/6J mice aged 6–8 weeks and weighing approximately 22–25 g were purchased from Tianqin Biotechnology Co., Ltd (Changsha, Hunan, China). Mice were reared at 22 ± 2°C for 1 week under an alternating light/dark cycle every 12 h. One week later, the mouse colitis model was induced by 2.5% dextran sodium sulfate (molecular mass 36–50 kDa, MP Biologicals, Solon, OH, USA) in a free drink. To study the therapeutic effect of B. acidifaciens on DSS-induced colitis, 24 mice were divided into three groups (n = 8): C group: free access to drinking water and food; M group: 2.5% DSS in a free drink for 7 days and daily oral administration of 0.1 ml saline for 10 days; TBA group: 2.5% DSS in a free drink for 7 days and daily oral administration of 0.1 ml 1 × 109 CFU B. acidifaciens for 10 days.

To determine whether the therapeutic effect of B. acidifaciens on colitis works through metabolites, we performed FMT or FFT on DSS-induced mice (Wu et al., 2020). Twenty-four mice were treated with an antibiotic cocktail [ABX; metronidazole (1 g/L), neomycin sulfate (1 g/L), ampicillin (0.5 g/L), vancomycin (0.5 g/L)] for 7 days before fecal bacteria transplantation and then divided into 4 groups: M-FMT group: 2.5% DSS for 7 days and transplanted with fecal supernatant of the M group for 10 days; M-FFT group: 2.5% DSS for 7 days and transplanted with fecal supernatant filtrate of the M group for 10 days; BA-FMT group: 2.5% DSS for 7 days and transplanted with fecal supernatant of the B. acidifaciens treatment group for 10 days; BA-FFT group: 2.5% DSS for 7 days and transplanted with fecal supernatant filtrate of the B. acidifaciens treatment group for 10 days. After 7 days of ABX administration, 24 mouse fecal samples were anaerobic cultured on a Brain Heart Infusion Broth (BHI; Cat# HB8297-1; Qingdao Hope Bio-Technology, Co., Ltd., China) agar plate for 96 h to ensure the depletion of fecal microbiota. The feces of mice were collected and diluted with PBS (1:10), thoroughly homogenized, centrifuged at 500 × g for 1 min and collected the supernatant for FMT. The supernatant was filtered through a 0.22 μm filter membrane, and the filtrate was collected for FFT.

To study the therapeutic effect of EVs of B. acidifaciens on DSS-induced colitis, 24 mice were divided into 3 groups (n = 8): C group: free access to drinking water and food; M group: 2.5% DSS in a free drink for 7 days and daily oral administration of 0.1 ml saline for 10 days; TBA group: 2.5% DSS in a free drink for 7 days and daily oral administration of 0.1 ml EVs (50 μg/day) for 10 days. The weight of the mice was measured daily throughout the study. The disease activity index (DAI) evaluated the severity of colitis through weight loss, diarrhea of the stool, and the extent of blood in the feces (Ma et al., 2022).



2.5 H&E, AB/PAS, immunofluorescence and TUNEL staining

To evaluate the morphological changes in colon tissue in mice, the sample was fixed with 4% paraformaldehyde, embedded in paraffin, cut into 5–6 μm thick sections, rehydrated with xylene and degraded ethanol for 3–5 min, washed with PBS, and then stained with hematoxylin-eosin (H&E). To evaluate the number of goblet cells in the colon, we also stained fixed colon tissue sections with Alcian blue/periodic acid-Schiff staining (AB/PAS). To assess the expression of the colon barrier proteins ZO-1 (Cat# 21773-1-AP; Proteintech Group, Inc.; 1:100, China) and Occludin (Cat# 27260-1-AP; Proteintech Group, Inc.; 1:100, China), the tissue sections were stained with immunofluorescence. To assess the apoptosis of colon tissue cells in mice, fixed colon sections were stained with a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) detection kit (Cat# T2196; Solarbio, Inc., China). Finally, the images were visualized by means of microscopy or fluorescence microscopy (Wu Z. et al., 2021).



2.6 Measurement of inflammatory cytokines and antioxidant indices in serum

To evaluate inflammation and oxidative stress in the serum of mice, the levels of the proinflammatory factors interleukin (IL)-1β (Cat# 2M-KMLJM211201m mouse; Camilo Biological, Nanjing, China), IL-6 (Cat# 2M-KMLJM219451m mouse; Camilo Biological, Nanjing, China), and tumor necrosis factor (TNF)-α (Cat# 2M-KMLJM220051m mouse; Camilo Biological, Nanjing, China) were determined according to the manufacturer’s protocol.



2.7 Western blotting analysis

Mice colon tissue sample proteins were extracted using cell lysis buffer (Cat# R0020; Solarbio, Inc., China) supplemented with phenylmethanesulfonyl fluoride (PMSF; Cat# P0100; Solarbio, Inc., China) and protease inhibitor cocktail (Cat# HY-K0022; Med Chem Express, Inc., China). A bicinchoninic acid protein assay kit (BCA; Cat# PC0020; Solarbio, Inc., China) was used to determine the protein concentration of the samples. Then, the proteins were detached with 8–10% polyacrylamide resolving gels, transferred to polyvinylidene fluoride membranes (PVDF), and blocked with 5% skim milk for 90 min at RT (Xiao et al., 2023). Then, the membranes were coincubated with the following primary antibodies overnight at 4°C: rabbit anti-Zona occludens protein 1 (ZO-1; Cat# 21773-1-AP; Proteintech Group, Inc.; 1:5,000, China); rabbit anti-Occludin (Cat# 27260-1-AP; Proteintech Group, Inc.; 1:2,000, China); and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cat# 60004-1-Ig; Proteintech Group, Inc.; 1:5,000, China). After primary incubation, the membrane was washed with Tris-buffered-saline-Tween-20 (TBST) buffer three times for 10 min each and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Cat#SA00001-2; Proteintech Group; 1: 5,000, China) or goat anti-mouse secondary antibody (Cat#SA00001-1; Proteintech Group; 1: 5,000, China) for 60 min at RT. Finally, the proteins were visualized using a super enhanced chemiluminescence reagent (ECL).



2.8 DNA extraction and 16S rRNA gene sequencing

For microbial DNA extraction, mouse feces samples were collected. Bacterial DNA was extracted from feces by the magnetic bead method combined with a genomic DNA kit (Cat# DP712-02; Tiangen Biotech Co., Ltd., China), and the purity and concentration of purified DNA were detected by spectrophotometry at 230 nm (A 230) and 260 nm (A 260). Then, the V4 region of the 16S ribosomal (r)RNA genes was amplified via primers (5’-AYTGGGYDTAAAGNG R-3’; 5’- TACNVGGGTATCTAATCC-3’) in the sample, and the PCR products were sequenced with an Illumina HiSeq 2000 platform (Illumina, Inc., San Diego, CA, USA) (GenBank accession number PRJNA1009232) (Zheng et al., 2021).



2.9 Proteomic analysis

Three biological replicate samples of B. acidifaciens (BA1, BA2, and BA3) and B. acidifaciens-derived EVs (EV1, EV2, and EV3) were obtained, and the 4D-label-free quantitative proteomic analysis was performed. The protein extraction of BA and EV was as previously described and quantified using the BCA protein assay kit. Protein digestion by trypsin was performed according to filter-aided sample preparation procedure described by Matthias Mann. LC-MS/MS analysis was performed on a timsTOF Pro mass that was coupled to Nanoelute (Bruker Daltonics). The MS raw data for each sample were combined and searched using the MaxQuant 1.5.3.17 software for identification and quantitation analysis (Chen et al., 2022; Zheng et al., 2023).



2.10 Statistical analysis

The data are represented by the mean standard deviation (SD). GraphPad Prism 9.0 (San Diego, CA, USA) was used for statistical analyses. And statistical analyses of two groups was performed by unpaired two-tailed Student’s t-test, multiple groups were performed by one-way ANOVA followed by Tukey’s multiple comparison test. The adjusted P < 0.05 was considered statistically significant (Zheng et al., 2021).




3 Results


3.1 The intervention of B. acidifaciens alleviated DSS-induced colitis

To observe the relieving effect of B. acidifaciens on colitis in mice, we used 2.5% DSS to induce colitis in mice for 7 days and treated them with B. acidifaciens at the same time for 10 days (Figure 1A). The results showed that compared with the M group, B. acidifaciens significantly alleviated weight loss, reduced the DAI and reversed the shortening of the colon (Figures 1B–D). Histological analysis revealed that inflammatory cells infiltrated the colon, intestinal villi were shortened and thickened, and mucosa was damaged in response to DSS treatment, while the administration of B. acidifaciens alleviated the colonic inflammatory reaction (Figure 1E). To further assess the effect of B. acidifaciens on the systemic inflammatory response, we detected proinflammatory cytokines in the serum of mice. The serum concentrations of IL-1β, IL-6 and TNF-α in B. acidifaciens-treated mice were significantly decreased (Figures 1F–H). To determine the protective effect of B. acidifaciens on the intestinal barrier, we further detected the expression of barrier proteins by western blot and immunofluorescence staining and detected mucin-secreting goblet cells in the colonic epithelium by AB-PAS staining. The results showed that oral administration of B. acidifaciens significantly reversed the decrease in barrier proteins caused by DSS (Figures 1I, J) and maintained better mucus distribution (Figure 1K). Moreover, TUNEL analysis further revealed that DSS significantly increased the frequency of apoptotic cells in the colonic mucosa, but B. acidifaciens largely reversed this trend (Figure 1L).
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FIGURE 1
Bacteroides acidifaciens alleviated DSS-induced colitis in mice. (A) Experimental design. (B) Mouse body weight. (C) DAI score. (D) Colon length. (E) H&E staining and pathological score of colon sections. (F–H) Serum IL-1β, IL-6 and TNF-α levels. (I) The expression of tight junction proteins (ZO-1, Occludin) in mouse colon tissue. (J) Immunofluorescence was used to evaluate the expression of tight junction proteins (ZO-1, Occludin) in colonic sections. (K) Representative images of the Alcian blue-stained inner mucus layer of colonic sections. (L) Representative fluorescent pictures of TUNEL staining of colonic sections. C, control group; M, DSS group; TBA, DSS mice orally administered B. acidifaciens group. C, control group; M, DSS group; TBA, DSS mice orally administered B. acidifaciens group. Scale bar, 100 μm. Data are presented as the mean ± SD. *P < 0.05 versus the C group, # P < 0.05 versus the M group. ns, P > 0.05; */# P < 0.05; **/## P < 0.01; ***/### P < 0.001.




3.2 B. acidifaciens regulated the gut microbiota composition

Next, we further explored the influence of B. acidifaciens on the composition of gut microbiota in DSS-treated mice via 16S rRNA gene sequencing. The α-diversity analysis showed that DSS treatment significantly reduced the diversity of the gut microbiota in mice, and the administration of B. acidifaciens promoted its gradual recovery (Figures 2A–C). Principal coordinate analysis (PCoA) confirmed that DSS caused the gut microbiota to be located far away from the C group, while B. acidifaciens caused the TBA and C groups to be close to each other (Figure 2D). In addition, the Venn diagram showed (Figure 2E) that there were 1,399, 801, and 1,102 OTUs in the C, M and TBA groups, and the percentages of common OTUs in each group were 19.30% (270/1,399), 33.71% (270/801) and 24.50% (270/1,102), respectively.
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FIGURE 2
Bacteroides acidifaciens altered gut microbiota diversity in DSS-induced colitis mice. (A) Shannon index. (B) Chao 1 index. (C) Observed species. (D) PCoA of the β diversity index. (E) Venn diagram. (F–H) Relative abundance of the identified fecal microbiota at the (F) phylum, (G) genus, and (H) species levels as per 16S rRNA gene sequencing. (I) Bacteroidetes. (J) Firmicutes. (K) Proteobacteria. (L) Actinobacteria. (M) Bacteroides. (N) Paraprevotella. (O) Parabacteroides. (P) Prevotella. (Q) Streptococcus. (R) B. acidifaciens. (S) Bacteroides fragilis. (T) Ruminococcus callidus. C, control group; M, DSS group; TBA, DSS mice orally administered B. acidifaciens group. Data are presented as the mean ± SD. n = 7. *P < 0.05 versus the C group. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.


Next, we further explored the gut microbiota composition and intestinal disease-related bacteria at the phylum, genus and species levels. At the phylum level, Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria were predominant phyla in the fecal microbiota (Figures 2F, I–L). Moreover, the results showed that colitis mice showed a low relative abundance of Bacteroides, and the administration of B. acidifaciens reversed the relative abundance of Bacteroides (Figure 2I). At the genus level, the fecal microbiota was dominated by Bacteroides, Paraprevotella, and Parabacteroides (Figure 2G). Further analysis showed that the administration of B. acidifaciens significantly increased the relative abundance of Bacteroides, Paraprevotella, and Prevotella while decreasing the relative abundance of Parabacteroides and Streptococcus (Figures 2M–Q). The results of species level analysis showed that the administration of B. acidifaciens sharply increased the relative abundance of B. acidifaciens and Ruminococcus callidus but slightly decreased the relative abundance of Bacteroides fragilis (Figures 2H, R–T). However, there was no significant difference in the relative abundance of B. fragilis between the TBA group and the other two groups.



3.3 B. acidifaciens-changed gut microbiota and bacterial metabolites contributed to the alleviation of colitis

We further performed FMT and FFT to determine the role of gut microbiota and bacterial metabolites in the remission of colitis mediated by B. acidifaciens (Figure 3A). The results showed that compared with the FMT or FFT of the M group mice, the FMT and FFT of the donor mice treated with B. acidifaciens reduced the weight loss and DAI score and shortened the colon length (Figures 3B–D). Histological analysis showed that FMT or FFT of B. acidifaciens-treated donor mice significantly alleviated the infiltration of inflammatory cells into the colon, shortened and thickened villi, and damaged mucosa, thus reducing the histological score (Figure 3E). In addition, the FMT of B. acidifaciens-treated donor mice was helpful to reduce the level of serum inflammation, which was proven by the significantly reduced levels of IL-1β, IL-6 and TNF-α (Figures 3F–H). Furthermore, FMT and FFT of B. acidifaciens-treated donor mice significantly increased the expression of the barrier proteins ZO-1 and Occludin (Figures 3I, J) and maintained the distribution of intestinal mucus (Figure 3K). TUNEL analysis further revealed that FMT or FFT of B. acidifaciens-treated donor mice significantly reduced cell apoptosis in colon mucosa (Figure 3L). Collectively, B. acidifaciens-changed gut microbiota and metabolites were able to alleviate DSS-induced colitis.
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FIGURE 3
Bacteroides acidifaciens changed the gut microbiota, and metabolites contributed to alleviating colitis. (A) Experimental design. (B) Mouse body weight. (C) DAI score. (D) Colon length. (E) H&E staining and pathological score of colon sections. (F–H) Serum IL-1β, IL-6 and TNF-α levels. (I) The expression of tight junction proteins (ZO-1, Occludin) in mouse colon tissue. (J) Immunofluorescence representative images of tight junction proteins (ZO-1, Occludin) in colonic sections. (K) Representative images of the Alcian blue-stained inner mucus layer of colonic sections. (L) Representative fluorescent pictures of TUNEL staining of colonic sections. M-FMT: transplanted with fecal supernatant of the M group; M-FFT: transplanted with fecal supernatant filtrate of the M group; BA-FMT: transplanted with fecal supernatant of the TBA group; BA-FFT: transplanted with fecal supernatant filtrate of the TBA group. Scale bar, 100 μm. Data are presented as the mean ± SD. *P < 0.05 versus the M-FMT group, # P < 0.05 versus the M-FFT group. ns, P > 0.05; */# P < 0.05; **P < 0.01.




3.4 B. acidifaciens-EV administration alleviated DSS-induced colitis

Furthermore, we isolated and purified bacterial EVs to explore whether the EVs of B. acidifaciens alleviated DSS-induced colitis (Figure 4A). Transmission electron microscopy of EVs showed saucer-like vesicle morphology (Figure 4B). The NTA results showed that the diameter of the EVs was approximately 129 nm (Figure 4C). Furthermore, we explored whether B. acidifaciens EVs had a therapeutic effect on DSS-induced colitis. Compared with the M group, the administration of B. acidifaciens or its EVs resulted in lower body weight loss, DAI score, and shortened colon length (Figures 4D–F). In addition, we observed that the infiltration of inflammatory cells, tissue damage and histological score in the colon decreased after the administration of B. acidifaciens EVs (Figures 4G, H). Moreover, the levels of IL-1β, IL-6, and TNF-a were significantly reduced in the TBA and TEV groups (Figures 4I–K). Consistently, western blot and immunofluorescence analysis of ZO-1 and Occludin showed that B. acidifaciens or EV treatment weakened the epithelial tight junction protein barrier damaged by DSS (Figures 4L, M). The administration of B. acidifaciens or EVs also significantly enhanced the integrity of the mucus barrier, showing more mucin-positive coverage (Figure 4N). TUNEL analysis revealed that B. acidifaciens or EVs significantly reduced cell apoptosis in the colonic mucosa (Figure 4O). Notably, compared with the treatment of B. acidifaciens, EV administration can significantly alleviate the symptoms of acute colitis.
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FIGURE 4
Bacteroides acidifaciens-EVs had a relieving effect on DSS-induced colitis. (A) Experimental design. (B) Observation of B. acidifaciens-EV morphology by means of TEM. Scale bar, 50 nm. (C) Observation of B. acidifaciens-EV size distribution analyzed by NTA. (D) Mouse body weight. (E) DAI score. (F) Colon length. (G,H) H&E staining and pathological score of colon sections. Scale bar, 100 μm. (I–K) Serum IL-1β, IL-6 and TNF-α levels. (L) The expression of tight junction proteins (ZO-1, Occludin) in mouse colon tissue. (M) Immunofluorescence representative images of tight junction proteins (ZO-1, Occludin) in colonic sections. (N) Representative images of the Alcian blue-stained inner mucus layer of colonic sections. (O) Representative fluorescent pictures of TUNEL staining of colonic sections. C, control group; M, DSS group; TBA, DSS mice orally administered B. acidifaciens group; TEV, DSS mice orally administered B. acidifaciens-EVs group. Data are presented as the mean ± SD. *P < 0.05 versus the C group, # P < 0.05 versus the M group. ns, P > 0.05; */# P < 0.05; **/## P < 0.01; ***/### P < 0.001.




3.5 Proteomic analysis of B. acidifaciens-EVs and B. acidifaciens

Proteins in B. acidifaciens EVs or B. acidifaciens were identified and quantified using 4D- label-free proteomic analysis. A total of 1,990 proteins were identified in B. acidifaciens-EVs and B. acidifaciens, of which 1,978 were quantified (Figure 5A). Venn diagram analysis showed that there were fewer unique differential proteins identified in EVs compared to B. acidifaciens (Figure 5B and Supplementary Table 1). Furthermore, we found that B. acidifaciens EVs resulted in 277 upregulated differentially expressed proteins (DEPs) and 788 downregulated DEPs (Figure 5C). As shown in Figure 5D, 61.02% of them were from cytoplasmic proteins, and 13.23% of them were annotated as outer membrane proteins. The subcellular localizations of 10.77% of the proteins were periplasmic, and the remaining proteins were from the inner membrane (8.30%) or extracellular (6.68%) (Figure 5D). To further identify biological alterations in B. acidifaciens EVs, the DEPs were classified into three categories based on gene ontology (GO) analysis: biological process (BP), molecular function (MF), cellular component (CC), and the top 20 terms were displayed in Figure 5E. The maximum proportion of DEPs was concentrated in bacterial biological processes, including cellular processes and cellular metabolic processes. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that the upregulated proteins in EVs compared with B. acidifaciens were involved in the biosynthesis of various antibiotics, apoptosis, and bacterial chemotaxis. Moreover, EVs downregulated proteins related to biosynthesis and metabolism, including lipopolysaccharide biosynthesis (Figure 5F). Thus, EVs underwent significant changes in protein composition compared to B. acidifaciens, and ultimately altering the biological functions.
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FIGURE 5
Proteomic analysis of B. acidifaciens -EVs and B. acidifaciens. (A) Summary of tandem mass spectrometry (MS/MS) database search results for B. acidifaciens-EVs and B. acidifaciens. (B) Venn diagram. (C) Volcano plot showing the number of proteins differentially expressed between B. acidifaciens-EVs and B. acidifaciens, with a cutoff of P < 0.05 and | fold change| > 2. (D) Subcellular localization pie chart of differentially expressed proteins in B. acidifaciens-EVs and B. acidifaciens. (E) GO classification (biological process, molecular function, and cellular components) of all differentially expressed proteins in B. acidifaciens-EVs and the top 20 enriched GO terms. (F) KEGG pathway enrichment analysis of the differentially expressed proteins in B. acidifaciens-EVs and B. acidifaciens. BA, B. acidifaciens; EV, B. acidifaciens-EVs. n = 3.





4 Discussion

In this study, we explored whether B. acidifaciens, a specific intestinal symbiotic bacterium, can alleviate the symptoms of DSS-induced colitis by reducing the inflammatory reaction and repairing the intestinal mucosal barrier. In addition, through fecal transplantation and fecal filtrate transplantation from B. acidifaciens-treated mice, we confirmed that the gut microbiota and metabolites regulated by B. acidifaciens may be the reason the symptoms of colitis are alleviated. Finally, we proved that B. acidifaciens EVs can also alleviate the symptoms of colitis by reducing inflammatory reactions and repairing the intestinal mucosal barrier (Figure 6).
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FIGURE 6
A schematic diagram summarizing the main findings of this study.


A previous study reported that oral administration of 3% DSS for 5 days can reduce EVs from B. acidifaciens and Akkermansia muciniphila (Paredes-Sabja et al., 2013). Another study revealed that the protective effect of sulfated polysaccharides from Gracilaria lemaneiformis on DSS-induced colitis in mice was closely related to probiotics such as Alistipes and B. acidifaciens (Han et al., 2021). To explore whether oral administration of B. acidifaciens can alleviate colitis, acute colitis in mice was induced by 2.5% DSS and then treated with oral B. acidifaciens. Consistent with previous studies, we confirmed that the therapeutic application of oral B. acidifaciens can alleviate DSS-induced colitis, as shown by the DAI score, colon length and histological damage (Hu et al., 2020; Dong et al., 2022; Sharma et al., 2023). Similarly, oral B. acidifaciens also alleviated colonic inflammation, as exemplified by the decline in inflammatory cytokines such as IL-1β, IL-6 and TNF-α in the serum of DSS-treated mice (Hao et al., 2021; Zhao et al., 2021; Li X. et al., 2022). Furthermore, oral administration of B. acidifaciens alleviated DSS-induced damage to integrity and barrier function, as evidenced by the increased colonic mucus as well as the enhanced tight junctions of the colonic mucosa, in agreement with previous studies (Cui et al., 2021; Wu H. et al., 2021). Moreover, DSS-induced colitis can lead to apoptosis of colon tissue cells, while oral administration of B. acidifaciens reduced this phenomenon (Qu et al., 2017; Li et al., 2019; Kim et al., 2023).

Furthermore, we investigated the differences between the feces of mice orally administered B. acidifaciens (TBA) and the other two groups (C and M). The results of α-diversity analysis showed that the DSS-induced group significantly reduced the microbial diversity of mouse feces, while supplementation with B. acidifaciens reversed this result (Zhang et al., 2019; Huang et al., 2022). PCoA revealed differences in the microbial community structure among the C, M and TBA groups, with the microbial community structure of the TBA group gradually approaching that of the C group. Further analysis of the gut microbiota composition of mice treated with B. acidifaciens showed a significant increase in the abundance of Bacteroides, Paraprevotella, and Prevotella. A previous study revealed a decrease in the metabolites of Bacteroides and SCFAs in IBD patients (Deleu et al., 2021; Guo et al., 2021; Zhang et al., 2022). The Paraprevotella genus has been proven to have anti-inflammatory effects (Renson et al., 2020). Lachnospira and Paraprevotella are symbiotic bacteria that may produce short-chain fatty acids (such as succinic acid or acetic acid) in the gastrointestinal tract (Hattori et al., 2020). In addition, Paraprevotella can accumulate at the healing site of the intestinal mucosa (Feng et al., 2021). Another study reported that the establishment of a UC model can reduce the proportion of Prevotella species, while using drugs to alleviate enteritis can restore their relative abundance (Liu et al., 2020). Specific species of the Prevotella genus can successfully inhibit inflammatory demyelinating disease and multiple sclerosis by inducing Tregs and regulating cytokines (Mangalam et al., 2017; Shahi et al., 2019). Moreover, supplementation with B. acidifaciens also reduced the relative abundance of Parabacteroides and Streptococcus (Li Q. et al., 2022; Wu et al., 2023). Fabio Cominelli et al. reported that Parabacteroides distasonis opportunistically colonizes the gut niche of susceptible CD patients and exerts a depressive effect (Gomez-Nguyen et al., 2021). At the species level, supplementation with B. acidifaciens significantly reduced the relative abundance of B. fragilis. Toshifumi Hibi et al. revealed that B. fragilis was the main bacterial species in the feces of UC patients (Takaishi et al., 2008). In the present study, oral administration of B. acidifaciens significantly increased the relative abundance of Ruminococcus callidus, which was negatively correlated with intestinal symptoms, especially discomfort (Hiel et al., 2019).

Previous studies have reported that disease treatment can be achieved by transplanting functional microflora (FMT) from healthy human feces into the gastrointestinal tract of patients with ulcerative colitis and rebuilding a new gut microbiota (Moayyedi et al., 2015; Sokol et al., 2020). Similarly, transplanting fecal filtrate (FFT) from treatment group mice to enteritis mice can alleviate the colitis phenotype by eliminating ecological imbalances (Wu Z. et al., 2021; Ma et al., 2022). To verify the effects of microbiota and metabolites mediated by B. acidifaciens, we performed FMT and FFT. Consistent with the treatment with B. acidifaciens, BA-FMT was more effective than M-FMT in alleviating the phenotype of colitis in mice, reducing inflammatory reactions and repairing the intestinal mucosal barrier (Dong et al., 2021). In addition, the treatment of FFT in donors with B. acidifaciens also alleviated DSS-induced colitis (Wu Z. et al., 2021). We demonstrated that the gut microbiota and its metabolites induced by B. acidifaciens played a key role in alleviating DSS-induced experimental colitis.

Bacterial EVs are an important bridge for information exchange between gut microbiota and host cells (Toyofuku et al., 2019). EVs selectively carry various molecules (such as nucleic acids and proteins) from their bacteria, which may regulate host signaling pathways and various cellular processes (Toyofuku et al., 2019; Díaz-Garrido et al., 2021). To explore the interaction between B. acidifaciens and the host, we further investigated the role of EVs derived from B. acidifaciens in preventing colitis. As expected, B. acidifaciens and its derived EVs improved colitis symptoms, including colitis phenotype and histological scores (Hao et al., 2021; Tong et al., 2021). Consistent with previous studies, EVs treatment also reduced the expression of proinflammatory genes, such as IL-1β, IL-6, and TNF-α (Hao et al., 2021; Tong et al., 2021). Moreover, EVs enhance the epithelial barrier by regulating the expression of the TJ proteins Occludin and ZO-1, stabilizing the distribution of intestinal mucin proteins, and reducing intestinal tissue cell apoptosis (Kang et al., 2020). In summary, the above results emphasize the crucial role of probiotic-derived EVs in regulating DSS-induced colitis.

Compared to bacteria themselves, EVs derived from bacteria are rich in various functional proteins that can directly act on receptor cells and perform corresponding functions (Brown et al., 2015). Previous studies have shown that compared to Lactobacillus animalis, L. animalis EVs may be able to transfer some pro-angiogenic, pro-osteogenic, and anti-apoptotic proteins to endothelial and bone cells to exert bone protective effects (Chen et al., 2022). Another study reported that signal exchange between the microbiota and host bone can effectively alleviate osteoporosis by transferring Akkermansia muciniphila functional EVs from bacteria to bone cells (Liu J. H. et al., 2021). Therefore, we further utilized proteomics analysis to investigate the differential expression of extracellular vesicular proteins derived from B. acidifaciens. Bacteria have evolved unique ways of killing each other, so many of our most powerful antibiotics are derived from the bacteria themselves (Niehus et al., 2021). Our research findings suggested that B. acidifaciens-EVs have enriched biosynthesis of various antimicrobial-related proteins, which may be their potential mechanism for inhibiting the growth of other bacteria (Domínguez Rubio et al., 2022; Ma et al., 2023). Lipopolysaccharides are components of the outer wall of gram-negative bacterial cells and are endotoxins that can exert their toxic effects by acting on animal cells (Wang and Quinn, 2010). Additionally, we observed that B. acidifaciens-EVs also downregulated biosynthesis- and metabolism-related proteins, including lipopolysaccharide biosynthesis, which may be an indirect mechanism of the action of eosinophils on DSS-induced colitis, which still requires future exploration.



5 Conclusion

In summary, B. acidifaciens and its derived EVs can alleviate DSS-induced colitis by reducing mucosal damage to colon tissue, reducing inflammatory response, promoting mucosal barrier repair, restoring gut microbiota diversity, and restoring gut microbiota balance in mice. In this study, we clarified the effect of B. acidifaciens on DSS-induced colitis and explored its mechanism of action through its derived EVs. And through proteomics, it was found that there are differences in the proteomics of B. acidifaciens and its EVs. However, how EVs communicates with the host and participates in host regulation may be the key to the treatment of colitis with B. acidifaciens, and further exploration is needed. The results of this study provide a theoretical basis for the preclinical application of the new generation of probiotics.
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Abdominal fat deposition (AFD) in chickens is closely related to the gut microecological balance. In this study, the gut microbiota from high-AFD chickens was transplanted into the same strain of 0-day-old chicks via fecal microbiota transplantation (FMT). The FTM from chickens with high AFD had no obvious effects on growth traits, adult body weight, carcass weight, abdominal fat weight, and abdominal fat percentage, but did reduce the coefficient of variation of AFD traits. FMT significantly decreased cecal microbiome richness, changed the microbiota structure, and regulated the biological functions associated with energy metabolism and fat synthesis. Additionally, the cecal metabolite composition and metabolic function of FMT recipient chickens were also significantly altered from those of the controls. Transplantation of high-AFD chicken gut microbiota promoted fatty acid elongation and biosynthesis and reduced the metabolism of vitamins, steroids, and carbohydrates in the cecum. These findings provide insights into the mechanisms by which chicken gut microbiota affect host metabolic profiles and fat deposition.
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1 Introduction

With the development of breeding technology and nutrition level improvement, the growth and metabolic capacity of modern broiler chickens have rapidly improved but are accompanied by a significant increase in fat deposition that leads to a large amount of body fat deposition in broilers, especially in high-quality chickens (Abdalla et al., 2018). Studies have found that excessive deposition of abdominal fat not only affects the flavor components (Anthony, 1998; Dransfield and Sosnicki, 1999; Zhao et al., 2023) and reduces the taste of chicken, but also seriously reduces the slaughter rate of the fresh market population, reduces feeding efficiency, and increases environmental pollution through the production of large amounts of animal fat waste (Yan et al., 2015; Jiang et al., 2017). Therefore, exploring the regulatory mechanisms and factors influencing fat deposition in chickens is a research hotspot in this field.

Fat deposition in chickens is a physiological and biochemical process that is regulated by multiple factors that are affected by the body’s fat synthesis, catabolism, and transporter capacity, as well as linked to factors such as genetic regulation, nutritional level, and feeding mode (Chen et al., 2019; Xiang et al., 2021a; Nematbakhsh et al., 2021; Liu et al., 2023). Previous studies have shown that the genomes of gut microorganisms contain functional genes related to fat metabolism that are closely related to the host’s glucose metabolism, short-chain fatty acids (SCFAs) metabolism, and amino acid metabolism (Gill et al., 2006; Yan et al., 2018; Liu et al., 2022). The gut microbiome provides the energy needed for animal metabolism and fatty acids produced during lipid metabolism can promote fat deposition in intestinal epithelial cells (de Moreno de LeBlanc et al., 2018). Therefore, chicken fat deposition is closely related to the intestinal microecological balance (Ding et al., 2016). Fecal microbiota transplantation (FMT) has been shown to alter the diversity and species of intestinal flora by reconstructing the microecology of the host’s intestinal commensal bacteria, thereby modulating the nutrient absorption and metabolism of the host and altering the phenotypic traits of the host (Bäckhed et al., 2004; Ridaura et al., 2013; Qiao et al., 2014; Fu et al., 2023a). Previous studies have shown that FMT increases the abundance of probiotics such as Lactobacillus and the concentration of SCFAs enhances glycolipid metabolism and promotes the growth and development of chickens (Ma et al., 2023). However, there is a lack of studies on the effects of microbiota transplantation on the structure and metabolism of chicken intestinal microbiota and abdominal fat deposition.

To evaluate the effects of early high-fat microbiota transplantation on chicken abdominal fat deposition, intestinal microbiota was isolated from high AFD Qingyuan partridge chickens and transplanted into the same strain of Qingyuan partridge chicks at 0 days of age. The growth and development characteristics and abdominal fat deposition level of the recipient chickens were tracked and compared with those of the control group, and the profiles of 16S rRNA gene and metabolomics were used to evaluate the effects on the intestinal microbiota community and metabolic function.



2 Materials and methods


2.1 Chickens and sample collection

One hundred hens with similar body weights were randomly selected from the same batch of 140-day-old Qingyuan partridge chickens and raised under the same conditions. Traits such as body weight, body size, and abdominal fat weight were measured and the cecal contents were collected. By calculating the abdominal fat rate of each chicken, the cecal contents of the top 10 abdominal fat rate chickens with similar body weights were selected for bacterial suspension preparation as previously described (Yan et al., 2021). Briefly, 2 g of cecal content from each high abdominal fat chicken was mixed in equal amounts in 2 L 0.9% saline. Once the content was fully dissolved, it was incubated on ice for 10 min, and the supernatant was aspirated and filtered through medical sterile gauze and stored in sterilized EP tubes at −20°C.

Two hundred and forty 0-day-old chicks from the same batch of Qingyuan partridge hens were randomly selected and divided into two groups. One group was fed 1 mL of high-fat chicken bacterial suspension every day from the age of 0–9 days (GG), while the other group was fed saline under the same feeding conditions (EE). Both groups were then raised under identical conditions for 140 days.



2.2 Production performance and carcass character measurement

Each individual chicken was weighed weekly from 58 days old. Body slant length, keel length, crown height, shank length, shank circumference, chest width, chest depth, pelvic width, and waist circumference were measured about every 2 weeks for each individual chicken starting at 58 days. At 140 days, the slaughter weight and abdominal fat weight (AFW) were recorded, and abdominal fat percentage (AFP) was calculated.



2.3 Cecal content collection and 16S rRNA gene sequencing

After the chickens were slaughtered at 140 days, the contents of the cecum were immediately frozen in liquid nitrogen and stored at −80°C. Forty GG and EE individuals with similar body weights were selected for further analysis and the DNA of their cecal content was extracted using the QIAamp Fast DNA Stool Mini Kit. PCR amplification was performed using the universal amplification primer 341F/806R for the 16S rRNA gene V3-V4 region, and the PCR products were purified and used to construct high-throughput sequencing libraries using the TruSeq DNA PCR-Free Sample Preparation Kit, following the manufacturer’s protocols. Qualified libraries were subjected to high-throughput sequencing using PE250 on an Illumina NovaSeq 6,000 platform.



2.4 16S rRNA gene sequencing data processing

The sequenced data were processed using QIIME2 software (Bolyen et al., 2019). After filtering out the low-quality sequences, all the remaining high-quality reads were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold. The OTU abundance and taxonomic classification from phylum to species were determined for each sample. The α-diversity metrics, including Shannon, Simpson, and Good’s Coverage indices, were calculated using QIIME2 software. A principal coordinate analysis (PCoA) plot based on Bray–Curtis dissimilarity was used to measure β-diversity. Differential analyses of taxa were performed using LEfSe analysis (Segata et al., 2011), and LDA scores>2.5 and p < 0.05 were selected as thresholds. Pearson’s correlation between differential microbes and AFW and AFP were then calculated. Microbial functions were predicted using PICRUSt (Langille et al., 2013), and principal component analysis (PCA) and DunnTest statistical analyses of the differential metabolic pathways (p < 0.05) between the groups were performed.



2.5 Metabolite profiling of cecal contents

Metabolite profiling of cecal contents was performed using UHPLC-Q/TOF-MS for 15 individuals with similar body weights from the GG and EE groups. Several quality control (QC) samples were prepared to monitor repeatability. The metabolites were separated using ultra-high performance liquid chromatography (Vanquish UHPLC, Thermo Fisher) and data was acquired using the Q Exactive™ HF platform (Thermo Fisher). Positive (ESI+) and negative (ESI-) modes were used to acquire MS data for alkali and acidic metabolites, respectively. The raw data were converted into the MzXML format using ProteoWizard software (Chambers et al., 2012). Peak identification, filtration, and alignment were performed using the XCMS package in R. A data matrix including mass-to-charge ratio (m/z), retention time, and intensity was constructed to identify the precursor molecules in the ESI+/− modes.



2.6 Differential metabolites identification and functional analysis

Subsequently, multivariate statistical analyses, including principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) were conducted using the R package MetaboAnalystR. To construct a sample classifier for each group, support vector machines (SVM) and bagging models were applied to select the characteristic metabolites with the highest contribution to group differences. The prediction effect of the SVM model was represented by a ROC curve, which was depicted using the pROC package v2.0.1, in R. Metabolites with variable importance in projection (VIP) > 2, fold change >2, and P-adjust <0.05 were considered differential metabolites. The KEGG database was used to analyze the functional characteristics and classifications of the differential metabolites. The KEGG enrichment analysis was conducted using a t-test, and only pathways with p < 0.05 were considered significant.



2.7 Statistical analyses

All values were displayed as the mean ± SD. Significance tests for differences between groups were performed by one-way analysis of variance (ANOVA) for phenotypic data using SPSS 23 software. Significance tests for microbial diversity, differences in flora abundance, and differences in the degree of functional enrichment between groups were performed using R software based on ANOVA and t-tests, respectively. The p-values were adjusted by the false discovery rate (FDR) using the Benjamini–Hochberg method with the p.adjust function in R. All values with p < 0.05 indicated a significant difference, and p < 0.01 indicated a highly significant difference.




3 Results


3.1 Growth and abdominal fat deposition in FMT chickens

Considerable coefficients of variation (CV) were observed for both AFW and AFP in the GG and EE groups (Table 1). However, their body weight and carcass weight were similar.



TABLE 1 The descriptive statistics of growth traits and abdominal fat deposition of the donor and recipient chickens.
[image: Table showing phenotypic traits for groups GG and EE, each with 120 subjects. Traits include body weight, carcass weight, abdominal fat weight, and abdominal fat percentage. For GG, means are 1513.51g, 1343.05g, 56.37g, and 3.72%. For EE, means are 1494.73g, 1326.13g, 52.65g, and 3.50%. The table includes standard deviations and coefficients of variation.]

After transplantation of the high-fat chicken cecal bacterial suspension, the GG group consistently had slightly higher body weight than the EE group at 58–140 days (Supplementary Figure S1). No significant differences were observed in the body size traits between the two groups (p > 0.05; Supplementary Table S1). At 140 days, body weight, carcass weight, abdominal fat weight, and abdominal fat percentage were slightly higher in the GG group than in the EE group (p > 0.05); however, the CV for these traits in the GG group was lower than that in the EE group (Table 1). In particular, the variation in AFW (30.74% vs. 40.62) and AFP (29.23% vs. 38.79%) in the GG group decreased more significantly than that in the EE group (Table 1).



3.2 The effects of FMT on chicken cecal microbial diversity

An average of 104,621.2 high-quality reads per sample was obtained from the GG group, and there were 94,638.6 high-quality reads per sample from the EE group. The rarefaction curve of the observed OTUs for all samples plateaued, with an average Good’s coverage index of 0.9997 per sample (0.9991–0.9999), suggesting sufficient sequencing depth. A total of 1844 OTUs were identified for all samples, and similar taxonomic classification proportions were annotated for GG and EE individuals. Alpha diversity, including Shannon, Simpson, and Good’s coverage indices, suggested that early high-fat microbiota transplantation had significant negative effects on the chicken gut microbiome abundance (Supplementary Table S2). Beta-diversity analyses including Anosim, Permanova, and Permdisprevealed, also showed that different gut microbial communities in chickens with different AFD levels (Supplementary Table S3). The PCoA using the Bray Curtis test demonstrated a distinct separation between the GG and EE groups (Figure 1A), indicating a different gut microbial composition of early high-fat FMT chickens compared to control individuals.

[image: Four-part scientific illustration depicting biological data. A: Scatter plot showing two distinct clusters in teal and red, labeled EE and GG, based on Axis 1 and Axis 2 values. B and C: Stacked bar charts comparing microbial composition in percent abundance for EE and GG, featuring various color-coded taxa. D: Circular cladogram displaying evolutionary relationships among microbial taxa, with colors representing EE and GG. The chart includes a detailed key for interpreting the taxa represented.]

FIGURE 1
 Gut microbial diversity and community between GG and EE chickens. (A) The PCoA analysis based on Bray Curtis statistic. (B) The comparison of the top 20 abundant phyla between GG and EE groups. (C) The comparison of the top 20 abundant genera between GG and EE groups. (D) Differential gut microorganism identified using LEfSe analysis.




3.3 The effects of FMT on chicken cecal microbiome taxa

The relative abundance of microbes was compared between GG and EE chickens to evaluate the effects of FMT on the chicken gut microbial composition. Among the top 20 dominant phyla in the GG and EE groups, Bacteroidetes and Firmicutes were the dominant taxa in both groups (Figure 1B), with a Firmicutes/Bacteroidetes ratio of 0.75 in the GG group, which was higher than that of 0.69 in the EE group. At the phylum level, the relative abundance of Actinobacteria and Euryarchaeota was higher in the GG group than in the EE group, whereas Fusobacteria and Tenericutes were less abundant in the GG group than in the EE group. Consistent with the results of phylum comparison, the dominant genera in both groups were Bacteroides and Unspecified_Bacteroidales, which were less abundant in the GG group than in the EE group (Figure 1C).

The LEfSe analysis of the taxonomic profiles clearly showed that the phyla Actinobacteria and Euryarchaeota and 34 genera, including Methanobrevibacter, Desulfovibrio, Faecalibacterium, Blautia, Olsenella, Slackia, and Akkermansia, as well as eight species, including Bacteroides barnesiae, Bacteroides coprophilus, Subdoligranulum variabile, Clostridium celatum, and Clostridium ruminantium were significantly more abundant in the GG group than the EE group (Figure 1D and Supplementary Table S4). Additionally, six phyla (Bacteroidetes, Lentisphaerae, Fusobacteria, Cyanobacteria, Tenericutes, and Elusimicrobia) and 31 genera, including Ruminococcus, Megamonas, Parabacteroidesm, Methylobacteriaceae, Succinatimonas, Rikenella, Fusobacterium; and 14 species, including Anaerobiospirillum thomasii, Bacteroides plebeius, Megamonas hypermegale, Helicobacter equorum, Barnesiella viscericola, and Mucispirillum schaedleri were significantly more abundant in the EE group than the GG group (Figure 1D and Supplementary Table S4).

Pearson’s correlation between the abundance of differential microbiota, AFW, and AFP showed that the abundance of the genus Parabacteroides decreased with an increase in AFW (r = −0.234, p < 0.05) and AFP (r = −0.231, p < 0.05), whereas the abundance of the genus Clostridium increased with AFW (r = 0.265, p < 0.05) and AFP (r = 0.263, p < 0.05) increased (Supplementary Figure S2). At the species level, the abundance of A. thomasii was negatively related to chicken AFW (r = −0.206, p < 0.05) and AFP (r = −0.242, p < 0.05) (Supplementary Figure S2).



3.4 Function capacities of the differential cecal microbes

The PCA of the KEGG pathways for differential microbiota showed significant differentiation between the GG and EE groups, suggesting that early microbiota transplantation from high-fat chicken donors led to significant changes in the functional capacities of the recipient chicken gut microbiome community (Figure 2A). The differential functional pathways between the GG and EE groups were annotated to the L2 level pathways, and the results showed that the differential functional pathways were mainly related to 10 L2 level pathways of the catalog metabolism, including global and overview maps, amino acid metabolism, chemical structure transformation maps, lipid metabolisms, carbohydrate metabolism, biosynthesis of other secondary metabolites, and so on (Figure 2B and Supplementary Table S5). Specifically, 42 KEGG pathways were differentially expressed (p < 0.05) between the GG and EE chickens (Figure 2C), among which 19 pathways were upregulated in the GG group, including the biosynthesis of amino acids, D-glutamine and D-glutamate metabolism, glycerophospholipid metabolism, methane metabolism, metabolic pathways, primary bile acid biosynthesis, urine metabolism, and pyrimidine metabolism. There were 23 metabolic pathways that were down-regulated in the GG group, including alpha-linolenic acid metabolism, linoleic acid metabolism, biosynthesis of terpenoids and steroids, carotenoid biosynthesis, and fatty acid metabolism.

[image: Three data visualizations show different analyses. A) A 3D scatter plot of principal component analysis with EE and GG groups. B) A bar chart with sequence percentages across several categories, color-coded with a legend. C) Two bar charts comparing the abundance of biological pathways between EE and GG groups, labeled with statistical significance markers.]

FIGURE 2
 Predicted pathways of the differential microbiota in GG and EE chickens. (A) Principal component analysis (PCA) based on KEGG pathway enrichment. (B) The catalog of differential enriched KEGG pathways. (C) Statistically different metabolism pathways between GG and EE groups. Different letters indicates P < 0.05.




3.5 Early FMT of chicken cecal content alters metabolite composition

The signal drift recorded by the QC samples was stable, and all samples were closely clustered (Supplementary Figure S3), suggesting high repeatability of the experiment. A comparison of the dominant metabolites between the GG and EE groups showed similar metabolite compositions between these two groups. In the positive ion mode, the top 10 metabolites in both groups were oleamide, L-phenylalanine, trans-3-indoleacrylic acid, xanthine, l-esterearic acid, 9-oxo-ODE, 2-oxindole, nicotinic acid, stearamide, and hexadecanamide (Figure 3A). The top 10 metabolites in negative ion mode were prostaglandin D2, hydrocinnamic acid, 16-hydroxyhexadecanoic acid, tridecylic acid, stearic acid, arachidonic acid, lauric acid ethyl ester, elaidic acid, ethyl myristate, and pentadecanoic acid (Figure 3B). However, the PLS-DA results showed that individuals in the GG and EE groups were distributed in significantly different regions (Figures 3C,D), suggesting that the metabolite compositions of the cecal content of the two groups were significantly different. The clustering heatmap of all metabolites showed that there were a large number of metabolites that differed between the GG and EE groups in both the positive and negative ion modes (Supplementary Figure S4). Furthermore, an SVM classifier was used to evaluate the diagnostic value of the differential metabolites between the GG and EE groups. Among the top 15 characterized metabolites in the positive ion mode, 2-amino-1,3,4-octadecanetriol, +/−56- +/−56-EET ethanolamide, YMK, coniferin, 9-KODE, 1-methylxanthine, N-morpholinocarbonyl-4- morpholinosulfonylbenzamide, VLK, and 3-hydroxy-3, 4-bis4-hydroxy- 3-methoxyphenylmethyloxolan-2-one were more abundant in the GG group, whereas shikonin, 3-acetoxyurs-12-en-23-oic acid, nitrosoheptamethyleneimine, (б└)17(18)-EpETE, and 13,14-dihydro-15-keto prostaglandin A2 were more abundant in the EE group (Supplementary Figure S5). Among the top 15 characterized metabolites in the negative ion mode, cer-NS d181/160, 5-tert-butyl-2-methyl-N-5-methyl-3-isoxazolyl-3-furamide, tetradecanedioic acid, N-5-trifluoromethyl-2-pyridinylbenzenesulfonamide, 3-phenoxybenzoic acid, and dopamine HCl were higher in the GG group, while PE130/150, 3-hydroxybutyric acid, lysoPC 204, O1-4-chlorobenzoyl-4-nitrobenzene-1-carbohydroximamide, β-D-glucopyranuronic acid, cyclocytidine, 4-hydroxy-3-methylbenzoic acid, LPA 221, and 2,6-dihydroxybenzoic acid were higher in the EE group (Supplementary Figure S6). Group predictions using the screened characterized metabolites in both modes complied with an area under the receiver operating curve (AUC) of 0.932 (Supplementary Figure S5) and 0.952 (Supplementary Figure S6), further suggesting that the metabolic compositions were different between the GG and EE chickens.

[image: Panel A and B show stacked bar graphs depicting the percentage distribution of different compounds, labeled on the right. Each bar represents either EE or GG groups. Panel C and D are scatter plots with ellipses indicating clusters of EE and GG groups across two components. The axes are labeled with component percentages.]

FIGURE 3
 Metabolic profiles affected by the early transplantation of the high-fat chicken gut microbiota. The comparison of the top 10 metabolites identified in (A) positive ion mode and (B) negative ion mode between GG and EE groups. The PLS-DA score plots of (C) positive ion mode and (D) negative ion mode metabolites.




3.6 Differential metabolites and functions affected by early FMT

The OPLS-DA analysis of metabolite expression was conducted to screen for important characterized metabolites, followed by an ANOVA significance test. The results showed that there were 24 significantly different important metabolites in the positive ion mode, including morpholine carbonyl-4-morpholine sulfonyl benzoamide, VLK, GLK, 2-amino-1.3.4-octadecanetriol, N-desmethyl sildenafil were significantly higher in the GG group; while 3-acetoxyurs-12-en-23-oic-acid, 2-{[4-(tert-butyl)benzyl]thio}-4-methylquinoline-3-carbonitrile, metanenhrine L-threonine, 13,14-dihydro-15-keto-prostaglandin A2, shikonin, L-saccharopine, DL-carnitine, deoxyinosine, and homo-gamma-linolenic acid (C20:3) were significantly higher in the EE group (Table 2). Five significant and important metabolites were present in the negative ion mode, including cer-NS (d18:1/16:0) and N-[5-(trifluoromethyl)2- pyridinyl] benzenesulfonamide, which were significantly higher in the GG group than in the EE group, and 3-hydroxybutyric acid, O1-(4-chlorobenzoyl)-4-nitrobenzene-1-carbohydroximami, and cyclocytidine, which were significantly lower in the GG group than in the EE group (Table 2).



TABLE 2 Differential metabolites affected by the early transplantation of high-fat chicken gut microbiota.
[image: Table showing metabolites analyzed in two ion modes, positive and negative. Metabolites are listed with VIP, P-value, and FDR. In positive ion mode, metabolites include "2-[[4-(tert-butyl)benzyl]thio]-4-methylquinoline-3-carbonitrile" with a VIP of 2.8165, P-value of 0.0000, and FDR of 0.0073. Negative ion mode includes "3-Hydroxybutyric acid" with a VIP of 2.9243, P-value of 0.0000, and FDR of 0.01.]

Biological function analysis showed that peptide function was higher, while vitamins and cofactors, nucleic acids, steroids, and carbohydrates were lower in the positive ion mode metabolites identified in the GG group (Figure 4A). We also found that lipid function was higher, and steroids, hormones, and transmitters were lower for negative ion mode metabolites in the GG group (Figure 4B). KEGG pathway enrichment of the differential metabolites between the GG and EE groups showed that positive ion mode differential metabolites were enriched in arginine and proline metabolism, histidine metabolism, alanine, aspartate, and glutamate metabolism; thiamine metabolism, nicotinate and nicotinamide metabolism; fatty acid elongation in the mitochondria, fatty acid biosynthesis, fatty acid metabolism, and 23 other differential enrichment pathways (Figure 4C). Nine metabolic pathways were enriched in negative-ion mode differential metabolites, including primary bile acid biosynthesis, taurine and hypotaurine metabolism, terpenoid backbone biosynthesis, galactose metabolism, nicotinate and nicotinamide metabolism, arginine and proline metabolism, and starch and sucrose metabolism (Figure 4D).

[image: Panel A shows stacked bar charts comparing the percentage of various metabolic categories between E/E and G/G groups, with categories like antibiotics, hormones, steroids, and lipids. Panel B presents a horizontal bar graph highlighting metabolic sets enrichment, indicating pathways like amino acid biosynthesis with variable fold enrichment and p-values. Panel C features similar stacked bar charts to Panel A, focusing on categories such as vitamins, nucleic acids, and peptides for E/E and G/G groups. Panel D displays a bar graph of metabolic enrichment, showing pathways like primary bile acid biosynthesis and taurine metabolism with distinct fold enrichment values and p-values.]

FIGURE 4
 Functional annotation of differential metabolites in GG and EE chickens. Accumulation diagram of differential biological roles of metabolites enriched in (A) positive ion mode and (B) and negative ion mode mass spectrometry analysis. The differential pathways enriched by (C) positive ion mode and (D) negative ion mode metabolites.





4 Discussion

Abdominal fat deposition is important for improving chicken production efficiency and meat flavor. The Qingyuan partridge chicken is a typical local breed of slow and high-quality yellow-feathered broilers that are usually slaughtered and marketed when they reach sexual maturity at 140 days of age. Therefore, excessive abdominal fat deposition is a serious problem in Qingyuan partridge chicken production and was confirmed by the high AFW and AFP of both donor and recipient chickens in this study. Early microbiota transplantation from high-fat chickens did not affect growth traits, body weight, carcass weight, and body size of recipient Qingyuan partridge chickens but did greatly reduce the coefficient of variation of abdominal fat deposition traits, providing evidence that a change in the bacterial colony structure is important in the regulation of the abdominal fat deposition capacity of chickens.

Extensive studies have shown that the abundance and structure of gut microbiota are closely related to abdominal fat deposition in chickens (Ding et al., 2016; Wen et al., 2019). Based on our previous studies that reported the involvement of gut microbiota in the regulation of abdominal fat deposition in Qingyuan partridge chickens (Xiang et al., 2021b), the present study further showed that early microbiota transplantation from high-fat chickens significantly reduced the diversity of the microbiota in recipient chickens, which is consistent with the hypothesis that gut microbial abundance is negatively correlated with the level of abdominal fat deposition in chickens.

Actinobacteria and Euryarchaeota were the dominant cecum microbes at the phylum level; their abundance increased in recipient chickens after transplantation, whereas that of Bacteroidetes, Lentisphaerae, Fusobacteria, Tenericutes, and Elusimicrobia decreased. Previous studies reported that the biological functions of Actinobacteria and Euryarchaeota promoted fat deposition in chickens (Bäckhed et al., 2004). Torok et al. (2011) found that Firmicutes, Bacteroidetes, and other dominant taxa were correlated with broiler production performance, while Ding et al. (2016) reported that the abundance of Fusobacteria and their related genera and species in the feces and gut content of high-AFD chickens was lower than that of low-AFD chickens. In the gut biota of both obese and obese mice, the abundance of Bacteroidetes was significantly lower and the diversity of the biota was significantly reduced when compared with that of the normal group (Ley et al., 2006). Additionally, the relative abundance of Firmicutes and Proteobacteria increased and the abundance of Bacteroidetes decreased in the intestinal tract of pups after FMT (Tuniyazi et al., 2022).

In the present study, early microbiota transplantation from high-fat chickens increased the abundance of 34 genera in Qingyuan partridge chicken recipients, including Methanobrevibacter, Desulfovibrio, Faecalibacterium, Blautia, Olsenella, and Slackia. A positive correlation between Methanobrevibacter and body weight in children has been reported (Mbakwa et al., 2015), and we also found that the abundance of both Methanobrevibacter and Mucispirillum schaedleri were significantly correlated with chicken fat deposition (Wen et al., 2019). A previous study reported that a high-fat diet in normal mice resulted in weight gain, and susceptibility to obesity was closely related to Desulfovibrio and other gut microbiota, which may be involved in lipid metabolism disorders (Hong et al., 2021). Oral application of a complex polysaccharide to a high-fat diet for 6 weeks increased the abundance of Bifidobacteraceae and significantly decreased Desulfovibrio abundance in the guts of mice, suggesting the facilitation of fat deposition in Desulfovibrio (Sha et al., 2018). Both Olsenella and Slackia were more abundant in fat Tiannong partridge chickens than in lean ones, which were suggested to possibly enhance energy capture and positively contribute to fat deposition (Xiang et al., 2021b). In addition, Clostridium was positively associated with both somatic adipogenesis and visceral fat deposition in children (Awadel-Kariem et al., 2010), which is consistent with the genus Clostridium and its subordinate species, C. spiroforme and C. celatum, which were enriched with an increase in AFW and AFP, and a significantly higher abundance of C. celatum in the GG group after FMT. Moreover, the abundance of the genus Parabacteroides decreased as AFW and AFP increased, and then decreased in abundance after FMT, consistent with our previous finding that Parabacteroides and its species Parabacteroides distasonis were more enriched in lean than fat chickens (Xiang et al., 2021b). Previous studies reported that P. distasonis alleviates obesity and metabolic dysfunction by producing succinate and secondary bile acids (Wang et al., 2019).

Our metabolomic analyses revealed that alterations in the gut microbiota regulate fat deposition by affecting host metabolic profiles. Early transplantation of high-fat chicken gut microbiota changed the metabolite concentrations of many metabolites in the cecum content of Qingyuan partridge chickens. Under conditions of oxygen radical catalysis and a series of chemical reactions, arachidonic acid produces substances similar in structure to prostaglandins (Morrow et al., 1990). Saturated fatty acids are the main components of lipids and a variety of saturated fatty acids, such as lauric acid, molluscic acid, and stearic acid, are commonly found in agricultural animal fats. Unsaturated fatty acids are essential fatty acids for the host, and arachidonic acid converted from oleic acid is present mainly in the cell membrane (Xu, 1995). More arachidonic acid was observed in the recipients of high-fat chicken gut microbiota transplantation, which may be due to the fact that arachidonic acid alters the permeability of cell membranes and promotes chicken fat deposition (Zhou et al., 2021). Obese individuals can obtain more energy from food than lean individuals, potentially because of differences in their gut microbiome composition, and obese individuals may further stimulate adipogenesis after energy acquisition (Turnbaugh et al., 2006). These results, combined with our findings, suggest that the compounds produced by the gut microbiota during the regulation of unsaturated fatty acid concentration and amino acid metabolism affect lipid metabolism to increase abdominal fat deposition in chickens. Early FMT from the high-fat chickens also resulted in the differential accumulation of metabolites such as 2-amino-1,3,4-octadecanetriol, which has been shown to stimulate the synthesis of leptin in adipocytes and reduce excess subcutaneous fat when combined with lipolytic mixtures. Shikonin improves the reaction of oxygen free radicals with polyunsaturated fatty acids to form lipid peroxide by promoting neutrophil apoptosis (Zhang et al., 2020), while in 3 T3-L1 adipocytes, shikonin can inhibit the accumulation of triglycerides and the formation and deposition of fats, suggesting that shikonin has an anti-obesity effect (Lee et al., 2010). DL-carnitine is an amino acid-like compound that can promote the conversion of fat into energy in the body. It also has various physiological functions, such as oxidizing and decomposing fat, weight loss, and anti-fatigue, and is widely used as a food additive and nutritional supplement for humans and animals (Tao et al., 1981; Visser et al., 1986).

The gut microbiota and its metabolites can influence host gene expression, immune system development, and maintenance of intestinal physiological functions and, thus, participate in host lipid metabolism (Jing et al., 2022; Chen et al., 2023; Feng et al., 2023). Our previous study showed that multiple microbial taxa can regulate lipid biosynthesis and energy metabolism in the Qingyuan partridge chicken by producing secondary metabolites that enhance energy capture, promote fat deposition, or alleviate obesity (Xiang et al., 2021b). In the present study, the functional pathways of the differential microbial taxa between the GG and EE groups were primarily metabolic pathways. Early transplantation of high-fat gut microbiota upregulated the pathways of amino acid biosynthesis, primary bile acid biosynthesis, methane metabolism, and metabolic pathways, while the pathways of alpha linolenic acid metabolism, linoleic acid metabolism, and biosynthesis of terpenoids and steroids were downregulated. These findings are consistent with the results of the transplantation of fresh bacterial suspensions from adult high-fat poodles into the intestines of puppies (Tuniyazi et al., 2022). Both FMT research on dogs and Qingyuan partridge chickens demonstrated that early transplantation of high-fat gut microbiota enhanced a variety of metabolic processes, such as carbohydrate metabolism, lipid metabolism, and energy metabolism, as well as other metabolic processes of gut microbial metabolites (Cai et al., 2020). The present study also found that transplantation of high-fat gut microbiota had a significant effect on metabolite functions in the cecum of Qingyuan partridge chickens. Early transplantation of high-fat chicken gut microbiota significantly promoted lipid and peptide functions and reduced the biological functions related to vitamins and cofactors, nucleic acids, steroids, carbohydrates, hormones, and transmitters. These were consistent with previous studies that tryptophan a proper adding of tryptophan to the basic diet of broilers and laying hens can effectively affect abdominal fat deposition in chickens (Rosa et al., 2001; Fatufe et al., 2005) and therefore tryptophan is a common additive used in livestock farming to improve intestinal epithelial barrier through its metabolites (Liikonen et al., 2023; Fu et al., 2023b). L-phenylalanine, threonine, and tyrosine are metabolized to phenolic compounds and terpenoids by microbial activities, whereas amino acids such as proline, leucine, and isoleucine can be converted to fatty acids by further biochemical reactions (Nicholson et al., 2012).



5 Conclusion

Early transplantation of high-fat chicken gut microbiota did not significantly alter the growth, development, or carcass traits of recipient chickens, but did reduce the coefficient of variation of chicken abdominal fat deposition traits. Transplantation resulted in a significant decrease in the abundance and changes in the structure of the cecum microbiome and significantly altered the metabolite composition of chicken cecum contents by regulating the biological functions associated with energy metabolism and fat synthesis.
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SUPPLEMENTARY FIGURE S1 | The accumulating curve of body weight of GG and EE chickens.



SUPPLEMENTARY FIGURE S2 | The Pearson’s correlation of the abundance of different enriched gut microorganism and the AFD of Qingyuan partridge chickens.



SUPPLEMENTARY FIGURE S3 | Quality control of metabolites detection under positive (A) and negative (B) ion mode.



SUPPLEMENTARY FIGURE S4 | The clustering heatmap of positive (A) and negative ion mode (B) metabolites.



SUPPLEMENTARY FIGURE S5 | The SVM classifier of positive ion metabolites.



SUPPLEMENTARY FIGURE S6 | The SVM classifier of negative ion metabolites.
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Introduction: Numerous studies have demonstrated that C57BL/6 mice exhibit superior growth rates and overall growth performance compared to DBA mice. To investigate whether this discrepancy in growth performance is linked to the composition of gut microorganisms, we conducted fecal microbiome transplantation (FMT) experiments.
Methods: Specifically, we transplanted fecal fluids from adult C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats into weaned DBA mice (0.2mL/d), and subsequently analyzed their gut contents and gene expression through 16S rRNA sequencing and transcriptome sequencing. During the test period, C57BL/6 mice and Wistar rats were provided with a normal diet, and high-fat C57BL/6 mice were provided with a high-fat diet.
Results: The results of our study revealed that mice receiving FMT from all three donor groups exhibited significantly higher daily weight gain and serum triglyceride (TG) levels compared to mice of CK group. 16S rRNA sequensing unveiled substantial differences in the abundance and function of the gut microbiota between the FMT groups and the CK group. Transcriptome analysis revealed a total of 988 differential genes, consisting of 759 up-regulated genes and 187 down-regulated genes, between the three experimental groups and the CK group. Functional Gene Ontology (GO) annotation suggested that these genes were primarily linked to lipid metabolism, coagulation, and immunity. Pearson correlation analysis was performed on the differential genes and clusters, and it revealed significant correlations, mainly related to processes such as fatty acid metabolism, fat digestion and absorption, and cholesterol metabolism.
Discussion: In summary, FMT from dominant strains improved the growth performance of DBA mice, including body weight gain, institutional growth, and immune performance. This change may be due to the increase of probiotic content in the intestinal tract by FMT and subsequent alteration of intestinal gene expression. However, the effects of cross-species fecal transplantation on the intestinal flora and gene expression of recipient mice were not significant.
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1 Introduction

In recent years, there has been a significant focus on understanding the impact of gut microbes on the performance of the host organism. In mammals, the gut microbiota plays a pivotal role in regulating lipid metabolism, primarily through the influence of compounds like short-chain fatty acids, secondary bile acids, trimethylamine, and proinflammatory agents derived from bacteria, such as lipopolysaccharides (Schoeler and Caesar, 2019). This intricate process predominantly centers around the bile acid signal transduction pathway, with a heavy reliance on key receptors like the farnesoid X receptor (FXR), the G-protein-coupled bile acid receptor (Gpbar/TGR5), the short-chain fatty acid signaling pathway, and the functioning of enteroendocrine cells (Yu et al., 2019). FMT is a method of transplanting bacteria from the feces of a pre-selected donor into the intestines of a recipient in order to restore the homeostasis of the recipient’s intestinal flora, and thus restore its normal physiological function (Higgins et al., 2005). However, the development of FMT today is not only as a therapeutic method, but also has more applications, such as adjusting the intestinal flora of humans or animals through FMT to improve the growth rate or production performance, or altering the metabolism of obese populations as well as the establishment of disease models, and so on (Elangovan et al., 2022). Remarkably, this method traces its origins back 1,700 years to the fourth century when a Chinese scientist named Ge Hong administered oral suspensions of human feces to treat patients with food poisoning and severe diarrhea (McDonald et al., 2005). The earliest documented case of FMT being employed to treat C. difficile infection (CDI) dates back to 1983 (Higgins et al., 2005). FMT has proven therapeutic applications in a range of gastrointestinal disorders, including CDI, chronic fatigue syndrome, Inflammatory Bowel Disease (IBD), Irritable Bowel Syndrome (IBS), and Ulcerative Colitis (UC) (Lewin, 2001; Cammarota et al., 2014; Rossen et al., 2015; Rodrigues et al., 2017). Moreover, research by Lin et al. (2018) has revealed that FMT can enhance metabolic processes in the gut. In the domain of aquaculture production, FMT has also demonstrated potential by improving the intestinal flora of livestock and poultry, consequently impacting their growth performance. A study conducted by Rosa et al. (2021) involved the transplantation of feces from adult dairy cows into newborn calves. The result showed that calves in the FMT group exhibited a gradual increase in body weight from birth to weaning, surpassing those in the CK group. This improvement was attributed to the alteration in the relative abundance of the Firmicutes and Bacteroidetes, suggesting that the interaction of transplanted intestinal flora played a role in enhancing the growth performance of the recipient calves. Similarly, Wang et al. (2019) conducted research by transplanting feces from healthy adult pigs into weaned piglets, with results that FMT significantly improved the growth performance of the pigs. The intestinal microbial composition and stage characteristics of the recipients did not change significantly, but the abundance of Streptococcus spp. and Clostridium spp. increased, which was hypothesized to be likely to promote the growth of the animals. The use of donor chickens with higher feed utilization for FMT to establish a more desirable microbiota in the intestinal tract of recipient chickens may serve as a new way to regulate microbial colonization in chickens at early stage (Siegerstetter et al., 2018).

Previous research has demonstrated that C57BL/6 mice tend to exhibit more favorable body weight characteristics when compared to DBA/2 mice (Xi et al., 2011). To investigate whether this variance might be linked to differences in their intestinal microbiota, we embarked on a series of experiments. For the first group (T1 group), we transplanted fecal bacteria from C57BL/6 mice into DBA mice. This was done to assess whether alterations in the intestinal flora could impact body weight in DBA mice. Building upon these findings, in the second group (T2 group), we transplanted fecal bacteria from high-fat diet-fed C57BL/6 mice of the same age into the intestines of DBA mice. Our goal was to explore how the high-fat diet affected the intestinal microbiota of C57BL/6 mice and the subsequent consequences on DBA mice’s body weight. Furthermore, to investigate whether factors beyond genetic predisposition contribute to the differential growth rates observed in rats concerning their gut microbiota, we introduced an additional experimental group. In this third group (T3 group), we transplanted fecal bacteria from Wistar rats into the intestines of DBA mice. This was done to assess the potential role of gut microorganisms in the growth disparities between these species. During the test period, donors in the T1 and T3 groups were provided with a normal diet, and donors in the T2 group were provided with a high-fat diet.



2 Materials and methods

All procedures of animal experiments were carried out based on protocols approved by the Animal Care Advisory Committee of Zhejiang University, Hangzhou, China (No. ZJU20220438).


2.1 Animals

Use 10 SPF male adult C57BL/6 mice at 6 weeks old, 10 SPF male adult high-fat diet-fed C57BL/6 mice at 6 weeks old, and 6 SPF male adult Wistar rats at 10 weeks old (Hans Biotechnology Co., Ltd., Hangzhou, China) as donors, male DBA mice (bred in SPF-grade conditions at Hans Biotechnology Co., Ltd., Hangzhou, China) at 7 days old as accepters. All DBA mice were housed with their mothers before weaning, and after weaning, they were housed in separate cages, and after 1 week of acclimatization feeding, mice of similar body weight were selected for the experiment. All animals were housed under controlled conditions, including a constant temperature range of 21–24°C, humidity maintained at 50–60%, and exposure to natural lighting. Water was provided ad libitum to the animals throughout the study. Donors in the T1 and T3 groups were provided with a normal diet, and donors in the T2 group were provided with a high-fat diet.

All experimental procedures were conducted in strict adherence to the guidelines for animal care and use. The research protocols were approved by the Committee for Animal Research at Zhejiang University, Hangzhou, China (approval number ZJU20220438).



2.2 Experimental protocol

After a one-week acclimation period, the DBA mice were randomly divided into four groups, each consisting of 12 mice: Control group (CK); C57BL/6 mice fecal microbiota transplantation (FMT) group (T1); High-fat C57BL/6 FMT group (T2); Wistar rats FMT group (T3). Fresh fecal samples were collected daily from C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats to serve as donors. The collected fecal material was placed in sterile tubes and homogenized using sterile normal saline (Sinopharm Chemical Reagent Co. Ltd., China). This mixture was then subjected to centrifugation at 6,000 × g for 10 min, followed by filtration through a 70-μm filter (Nest, China). The resultant material was quantified to achieve an optical density (OD) at 600 nm of 1.0, corresponding to an estimated bacterial concentration of 109 colony-forming units (CFU) per milliliter. Subsequently, the fecal bacterial slurry was diluted to a final concentration of 5.0 × 109 CFU/mL using a 30% sterile medical glycerin phosphate-buffered saline (PBS) (Sinopharm Chemical Reagent Co. Ltd., China). Any remaining fecal fluid was stored at −80°C for future use. The mice in the CK group were administered sterile normal saline via gavage once a day for a duration of 28 days using disposable sterile syringes (1 mL, DKBT, China) with sterile gavage needles (45 mm, Shenzhen Longreen Lighting Co., Ltd., China) (Zhang et al., 2020; Elangovan et al., 2022). In contrast, the mice in the T1 group received fecal fluid from normal C57BL/6 mice, the T2 group received fecal fluid from high-fat C57BL/6 mice, and the T3 group received fecal fluid from Wistar rats through gavage over the same 28-day period.



2.3 Sample collection

At the end of the experiment, the finishing mice were fasted for 24 h (6-h daytime and 16-h overnight) (Zhang et al., 2016) and at which time, blood samples were collected at baseline into a vacuum tube. Mice were anesthetized by intraperitoneal injection of 80 mg/kg sodium pentobarbital and were euthanized by intraperitoneal injection of 200 mg/kg sodium pentobarbital under deep anesthesia. The colon and liver tissues were collected immediately from all mice. After euthanasia of the mice, the same intestinal segments from the posterior half of the colon were taken and their contents squeezed into cryopreservation tubes, which were immediately stored at −80°C for subsequent sequencing. A part of the liver and colon was fixed using 4% paraformaldehyde solution, the rest of liver and colon tissue was saved at −80°C.



2.4 Growth performance indicators

The mice and food intakes were meticulously weighed at the end of each week, specifically on the 1st, 2nd, 3rd, 4th, and 5th weeks. This data was then used to calculate both the daily weight gain and the daily feed intake of the mice.



2.5 Serum biochemical indicators

The level of serum biochemical indicators were measured by Albumin (ALB) assay kit, Total Cholesterol (TC) assay kit, Triglyceride (TG) assay kit and Superoxide Dismutase (SOD) assay kit (Nanjing Jiancheng Institute of Bioengineering, China), as well as the inflammatory markers of the mice including Immunoglobulin A (IgA), Interleukin-1β (IL-1β), Interleukin-6 (IL-6), Interleukin-10 (IL-10), Interleukin-22 (IL-22), Tumor Necrosis Factor-α (TNF-α), Chemokine (C-X-C motif) ligand 1 (CXCL1) and Chemokine (C-X-C motif) ligand 2 (CXCL2) (Jiangsu Meimian Industrial Co., Ltd., China) were measured with assay kits according to the manufacturer’s instructions with UV–VIS Spectrophotometer (UV1100, MAPADA, Shanghai, China) following the manufacturer’s instructions.



2.6 Microbial 16S rRNA gene sequencing library construction and sequencing


2.6.1 DNA extraction and PCR amplification

Total microbial genomic DNA was extracted from colon contents samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) following the manufacturer’s instructions. The quality and concentration of DNA was determined by 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., United States) and stored at −80°C before further use. The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified using primer pairs 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) on an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, United States) (Liu et al., 2016). The PCR reaction mixture contained 4 μL 5 × Fast Pfu buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL Fast Pfu polymerase, 10 ng template DNA and ddH2O to a final volume of 20 μL. PCR amplification cycling conditions were as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and a single extension at 72°C for 10 min, terminating at 4°C. All samples were amplified in triplicate. The PCR product was extracted from a 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using the Quantus™ Fluorometer (Promega, United States).



2.6.2 Illumina MiSeq sequencing

The main stages of library construction using the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, United States), including linkage of junctions, removal of junction self-associated fragments, PCR amplification for library template enrichment, and PCR product recovery. The sequencing process was performed using Illumina’s Miseq PE300 (Illumina, United States), which involves complementing one end of the DNA fragment with the junction bases embedded in the chip to form a fixed bridge structure, followed by PCR amplification to produce DNA clusters, which are subsequently linearized into single strands. Sequence information of the template DNA fragments is obtained by scanning the surface of the reaction plate with a laser, synthesizing only one base per round, and by chemical cleavage and counting fluorescent signals (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai, China1).



2.6.3 Amplicon sequence processing and analysis

Following the demultiplexing process, the sequences produced underwent quality filtration with fastp (version 0.19.6) (Chen et al., 2018) and were merged with FLASH (version 1.2.11) (Magoč and Salzberg, 2011). Next, using DADA2 (Callahan et al., 2016) plugin within the Qiime2 (Bolyen et al., 2019) (version 2020.2) pipeline with recommended parameters, the high-quality sequences were de-noised. This process obtained single nucleotide resolution based on error profiles within samples, resulting in the creation of amplicon sequence variants (ASVs) using the DADA2 denoised sequences. Taxonomic assignments of ASVs were made using the Naive Bayes (or Vsearch or Blast) consensus taxonomy classifier implemented in Qiime2 along with the SILVA 16S rRNA database (v138).




2.7 Transcriptomics

Colon RNA samples from 20 different male mice were used for mRNA sequencing.


2.7.1 Extraction of total RNA

Total RNA was extracted from tissue samples, and the concentration and purity of the extracted RNA were examined using Nanodrop2000, RNA integrity was detected by agarose gel electrophoresis, and RNA integrity number (RIN) value was determined by Agilent2100. Total RNA amount ≥1ug, concentration ≥35 ng/μL, OD260/280 ≥ 1.8, OD260/230 ≥ 1.0 were required for single library construction.



2.7.2 Oligo dT mRNA enrichment

The 3′ end of eukaryotic mRNA has the structure of ployA tail, and the magnetic beads with Oligo (dT) are utilized to perform A-T base pairing with ployA. Using magnetic beads with Oligo (dT) to perform A-T base pairing with ployA, mRNA can be isolated from total RNA and used to analyze transcriptome information.



2.7.3 Fragmented mRNAs

The Illumina platform sequences short fragments, and the mRNAs obtained from enrichment are complete RNA sequences, averaging several kb in length, and therefore need to be randomly interrupted. By adding fragmentation buffer, mRNA can be randomly fragmented, and small fragments of about 300 bp can be separated by magnetic bead screening.



2.7.4 Reverse cDNA synthesis

Under the action of reverse transcriptase, six-base random hexamers are added, and mRNA is used as a template for reverse transcription. One-stranded cDNA is synthesized by adding six-base random hexamers under the action of reverse transcriptase, using mRNA as a template for reverse transcription, followed by two-stranded synthesis to form a stable double-stranded structure.



2.7.5 Linkage adaptor

The double-stranded cDNA structure has sticky ends, which are made flat by adding End Repair Mix, followed by the addition of an “A” base at the 3′ end. Then an “A” base was added to the 3′ end to connect the Y-shaped connector.

Finally, we performed up-sequencing on the illumination platform (Majorbiobio, Shanghai, China) (Schoeler and Caesar, 2019). Library enrichment, PCR amplification of 15 cycles; (Yu et al., 2019) 2% agarose gel recovery of the target bands; (Elangovan et al., 2022) TBS380 (Picogreen) quantification, mixing the data proportionally on the machine; (McDonald et al., 2005) Bridge PCR amplification on cBot to generate clusters; (Higgins et al., 2005) Sequencing on Illumina platform (PE library, read length 2 × 150 bp) (MiSeq Reagent Kit v3, Illumina, United States).




2.8 Statistical analysis

All data except for the 16S RNA results were analyzed by one-way analysis of variance (ANOVA) using SPSS statistical software (Ver. 20.0 for windows, SPSS, Inc., Chicago, IL, United States). Differences among treatments were examined using the Tukey–Kramer’s multiple range tests, which were considered significant when the p-value was less than 0.05. Results are presented as means alongside their pooled standard errors of means (SEM).

For 16S RNA analysis, based on the ASVs information, α diversity indices (including the Sobs index, Chao richness estimator, Shannon diversity index, and Simpson index) between the mice of three groups were calculated to evaluate microbial species richness and evenness (Schloss et al., 2009). The similarity among the microbial communities in different samples was determined by principal coordinate analysis (PCoA) based on Bray–curtis dissimilarity using Vegan v2.5-3 package. Use Wilcox rank-sum test analysis to analyze which bacteria differ in the intestinal flora of different groups of mice at the phylum level and genus level, respectively. Using the two-sample t-test, we analyzed the community abundance data and rigorously determined the significance of differences in species abundance between the two groups of sampled microbial communities. The hypothesis of species between the groups was tested using R-3.3.1 (stat) software and enabled identification of the species that exhibited significant differences between the groups (Mojorbio, Shanghai, China). The raw sequencing reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA1050037).




3 Results


3.1 Impact of FMT on the growth performance of DBA mice

Initial body weights of DBA mice were measured at 4 weeks of age, following 28 days of FMT gavage, the final body weight (FBW) and average daily gain (ADG) of mice that received FMT from C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats exhibited substantial increased compared to the CK group, and the overall growth curve was better than that of the mice in CK group (Figure 1). These results suggested that FMT indeed enhances the growth performance of DBA mice. Moreover, it is worth noting that the growth performance improvement observed in DBA mice that received FMT from high-fat C57BL/6 mice was significantly greater than that in DBA mice receiving FMT from normal C57BL/6 mice and Wistar rats. This observation implied that the high-fat model also induces notable alterations in the intestinal flora of mice.
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FIGURE 1
 Comparison of growth curves of four groups of mice. CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats.




3.2 Impact of FMT on immune function in DBA mice

In order to evaluate the effect of FMT on the immune function of DBA mice, we performed a series of serum ELISA assays, including CXCL1, CXCL2, TNF-α, IL-1β, IL-6, IL-22, IL-10, and IgA (Supplementary Table S2). The results demonstrated a significant reduction in the levels of CXCL2 and IL-22 in the T1 group compared to the CK group, a significant decrease in TNF-α levels in the T2 group compared to the CK group, a significant decrease in the levels of IL-22 in the T3 group compared to the CK group, and a significant increase in IgA levels (Figure 2).

[image: Bar charts labeled A to D compare the levels of CXCL2, IL-22, TNF-α, and IgA across groups T1, T2, T3, and CK. Each chart includes scatter plots indicating individual measurements, with significant differences between groups marked by asterisks. Panel D includes an additional group, T4, and shows significant differences between groups.]

FIGURE 2
 Immunization factors with significant differences of mice in four groups. (A) Serum CXCL2 levels. (B) Serum IL-22 levels. (C) Serum TNF-α levels. (D) Serum IgA level. CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats. **P < 0.01.




3.3 Impact of FMT on lipid profiles, liver function, and antioxidant capacity in DBA mice

To investigate the effects of fecal microbiota transplantation on lipids, liver function and antioxidant capacity in DBA mice, serum TG, TC, TP, ALB, and SOD were measured in four groups of mice (Supplementary Table S3). Notably, serum triglyceride (TG) levels exhibited a significant increase in both the T1 and T2 groups compared to the CK group (Figure 3).
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FIGURE 3
 TG levels of mice in four groups. CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats. **P < 0.05, **P < 0.01.




3.4 Microbial 16S rRNA gene sequencing library construction and sequencing

Information on the richness, diversity and coverage of species in the community was obtained through α diversity index analysis, and the test of difference between groups was applied to detect whether the values of Α diversity index were significantly different between every two groups and above. The results showed a significant increase in α-diversity indices, including ace, chao and sobs indices of the gut microbiota of T1 group than T3 and CK group (Figures 4A–C), which suggested that FMT from normal C57BL/6 mice increased bacterial richness of DBA mice (as determined by rising ace, chao and sobs indices). Then, we analyzed the β-diversity with the Bray-Curtis principal coordinate analysis (PCoA) on ASV level, to identify potential principal components that influence differences in the composition of the sample communities through dimensionality reduction (Figure 4D). PCoA exposed significant difference in gut microbiota between T1 group and CK group (R = 0.622, p = 0.003). Also, T2 group and CK group showed significant difference in gut microbiota (R = 0.744, p = 0.004), same was between T3 group and CK group (R = 0.507, p = 0.004). These results indicated that FMT modulates gut microbiota composition of DBA mice.
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FIGURE 4
 FMT modulated microbiota composition. (A–C) Ace, chao, and sobs index of ASV level. (D) β-diversity between experiment groups and CK group on ASV level. (E,F) LEfSe analysis of four groups. o: Order, f: Family, g: Genus. (G,H) The relative abundance of bacteria on phylum and genus. (I) Comparative analysis of the relative abundance of bacteria at phylum level between T2 group and CK group. (J–L) Comparative analysis of the relative abundance of bacteria at genus level between experimental groups and CK group; CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats.


In order to identify high-dimensional biomarkers and reveal genomic features, we performed Linear discriminant analysis Effect Size (LFfSe) analysis of the flora in the mouse gut from the phylum level to the genus level. Figures 4E–F shows the results for all LDA values greater than 2. After FMT, the four groups of mice with important roles in the gut of microbial taxa differed significantly. Compared with the control group, mice in group T1 were significantly enriched in RF39 at the Order level (LDA = 3.014, p = 0.022), at the Family level Ruminococcaceae (LDA = 3.375, p = 0.047), Rikenellaceae (LDA = 3.980, p = 0.21) and norank_o_RF39 (LDA = 3.014, p = 0.022) were significantly enriched, at the Genus level unclassified_f_Ruminococcaceae (LDA = 2.943, p = 0.011), Negativibacillus (LDA = 2.865, p = 0.020), Blautia (LDA = 2.981, p = 0.036), Alistipes (LDA = 3.817, p = 0.047), g_norank_f_norank_o_RF39 (LDA = 3.025, p = 0.022) and g_Rikenellaceae_RC9_gut_group (LDA = 3.345, p = 0.024) were significantly enriched. T2 group only enriched at Genus level, which were Roseburia (LDA = 3.364, p = 0.009), norank_f_Ruminococcaceae (LDA = 3.094, p = 0.026), Eubacterium_xylanophilum_group (LDA = 2.950, p = 0.017), Eubacterium_oxidoreducens_group (LDA = 3.045, p = 0.027), NK4A214_group (LDA = 2.936, p = 0.049) and Anaerotruncus (LDA = 2.942, p = 0.033). T3 group only enriched in Genus A2 (LDA = 2.871, p = 0.044).

Thereafter, we assessed the relative abundance of bacteria on phylum and genus levels. Firmicutes and Bacteroidota were the most abundant, accounting for over 80% of all microorganisms in all groups at Phylum level (Figure 4G). At genus level, Lactobacillus and Bacillus were the most abundant, accounting for over 50% of all microorganisms in T1, T2, and CK groups, meanwhile Lactobacillus and Staphylococcus were the most abundant accounting for over 50% of all microorganisms in T3 group (Figure 4H).

In order to assess the level of significance of the differences in species abundance and to obtain information on the species that were significantly different between the two groups, we utilized the between-groups test of variance methodology, applying rigorous statistical methods based on the community abundance data obtained to test hypotheses about the species between the two groups of sampled microbial communities. The results showed that only T2 group and CK group showed significant difference at Phylum level, which was a significant rise in Verrucomicrobiota (p = 0.045, Figure 4I). At genus level, the abundance values of Alistipes, Rikenellaceae_RC9_gut_group, unclassified_f_Ruminococcaceae, Roseburia, and Family_XIII_AD3011_group in group T1 were all significantly increased relative to CK group (Figure 4J). The abundance of Bacillus, unclassified_f_Lachnospiraceae, Lachnospiraceae_NK4A136_group, Rikenellaceae_RC9_gut_group, Roseburia, norank_f_Ruminococcaceae, Eubacterium_xylanophilum_group, Anaerotruncus, unclassified_f_Ruminococcaceae, norank_f_Erysipelotrichaceae, norank_f_Peptococcaceae, Negativibacillus and Akkermansia of T2 group all showed a significant increase in abundance values relative to the CK group, while Aerococcus and Staphylococcus showed a decrease in abundance values relative to the CK group (Figure 4K). As is shown in Figure 4L, T3 group significantly decreased the abundance of norank_f_norank_o_RF39 and increased the abundance of Christensenellaceae_R-7_group. Thus, FMT altered the gut flora composition of DBA mice.



3.5 Transcriptome construction and sequencing

Since this experiment involved FMT across strains and breeds, in order to investigate whether changes in intestinal flora would alter gene expression in the gut, we took colon tissues from four groups of mice for transcriptome sequencing. By quantitatively analyzing the genes sequenced in the four groups of mice and obtaining their reads, the samples were analyzed for differential expression of genes between groups, identifying differentially expressed genes between groups, and then studying the functions of the differential genes (Figures 5A,B). Mice in group T1 had a total of 356 differential genes compared to CK group, with 216 up-regulated and 140 down-regulated genes. Mice in group T2 had a total of 222 differential genes compared to CK group, with 176 up-regulated and 46 down-regulated genes. Mice in group T3 had a total of 416 differential genes compared to CK group, with 367 up-regulated and 43 down-regulated genes.
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FIGURE 5
 Analysis of DEGs in the colon among four groups. (A,B) Differential gene expression statistics. (C–E) Heatmap showing the differential expression of genes among the groups. (F–H) GO and KEGG pathway enrichment analysis of DEGs; CK: DBA mice accepting saline gavage; T1: DBA mice receiving FMT from C57BL/6 mice; T2: DBA mice receiving FMT from high-fat C57BL/6 mice; T3: DBA mice receiving FMT from Wistar rats.


Based on the information about the expression number of genes in different samples, the distance between genes and samples is calculated, and then an iterative method was used to classify the genes and samples, and the differentially expressed genes between each experimental group and the CK group were plotted as a heatmaps (Figures 5C–E). Acceptance of FMT from normal C57BL/6 mice up-regulated cholesterol metabolism related genes (Apoh, Apob, Apoc3, Apoa1, Apoa2), PPAR signaling pathway related genes (Apoa2, Apoa5, Apoc3, Apoa1, Fabp1) and complement and coagulation cascades related genes (Fga, C8b, Fgb, Fgg, C8a, Plg) in DBA mice. Acceptance of FMT from high-fat C57BL/6 mice similarly upregulated genes that increase the cancer related genes (Mycn, C4bp) (Figure 5D). The Pla2g3b gene was down-regulated by fecal microbiota transplants from Wistar rats (Figure 5E).

GO functional and KEGG pathway enrichment analysis were performed with the DEGs among the four groups. Enrichment results of top20 were shown at padjust <0.05, where T1 group versus CK group had enrichment results in both GO and KEGG pathway, T2 group versus CK group had only GO enrichment results, and T3 group versus CK group did not produce enrichment results in both GO and KEGG pathway. The results showed that the DEGs between T1 group and CK group were categorized into three groups [molecular function (MF), biological process (BP), and cellular component (CC)] based on GO enrichment analysis, and many of them were associated with lipid metabolic process, such as positive regulation of lipid metabolic process, regulation of lipid metabolic process, lipid metabolic process, regulation of lipid biosynthetic process, regulation of lipid biosynthetic process in BP. There were also many related to hemostasis and coagulation, such as negative regulation of blood coagulation, negative regulation of hemostasis, regulation of blood coagulation, negative regulation of coagulation, regulation of hemostasis, regulation of coagulation in BP, and heme binding in CC. Other high enriched GOs were chylomicron, collagen-containing extracellular matrix, haptoglobin-hemoglobin complex, extracellular region and extracellular space in MF, regulation of hormone secretion, negative regulation of wound healing, protein activation cascade and regulation of hormone levels in BP (Figure 5F). KEGG pathway enrichment showed that the DEGs between T1 group and CK group were categorized into three groups [metabolism (M), human disease (HD), organism system (OS)]. And many of them were associated to fat and sterol such as Cholesterol metabolism, Fat digestion and absorption in OS, and Steroid hormone biosynthesis of HD. Other high enriched KEGG pathways were African trypanosomiasis of M and Complement and coagulation cascades, PPAR signaling pathway in OS, together with Retinol metabolism in HD (Figure 5G). The DEGs between T2 group and CK group were categorized into biological process (BP), and most of them are related to the regulation of cellular activity (positive regulation of secretion by cell, positive regulation of cell differentiation, positive regulation of multicellular organismal process, regulation of secretion by cell, regulation of multicellular organismal development, regulation of multicellular organismal process, positive regulation of cell communication, regulation of cell development, regulation of cell differentiation). Others were related to neuron-related regulation, secretory regulation and the immune system (Figure 5H).



3.6 Differentially expressed genes related to the composition of gut bacterial communities

Pearson correlation was used to infer the relationship between the composition of the microbial communities on the genus level and DEGs. The top candidate genes with genus-level relationships with the bacterial community are listed in Supplementary Tables S4, S5. Correlation analysis of the 357 differential genes in the T1 and CK groups with the five genus-level differential flora yielded 111 genes with significant correlations, most of which had KEGG functional annotations related to fatty acid metabolism (Apoa5, Angptl4), fat digestion and absorption (Dgat2), cholesterol metabolism (Apoa2, Kng1), inflammation regulation (Cyp2c29) and coagulation (C8b, Fgb, C8a, Plg) (Figure 6). Correlation analysis of 221 differential genes from the T2 and CK groups with 15 genus-level differential flora yielded 111 genes with significant correlations, most of which had KEGG functional annotations related to fatty acid metabolism (Cyp8b1), cholesterol metabolism (Angptl8), and coagulation (C4bp) (Figure 7). Correlation analysis of 416 differential genes from the T3 and CK groups with 2 genus-level differential flora yielded 7 genes with significant correlations, most of which had KEGG functional annotations related to cancer and cell apoptosis (Prima1, Pidd1, Pmel, Dner, Rnf208, Igfn1) (Sun et al., 2009; Izetti et al., 2014; Weiler et al., 2022) and Nervous-System Function (Susd4, Elfn2) (Figure 8).

[image: Pearson correlation heatmap comparing T1 and CK, featuring a color gradient from blue to red indicating correlation strength. Rows and columns represent various bacterial taxa. A color legend shows correlation values from negative one to positive one.]

FIGURE 6
 Pearson Correlation Heatmap of microbial communities on the genus level and DEGs between T1 and CK groups.


[image: Pearson correlation heatmap comparing T2 versus CK groups, featuring microbial taxa. The heatmap uses a color gradient from blue to red, indicating correlation values from -1 to 1. Labeled rows correspond to different microbial taxa, while columns represent test conditions. The map visualizes correlations in microbial presence between groups.]

FIGURE 7
 Pearson Correlation Heatmap of microbial communities on the genus level and DEGs between T2 and CK groups.


[image: Pearson correlation heatmap titled "T3 vs CK" showing correlations between microbial taxa and specific factors labeled at the bottom: Pfm1, Pfdd1, Dner, Susd4, Prmt1, Elfn2, Rnf208, Igfn1. The heatmap colors range from blue to red, indicating correlation strength from negative to positive. Several cells marked with asterisks indicate significance. Clustered rows represent microbial taxa, including Lactobacillus and Staphylococcus, among others.]

FIGURE 8
 Pearson Correlation Heatmap of microbial communities on the genus level and DEGs between T3 and CK groups.





4 Discussion


4.1 Relationship between the gut bacterial community structure and growth performance

Normal steady-state intestinal flora is closely related to host health and forms a reciprocal relationship with the host through complex interactions. Its unique community structure and metabolites are essential for the regulation of host metabolism, growth and development, pathogen resistance, immunomodulation, adaptation, and evolution (Bäckhed et al., 2005; Engel et al., 2012; Ezenwa et al., 2012; Zhang et al., 2016). To investigate whether the effect of fecal transplantation on the growth performance of DBA mice is related to the intestinal flora, mice from three experimental groups and CK group were cultured in similar environments during the reproductive period to explore the differences in the structure of their intestinal bacterial communities. The PCoA analysis of the bacterial flora revealed that the three experimental groups and CK group were clearly distinguishable. The results showed that the T1 group significantly enhanced five dominant bacteria genera including the genera Alistipes, Rikenellaceae_RC9_gut_group, unclassified_f_Ruminococcaceae, Roseburia, and Family_XIII_AD3011_group. Alistipes and Rikenellaceae_RC9_gut_group belong to Bacteroidetes. It has been shown that Alistipes may be protective against certain diseases, including liver fibrosis, cancer immunotherapy and cardiovascular disease. In addition to this, Alistipes spp. have been directly linked to cardiovascular disease (CVD) and may also be considered as a potential producer of short-chain fatty acids (SCFA) (Jie et al., 2017; Kim et al., 2018; Parker et al., 2020). Genus Rikenellaceae_RC9_gut_group was proved to promotes lipid metabolism (Zhou et al., 2018). Unclassified_f_Ruminococcaceae (Ruminococcus belongs to this family) and Alistipes are associated with immune regulation and healthy homeostasis and are regarded as potentially beneficial bacteria (Kong et al., 2016; Shang et al., 2016; Wang et al., 2018), Which might relate to the decrease in pro-inflammatory factors in T1 group. Alistipes have been shown to produce sulfolipids (SL) as a marker of a high-fat diet (Walker et al., 2017). This may explain why the growth performance of mice in the T2 group was better than that of mice in other three groups, and why the serum TG content of the mice in the T2 group was significantly higher than that of the mice in CK group. Roseburia belongs to the phylum Firmicutes, class Clostridia, order Clostridiales, and family Lachnospiraceae. The five well-characterized species of Roseburia (Roseburia intestinalis, Roseburia hominis, Roseburia inulinivorans, Roseburia faecis, and Roseburia cecicola) all produce SCFA, such as acetate, propionate, and butyrate (Nie et al., 2021). Roseburia has been shown to prevent intestinal inflammation and maintain energy homeostasis through the production of metabolites (Kumari, 2013; Rajilić-Stojanović et al., 2013). Similarly, the Family_XIII_AD3011_ group has probiotic properties and improves intestinal health in weaned piglets after inoculation (Yu et al., 2020). The main species that significantly increased at the genus level in the T2 group compared to the CK group were Bacillus, unclassified_f_Lachnospiraceae and Lachnospiraceae_NK4A136_group, and the main species that significantly decreased were Staphylococcus and Aerococcus. The genus Bacillus is a diverse group of gram-positive, spore-forming aerobic bacilli (Weber and Rutala, 2016). Scientists at the National Institutes of Health (NIH) found that probiotic Bacillus can comprehensively eradicate intestinal as well as nasal S. aureus colonization (Piewngam et al., 2018), this might be the reason why Staphylococcus significantly decreased in T2 group compared to CK group. Lachnospiraceae_NK4A136_group can produce SCFAs through fermentation of dietary polysaccharides and has been negatively associated with several metabolic diseases and chronic inflammation (Truax et al., 2018; Hu et al., 2019; Ma et al., 2020). Staphylococcus aureus is a gram-positive bacterium with a diameter of 1 μm that can cause many forms of infection (Cheung et al., 2021). Aerococcus are granulocyte-positive bacteria that grow in clusters, and studies have shown that Aerococcus are human pathogens that can cause invasive human infections, such as urogenital focal sepsis and infective endocarditis (Williams et al., 1953; Senneby et al., 2012; Senneby et al., 2014; Senneby et al., 2015; Opota et al., 2016). The improved growth performance of mice in the T3 group may be associated with a significant increase in Christensenellaceae_R-7_group bacteria spp. Christensenellaceae_R-7_group is a member of the Christensenellaceae family. The Christensenellaceae family is a relatively new family of bacteria previously associated with host health (Waters and Ley, 2019). Christensenellaceae have been shown to be associated with the proteolytic metabolism of god is animal proteins and intestinal metabolites are positively correlated and are strongly associated with butyrate production (Beaumont et al., 2017; Haas and Blanchard, 2017; Manor et al., 2018).



4.2 Relationship between the gene expression in the gut and growth performance

The productive performance of the host can be modulated by regulating the structure of the gut microflora, which in turn is largely influenced by genetics and feed. Gut microbes are also able to influence host gene expression and methylation levels (Levy et al., 2015). Anhê et al. (2019) found that altering the intestinal flora of mice can change gene expression in the gut and can prevent obesity by increasing the energy trumpet in diet-induced obese mice. Similarly, in the current study, we found significant differences in intestinal gene expression in several experimental groups of mice compared to CK group. In the T1 group, the up-regulated genes mainly included lipid metabolism-related genes such as Apoh, Apoa2, Apob, Apoa5, Apoc3, Apoa1, and Fabp1. We found these genes in the National Center for Biotechnology Information (NCBI) database to be homologous to both human and mouse. The Apoh gene was found to inhibit fatty acid oxidation and promote lipid synthesis (Pan et al., 2022). Zaki et al. (2013) found that Apoa2 is strongly associated with obesity and lipid metabolism, and that it has a potential role in regulating appetite in humans; the Apob gene is also involved in fat digestion and absorption (Honda et al., 2022). Apoa5 is a major gene involved in triglyceride metabolism (Tai and Ordovas, 2008). Apoc3 is expressed predominantly in the intestine, where it contributes to postprandial coeliac formation, and in the liver, where it regulates central lipid metabolism and turnover (Kohan, 2016). The in vivo association of Apoc3, Apoa1, and Apoa5 with hyperlipidemia, particularly TG levels, has been demonstrated in genome-wide association studies (GWAS) (Mar et al., 2004; Lai et al., 2005; Qi et al., 2007; Pouwer et al., 2020). This may account for the significant increase in serum TG levels in DBA mice that received fecal microbiome transplants from normal C57BL/6 mice. However, DBA mice that received fecal colony transplants from high-fat C57BL/6 mice upregulated cancer-related genes containing Mycn and C4bp (Kopylov et al., 2020; Massó-Vallés et al., 2020). This may be due to the fact that a high-fat diet enhances cancer incidence by modulating gut microbes and metabolites (Yang et al., 2022).



4.3 Relationship between the DEGs and bacterial community composition in the gut

Generally, intestinal bacteria interact with the expression of certain genes in intestinal epithelial cells (Larsson et al., 2012; Broderick et al., 2014; Richards et al., 2019). When human colonic epithelial cells (HCoEpiC) were treated with live gut microbiota extracted from five healthy humans, the most intense response (3,240 genes in any of the five microbiota samples) occurred at 2 h; 588 pairs of taxon-by-taxon unit transcripts corresponded to 121 host genes, and changes in expression correlated with the abundance of 46 taxa (Richards et al., 2019). Larsson et al. (2012) and Broderick et al. (2014) found that MyD88 is essential for microbiota-induced colonic expression of the antimicrobial genes Reg3β and Reg3γ in the epithelium. Lack of MyD88 resulted in altered bacterial diversity and a greater proportion of segmented filamentous bacteria in the small intestine. Su et al. found that the Aeromonas and Roseomonas percentage, as well as differential expression of IL12, were related to anti-disease ability (Su et al., 2021), and that the percentage of thick-walled bacteria was associated with growth performance of a new strain of Yellow River carp. Alenghant et al. found that a mouse model with tissue-specific deletion of histone deacetylase 3 (HDAC3) resulted in dysregulation of microbiome-dependent gene regulation in intestinal epithelial cells (Alenghat et al., 2013). Specifically, an intestinal epithelial cell-specific HDAC3 knockout mouse line (HDAC3 ΔIEC) was bred to study IBD progression. Conventionalized HDAC3 ΔIEC mice exhibit dysregulated host gene expression and disrupted homeostasis in vivo. In contrast, no such dysregulation was observed in the germ-free HDAC3ΔIEC mouse model, suggesting that these effects are mediated by the microbiome (Alenghat et al., 2013). From a molecular perspective, transcription factors are host proteins that bind to DNA and regulate gene transcription, and elements of the microbiome bind directly to transcription factors (Krautkramer et al., 2016; Davison et al., 2017), which may be the molecular mechanism that facilitates the linkage between microbiome and host gene expression. In this study, we analyzed the selection and CK groups in conjunction with the structure of gut bacterial communities and DEGs, and identified the Apoa2 and Apoa5 genes that were significantly associated with the Rikenellaceae_RC9_gut_group bacteria, which have been found to promote lipid digestion and absorption, and Apoa2 and Apoa5, on the other hand, are important genes in lipid metabolism. Thus, FMT from C57BL/6 mice might enhance the lipid metabolism of DBA mice by increasing the Rikenellaceae_RC9_gut_group and finally upregulated the expression of Apoa2 and Apoa5 genes in the colon.

These results suggest that gut bacteria can influence gene expression in the gut, where dominant species or bacterial structure may reflect the genetic characteristics of the host, C57BL/6 mice. Gene profiling of gut bacteria in the gut contributes to host health and performance. In this study, we used multisource FMT experimental design, in which fecal bacterial fluids derived from C57BL/6 mice, high-fat C57BL/6 mice, and Wistar rats were transplanted into DBA mice. This multisource FMT design facilitated a more comprehensive comparison of the effects of different microbial compositions on host growth and physiological functions. In addition, the effects of FMT on DBA mice were investigated by combining multilevel analyses such as 16 s rRNA sequencing and colonic gene expression sequencing. This combined multi-omics analysis helps to deeply explore the microbial regulatory mechanisms on the host, providing more precise targets for future intervention and treatment of related diseases or growth promotion. However, the mechanism of the interaction between gut flora and intestinal gene expression, as well as the mechanism of the differences between normal C57BL/6 mice and high-fat C57BL/6 mice produced as donors still need to be validated by further studies.




5 Conclusion

In the present study, we found that cross-strain FMT can improve the production performance of mice, which may be due to FMT altering the structure of the intestinal bacterial community in the recipient mice and subsequently enhancing lipid metabolism production, and lipid metabolites can alter intestinal gene expression in mice.
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Background: Fecal microbiota transplantation (FMT) is an interventional approach to treat chronic and recurrent Clostridioides difficile infection (CDI). However, there is insufficient evidence regarding its effectiveness and safety. Clinical trials have been conducted to inspect the safety and effectiveness of FMT with and without comparison to pharmacological treatments.
Aim: This review explored the treatment of CDI in adults using FMT and evaluated the safety of this intervention based on phase I–IV studies registered on Clinicaltrials.gov.
Method: A comprehensive search of Clinicaltrials.gov was conducted to identify relevant studies that investigated CDI in adults. Data on study type, study design, sample size, intervention details, and outcomes related to FMT were examined and evaluated.
Results: In total, 13 clinical trials on FMT for CDI published through 17 November 2023 were identified, all of which were interventional studies. The investigation focused on both terminated and completed studies. Basic and advanced outcome measures were examined.
Conclusion: Some studies were terminated during phase II, and FMT was less effective than antibiotics such as vancomycin and fidaxomicin. However, colonoscopy and oral FMT were explored in several completed studies with promising results, but the evidence remains limited and inconclusive.
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1 Introduction

Clostridioides difficile infection (CDI) is a concerning global health issue, and the incidence of hospital-acquired CDI has substantially increased in recent years globally (Wiegand et al., 2012). CDI remains a major contributor to diarrhea in healthcare settings, even with established prevention and treatment protocols (Hensgens et al., 2014). CDI places a major economic burden on the healthcare system due to prolonged hospitalization and on patients due to comorbidities, repeated infections, extended length of stay, increased treatment costs, and indirect societal costs (Gupta and Ananthakrishnan, 2021). In total, 30% of patients with CDI develop recurrence and are associated with 33% higher hazards of death (Olsen et al., 2015). The difficulty of CDI treatment illustrates the need to prevent recurrence and develop effective therapies.

Updated recommendations on CDI treatment and prevention have been issued by the Infectious Diseases Society of America and Society for Healthcare Epidemiology of America (IDSA), the American College of Gastroenterology, and the European Society of Clinical Microbiology and Infectious Diseases (Bainum et al., 2023). CDI treatment has progressed, with vancomycin and fidaxomicin being the primary treatments, whereas metronidazole is only recommended for non-severe cases when patients are unable to obtain or to be treated with oral vancomycin or fidaxomicin (Jarmo et al., 2020). Some studies concluded that fidaxomicin has advantages over vancomycin in terms of reducing recurrence and that fidaxomicin is cost-effective as a first-line therapy (Louie et al., 2011; Cornely et al., 2012; Beinortas et al., 2018; Mikamo et al., 2018). The University of Pittsburgh Medical Center released guidelines (2018) to use fidaxomicin for the first recurrence of CDI or subsequent recurrences (Bariola, 2019). However, fecal microbiota transplantation (FMT) has been recommended by many studies for treating CDI recurrence (Bariola, 2019; Jarmo et al., 2020). Recently, some FMT products were approved by the Food and Drug Administration (FDA) for treating recurrent CDI (Aschenbrenner, 2023; Jain et al., 2023). Strict clinical studies, good manufacturing processes, and donor and pathogen screening are important ways that this approach differs from live biotherapeutic products (LBPs) and traditional FMT (Monday et al., 2024). Donor banks are not established to guarantee that the donors' health is in good condition. To prevent CDI recurrence, the FDA approved a live fecal microbiota product called “Rebyota” (Aschenbrenner, 2023). This product was specifically approved after the failure of antibiotic treatment and the recurrence of CDI in adults. This product provides a potential solution to recurrent CDI following the failure of antibiotic treatment (Cornely et al., 2012). A novel FMT product named Vowst was also approved by the FDA as a prophylactic therapy to prevent the recurrence of CDI. Vowst consists of live fecal microbiota spores and works by re-establishing the gut microbiota and providing a better microbiome for the patient (Jain et al., 2023). Although an endoscopic technique is the recommended mode of delivery for FMT, limited research has examined the potential of frozen oral tablets for FMT. FMT formulated as frozen tablets or capsules is not inferior to FMT performed via colonoscopy (Jain et al., 2023). The approval of Vowst represented a major advancement in the prevention of recurrent CDI (Jain et al., 2023). There are uncertainties regarding the effectiveness of this product for CDI patients other than the participants in its clinical trials, and a prior study recommended that the donor screening process should be improved (Jain et al., 2023).

Approved FMT products are the recommended options for recurrent CDI. Current treatment options for CDI include vancomycin and fidaxomicin as the primary treatments (Jarmo et al., 2020). Metronidazole is reserved for mild cases, and bezlotoxumab, a monoclonal antibody against C. difficile toxin B, is used as an additional treatment for recurrent CDI (Jarmo et al., 2020). Fidaxomicin and FMT are more expensive but more effective in preventing recurrences, and thus, they are becoming the standard of care for CDI (Gupta and Ananthakrishnan, 2021). However, there are limited data on the preferred administration route of FMT, the cost-effectiveness of preventing recurrent FMT, and the use of unconventional therapies such as bezlotoxumab. This review explored the latest update on the prevention of CDI recurrence and the effectiveness of FMT treatment by analyzing the Clinicaltrials.gov dataset.



2 Methods


2.1 Search strategy

On 17 November 2023, a search was conducted on ClinicalTrials.gov to identify relevant studies using the single search term “Clostridioides difficile infection recurrence” for the disease or condition together with “fecal microbiota transplant.”



2.2 Search results for the review

Clinical trials of any phase that used FMT as an observational measure were eligible for inclusion, and other trials were excluded (Figure 1).


[image: Flowchart showing the identification and screening of studies on Clostridioides difficile infection recurrence. Twenty-one records were identified from Clinicaltrials.gov. Thirteen records were screened for fecal microbiota transplant studies. These included 11 in Phase II and 2 in Phase III. All were assessed for eligibility, and 13 were included in the review, resulting in 5 medications found.]
FIGURE 1
 PRISMA flow chart of the identification, screening, and inclusion of studies in this review. Adopted from Page et al. (2021).




2.3 Extracted data from the screened database

All study information, such as study title, study status, study type, intervention details, characteristics of the studies, and outcomes, was extracted from the database.




3 Results


3.1 The number of studies returned by the search

In total, 21 clinical trials were identified in the search. Of these, only 13 clinical trials of any phase that performed “fecal microbiota transplant” in adults for recurrent CDI were included in this review.



3.2 The characteristics of the clinical trials

These 13 studies mainly assessed recurrent CDI in patients aged 18 years and older, including elderly patients. Only six trials in the registry were completed studies with results. These completed studies included 1,164 participants in total. The remaining trials were terminated for several reasons, such as administrative reasons, a lack of available funds for follow-up, ineffectiveness, and the investigators no longer considering FMT products for CDI. Completed details are presented in Table 1.


TABLE 1 The characteristics of the clinical trials (from ClinicalTrials.gov 17th November 2023).

[image: A table listing clinical trials related to microbiome therapy for infections. It includes columns for title, status, conditions, intervention, phase, and number of participants. Trials involve Clostridium difficile and microbiota treatments, with statuses such as terminated and completed. Interventions vary from fecal microbiota preparations to full-spectrum microbiota capsules. Phases of the trials are primarily two or three. Participants range from as few as six to as many as three hundred twenty.]



3.3 Outcome measures

Most of the clinical trials focused on the clinical resolution of symptoms. The primary outcomes included diarrhea, abdominal pain, length of hospital stay (90 days), mortality within 90 days, ≤ 4 stools per day for 2 days with no stool categorized as type 7 on the Bristol Stool Scale, no positive result on enzyme immunoassay for C. difficile toxin after treatment, no recurrence of the infection within 8 weeks after the transplant, and no additional antibiotic prescription. The secondary outcomes included the evaluation of the safety of FMT and the absence of adverse effects; measurement of serious adverse events (SAEs), including death or life-threatening events; prolonged hospitalization; and significant incapacity of normal life function. Only two studies included a placebo group for comparison, and one study compared FMT to antibiotic treatment. A complete list is provided in Table 2.


TABLE 2 Outcome measures with the prevention of recurrent CDI with FMT (from ClinicalTrials.gov 17th November 2023).

[image: A table comparing different products used in fecal microbiota transplantation (FMT) with their corresponding outcome measures and placebo group presence. The products listed include FMT G3 capsules, fecal material in suspension, enema RBX2660, frozen fecal microbiota, Penn Microbiome Therapy (PMT), processed human fecal material, various fecal microbiota doses, CP101 capsules, and general FMT transplantation. The outcome measures cover factors like microbiome comparison, symptom resolution, adverse events, readmissions, CDI recurrence, safety evaluations, and clinical resolution. The table indicates placebo presence for some treatments.]



3.4 Success rate and the safety of FMT

FMT was performed using different formulations, as presented in Table 3, together with a description of the success rate and safety (mortality and SAEs). The success rate varied between the primary outcomes measured in these studies. Some studies focused on the absence of CDI recurrence within 8 or 24 weeks. Other studies examined the occurrence of symptoms such as nausea, vomiting, and constipation. Many studies recorded a mortality rate of 0%. All studies reported SAEs, excluding the one that did not measure SAEs.


TABLE 3 Successful rate and indication for safety (from ClinicalTrials.gov 17th November 2023).

[image: A table compares various fecal microbiota transplantation (FMT) products, their success rates, and safety indications. Products include RBX2660, fecal material in saline and glycerol, frozen fecal microbiota, Penn Microbiome Therapy (PMT), and others. Success rates range from 20% to 89.47%, with some data not specified. Safety outcomes include mortality and serious adverse events (SAE), with mortality ranging from 0% to 16.67% and SAE rates up to 42.86%. Recurrence of Clostridioides difficile infection (CDI) and other reactions like nausea and vomiting are also detailed.]




4 Discussion

Disruption of the intestinal microbiome contributes to many human conditions and symptoms (Weiss and Hennet, 2017). Recurrence of CDI is a serious condition caused by disruption of the intestinal microbiome because of the use of antibiotics (Seekatz et al., 2022). Hospitalized patients who have been prescribed antibiotics for a long period have a high risk of C. difficile infection, and C. difficile toxins cause abdominal pain and diarrhea (Goldberg et al., 2015). Antibiotics prescribed as standard treatments for both acute and recurring illnesses do not treat abdominal syndromes such as dysbiosis; in fact, they frequently make them worse (Seekatz et al., 2022). Monoclonal antibodies, such as bezlotoxumab, can reduce the risk of recurrences, but they do not treat the underlying dysbiosis (Wilcox et al., 2017; Seekatz et al., 2022). They are recommended to be used in conjunction with standard-of-care antibiotics for preventing recurrent CDI in patients at high risk of recurrence. FMT is a developing therapeutic approach in which the gut microbiome of a recipient is restored by introducing bacteria from a healthy donor's stool into the recipient's gut. There are several FMT preparation methods and routes of administration. The effectiveness of FMT is considered to vary between different routes (Gough et al., 2011). The oldest technique followed for FMT is the direct infusion of donor stool through colonoscopy, and it is considered to be simple, safe, and 92% effective in the treatment of recurrent CDI (Kelly et al., 2012). Other FMT administration methods include nasogastric or nasoenteric tube and enema (Brandt and Aroniadis, 2013). Several barriers to the use of FMT have emerged, such as determining the features of a healthy microbiome, assuring the receiver's safety in terms of long-term consequences, sufficiently monitoring the recipient of the fecal material, and attaining high-quality control (Kim and Gluck, 2019). Therefore, the preferred administration method and the route of FMT depend on overcoming these barriers to ensure treatment efficacy.

FMT delivered via intestinal suspensions is reported to provide a high rate of symptom resolution, reaching 92% in some studies (Gough et al., 2011). Most of the clinical trials included in this review were performed using fecal suspensions delivered via enema and colonoscopy. RBX2660 is one of the FMT preparations used in the clinical trials described in this review (Table 2), and it was approved by the FDA under the name Rebyota (Kim et al., 2023). The potential of this preparation to restore the microbiome can alleviate CDI recurrence, and it was more effective than the placebo in terms of restoring the microbiome (Blount et al., 2019). The standardization of the material for FMT preparation from the donor can significantly simplify the clinical use of FMT for recurrent CDI (Hamilton et al., 2012). The transplant material is prepared from a donor stool from two sources: current patients and universal donors from a stool bank (Edelstein et al., 2016). The major drawback in the use of FMT for recurrent CDI is the lack of standardization regarding the preparation process and administration techniques (Berry and Khanna, 2023). In addition, patients who have completed antibiotic therapy for recurrent CDI and who are 18 years and older can receive Rebyota as a prophylactic biotherapeutic treatment (Berry and Khanna, 2023). It should be taken rectally and needs to be administered only once (Kim et al., 2023).

FMT can also be performed using prepared capsules. FMT capsule formulations combine the ease of administration of an antibiotic with the efficacy of FMT for treating recurrent CDI (Varga et al., 2021). One study in this review (Table 2) examined FMT performed using prepared capsules, and two studies delivered a full-spectrum microbiota using an oral formulation (CP101). One study was terminated in phase III, and the primary outcomes were not analyzed because no patients completed treatment (Table 1). Another study using oral CP101 was completed, with the primary outcome being achieved in 80.3% of patients (Table 3). The third study using CP101 presented some results assessing its efficacy (primary outcome) and safety (secondary outcome) in subjects with recurrent CDI (Table 2). Based on the percentage of participants with adverse events after oral FMT, safety was not achieved in comparison with the placebo, and many adverse events from recurrent CDI were observed. The Penn microbiome therapy for recurrent CDI was examined in a terminated clinical trial that administered three preparations (the Penn microbiome therapy 001 [enema product], the Penn microbiome therapy 002 [suspension product], and the Penn microbiome therapy 003 [capsule product]), as detailed in Tables 1, 2. This study observed a low rate of clinical resolution with one or two doses. However, the mortality rate was 0% (Table 3). From these results, the achievement of the primary and secondary outcomes was inconsistent for oral FMT preparations, and further clinical trials are needed.

Regarding the cost-effectiveness of preventing CDI recurrence, FMT performed via colonoscopy was identified as the most cost-effective approach in one clinical trial included in this review (Konijeti et al., 2014). The study recorded cure rates exceeding 88.4% and CDI recurrence rates lower than 14.9% with colonoscopy-based FMT compared with antibiotics (Konijeti et al., 2014). This finding was also suggested in a study published nearly 10 years before this review. The recently approved orally administered FMT named Vowst was examined in a clinical trial (SER-109) and then received FDA approval on 26 April 2023 (Jain et al., 2023). This product is non-invasive and more patient-friendly, and it minimizes the risk of iatrogenic consequences (Jain et al., 2023). Regardless of the number of past CDIs by age or antibiotic type (vancomycin or fidaxomicin), a remarkable clinical response was observed at week 8 in 91.3% of patients receiving Vowst, and the rate increased to 94.6% at week 24 (Khanna et al., 2022). Moreover, 87.6% of patients in the Vowst group were free from recurring CDI at the end of 8 weeks in comparison to 60.2% of participants in the placebo group, indicating that Vowst decreased CDI recurrence. Along with having a better safety profile, Vowst also caused comparatively mild-to-moderate transient side effects. The rigorous inclusion criteria used in the clinical trials (phase 1) raise some uncertainties about the specific efficacy of Vowst in patients with CDI outside those who participated in the trials (McGovern et al., 2021). For instance, patients with cancer, those requiring additional antibacterial medication (surgical prophylaxis and urinary tract infections), and those with a history of inflammatory bowel disease were excluded, as were female participants who were pregnant, nursing, or lactating (Jain et al., 2023). Regarding the safety profile, mild-to-moderate adverse effects were noted in a phase III trial (McGovern et al., 2021). We can conclude that the better safety profile along with a low number of FMT courses (either coloscopy or oral) can be considered more cost-effective than expensive antibiotics. However, economic analyses need to be conducted to explore the benefit and effectiveness of oral capsule formulations for FMT (Jain et al., 2023), as the cost-effectiveness of Rebyota and Vowst was not examined in their clinical trials.

This review had several limitations. Because the variables linked to the FMT technique were inconsistently classified across trials, operational definitions were established beforehand to facilitate data abstraction. Limited clinical trials progressed to completion, and from these publications, data on the techniques of FMT and cost-effectiveness were not sufficiently recorded. In addition, three trials were terminated without generating data because no patients could be analyzed.



5 Conclusion

Based on the records of FMT treatment for recurrent CDI from ClinicalTrials.gov, the completed clinical trials recorded high clinical resolution rates of CDI symptoms with mild-to-moderate SAEs but extremely low mortality rates. However, resolution rates can be affected by variations in the FMT process. Colonoscopy in the earliest studies achieved a high success rate, and even higher success rates were achieved in later trials using oral formulations for full-spectrum FMT. Furthermore, the data indicate that, in cases in which conventional therapies have failed, FMT using FDA-approved products could be an extremely safe and effective treatment for recurrent CDI. These methods proved to be differentially effective, suggesting that personalized approaches to FMT may enhance its success rate. Moreover, several studies highlighted the potential cost-effectiveness of FMT, which is a significant consideration given the economic burden of CDI. The analysis encompassed a diverse range of interventional studies, which demonstrated a notable variance in success rates, reflecting the heterogeneity of FMT applications and patient demographics. Despite these variations, the collective data highlight a trend toward positive outcomes with the use of FMT in the management of CDI.

In conclusion, the analyzed database substantiates that FMT is a safe and effective treatment for recurrent CDI. It highlights the potential for FMT to be incorporated more prominently into clinical practice as a therapeutic strategy against CDI. Future research should focus on standardizing FMT procedures, optimizing delivery methods, and monitoring for long term to fully exploit its therapeutic benefits and ensure the consistent safety and effectiveness of FMT.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

NO: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing—original draft, Writing—review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 Aschenbrenner, D. S. (2023). New treatment to prevent recurring Clostridioides difficile infections. AJN 123, 16–17. doi: 10.1097/01.NAJ.0000944904.20242.ae
	 Bainum, T. B., Reveles, K. R., Hall, R. G., and Cornell, K. (2023). Controversies in the prevention and treatment of clostridioides difficile infection in adults: a narrative review. Microorganisms 11:387. doi: 10.3390/microorganisms11020387
	 Bariola, J. R. (2019). “1987. Impact of updated IDSA Clostridium difficile Guidelines on the use of Fidaxomicin in a Large Health System,” in Open Forum Infectious Diseases (US: Oxford University Press), S666. doi: 10.1093/ofid/ofz360.1667
	 Beinortas, T., Burr, N. E., and Wilcox, M. H. (2018). Comparative efficacy of treatments for Clostridium difficile infection: a systematic review and network meta-analysis. Lancet Infect. Dis. 18, 1035–1044. doi: 10.1016/S1473-3099(18)30285-8
	 Berry, P., and Khanna, S. (2023). Recurrent Clostridioides difficile infection: current clinical management and microbiome-based therapies. BioDrugs 37, 757–773. doi: 10.1007/s40259-023-00617-2
	 Blount, K. F., Shannon, W. D., and Deych, E. (2019). “Restoration of bacterial microbiome composition and diversity among treatment responders in a phase 2 trial of RBX2660: an investigational microbiome restoration therapeutic,” in Open Forum Infectious Diseases (US: Oxford University Press), ofz095. doi: 10.1093/ofid/ofz095
	 Brandt, L. J., and Aroniadis, O. C. (2013). An overview of fecal microbiota transplantation: techniques, indications, and outcomes. Gastrointest. Endosc. 78, 240–249. doi: 10.1016/j.gie.2013.03.1329
	 Cornely, O. A., Crook, D. W., Esposito, R., Poirier, A., Somero, M. S., Weiss, K., et al. (2012). Fidaxomicin versus vancomycin for infection with Clostridium difficile in Europe, Canada, and the USA: a double-blind, non-inferiority, randomised controlled trial. Lancet Infect. Dis. 12, 281–289. doi: 10.1016/S1473-3099(11)70374-7
	 Dubberke, E. R., Lee, C. H., Orenstein, R., Khanna, S., Hecht, G., Gerding, D. N., et al. (2018). Results from a randomized, placebo-controlled clinical trial of a RBX2660-A microbiota-based drug for the prevention of recurrent Clostridium difficile infection. Clin. Infect. Dis. 67, 1198–1204. doi: 10.1093/cid/ciy259
	 Edelstein, C., Daw, J. R., and Kassam, Z. (2016). Seeking safe stool: Canada needs a universal donor model. CMAJ 188, E431–E432. doi: 10.1503/cmaj.150672
	 Goldberg, E. J., Bhalodia, S., Jacob, S., Patel, H., Trinh, K. V., Varghese, B., et al. (2015). Clostridium difficile infection: a brief update on emerging therapies. Am. J. Health-Syst. Phar. 72, 1007–1012. doi: 10.2146/ajhp140645
	 Gough, E., Shaikh, H., and Manges, A. R. (2011). Systematic review of intestinal microbiota transplantation (fecal bacteriotherapy) for recurrent Clostridium difficile infection. Clin. Infect. Dis. 53, 994–1002. doi: 10.1093/cid/cir632
	 Gupta, A., and Ananthakrishnan, A. N. (2021). Economic burden and cost-effectiveness of therapies for Clostridiodes difficile infection: a narrative review. Therap. Adv. Gastroenterol. 14:17562848211018654. doi: 10.1177/17562848211018654
	 Hamilton, M. J., Weingarden, A. R., and Sadowsky, M. J. (2012). Standardized frozen preparation for transplantation of fecal microbiota for Recurrentclostridium difficileinfection. ACG 107, 761–767. doi: 10.1038/ajg.2011.482
	 Hensgens, M. P. M., Dekkers, O. M., Demeulemeester, A., Buiting, A. G. M., Bloembergen, P., van Benthem, B. H. B., et al. (2014). Diarrhoea in general practice: when should a Clostridium difficile infection be considered? Results of a nested case-control study. Clin. Microbiol. Infect. 20, O1067–O1074. doi: 10.1111/1469-0691.12758
	 Jain, N., Umar, T. P., Fahner, A. F., and Gibietis, V. (2023). Advancing therapeutics for recurrent clostridioides difficile infections: an overview of vowst's FDA approval and implications. Gut Microb. 15:2232137. doi: 10.1080/19490976.2023.2232137
	 Jarmo, O., Veli-Jukka, A., and Eero, M. (2020). Treatment of Clostridioides (Clostridium) difficile infection. Ann. Med. 52, 12–20. doi: 10.1080/07853890.2019.1701703
	 Kelly, C. R., Leon, d. e., Jasutkar, L., and Fecal, N. (2012). microbiota transplantation for relapsing Clostridium difficile infection in 26 patients: methodology and results. J. Clin. Gastroenterol. 46, 145–149. doi: 10.1097/MCG.0b013e318234570b
	 Khanna, S., Sims, M., Louie, T. J., Fischer, M., LaPlante, K., Allegretti, J., et al. (2022). SER-109: An oral investigational microbiome therapeutic for patients with recurrent Clostridioides difficile infection (rCDI). Antibiotics 11:1234. doi: 10.3390/antibiotics11091234
	 Kim, K., Kang, M., and Cho, B. K. (2023). Systems and synthetic biology-driven engineering of live bacterial therapeutics. Front. Bioeng. Biotechnol. 11:1267378. doi: 10.3389/fbioe.2023.1267378
	 Kim, K. O., and Gluck, M. (2019). Fecal microbiota transplantation: an update on clinical practice. Clin. Endosc. 52, 137–143. doi: 10.5946/ce.2019.009
	 Konijeti, G. G., Sauk, J., Shrime, M. G., and Gupta, M. (2014). Cost-effectiveness of competing strategies for management of recurrent Clostridium difficile infection: a decision analysis. Clin. Infect. Dis. 58, 1507–1514. doi: 10.1093/cid/ciu128
	 Louie, T. J., Miller, M. A., Mullane, K. M., Weiss, K., Lentnek, A., Golan, Y., et al. (2011). Fidaxomicin versus vancomycin for Clostridium difficile infection. Engl. J. Med. 364, 422–431. doi: 10.1056/NEJMoa0910812
	 McGovern, B. H., Ford, C. B., Henn, M. R., Pardi, D. S., Khanna, S., Hohmann, E. L., et al. (2021). SER-109, an investigational microbiome drug to reduce recurrence after Clostridioides difficile infection: lessons learned from a phase 2 trial. Clin. Infect. Dis. 72, 2132–2140. doi: 10.1093/cid/ciaa387
	 Mikamo, H., Tateda, K., Yanagihara, K., Kusachi, S., Takesue, Y., Miki, T., et al. (2018). Efficacy and safety of fidaxomicin for the treatment of Clostridioides (Clostridium) difficile infection in a randomized, double-blind, comparative phase III study in Japan. J. Infect. Chemother. 24, 744–752. doi: 10.1016/j.jiac.2018.05.010
	 Monday, L., Tillotson, G., and Chopra, T. (2024). Microbiota-based live biotherapeutic products for Clostridioides difficile infection- the devil is in the details. Infect. Drug Resist. 17, 623–639. doi: 10.2147/IDR.S419243
	 Olsen, M. A., Yan, Y., Reske, K. A., and Zilberberg, M. D. (2015). Recurrent Clostridium difficile infection is associated with increased mortality. Clin. Microbiol. Infect. 21, 164–170. doi: 10.1016/j.cmi.2014.08.017
	 Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 372:n71. doi: 10.1136/bmj.n71
	 Seekatz, A. M., Safdar, N., and Khanna, S. (2022). The role of the gut microbiome in colonization resistance and recurrent Clostridioides difficile infection. Therap. Adv. Gastroenterol. 15:17562848221134396. doi: 10.1177/17562848221134396
	 Varga, A., Kocsis, B., Sipos, D., Kása, P., Vigvári, S., Pál, S., et al. (2021). How to apply FMT more effectively, conveniently and flexible–a comparison of FMT methods. Front. Cell. Infect. Microbiol. 11:657320. doi: 10.3389/fcimb.2021.657320
	 Weiss, G. A., and Hennet, T. (2017). Mechanisms and consequences of intestinal dysbiosis. Cell. Molec. Life Sci. 74, 2959–2977. doi: 10.1007/s00018-017-2509-x
	 Wiegand, P. N., Nathwani, D., Wilcox, M. H., Stephens, J., Shelbaya, A., Haider, S., et al. (2012). Clinical and economic burden of Clostridium difficile infection in Europe: a systematic review of healthcare-facility-acquired infection. J. Hospital Infect. 81, 1–14. doi: 10.1016/j.jhin.2012.02.004
	 Wilcox, M. H., Gerding, D. N., Poxton, I. R., Kelly, C., Nathan, R., Birch, T., et al. (2017). Bezlotoxumab for prevention of recurrent Clostridium difficile infection. New Engl. J. Med. 376, 305–317. doi: 10.1056/NEJMoa1602615
	Copyright
 © 2024 Obaid. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
REVIEW
published: 10 June 2024
doi: 10.3389/fmicb.2024.1390046








[image: image2]

The interplay between the microbiota and opioid in the treatment of neuropathic pain

Zexiong Gong1, Qingsheng Xue2, Yan Luo2, Buwei Yu2, Bo Hua1* and Zhiheng Liu1*


1Department of Anesthesiology, Health Science Center, Shenzhen Second People’s Hospital/The First Affiliated Hospital of Shenzhen University, Shenzhen, China

2Department of Anesthesiology, School of Medicine, Ruijin Hospital, Shanghai Jiaotong University, Shanghai, China

Edited by
 Nazarii Kobyliak, Bogomolets National Medical University, Ukraine

Reviewed by
 Mahmoud Al-Khrasani, Semmelweis University, Hungary
 Pingchuan Ma, Washington University in St. Louis, United States

*Correspondence
 Bo Hua, ysb75hb@163.com; Zhiheng Liu, zhiheng_liu_tongji@163.com 

Received 22 February 2024
 Accepted 24 May 2024
 Published 10 June 2024

Citation
 Gong Z, Xue Q, Luo Y, Yu B, Hua B and Liu Z (2024) The interplay between the microbiota and opioid in the treatment of neuropathic pain. Front. Microbiol. 15:1390046. doi: 10.3389/fmicb.2024.1390046
 

Neuropathic pain (NP) is characterized by its complex and multifactorial nature and limited responses to opioid therapy; NP is associated with risks of drug resistance, addiction, difficulty in treatment cessation, and psychological disorders. Emerging research on gut microbiota and their metabolites has demonstrated their effectiveness in alleviating NP and augmenting opioid-based pain management, concurrently mitigating the adverse effects of opioids. This review addresses the following key points: (1) the current advances in gut microbiota research and the challenges in using opioids to treat NP, (2) the reciprocal effects and benefits of gut microbiota on NP, and (3) the interaction between opioids with gut microbiota, as well as the benefits of gut microbiota in opioid-based treatment of NP. Through various intricate mechanisms, gut microbiota influences the onset and progression of NP, ultimately enhancing the efficacy of opioids in the management of NP. These insights pave the way for further pragmatic clinical research, ultimately enhancing the efficacy of opioid-based pain management.
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1 Introduction

The pathological pain resulting from damage or diseases that affects the somatosensory nervous system is called neuropathic pain (NP) (Jensen et al., 2011). NP is often accompanied by neuronal damage, and accumulating experimental evidence has highlighted the involvement of various non-neuronal cells, including glial cells, regulatory T cells, and tumor cells, as pivotal contributors to the onset of pain (Fiore et al., 2023). In this article, we describe the close interplay between gut microbiota and NP and consider the therapeutic potential of utilizing gut microbiota to augment the management of NP, particularly within the context of opioid therapy.

Recent findings in epidemiological and genomic research, coupled with cellular and animal experiments, underscore the profound influence of the microbiome on human health, acting as a mediator or modifier of environmental variables. Most of these microorganisms reside in the gastrointestinal tract, where they synthesize and modify an array of metabolites and chemical compounds. Predominantly classified into the phyla Firmicutes and Bacteroidetes, these microorganisms constitute the principal gut microbiota populations (Zádori et al., 2023). They intricately participate in modulating various physiological functions within the human body, including neuroinflammatory responses and other vital physiological processes (Belkaid and Harrison, 2017; Fan and Pedersen, 2021; Fiore et al., 2023). The development of the gut microbiota system is a gradual and intricate process beginning in infancy (Schmidt et al., 2018; Cassidy-Bushrow et al., 2023; Ruan et al., 2023). Its makeup can change over time, influenced by factors such as age, dietary habits, and prolonged medication use (Minerbi et al., 2019; Fan and Pedersen, 2021). Due to the heterogeneity of external perturbations, the rate of change in the gut microbiota varies among individuals (Flores et al., 2014). Empirical evidence consistently demonstrates that the composition of gut microbiota exhibits notable stability, with the ability to return to its baseline profile after disturbances (Dogra et al., 2020). The advent of genome sequencing technologies has significantly expedited the progress of gut microbiota research (Jovel et al., 2016). In recent years, whole-genome sequencing has unveiled the association between gut microbiota and a diverse spectrum of diseases. Initially, distinct microbial profiles were identified in the progression of gastrointestinal disorders (Barko et al., 2018). Subsequently, deviations in gut microbiota composition have been identified as playing a role inconditions spanning metabolism-related disorders, tumors, cardiovascular diseases, and pain-related disorders (Minerbi and Shen, 2022). In various forms of pain, including NP, distinctive gut microbiota signatures have been observed (Guo et al., 2019; Pane et al., 2022).

For a long time, predominant approaches to treating NP have targeted the central nervous system (CNS). Opioid medications, including morphine, tramadol, and hydrocodone have emerged as the cornerstone of clinical intervention (Balanaser et al., 2023). The escalating use of opioid medications is attributable to their excellent pain-relieving effects (Xu et al., 2022). Despite their effectiveness in helping manage moderate to severe pain, opioids often exhibit suboptimal analgesic efficacy in the treatment of NP (Martínez-Navarro et al., 2019). Classic opioids such as morphine and hydrocodone have shown limited effectiveness in this context, with clinical trials reporting unsatisfactory levels of efficacy and safety (Martínez-Navarro et al., 2019). Prolonged opioid therapy frequently leads to tolerance, dependence, and gastrointestinal adverse effects, leaving a growing number of patients unable to attain satisfactory pain relief within tolerable dose ranges. Encouragingly, a growing body of literature suggests that gut microbiota can effectively mitigate the adverse effects of opioids and contribute to the treatment of NP (Fiore et al., 2023). It is critical to note the bidirectional relationship between gut microbiota and opioids in NP treatment. Gut microbiota influence the analgesic effects of opioids, while opioids, in turn, induce alterations in the gut microenvironment (Wang et al., 2018; Zádori et al., 2023). Therefore, the gut microbiota emerges as a critical target for optimizing opioid therapy in the treatment of NP.



2 Gut microbiota in neuropathic pain


2.1 The gut-brain axis

The gut microbiota has long been considered for its beneficial impact on intestinal motility (Dey et al., 2015), local immune function (Cai et al., 2022), and visceral pain perception (Luczynski et al., 2017; Aguilera et al., 2021). Recent evidence has further elucidated its regulatory influence on organs beyond the gastrointestinal tract, most notably its association with the nervous system (Thaiss, 2023). The concept of the gut-brain axis was first proposed in the 1880s, subsequently undergoing continuous refinements (Russo et al., 2018). The gut-brain axis constitutes a complex bidirectional communication network (Cussotto et al., 2018; Russo et al., 2018). The gut microbiota and its metabolites, such as γ- aminobutyric acid (GABA), serotonin, bile acids, and amino acids, directly influence the nervous system, and indirectly mediate cell interactions through the regulation of the vagus nerve (Figure 1). The gut-brain axis is believed to be closely linked to a range of disorders, including depression (Foster, 2022), Alzheimer’s disease (Nguyen and Endres, 2022), and autism spectrum disorders (Coccurello et al., 2022). NP, the focus of this article, has also been extensively reported to be robustly connected with the gut-brain axis. Notably, mediators derived from gut microbiota exert their effects by influencing the dorsal root ganglion (DRG) and specific T cells, thereby modulating neuronal excitability and nociception (Guo et al., 2019). Furthermore, the enteric nervous system (ENS), often referred to as the “second brain,” comprises the submucosal plexus, myenteric plexus, and interstitial cells of Cajal. It facilitates bidirectional communication with the CNS, transmitting impulses on both directions (Morreale et al., 2022). While typically under the regulatory control of the CNS, the ENS can also function independently, a process involving interactions between enteric glial cells and immune regulation (Dora et al., 2021).

[image: Diagram illustrating the gut-brain axis. Gut microbiota and epithelial cells interact with the neuroimmune and endocrine pathways via the vagus nerve, macrophages, microglial cells, and regulatory T cells. Cardiovascular pathways show lipopolysaccharides and short-chain fatty acids moving to the circulatory system via mesenteric blood vessels. Connections lead to the brain, highlighting the role of dorsal root ganglia in the central nervous system communication.]

FIGURE 1
 The involvement of gut microbiota in the gut-brain axis. The bidirectional communication between the gut microbiota and the brain occurs through endocrine (cortisol), immune (cytokines) and neural (vagus nerve and enteric nervous system) mechanisms (Josefowicz et al., 2012; Zhang et al., 2016; Cussotto et al., 2018; Russo et al., 2018; Guo et al., 2019; Ding et al., 2021; Dora et al., 2021; Ma et al., 2022; Araldi et al., 2023).


At the dawn of the 21st century, propelled by technological advancements in computational power and data processing capabilities, research in the field of metabolomics has accelerated substantially. These advancements in metabolomics have significantly enhanced our understanding of the gut microbiota, thereby enriching the landscape of gastrointestinal microbiome studies. It has been discovered that the activation of Toll-like receptors by lipopolysaccharides (LPS) plays an important role in the nervous system (Araldi et al., 2023), involving neuroimmune responses and the genesis of pain. Derived from gut Gram-negative bacteria, LPS gains access to the spinal cord through the bloodstream (Shen et al., 2017), subsequently activating Toll-like receptors (TLR) to partake in NP processing (Lin et al., 2022). Additionally, short-chain fatty acids (SCFAs), metabolic byproducts of the gut microbiota, play a critical role in microglial development (Erny et al., 2015). Multiple studies have demonstrated the key contributions of sphingolipids and polysaccharides produced by fragile rod-shaped bacteria in processes such as myelin formation, neuroinflammation, and the development of chronic pain (Mao et al., 2013; An et al., 2014; Joscelyn and Kasper, 2014; Blaho et al., 2015). These findings affirm the close connection between the CNS, microglia, and the gut microbiota.

At the same time, regarding tryptophan metabolism direction. Research evidence indicates that serotonin and quinolinic acid affect mood via the tryptophan metabolic pathway. In instances of intestinal inflammation, increased levels of quinolinic acid may contribute to anxiety (Kelly et al., 2016). Another crucial compound produced by a healthy gut microbiota is glutamate, which constitutes a vital link in the gut-brain axis (Zhang et al., 2019a). Mice subjected to acute stress-induced dysbiosis of the gut microbiota (due to antibiotic (ABX) treatment), exhibit a notable reduction in hippocampal N-Methyl-D-Aspartate (NMDA) and Brain-Derived neurotrophic factor (BDNF) levels, which can be restored by gut microbiota supplementation (Sudo et al., 2004; Gronier et al., 2018; Jiang et al., 2019). Furthermore, the gut microbiota directly engages in the regulation of certain neurotransmitters, such as GABA (Strandwitz et al., 2019) and 5-hydroxytryptamine (5-HT) (Yano et al., 2015), thereby influencing neuronal function. These findings greatly expand our understanding of the gut-brain axis.



2.2 The gut microbiota as a therapeutic target in neuropathic pain

Changes in gut microbiota were discernible in experiments employing various NP animal models. In an experimental model of NP induced by peripheral nerve injury, rats exhibiting dysbiosis in their gut microbiota were observed to be more susceptible to the development of NP (Yang et al., 2019). In the chronic sciatic nerve compression injury model, the abundances of Helicobacter, Phascolarctobacterium, Christensenella, Blautia, Streptococcus, Rothia and Lactobacillus were significantly increased, whereas the abundances of Ignatzschineria, Butyricimonas, Escherichia and Corynebacterium were significantly decreased (Chen et al., 2021). Additionally, experimental data indicate alterations in gut microbiota in C57BL/6 mice which are sensitive to Chemotherapy-induced peripheral neuropathy (CIPN). The abundance of bacteria Akkermansia muciniphila is significantly decreased, which may damage the integrity of the intestinal barrier, exposing the gut to bacterial metabolites, ultimately leading to brain dysfunction through the gut-brain axis (Ramakrishna et al., 2019). These significant changes in the gut microbiota imply a robust correlation between the gut microbiota and NP.

In fact, the critical role of gut microbiota in NP has been extensively reported. In animal experiments, researchers have demonstrated that the gut microbiota can to mitigate NP induced by chronic-constriction injury of the sciatic nerve (Ding et al., 2021). Furthermore, in the oxaliplatin (OXA) mice model, gut microbiota depletion effectively inhibits glial cell proliferation and cytokine production in the DRG induced by chronic constriction injury (CCI) or streptozotocin (STZ). The opposite is the partial recovery of the gut microbiota, especially Akkermansia and Bifidobacterium, which can either worsen or alleviate NP (Ma et al., 2022). CIPN is a prevalent adverse effect of cancer treatment. A sensitive neuronal in vitro model experiment demonstrated that gut probiotics hold promise for treating paclitaxel-induced NP, offering a long-term safe and effective treatment option (Castelli et al., 2018). Intriguingly, gut microbiota may not only contribute to the management of cancer-related NP but also potentially influence the effects of chemotherapy on tumors (Castelli et al., 2018; Vázquez-Baeza et al., 2018). These foundational experimental findings suggest that gut microbiota could represent a potential therapeutic target in CIPN.

Regarding the therapeutic role of the gut microbiome in NP, its underlying mechanisms have also garnered considerable attention and discussion. This intricate mechanism involves factors such as the metabolic products of the intestinal flora, inflammatory responses, and the recently focused neuroimmune responses. Apart from the involvement of gut microbiota, SCFAs, among the main metabolites produced by gut microbiota, have been implicated in NP. Depletion of SCFAs has been observed to alleviate NP induced by CCI (Zhou et al., 2021). Similarly, in the CCI model, following correlation analysis, it was revealed that the decreased abundance of gut microbiota producing butyrate is closely associated with levels of β-hydroxybutyric acid in both serum and spinal cord (Chen et al., 2021). This suggests that therapeutically targeting gut microbiota responsible for SCFA/β-hydroxybutyric acid production may holdpromise in ameliorating NP. Moreover, in examining the mechanism underlying inflammatory response, our investigation reveals that in the CIPN model, the therapeutic effect of probiotics on NP may be attributed to inflammation-related responses associated with the Interleukin (IL)-8 signaling pathway (Castelli et al., 2018). Conversely, modifying the gut microbiota composition through ABX treatment suppresses the TLR-4 signaling pathway mediated by macrophages, leading to improvements in CIPN and reduced secretion of inflammatory factors in the DRG (Lian et al., 2021; Ma et al., 2022). Additionally, a study revealed a significant proliferation of spinal cord microgliosis in mice receiving paclitaxel treatment, indicating a causal relationship. Gut microbiota plays a role in the development of CIPN by modulating microgliosis (Ramakrishna et al., 2019). This offers a promising avenue for the precise manipulation of gut microbiota in future NP management.

Recent studies on NP found that the gut microbiota actively participates in the onset and progression of pain by interacting with the neuroimmune system. In a mouse model of CCI, the alteration of gut microbiota via ABX led to an attenuation of NP induced by CCI. This phenomenon may be attributed to the modulation of the balance between pro-inflammatory and anti-inflammatory T cells (Ding et al., 2021). In terms of utilizing the gut microbiota for treatment (Figure 2; Table 1): (a) It has been confirmed that judicious supplementation of probiotics holds promise for pain management. In a pain model induced by lumbar disk herniation, supplementation with Lactobacillus paracasei significantly alleviated pain and mitigated inflammatory responses (Wang et al., 2021). (b). Fecal microbiota transplantation (FMT) is a common strategy in gut microbiota research. In a mouse model of NP triggered by obesity, FMT from lean mice effectively alleviated pain. One potential mechanism underlying this effect could be the reduction of RYR2-dependent calcium release in DRG neurons of obese mice following FMT (Bonomo et al., 2020). Additionally, M2-like macrophages play a pivotal role in FMT treatment for obesity-induced peripheral NP, actively participating in the pain relief process and displaying a high association with SCFAs (Bonomo et al., 2020). In mouse model of spinal cord injury, significant enrichment of the Firmicutes phylum was observed following FMT, ultimately promoting functional recovery (Jing et al., 2021). In a clinical study, alterations in the composition of gut microbiota were confirmed in patients with complex regional pain syndrome, characterized by a decrease in diversity and similar shifts in the Firmicutes and Bacteroidetes phyla as observed in animal models (Reichenberger et al., 2013). (c). ABX treatment presents another common approach for investigating gut microbiota-directed therapies. It has been demonstrated that the elimination of gut microbiota through ABX can inhibit the production of IL-6 in the DRG and improve NP (Ma et al., 2022). Additionally, ABX treatment can also alleviate CIPN through the macrophage pathway (Lian et al., 2021). In addition, clinical evidence suggests that chronic NP is often associated with cognitive impairments (Fonseca-Rodrigues et al., 2021). Supplementation with probiotics or FMT has shown potential in mitigating the harm caused by chronic NP and its associated cognitive impairment (Van Laar et al., 2019; Bonomo et al., 2020; Cuozzo et al., 2021). Unfortunately, due to ethical considerations, there is currently limited research on the direct therapeutic effects of gut microbiota in the treatment of NP.

[image: Diagram illustrating the interaction between gut microbiota and immune cells. The image shows pathways involving SCFAs, FOXP, macrophages, microglia, and opioids, with labels like FMT, ABX, and potentially protective gut microbiota. Arrows indicate the flow of influence among these elements.]

FIGURE 2
 Utilizing gut microbiota and their metabolites to alleviate neuropathic pain through the neuroimmune system. (A) FMT reduces SCFAs, inhibiting the transformation of M1-like macrophages and promoting the increase of M2-like macrophages, ultimately relieving neuropathic pain. (B) Gut microbiota itself can promote the generation of bile acids, activate opioid receptors, and alleviate pain. (C) Some gut microbiota can increase the number of M2-like macrophages by inhibiting the production of SCFAs. (D). ABX alleviate pain by reducing the activation of Toll-like receptors in LPS-mediated M1-like macrophages and microglia. (E) ABX can also improve pain by altering gut microbiota and regulating regulatory T cells. FMT, fecal microbiota transplantation. SCFAs, short-chain fatty acids. ABX, antibiotics. LPS, lipopolysaccharides (Reichenberger et al., 2013; Van Laar et al., 2019; Bonomo et al., 2020; Cuozzo et al., 2021; Fonseca-Rodrigues et al., 2021; Jing et al., 2021; Lian et al., 2021; Wang et al., 2021; Ma et al., 2022).




TABLE 1 Probiotics treatment.
[image: Table listing probiotics and their functions. Probiotic VSL#3 provides relief for opioid tolerance. Bifidobacterium bifidum maintains intestinal homeostasis. Other probiotics, like Lactobacillus reuteri and Bifidobacterium adolescentis, alleviate depressive states during pain treatment. Lactobacillus paracasei aids in pain relief for neuralgia. Probiotic DSF helps treat neuropathic pain and inflammation. References for each function are provided.]

In summary, accumulating preclinical evidence suggests an important role of the gut microbiota in NP, involving complex mechanisms such as gut microbiota composition and metabolites, related immune responses, and activation of the gut-brain axis. We look forward to obtaining more relevant findings in clinical studies.




3 Gut microbiome and opioids in neuropathic pain


3.1 Opioid-induced gut microbiota dysbiosis

Opioids primarily exert their effects through G protein-coupled receptors, inhibiting the transmission of nociceptive signals from the periphery to the CNS (Zádori et al., 2023). Research indicates a close correlation between the use of opioids and the composition and function of the gut microbiota (Acharya et al., 2017; Guo et al., 2019). Prolonged opioid therapy can lead to a systemic inflammatory environment, evidenced in the gut microbiota by compromised barrier function, bacterial translocation, release of gut inflammatory factors, and disrupted gastrointestinal motility (Figure 3) (Zhang et al., 2019a). Recent studies report that prolonged morphine therapy can lead to the onset of intestinal inflammation, with its mechanism closely related to the bacterial product LPS (Bhave et al., 2017). Morphine treatment directly leads to increased activity of P2X receptors in enteric glia, ultimately triggering enhanced inflammatory responses (Bhave et al., 2017). An earlier report mentioned that Systemic administration of morphine can activate a glial -mediated inflammatory cascade in the spinal dorsal horn (Raghavendra et al., 2004). Additionally, morphine sulfate attenuate the reward behavior associated with dopamine due to the activation of the BDNF signaling pathway (Taylor et al., 2016). This leads to the activation of glial cells and impaired reward mechanisms, ultimately reshaping the composition of the gut microbiota through the gut-brain axis (Zhang et al., 2019a). Additionally, opioid medications (morphine) can induce gastrointestinal motility disorders such as constipation, primarily attributed to alterations in the gut microbiota (Touw et al., 2017). In summary, opioids affect the gut microbiome through intricate mechanisms, predominantly inducing the change that typically manifests unfavorably.
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FIGURE 3
 Opioid-induced gut microbiota dysbiosis. The long-term effects of opioid treatment on the intestines are: (A) Directly weakening gastrointestinal motility, commonly resulting in complications such as constipation. Changes in intestinal motility and transit time further alter the composition of the intestinal microbiota and cause translocation of gut microbiota. (B) Directly altering the composition and dysbiosis of the intestinal microbiota, such as a decrease in Lactobacillus and Bifidobacterium, an increase in Staphylococcus and Enterobacter, and potentially increasing other pathogenic bacteria. (C) Damage to the intestinal epithelial barrier (increased permeability, disruption of tight junction proteins, decreased immune function). The dysregulation of intestinal microbiota and function ultimately affects systemic inflammation and contributes to the development of opioid resistance via the gut-brain axis (Acharya et al., 2017; Bhave et al., 2017; Guo et al., 2019; Zhang et al., 2019a).



3.1.1 The composition of gut microbiota

Intestinal motility and transit time are the primary determinants of gut microbiota composition (Zádori et al., 2023). Constipation induced by opioid therapy and compromised intestinal motility exerts a profound influence on the composition of the gut microbiome. In a mouse model of long-term morphine treatment, dysbiosis of the gut microbiota was observed (Table 2). This dysbiosis comprised an increase in the abundance of Staphylococcus, Enterococcus, and Proteus, alongside a decrease in the abundance of Bacteroidales, Clostridiales, and Lactobacillales (Akbarali and Dewey, 2017; Kim et al., 2021). Furthermore, alterations in gut microbiota composition also extend to other physiological functions, including the inhibition of bile acid secretion (Hu et al., 2022), suppression of bicarbonate secretion (Xu et al., 2022) and the inhibition of immune surveillance (Brosnahan et al., 2014). Similar studies have also highlighted that morphine enhances the toxicity of Pseudomonas aeruginosa (Babrowski et al., 2012). Representative Gram-negative bacteria in the gut microbiota, such as those belonging to the genera Bacteroides, play an important role in ameliorating gut inflammation and maintaining the homeostasis of intestinal epithelial cells through the production of SCFAs (Smith et al., 2013). Prolonged treatment with morphine can lead to a reduction in Bacteroidetes, consequently giving rise to intestinal inflammation and compromising the integrity of the intestinal epithelial barrier (Kang et al., 2017). Another illustrative example lies in the Gram-positive Firmicutes phylum (Lactobacillales), which mitigates intestinal inflammation through butyrate salts and regulatory T cells (Furusawa et al., 2013). Prolonged morphine treatment also leads to a significant reduction in the abundance of the Firmicutes phylum (Kang et al., 2017). Interestingly, naloxone (a classic antagonist of opioid stimulants) can effectively alleviate the reduction of thick-walled microbial organisms caused by prolonged morphine treatment (Meng et al., 2015). In another study, naloxone was also shown to normalize morphine treatment-induced gut dysbiosis (Wang et al., 2018; Essmat et al., 2023). This could mean that the dysregulation of gut microbiota caused by opioid drugs can potentially be alleviated through the judicious use of peripheral μ-opioid receptor antagonists, thereby reducing the side effects associated with opioid medications.



TABLE 2 Changes in gut microbiota diversity with opioid treatment regimen (animal studies).
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Recent research has revealed that morphine treatment induces an enrichment of bacteria producing β-glucuronidase in the mouse gut. This leads to the accumulation of chemotherapy drugs in the intestine, culminating in the onset of gut dysbiosis (Meng et al., 2023). For cancer patients undergoing long-term opioid treatment for pain management, the development of interventional drugs targeting the gut microbiota associated with this treatment could potentially mitigate the adverse effects of chemotherapy. In addition, an elevated abundance of Enterobacteriaceae is frequently considered as an indicator of gut dysbiosis (Rizzatti et al., 2017). Recent studies have confirmed that Enterobacteriaceae are markedly enriched in histological samples of inflammatory bowel disease (Gevers et al., 2014). Prolonged exposure to morphine results in a significant increase in the abundance of Enterobacteriaceae (Kang et al., 2017). Furthermore, disparities may exist in secondary intestinal microbiota, such as filamentous bacteria (Earley et al., 2023). Additionally, there have been reports suggesting that the presence of certain less abundant genera, such as Verrucomicrobia and the genus Akkermansia, may also be augmented under the influence of opioid analgesics (Kim et al., 2021; Abu et al., 2022).

The results of animal experiments regarding changes in gut microbiota species due to opioid use are robust and compelling. However, two remaining questions remain concerning the translatability of these findings to humans. First, the use of opioids in animal studies involves high doses and short treatment durations. Second, there is a notable discrepancy in the presence of 85% of secondary phyla between the murine gastrointestinal tract used for preclinical experiments and the human body (Hu et al., 2024). Whether these subtle differences will influence the outcomes of clinical experiments remains to be investigated. Encouragingly, although the data are limited, there have been reports in human studies that parallel those from animal research. Notably, these include a decrease in Ruminococcaceae (Acharya et al., 2017) and an increase in Enterobacteriaceae (Gicquelais et al., 2020).



3.1.2 Translocation and immunomodulation

In recent years, there has been growing interest concerning the mechanism by which opioid drugs influence the gut microbiota. The latest data has forged a connection between opioid treatment and gut microbiota translocation. Several preclinical studies have corroborated that classical opioid drugs, including morphine (Meng et al., 2015; Wang et al., 2018; Zhang et al., 2019a) and hydromorphone (Sharma et al., 2020), can disrupt intestinal epithelial integrity and barrier function in mice. This disruption ultimately leads to bacterial translocation and gut inflammation. On one hand, opioids impede gastrointestinal motility and substance transport by binding to the opioid mu-receptors in the myenteric plexus of the gut (Goudsward et al., 2024), This impairment in bowel motility can lead to the overgrowth of harmful gut bacteria, potentially resulting in gram-negative sepsis (Meng et al., 2013). On the other hand, in a mouse model of sepsis, it has been shown that morphine treatment induces the dissemination of Gram-positive bacteria (Meng et al., 2015). The translocation of Gram-positive bacteria subsequently triggers an excessive expression of IL-17A and IL-6, ultimately compromis of intestinal epithelial barrier function and further exacerbating systemic inflammation (Meng et al., 2015; Kang et al., 2017). Similar conclusions have also been drawn from clinical data (Meng et al., 2015).

The displacement of gut microbiota induced by opioid medications can lead to disruptions in intestinal epithelial integrity (Banerjee et al., 2016) and trigger inflammatory immune responses (Thomas et al., 2022). We posit that future research might delve into the intricate interplay between gut microbiota and immune responses within the intestinal epithelial barrier. In animal models, it has been found that gut microbiota serves as a key determinant in initiating autoimmune T-cell responses (Berer et al., 2017). The gut microbiota is likely to influence the function of many innate immune cells, thereby actively participating in the regulation of immune responses (Santa-Cecília et al., 2019). Notably, research has demonstrated that morphine exhibits no discernible impact on the gut microbiota of mice with TLR2 knockout or immunodeficiency (Banerjee et al., 2016). This observation underscores the critical role of immune function in maintaining intestinal microbial homeostasis and preventing dysbiosis.

Opioids often exert a dual effect on immune regulation. They typically suppress the immune response of T cells and B cells (Roy et al., 2011). However, in the gastrointestinal tract, they can paradoxically activate the immune system, giving rise to inflammatory responses (Meng et al., 2013; Kang et al., 2017). Research has shed light on the key role of neuroimmune effects induced by opioids in the gastrointestinal tract. Morphine directly induce changes in intestinal epithelial function and compromise the integrity of tight junction proteins through TLR regulation (Banerjee et al., 2016). Evidence suggests that these neuroimmune effects actively contribute to maintaining intestinal epithelial barrier function (Talbot et al., 2020). However, prolonged opioid therapy inhibits immune responses (Banerjee et al., 2016), ultimately leading to dysbiosis and an altered composition of the gut microbiota. This, in turn, leads to the disruption of the intestinal epithelial immune barrier and the development of analgesic tolerance, presenting a significant challenge in opioid management.




3.2 The benefits of gut microbiota in opioid treatment


3.2.1 Analgesic tolerance

Opioids represent the most commonly prescribed medications for pain management. However, their prolonged usage carries inherent risks including the development of analgesic tolerance, potential overdose, and even mortality. In cases of NP, the downregulation or decreased sensitivity of opioid receptors frequently leads to diminished effectiveness of opioids, resulting in opioid tolerance (Balogh et al., 2019; Li et al., 2023). The prevailing view posits that alterations in opioid receptors are the primary drivers of opioid analgesic tolerance. These changes encompass a variety of mechanisms, such as the downregulation of spinal opioid receptors (Balogh et al., 2019), desensitization stemming from adaptive modifications within opioid receptor cells (Bai et al., 2020), and the functional modulation of cell membranes resulting from the repeated use of opioid analgesics (Kliewer et al., 2019). In addition, the mechanism of opioid-induced tolerance to pain relief is a topic of ongoing debate and investigation. Several potential mechanisms have emerged from relevant studies, including immune activation and neuroinflammation (Deleo et al., 2004; Hutchinson et al., 2011; Wang et al., 2012), receptor desensitization and downregulation (Balogh et al., 2019), upregulation of protein kinase A, and the release of norepinephrine and acetylcholine (Ma et al., 2001). Recent research has highlighted the significant role played by gut microbiota dysbiosis in pain modulation and tolerance through the activation of the gut-brain axis. Changes in the composition of gut microbiota have been shown to directly impact opioid tolerance in mouse experiments (Kang et al., 2017). Notably, the use of vancomycin alone, resulting in a reduction of gram-positive bacteria, prevented the development of opioid tolerance (Kang et al., 2017). While prior research on opioid-induced analgesic tolerance primarily focused on spinal mechanisms (Porreca et al., 1998), recent years have witnessed a growing emphasis on peripheral dysregulation mechanisms (Rivat, 2016; Zhang et al., 2016). Studies have revealed the pivotal role of the dorsal DRG in downregulating mu-opioid receptor (MOR) gene expression in the spinal dorsal horn, consequently diminishing the analgesic efficacy of opioids such as morphine (Zhang et al., 2016). The gut microbiota primarily contributes to the onset and progression of pain through its interaction with DRG and nerve endings within the intestine (Xu et al., 2022). Furthermore, recent research underscores the importance of the DRG in the development of pain tolerance (Jin et al., 2023). Another study has revealed that the gut microbiota is involved in the development of morphine tolerance in primary afferent neurons through its interaction with tetrodotoxin-resistant (TTX-R) sodium channels (Mischel et al., 2018). These research findings confirm the important role of gut microbiota in the peripheral analgesic mechanism of opioids.

Furthermore, a substantial body of evidence supports the key role of neuroinflammation in the development of morphine tolerance (Trang et al., 2015; Gei et al., 2024; Wang et al., 2024). Within neuroinflammatory responses, microglia have long been recognized as important markers for observation. Laboratory findings indicate that the elimination of microglia can effectively prevent opioid-induced pain hypersensitivity (Burma et al., 2017). In addition to its role in the analgesic tolerance process, glial activation actively participates in the development of NP (Gei et al., 2024) and is a key element in the mechanisms related to opioid treatment (Martínez-Navarro et al., 2019). MOR stimulation can lead to the activation of microglia (Ferrini et al., 2013). Interestingly, this opioid-induced glial response may counteract some of the analgesic effects (Martínez-Navarro et al., 2019). Furthermore, specific metabolic products of gut microbiota, such as lipoteichoic acid and LPS, can also induce the activation of glial cells within the nervous system (Obata and Pachnis, 2016; Bhave et al., 2017). Once activated, glial cells release an array of cytokines into the internal environment (Leduc-Pessah et al., 2017), consequently facilitating the development of analgesic tolerance (Drossman and Szigethy, 2014). These reports suggest that reducing harmful gut bacteria, which are associated with increased pain tolerance, can effectively alleviate the development of pain tolerance.

Recent studies have indicated that a portion of morphine analgesic tolerance arises from a decrease in the levels of intestinal β-glucuronidase, resulting in reduced hydrolysis of morphine metabolites back into morphine (Wang and Roy, 2016). Compelling evidence indicates that specific bacteria in the gut, such as Bifidobacteria and Lactobacilli, produce β-glucuronidase (Zhang et al., 2019a). Moreover, further research has confirmed the association of Bifidobacterium and Lactobacillus with opioid tolerance. Probiotics enriched with these microbial strains have demonstrated their effectiveness in alleviating analgesic tolerance in morphine-treated mice (Zhang et al., 2019a). The observed changes in Bifidobacterium and Lactobacillus are particularly intriguing, as these strains themselves contribute to maintaining intestinal homeostasis (Wang et al., 2014). Furthermore, recent investigations into opioids have revealed that FMT significantly reduces opioid withdrawal responses (Zhang et al., 2021). In summary, these studies underscore the substantial role of gut microbiota in opioid treatment, suggesting that supplementation with associated gut microbial strains may potentially prolong the analgesic efficacy of opioids.



3.2.2 The addictive properties of opioids

Opioid addiction poses a significant challenge in the context of long-term opioid use for NP, often leading to varying degrees of withdrawal symptoms upon discontinuation of the medication (Simpson et al., 2020). Preclinical evidence strongly suggests that the gut microbiota actively influences behaviors associated with opioid addiction (Han et al., 2018; Lee et al., 2018; Hofford et al., 2021; Thomaz et al., 2021). Recent research has been exploring the impact of gut microbiota on opioid withdrawal. A recent preclinical study yielded results supporting the effectiveness of FMT and ABX treatment in reducing naloxone-induced withdrawal responses (Thomaz et al., 2021). Furthermore, a study identified significant gender differences in the relationship between gut microbiota and opioid addiction (Ren and Lotfipour, 2023). Among the abundant evidence, a key produced by the gut microbiota, SCFAs, plays a crucial role in cocaine reward behavior (Kiraly et al., 2016). In instances where gut microbiota diversity is inhibited by ABX, there is an increase in cocaine-conditioned place preference (CPP), a phenomenon that can be reversed through SCFA supplementation (Kiraly et al., 2016; Hofford et al., 2021). This suggests that diminished gut microbiota diversity, likely closely linked to SCFAs, instigates changes in opioid reward behavior. Research on SCFAs holds promise for the development of safer and more effective opioid treatment options.

Chronic morphine treatment activate the BDNF pathway through microglia, resulting in a reduction of dopamine-dependent reward behavior (Taylor et al., 2016). This underscores microglia as a key factor in the development of reward dysfunction induced by opioid drugs. Excessive activation of microglia in the ventral tegmental area leads to impaired brain reward behavior and diminished pleasure (Taylor et al., 2016), necessitating higher opioid doses for achieving reward and ultimately contributing to opioid addiction. Importantly, the gut microbiota can influence the morphology and activity of microglia (Gicquelais et al., 2020), consequently leading to reduced dopamine activity and disruptions in reward mechanisms (Taylor et al., 2016). Recent animal experiments have demonstrated that animals treated with FMT exhibited a significant restoration of normal reward behavior, accompanied by an observed increase in resting-state microglia (Lee et al., 2018). These research findings suggest that modulating the gut microbiota can exert a positive influence on the restoration of reward behavior and microglial function. Advancements in gut-brain axis research have suggested intriguing connections between gut microbiota, neuroimmune responses, and opioid withdrawal, offering fresh insights into opioid pain management. The development of gut microbiota-based therapies has introduced a fresh perspective to opioid withdrawal treatment and neuroimmune mechanisms. However, extensive clinical research is required to conclusively validate these possibilities and to further investigate the interactions between gut microbiota, opioid management, and neuroimmunity.



3.2.3 Mental Health

NP is often accompanied by a spectrum of depressive symptoms (Janakiram et al., 2023). Notably, the severity of depression tends to worsen in tandem with the intensity of pain (Agüera-Ortiz et al., 2011). Clinical psychologists often use sedative medication as an adjunct treatment during the process of treating depression. When considering the combination of opioid drugs and sedative drugs, particularly benzodiazepines, it is imperative to exercise a high degree of vigilance due to the potential risks associated with these medications (Liu et al., 2021). Previous studies have confirmed that when compared to using opioids in isolation for managing NP, the combination of opioids and sedative drugs may lead to a notable increase in the risk of drug overdose (Meyer et al., 2023). Furthermore, it can escalate to a critical level, potentially culminating in fatal respiratory depression (Liu et al., 2021). Research has shown that the activation of opioid receptors in the context of pain treatment can lead to or exacerbate depressive symptoms (Dagher et al., 2022). This pertains not only to patients already affected by mental health issues, but even to those deemed mentally healthy, long-term use of opioids significantly increases the risk of developing depression (Scherrer et al., 2016).

The gut microbiota plays a pivotal role in the development of depression by secreting neurotransmitters, including serotonin (Yano et al., 2015). The utilization of opioid medications can disrupt the gut microbiota, resulting in a depletion of serotonin levels and an augmented risk of developing depression (Parker et al., 2020). Notably, Lactobacillus and Bifidobacterium have been implicated in associations with depression and anxiety (Han and Kim, 2019). Their depletion can occur as a consequence of morphine treatment (Zhang et al., 2019a), potentially increasing the susceptibility to experiencing anxiety and depression during medication therapy. Encouragingly, specific strains of probiotics, such as Bifidobacterium, have demonstrated the capacity to mitigate depression by increasing BDNF levels and reducing oxidative stress (Messaoudi et al., 2011). Research has reported a decrease in BDNF levels in instances of depression, and clinical studies have shown that supplementation with probiotics can lower depressive symptoms (Jang et al., 2019). Another study on Bifidobacterium revealed that it, along with Lactobacillus, contributes to the reduction of depression levels by activating the vagus nerve and eliciting an immunostress response (Yang et al., 2024). Furthermore, research findings also suggest that increasing the abundance of the Ruminococcaceae family could also be a potential avenue for reducing depression levels (Zhu et al., 2019). A recent study suggests that Lactobacillus may help alleviate depression and anxiety induced by chronic stress by sustaining levels of interferon gamma (IFN-γ). Therefore, maintaining healthy levels of Lactobacillus or IFN-γ could potentially prevent or treat symptoms of depression (Clark et al., 2023). Although further exploration is warranted to fully understand the connection between depression and the gut microbiota, it is worth considering supplementation with specific gut microbiota, especially in cases necessitating long-term opioid medication use for NP treatment.

A clinical study has revealed that patients with higher depression scores often exhibit elevated levels of kynurenine, serotonin, and histamine (Han et al., 2022). These compounds are primarily produced by enterochromaffin cells under the influence of gut microbiota, ultimately contributing to the onset of depression. This also underscores the indirect influence of gut microbiota on the development of depression. In addition, another article highlights the serotonin-generating capability of Clostridium nexile, which demonstrates significant elevation in patients with severe depression (Williams et al., 2014). These clinical findings suggest a potential avenue for alleviating the depressive effects induced by opioid treatment, by targeting specific gut microbiota, such as Clostridium nexile, to modulate neurotransmitter production.





4 Conclusions and treatment perspectives

With the rapid development of genomic sequencing technology, research on gut microbiota has entered a transformative phase (Jovel et al., 2016). These microorganisms, cohabiting with humans, have demonstrated significant influence over various aspects of our physiological and pathological behaviors (Barko et al., 2018; Pane et al., 2022). It is imperative that we focus on and deepen our understanding of gut microbiota and their metabolites within the human body, to gain insights into human health and address unresolved diseases. Research on the gut-brain axis has received considerable attention, with emerging evidence indicating that gut microbiota and their metabolites (SCFAs, LPS, butyrate, and glutamate) play pivotal roles in many diseases (Furusawa et al., 2013; Bhave et al., 2017; Zhang et al., 2019a), including NP. The mechanisms underlying these effects involve neuroimmune interactions. Extensive experimental data have demonstrated the intricate and complex connections between gut microbiota and the development of pain, including NP (Vázquez-Baeza et al., 2018; Ramakrishna et al., 2019; Lian et al., 2021; Ma et al., 2022). Probiotic supplementation or FMT has demonstrated significant reductions in NP (Vázquez-Baeza et al., 2018; Bonomo et al., 2020; Wang et al., 2021). Exploring the involvement of gut microbiota in the pathogenesis of NP holds promise for the development of novel therapeutic approaches in pain management for the future.

In traditional approaches to treating NP, opioids have held a pivotal role (Balanaser et al., 2023). However, their effectiveness is often limited due to shared neurophysiological mechanisms with NP (Martínez-Navarro et al., 2019), along with associated risks of tolerance, addiction, and potential overuse crises. This article elucidates the intricate interplay between gut microbiota and opioid drugs in the context of NP. Opioid therapy alters gut microbiota diversity (Kim et al., 2021) and physiological metabolic processes (Sharma et al., 2020; Kim et al., 2021) by affecting gastrointestinal motility and neuroimmune function. Simultaneously, interventions such as probiotics, ABX, and FMT significantly reduce opioid tolerance and addiction (Wang et al., 2014; Wang and Roy, 2016; Kim et al., 2021; Thomaz et al., 2021) while also positively affecting the psychological well-being of the host (Table 3) (Jang et al., 2019). These findings hold relevance in clinical practice, including observational studies, suggesting that gut microbiota can play a valuable role in the management of opioid-induced NP, thereby mitigating the adverse effects of opioids and ultimately enhancing the overall quality of treatment.



TABLE 3 The benefits of gut microbiota in the management of opioids (animal studies).
[image: Table detailing the side effects of opioids and the involvement of gut microbiota. Columns list "Side effects of opioids" and "Involvement of gut microbiota." Rows include "Analgesic tolerance," "Addictive," and "Mental health." Details discuss studies on microglial activity, opioid tolerance development, withdrawal reactions, microglia activity, depressive behaviors, serotonin levels, and specific gut bacteria effects. Citations are provided for each statement.]

The nexus between gut microbiota, opioids, and NP presents both intriguing and challenging dimensions. Presently, most research is centered around animal models, underscoring the need for further clinical studies and long-term dynamic data to support the underlying mechanisms involving gut microbiota. Therefore, future clinical research must focus on generating a robust body of evidence and thoroughly investigating the relevant mechanisms to elucidate the complex relationship between gut microbiota and various types of NP. Furthermore, the influence of numerous confounding factors, including patients lifestyles and dietary habits, complex psychological factors, and diverse treatment regimens, must be carefully considered in studies exploring the interactions between advanced gut microbiota-dietary interventions and gut microbiota-based therapies. Additionally, advancements in detection methods are expected to unveil previously overlooked microorganisms, thereby prompting scientists to deepen their understanding of the interconnections among these variables. We look forward to the widespread integration of gut microbiota-based approaches in opioid management for NP in the future.
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Introduction

Clostridioides difficile infections (CDI) continue to pose a challenge for clinicians. Fecal microbiota transplantation (FMT) is an effective treatment option in CDI. Furthermore, recent and ongoing studies suggest potential benefits of FMT in other diseases as well.





Methods

We would like to present a novel protocol for encapsulation of lyophilized fecal material. Our method provides with better compliance as well as improved flexibility, storage and safety.





Results

FMT was conducted in 28 patients with an overall success rate of 82,14% using apsules containing lyophilized stool. 16 of patients were given capsules with lessened bacteria counts. The success rate in this group was 93,75%.





Discussion

The results highlight the still unanswered questions about the mechanism of action and contribute to a wider use of FMT in the clinical praxis and in research. 
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1 Introduction

Healthcare-associated infections are diseases that occur despite the work of health care workers or as a side effect of health care interventions. They impose a significant burden on patients and the healthcare system. Clostridioides difficile infection (CDI) is a typical example of this group of diseases.

Most often, C. difficile is unlikely to enter the body during hospital care. The bacteria are often carried by clinically symptomatic patients even before admission (Péterfi, 2015). It has also been shown to be an essential element of the intestinal flora of infants (Jangi and Lamont, 2010) and is not uncommon in the (even healthy) population without symptoms of CDI (Nagy et al., 2013).

Restoring colonization resistance with bactericidal or bacteriostatic drugs is a significant challenge. It can be restored by introducing healthy gut flora or even bacterial strains specific to healthy gut flora into the intestinal tract. It is recorded to have been a common procedure in ancient China (Zhang et al., 2012) and in 18th century Europe for the treatment of various gut-related pathological conditions (DePeters and George, 2014).

The whole gut flora is in fact a “finished product”, but this can also allow the transmission of pathogens (DeFilipp et al., 2019; Zellmer et al., 2021). It is also possible to introduce a known composition of bacterial strains, but the complexity of the gut flora makes it very difficult to determine the correct composition.

The main aim of this research was to improve the already proven effectiveness of fecal transplantation and, as part of this, to make it a more acceptable procedure for patients and easier to perform in clinical practice. For this purpose, we considered capsules filled with lyophilized stool to be the most suitable due to their ease of storage, transport and use. Sample preparation inevitably became more complex; therefore, the workflow was designed to fit in with the daily tasks of a normal working day.



1.1 Pathophysiology of CDI

Clostridioides difficile is resistant to commonly used surface disinfectants due to its spore-forming ability and is also tolerant to desiccation, allowing it to survive for extended periods on various surfaces (Kramer et al., 2006). Removal requires a sporicidal disinfectant and hand washing with soap (Cooper et al., 2016). It is also commonly found in the gut flora of asymptomatic individuals. Illness is typically caused when the colonization resistance of the intestinal flora is weakened. Elderly, immunosuppressed state, prolonged antibiotic use predicts more severe clinical symptoms.

Its spread between patients in a healthcare or nursing facility is of particular importance in the case of toxin-producing (toxin A, toxin B and binary toxin) strains, which cause a more severe course (Chandrasekaran and Lacy, 2017). Ribotype 027 produces 16 times more toxin A and 23 times more toxin B (Warny et al., 2005).

Toxin A is an enterotoxin that destroys cell-to-cell contacts, while toxin B and the binary toxin are cytotoxins, with toxin B targeting the actin filament that builds the cytoskeleton. Together, the toxins therefore induce symptoms by disrupting the integrity of the intestinal mucosa. The disease may be associated with mild intestinal symptoms, but also with painful, mucopurulent (rarely bloody) diarrhea, for example in pseudomembranous enterocolitis.

Persistent, asymptomatic C. difficile carriage is a protective factor for CDI. This is likely to be due to elevated serum levels of antibodies against toxins A and B. A similar protective effect has been observed in non-toxin-producing strains in both human and animal studies (Johnson et al., 2021).

Recurrence of the disease is also an unfavorable sign both for the remission of the current disease and for new recurrences. The frequency of recurrence of CDI and the time and cost of hospitalization places a heavy burden on the healthcare system (Ghantoji et al., 2010; Dubberke and Olsen, 2012).




1.2 Treatment of CDI

The conventional first-line treatment is metronidazole, with vancomycin used for more severe cases or relapses. Multiple relapses or a very severe course justifies the use of fidaxomicin (van Prehn et al., 2021). Other drug therapy options include nitazoxanide, rifaximin, tigecycline and teicoplanin and certain monoclonal antibodies (Wilcox et al., 2017).

Non-drug treatment is fecal transplantation, which rivals the efficacy of the most effective anti-CDI drugs (Vigvári et al., 2015). Recent publications have shown similarly reliable results with a concentrate of Firmicutes strain spores (SER-109).



1.2.1 Antimicrobials

Metronidazole has bactericidal activity against anaerobic bacteria. It can be administered orally and parenterally. Due to its efficacy in mild to moderate CDI and their relatively low cost (Venugopal and Johnson, 2012) it is still in widespread use. According to the latest guidelines, they should only be used under specific circumstances.

Vancomycin inhibits bacterial cell wall synthesis. It is normally used as an agent in intravenous formulations. In CDI, it is dissolved in water and administered orally. An argument against its use in CDI is that it may cause the proliferation of resistant strains of other pathogens in the intestinal tract (e.g. Enterococcus and Staphylococcus strains) (Mathias et al., 2019).

Fidaxomicin has a lower MIC against C. difficile strains (including ribotype NAP1/B1/027) than metronidazole or vancomycin under in vitro conditions. Due to its narrow antibiotic spectrum, it is less disruptive to the diversity of the microbiome and thus allows rapid recovery of colonization resistance. It has been observed to reduce sporulation and toxin production. Its effect in reducing the incidence of recurrent CDI makes it cost-effective in the group of patients at highest risk of relapse (Mullane, 2014).

Tigecycline, an intravenously administered tetracycline derivative, is effective against a number of multi-drug resistant pathogens (Mathur et al., 2014).

The following antibiotics are not part of the ESCMID recommendation but have also been shown to be effective in the treatment of CDI.

Nitazoxanide is comparable to vancomycin in terms of efficacy against C. difficile. It is considered a possible choice in refractory or recurrent cases (Mathur et al., 2014).

Rifaximin is a gastrointestinal-selective antibiotic with broad-spectrum bactericidal activity, but only negligible effect on normal gut flora (Mathur et al., 2014).

Teicoplanin also shows good results, but its availability and high cost limit its use (Mathur et al., 2014).

Ridinilazole is a benzimidazole derivative. According to ongoing trials, its efficacy in CDI exceeds that of vancomycin (Vickers et al., 2017).




1.2.2 Fecal microbiota transplant

Its use in the therapy of pseudomembranous colitis was first reported in 1958 (Eisenman et al., 1958) and has since been shown to be an effective and safe procedure in numerous studies (Kelly et al., 2014). It is currently part of the therapeutic protocol for recurrent CDI. The exact criteria for ideal donors are not clear. In principle, healthy individuals with no infectious disease based on their medical history and screening results are requested for donation. A general bacteriology, parasitology and C. difficile toxin testing of stool samples and screening of serum samples for HIV-1, HIV-2, EBV, CMV, hepatitis A, B, C, Treponema pallidum subspecies pallidum are routinely performed (Vigvári et al., 2015). SARS-Cov-2 virus RNA can be detected in stool long after recovery and protocols have been developed for screening donors (Ianiro et al., 2020; Nagy et al., 2020; Segal et al., 2020).

There are currently four different options for fecal transplantation. It can be performed rectally, through a nasogastric (NG) or a nasojejunal (NJ) tube. Samples prepared for this purpose can be stored frozen (up to -20°C) for later use (Youngster et al., 2014; Vigvári et al., 2015). Encapsulation is the fourth option. Among these, the use of frozen stool-filled capsules (Vigvári et al., 2019) and lyophilized inoculum-filled capsules (Varga et al., 2021; Varga et al., 2023) is possible. Case series studies have shown the efficacy of stool transplants in recurrent CDI, including the prevention of relapse after multiple relapses (Vigvári et al., 2015).

The microbiome is likely to play an important role in irritable bowel disease (Ford et al., 2020), obesity, metabolic syndrome and diabetes (Aron-Wisnewsky et al., 2021). The protocol of the European Society of Clinical Microbiology and Infectious Diseases (ESCMID, Table 1) recommends it for severe complicated and refractory infections (van Prehn et al., 2021).

Table 1 | The protocol of the European Society of Clinical Microbiology and Infectious Diseases in CDI.


[image: A table displays treatment options for Clostridioides difficile infection (CDI). For standard care, initial CDI uses Fidaxomicin or Vancomycin, with recurrences treated by FMT or SoC plus Bezlotoxumab. High-risk cases use Fidaxomicin initially and SoC plus Bezlotoxumab for recurrence. If no preferred option is available, Metronidazole is used initially, then Vancomycin taper and pulse. Severe CDI options include Vancomycin or Fidaxomicin, with alternatives like intravenous metronidazole or tigecycline. Severe-complicated CDI involves multidisciplinary approaches and potential FMT.]
The most important potential side effect is the risk of pathogen transmission and the possibility of developing contaminated small bowel syndrome in case of oral administration. Other possible complications include, depending on the method used, intestinal perforation caused by colonoscopy (the risk of which is increased by local inflammation) and, when using NG or NJ tubes, vomiting and subsequent aspiration, which may lead to pneumonia.




1.2.3 Further treatment options

There are other ways to restore normal gut flora besides antibiotics or FMT. Toxins of C. difficile can be neutralized by monoclonal antibodies (bezlotoxumab, actoxumab (Džunková et al., 2016; Wilcox et al., 2017; Gerding et al., 2018; Prabhu et al., 2018; Salavert et al., 2018; Chen et al., 2021)), while re-establishment of a healthy microenvironment can be attempted through inoculation of certain bacterial strains (SER-109) in a similar way to FMT (McGovern et al., 2021; Feuerstadt et al., 2022). Bacteriophage therapy can also be used to target the bacterium directly (Mondal et al., 2020; Selle et al., 2020; Whittle et al., 2022). The first FDA approved fecal microbiota product (RBX2660, “Rebyota”) has shown success rates above 70% (Orenstein et al., 2016; Khanna et al., 2022; Orenstein et al., 2022). This product is made of human stool and administered as an enema. It is stored in form of a suspension in a single-dose ready-to-use enema bag at -80°C. The product can be stored at room temperature for up to 2 days prior to administration (Orenstein et al., 2016).






2 Materials and methods



2.1 Study design

The main aim of this research was to develop an effective encapsulation protocol to improve the practical application of fecal transplantation. We investigated whether the administration of a bacteria-free (or significantly reduced bacterial count) formulation is sufficient in CDI. Lyophilized fecal preparation was filled into capsules and stored at -20°C until administration.

The cure rate was recorded after capsule administration and the recurrence rate at one-year follow-up.

In parallel with the clinical trial, we assessed bacterial survival rates in the lyophilizates by periodic inoculation.




2.2 Population

Patients treated for CDI at the Department of Infectious Diseases, 1st Department of Internal Medicine, University of Pécs Clinical Centre between January 2018 and December 2019 were included in the study. During this period, a total of 28 patients received FMT with capsules. The intervention was offered for recurrent CDI when at least two recurrences occurred within 1 year.

After signing the informed consent form, patients were randomly assigned to receive either the supernatant (group A: 16 patients) or the sediment (group B: 12 patients).

The mean age of group A was 64.79 years, 10 women and 6 men. Group B had an average age of 66.47 years, 7 women and 5 men. The median number of previous relapses was 2 in both groups. Table 2 summarizes the baseline characteristics of the two groups.

Table 2 | The baseline characteristics of group A and B.


[image: Table with two groups comparing gender distribution, mean age, and median previous recurrences. Group A: 10 females, 6 males, mean age 64.79 years, 2 median recurrences. Group B: 7 females, 5 males, mean age 66.47 years, 2 median recurrences.]



2.3 Donor criteria

Stool samples were provided by one donor throughout the clinical trial. Donor selection was based on criteria in line with international recommendations and was done by direct recruitment. The selection criteria were as follows:

Age should be between 18 and 65 years, BMI below 30 kg/m2, there should be no moderate or severe malnutrition. No chronic internal medicine, immunologic, neuropsychiatric or oncologic disease. No transmissible infectious diseases and no therapy influencing the immune system and the gut microbiome.

The donor was a tall, thin, Caucasian man in his twenties with a normal BMI, on a normal diet, not a healthcare worker. After evaluation of a risk assessment questionnaire and protocol-based screening, we provided him with the necessary information and tools for appropriate sample collection. The clinical trial was conducted before the first confirmed European appearance of the SARS-Cov-2 virus and therefore no screening was performed in this direction. Laboratory screening tests are summarized in Table 3.

Table 3 | Laboratory screening tests for donors.


[image: A table categorizing diagnostic tests for pathogens and other tests by specimen type: blood, stool, and perianal swab. Bacteria tests include Treponema in blood, enteral pathogens in stool, and Vancomycin-resistant strains in swabs. Viruses include Hepatitis A, B, C, E, and HIV from blood; Norovirus and Rotavirus from stool. Parasites include Entamoeba in blood, Giardia and Cryptosporidium in stool. Other tests include complete blood count and liver function from blood, and C. difficile from stool. Different diagnostic methods such as enzyme immunoassay, PCR, and microscopic examination are noted.]



2.4 Sample collection

The stool was collected at the donor’s home in a non-sterile, airtight specimen collection container and the specimen was transported at room temperature to the sample processing laboratory within 1 hour.




2.5 Sample preparation

Sample processing was supposed to start within 6 hours of defecation according to our protocol. A dedicated laminar suction box was used, which was disinfected with sporicidal disinfectant before each sample processing.



2.5.1 Homogenization, separation

During this phase, 60 g of feces were homogenized in a household mixer in a container with a sealable lid in 200 ml of physiological (0.9%) saline solution at room temperature. The resulting suspension was filtered twice to remove the larger solids. Solids that were difficult to remove by mechanical filtration were removed by a short-time, low g centrifugation (MPW-380R, Poland) (10 min, 827 g, room temperature) using 50 ml centrifuge tubes (Sarstedt Inc. Nümbrecht, Germany). With this method, approximately 120 ml of macroscopically homogeneous suspension can be produced from a 60 g dose of feces. Subsequently, the sample was treated in 100 ml portions. According to our previous protocol, this is the volume that the patient would receive if injected by nasogastric tube; therefore, this was chosen as the initial volume. Samples prepared for capsule preparation were then subjected to further centrifugation, this time for 15 min at 3309 g in a centrifuge precooled to 4°C. This step resulted in a sediment of around 30 ml, to which 10 ml of physiological (0.9%) saline was added to facilitate further treatment. The supernatant (around 70 ml volume) was divided into two parts and the sediment (around 40 ml volume) was stored whole in 5 cm diameter glass containers at -20°C for 12 hours. Samples at -20°C were then lyophilized (Freeze Dryer Heto Drywinner model DW1.0) at -40°C under vacuum 4*10–4 mbar for 36 hours, and the lyophilized samples were homogenized in a porcelain mortar on room temperature.




2.5.2 Lyophilization, encapsulation

The homogeneous lyophilizates were loaded into hard gelatin capsules of size “00” corresponding to the given volume using a capsulation device (Capsule Machine, Capsule Connection, LLC, Prescott AR, USA). From the initial volume of 100 ml, 4–6 capsules containing lyophilized sediment and 4–6 capsules containing lyophilized supernatant were prepared, depending on the dry matter content of the sample and the degree of compressibility during encapsulation. The capsules were then stored at -20°C until administration. The appearance of the lyophilized supernatant and sediment-filled capsules differed only in color shade. These capsules are water soluble and not resistant to gastric acid.

We also planned to test enterosolvent capsules (Vcaps® Enteric Capsules, Capsugel, Cambridge, MA, USA) to protect the lyophilizates against gastric acid. These capsules were one size smaller, size “0”, resulting in a 45% increase in the number of capsules required to encapsulate a single dose of lyophilizate. Given the success of the normal capsules, enterosolvent capsules were ultimately not used in the clinical trial.

We also planned to encapsulate an unlyophilized fecal suspension. This required the creation of a water-insoluble coating on the inner wall of the capsules. We tried two formulations:

- Eudragit® L 30 D-55 (Ph. Eur. Methacrylic Acid - Ethyl Acrylate Copolymer 187 (1:1) 30% dispersion).

- Eudragit® RS 30 D (Ph. Eur. 0.3% Sodium Lauryl Sulphate, 1.2% 188 Polysorbate 80 - aqueous dispersion with 30% solids content).

Both dispersions deformed the capsules, which remained properly sealable (if not perfectly) after coating. The degree of deformation was found to be reduced by the use of a hair dryer. After contact with water, the pre-treated capsules retained their stiffness for 60 minutes for Eudragit® L 30 D-55 and 5 minutes for Eudragit® RS 30 D.





2.6 Administration

In patients scheduled for FMT, we stopped metronidazole or vancomycin treatment the day before the procedure and started proton pump inhibitor therapy (if not already ongoing) to raise pH of the gastric fluid and hence improve bacterial survival. We tried to achieve a more rapid intestinal transit of the drug and a reduction in the likelihood of vomiting by administering metoclopramide. Patients were not allowed to eat before taking the capsules on the day of transplantation. Patients were required to take 4–6 capsules, one at a time, in about 5 minutes. They were then not allowed to eat for 2 hours, during which time they had to remain in at least a semi-recumbent position.




2.7 Evaluation, follow up

Cure was defined as the resolution of clinical symptoms, relapse as the recurrence of symptoms within 6 months, and follow-up of patients was defined as one year.




2.8 In vitro survival of bacteria

Survival studies were performed on donor samples before and after lyophilization to determine how long samples could be stored using the presented method without loss of efficiency.

At the time of sample processing, a dilution series was prepared from 1–1 ml of the samples to be lyophilized (supernatant, sediment) and 1 ml of the fecal suspension before separation of the two fractions. Inoculation of these samples was performed immediately. At the end of lyophilization, volumes of around 0.01 g were measured from the lyophilization samples for immediate inoculation and for inoculation at 2 days, 1 week, 1 month, 3 months and 6 months. The measured samples were stored at 4 different temperatures: -80°C, -20°C, +4°C and +20°C (room temperature), i.e. 21–21 samples were taken from the two different lyophilizates. The samples were taken from 9 processed fecal samples (378 samples in total.) The samples to be inoculated were first diluted to the original concentration based on the masses measured before and after lyophilization, and then ten-fold serial dilutions were made. From the dilution series, a single loopful of inoculum was spread over the surface of the agar media and the media were incubated aerobically and anaerobically at 30°C.

One inoculation per dilution was prepared for each of the following media: blood agar (aerobic and anaerobic incubation), chocolate agar, chocolate agar with vancomycin, eosin-methylene blue agar, Sabouraud agar.

The census was carried out after 48 hours of incubation. Clearly infected media were excluded from the counts. All media where, despite higher dilution, multiple counts or colonies not complying with the dilution were detected were marked as clearly infected. Germ counts were expressed in CFU/ml (Colony Forming Unit).





3 Results



3.1 Capsule making workflow

The fundamental objective was to create an efficient encapsulation workflow. Using our protocol, an assistant can prepare a total of 4–6 doses of capsules within 72 hours, with a total of about 8 hours of work.

The most complex was to organize the ideal time to bring the donor stool to the lab, due to the time-consuming and time-critical nature of the initial steps. After 2–3 hours of preparation, the stool sample could be placed in the freezer overnight after the necessary centrifugation steps. The next morning, the lyophilization process could begin, lasting 36–48 hours. After lyophilization, approximately 2 hours were required to pulverize and encapsulate the lyophilizates.




3.2 Clinical results (sediment, supernatant)

The reference point for this clinical trial was the effectiveness of previous modalities of FMT. As expected, patients showed less aversion to the concept of taking capsules as opposed to taking them through different tubes. It should be noted, however, that in recurrent CDI in general, no significant persuasion was needed for the other modalities either.

In total, 28 cases of FMT with capsules were performed in the clinical trial. No anomalies were observed during their implementation; the most serious complication was mild abdominal discomfort.

In group A (where patients were given capsules containing lyophilized supernatant), 15 out of 16 patients recovered after a single dose of capsules (93.75%). Two of the recovered patients relapsed shortly after transplantation (within 3 weeks), but they were again asymptomatic after administration of fidaxomicin. (In the group of cured patients, one patient underwent colectomy for IBD.) During follow-up, one patient passed away due to a comorbidity unrelated to CDI. The history of the patient who did not respond to treatment prior to FMT included a total of 22 recurrences.

In group B (where patients were given capsules containing lyophilized sediment), 8 out of 12 patients recovered after the first dose (66.67%). None of them experienced a relapse, but one of them remained positive for C. difficile A toxin in stool without clinical symptoms. Two of the patients who did not recover did not respond to the rest of the therapeutic options, one of them recovered after another FMT and the other one finally recovered after treatment with fidaxomicin. One patient passed away during follow-up due to another disease.

The overall cure rate was 23/28 (82.14%). The results are summarized in Table 4.

Table 4 | The clinical results with FMT capsules.


[image: Table comparing success rates of two groups. Group A: 15 successful, 1 unsuccessful, total 16. Group B: 8 successful, 4 unsuccessful, total 12. Columns are labeled: Successful, Unsuccessful, Sum.]



3.3 Laboratory results (CFU)

The results of the inoculation experiments have already been reported in a previous publication (Varga et al., 2023).

Using concurrent aerobic and anaerobic cultures, we found a difference of approximately 600-fold between supernatant and sediment CFU counts. We did not investigate the possible contribution of spores to the residual bacterial counts in the supernatant. The results showed that the lyophilized supernatants did not contain any viable bacteria or bacterial spores after 6 months of storage at -20°C.

The experiment showed that survival was inversely related to storage temperature and storage time. Thus, survival was most favorable at -80°C, but the greatest difference was seen between samples kept at -20°C and +4°C. This suggests that storage at -20°C for 6 months seems to be adequate for survival.





4 Discussion

The presented clinical trial was conducted to improve the methodology of fecal transplantation. The described encapsulation workflow makes fecal transplantation significantly simpler and more flexible, providing a new tool for the investigation of other uses. The use of lyophilized, encapsulated stools avoids the use of nasogastric or nasojejunal tubes, thus reducing the risk of future clinical trial planning and making the intake of the capsules less burdensome for the patients. The planning of interventions is improved, and their constraints are reduced. These factors will hopefully lead to easier obtaining of the necessary licenses for trials. The capsulation protocol results in a longer sample preparation time than is required for the preparation of stool suspensions used in NG, NJ, or colonoscopic administration. However, the prepared capsules can be easily and reliably stored in a -20°C freezer, even for long periods of time. Due to the small volume, FMT can be performed immediately after taking the capsules out of the freezer.

As the inoculations during sample processing showed, the lyophilized supernatant-filled capsules were not nearly bacteria-free. However, they had significantly lower bacterial counts than those containing lyophilized sediment or the whole feces administered according to the previous procedure. A report has also shown that bacteria-free stool preparations produced by mechanical filtration can be used effectively (Ott et al., 2017), suggesting that it is not the bacteria or their spores that are administered, but rather the smaller size components of the stool that may be responsible for the effect. The inoculation results also showed that after 6 months, although the lyophilized supernatants did not contain viable bacteria or bacterial spores, they were still effective in CDI. These bacterial survival results provide a clue as to how much less viable bacteria may have been present in capsules used 1–2, or even 6 months later (stored at -20°C until then) than in freshly used capsules. In contrast, results with bacterial concentrates of known composition suggest that the administration of some strains is effective (McGovern et al., 2021; Feuerstadt et al., 2022). It should be noted that these strains were not obtained by culture but by purification of donor stool, for example with ethanol.

For the bacteria and fungi that can grow on the media we used, we obtained information on some of the microorganisms introduced during the FMT, but we did not investigate the quantity and diversity of viruses at all. Several new viruses have been discovered in fecal samples using metagenomic studies (Xie et al., 2013), but even before this, a bewilderingly high diversity was to be taken into account.

To date, none of the current therapeutic recommendations mention stool transplantation as a first-line treatment for CDI or any other disease. Although it is already routinely used in the treatment of recurrent CDI in several centers, it is unlikely to be the first-line treatment of choice in this disease in the future.

The complexity of the sample to be administered always carries the risk of iatrogenic contamination, as has unfortunately been the case in recent years (DeFilipp et al., 2019; Zellmer et al., 2021). Normally, such a risk does not apply to antibiotics, as the manufacturer can control exactly what is included in the product. Bacterial concentrates of known composition are halfway between the two approaches (Orenstein et al., 2016; McGovern et al., 2021; Feuerstadt et al., 2022; Khanna et al., 2022; Orenstein et al., 2022).

The efficacy of bacteria-free formulations highlights what is probably the most important grey area at present. If a proportion of CDI infections can be cured with a bacteria-free stool preparation, the reason for the failure of bacterial concentrates may be the lack of, or insufficient quantity of a component that has been killed, denatured or diluted in the preparation of the concentrates. This component is naturally present in all feces, so it is likely that fecal transfusions will continue to be part of the protocol. However, in some cases, neither antibiotics nor the use of whole feces has led to cure. The existence of this group may be the result of inappropriate donor selection but is certainly a result of the lack of information available on the microbiome.

Our research suggests that fecal transplantation should be performed as shown in Table 5.

Table 5 | Suggested faecal transplantation protocol.


[image: Table detailing steps for stool sample preparation, administration, and follow-up. Preparations include regular donor screening, prompt sample processing, and storage at negative twenty degrees Celsius. Administration involves discontinuing certain medications, starting proton pump inhibitors, and using metoclopramide. Specific guidelines for food intake and body position are provided. Follow-up includes a six-month period after the procedure.]
C. difficile infection is the only disease for which fecal transplantation is currently routinely used, so most of the information comes from this field. Clinical trials are also being carried out in other intestinal diseases, such as ulcerative colitis (CU) and Crohn’s disease. A significant number of cases have been reported in several places, but the evidence is still awaited. Based on individual case reports (Blanchaert et al., 2019; Costello et al., 2019; Crothers et al., 2021), as we have also seen in one of the patients, FMT in CU may improve the patient’s condition. However, it should be kept in mind that these are all individual observations. Patients received transplantation for essentially different indications, so the results should be interpreted with caution.

The lack of evidence combined with the cumbersome nature of the commonly used FMT methodology hampers further research in this field. It is anticipated that the use of capsules will remove a number of current barriers, both in terms of patients (burdensome intervention, aversions), approval (risks of intervention) and infrastructure (equipment, time and space requirements).
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Humanized mice with human-like immune systems are commonly used to study immune responses to human-specific pathogens. However, one limitation of using humanized mice is their native murine gut microbiota, which significantly differs from that in humans. Given the importance of the gut microbiome to human health, these differences may profoundly impact the ability to translate results from humanized mouse studies to humans. Further, there is a critical need for improved pre-clinical models to study the complex in vivo relationships of the gut microbiome, immune system, and human disease. We previously created double humanized mice with a functional human immune system and a stable, human-like gut microbiome. Here, we characterized the engrafted human gut bacterial microbiome in our double humanized mouse model generated by transplanting fecal material from healthy human donors into the gut of humanized mice. Analysis of bacterial microbiomes in fecal samples from double humanized mice revealed they had unique 16S rRNA gene profiles consistent with those of the individual human donor samples. Importantly, transplanted human-like gut microbiomes were stable in mice for the duration of the study, extending up to 14.5 weeks post-transplant. Microbiomes of double humanized mice also harbored predicted functional capacities that more closely resembled those of the human donors than humanized mice. In conclusion, our study highlights the successful engraftment of human fecal microbiota in BLT humanized mice and underscores the stability of this model, offering a valuable platform for investigating the intricate interplay among the human gut microbiome, immune system, and various diseases in vivo.
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1 Introduction

The complex ecosystem of the gut microbiome plays a critical role in human health and disease (Turnbaugh et al., 2006; Qin et al., 2010; Clemente et al., 2018; Gopalakrishnan et al., 2018; Routy et al., 2018). Specifically, the gut microbiome has a highly reciprocal and dynamic relationship with the immune system. Antigens derived from the gut microbiome influence host immune responses, and the immune system, in turn, contributes to shaping the spatial distribution and composition of the gut microbiota (Kau et al., 2011; Hooper et al., 2012; Maynard et al., 2012). Humanized mice (hu-mice) with an engrafted human immune system have facilitated important advancements in the study of human cancer, autoimmune diseases, hematopoiesis, and infectious diseases (Sun et al., 2007; Simpson-Abelson et al., 2008; Bankert et al., 2011; Whitfield-Larry et al., 2011; Vudattu et al., 2014; Wang et al., 2014; Stary et al., 2015; Ernst, 2016; Yi et al., 2017). However, gut microbiomes of hu-mice are murine in origin and are often not well-characterized in translational studies. The murine gut microbiome differs substantially in composition and function from that of humans (Xiao et al., 2015), primarily due to anatomical or evolutionary differences as well as other factors such as diet (Nguyen et al., 2015). Considering the importance of the gut microbiota in proper immunological development and influencing immune responses, the murine origin of the microbiome harbored by hu-mice could affect translational study outcomes. Consequently, a need exists to not only characterize the gut microbiomes of hu-mice but also impart these mice with a more human-like gut microbiome to improve the translational aspects of the model for human medicine.

The creation of a new, pre-clinical hu-mice model to study the human immune system in the context of a human microbiome offers numerous benefits over existing options. Many aspects of human disease are difficult or impossible to study directly in humans due to practical or ethical concerns. Non-human primate models are informative; however, they are often resource and cost prohibitive. Many important discoveries in the microbiome field have been made using mouse models; however, translating results from mouse studies to humans has often proven difficult. The use of germ-free mice reconstituted with human-like gut microbiomes has been the gold standard in studying the relationship of the gut microbiome to human health and disease (Turnbaugh et al., 2009; Kennedy et al., 2018). However, working with or deriving germ-free animals requires expertise and facilities that are not always available. Further, many immunodeficient mouse strains commonly used to reconstitute a human immune system, such as NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) are currently not commercially available as germ-free. We previously created a double hu-mice model featuring a functional human immune system and a human-like gut microbiome under specific pathogen free (SPF) conditions (Daharsh L et al., 2019). Here, we characterized the gut microbiome of the double hu-mice, demonstrating their unique 16S rRNA gene profiles based on the individual human donor sample with which they were colonized. Importantly, the transplanted human-like microbiome was stable in the mice for the duration of the study, up to 14.5 weeks post-transplant. Double hu-mice also harbored gut microbiomes with a more human-like predicted functional capacity compared to their hu-mice counterparts.




2 Methods



2.1 Generation of hu-mice

All methods described here were conducted as we previously reported (Li et al., 2015; Destache et al., 2016; Yuan et al., 2016; Daharsh L et al., 2019) in accordance with Institutional Animal Care and Research Committee (IACUC)-approved protocols at the University of Nebraska-Lincoln (UNL). Briefly, 6- to 8-week-old female NSG mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ, Cat# 005557; Jackson Laboratory, Bar Harbor, ME) were housed and maintained in individual microisolator cages in a rack system designed to regulate air circulation through pre-filters and HEPA filters and fed with irradiated Teklad global 14% protein rodent chow (Teklad 2914; Inotiv, Madison, WI) along with autoclaved acidified drinking water. The second cohort of mice (Table 1) was supplemented with a high-calorie gel (DietGel Boost). Prior to surgery to humanize the mouse immune system, mice were subjected to total-body irradiation with a dose of 12 cGy per gram of body weight using the RS200 X-ray irradiator (RAD Source Technologies, Inc., GA). Following irradiation, mice were implanted with a single human fetal thymic tissue fragment sandwiched between two human fetal liver tissue fragments within the left renal capsule. Human CD34+ hematopoietic stem cells were isolated from human fetal liver and injected into mice via tail vein at a range of 1.5-5 × 105 within a 6-hour window following surgery. The human fetal liver tissues and thymus used in this study were obtained from Advanced Bioscience Resources (Alameda, CA). After 9 to 12 weeks, human immune cell reconstitution in peripheral blood was measured by a fluorescence-activated cell sorter (FACS) Aria II flow cytometer (BD Biosciences, San Jose, CA) using antibodies against mCD45-APC, hCD45-FITC, hCD3-PE, hCD19-PE/Cy5, hCD4-Alexa 700, and hCD8-APC-Cy7 (Cat# 103111, 304006, 300408, 302209, 300526, and 301016, respectively; BioLegend, San Diego, CA). Raw data were analyzed with FlowJo (version 10.0; FlowJo LLC, Ashland, OR). All hu-mice used in this study had human immune cell reconstitution with an average of 85% hCD45+ cells in peripheral blood 12 weeks post-surgery. The assignment of mice into the experimental groups was done randomly, ensuring comparable levels of human immune cell reconstitution across the groups.

Table 1 | Experimental summary of double hu-mice cohorts.
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2.2 Generation of double hu-mice

The hu-mice generated described above in section 2.1 by the bone-marrow, liver, thymus (BLT) method of humanization was then used to create double hu-mice with both the human immune system and human microbiota based on antibiotic-induced microbiota depletion procedure followed by oral gavage of human fecal microbiota.



2.2.1 Antibiotic treatment

A cocktail of broad-spectrum antibiotics consisting of Ampicillin (1 g/L), Metronidazole (1 g/L), Neomycin (1 g/L), and Vancomycin (0.5 g/L) was prepared fresh daily and given to the mice ad libitum in the drinking water along with grape-flavored Kool-Aid to improve palatability. Mice in the control group were provided solely with grape flavored Kool-Aid in the drinking water prepared fresh daily. During antibiotic treatment, cages were replaced daily to limit re-inoculation of pre-existing bacteria in the mice due to their coprophagic behavior. Antibiotics were given for 14 days for double hu-mice engrafted with Donor 65 and Donor Mix and for seven days for double hu-mice engrafted with Donor 74 and Donor 82. Mice in the pilot study were given antibiotics via oral gavage as follows: For three days, mice received anti-fungal Amphotericin B treatment (1 mg/kg) twice daily via oral gavage and were then given the antibiotic cocktail along with Amphotericin B twice daily via oral gavage. After four days of treatment, the Amphotericin B was stopped due to toxicity concerns, and after 10 days of treatment, oral gavage was reduced to once daily. Post-antibiotic treatment, all mice were given autoclaved non-acidified deionized drinking water.

During the first few days of antibiotic treatment, mice lost a considerable amount of body weight (10–20%). The weight loss plateaued after three to four days and remained steady for the remainder of antibiotic treatment. Throughout antibiotic treatment, we closely monitored the body weight of the mice, and when necessary, administered intraperitoneal (IP) injection of Ringer’s solution to alleviate any effects of dehydration. After fecal transplant, the mice regained weight and returned to their pre-existing weight within two weeks post-transplant. During antibiotic treatment, there was a large reduction in spleen size and a large increase in cecum size compared to controls. This is similar to the morphology observed in germ-free mice, providing further evidence for the efficacy of the antibiotic regimen (Smith et al., 2007).




2.2.2 Donor samples and fecal microbiota transplant

Three unique microbiota preparations (Donor 65, Donor 74, and Donor 82) were procured from OpenBiome (Massachusetts, USA). An unbiased human donor sample (Donor mix) was prepared within an anaerobic chamber by mixing an equal portion of the three different donor microbiota preparations. Hu-mice were grouped into multiple cohorts and 200 μL of human fecal material from one of three unique healthy human donors or an equal mixture of all three (Donor mix) were given via oral gavage at 24 and 48 hours after the completion of antibiotic pre-treatment. 16S rRNA sequencing data on the three donors was also supplied by OpenBiome.





2.3 Mouse fecal collection and DNA extraction

Fresh fecal samples from the mice were collected within a biosafety hood by placing individual mice into autoclaved paper bags. Fecal samples were stored at −80°C in 1.5 mL Eppendorf tubes until DNA extraction. DNA was extracted from the fecal samples using the method described previously (Martinez et al., 2009). Briefly, fecal samples were washed three times with 1 mL PBS buffer (pH 7), followed by incubation at 60° C for 30 minutes along with 750 μL of lysis buffer, 300 mg of autoclaved 0.1 mm zirconia/silica beads (Biospec), 85 μL of 10% SDS solution, and 40 μL of Proteinase K (15mg/mL, Promega, Cat# MC500B). After incubation, 500 μL of phenol:chloroform:isoamyl alcohol (25:24:1) was added, and cells were physically lysed using a bead beater (BioSpec Mini-Beadbeater-16) for 2 minutes. The upper phase of the sample was collected and additional 500 μL of phenol:chloroform:isoamyl alcohol (25:24:1) was added and spun down to separate upper phase containing the DNA, which was further purified twice with 500 μL of chloroform:isoamyl alcohol (24:1). DNA was then precipitated overnight at −20°C with 100% Ethanol (2.5 x volume of sample) and 3M sodium acetate (0.1 x volume of sample) and dried at room temperature. Dried DNA was resuspended in 100 μL of Tris-Buffer (10mM, pH8) and stored at −20°C for future use.




2.4 16S rRNA bacterial gene sequencing

16S rRNA bacterial gene sequencing was performed at the University of Nebraska Medical Center Genomics Core Facility using Illumina MiSeq. DNA normalization and library prep were performed, followed by V3-V4 16S rRNA amplicon gene sequencing using a MiSeqV2 (Illumina). The following primer sequences were used: (Primer sequences: Forward Primer = 5’

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 16S Amplicon PCR Reverse Primer = 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC

Illumina overhangs: Forward overhang: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG‐[locusspecific sequence] Reverse overhang: 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG‐[locusspecific sequence]).




2.5 Generation of the amplicon sequence variant table and data analysis

Illumina-sequenced paired-end fastq files were demultiplexed by sample and barcodes were removed by the sequencing facility. Amplicon sequence variant (ASV) table was generated following the DADA2 v1.8 R package pipeline using the University of Nebraska Holland Computer Center Crane cluster (Callahan et al., 2016). Taxonomy was assigned using the Greengenes 13.8 database and RDP Classifier with a minimal confidence score of 0.80 (Wang et al., 2007; Caporaso et al., 2010). Analysis was performed using R package mctoolsr (https://github.com/leffj/mctoolsr/), and samples were rarified to 13,000 ASVs for downstream analysis. Additional testing of differences between groups was performed using LEfSe (Segata et al., 2011). SourceTracker was used to evaluate the stability of the transferred donor microbiome in the double hu-mice (Knights et al., 2011). GraphPad Prism 5 was used to create some figures. DADA2 generated ASVs were used to predict the functional metagenome capacity using PICRUSt (Langille et al., 2013) via the following pipeline (https://github.com/vmaffei/dada2_to_picrust).





3 Results



3.1 Gut microbiomes of double hu-mice were distinct and more human-like compared to hu-mice

Multiple cohorts of double hu-mice were created using fecal material from one of three unique healthy human donors or an equal mixture of all three (Table 1). We used 16S rRNA gene sequencing to characterize the gut bacterial microbiome of 100 fecal samples from 16 double hu-mice and compare them with 67 fecal samples representing the pre-existing murine gut microbiomes of hu-mice and the profiles of the four human fecal donor samples. To visualize beta-diversity relationships between hu-mice, double hu-mice, and the human donor samples, non-metric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA) plots were created. In the NMDS plot, the gut microbiome profiles of the three groups separated into distinct clusters (Figure 1A). In the PCoA plot, the human donor samples fell within the double hu-mice hull, which was distinct from the hu-mice profiles (Figure 1B). Both dimensionality reduction methods revealed that following human gut microbiome engraftment, double hu-mice exhibited a distinct gut microbial profile that clustered closer to the human donor samples when compared to hu-mice harboring murine gut microbiomes. Importantly, there was no reversion to hu-mice profiles post-transplant. Displaying the relatedness of the samples through a hierarchical dendrogram based on Bray-Curtis distances further confirmed the similarity of double hu-mice microbiomes to the human donor samples and differentiated them from those of hu-mice (Figure 2).
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Figure 1 | Gut microbiomes of double hu-mice were distinct and more human-like compared to hu-mice and feature donor specific profiles. Double hu-mice clustered distinctly than the human donor samples and pre- treatment or untreated control hu-mice in Non-metric multidimensional scaling (NMDS) plot (A) and in Principal coordinate analysis (PCoA) plot (B). Plot displaying human donor specific profiles of the double hu-mice in NMDS plot (C) and in PCoA plot (D).

[image: Dendrogram illustrating hierarchical clustering of samples, with four color-coded categories: Human Donor (green), Double Hu-Mice (blue), Antibiotic Treated Hu-Mice (cyan), and Control or Pre-treatment Hu-Mice (purple).]
Figure 2 | The gut microbiomes of double hu-mice clustered with those of human donor fecal samples. Dendrogram based on Bray-Curtis distances for the gut microbiome profiles of donor fecal samples (Human Donor), double hu-mice (Double Hu-Mice), antibiotic treated hu-mice (Antibiotic Treated Hu-Mice), and untreated control or pre-treatment hu-mice (Control or Pre-treatment Hu-Mice).

We also observed that double hu-mice maintained the pre-existing relationships among the microbiome profiles of the human fecal donors (Figures 1C, D). Importantly, pre-treatment samples from corresponding double hu-mice in each cohort had similar gut microbiome profiles as untreated control hu-mice. After engraftment, double hu-mice resembled the individual human donor that was transplanted as demonstrated by the relationships between the human donor microbiome profiles. Human donors 74 and 82 had more similar profiles to one another than to human donor 65. This relationship was maintained in the double hu-mice after engraftment. We also prepared an “unbiased” human sample by mixing equal parts of the three human donor fecal samples, designated hereafter as donor mix. The microbiome profile of this mixed sample resembled a mixture of the three individual human donor profiles. Specifically, the mixed donor sample more closely resembled individual donors 74 and 82, and this observation was mirrored in the double hu-mice engrafted with the donor mix sample.

We also investigated the impact of antibiotic treatment duration on the engraftment of the human gut microbiome. The double hu-mice engrafted with human donors 74 and 82 were generated after only seven days of antibiotic pre-treatment. Their microbiome profiles were less similar to the human donor profiles than to those from cohorts pre-treated with antibiotics for 14 days prior to fecal transplant (Figures 1C, D). We found the two weeks of antibiotic treatment was optimal for the creation of double hu-mice. Together, these results demonstrate that our approach of generating double hu-mice is reproducible and able to create hu-mice with unique 16S rRNA gene profiles based on the individual human fecal donor.




3.2 Gut microbiomes of double hu-mice had increased levels of alpha diversity compared to hu-mice

Since the highly immunodeficient NSG mice used for generating hu-mice were raised under SPF conditions with limited exposure to outside sources of microbes, we hypothesized that successful engraftment of donor microbiota would significantly increase the gut microbial diversity of double hu-mice compared to the hu-mice. We tested this hypothesis and found that the gut microbial diversity of double hu-mice with a functional immune system significantly increased to similar levels observed in our human donor samples versus the hu-mice. Several alpha diversity measurements confirmed that hu-mice had very low measures of alpha diversity compared to our human donor samples (Figure 3). However, after engraftment, double hu-mice had increased species richness compared to hu-mice (P < 0.001) and did not differ significantly from the human donor samples (Figure 3A). Further, the Shannon index values of the human donor samples were significantly higher than hu-mice (P < 0.05) but were not significantly different from the double hu-mice samples. Double hu-mice had increased Simpson index values compared to hu-mice, but the human donor samples were significantly higher than both the double hu-mice (P < 0.05) and hu-mice (P < 0.05). As expected, samples taken during antibiotic treatment had the lowest measures of all three diversity metrics evaluated. Alpha diversity metrics were also measured based on the human donor sample engrafted (Supplementary Figure S1). Double hu-mice engrafted after 14 days of antibiotics (donor 65 cohorts 1 & 2, donor mix) had higher levels of alpha diversity compared to double hu-mice engrafted after only seven days of antibiotics (donors 74 & 82). Overall, double hu-mice had increased alpha diversity and were more similar to that observed in the human donor samples compared to hu-mice. The shorter antibiotic treatment duration (seven days versus 14 days) was associated with lower alpha diversity measurements in double hu-mice engrafted with human donors 74 or 82.
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Figure 3 | The gut microbiomes of double hu-mice had increased alpha diversity measures compared to that of pre-treatment or untreated control hu-mice. Alpha diversity indices Species richness (A), Shannon index (B), and Simpson index (C) between untreated control hu-mice, antibiotic-treated, double hu-mice, and human donor. Data are shown for pre-treatment or untreated control hu-mice (Hu-Mice), antibiotic treated mice (Antibiotics), double hu-mice (Double Hu-Mice), and human donor fecal samples (Human Donor). *, **, and *** indicate significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.




3.3 The relative abundance of gut bacteria in double hu-mice was similar to that found in human donor samples

We next hypothesized that successful engraftment of human gut microbiota would result in more taxonomic similarities between the human donor gut microbiome profiles and double hu-mice versus hu-mice. Several differences were observed in the relative abundances of double hu-mice based on the length of antibiotic treatment, the human fecal donor sample engrafted, and mouse cohort (Supplementary Figure S2). At the phylum level, both double hu-mice and hu-mice samples were largely represented by Actinobacteria, Bacteroidetes, Firmicutes, and Verrucomicrobia. Notably, we found that hu-mice had high proportions of Verrucomicrobia that remained high even after antibiotic treatment and engraftment with human donor samples that had low abundances of Verrucomicrobia. At the family level, hu-mice samples had a higher relative abundance of S24-7 than double hu-mice and human donor samples (Figure 4). Both hu-mice and double hu-mice samples had higher relative abundances of Lactobacillaceae and Verrucomicrobiaceae compared to human donor samples. The human donor and double hu-mice samples had higher relative abundances of Bacteroidaceae than hu-mice samples while Lachnospiraceae and Ruminococcaceae were relatively high in abundance in donor versus hu-mice and double hu-mice.
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Figure 4 | Comparison of relative abundance of taxa grouped by family. The 11 most abundant taxa by relative percent abundance grouped by family are shown for pre-treatment and untreated control hu-mice (Hu-Mice), double hu-mice (Double), and human fecal donor samples (Donor).

We next compared the taxonomic differences among microbiomes using Kruskal-Wallis testing with FDR adjusted P values below 0.05 (Supplementary Table S1). We found 195 significant differences between the hu-mice and human donor samples and 170 significant differences between hu-mice and double hu-mice. However, only 108 significant differences were observed between double hu-mice and human donor samples. Both the human donor and double hu-mice samples had significantly higher relative abundances of the family Bacteroidaceae, while hu-mice had a significantly higher relative abundance of the family S24-7. Human donor samples had a higher relative abundance of the phylum Firmicutes compared to both hu-mice and double hu-mice. Human donor samples had lower relative abundances of the class Bacilli and family Lactobacillaceae compared to both hu-mice and double hu-mice. Human donor samples also had a higher relative abundance of the class Clostridia than both hu-mice and double hu-mice samples (Supplementary Figure S2). Significant differences found within this class included the family Lachnospiraceae, genus Blautia, genus Roseburia, family Ruminococcaceae, genus Ruminococcus, and species Faecalibacterium prausnitzii. Some of these taxa did increase in abundance in double hu-mice as compared to hu-mice, as observed with significant differences in the genus Blautia and genus Ruminococcaceae. Levels of Akkermansia muciniphila were significantly higher in hu-mice and double hu-mice samples compared to human donor samples. However, double hu-mice had significantly less relative abundance of this species than hu-mice samples (Supplementary Table S1).

The increased similarity observed in double hu-mice and human donor gut microbiome profiles was driven by changes in the relative abundance of many taxa (Supplementary Figure S3). We categorized 70 bacterial taxa that had significantly higher relative abundance (Kruskal-Wallis testing with FDR adjusted P values below 0.05) in both human donor and double hu-mice samples compared to hu-mice. Further, 59 of the 70 higher abundance taxa were not significantly different between the human donor and double hu-mice samples. The largest changes were observed in members of Bacteroidaceae and Blautia. Additionally, increased abundance was observed in members of Coriobacteriaceae, [Barnesiellaceae], [Odoribacteraceae], Porphyromonadaceae, Christensenellaceae, Eubacteriaceae, Lachnospiraceae, Ruminococcaceae, Veillonellaceae, and Erysipelotrichaceae. Proteobacteria was also increased in human donor and double hu-mice compared to hu-mice, including members of Burkholderiales, Desulfovibrionales, and Enterobacteriales. We also identified seven bacterial taxa that had significantly lower relative abundance in both human donor and double hu-mice samples compared to hu-mice. All seven lower abundance taxa were not significantly different between the human donor and double hu-mice samples and belonged to Coriobacteriaceae, S24-7, and Erysipelotrichaceae. Altogether, changes in the relative abundance of many taxa drove the increased similarity between double hu-mice and human donor gut microbiome profiles.

As shown previously, double hu-mice had increased species richness compared to hu-mice. Part of this increased diversity may be derived from the engraftment of donor specific bacteria, or bacteria that were not found to be present in any pre-treatment or control hu-mice but were present in at least one human donor. We found 28 examples of donor specific bacteria that were transferred into double hu-mice across different taxa levels (Supplementary Figure S4). The engrafted bacteria included members of Bifidobacterium, Collinsella, Butyricimonas, Bacteroides, Streptococcus, Christensenellaceae, Eubacteriaceae, Anaerofustis, Pseudoramibacter Eubacterium, [Ruminococcus], Blautia, Coprococcus, Peptococcaceae, [Eubacterium], and cc-115. The engraftment of these bacteria matched closely with the profiles of the human donor sample for each double hu-mice cohort. These results demonstrate that some of the increased diversity observed in double hu-mice is due to the engraftment of donor specific bacteria.

To further determine differences in relative abundances among microbiomes from the various treatments, we used Linear discriminant analysis Effect Size (LEfSe) with a P value < 0.05 and LDA score > 2 (Supplementary Table S2) (Segata et al., 2011). Taxa with LDA scores higher than four were plotted to show significant differences between double hu-mice and human donor samples and double hu-mice and hu-mice samples. Human donor samples were associated with higher relative abundances of several types of Clostridia, including Lachnospiraceae, Blautia, Coprococcus, Roseburia, Facalibacterium, and Ruminococcus compared to double hu-mice, while double hu-mice samples were associated with Lactobacillus and Akkermansia muciniphila (Figure 5A). Double hu-mice were associated with higher relative abundances of Bacteroides and several types of Clostridia, including Blautia, Coprococcus, and Ruminococcaceae, while hu-mice samples were associated with S24-7 and Mogibacteriaceae (Figure 5B, Supplementary Table S2). These findings demonstrate that certain taxa, like members of Bacteroides, readily engrafted double hu-mice while others such as Clostridia were more difficult to transplant. Furthermore, several species such as those found in the phylum Verrucomicrobia were highly prevalent in hu-mice, and antibiotic treatment followed by fecal transplant did not fully diminish or replace this population based on relative abundances. Altogether, these results demonstrate that engraftment of human donor samples significantly changed the taxonomic profile of double hu-mice and that their human-like gut microbiomes were statistically more similar to human donor profiles compared to hu-mice.

[image: Two bar charts compare LDA scores (log 10) of bacterial taxa. Chart A contrasts "Donor" in green with "Double" in blue. Chart B contrasts "Double" in blue with "Hu-Mice" in purple. Both charts display diverse bacterial taxa on the vertical axis with LDA scores ranging from -6.0 to 6.0 on the horizontal axis.]
Figure 5 | Engraftment of human fecal donor bacteria in double hu-mice as shown by LEfSe. All significant features with a linear discriminant analysis (LDA) score > 4.0 between human fecal donor samples (Donor) and double hu-mice (Double) (A) and between double hu-mice (Double) and pre-treatment or untreated control hu-mice (Hu-Mice) (B).




3.4 Stable engraftment of a human-like gut microbiome in double hu-mice

To evaluate the stability of the engrafted human-like gut microbiome in double hu-mice after fecal transplant, the proportion of shared amplicon sequence variants (ASVs) with the human donor sample was calculated. After engraftment, double hu-mice had increased proportions of shared ASVs with their respective human donor samples, and those proportions remained higher than pre-treatment and control levels for the duration of the study. The first cohort of double hu-mice engrafted with human donor 65 had an average shared ASV proportion of 13.70% after transplant, while the pre-treatment samples had 1.06% and control samples levels had 1.42% (Figure 6A). This increased proportion of shared ASVs was maintained for the duration of the study, up to 14 weeks post-transplant (WPT). A second cohort of double hu-mice engrafted with human donor 65 was created, and a similar increase in the proportion of shared ASVs was observed (Figure 6B). The average proportion of shared ASVs was 17.65% post-transplant, while the pre-treatment samples had 2.60% and the control samples had 0.96%. This increased proportion of shared ASVs was maintained for the duration of the study, up to 14.5 WPT. In the case of the cohort treated with seven days of antibiotics prior to fecal transplant, the average shared ASVs proportions were 11.85% and 10.56% for double hu-mice mice engrafted with human donors 74 and 85, respectively, while the percentages of shared ASVs in pre-treatment and controls were found to be 1.02% and 0.86%, respectively, in cohort 74 and 1.33% and 0.95%, respectively, in cohort 82 (Figure 6C). For the double hu-mice transplanted with the mixture of all three human donors, the average shared ASV proportion was 10.91% after transplant, while the pre-treatment samples had 0.31% and the control samples had 0.61% (Figure 6D). Altogether, these results suggest a portion of donor fecal microbiota successfully engrafted in our double hu-mice and remained stable for the duration of the study.
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Figure 6 | Engraftment and stability of a human-like gut microbiome in double hu-mice as determined by shared amplicon sequence variants (ASVs). Proportion of shared ASVs with the human donor from double hu-mice created using fecal material from human Donor 65, first cohort (A); Donor 65, second cohort (B); Donor 74 or Donor 82 (C); and a mixture of all three donors (D). On the x-axis, individual mouse IDs precede the Pre-treatment or Control designations followed by the number of weeks post fecal transplant.

To further evaluate the stability of the engrafted human-like microbiome after transplant into double hu-mice, the contributions of the human donor and pre-treatment sample to the post-transplant samples were determined using SourceTracker (Knights et al., 2011). The first cohort of mice transplanted with human donor 65 had an average donor contribution percentage of 18.76% after transplant, while the pre-treatment samples had 0.00% and the control samples had 0.05% (Figure 7A). At the final time point collected at 14 WPT, the donor contribution was consistent at 18.10%. The second cohort of mice transplanted with human donor 65 had an average donor contribution percentage of 29.01% after transplant, while the pre-treatment and controls samples had no donor contribution (Figure 7B). The donor contribution percentage was 34.10% at 14.5 WPT, thus demonstrating the stable engraftment of donor bacteria. Double hu-mice engrafted with donor 74 had an average donor contribution percentage of 12.71% after transplant, while the pre-treatment samples had 0.00% and the control samples had 0.00% (Figure 7C). At the final time point collected at 6 WPT, the average donor contribution was 18.75%.
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Figure 7 | Stability of the engrafted human-like gut microbiome in double hu-mice as determined by SourceTracker. Contributions of the human fecal donor sample and pre-treatment sample in double hu-mice created using fecal material from Donor 65, first cohort (A); Donor 65, second cohort (B); Donor 74 or 82 (C); and a mixture of all three donors (D). On the x-axis, individual mouse IDs precede the Pre-treatment or Control designations followed by the number of weeks post fecal transplant.

The SourceTracker algorithm was unable to clearly distinguish donor 82 contributions as evidenced by both pre-treatment and control samples being assigned high human donor contribution percentages. Mice transplanted with human donor 82 had an average donor contribution percentage of 10.18% after transplant, while the pre-treatment samples had 11.95% and the control samples had 20.62% (Figure 7C). SourceTracker also assigned very high donor contribution percentages to the pre-treatment and control samples in the study of double hu-mice transplanted with a mixture of all three human donors. Mice transplanted with the mixture of all three human donors had an average donor contribution percentage of 14.88% after transplant, while the pre-treatment samples had 21.04% and the control samples had 15.89% (Figure 7D).

The high donor contribution percentages of donor 82 to the pre-treatment and control samples originated from an ASV with taxonomic assignment to Akkermansia muciniphila. This ASV was highly abundant in both hu-mice and double hu-mice and was much more prevalent in human donor 82 and the mixed donor sample compared to donors 65 or 74. To get a more accurate account of the stability of the human-like gut microbiome in post-transplant samples, we removed this ASV that was resulting in false positive donor contributions and once again used SourceTracker (Supplementary Figure S5). After the removal of the A. muciniphila ASV, the double hu-mice engrafted with human donor 82 had an average donor contribution percentage of 12.64% after transplant and double hu-mice engrafted with the mixture of all three human donors had an average donor contribution percentage of 18.11% after transplant, while all pre-treatment control samples were at 0.00%. Taken together, the results from shared ASVs and SourceTracker analyses, demonstrate that double hu-mice had a stable human-like gut microbiome for the duration of the study, extending up to 14.5 weeks post-transplant.




3.5 Increased human-like predicted metagenome functional content in double hu-mice

In addition to evaluating microbiome classification, we also sought to assess the functional capacity of the microbiomes in double hu-mice. PICRUSt was used to predict the metagenome functional content from the 16S rRNA data after ASV inference (Langille et al., 2013), and the predicted KO features were graphed using both NMDS and PCoA plots. Many of the double hu-mice samples clustered closer to the human donor samples than the hu-mice samples (Figures 8A, B). When color-coded by donor and cohort, the microbiomes that clustered closest to the human donor samples belonged to mice from the second cohort of double hu-mice generated by engrafting bacteria from human donor 65 (Figures 8C, D). Similarly, several samples from the other double hu-mice cohorts also separated themselves from the hu-mice cluster and were closer to the human donor samples. (Figures 8C, D).
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Figure 8 | Increased human-like predicted metagenome functional content in double hu-mice. Rarified KEGG Orthology (KO) molecular functions were used to calculate Bray-Curtis dissimilarity after performing square-root transformations on the data. Non-metric multidimensional scaling (NMDS) or principal coordinates analysis (PCoA) ordination was used to create the coordinates for plotting the data. Double hu-mice clustered distinctly from the human fecal donor samples and pre-treatment or untreated control hu-mice in NMDS plot (A) and in PCoA plot (B). Human donor specific functional profiles of double hu-mice in NMDS plot (C) and in PCoA plot (D).

We next tested for differences of each predicted KO feature among the three different groups of mice (Supplementary Table S3). In total, there were 4,513 non-zero predicted KO features. Using Kruskal-Wallis testing and an FDR adjusted p-value of < 0.05, we found 35.54% (1,604/4,513) significantly different predicted KO features between hu-mice and human donor samples. There were 39.09% (1,764/4,513) significantly different predicted KO features between double hu-mice and hu-mice samples. However, when we compared double hu-mice and the human donor samples, there were only 1.35% (61/4,513) significantly different predicted KO features. To clarify what functional aspects were missing from the double hu-mice gut microbiomes, we determined the predicted ASV contribution for each of the 61 significantly different KO features between the double hu-mice and human donor samples (Supplementary Table S4). This analysis provided insight into which functionally significant bacteria were not successfully engrafted from the human donor samples to the double hu-mice. A total of 95 ASVs with 73 unique taxonomic assignments were found to contribute to the 61 significantly different KO features (Supplementary Figure S6). Family level taxa with the highest levels of contribution included Actinomycetaceae (10.46%), Bifidobacteriaceae (8.76%), Streptococcaceae (20.74%), Lachnospiraceae (23.95%), and Peptococcaceae (8.66%). Bifidobacterium adolescentis was the highest contributing species (7.85%), and the highest contributing ASV (13.01%) had the taxonomic assignment of an unclassified Streptococcus species. Collectively, these analyses demonstrate that the predicted functional capacity of double hu-mice is more similar to human donor samples compared to hu-mice.





6 Discussion

Currently, humanized mice with human-like immune systems, yet devoid of human gut microbiota, are extensively employed to investigate the immune responses to human-specific pathogens. However, the absence of human gut microbiota may significantly compromise the translational relevance of these mouse model studies to humans, given the critical role gut microbiota play in immune response. Therefore, this study aimed to characterize the engrafted human fecal microbiota in our double humanized mice, which possess both a functional human immune system and a human microbiome, by comparing them to the currently used humanized mouse as control that has solely a human immune system. Furthermore, we compared engrafted human microbiota with donor samples and evaluated its stability.

We found that double hu-mice have a gut microbiome profile similar to that of human donor samples. Our approach created reproducible and donor-specific human-like gut microbiomes across multiple cohorts of double hu-mice. Further, we showed that double hu-mice had increased measures of diversity and increased functional capacity compared to hu-mice. The engrafted human-like gut microbiomes were also stable for the duration of the study, extending up to 14.5 weeks post-transplant. Importantly, we also demonstrated that the predicted functional capacity of double hu-mice is more similar to the human donor samples than hu-mice.

One of the most significant findings of this study was that the double hu-mice had gut microbiome profiles that were unique to the human donor engrafted. Each of the four different donor samples resulted in a distinct population of double hu-mice resembling the human donor. This observation has several practical implications, particularly within personalized medicine and translational research domains. Patient-derived microbiotas can be used as donor microbiotas, and this mouse model can be utilized to study personalized responses of patient microbiomes to drug regimes, therapies, or dietary interventions. Additionally, this double hu-mice model could present a viable avenue to explore the mechanistic underpinnings of patients’ pathological states, while concurrently offering a platform to understand the interplay between the patient’s gut microbiome and the etiology of disease.

We found that double hu-mice had increased measures of alpha diversity compared to hu-mice. Several studies have highlighted the importance of microbiome diversity within the gut and have linked low gut microbiome diversity with several disease conditions (Chang et al., 2008; Willing et al., 2010). While not all low diversity conditions are detrimental, specifically when there is enrichment of potentially beneficial bacteria through prebiotic or probiotic treatments, the low pre-existing diversity found within the hu-mice was far below the levels observed in our human donor samples. After engraftment, the double hu-mice had increased levels of alpha diversity and maybe more importantly, had increased predicted functional capacities. This increased diversity may also offer a more realistic gut environment as it allows for diverse reciprocal interactions with the engrafted human immune system.

We also found that the engrafted human-like microbiome was very stable in our model for the length of the study, up to 14.5 weeks after transplant. We used several methods to determine the engraftment level and stability of the gut microbiome after transplant and found no reversion to the pre-existing murine profile. This stability allows for the longitudinal study of the role of the gut microbiome in many human diseases, such as HIV-1 and cancer. One outstanding question is whether the unique presence of human immune cells plays a role in stabilizing or enhancing engraftment of the human-like gut microbiome in our model compared to other non-humanized mouse models. Our data showed no reversion to the pre-existing murine gut microbiome profile, perhaps due to some enhanced stability or selection by the reconstituted human immune system. Further studies are needed to determine the relationship between the engrafted gut microbiome and the human immune system.

Many different methods and antibiotic regimens have been used for preconditioning of mice prior to fecal transplantation (Reikvam et al., 2011; Ericsson et al., 2017; Staley et al., 2017). Different combinations and durations of antibiotic treatments may increase the efficiency of the fecal transplant into the host (Staley et al., 2017). While the combination of metronidazole, ampicillin, neomycin, and vancomycin is widely used due to its broad spectrum of bacterial targets, the best methods are still being investigated. We found that the very rigorous method of gavaging antibiotics twice daily for 14 days used by Hintze et al. was too invasive for our NSG hu-mice and resulted in increased mortality (Hintze et al., 2014). Our study suggests that administrating broad-spectrum antibiotics in drinking water for a duration of 14 days represents an effective approach for preconditioning NSG hu-mice prior to fecal transplantation, thus ensuring improved health and survival outcomes compared to more invasive regimens for generating double hu-mice.

Other important practical implications of our mouse model are the logistics and technical requirements. Although the germ-free mice model is considered a gold standard method for FMT studies and may exhibit better engraftment of most donor microbiota, germ-free animals require gnotobiotic facilities and expensive, specialized equipment (Kennedy et al., 2018; Le Roy et al., 2018). However, our double hu-mice have the advantage of requiring only SPF housing conditions, which are widely available and less costly compared to germ-free facilities. Our method also does not perturb the complex surgical procedures in generating BLT hu-mice, as it does not mandate the creation of a completely germ-free environment. Furthermore, our method of generating a double hu-mice model can be adapted to the neonatal intrahepatic hCD34+ hematopoietic stem progenitor cell (HSPC) method of humanization, which is a comparatively simpler process compared to the surgical approach integral to the BLT humanization procedure.

Our double hu-mice do not exhibit complete engraftment of donor fecal microbiota, which can be attributed to several hypothesized factors. There are major differences between the human and mouse digestive tract, including structure, function, and pH (Nguyen et al., 2015). Our mice are not germ-free to begin with, and the broad-spectrum antibiotic treatment can only reduce the prevalence of pre-existing murine gut bacteria. There were several key differences in the reconstituted mice compared to the human donors. Double hu-mice had significantly lower levels of several types of Clostridia including Lachnospiraceae, Blautia, Coprococcus, Roseburia, Faecalibacterium, and Ruminococcus compared to human donor samples. Many of these bacteria are well documented to be difficult to reconstitute within germ-free and SPF mouse models (Turnbaugh et al., 2009; Wos-Oxley et al., 2012; Hintze et al., 2014). Similar to fecal transplants in humans designed to treat C. difficile infections, the engrafted human-like gut microbiome in our double hu-mice is the result of a combination of host, donor, and environmental bacteria (Smillie et al., 2011). Despite these previously known limitations, our double hu-mice model reproducibly results in a donor-specific, stable, human-like gut microbiome in the presence of a human immune system.




7 Conclusion

Here, we describe the successful and stable engraftment of human fecal microbiomes into immunodeficient NSG mice surgically implanted with a functional human immune system to create double hu-mice with human donor-specific human gut microbiomes. This mouse model is a useful platform to study the impact of pathogen and dietary intervention on human health in the presence of both a functional human immune system and a human-like gut microbiota with minimal logistics and technical requirements.
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Fecal Microbiota Transplantation (FMT) has shown to possess impressive potential benefit for a wide range of clinical indications. Due to its inherent safety issues and efficacy constraints, the use of personalized FMT analogs could be a promising avenue. The development of such analogs will require a detailed understanding of their functionality, encompassing not only microbe-host interactions of the microbial taxa that are involved, but also of the ecological dimensions of the analogs and an overview of the gastrointestinal sites where these relevant microbial interactions take place. Moreover, characterization of taxa that have been lost due to diminished exposure to beneficial microbes, as a consequence of Western lifestyle, may lead to creation of future FMT analogs with the capacity to restore functionalities that we have lost.
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1 Introduction

Fecal microbiota transplantation (FMT) encompasses the transfer of fecal matter from a healthy donor to a recipient in order to restore its gut microbial ecosystem with the aim to prevent, treat or alleviate a clinical disorder. The technique has already been described in the fourth century in China, in which a human fecal suspension was orally administered to patients suffering from food poisoning or severe diarrhea (Zhang et al., 2012). In modern times, the first published FMT treatment originated from 1958, when it was successfully applied to four patients suffering from pseudomembranous colitis (Halkjær et al., 2023). It is known that pseudomembranous colitis is caused by infection with Clostridioides difficile (C. diff.) bacteria. After the landmark paper by Van Nood et al. (2013), in which FMT was shown to be highly efficacious for the treatment of recurrent C. diff. infections, the technique has drawn huge attention. In general, heterologous transplantation is commonly utilized, however autologous transplantations have also been reported, for example to boost microbial diversity after antibiotic treatment (Taur et al., 2018). A plethora of studies investigating the potential of FMT for various disorders have been published, ranging from Irritable Bowel Syndrome (IBS) (Wang et al., 2023), to Inflammatory Bowel Disease (Imdad et al., 2023) and autism spectrum disorder (Zhang et al., 2023). Currently, the potential of FTM to improve tumor immunotherapy by remodeling the gut microbiota toward a composition resulting in a more favorable efficacy of immune checkpoint inhibitors, has been recognized as well (Yang et al., 2024). Despite its promising potential, FMT suffers from an inherent safety risk, as transfer of non-pathogenic microorganisms only cannot be warranted. Furthermore, FMT is not as a standardized treatment compared to conventional pharmaceutical therapy, as the composition of the stool is inherently dependent on the donor. This has initiated an intense debate whether FMT should be regarded as tissue transplantation or as pharmacological treatment which has substantial consequences for its research. Classifying conventional FMT as a pharmacologic treatment would infer severe limitations to its research. Consequently, the development of defined consortia is an area of intense research, with recently two products being approved by the FDA for the eradication of C. diff. (FDA website). However, treatment of other disorders than specifically related to C. diff. Probably need intervention with more complex microbiological ecosystems to be successful. As the gut microbiota is known to be unique for every individual, it is to be expected that the number needed to treat for future successful FTM applications will be (much) higher than that for the eradication of a single pathogen. A study by Kootte et al. (2017), in which FMT was being investigated to improve insulin sensitivity among patients suffering from metabolic syndrome, hinted already in this direction (Kootte et al., 2017). In this study, it was shown that efficacy was correlated to the baseline fecal microbiota composition of the patient. A recent study also reports on the drivers determining the efficacy of FMT colonization (Schmidt et al., 2022). Hence, to improve efficacy of future FMT products, a more personalized approach seems to be necessary. In this perspective, we will touch upon factors that should be taken into account for the development of such future rationalized products.



2 On the ecological dimensions of future FMT analogs

FMT represents a “bulk approach,” in which the total gastrointestinal microbiota of a donor is being transferred to a patient. As the aim of such a transfer is the clearance or alleviation of a clinical disorder, it seems plausible, instead, only to transfer the microbes needed to treat that specific pathologic condition. As such, one would like to know which specific functionality (or functionalities) is (are) lost or malfunctioning. This can be due to a lack or low abundance of keystone taxa. Keystone taxa act as “interactional hubs” within a microbial network, and are known to be crucial for the structure of such networks (Banerjee et al., 2018). Absence of keystone taxa will result in a structural collapse of the microbial network it makes part of and consequently its associated functionality. Alternatively, a lack or low abundance of microbial guilds can be the causing of the pathophysiologic condition. A microbial guild is a small ecosystem, comprising a limited number of taxa that work together, and dedicated to a single specific functionality (Wu et al., 2021). It has been shown that such microbial guilds indeed exists in the human gastrointestinal tract and are, among others, involved in the etiology of type 2 diabetes mellitus (Zhang et al., 2015; Zhao et al., 2018). Hence, a future FTM analog may comprise such keystone taxa and/or microbial guilds. Earlier mathematical modeling on such small ecosystems demonstrated that a higher richness of taxa will contribute to both stability and efficiency of the process the guild is dedicated to Larsen and Claassen (2018). In order to produce a stable FTM analog, such preparations should consist of networks comprising at least five to six different taxa (Larsen et al., 2019).



3 On the microbial composition of future FMT analogs

Currently, most research on the composition of the gut microbiota is still focusing on the bacterial composition, the so-called bacteriome. This is not surprising, knowing that the number of gut-bacteria (≈ 4 × 1013) roughly equals the total number of somatic cells (Sender et al., 2016). However, other domains present in the intraluminal intestinal ecosystem also play an essential role in maintaining homeostasis or causing pathophysiological aberrations in the body. For example, the archea (collectively designated as the archeome) have been mapped (Chibani et al., 2022) and recent evidence suggests a synergistic metabolic relationship between the bacterium Bacteroides thetaiotaomicron and the archeon Methanobrevibacter smithii (Catlett et al., 2022). Both microorganisms are known to play important roles in health, suggesting that the crosstalk between different domains has to be understood to adequately develop FTM analogs. Methanobrevibacter smithii levels are shown to be increased in constipation-predominant IBS (Chong et al., 2019). Hence, one needs knowledge on these types of interdomain crosstalk to effectively treat IBS using FMT analogs, instead of solely focusing on the bacteriome. Similar arguments can be made for the phageome, which can be considered as a subset of the virome, of which its interactions with the bacteriome alter the functional activities of the bacteria (Cao et al., 2022; Kirk et al., 2024). On top of this, the collection of parasites, the parasitome (Ianiro et al., 2022), will undoubtedly also play an important role, as it is known to influence the immune system (Ianiro et al., 2022). In addition to these different microbial domains, microbial components and the produced microbial metabolites may also play a role in the overall efficacy of FMT, which was suggested by a study in which a sterile FMT showed to be sufficient to effectively treat patients suffering from C. diff. Infection (Ott et al., 2017). A study by Paramsothy et al. (2019) indeed showed that short-chain fatty acids and secondary bile acids were instrumental for the efficacy of FMT for the treatment of ulcerative colitis (Paramsothy et al., 2019). Hence, future FMT analogs will most likely not only consist of bacteria, but of taxa from different domains, possibly enriched with postbiotics.



4 On the mode of action of future FTM analogs

The intraluminal ecosystem is generally used as a proxy for the microbial composition and associated diversity (Tang et al., 2020). As such, fecal samples can be used. However, it is well known that human colonic microbiota interact with the intestinal mucosa both in a healthy as well as in pathological conditions (ulcerative colitis, post infectious IBS, rheumatoid arthritis, among others) and triggers immune-responses (Bachmann et al., 2022; Holster et al., 2020; Holster et al., 2019). As it is known that the microbial composition of the mucosa-associated microbiota significantly differs from its luminal counterpart (Holster et al., 2019; Rangel et al., 2015), it is of importance that the composition of a possible FMT analog also adequately matches with this mucosa-associated ecosystem and the intestinal immune system in a functional perspective. In case of an inadequately overstimulated mucosal immune response, such as could be hypothesized in post-infectious IBS, the aim of FMT would be normalizing this immune response rather than changing microbe-microbe interactions or metabolic effects. In ulcerative colitis or microscopic colitis, however, increased production and mucosal utilization of the microbial metabolite butyrate could also be the therapeutic target. The route of administration of FMT analogs should also be considered in relation to its composition and potential mode-of-action. Proximal small bowel administration will trigger a substantially stronger and qualitative different immune response compared to applying the traditional colonic administration. Moreover, the gut microbial composition gradually changes (among others, from a more aerobic to a more anaerobic nature) along the gastrointestinal tract (Hillman et al., 2017). Hence, there are various reasons why an FMT analog should be tailored to the specific location its anticipated action should take place.



5 Discussion

In general, the development of future FTM analogs requires a highly detailed functional understanding of how homeostasis and dysbiosis maintain health or cause disease. Depending on the complexity of these (patho)physiological processes one aims to intervene, this understanding may be on the level of generic features at a population level for relatively “simple” disorders, like recurrent C. diff. Infections. Alternatively, this knowledge should be at a personalized level like for neurological indications. As such, the comparison can be made with probiotics, for which its therapeutic target ranges from the prevention of antibiotic-associated diarrhea, which is applicable to many probiotics, up to very specific effects that are strain specific (Hill et al., 2014). This detailed understanding will not only encompass all microbial domains involved, but also all sites where possible microbe-microbe and microbe-host interactions may take place, which is clearly not limited to the lumen only. Furthermore, we argue that future FTM analogs ultimately require a One Health approach. Our Western lifestyle with, among others, high antibiotics usage, less direct contact to nature and a low fiber diet, has brough us close to the point of a “catastrophic collapse” in which we are losing functionalities due to a strongly diminished microbial repertoire (Larsen and van de Burgwal, 2021). A detailed understanding of the interactions between the human species and its adjacent ecosystems like soil, plants, and animals, each harboring its own unique microbiota, may lead to the identification of key taxa and/or guilds that may be used to restore functionalities in our body that were lost already, or for reinforcement of such functionalities. To conclude, future FTM analogs may not only be used to alleviate or even cure indications on a personalized level, but also could be applied to (partly) restore the taxa and associated functionalities we have lost as a consequence of our Westernized lifestyle.
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Background: Research on the effects of intestinal microbiota transplantation (IMT) on chronic HBV infection (CHB) progression associated liver disease (HBV-CLD) and alterations in the microbiota post-IMT are quite limited for the moment.
Methods: By integrating microbiome with metabolome analyses, we aimed to the function of IMT and the alterations of gut microbiota in patients with HBV-CLD. First, this study included 20 patients with HBV-CLD and ten healthy controls. Then, 16 patients with CHB were given IMT with donor feces (heterologous) via oral capsule. Fecal samples from CHB patients were obtained before and after IMT, as well as healthy controls, for 16S rDNA sequencing and untargeted metabolomics analysis.
Results: The proalbuminemia were significantly increased after IMT, and the HBsAg and TBA showed a significant decrease after IMT in the HBV-CLD patients. There was statistical difference in the Chaol indexes between between CHB patients and healthy controls, suggesting a lower abundance of the gut microbiota in HBV-CLD patients. In addition, there was statistical difference in the Shannon and Simpson indexes between prior to IMT and post-IMT, indicating that the impaired abundance of the gut microbiota had been improved after IMT. The host-microbiota-metabolite interplay, amino acid metabolism, nicotinate and nicotinamide metabolism, starch and sucrose metabolism, steroid biosynthesis, and vitamins metabolism, were significantly lower in HBV-CLD patients than healthy controls.
Conclusion: IMT may improve the therapeutic effects on patients HBV-CLD. Furthermore, IMT appears to improve amino acid metabolism by impaired abundance of the gut microbiota and therefore improve liver prealbumin synthesis.
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Introduction

Hepatitis B virus infection-associated liver disease (HBV-CLD) places a significant economic burden on the state and society, despite ongoing good interventions in many countries and areas. In the normal course of HBV infection, an estimated 15–40% of individuals with chronic hepatitis B (CHB) infection develop to cirrhosis, liver failure, or hepatocellular carcinoma (Arora et al., 2018).

The ideal endpoint for patients with HBV (both HBeAg positive and HBeAg negative) infection is hepatitis B surface antigen (HBsAg) loss, with or without seroconversion to anti-HBs. This is associated with complete and definitive remission of the activity of HBV (Chotiyaputta and Lok, 2010; Chen et al., 2002). During the natural history of chronic HBV infection, the loss of serum HBeAg and the development of anti-HBe antibodies (HBeAg seroconversion) mark a transition from the immune-active phase of the disease to the inactive carrier state (Chen and Yang, 2011).

The liver secretes bile into the bile duct system, while a variety of gut-derived signals, such as bacterial products, environmental toxins, and dietary antigens, enter the gut and travel through the biliary tract to the liver (Albillos et al., 2020). Based on the “gut-liver axis, “an increasing number of research have discovered a link between hepatic damage and disturbance of gut microbial homeostasis. Growing data suggests that gut microbe-derived metabolites such as trimethylamine, bile acids, and short-chain fatty acids play a substantial role in the beginning and progression of liver diseases (Zhao et al., 2020; Jia et al., 2018). Furthermore, a large signaling network regulated by microbiota-derived metabolism continues to be studied, providing gut-liver targets for disease therapy (Li et al., 2023).

Intestinal microbiota transplantation (IMT) is a novel approach to restoring and reconstructing the intestinal microecological balance and diversity. IMT has been shown to be effective in the treatment of a variety of disorders, including Clostridium difficile infection, metabolic diseases, malignancies, autoimmune diseases, nonalcoholic fatty liver disease (NAFLD), and hepatic encephalopathy (Surawicz et al., 2013; de Groot et al., 2017; Vaughn et al., 2019; Meighani et al., 2020). Besides, IMT appears to be safe and potentially effective in terms of viral suppression and HBeAg clearance in patients with HBeAg-positive CHB (Chauhan et al., 2021).

Although some studies have been conducted on the diversity of gut microbiota in chronic hepatitis B, as well as the clinical effects of IMT on E antigen and liver cirrhosis, research on the effects of IMT on early stage cirrhosis or pre-cirrhosis patients and changes in the microbiota post-IMT is quite limited. Therefore, in the present study, we performed a clinical study to characterize gut microbiota in CHB progression, followed by an investigation into the role of IMT in HBeAg-negative CHB patients, and finally, we examined the impact of IMT on gut microbiota composition and metabolomics signature.



Methods


Subjects and study design

There were three study groups, a cross-sectional study was conducted to see if there was any alternation in gut microbiota and metabonomics in HBV-CLD patients with healthy controls. Afterward, a perspective study was performed in the cohort of patients before IMT and after IMT. The study was approved by The Research Ethics Committee at The Fifth Affiliated Hospital of Sun Yat-Sen University (no.·ZDWY [2023] Lunzi no.·K254-1). Written informed consent was obtained from each participant before the initiation of study procedures.

A total of 16 HBeAg-negative HBV-CLD patients were enrolled at The Fifth Affiliated Hospital of Sun Yat-Sen University from February 2022 to March 2024, including 3 early stage of cirrhosis and 13 pre-cirrhosis. HBV-CLD patients on oral antivirals, which included entecavir (ETV), tenofovir disoproxil fumarate (TDF) or tenofovir alafenamide fumarate (TAF) alone, for more than a year undetectable of serum levels of HBVDNA and those who consented for the IMT were included in the IMT arm. A total of 10 age-and BMI-matched Chinese healthy individuals were enrolled, The inclusion criteria were as follows: (a) alcohol free history; (b) smooth and soft stool that was sausage or snake shaped, and (c) voluntary participation in this study. Patients with co-infections with hepatitis C virus (HCV) or human immunodefciency virus (HIV), chronic kidney disease, hepatocellular carcinoma, underlying other comorbidities, and those unwilling to provide written informed consent for the IMT procedure were excluded. We also excluded patients with underlying cirrhosis.

Fecal microbiota capsules for the IMT group were obtained from healthy undergraduate donors (Guangdong Pharmaceutical University) and evaluated using comprehensive physical examinations. The preparation and the transplantation of fecal microbiota capsules were performed as previously described (Kao et al., 2017). Forty capsules were manufactured from 1 donation. All HBV-CLD patients received a total of 120 capsules, 6–10 capsules three times a day (according to the digestive reaction of patients, each dosage can be appropriately reduced), for a total course of about 6 days. Theoretically, there were four groups: Group A, HBV-CLD patients; group B, healthy controls; group C, pri-IMT; group D, post-IMT.



Clinical data collection

All patients who underwent IMT were evaluated clinically daily while taking the fecal microbiota capsules for the development of any new symptoms, assessment of side-effects post-procedure. Adverse events in the form of eight gastrointestinal symptom parameters were observed within 7 days following IMT. Liver function tests, blood routine examinations, HBsAg, and HBVDNA levels were measured at baseline and weeks 8, 24. All 16 patients completed blood tests, 13 patients completed pri-IMT stool 16S rRNA sequencing, and 7 patients completed post-IMT 16S rRNA sequencing.



16S rRNA sequencing and bioinformatic analysis

Stool samples were collected before IMT and 1 month after IMT. Study participants were given a stool sample kit at each in-person visit to collect the stool sample. Explicit instructions were given to the participants on how to collect the samples. Once collected (within seven days of an inperson visit), the samples were frozen at −80°C until sequencing. Libraries were generated by amplification of the V3–V4 region of the 16S ribosomal RNA gene of DNA extracted from gut mucosal biopsies and from stool samples, and sequenced on the Illumina MiSeq platform (Illumina, San Diego, California). For 16S analysis, QIIME (version 1.9.1) was used to demultiplex and quality-filter the raw FASTQ files. Next, operational taxonomic units (OTUs) were generated and clustered using a 97% threshold and Usearch (version 7.1). After aligning with the gold database (v20110519), UCHIME (4.2.40) was used to filter out chimaeric sequences, and use arch_global was used to quantify the OTU abundances for each sample. For taxonomic analysis of each representative OTU, the Greengenes database (v201305) was used based on the RDP classifier (Version 2.2) with a 0.8 confidence value. OTUs were then assigned to different hierarchical levels and taxonomic relative abundance profiles were summarized.



Metabolomic profiling

To understand the roles and interactions of proteins, metabolites, and genes in biological systems, the KEGG database was built. In this study, we used DIAMOND (v0.9.7) to annotate the representative sequences of gene sets with the KEGG database. To obtain the functional abundance at each level, we used the BLAST comparison parameters with an expectation of E < 1e−5. To find the metabolic pathway enrichment results for metabolites, enrichment analysis was carried out using their KEGG IDs. Pathway entries that were considerably enriched in significantly differently expressed metabolites relative to the background were identified using hypergeometric testing.



Statistical analysis

To analyze differences in continuous variables, we employed the paired-samples t-test or the Wilcoxon signed-rank test. Pearson correlation analysis for gut microbiota post IMT, FDR for multiple correction. Microbial features (species and metabolites) found in fewer than 20% of the samples were eliminated prior to statistical analysis of the relative abundance data. Spearman’s rank correlation was used to examine associations between gut microbiota and metabolites, which were then adjusted for significance using the Benjamini-Hochberg approach. Linear discriminant analysis effect size (LEfSe) was used to assess groups for statistically significant species and functional differences. The nonparametric factorial Kruskal-Wallis test, Wilcoxon rank sum test, and LDA were used to identify biological and functional markers that were enriched for differences between multiple metadata categories. We performed statistical analyses using SPSS 22.0 (IBM Corporation, Armonk, New York, United States) and GraphPad Prism 6.0 (GraphPad Software, Inc. La Jolla, CA, United States). Unless otherwise stated, all statistical tests are two-tailed, and p < 0.05 was deemed statistically significant.




Results


Evaluation of clinical comprehensive curative effect of IMT on HBV-CLD patients

Between December 2023 and March 2024, 30 participants were screened and 26 were enrolled in this study: 16 HBV-CLD patients accepted IMT, 10 healthy controls. Two HBV-CLD patients were excluded for they did not complete the treatment course of IMT. Fourteen HBV-CLD patients received full course of IMT, while two patients did not complete blood tests.

All of the patients had undetectable HBVDNA at baseline and continued on their previous antiviral medication while undergoing IMT. 78.5% of patients had hypothrombocytemia, with a median of 75 × 109/L. Plaque increased considerably after IMT at 8 weeks (p = 0.001) and 24 weeks (p<0.001) (Figure 1B). Additionally, 78.5% had hypoproalbuminemia, with a median of 145 g/L 8 weeks (p = 0.259), 24 weeks (p = 0.007) (Figure 1F), HBsAg showed a significant decrease after IMT: 8 weeks (p = 0.026), 24 weeks (p = 0.116) (Figure 1C), and total bile acid (TBA) showed a significant decrease after IMT: 8 weeks (p = 0.024), 24 weeks (p = 0.001) (Figure 1E). Some individuals with hypoleukocytoemia had an increase in white blood cells following transplantation (Figure 1A). Nonetheless, the alanine transaminase (ALT) (Table 1) and aspartate aminotransferase (AST) levels were mostly maintained in the normal range following IMT.

[image: Six line graphs labeled A to F display data over 0, 8, and 24 weeks. Graph A shows WBC levels in green with an overall increase. Graph B shows PLT in pink with fluctuations. Graph C shows a decrease in HBsAg in blue. Graph D displays ALT levels in orange, remaining stable. Graph E shows TBA in purple with an initial increase then decrease. Graph F shows prealbumin levels in blue, indicating an upward trend. Asterisks denote statistical significance.]

FIGURE 1
 Changes curve in laboratory parameters over time post IMT. (A) the change curve of white blood cells (WBC); (B) the change curve of platelet (PLT); (C) the change curve of HBsAg; (D) the change curve of alanine aminotransferase (ALT); (E) the change curve of total bile acid (TBA); (F) the change curve of prealbumin. *p < 0.05, **p < 0.01.




TABLE 1 Changes in laboratory parameters over time post IMT.
[image: A table displays medical data comparing values at three time points: Pri-IMT, Post-IMT 8 weeks, and Post-IMT 24 weeks. Variables include WBC, PLT, ALT, TBA, Prealbumin, and HBsAg, each with mean and standard deviation. P values indicate statistical significance. Data suggest changes over time, with notable p values for PLT and TBA.]



Alteration of gut microbiota composition in HBV-CLD patients pri-IMT and post-IMT

Alpha diversity indexes indicating community richness, diversity, evenness and coverage were assessed via Chaol, Shannon, Simpson, ACE and Coverage indexes. Therein, there was no difference in the Shannon index and Simpson index, but the Chao1 index was higher in the patient group. But, Chao1 places a strong emphasis on the presence of rare species within a community, with a primary focus on species richness or the total number of different species present. However, its drawback lies in the fact that it does not take into account the distribution abundance and evenness of species within the community. Both qualitative PCoA and PCA analysis were performed to evaluate β diversity. No significant changes in β diversity was observed in the comparison between HBV-CLD patients and healthy controls (Supplementary Figure S1).

There was significant difference in the Shannon and Simpson indexes between prior to IMT (pri-IMT) and post-IMT (Figures 2E,F; Shannon p = 0.034, Simpson p = 0.011), indicating that the impaired abundance of the gut microbiota had been improved after IMT in HBV-CLD patients. No significant changes in β diversity was observed in the comparison between pri-IMT and post-IMT (Supplementary Figure S2). In addition, we conducted pearson correlation analysis of individual microflora post-IMT. Although there was still a strong correlation between the microflora before and after transplantation, individual evolution occurred to different degrees (Table 2).

[image: Box plot panels compare diversity indices for different groups. Panels A and D show Chao1, B and E show Shannon, and C and F show Simpson indices. Groups A and B are in the top row, C and D in the bottom. Notable p-values include 0.026 in A, 0.034 in E, and 0.011 in F, indicating significant differences. Colors differentiate the groups.]

FIGURE 2
 The α diversity of gut microbiota. The α diversity for HBV-CLD patients (group A) compared with healthy controls (group B) in Chaol indexes (A), Shannon indexes (B), Simpson indexes (C), the α diversity for pri-IMT (group C) compared with post-IMT (group D) in Chaol indexes (D), Shannon indexes (E), Simpson indexes (F). *p < 0.05.




TABLE 2 Pearson correlation analysis of gut microbiota post IMT.
[image: A table with columns for number, Pri-IMT, number, Post-IMT, Cor, and p value. It lists seven entries with numbers and corresponding Pri-IMT and Post-IMT values. The Cor values range from 0.11 to 0.8, and p values are mostly 0.00, except one at 0.06. Note explains Cor as Pearson correlation coefficient; FDR for multiple correction.]

To further explore the taxonomic features and composition differences of gut microbiota associated with HBV-CLD patients, the raw macrogenome data were checked by quality control, filtered, and assembled to construct abundance profiles at the corresponding taxonomic levels. And we compared bacteria abundance before IMT and after IMT to further demonstrate the microbiota shifts in HBV-CLD patients. In LEfSe analysis (p < 0.05, q < 0.1, LDA > 2.0), compared with the HCs, the c. Bacilli, o. Lactobacillales, f. Streptococcaceae, g. Streptococcus, g. Paeniclostridium, g. Veillonella, were further diminished in CHB patients (Figure 3). While f. Rikenellaceae, f. Lachnospiraceae, f. Barnesiellaceae, g. Megamonas, g. Alistipes, g. Erysipelatoclostridium, were more enriched in CHB patients (Figures 4A,B).
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FIGURE 3
 Gut microbiota profile for HBV-CLD patients. The relative abundance between group A and group B (A). LEfSe analysis shows species with significant differences in abundance between group A and group B (B). Group A: HBV-CLD patients, group B: healthy controls.


[image: Four panels display microbiome and metabolic data. Panels A and B show box plots of microbial genera distributions in blue and yellow. Panels C and D depict heatmaps of metabolic pathways, categorized by type, with color gradients indicating varying activity levels.]

FIGURE 4
 Alternation of microbiome and the predicted microbial functional composition with PICRUST analysis. The relative abundance of microbiome in genus level between group A and group B (A); the relative abundance of microbiome in species level between group C and group D (B). The predicted microbial functional composition with PICRUST analysis for HBV-CLD patients (level II) (C). The KEGG pathways (level III) with PICRUST analysis after IMT (D). Group A: HBV-CLD patients, group B: healthy controls, group C: pri-IMT, group D: post-IMT.


After IMT, compared with pri-IMT, the o. Coriobacteriales f. Enterobacteriaceae, g. Collinsella, g. Lachnoclostridium, g. Caproiciproducens, were significantly decreased in post-IMT patients (Figure 5).

[image: A two-part image showing microbiome data. Panel A is a heatmap with dendrograms, illustrating the distribution of various bacterial families across samples labeled P38 through P55. The color gradient from blue to red represents values 0 to 5. Panel B is a bar chart showing LDA scores in log scale for different bacterial taxa, indicating types C and D with red and green bars, respectively, ranging from negative to positive scores.]

FIGURE 5
 Alternation of gut microbiota composition after IMT. The relative abundance between group C and group D (A). LEfSe analysis shows species with significant differences in abundance between group C and group D (B). Group C: pri-IMT, group D: post-IMT.




Alteration of gut metabolites in HBV-CLD patients pri-IMT and post-IMT

To determine if the functional pathways involved in gut metabolites and microbiota are consistently changed, we ran pathway enrichment analysis on the KEGG IDs of metabolites and obtained pathway enrichment findings. Representatively various metabolites would be examined.

Compared to the HCs, amino acid metabolism, including alanine, aspartate, glutamate and tryptophan metabolism, was significantly decreased in CHB patients. In addition, the nicotinate and nicotinamide metabolism, starch and sucrose metabolism, steroid biosynthesis, and vitamins metabolism, were significantly lower in CHB patients than HCs. It is worth noting that oxidative phosphorylation and nucleotide excision repair were further depleted in CHB patients. Whereas p53 signaling pathway was more exuberantly in CHB patients than HCs (Figure 4C).

Following IMT, PICRUST analysis showed that the relative abundance of t the metabolites listed above were partially restored. In addition, the PPAR signaling pathway and pathogenic Escherichia coli infection significantly lower in post-IMT than pri-IMT (Figure 4D).




Discussion

In this study, we investigated the effectiveness of IMT on HBV-CLD patients and characterized gut microbiota in HBV-CLD progression by combining microbiome with metabolome pri-IMT and post-IMT. HBV-CLD patients in our study presented with hypoproalbuminemia, hypersplenism such as leukopenia and thrombocytopenia, but no sequelae from decompensated cirrhosis. Long-term antiviral medication did not ameliorate these problems.

In this study, a decrease in HBsAg was observed in E antigen-negative patients post-IMT 8 weeks. There were reported that IMT appeared to be safe and potentially effective in terms of viral suppression and HBeAg clearance in patients with HBeAg-positive CHB, but achieved no HBsAg clearance (Chauhan et al., 2021; Ren et al., 2017). IMT has the potential to modulate the host’s immune response and alter its susceptibility to HBV infection (Wang et al., 2022).

Oral IMT capsules were safe and well-tolerated in patient with cirrhosis and recurrent HE; besides, gut microbial function in cirrhosis is beneficially affected by capsular FMT, with improved inflammation and cognition (Wang et al., 2022; Bajaj et al., 2019). For patients with HBV-CLD in this study, increase in platelets and white blood cells could be observed after 24 weeks. It has been proven that gut flora (including Bacteroidetes, Parabacteroides, and Proteobacteria) were restored to levels comparable to those reported in healthy persons following splenectomy, which was followed by an increase in WBC and PLT counts in liver cirrhosis patients (Liu et al., 2018). Furthermore, significant improvements in proalbumin could be observed post-IMT. PICRUST analysis revealed that IMT restored the relative abundance of KEGG pathways involved in amino acid metabolism. That might be contribute by the improved composition of the gut microbiota by IMT. Furthermore, IMT might contribute largely to slow the progress of liver impairment.

The α diversity of gut microbiota was significantly decreased in the HBV-CLD arm, but showed considerable rebuilding following IMT. The hepatic portal and bile secretion networks allow the gut to connect directly with the liver (Cesaro et al., 2011). Improved gut microbiota and metabolomics may help to minimize liver damage.

In this study, the HBV-CLD arm exhibited a decrease in families from the Lactobacillales and Bacillus orders. Bacteroides, Lactobacillus, and Clostridiumsedis were linked to survival in cirrhosis patients with hepatic encephalopathy during a one-year period (Sung et al., 2019). Lactobacillus GG and prebiotics/synbiotics could improve microbial composition and outcomes in patients with cirrhosis (Dhiman et al., 2014). Lactobacillus play a role in the conversion of primary bile acids through the production of bile salt hydrolase (Li et al., 2023).

In accordance with previous studies, the abundance of Clostridia was downregulated in HBV-CLD patients (Ren et al., 2019; Zeng et al., 2020). The main producers of butyrate are Clostridia, Eubacteria, and Roseburia microbes (Nicholson et al., 2012). Short-chain fatty acids (SCFAs) are saturated fatty acids containing one to six carbon atoms, including acetate, propionate and butyrate. SCFAs regulate liver immune homeostasis and lipid metabolism by activating G-protein-coupled receptors or inhibiting the activity of histone deacetylase (HDAC) (Koh et al., 2016). Butyrate plays an important role in the regulation of intestinal barrier function, intestinal immunity, and inflammation response. Butyrate can bind to and activate peroxisome proliferator-activated receptorγ (PPARγ), thereby exerting an antiinflammatory effect through the antagonism of nuclear factor-κB transcription (Cani et al., 2019). The recovery observed in the gut microenvironment following IMT reflects changes in not only the abundances of bacteria and metabolites but also in the correlations between them.

The abundance of Megamonas was up-regulated in HBV-CLD patients in this study. It has been reported that Macroomonas was more abundant in Asian populations with colorectal cancer (Yachida et al., 2019). In addition, the attention-deficit/hyperactivity disorder (ADHD) group showed higher levels of Dialister and Megamonas. IMT modified the abundance of the Megamonas. Notably, the abundance of E. coli was down-regulated, and PICRUST analysis showed that the pathogenic Escherichia coli infection significantly lower in post-IMT than pri-IMT. E. coli and Streptococcus are the main causes of bacterial infection in patients with cirrhosis (Riordan and Williams, 2010). Bacteria from Enterobacteriaceae family (including Escherichia coli, Klebsiella, Proteus) are all regarded as PAMPs-producing bacteria (Chen et al., 2011), and the intestinal microflora is the main source of portal LPS and represents an important prerequisite for the development of liver fibrosis in chronic liver injuries (Paik et al., 2003).

Several limitations should be acknowledged in our study. Firstly, the limited sample size of microbiome and metabolomics may restrict significance and stability of the results. A long-term follow-up of prospective cohorts is required to further validate potential taxa/metabolites. Secondly, it’s important to note that 16 s rRNA sequencing has limitations in providing gut microbiota annotations with accuracy at the ‘species’ level. Vague annotations may lead to contentious outcomes. Thus, short-gun sequencing of metagenomics and metatranscriptomics has the potential to disclose more accurate information about the microbial community’s makeup and function.



Conclusion

In conclusion, HBV-CLD patients who underwent IMT showed improvements in liver function as well as a recovery of the composition and metabolism of the gut microbiota in this study. IMT results in decreased relative abundance of pathogenic bacteria such as Enterobacteriaceae and Megamonas. Furthermore, a increase in prealbumin and metabolomics of amino acid (including Eaa, tryptophan). The underlying mechanism still needs further study. Therefore, the regulation of gut microbiota by IMT may provide a new clinical approach for the treatment of HBV-CLD.
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Dysbiosis of the intestinal microbiota is prevalent among patients with colorectal cancer (CRC). This study aims to explore the anticancer roles of the fecal microbiota in inhibiting the progression of colorectal cancer and possible mechanisms. The intestinal microbial dysbiosis in CRC mice was significantly ameliorated by fecal microbiota transplantation (FMT), as indicated by the restored ACE index and Shannon index. The diameter and number of cancerous foci were significantly decreased in CRC mice treated with FMT, along with the restoration of the intestinal mucosal structure and the lessening of the gland arrangement disorder. Key factors in oxidative stress (TXN1, TXNRD1, and HIF-1α); cell cycle regulators (IGF-1, BIRC5, CDK8, HDAC2, EGFR, and CTSL); and a critical transcription factor of the innate immune signal pathway (IRF5) were among the repressed oncogenic targets engaged in the FMT treatment of CRC. Correlation analysis revealed that their expressions were positively correlated with uncultured_bacterium_o_Mollicutes_RF39, Rikenellaceae_RC9_gut_group, and negatively correlated with Bacillus, Marvinbryantia, Roseburia, Angelakisella, Enterorhabdus, Bacteroides, Muribaculum, and genera of uncultured_bacterium_f_Eggerthellaceae, uncultured_bacterium_f_Xanthobacteraceae, Prevotellaceae_UCG-001, uncultured_bacterium_f_Erysipelotrichaceae, uncul-tured_bacterium_f_Lachnospiraceae, uncultured_bacterium_f_Ruminococcaceae, Eubacterium_coprostanoligenes_group, Ruminococcaceae_UCG-005, and uncultured_bacterium_f_Peptococcaceae. This study provides more evidence for the application of FMT in the clinical treatment of CRC.
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1 Introduction

The incidence and mortality of colorectal cancer (CRC) are 9.3 and 9.6%, respectively, in 2022, according to data on the global cancer burden provided by the International Agency for Research on Cancer. Conventional cancer treatments include radiation, chemotherapy, and surgery (Ossibi et al., 2022). However, 66% of CRC patients who have undergone radical surgical resection have developed recurrent and metastatic carcinoma (Plazas et al., 2015). Patients’ survival rates can be greatly increased by adjuvant chemotherapy, which includes fluorouracil, oxaliplatin, capecitabine, irinotecan, and panitumumab. On the other hand, the adverse effects—which might include heart toxicity, gastrointestinal upset, and suppression of the bone marrow—can be extremely painful (Chen et al., 2021; Gobran et al., 2020; Huang et al., 2016; Lam and Lee, 2012). Investigating a secure and efficient CRC treatment strategy is therefore essential.

The human gut is home to over a thousand different types of bacteria that coexist in a dynamic balance and are an essential component of the physiological ecosystem (Jiang et al., 2020). Intestinal microbiota is responsible for preserving the homeostasis of the internal milieu, fostering immune system maturation, preventing the incursion of harmful microbes, and providing the host with biochemical metabolic pathways and enzymes absent in humans (Jiang et al., 2020; Monreal et al., 2005). However, it is evident that nutrition, exercise, and stress all have an impact on the diversity and abundance of the intestinal microbiota (Gubert et al., 2020). Once the balance of the gut microbiota is disturbed, inflammation is induced and carcinogenic pathways are activated, which leads to a disordered intestinal micro-ecology and the development of colorectal cancer (Tilg et al., 2018). Therefore, maintaining the balance of the intestinal microbiota might be an effective strategy for slowing the progression of CRC.

Fecal microbiota transplantation (FMT) offers significant potential for treating CRC by reversing intestinal microbial dysbiosis (Kaźmierczak-Siedlecka et al., 2020). FMT provides Lactobacillus rhamnosus and Lactobacillus plantarum, which stimulate mucin production and enhance intestinal barrier function (Fong et al., 2020). Short-chain fatty acids (SCFAs) are important microbial metabolites in the gut and are mainly composed of acetate, propionate, and butyrate. FMT regulates the production of SCFAs by inhibiting NF-κB reporter activity and thus alleviating CRC (Zhang et al., 2020). FMT increases the abundance of Bacteroidetes thetaiotaomicron, which subsequently induces immune responses in dendritic cells and mediates gut homeostasis (Huang et al., 2022).

Many studies have demonstrated the importance of FMT in restoring the balance of the gut microbiota, but little is known on its anticancer properties. In this study, we screened pathways that were reported to be associated with carcinogenesis, identified 10 potential targets for FMT and predicted the gut bacteria associated with each target. This study provides support to the application of FMT in CRC treatment.



2 Materials and methods


2.1 The CRC mouse model

Male Balb/c mice (8-week-old) were purchased from Beijing Vital River Lab. All animals had free access to food and water while living in ventilated cages with 12-h light/dark cycles. The CRC mouse model was established by using the carcinogen azoxymethane (AOM, Sigma) and the proinflammatory agent dextran sulfate sodium (DSS, MP Biomedicals) as previously described (Yu et al., 2023). To put it briefly, AOM (10 mg/kg) was injected intraperitoneally into the mice during the first week of model establishment. The mice were allowed to drink water containing 2.5% DSS during the second week. The mice were provided unrestricted access to sterile water without DSS throughout the third and fourth weeks. Two more cycles of the treatments from week 2 to week 4 were conducted. Following the establishment of the CRC model, mice were randomized into two experimental groups (AOM/DSS and AOM/DSS + FMT), along with one control group without treatment with AOM/DSS and FMT. Each group of mice had five cages with four mice per cage, all of which were raised at random. The experiments were approved by the Ethics Committee of Harbin Medical University (HMUIRB20180013).



2.2 Fecal microbiota transplantation

Fresh faeces from mice in the normal control group were collected, mixed with PBS (200 mg/mL), and centrifuged at 1,500 rpm for 1 min to obtain the microbial supernatant. Each recipient mouse in the FMT-treated group was given 1 mL of fecal slurry by enema twice a week beginning in the second week of model establishment and continuing until the end of the study.



2.3 16S rDNA amplicon sequencing

Two tubes of feces were collected in each cage, and a total of 10 tubes were collected for each experimental group. The total genomic DNA was isolated from feces by using TIANamp Stool DNA Kit (Tiangen). 16S rDNA sequencing of the fecal microbiota was conducted by Beijing Biomarker Biotechnologies. The V3 and V4 regions of the 16S rDNA were amplified with the specific primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) and sequenced on the Illumina HiSeq 2500. Sequencing data for six replicates was obtained in each experimental group and submitted to NCBI (PRJNA 949363). Taxonomy was assigned to the OTUs using the SILVA database (v.123) with the RDP classifier at a 70% confidence threshold. The alpha diversity indicated by the ACE index and Shannon index was calculated using QIIME2 software (Version 2020.8). Beta diversity analysis was performed to investigate the structural variation in microbial communities across samples using non-metric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA) by QIIME-1.8.0, and visualized by R 3.1.1. Statistical significance was determined by one-way analysis of variance. Spearman rank correlation analysis was employed to identify data with correlation coefficient larger than 0.1 and p-value smaller than 0.05, which were used to construct the network.



2.4 HE staining

After being extracted, colorectal tissue was fixed with polyformaldehyde and embedded in paraffin blocks. Sections of 3 mm thickness were cut for staining with hematoxylin for 2 min and with eosin for 1 min. The slices were finally sealed with neutral resin and then imaged.



2.5 Immunohistochemistry

After dewaxing in xylene and hydrating in gradient ethanol, the paraffin slices were treated with 3% H2O2 for 10 min to block endogenous peroxidase. Antigen retrieval was conducted in a sodium citrate solution at high power for 2 min and then at low power for 10 min in the microwave, respectively. Tissues were then blocked at room temperature for 1 h using 50% goat serum. Slices were incubated at 4°C overnight with primary antibodies for ki67 (1:200, 12202, Cell Signaling Technology), cleaved caspase-3 (1:1000, 9661, Cell Signaling Technology), IGF-1 (1:100, A12305, Abclonal), BIRC5 (1:100, GB11177, Servicebio), CDK8 (1:100, A9654, Abclonal), HDAC2 (1:100, A2084, Abclonal), EGFR (1:100, GB111504, Servicebio), TXN1 (1:100, GB11993, Servicebio), TXNRD1 (1:100, A16631, Abclonal), HIF1-α (1:100, A16873, Abclonal), IRF5 (1:100, A16388, Abclonal), or CTSL (1:100, A12200, Abclonal). After washing with PBS, the tissues were incubated with HRP-labeled secondary antibody (1:200, AS014, Abclonal) at 37°C for 1 h. The staining was visualized with a DAB peroxidase substrate kit (Origene). The slices were finally dehydrated in ethanol and xylene and sealed with resin. The tissues were photographed using Olympus microscope and the yellow-brown area indicates a positive expression.



2.6 PCR array

The total RNA of the entire colorectal tissue was extracted by using the rneasy plus mini kit (Qiagen) and then converted to cDNA by using the RT2 first strand kit (Qiagen). RT2 profiler PCR array (PAMM-507ZA, Qiagen) was employed to detect the mouse cancer drug targets, including Abcc1, Akt1, Akt2, Atf2, Aurka, Aurkb, Aurkc, Bc12, Birc5, Cdc25a, Cdk1, Cdk2, Cdk4, Cdk5, Cdk7, Cdk8, Cdk9, Ctsb, Ctsd, Ctsl, Ctss, Egfr, Erbb2, Erbb3, Erbb4, Esr1, Esr2, Figf, Flt1, Flt4, Grb2, Gstp1, Hdac1, Hdac11, Hdac2, Hdac3, Hdac4, Hdac6, Hdac7, Hdac8, Hif1a, Hras, Hsp90aa1, Hsp90b1, Igf1, Igf1r, Igf2, Irf5, Kdr, Kit, Kras, Mdm2, Mdm4, Mtor, Nfkb1, Nras, Ntn3, Parp1, Parp2, Parp4, Pdgfra, Pdgfrb, Pgr, Piksc2a, Pik3c3, Pik3ca, Plk1, Plk2, Plk3, Plk4, Prkca, Prkcb, Prkcd, Prkce, Ptgs2, Rhoa, Rhob, Tert, Tnks, Top2a, Top2b, Trp53, Txn1, Txnrd1.



2.7 Western blot

To get the protein-containing supernatant, the entire colorectal tissue was homogenized in RIPA lysis buffer supplemented with protease inhibitor PMSF. Tissue proteins were separated through SDS-PAGE electrophoresis and transferred onto a PVDF membrane, followed by blocking with fast blocking buffer (Biosharp) for 10 min, and then incubated overnight at 4°C with primary antibodies: IGF-1 (1:500, A12305, Abclonal), BIRC5 (1:500, GB11177, Servicebio), CDK8 (1:500, A9654, Abclonal), HDAC2 (1:500, A2084, Abclonal), EGFR (1:500, GB111504, Servicebio), TXN1 (GB11993, Servicebio), TXNRD1 (A16631, Abclonal), HIF1-α (1:500, A16873, Abclonal), IRF5 (1:500, A16388, Abclonal), CTSL (1:500, A12200, Abclonal), GAPDH (1:2000, A19056, Abclonal) or β-Tubulin (1:2000, AC008, Abclonal). After washing with PBS, membranes were incubated at room temperature for 2 h with HRP goat anti-rabbit IgG (H + L) (1:5000, AS014, Abclonal). Images were acquired by using Tanon-5200 and Tanon MP.



2.8 Statistical analysis

Statistical analysis was performed by Tukey’s test, and the statistical comparison was performed by GraphPad Prism 8.0. All data were expressed as mean ± SD. A two-tailed value of p < 0.05 was taken to indicate statistical significance. All experiments were repeated independently at least three times.




3 Results


3.1 FMT reduces the burden of CRC

Following a 10-week period of establishment of the CRC mouse model, a significant number of malignant foci were identified in the intestines of CRC mice, with an average of 11 and an average diameter of 3.8 mm. Additionally, the expression of ki67 was raised in these foci when compared to the normal control animals. The average number of foci in CRC mice treated with FMT dropped to 4, and their average diameter was 1.9 mm. Increased expression of cleaved caspase-3 indicated that cancer cells were more likely to undergo apoptosis, which was substantially responsible for the reduction of cancer foci (Figures 1A–D,G). Morphologically, the mucosal layer’s structure was damaged in CRC mice, along with the goblet and crypt cells’ absence, a significant infiltration of inflammatory cells, and an abnormal glandular tube. In mice treated with FMT, the lesions were greatly ameliorated, with less destruction of crypt and goblet cells and the glands being regularly arranged (Figure 1F). Body weight indirectly reflects intestinal functions. Compared with mice in the normal control group, at the sixth week of inducing the CRC model, CRC mice began to show significant body weight reduction, while the trend of weight loss was significantly inhibited by FMT (Figure 1E).
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FIGURE 1
 Inhibitory effect of FMT on CRC progression. (A) Design of the experiment. (B) Pictures of intestinal tissue. Ctl, normal control mice; CRC, colorectal cancer mice; FMT, colorectal cancer mice receiving fecal microbiota transplantation. (C,D) The average number and diameter of cancerous foci. **p < 0.01 (Ctl, n = 6; CRC, n = 6; FMT, n = 6). (E) The average body weight of mice in each week. *p < 0.05 (Ctl, n = 19; CRC, n = 15; FMT, n = 18). (F) HE staining of intestinal tissue. (G) Immuno-histochemical staining of Ki67 and cleaved caspase-3 in intestinal tissue. *p < 0.05, n = 6.




3.2 FMT reverses intestinal microbial dysbiosis in CRC mice

We used 16S rDNA high-throughput sequencing to detect the diversity of gut microbiota in order to determine the differences in gut microbiota between CRC mice and normal control mice, as well as whether fecal microbiota transplantation may correct these differences. The 16S rDNA of the intestinal microbiota was sequenced using Illumina HiSeq 2500. Following quality control and assembly, a total of 1,777,674 clean reads were collected from 18 samples. The typical length ranges from 415 bp to 422 bp, making it possible to encompass the 16S rDNA’s V3 and V4 sections. The clean reads number for each sample and rarefaction curves were shown in (Supplementary Table 1 and Supplementary Figures 1A,B). OTU clustering was done with a 97% similar sequence. A total of 17 phyla, 29 classes, 57 orders, 94 families, 183 genera, and 199 species were identified among the intestinal bacteria.

The relative abundance of intestinal bacteria in CRC mice was significantly different at the phylum, family, genus and species levels compared to the normal control mice (Figures 2A–D). We first examined the predominant microbes of each group at the genus level. Intestinal bacteria enriched in normal control mice were genera of uncultured_bacterium_f_Muribaculaceae (28.21%), Alloprevotella (12.68%), Alistipes (9.81%), uncultured_bacterium_f_Lachnospiraceae (8.69%), Bacteroides (5.60%), Prevotellaceae_UCG-001 (4.68%), Ruminococcaceae_UCG-014 (4.10%), Lachnospiraceae_NK4A136_group (2.79%), uncultured_bacterium_f_Ruminococcaceae (2.43%), Muribaculum (1.09%), and Enterorhabdus (1.06%). Some of these microbes, such as Alloprevotella (8.31%), Alistipes (4.92%), Bacteroides (3.81%), Prevotellaceae_UCG-001 (2.18%), uncultured_bacterium_f_Ruminococcaceae (1.97%), Muribaculum (0.62%), and Enterorhabdus (0.69%) showed a notable decline in percentage in CRC mice. Furthermore, as shown in Figure 2C, the intestinal bacteria Rikenellaceae_RC9_gut_group (1.70%), Blautia (1.28%), uncultured_bacterium_o_Mollicutes_RF39 (0.85%), and Intestinimonas (0.80%) were significantly increased in CRC mice. The FMT therapy significantly reversed the abundance of Bacteroides (4.54%), Prevotellaceae_UCG-001 (3.93%), uncultured_bacterium_f_Ruminococcaceae (2.56%), Enterorhabdus (1.03%), and uncultured_bacterium_f_Erysipelotrichaceae (0.83%). Certain intestinal bacteria were completely identified at the species level as follows with the percentage of normal controls mice and CRC mice: the increased species of Lactobacillus_gasseri (0.10 to 2.19%), Lachnospiraceae_bacterium_609 (0.48 to 1.16%), Clostridiales_bacterium_CIEAF_020 (0.008 and 0.014%), Phaseolus_acutifolius_tepary_bean (0.009 and 0.013%), and the decreased species of Bacteroides_acidifaciens (5.30 to 2.13%), Lachnospiraceae_bacterium_10-1 (0.26 to 0.21%), Mucispirillum_schaedleri_ASF457 (0.08 to 0.04%), Clostridium_sp (0.03 to 0.01%), Burkholderiales_bacterium_YL45 (0.02 to 0.01%), and Lachnospiraceae_bacterium_COE1 (0.08 to 0.01%). The use of FMT reversed most of the alterations, such as Lactobacillus_gasseri (0.31%), Bacteroides_acidifaciens (3.34%), Mucispirillum_schaedleri_ASF457 (0.05%), Clostridium_sp (0.04%), Lachnospiraceae_bacterium_COE1 (0.12%).

[image: The image consists of multiple panels displaying microbial community analysis. Panels A to D show stacked bar charts of relative abundances at the phylum, family, genus, and species levels across various samples. Panels E and F present box plots of the Shannon and ACE indices for different groups. Panel G illustrates a PCoA plot, while panel H features an NMDS plot comparing two axes. Panel I displays a heatmap indicating similarity between samples. Panel J is a network diagram highlighting microbial interactions with nodes sized by abundance.]

FIGURE 2
 FMT reverses the microbial disturbance in CRC mice. (A–D) The distribution of gut microbiota at the levels of phylum, family, genus and species. (E,F) Alpha diversity indicated by Shannon index (E) and ACE index (F), *p < 0.05 and ***p < 0.001, n = 6. (G,H) Beta diversity indicated by PCoA analysis (G) and NMDS analysis (H). (I) Cluster analysis of samples. (J) Bacterial co-occurrence network.


In addition to examining the dominant microbiota, we assessed the alpha diversity of gut microbiota, including the Shannon index and ACE index, to confirm the improvement of the entire gut microbiota in CRC mice following FMT. In CRC mice, there was a considerable decrease in the Shannon index and ACE index, which indicate the richness and diversity of the microbial population. However, the declining trend was reversed by FMT (Figures 2E,F). To confirm if FMT could effectively lessen the difference in gut microbiota diversity between groups and reverse the disorder of the gut microbiota, we conducted β diversity analysis using non-metric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA). The analysis of PCoA and NMDS revealed that the microbial structure of normal control mice and FMT-treated mice was similar but considerably different from that of the CRC mice (Figures 2G,H). Furthermore, sample clustering analysis of unweighted unifrac demonstrated that the phylogenetic relationship of the intestinal bacteria between mice in the normal control and FMT groups was more closely linked compared to the CRC mice (Figure 2I). These results indicated that FMT considerably reduced the dysbiosis of the gut microbiota, shaping the gut microbiota of CRC mice to resemble that of normal controls. Additionally, through complex network relationships, intestinal bacteria supported or inhibited one another, working together to preserve the homeostasis of intestinal microbiota (Figure 2J).



3.3 The suppressed oncogenic targets in the treatment of CRC by FMT

First, to find possible targets for FMT to halt the progression of CRC, a genetic screening was done first. Results showed that 17 genes significantly differed in expression between the FMT-treated and non-treated groups, including genes involved in oxidative stress Ptgs2, Txn1, Txnrd1, drug resistance Abcc1, transcription factors Atf2, Hif1a, Irf5, apoptosis gene Birc5, gene in the cell cycle Cdk8, cathepsins Ctsl, growth factors and receptors Egfr, Figf, Flt4, Igf1, histone deacetylases Hdac2, poly ADP-ribose polymerases Parp4, protein kinases Plk2 (Figure 3A).
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FIGURE 3
 FMT inhibits the expression levels of cancer-promoting molecules. (A) Differentially expressed genes associated with CRC development. (B) Protein levels of the cancer-promoting molecules detected by western blot. *p < 0.05, n = 3. (C) The abundance of intestinal microbes related to the cancer-promoting factors. *p < 0.05, Ctl vs. CRC; #p < 0.05, CRC vs. FMT, n = 3. (D) Correlation analysis between the intestinal bacteria and the molecules screened out. *p < 0.05 and **p < 0.01, n = 3.


At the protein level, the expression of these genes was further investigated. The thioredoxin (TXN)/thioredoxin reductase (TXNRD) system is one of the major redox control mechanisms (Holmgren and Lu, 2010). Cancer cells that express high levels of TXN1 and TXNRD1 are better able to withstand the effects of oxidative stress, proliferate, and even invade and metastasize (Zhang et al., 2017). In comparison to normal controls mice, there was a notable increase in TXN1 and TXNRD1 expression in CRC mice. Their protein expression was substantially lower in mice administered with FMT, indicating that alterations in the gut microbiota affected their expression as well as their carcinogenic characteristics (Figure 3B).

The activation of the epidermal growth factor receptor (EGFR) signaling pathway promotes the secretion of insulin-like growth factor-1 (IGF-1), which in turn induces tumor-associated macrophage polarization. Tumor-associated macrophages have been shown to accelerate the development of CRC (Zhang W. et al., 2016). An inflammatory macrophage phenotype has been demonstrated to be promoted by interferon regulatory factor 5 (IRF5), a potential intrinsic regulator of the intestinal macrophage hallmark (Corbin et al., 2020). Moreover, the IRF5-induced inflammatory response may enhance the production of hypoxia-inducible factor 1-α (HIF-1α) in dendritic cells (Hammami et al., 2015). HIF-1α is a pivotal modulator in metabolic reprogramming, which occurs in hypoxic cancer cells (Infantino et al., 2021). We then validated the protein level in CRC mice and found obvious elevations of IRF5, EGFR, IGF-1, and HIF-1α in colon tissues compared with normal mice. FMT treatment dramatically lowered their levels of protein expression (Figure 3B).

Baculoviral inhibitor of apoptosis repeat containing 5 (BIRC5) is closely linked with high-grade cancer and differentiation (Wang et al., 2022). Cyclin-dependent kinase 8 (CDK8) has been identified as an oncogene that is associated with a reduced survival rate in colorectal cancers (Broude et al., 2015). Cathepsin L (CTSL) encodes a lysosomal cysteine proteinase that regulates cancer progression. Cancer patients with up-regulated CTSL have a worse prognosis and are more likely to have aggressive metastases (Zhang L. et al., 2022). In this study, CRC mice showed considerably higher amounts of BIRC5, CDK8, and CTSL protein than normal control mice did. FMT intervention significantly reduced their elevated protein expression. This suggests that the gut microbiota influences the expression of these proteins, which in turn affects the differentiation, metastasis, and prognosis of CRC (Figure 3B).

Histone deacetylase 2 (HDAC2) has been linked to numerous biological processes, including inflammation, cancer initiation and progression, cell signaling, cellular proliferation, and gene expression control (Jo et al., 2023). In comparison to normal controls mice, HDAC2 expression was obviously up-regulated in CRC mice, as Figure 3B illustrates, and this raised trend was dramatically suppressed by using FMT.

The abundance of gut bacteria linked to these cancer-promoting targets showed significant shifts (Figure 3C). The results of the correlation analysis demonstrated a positive correlation between the expression of BIRC5, CDK8, CTSL, EGFR, HDAC2, HIF-1α, IGF1, IRF5, TXN1, and TXNRD1 and uncultured_bacterium_o_Mollicutes_RF39, Rikenellaceae_RC9_gut_group, and a negative correlation with Bacillus, Marvinbryantia, Roseburia, Angelakisella, Enterorhabdus, Bacteroides, Muribaculum and the genera of uncultured_bacterium_f_Eggerthellaceae, uncultured_bacterium_f_Xanthobacteraceae, Prevotellaceae_UCG-001, uncultured_bacterium_f_Erysipelotrichaceae, uncultured_bacterium_f_Lachnospiraceae, uncultured_bacterium_f_Ruminococcaceae, Eubacterium_coprostanoligenes_group, Ruminococcaceae_UCG-005, and uncultured_bacterium_f_Peptococcaceae (Figure 3D).



3.4 Localization of oncogenic targets in intestinal tissues

Structurally, the intestinal tissue is mainly composed of the mucosa, submucosa, muscularis propria, and serosal layer. Perhaps as a result of the mucosa’s direct exposure to the intricate interior environment of the intestine, the majority of CRC cases arise in this area. This cancer-prone site is further subdivided into the mucosal epithelium, lamina propria, and muscularis mucosa.

The mucosal epithelium consists of epithelial cells that secrete mucus to maintain the mucosal surface moist and shield the intestinal tissue from injury, irritation, and infection of the intestinal environment while also absorbing nutrients and water. Numerous blood and lymphatic capillaries that supply nutrients, oxygen, and aid in the removal of metabolic waste are abundant in the lamina propria. Mucosal immune protection is also supported by the lymphoid tissue and immune cells that are dispersed here. Muscularis mucosae is composed of smooth muscles, the contraction and relaxation of which contribute to the digestion and propulsion of food and regulate the volume and pressure of the mucosa. In this study, immunohistochemical staining revealed that BIRC5, TXN1, TXNRD1, CDK8, HIF-1α, IGF-1, HDAC2, CTSL, IRF5, and EGFR were not only strongly expressed within the mucosal epithelium and lamina propria but also present in a small proportion of cells within the muscularis mucosae (Figure 4). In comparison to normal control mice, the intestinal tissue of CRC animals showed disruptions in immune defense, barrier, and nutritional and metabolic pathways due to the overexpression of these molecules in the mucosa. After restoring the balance of the gut microbiota by FMT, the overexpression of these targets was significantly inhibited. Through regulating the expression of these oncogenic chemicals, the gut microbiota plays an important role in the regulation of intestinal tissue function. Sustaining the equilibrium of the gut microbiota contributes to the preservation of the typical functioning of intestinal tissue.

[image: Microscopic images showing tissue sections stained for different proteins: BIRC5, TXN1, TXNRD1, CDK8, HIF-1α, IGF-1, HDAC2, CTSL, IRF5, and EGFR. Each row represents one protein, and columns compare control (Ctl), colorectal cancer (CRC), and fecal microbiota transplantation (FMT) conditions. Staining intensity varies across conditions, visible as differences in color and distribution patterns.]

FIGURE 4
 Locations of the oncogenic targets in the intestinal tissue. BIRC5, TXN1, TXNRD1, CDK8, HIF-1α, IGF-1, HDAC2, CTSL, IRF5, and EGFR were distributed in all sub-structures of the mucosa, including the mucosal epithelium, amina propria, and muscularis mucosae.





4 Discussion

In a previous work, we discovered that by disrupting the intestinal immune microenvironment, the gut microbiota significantly contributes to the regulation of CRC progression. The disruption of the intestinal microbiota in CRC mice was corrected by FMT intervention, and immune cells and inflammatory cytokines were also regulated in the intestinal tissue (Yu et al., 2023). Nevertheless, this investigation revealed that changes in the diversity and abundance of gut bacteria also impacted the expression of oncogenic molecules at both gene and protein levels, such as TXN1, TXNRD1, IRF5, EGFR, IGF-1, HIF-1α, BIRC5, CDK8, CTSL, and HDAC2. This suggests that the intestinal microbiota influences CRC development in numerous aspects and holds significant promise for its therapeutic management.

In this study, the fecal microbiota transplanted from healthy mice effectively inhibited microbial dysbiosis in CRC mice. The FMT therapy of CRC mice resulted in a considerable increase in the richness and variety of the microbial population. Principal coordinate analysis and phylogenetic analysis of the microbial sequencing data revealed that FMT intervention caused the CRC mice’s gut microbiota structure to resemble that of the normal control group.

The short-chain fatty acid butyrate, which is mostly produced by Eubacterium, Roseburia, Lachnospiraceae, and Ruminococcaceae, inhibits the growth and proliferation of cancer cells by decreasing the activity of HDACs in immune cells and colon cells and causing the expression of CDK inhibitors, which leads to cell cycle arrest in the G1 phase (Gu et al., 2023; Li and Seto, 2016; Louis et al., 2014). According to this study, FMT dramatically raised the low abundance of Eubacterium and Ruminococcaceae in CRC mice, which may encourage butyrate synthesis and in turn inhibit the activation and expression of HDAC2 and CDK8. Propionate, produced by bacteria from Roseburia, Bacteroides, and Lachnospiraceae, inhibits cancer progression by inducing apoptosis and cell cycle arrest through down-regulating BIRC5 expression (Louis et al., 2014; Kim et al., 2019; Bilotta and Cong, 2019). The study’s findings demonstrated that FMT restored the bacteria’s abundance in CRC mice to levels comparable to those in control mice, perhaps assisting in the downregulation of BIRC5 expression in cancer treatment-related scenarios.

Hypoxic conditions are a common characteristic of the cancer microenvironment. In these circumstances, the metabolism of cancer cells is reprogrammed, thus promoting the survival and proliferation of cancer cells and ensuring cancer progression (Infantino et al., 2021). HIF-1a is a member of the hypoxia-inducible factors family that is triggered by the gut bacteria Yersinia enterocolitica. It inhibits mitochondrial oxidative metabolism by lowering oxygen consumption, ensuring oxygen homeostasis in cancer tissues under hypoxia (Gardlik, 2014). TXNRD, a component of the antioxidant defense system involved in regulating the redox balance and sensing the oxidative stress state, is activated by LPS and regulated by Keap1-Nrf2/ho-1, the main regulator of various antioxidant enzymes (Li et al., 2021; Yu et al., 2021). Its primary substrate, TXN1, was likewise diminished in cells devoid of TXNRD1 (Arnér, 2021). Therefore, lowering the number of bacteria that produce LPS with FMT may aid in blocking the actions of TXNRD1 and TXN1, encourage oxidative stress-induced damage to cancer cells, and thereby stop the onset and progression of colorectal cancer.

Chronic inflammation is a major risk factor for CRC (Lucas et al., 2017). Numerous pro-inflammatory cytokines have been reported to be positively associated with the incidence of colorectal adenomas (Kim et al., 2008). Inflammatory cells have the ability to activate a significant amount of lysosomal protease CTSL, which may facilitate invasion and metastasis and result in a poor prognosis (Gomes et al., 2020). The expression of HDAC2 in macrophages induced by LPS has a positive effect on inducing proinflammatory cytokine expression (Wu et al., 2018). Inflammation in the intestinal tract increases EGFR expression (Hardbower et al., 2017). The activation of the EGFR signaling pathway enhances IGF-1 secretion and directly drives M2 macrophage polarization, resulting in an immunosuppressor effect and promoting the development of cancer (Yang et al., 2021). One of the key players in inflammation among the IRF family members is IRF5. IRF5 is temporarily expressed by inflammatory stimuli in macrophages, and IRF5 overexpression causes proinflammatory cytokines like IL-6, IL-12, IL-23, and TNF-α to be produced (Krausgruber et al., 2011). This increases inflammation, accelerates the development of CRC, and interferes with regular bowel movements. On the other hand, guanosine produced by Roseburia and Enterorhabdus has an anti-inflammatory impact by lowering the expression of TNF-α, IL-1β, and IL-6 (Zhang H. et al., 2022; Zizzo et al., 2018). Additionally, uncultured bacteria f_Peptococcaceae metabolize tryptophan to produce indole acrylic acid, a sign of an anti-inflammatory immune response (Wlodarska et al., 2017). Bacillus subtilis administration alleviates systemic inflammation in mice by balancing pro- and anti-inflammatory factors in the gut (Zhang H.-L. et al., 2016). Changes to these oncogenic molecules are associated with the process by which intestinal inflammation expedites the progression of CRC, as demonstrated by the correction of these intestinal bacterial abnormalities by FMT in our study.

Based on the previously mentioned findings and examination, applying FMT to reverse intestinal dysbiosis in CRC mice and maintain intestinal environment homeostasis resulted in a reduction in the expression of oncogenic molecules. These noteworthy anti-cancer effects offered a theoretical foundation for the treatment and prevention of CRC. The strong relationships between the expression of some carcinogenic chemicals and the quantity of various bacteria were also examined in this work; further research is needed to determine the mechanisms underlying FMT’s inhibition of CRC progression.
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Fecal microbiota transplantation (FMT) and probiotics therapies represent key clinical options, yet their complex effects on the host are not fully understood. We evaluated the comprehensive effects of FMT using diarrheal or normal feces, as well as probiotic therapies, on multiple anatomical sites in healthy cynomolgus macaques through colonoscopy and surgery. Our research revealed that FMT led to a partial microbiome transplantation without exhibiting the donor’s fecal clinical characteristics. Notably, FMT increased insulin and C-peptide levels in each animal according time series, regardless of fecal conditions. Immunologically, a reduction in neutrophil-to-lymphocyte ratio were exclusively observed in femoral veins of FMT group. In blood chemistry analyses, reductions in aspartate aminotransferase, blood urea nitrogen, and creatinine were observed in the femoral veins, while elevated levels of alanine aminotransferase and calcium were exclusively detected in the portal veins. These changes were not observed in the probiotic group. Also, short chain fatty acids were significantly higher increase in portal veins rather than femoral veins. Transcriptome analysis of liver tissues showed that metabolic pathways were primarily affected by both FMT and probiotics therapies. In summary, FMT therapy significantly influenced metabolic, immunologic and transcriptomic responses in normal macaque models, regardless of fecal conditions. Also, these macaque models, which utilize surgery and colonoscopy, serve as a human-like preclinical platform for evaluating long-term effects and anatomically specific responses to gut-targeted interventions, without the need for animal sacrifice.
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1 Introduction

The gut microbiome has been extensively studied across various animal species, including humans. The gut is home to trillions of microbes, consisting of diverse bacteria, viruses, fungi, and yeast. Over 1,000 bacterial species have been identified in the gastrointestinal (GI) tract using next-generation sequencing technology (Qin et al., 2010).The characteristics of these microbiomes vary significantly from one individual to another (Lloyd-Price et al., 2016). Nevertheless, a healthy human microbiome contains a core set of microbes that play a pivotal role in maintaining the stability and resilience of the gut microbial community (Turnbaugh et al., 2007). At the phylum level, Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria together make up over 99% of the microbiome found in the GI tract (Eckburg et al., 2005). The development of this microbiome is shaped in early life by exposure to external microbes, which is crucial for establishing a stable microbial community (Enav et al., 2022; Yatsunenko et al., 2012). Once a stable and resilient microbiome is established in later life stages, harmful non-resident microbes struggle to colonize the gastrointestinal tract because of selective pressures imposed by existing gut microbes and the host’s immune system (Lee and Chang, 2021; Lozupone et al., 2012).

The symbiotic relationship between commensal microbes and their host has been extensively elucidated through microbial-derived molecules such as short-chain fatty acids (SCFAs), tryptophan, and secondary bile acids (Canfora et al., 2015; Gheorghe et al., 2019; Wahlstrøm et al., 2016). SCFAs, including acetate, butyrate, and propionate, are produced from the fermentation of indigestible plant fibers by specific bacterial species like Faecalibacterium prausnitzii and Roseburia (Machiels et al., 2014). SCFAs serve as an energy source for the colonic epithelium, enhance gut barrier integrity by reducing gut permeability, maintain the mucosal immune system, particularly regulatory T cells (Treg cells), and increase the activity of the sympathetic nervous system while regulating lipid and glucose metabolism (He et al., 2020). The production of SCFAs can be influenced by dietary intake and the microbial composition in the GI tract. Mucolytic bacteria, especially Akkermansia muciniphilia, can protect the GI mucin layer, preventing bacterial invasion (Zhang et al., 2019).

Dysbiosis refers to a disturbance in gut microbes, characterized by reduced diversity, an increase in harmful bacteria, and a decrease in beneficial bacteria within the GI tract. Factors that lead to dysbiosis include antibiotic overuse, inappropriate diets (notably high-fat diets), exposure to foodborne toxins, elevated systemic inflammation, and organic pollutants (Napolitano and Covasa, 2020). Microbial imbalance has been linked to various human diseases, including neurological, hepatic, metabolic, autoimmune, cardiovascular, oncogenic, infectious, and gastrointestinal conditions (Carding et al., 2015). The intricate relationship between gut microbes and various physiological systems can be understood through the lens of multiple axes: the gut-brain, gut-liver, gut-skin, gut-immune, gut-heart, and gut-kidney axes (Anand and Mande, 2022; Sinha et al., 2021; Chen et al., 2019; Shi et al., 2017). However, direct evidence establishing whether dysbiosis is a cause or a consequence of specific diseases remains elusive. While disruption of the microbiome may not be the sole driver behind these conditions, it appears to play a contributory role in their progression via diverse mechanisms. Hence, changes in the microbiome can exert profound and complex effects on human physiology and diseases, although the precise outcomes remain largely undetermined.

Microbiome research has been actively conducted through in vitro and in vivo experiments, as well as human clinical studies. A variety of preclinical animal models, including humanized mice, honeybees, zebrafish and non-human primates have been used for these investigations (Douglas, 2019; Park and Im, 2020; Brenchley and Ortiz, 2021). The selection of animal models is often dictated by specific research objectives. However, these species possess distinct characteristics in terms of anatomy, physiology, genetics, metabolism, and immunology that set them apart from humans. For human clinical trials, time-series longitudinal studies are challenging to conduct due to the lack of data prior to disease onset (Lee and Chang, 2021). Additionally, examining tissue-specific microbiomes can be difficult in human subjects. Typically, human patients can provide only fecal samples, which primarily reflect the luminal microbiome of the descending colon (Yasuda et al., 2015). Furthermore, significant inter-individual variations exist among humans, making the interpretation of cross-sectional human microbiome studies complex (Ley et al., 2006). Currently, among preclinical animal models, old world macaque species most closely mirror the human microbiomes (Amato et al., 2019).

Within the realm of GI-targeted therapies, fecal microbiota transplantation (FMT) and probiotic therapies stand out as two prominent clinical treatment options (Suez et al., 2018). Probiotic therapy has been widely adopted for both healthy individuals and those with medical conditions. FMT presents a potential solution for otherwise intractable diseases, such as antibiotic-resistant Clostridium difficile infections and inflammatory bowel diseases (Drekonja et al., 2015; Colman and Rubin, 2014). Despite the evident impact of microbiome alterations on various aspects of human health, the comprehensive and direct effects of these therapies remain to be fully elucidated. In this study, we used the old world macaque, the preclinical animal model most similar to humans, to comprehensively analyze the effects of FMT and probiotic treatments from various perspectives.



2 Materials and methods


2.1 Animals

Nine female cynomolgus monkeys (Macaca fascicularis) aged between 6 and 10 years, were sourced from Cambodia and raised under specific pathogen-free conditions at the National Primate Research Center within the Korea Research Institute of Bioscience and Biotechnology (KRIBB). Each monkey was housed individually in indoor cages and provided with a commercial monkey feed (2050 Teklad Global 20% Protein Primate Diet, Harlan, Envigo, United Kingdom) composed of 20% crude protein, 5.4% fat, 8.1% crude fiber, and 40.1% carbohydrates. In addition to this diet, they were given seasonal fruits and had unrestricted access to water. The housing conditions adhered strictly to the minimal requirements outlined in ‘The Guide for the Care and Use of Laboratory Animals’ as proposed by the Institute for Laboratory Animal Research (ILAR) in 2010 (National Research Council, 2010). The breeding environment was automatically regulated to maintain a temperature of 24°C ± 2°C, a relative humidity of 50% ± 5%, light intensity ranging from 150 to 300 Lux, ventilation cycling 10–20 times per hour, and a 12-h light/dark cycle. Institutional non-human primate veterinary specialists confirmed that all monkeys were in good health conditions except for one monkey suffering idiopathic chronic diarrhea. Molecular tests confirmed that all animals were negative for infections with enteric pathogens, including Campylobacter jejuni, Clostridium difficile, Salmonella spp., Shigella spp., and Yersinia enterocolitica. Routine fecal smear examinations also showed no evidence of fecal parasite infections.



2.2 Animal experimental design

Nine healthy animals were categorized into three distinct groups. FMT + D group consisted of four animals that underwent FMT using diarrheal feces via colonoscopy. These feces were obtained from a donor monkey diagnosed with idiopathic chronic diarrhea based on clinical signs, medical imaging, and dysbiosis, without evidence of specific enteric pathogens (Koo et al., 2020). FMT + N group included two animals that received a transplant of normal feces. FMT group, which included both the FMT + D and FMT + N groups, was also assessed. Lastly, probiotics group comprised three animals who were inoculated with a six-week probiotic therapy via nasogastric tubes, using a 1ml blend of four human-origin lactic acid bacteria: L. fermentum, L. plantarum, Leuconostoc mesenteroides, and Bifidobacterium breve with over 109 cfu (Table 1). Fecal sampling occurred at the outset, then at 2 and 6 weeks post-initiation of FMT and probiotic therapy. Samples, including blood from both the portal and femoral veins and liver tissues, were collected at 6 weeks post-initiation of therapy. Surgical interventions, which were executed at the beginning and 6 weeks following the FMT and probiotic treatments, facilitated the collection of liver tissue and blood from the portal veins. A Bovie electrosurgical unit was utilized during the abdominal incision and tissue collection to mitigate bleeding risks. Surgical and postoperative care were overseen by a surgical specialist alongside a non-human primate veterinary expert. Detailed specifics of the experimental design were described in Figure 1. Clinical signs were monitored daily by the breeders, and in some instances, health monitoring was performed periodically by non-human primate veterinary specialists.



TABLE 1 Detailed information of animal history and experimental designs.
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FIGURE 1
 Impact of fecal Microbiota transplantation and probiotics on fecal microbial composition in recipient macaques. (A) Beta diversity analysis shows significant changes in the fecal microbiome of monkeys in both the FMT and probiotics groups between pre-and post-treatment. (B) Relative change rates of specific bacterial taxa before and after treatment. (C) Relative bacterial composition in fecal microbiome at the phylum level.




2.3 FMT therapy and surgery

We conducted FMT therapy on cynomolgus monkeys via colonoscopy using fresh feces sourced from monkeys housed in the same facility. Prior to FMT, monkeys in the designated FMT groups were treated with a combined regimen of vancomycin (15 mg/kg, IM, bid) and enrofloxacin (10 mg/kg, IM, bid) for a duration of 7 days. As a preparatory step, we administered an enema, introducing 50ml of a polyethylene glycol solution into the monkeys via nasogastric tubes on two separate occasions. We aseptically collected two distinct fecal types: normal and diarrheal. The normal fecal samples were randomly obtained from healthy monkeys and subsequently pooled in sterile plastic bags. In contrast, the diarrheal feces were obtained from a monkey exhibiting severe idiopathic chronic diarrhea, characterized by recurrent episodes of watery, bloody, and mucus-laden feces (Supplementary Figure S2). Notably, this monkey had previously been identified as having a disturbed microbiome in an earlier study (Koo et al., 2020). All fecal samples were collected within a 2-h window post-defecation. After collection, the 25g feces were combined with a sterile 40 mL PBS solution. This fecal mixture was then passed through a moistened 5-layer sterile gauze positioned in a funnel and subsequently filtered using a 70μm pore size filter. The resulting solution was administered into the transverse colon of the recipient monkeys, who were placed in a right recumbency position during the procedure. Post-transplantation, we ensured that the monkeys remained in this position for an additional 30 min to ensure optimal uptake. The entire process, spanning fecal collection to FMT therapy, was completed within a 4–6 h timeframe.



2.4 18F-fluorodeoxyglycose (FDG) positron emission tomography (PET)/computed tomography (CT) analysis

Medical images were obtained using a PET/CT scanner (Siemens Biograph-mCT) and 18F-fluorodeoxyglucose (18F-FDG) was supplied from DuChemBio Co., Ltd. All monkeys fasted for at least 12 h before and were anesthetized with 2% isoflurane, administered via a respiratory anesthesia machine (Royal Medical) at a flow rate of 2 L/min for radiotracer injection and scan. They were given with 5.0 ± 0.5 MBq of 18F-FDG intravenously and after 1h, whole-body PET/CT scan was performed to visualize inflammation in the GI tracts for 10min/bed (5 bed) in a supine position. PET images were reconstructed to 200 × 200 matrics and 3.4 mm × 3.4 mm pixel sizes with a 3.0 mm slice thickness using a OSEM iterative algorithm (3 iterations and 21 subsets) with time of flight.



2.5 Microbiome analysis

Fecal samples were collected from each monkey at 0, 2, and 6 weeks following FMT and probiotic therapies. After defecation, fecal samples were collected within a 2-h window and promptly transported to the laboratory on ice. Total DNA was extracted from samples using the QIAamp Fast DNA Stool Mini kit (Qiagen). The V3 and V4 hyper-variable regions of the 16S bacterial rRNA gene were amplified from the extracted DNA using PCR. Sequence similarity thresholds for taxonomy classifications were as follows: genus (97 > X > 94.5), family (94.5 > X > 86.5), order (86.5 > X > 82), class (82 > X > 78.5), and phylum (78.5 > X > 75). The metagenomic processing data were assessed using the EZBioCloud Database, which is supported by CJ Bioscience. Bacterial composition values were examined from the phylum to genus level. Alpha diversity metrics included evenness, valid reads, operational taxonomic units (OTUs), abundance-based coverage estimator (ACE) and Chao1, Jackknife, Shannon, and Simpson indices. Beta diversity, featuring PCO analysis, was used for longitudinal comparisons between the pre-and post-treatment groups. The core microbiome was characterized as bacterial phyla accounting for at least 0.1% of the entire microbiome. We performed a comparative analysis of bacterial taxa between groups using the ANCOMBC2 package. All sequencing and analytical procedures were performed by CJ Bioscience (Korea).



2.6 Hematology, blood chemistry and hormone assay

Blood samples were drawn from the femoral and portal veins. Blood was collected from the femoral and portal veins at 0 and 6 weeks through a surgical procedure. Hematological values were assessed using the HEMAVET 950FS hematology analyzer (Drew Scientific Ltd.). Blood biochemical analyses were conducted using the Dri-Chem 7000i biochemistry analyzer (Fujifilm). The values for pancreatic and reproductive hormones were measured using a 96-well multiplex magnetic bead panel in the Milliplex MAP Non-Human Primate Pituitary Magnetic Bead Panel 1 (NHPPT1MG-46K) and the Milliplex MAP Non-Human Primate Metabolic Magnetic Bead Panel (NHPMHMAG-45K). Detailed information on hematological, chemistry, and hormonal values in the cynomolgus macaque are provided in Supplementary Table S1.



2.7 SCFAs measurement

Plasma samples from the femoral and portal veins were treated with methanol and then incubated at 30°C for 3 h in a shaking incubator. After centrifuging at 3,000 rpm for 20 min, the supernatant was passed through a 0.45-μm filter. A 1 μL aliquot of the filtered sample was injected into an Agilent GC-FID system fitted with an HP-FFAP column for chromatographic analysis. The concentrations of three SCFAs (acetic acid, butyric acid, and propionic acid) were determined using a Flame Ionization Detector. Nitrogen gas served as the carrier gas and was maintained at a consistent flow rate of 1.0 mL/min. The entire procedure was conducted by the Korea Polymer Testing and Research Institute.



2.8 Flow cytometry

Flow cytometric analysis of peripheral blood mononuclear cells (PBMCs) was conducted using the BD LSR Fortessa flow cytometer (BD Biosciences). PBMCs were harvested from blood samples drawn from both femoral and portal veins using Ficoll–Hypaque density gradient (Lymphoprep, Axis-Shield). Red blood cells were lysed by incubating with ACK lysis buffer (Gibco) at room temperature for 5 min. Subsequently, cell viability was assessed by staining with Fixable Viability Stain 575V (BD Biosciences) for 20 min at room temperature. For surface staining, cells were treated with the panel of antibodies for 30 min at 4°C. Post-staining, cells were rinsed with the permeabilization wash buffer and fixed using 1% paraformaldehyde. Data acquisition was executed using the LSRFortessa system (BD Bioscience) and analyzed using FlowJo v10.7.1.



2.9 Transcriptome analysis

Total RNA was extracted from liver tissues using TRIZOL reagent (Invitrogen) following the manufacturer’s protocol. Library construction was achieved using the TrueSeq Stranded Total RNA LT Sample Prep Kit (Gold) from Illumina Inc. following the manufacturer’s guidelines. High-throughput sequencing was conducted using paired-end sequencing (2 × 101 nt) on the NovaSeq 6000 system (Macrogen, Seoul, Korea). For functional annotation and gene-set enrichment analyses, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used. All RNA sequencing procedures and subsequent analyses were performed by Macrogen Inc. (Seoul, Korea).



2.10 Statistical analysis

Statistical significance was determined using a paired t-test for paired samples. A p-value of less than 0.05 indicated statistical significance. All statistical analyses were conducted using GraphPad Prism software, version 8.4.3 (GraphPad Software).



2.11 Ethical statements

All experimental procedures were sanctioned by the Institutional Animal Care and Use Committee at Korea Research Institute of Bioscience and Biotechnology (Approval No. KRIBB-AEC-21324).




3 Results


3.1 Clinical and vital signs, and 18FDG-PET CT analysis

Throughout the experimental period, which extended from week 0 to week 6 after the initiation of therapies, no clinical signs were observed in any of the monkeys across all groups receiving FMT with either diarrheal (FMT + D group) or normal feces (FMT + N group), as well as probiotics (Probiotics group) (Figures 1A,B). Despite using feces with significant watery and mucous consistency from a donor monkey for the FMT in FMT + D group (Supplementary Figure S2), none of the four recipient monkeys displayed any gastrointestinal disturbances, including diarrhea, throughout the study period. No notable changes in body weight or temperature were observed in any of the monkeys during the study (Supplementary Figure S3). Consistent with the clinical observations, the 18FDG-PET CT analysis did not indicate any FDG uptake indicative of intestinal inflammation (Supplementary Figure S4). However, in the donor monkey suffering idiopathic chronic diarrhea (C032), extensive FDG uptake was observed throughout the entire large intestine area, including the colon and rectum (Supplementary Figure S2C) (Koo et al., 2020). All animals exhibited normal health conditions after the completion of experiments, based on clinical signs, hematology, and blood chemistry results by yearly health monitoring by Institutional veterinarians.



3.2 Microbiome analysis

Fecal microbiome was analyzed from fecal samples collected 0, 2, and 6 weeks post-treatment in all monkeys. In principal coordinate (PCO) analysis, statistically significant changes in the fecal microbiome were observed in both the FMT and probiotics groups between pre-and post-treatment (Figure 1A). However, full transplantation was not ultimately confirmed in any of the monkeys in FMT + D group. Also, significant differences in bacterial taxa and beta diversity among the groups were not verified (Figure 1). No significant changes were detected in alpha diversity indices, including ACE, Chao1, Jackknife, NPShannon, Shannon, or Simpson, across the FMT and probiotics groups (Supplementary Figure S5). Bifidobacterium spp., Akkermansia spp., Butyricicoccus spp. and Citrobacter spp. were rarely detected in feces of these monkeys.



3.3 Hematology and flow cytometry analysis

Hematologic values and their subsets were assessed in all monkeys in samples from both femoral and portal veins using hematology and flow cytometry analysis. Differences were observed in hematologic values between the two anatomical sites. Hematological assessments revealed a statistically significant decrease in WBC counts in the FMT + D group, but this decrease was observed only in samples from the portal veins (Figure 2). Furthermore, reduced neutrophil counts were identified in samples from both portal and femoral veins of the FMT group which included FMT + D and FMT + N groups (Figure 3). In contrast, elevated lymphocyte counts were observed in samples from the femoral veins of the FMT group. In the Probiotic group, an increase in monocyte counts was detected only in samples from the portal veins (Figure 2, and Supplementary Figure S9). Among the lymphocyte subsets, CD8+, CD8+ TCM and CD8+ TEM cells showed a significant increase in the FMT groups (Figure 3, and Supplementary Figure S7). For B lymphocyte subsets, no notable differences were found between the FMT and Probiotic groups except for plasmablast cells (Figure 3, and Supplementary Figure S8). In the FMT groups, the counts of natural killer cells increased, but this was limited to samples from the femoral veins (Figure 3). The neutrophil to lymphocyte ratio (NLR) in peripheral blood showed a significant decrease exclusively in the femoral veins of the FMT groups (Figures 2, 3). Additionally, a rise in dendritic cell counts was identified solely in samples from the femoral veins of the FMT + D group (Supplementary Figure S9). The values of RBC, platelet and hemoglobin were not changed in all groups.
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FIGURE 2
 Comparative analysis of immune cell populations in femoral and portal veins of monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces as well as probiotic groups. Monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces, as well as those in the probiotic groups. P0W and P6W represent 0 weeks and 6 weeks post-FMT, respectively. Femoral and portal refer to the femoral and portal veins, which are anatomical sites for blood collection. The lines in the graphs indicate the mean values with standard deviation (SD). Statistically significance were determined by t test and indicated by p-values. p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***). NLR, the neutrophil to lymphocyte ratio; WBC, white blood cells; NK cell, natural killer cell; PB cell, plasmablast.
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FIGURE 3
 Comparative analysis of immune cell populations in femoral and portal veins of monkeys in groups of fecal microbiota transplantation (FMT) and probiotic therapies. Data in FMT group combined results from both the FMT + D and FMT + N groups. Monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces, as well as those in the probiotic groups. P0W and P6W represent 0 weeks and 6 weeks post-FMT, respectively. Femoral and portal refer to the femoral and portal veins, which are anatomical sites for blood collection. The lines in the graphs indicate the mean values with standard deviation (SD). Statistically significance were determined by t test and indicated by p-values. p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***). NLR, the neutrophil to lymphocyte ratio; WBC, white blood cells; NK cell, natural killer cell; PB cell, plasmablast.




3.4 Hormonal response

Pancreatic and reproductive hormones were measured in samples from both femoral and portal veins. In the FMT group, levels of insulin and C-peptide increased in samples from both veins, whereas no such increase was observed in the Probiotic group. Additionally, an elevated concentration of monocyte chemoattractant-1 (MCP-1) was found solely in samples from the portal veins of monkeys in the FMT group (Figure 4). There were no observed changes in the levels of gastric inhibitory polypeptide, glucagon, or pancreatic polypeptide (Supplementary Figure S10). In the FMT groups, a decrease in adrenocorticotropic hormone levels and an increase in growth hormone levels were observed in samples from the portal vein. In contrast, no reproductive hormonal changes were detected in the Probiotic group (Supplementary Figure S11).
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FIGURE 4
 Metabolic hormone changes in femoral and portal veins of monkeys undergoing fecal microbiota transplantation and probiotic therapy. Comparative evaluations were based on differences among three groups (FMT + D, FMT + N and probiotics) and two groups (FMT and probiotics). Data in FMT group combined results from both the FMT + D and FMT + N groups. Monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces, as well as those in the probiotic groups. P0W and P6W represent 0 weeks and 6 weeks post-FMT, respectively. Femoral and portal refer to the femoral and portal veins, which are anatomical sites for blood collection. The lines in the graphs indicate the mean values with standard deviation (SD). Statistically significance were determined by t test and indicated by p-values. p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***); p ≤ 0.0001. MCP-1, monocyte chemoattractant protein-1; C-peptide, connecting peptide.




3.5 Blood chemistry and SCFAs evaluation

Changes in blood chemistry and SCFAs values were observed in samples from both femoral and portal veins. In the FMT groups, aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE) levels decreased in samples from femoral veins. Conversely, alanine aminotransferase (ALT) and calcium (Ca) levels increased, while inorganic phosphorus (IP) levels decreased in samples from portal veins (Figure 5). For the FMT + D group, there was an increase in AST and decrease in TG values in samples from the femoral veins. Additionally, ALT values increased and albumin (ALB) values decreased in samples from the portal veins (Supplementary Figure S12). In the Probiotic group, AST values in samples from the portal veins increased, while there was a statistically significant rise in glucose (GLU) levels in samples from the femoral veins (Figure 5). All SCFAs, including acetic acid, butyric acid and propionic acid, showed increased levels in samples from both femoral and portal veins in the Probiotic group. The SCFA values were significantly higher in samples from portal veins than in those from femoral veins (Figure 6).
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FIGURE 5
 Comparative analysis of Blood chemistry results in femoral and portal veins of monkeys undergoing fecal microbiota transplantation (FMT) and probiotic therapy. Data in FMT group combined results from both the FMT + D and FMT + N groups. Monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces, as well as those in the probiotic groups. P0W and P6W represent 0 weeks and 6 weeks post-FMT, respectively. Femoral and portal refer to the femoral and portal veins, which are anatomical sites for blood collection. The lines in the graphs indicate the mean values with standard deviation (SD). Statistically significance were determined by t test and indicated by p-values. p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***). AST, aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; GLU, glucose; IP, inorganic phosphate; Ca, calcium.
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FIGURE 6
 The changes of short chain fatty acids in femoral and portal veins of monkeys undergoing fecal microbiota transplantation and probiotic therapy. Short chain fatty acids include acetic acid, propionic acid, and butyric acid. Monkeys undergoing fecal microbiota transplantation with diarrheal (FMT + D) and normal (FMT + N) feces, as well as those in the probiotic groups. Comparative evaluations were based on differences among three groups (FMT + D, FMT + N and probiotics) and two groups (FMT and probiotics). Data in FMT group combined results from both the FMT + D and FMT + N groups. P0W and P6W represent 0 weeks and 6 weeks post-FMT, respectively. Femoral and portal refer to the femoral and portal veins, which are anatomical sites for blood collection. The lines in the graphs indicate the mean values with standard deviation (SD). Statistically significance were determined by t test and indicated by p-values. p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***); p ≤ 0.0001.




3.6 Transcriptome analysis in liver tissue

Hierarchical clustering and multi-dimensional scaling plots showed distinct clustering of RNA transcripts in liver tissues following FMT (Figure 7A) and probiotic treatments (Figure 7B). Metabolic pathways, as illustrated by KEGG pathway analyses, were predominantly influenced by both FMT and probiotics. Notably, the number of genes exhibiting up-and down-regulation varied significantly among individuals, irrespective of whether they were in the FMT or probiotic groups.
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FIGURE 7
 Investigation of transcriptional changes in liver tissues of monkeys undergoing fecal microbiota transplantation and probiotic therapy. Transcriptional changes were evaluated based on KEGG pathway database and multidimensional scaling analysis. (A) FMT + D group comprised C1027, C1053, C1075 and C1058 while (B) FMT + N group included C1067 and C1070, and probiotics group. P0 and P6 represent 0 weeks and 6 weeks post-FMT, respectively.





4 Discussion

The microbiome is recognized for its influence on both health and disease in humans. However, understanding of the intricate and complicated effects of FMT and probiotics on the healthy host remains limited. In clinical practice, feces with diverse microbiome have been used for FMT practices due to variations among individual donor stool samples. In this study, we aimed to comprehensively evaluate the effects of FMT using feces under significant different conditions, as well as probiotic therapy, across various anatomical sites in cynomolgus monkeys. This macaque model, which employs clinical techniques such as surgery and colonoscopy, could elucidate the compound effects of these gut-targeted therapies according to anatomical sites in individuals.

Changes in the microbiome have been associated with various diseases, particularly inflammatory bowel diseases (IBD) (Lee and Chang, 2021). Clinical signs were not observed in macaques until 6 weeks after the administration of FMT using diarrheal contents from a monkey with spontaneous idiopathic chronic diarrhea (Koo et al., 2020). The six-week time point was chosen because clear therapeutic effects of FMT in human patients are typically observed around 4 weeks post-treatment (Cheng et al., 2019; Fang et al., 2021). Statistically significant changes and reduced variation in the fecal microbiome were observed in both the FMT and probiotics groups between pre-and post-treatment (Figure 1A). However, full transplantation was not ultimately confirmed in any of the monkeys in FMT + D group. Also, significant differences in bacterial taxa and beta diversity among the groups were not verified (Figure 1). This finding aligns with the beta diversity results reported in human FMT studies, where fecal microbiome transplants also exhibited high variability between individuals, and none of the human patients reached the endpoint (Sokol et al., 2020). In adults, the microbiome demonstrates both stability and resilience, which may contribute to partial transplantation and inter-individual variations in the microbiome in recipient monkeys, even in the face of a high concentration of feces in the FMT (Lozupone et al., 2012; Sommer et al., 2017). To overcome the stability of gut microbiome, consequence FMT procedures were conducted for human clinical trials and significantly increased the therapeutics effects compared to single FMT procedure (Baunwall et al., 2020). Also, repeated FMT procedures were conducted for three monkeys, and no pathological signs were observed based on clinical assessments and medical diagnostics using the 18FDG-PET CT analysis (unpublished data). Consequently, our findings suggest that the only fecal microbiota is not a sole trigger for idiopathic chronic diarrhea in monkeys that showed similar microbiome characteristics with IBD in human (Koo et al., 2020). However, this observation does not imply that the intestinal microbiome is not a contributing factor in chronic diarrhea in both human and monkeys. It remains unclear what role the microbiome may play when combined with other factors.

Following FMT therapy, we observed a statistically significant decline in neutrophil levels in samples from both the femoral and portal veins, while elevated lymphocyte values were detected exclusively in samples from the femoral veins indicating a decrease in NLR values in healthy monkeys (Figure 3). The NLR value is a well-established prognostic biomarker for a variety of diseases, including cancer, infectious diseases, sepsis, and cardiovascular diseases (Buonacera et al., 2022). In human IBD patients, heightened neutrophil activity and extensive inflammation within the GI tracts have been identified (Herrero-Cervera et al., 2022). The observation that both decreased neutrophil levels and increased lymphocyte levels were noted in healthy individuals receiving FMT suggests that FMT may be a viable preventative strategy against various diseases in healthy populations (Goloshchapov et al., 2019). Interestingly, these preventive benefits of FMT appear to occur irrespective of the donor’s fecal conditions.

Endocrine analysis showed significant elevations in insulin and c-peptide proteins in monkeys in the FMT groups (Figure 4). These increases were evident in samples from both the femoral and portal veins, irrespective of the fecal conditions. While prior studies have highlighted the benefits of FMT therapy for both type 1 and 2 diabetes in humans, our study is the first to demonstrate in a preclinical model that FMT boosts insulin levels on healthy individuals regardless of fecal state (De Groot et al., 2021; Wu et al., 2023). The rise in MCP-1 was solely detected in samples from the portal vein. While the result was not statistically significant, we observed a trend towards declining MCP-1 values in femoral veins (Figure 4). The escalation in MCP-1 might signal an active inflammatory response and has links to various diseases (Singh et al., 2021). The observed variation in MCP-1 levels across different anatomical sites exhibited a pattern similar to blood chemistry results, where increased ALT values were noted in the portal veins, and decreased AST values were observed in the femoral veins. Consequently, FMT may be advantageous for systemic anti-inflammatory responses, yet potentially detrimental in terms of liver damage in normal people.

In both the FMT and probiotics groups, there was a dramatic increase in all SCFAs including acetate, butyrate, and propionate in samples from blood veins. In human cases, elevated levels of SCFAs have been observed following FMT procedures in patients with IBD (El-Salhy et al., 2021). Notably, the rise of SCFAs in samples from portal veins was significantly higher than those in femoral veins (Figure 6). SCFAs are generated in the colon by gut microbiota during the fermentation of non-digestible fibers and are subsequently absorbed by colonocytes and bloodstreams via portal vein to liver tissues (Bloemen et al., 2009). Due to these anatomical and physiological characteristics, the portal vein is more directly affected by changes in SCFA levels compared to the femoral vein. Therefore, the portal vein is the primary vessel directly influenced by gut microbiome–targeted treatments like FMT and probiotics (Ohtani and Hara, 2021). We predict more pronounced effects of SCFAs on liver functions through FMT and probiotics therapy via gut-liver axis, as we expected based on the results from peripheral blood. SCFAs significantly impact inflammation, immune response, anti-obesity, anti-diabetes, cardiovascular protection, hepatic protection, carcinogenesis and IBD (Visekruna and Luu, 2021; Xiong et al., 2022). Notably, butyrate promotes the differentiation of Treg cells, which play a key role in controlling inflammation (Furusawa et al., 2013). Therefore, these gut-targeted interventions may prove to be beneficial for human health from multiple aspects. These findings coincide with hepatic transcriptomic data indicating that various metabolic pathways were significantly altered following FMT and probiotic therapies (Figure 7).

The level of AST decreased in samples from the femoral veins, while ALT levels increased in samples from the portal veins (Figure 5). ALT levels are direct indicators of liver damage and are primarily found in the liver tissues (Goorden et al., 2013). On the other hand, significant concentrations of AST are not only present in the liver but also in the kidneys, skeletal muscles, and myocardium (Goorden et al., 2013). Therefore, considering anatomical and physiological characteristics of the two enzymes, ALT values from the portal vein might be the most sensitive indicator for diagnosing liver damage. We should closely monitor liver-related side effects in patients administered with FMT. With the observed simultaneous decline in CRE and BUN levels, FMT therapy could contribute to kidney health. Compared with FMT, the effects of probiotic therapy on monkeys were relatively minor. FMT has been shown to improve not only liver function in human patients with non-alcoholic fatty liver disease, alcoholic liver disease, hepatitis B virus infection, and primary sclerosing cholangitis, but also renal function in patients with chronic kidney disease (CKD) (Zhao et al., 2023; Arteaga-Muller et al., 2024). Both the therapeutic and harmful effects of FMT on liver diseases have been reported in human patients, possibly linked to increased levels of SCFAs, which can be induced by FMT and probiotics (Pant et al., 2023). Additionally, SCFAs may alleviate CKD in human patients by modulating inflammation, oxidative stress, and cellular autophagy (He et al., 2024). Notably, we observed a statistically significant increase in monocyte values in the femoral veins of monkeys treated with probiotics, an effect absent in other groups (Figure 3). In vitro studies have shown that Lactobacillus(L) rhamnosus can enhance the expression of surface molecules related to monocyte activation, thereby potentially stimulating an immune response to probiotic therapy (Rückle et al., 2023).

In this study, we investigated the systemic and multifaceted effects of FMT and probiotic therapies on various anatomical sites in healthy individuals. FMT therapy has the potential to beneficially affect immunologic and hormonal responses and SCFAs, regardless of specific fecal conditions. These host responses have also been observed in human patients undergoing the FMT procedure. Given the anatomical differences, evaluating samples from the portal veins may provide more direct insights into the interventions on the liver through the gut-liver axis. Although some invasive procedures were essential for conducting more in-depth anatomical and physiological evaluations, all animals have been maintained in normal health with appropriate veterinary care following the procedures. In conclusion, these macaque models, which utilize surgery and colonoscopy, serve as a human-like preclinical platform for evaluating longitudinal effects and anatomically specific responses to gut-targeted interventions, without the need for animal sacrifice. This report has some limitations. The effects of probiotic therapy were measured with a focus on its short-term impact. In clinical practice, probiotic therapy is typically administered over a longer period than FMT, limiting the applicability of the current findings. Furthermore, the small sample size constrains the generalizability of the results, particularly for microbiome data, due to high inter-individual variability. Future research will involve a larger number of primates to validate these findings, explore underlying mechanisms, and assess the long-term effects of the therapies. Additionally, the therapeutic potential of these interventions needs to be evaluated in primate disease models.
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Attention Deficit Hyperactivity Disorder (ADHD) is a clinically common neurodevelopmental disorder of the brain. In addition to genetic factors, an imbalance in gut flora may also play a role in the development of ADHD. Currently, it is critical to investigate the function of gut flora and related metabolites, which may form the fundamental basis of bidirectional cross-linking between the brain and the gut, in addition to focusing on the changed gut flora in ADHD. This study aimed to investigate the possible relationship between changes in gut flora and metabolites and ADHD by analyzing metagenome and untargeted metabolomics of fecal samples from ADHD patients. Specifically, we attempted to identify key metabolites and the metabolic pathways they are involved in, as well as analyze in detail the structure and composition of the gut flora of ADHD patients. In order to further investigate the relationship between gut flora and ADHD symptoms, some behavioral studies were conducted following the transplantation of gut flora from ADHD patients into rats. The results of the metagenome analysis revealed several distinct strains, including Bacteroides cellulosilyticus, which could be important for diagnosing ADHD. Additionally, the ADHD group showed modifications in several metabolic pathways and metabolites, including the nicotinamide and nicotinic acid metabolic pathways and the metabolite nicotinamide in this pathway. The behavioral results demonstrated that rats with ADHD gut flora transplants displayed increased locomotor activity and interest, indicating that the onset of behaviors such as ADHD could be facilitated by the flora associated with ADHD. This research verified the alterations in gut flora and metabolism observed in ADHD patients and provided a list of metabolites and flora that were significantly altered in ADHD. Simultaneously, our findings revealed that modifications to the microbiome could potentially trigger behavioral changes in animals, providing an experimental basis for comprehending the function and influence of gut flora on ADHD. These results might provide new perspectives for the development of novel treatment strategies.
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1 Introduction

The gut is not only a key component of the digestive system but also a crucial component of the immune system. An independent neurological system called the enteric nervous system exists in the gastrointestinal tract. Millions of neurons make up the enteric nervous system, which is closely connected to the brain and controls the activity, secretory function, and blood circulation of the gut (Dabke et al., 2019; Margolis et al., 2021). Gut microbiome refers to the vast population of bacteria that reside in the human gut (Backhed et al., 2005). The microbiota create a complex ecosystem that is essential for controlling metabolism in addition to aiding in food digestion, detoxifying medications and poisons, and maintaining the health of the immune system (Farzi et al., 2018; Frisbee and Petri, 2020; Zeineldin et al., 2018). There may be a significant metabolic potential for the bacteria in the gut microbiota as their number is similar to that of human cells (Sender et al., 2016). In addition, gut microbes can reduce inflammation, modify gene expression, and affect the synthesis of neurotransmitters - particularly the latter as they have a direct bearing on behavior and mood (Sasso et al., 2023). Clinical problems such as obesity, diabetes, cardiovascular disease, and allergies are significantly linked to an imbalance in the gut microbiota (Fukuda et al., 2011; Kelly et al., 2016; Orivuori et al., 2015; Safari et al., 2019). Furthermore, gut microbial dysbiosis has been linked to several types of neurological conditions, including attention deficit/hyperactivity disorder (ADHD), depression, anxiety disorders, and autism spectrum disorders (Aizawa et al., 2016; Bundgaard-Nielsen et al., 2020; Cheng et al., 2020; Kang et al., 2013; Reimherr et al., 2017; Rosenfeld, 2015; Sharon et al., 2019). Research has indicated that altering the composition of the gut microbiota may be a useful strategy for both treating and preventing certain neurological conditions. Thus, designing novel therapeutic approaches requires a thorough understanding of the gut microbiota and its roles.

ADHD, a highly heritable neurodevelopmental disorder, is characterized by distractibility, hyperactivity, and impulsivity (Martinez-Badia and Martinez-Raga, 2015; Wustner et al., 2019). Patients with ADHD experience profound consequences in social and emotional management as well as in their academic and professional lives (Usami, 2016). Numerous elements, including pathophysiology, neurobiology, etiology, and genetics, are involved in the complicated pathogenesis of ADHD (Hinshaw, 2018). There is currently no solid evidence regarding the precise causes of ADHD. According to recent research, changes in gut flora may be linked to the onset of ADHD.

Three main pathways explain the relationship between gut microbiota and ADHD: the microbes directly produce metabolites and neurotransmitters that affect the nervous system (Logsdon et al., 2018), they act on the vagus nerve to affect the brain (Carabotti et al., 2015), and they stimulate peripheral immune cells to affect the blood–brain barrier and other nervous system factors (Amini-Khoei et al., 2019; Fung et al., 2017). There is a notable variation in the intestinal flora composition of ADHD patients when compared to the healthy population, according to an investigation of their gut flora (Wan et al., 2020). The overall composition and relative abundance of the flora reflect this variation; however, there is currently inconclusive research in this area. Focusing on particular microbiota, it was discovered that Bifidobacterium, Odorobacterium, Enterococcus, Neisseria, and Clostridium showed an increasing trend in relative abundance when studied in ADHD, while Microbacterium, Lachnoclostridium, Faecalibacterium, and Parabacterium showed a decreasing trend in relative abundance (Ming et al., 2018; Wang et al., 2020). Szopinska-Tokov showed that the Ruminococcaceae_UGC_004 and inattentive symptoms of ADHD are related (Szopinska-Tokov et al., 2020). This underscores the possibility that alterations in gut flora are linked to the neuropathological mechanisms of ADHD. These findings add to our knowledge of the pathogenic mechanisms underlying ADHD and may provide key hints for the creation of novel therapeutic strategies. Nevertheless, more thorough research is required to gain a more precise understanding of the connection between gut flora and ADHD.

While the interaction between the brain and gut microorganisms is a topic of current research, a complete understanding of the mechanism involved may not always be revealed by concentrating only on the gut germs. As the foundation for two-way communication between the brain and gut flora, attention must also be given to the impact of gut flora on metabolite production. According to some research, the brain-gut axis affects the brain by regulating the generation and function of neurotransmitters via vagal stimulation, immune system reactions, bacterial metabolites, or activation of the hypothalamic–pituitary–adrenal (HPA) axis (Bonaz et al., 2019; De Punder and Pruimboom, 2015; Eicher and Mohajeri, 2022; Fu et al., 2023). Simultaneously, the brain can modify gut secretion, peristalsis, and sensation, which in turn can affect the makeup and activity of the gut bacteria (Margolis et al., 2021). In the case of ADHD, for instance, an increase in certain gut microorganisms such as Bifidobacterium may raise blood tryptophan levels (Desbonnet et al., 2008). This can then be converted to 5-hydroxytryptophan in the brain, which has an impact on mood and cognitive performance. Additionally, phenylalanine, a precursor of the neurotransmitters dopamine and norepinephrine (Aarts et al., 2017), which are essential for mood regulation and cognitive function, is increased by Bifidobacterium (Coleman et al., 2019). Disturbances in these neurotransmitters may be linked to pathomechanisms related to ADHD. Thus, variations in the gut microbiota’s composition may result in variations in neurotransmitter production, which may then play a role in the emergence of neurological diseases like ADHD. The aforementioned results highlight the significance of gaining a more comprehensive understanding of the function of gut flora and metabolites in disease preventive and treatment approaches.

In summary, the properties of the gut microbiota and metabolites in ADHD, as well as their interactions, are not well understood. The relationship between alterations in gut microbiota and metabolites and ADHD has not been clearly established by previous research. In order to detect specific alterations in microbiota and metabolites in the ADHD gut and investigate the relationship between them, our study evaluated shotgun metagenomic and untargeted metabolomics from ADHD patients and healthy controls in tandem. To investigate the relationship between gut microbiota and symptoms of ADHD, we also transplanted microbiota from ADHD patients into Sprague–Dawley (SD) rats and assessed the impact these microbiota produced in the rats. We hope to provide new perspectives for the development of novel ADHD treatment plans.



2 Methods


2.1 Participant selection

During July and August of 2020, five children who had been initially diagnosed with ADHD were chosen from Hangzhou Children’s Hospital. The following criteria had to be met for a subject to be included: (1) participants had to meet the DSM-V criteria for ADHD diagnosis (Austerman, 2015; Posner et al., 2020); (2) participants could not have serious organic diseases affecting the neurological, hepatic, cardiovascular, or hematopoietic systems; (3) participants could not have a history of digestive or other chronic diseases; (4) participants could not have an allergy such as allergic rhinitis or asthma; (5) participants’ body mass index could not be less than 20 kg/m2; and (6) participants had to be free of probiotics, related traditional Chinese medicine, psychostimulant drugs, etc. and other combined treatment methods such as electroencephalography biofeedback. The healthy control (HC) group consisted of eight children from various households who were chosen at the same time and under the same inclusion criteria, with the exception that the HCs did not have an ADHD diagnosis based on the DSM-V criteria. The Conners Parent Rating Scale was utilized by the parents of each participant involved to evaluate the degree of symptoms associated with ADHD. Feces samples were obtained between 8:00 and 12:00 a.m. Before testing, the stool samples were transported at 4°C and stored at −80°C. The parents or legal guardians of the subjects provided verbal informed consent.



2.2 Shotgun metagenome sequencing of fecal samples

DNA was extracted from human feces samples using the hexadecyl trimethyl ammonium bromide method. DNA degradation degree, potential contamination and DNA concentration were measured using an Agilent 5,400. Sequencing libraries were generated using the NEBNext@ UltraTM DNA Library Prep Kit for Illumina. The library preparations were sequenced on an Illumina Novaseq 6,000 platform and paired-end reads were generated. The raw data of bacteria, fungi and viruses in human feces samples were obtained by metagenomic sequencing using the Illumina Novaseq high-throughput sequencing platform. In order to ensure the reliability of data, the raw sequencing data was preprocessed using Kneaddata software. Kraken2 and the self-build microbial database were used to identify the species contained in the samples, and then Bracken was used to predict the actual relative abundance of species in the samples. The clean reads after quality control and de-host were used to obtain a blast database (UniRef90) using HUMAnN2 software, and the annotation information and relative abundance table from each functional database were obtained according to the corresponding relationship between Uniref90 ID and each database. Based on the species abundance table and functional abundance table, abundance clustering analysis, Principal Coordinates Analysis (PCoA) analysis (species only) and sample clustering analysis were performed. When grouping information was available, Linear discriminant analysis Effect Size (LEfSe) Biomarker and Dunn test analyses were performed to excavate differences in species composition and functional composition between samples.



2.3 Untargeted metabolomics of fecal samples

Analysis was performed using an ultra-high performance liquid chromatography coupled to a quadrupole time-of-flight (TOF) mass spectrometer. For hydrophilic interaction chromatography separation, samples were analyzed using a 2.1 mm × 100 mm ACQUIY UPLC BEH Amide 1.7 μm column. In both ESI positive and negative modes, the mobile phase contained A = 25 mM ammonium acetate and 25 mM ammonium hydroxide in water and B = acetonitrile. The gradient was 95% B for 0.5 min and was linearly reduced to 65% in 6.5 min, and then reduced to 40% in 1 min and kept for 1 min, and then increased to 95% in 0.1 min, with a 3 min re-equilibration period employed. The ESI source conditions were set as follows: Ion Source Gas1 (Gas1) as 60, Ion Source Gas2 (Gas2) as 60, curtain gas (CUR) as 30, source temperature: 600°C, IonSpray Voltage Floating (ISVF) ± 5,500 V. In mass spectrometry (MS) only acquisition, the instrument was set to acquire over the m/z range 60–1,000 Da, and the accumulation time for the TOF MS scan was set at 0.20 s/spectra. In auto MS/MS acquisition, the instrument was set to acquire over the m/z range 25–1,000 Da, and the accumulation time for product ion scan was set at 0.05 s/spectra. The product ion scan was acquired using information dependent acquisition (IDA) with high sensitivity mode selected. The parameters were set as follows: the collision energy (CE) was fixed at 35 V with ±15 eV; declustering potential (DP), 60 V (+) and − 60 V (−); exclude isotopes within 4 Da, candidate ions to monitor per cycle: 10. The raw MS data were converted to MzXML files using ProteoWizard MSConvert. For peak picking, the following parameters were used: centWave m/z = 10 ppm, peakwidth = c (10, 60), prefilter = c (10, 100). For peak grouping, bw = 5, mzwid = 0.025, and minfrac = 0.5 were used. CAMERA (Collection of Algorithms of Metabolite pRofile Annotation) was used for annotation of isotopes and adducts. In the extracted ion features, only the variables having more than 50% of the nonzero measurement values in at least one group were kept. Compound identification of metabolites was performed by comparing the accuracy of m/z value (<10 ppm), and MS/MS spectra with an in-house database established with available authentic standards.



2.4 Fecal microbial transplantation and behavioral experiments


2.4.1 Animals

Male SD rats were purchased from Beijing Viton Lihua Laboratory Animal Co. All the rats were given free access to food and water and were gradually acclimated to the laboratory conditions (12-h light/dark cycle, 22 ± 1°C, and 55 ± 5% relative humidity). To reduce animal suffering, the number of animals utilized in the study was kept to a minimum.



2.4.2 Fecal microbial transplantation

In order to eliminate individual differences, fecal samples from five ADHD patients and eight HCs were processed and mixed in sterile tubes. To obtain the final bacterial solution for usage, 1 g of feces was combined with 10 mL of sterile PBS, vortexed for approximately 10 min, and then filtered through 200, 400, and 800 mesh in that order. The configured bacterial solution was stored at −80°C after adding glycerol, and the proportion of bacterial solution to glycerol was 1:1. The solution was thawed in a 37°C water bath and vortexed once more before use.

Figure 1 depicts the experiment timeframe. Four distinct animal groupings were established: Blank (no disposition), HC.T, and ADHD.T, Transoral gavage was used to populate the microbiota from HCs and ADHD patients, respectively, and sterile PBS was used to set up a sham-operated group. Rats underwent microbial colonization on days 1, 2, 14, 15, 22, and 23 of the experiment to guarantee that their gut microbiome remained consistent.

[image: Diagram of a timeline showing events in a mouse experiment. Colonization occurs at day one with a syringe shown. Stars mark key events on days five, fourteen, nineteen, and twenty-six. Open Field Test (OFT) and Marble Burying Test (MBT) occur on days twelve and thirteen, Novel Object Recognition (NOR) on days nineteen to twenty-one. Recolonization happens after days fourteen and nineteen.]

FIGURE 1
 Experimental Timeline. Rats underwent microbial colonization on days 1, 2, 14, 15, 22, and 23 of the experiment, while fecal samples were collected on days 5, 14, 19, and 26. On day 14, fecal collection was performed prior to colonization. Behavioral experiments were conducted on day 12 (open field test), day 13 (marble burying test), and days 20 and 21 (training and testing for the novel object recognition test). Created with BioRender.com.




2.4.3 Behavioral experiments


2.4.3.1 Open field test

The experimental box for the OFT was 100 cm × 100 cm × 40 cm. The bottom surface was uniformly divided into 16 compartments, with the central area consisting of the middle four compartments and the peripheral area consisting of the remaining 12 compartments. The rats were positioned in the open field’s lower left corner at the start of the experiment, and they were allowed to wander around freely for 5 min. The system then automatically logged the data. Calculations were made to determine how long the rat spent engaging in activities in the central zone, how many times it entered the zone overall, how far it went in 5 min, and how many times it stood straight up. The total distance traveled and the activity time in the central area reflected the locomotor activity of the rats, and the number of times they stood upright reflected their curiosity and interest in exploring the outside world.



2.4.3.2 Novel object recognition

The experimental equipment was a square laboratory box of 50 cm × 50 cm × 45 cm. Three objects were used: A, B, and C. Rectangles A and B were the same, while C was a colored cylinder. During the training phase, A and B were placed in the center of the experimental box. The rats were placed in the experimental box with their backs to these objects and it was ensured that the rats’ noses were equidistant from these two objects, and the rats remained in the experimental box for 10 min. In the test phase 24 h later, B was replaced by C, and the rat was placed in the same direction and distance for 5 min. Every encounter the rats had with these objects was meticulously documented, down to the number of times they made contact and the amount of time they spent moving within two to three centimeters of them. Static activities, such as maintaining a position on the object, were not regarded as exploratory behaviors; instead, actions such as patting with the paw, smelling with the nose, or licking the object with the mouth were documented as such. By comparing the frequency and duration of exploring new and old things, the cognitive ability of rats was deduced; a higher frequency and longer duration of exploring new objects indicates normal cognition. The Recognition Index (RI) was calculated as RI = Explore New Objects/ (Explore New Objects + Explore Old Objects) × 100%.



2.4.3.3 Marble burying test

An identical rat cage that was used to house the rats was used as the experimental box. The experimental box was lined with padding approximately 5 cm thick. Glass marbles were gently placed on top of the padding, and were arranged neatly using the 4 × 6 rule. The rats were carefully positioned in a corner of the cage and did not touch the glass marbles when the experiment began. The observer left the test room after placement. The rats were allowed to move freely in the cage without disturbance for 30 min, during which time they were not given water or food. Thirty minutes later, the rats were taken out of the cage, taking care not to move the glass marbles. The number of marbles buried by the rats (marbles with 1/2 or more of their surface area covered were considered buried). The number of buried marbles reflected the impulsiveness of the rats, with more buried marbles indicating greater impulsiveness.





2.5 Statistical analyses

All sequencing data were analyzed at the Wekemo Bioincloud online site. The concept of amplicon was borrowed for intergroup diversity analysis of the metagenome. PCoA analysis based on Bray Curtis distance was performed to test the similarity of bacterial community structure between samples. Intergroup LEfSe analysis was performed to determine biomarkers from phylum to species level (LDA > 2, p < 0.05). Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) was performed to determine metabolite features between groups (VIP > 1, p < 0.05). Other data were analyzed using GraphPad statistical software. The Shapiro–Wilk test was performed on the measures first, and then the unpaired t-test (normal distribution) or Kruskal-Wallis test (non-normal distribution) was used to compare the differences between the groups. Values of p < 0.05 were considered to be statistically significant. Finally, the statistical power (1-β) of the experimental design was calculated using the G*Power software, with a one-way ANOVA: Fixed effects, omnibus test applied.




3 Results


3.1 Participants characteristics

According to the evaluation criteria, eight healthy control children and five patients with ADHD were included. The individuals in both groups were male thus excluding the influence of sex. Table 1 displays the metadata for the two groups. The mean age of the ADHD group was (9.1 ± 0.9) years, while the mean age of the HC group was (8.9 ± 0.8) years. There was no statistically significant difference in age between the two groups (p = 0.74), indicating that age did not influence the study’s findings. The Conners Scale, Weiss’s Functional Degree of Impairment Scale, and the SNAP-IV Teacher Rating Scale were used to diagnose the ADHD patients.



TABLE 1 Donor metadata.
[image: Table listing donors by ID, group, sex, age, and diagnosis. HC group includes eight male donors, aged 8 to 10, with no diagnosis. ADHD group includes five male donors, aged 8.4 to 10, diagnosed with ADHD.]



3.2 Differences in microbiota composition between ADHD and healthy controls

All samples underwent shotgun metagenomic sequencing. Nine distinct species types were identified in the two sets of samples, with bacteria accounting for the largest share at 87.16%. In total, 1,195 different bacterial species were found in the two sample groups; 318 of these species were unique to the ADHD group, while 193 species were unique to the HC group as shown in Figure 2A. There was no discernible difference between the ADHD and HC groups in terms of the bacterial groups’ alpha and beta diversity (Figure 2B). Examination of the sample composition showed that Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria had the largest relative abundances in both groups at the phylum level (Figure 2C). As shown in Figure 2E, the relative abundances of Bacteroidetes, Bacteroidia, Bacteroidalestes, Bacteroidaceae, and Bacteroides were higher in the ADHD group than in the HC group, but no significant difference was observed (all p > 0.05).

[image: Venn diagram, violin plots, heatmap, scatter plot, and bar chart analyzing microbiota differences between ADHD and control groups. Panel A shows a Venn diagram with shared and unique taxa. Panel B presents violin plots for diversity indices (chao1 and shannon) between groups. Panel C contains a heatmap of various bacterial phyla abundance. Panel D is a scatter plot from PERMANOVA analysis comparing ADHD and control groups. Panel E includes bar charts comparing relative abundance of specific bacterial families.]

FIGURE 2
 Analysis of bacterial diversity and composition. (A) Comparison of bacterial counts between the two groups; (B) Estimation of α-diversity using the Shannon and Chao1 indices (Shannon, p = 0.51; Chao1, p = 0.51); (C) Comparison of bacterial phyla levels between the two groups, with the highest relative abundances at the phylum level in both groups observed for Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria; (D) PCoA analysis of β-diversity based on Bray-Curtis distance; (E) Comparison of relative abundances of Bacteroidetes phylum, class, order, family, and genus between the two groups, with all comparisons showing p > 0.05.


LEfSe analysis can be used to identify biological markers with substantial variations between subgroups. The LEfSe analysis results indicated that a total of 5 families, 7 genera, and 23 species had different relative abundances between the two groups (LDA score > 2.0, p < 0.05), as indicated in Table 2. Detailed results of all differential bacteria with p values are provided in Supplementary Table S1. Compared to the HC group, the ADHD group had a greater relative abundance of nine species, such as Bacteroides cellulosilyticus and Enterococcus saigonensis. Furthermore, the ADHD group had 61 characteristic KO genes. ADHD-specific bacterial species are shown in Figure 3. Column lengths represent the Linear discriminant analysis (LDA) values; the larger the LDA value, the larger the difference.



TABLE 2 Overview of significant microbiota.
[image: Chart comparing microbiota levels associated with ADHD. It includes three hierarchical levels: family, genus, and species. "Decrease in ADHD" lists families like Candidatus and Nanogingivalaceae; genera such as Peptacetobacter and Flavonifractor; and species like Bifidobacterium pseudocatenulatum and Clostridium bornimense. "Increase in ADHD" lists families like Tannerellaceae and Acidaminococcaceae; genera such as Parabacteroides and Sphingorhabdus; and species like Bacteroides cellulosilyticus and Enterococcus saigonensis.]

[image: Bar graph and cladogram comparing bacterial taxa associated with control and ADHD groups. The bar graph (A) shows log LDA scores with bacterial names, indicating higher abundance in either control (blue) or ADHD (red). The cladogram (B) visually represents these differences, with nodes colored by association to control or ADHD. Both graphs highlight distinct bacterial populations between the groups.]

FIGURE 3
 Significantly different bacteria. (A) Histogram of LEfSe analysis showing significantly different bacteria between the groups, categorized by group; (B) Evolutionary branching diagram of significantly different bacteria between the groups, sorted by relative abundance. B. cellulosilyticus exhibited the highest relative abundance in the ADHD group.




3.3 Higher activity and curiosity were observed in SD rats receiving microbiota colonization from ADHD patients

It is unknown how alterations in the microbiota of ADHD patients relate to symptoms of the disease, even though shotgun metagenomic sequencing data have shown that the gut microbiota of ADHD patients differed from that of healthy persons. In order to investigate this relationship further, we conducted several behavioral tests on SD rats after isolating and transplanting the gut microbiota from ADHD patients and HCs. Furthermore, two sham-operated groups were established: one with PBS intervention and the other blank control group receiving no treatment at all. In contrast to the other three groups, the OFT results demonstrated a significant increase in the ratADHD group’s total distance traveled in terms of activity and the number of uprights in the open field. This suggested that the ratADHD group exhibited higher levels of movement and a stronger interest in external exploration, which is consistent with behavior that is similar to ADHD. The other measures in the OFT, such as the number of entries into the central zone, the distance traveled, and the amount of time spent in the central zone did not differ substantially across the groups, as depicted in Figure 4.

[image: Bar graphs labeled A to F compare four groups: Blank, PBS.T, HC.T, and ADHD.T across different metrics. Graph A shows significantly higher values for ADHD.T, while others remain low. Graphs B to E show varied results with ADHD.T generally higher. Graph F displays comparisons of time and frequency, with time consistently higher. Statistical significance is indicated with asterisks.]

FIGURE 4
 Behavioral results. (A) The total distance traveled in the OFT among the four groups. Significant differences were observed between the three control groups and the ratADHD group (Blank vs. ADHD.T: p = 0.0008; PBS.T vs. ADHD.T: p = 0.0333; HC.T vs. ADHD.T: p = 0.0037). (B) The number of times the animals stood upright in the OFT among the four groups. Significant differences were found between the three control groups and the ratADHD group (Blank vs. ADHD.T: p = 0.0197; PBS.T vs. ADHD.T: p = 0.0379; HC.T vs. ADHD.T: p = 0.0050). (C) Comparison of the number of marbles buried among the four groups of animals in the MBT. (D) Time spent exploring objects among the four groups of animals in the NOR. (E) Number of explorations of objects among the four groups of animals in the NOR. (F) Comparison between the training and testing phases of the NOR in the ADHD.T group. Blank: blank control group; HC.T, Health Control colony transplantation group; ADHD.T, ADHD colony transplantation group; PBS.T, sham operation group. *: p < 0.05; **: p < 0.01; ***: p < 0.001.


In the training portion of the NOR experiment, which evaluates memory, all rats were equally able to investigate two similar objects. The ratADHD group did not exhibit a trend to lower the discrimination index when compared to the control groups throughout the 24-h test phase. However, they did investigate new objects less frequency and fewer times overall than they did during the training phase. The MBT can be used to identify obsessive or impulsive behaviors in animals. Our research revealed no discernible variation in the number of marbles buried in the ratADHD group when compared to the other rat groups. All data and analyses from the behavioral experiments are presented in Supplementary Tables S2, S3.

To evaluate the validity of the experimental design and its ability to detect group differences, a statistical power analysis was performed on the key behavioral indicators mentioned above. The results presented in Table 3 were obtained with a significance level of α = 0.05, a total sample size of 40, and a group size of four. The analysis revealed that the test power for the total distance traveled in the OFT and the number of uprights in the OFT was high, indicating a reliable capacity to detect group differences. In contrast, the test power for the NOR experiment and the number of burials in the MBT was low, suggesting a risk of insufficient power to detect meaningful differences.



TABLE 3 Statistical power of behavioral experimental indicators.
[image: Table comparing five variables: OFT distance, OFT uprights, NOR time, NOR trials, and MBT burials based on three metrics: standard deviation within each group, effect size f, and power (1-β error probability). Values are as follows: OFT distance (4871.84, 0.888, 0.997), OFT uprights (1.83, 0.696, 0.952), NOR time (6.39, 0.336, 0.363), NOR trials (3.99, 0.339, 0.368), MBT burials (4.11, 0.437, 0.581).]



3.4 Metabolite nicotinamide may be correlated with ADHD

Metabolites in feces were further analyzed to assess whether there were differences between ADHD and HC metabolite groups. The characteristics that differed most between subgroups were chosen using OPLS-DA. The association between metabolites expression and grouping was modeled by OPLS-DA, providing improved access to intergroup differences and enabling prediction of sample grouping, which could not be accomplished using PCA. The ADHD and HC metabolite clusters were clearly distinguished as shown in Figure 5A, where the horizontal coordinates show differences between groups, and the vertical coordinates show differences between samples within groups. The positive ion model plot is depicted in Figure 5B; R2 and Q2 represent the variables that the model explained and the degree of predictability, respectively. These values allow for the differentiation of the model’s advantages and disadvantages. Figure 5B illustrates that the positive ion model accepted both R2 and Q2. Eight hundred fifty-six positive ion metabolites were found in the positive ion model; of these, 26 were considerably up-regulated (p < 0.05, VIP > 1) in ADHD compared to HCs, and 10 were significantly down-regulated (p < 0.05, VIP > 1), as shown in Figure 5C.

[image: A composite image with five panels: A displays a scatter plot differentiating ADHD from control with colored points; B shows a bar graph with values and statistics for Q2 and R2; C features a volcano plot marking significant metabolites; D presents a metabolic pathway flowchart; E illustrates a bar graph with various metabolic processes and p-values.]

FIGURE 5
 Metabolite analysis. (A) Metabolite cluster separation between the two groups is clearly defined. The horizontal axis represents differences between groups, while the vertical axis represents differences within samples of each group. (B) The R2 and Q2 values represent the variance explained by the model and the predictability of the model, respectively. Our model demonstrates high reliability and strong predictive ability. (C) Each point represents a specific metabolite. Metabolites located in the yellow area are significantly differentially expressed between the two groups. Points in the upper left indicate metabolites with downregulated relative differential expression in the ADHD group, while points in the upper right indicate metabolites with upregulated relative differential expression in the ADHD group. The closer a point is to the left, right, or top edges of the graph, the more significant the difference in expression. (D) Schematic of the reaction network for nicotinamide-related metabolites. Red markers highlight nicotinamide as a key metabolite requiring special attention. (E) Negative ion mode ORA enrichment results suggest that these metabolic pathways may also warrant further focus.


KEGG enrichment analysis and pathway annotation of metabolites from both groups were used to further examine the metabolic effects of ADHD. The Oracle database was utilized to identify the KEGG pathways that were significantly enriched for the particular set of metabolites that were obtained from OPLS-DA analysis. The topological influence was then computed, which served as an anchor for the significantly enriched KEGG pathways (Figures 5D, E). The findings demonstrated some metabolic pathways such as nicotinamide and nicotinic acid metabolism in the positive ionic pattern, as well as the four negative ionic metabolic pathways: cofactor biosynthesis, ubiquinone and other terpene quinone biosynthesis, pyrimidine metabolism, and caffeine metabolism. It was possible that the development of disease was correlated with certain metabolic pathways. When the findings of the metagenomic sequencing analysis of colony function were integrated, three distinct genes were identified, namely pncB (K00763), nadD (K00969), and E6.3.5.1 (K01950), that exhibited comparatively lower expression in the ADHD group in the nicotinic acid and nicotinamide metabolic pathways. The expression of the positive ionic metabolite nicotinamide was substantially down-regulated in the ADHD group compared to the HC group (p = 0.03, VIP = 1.87), which is consistent with the findings of untargeted metabolomics (Figure 6).

[image: Flowchart of the nicotinate and nicotinamide metabolism pathway. It includes various chemical compounds, enzymes, and their interactions, with arrows indicating the metabolic pathways. Enzymes are labeled with specific codes, and the pathway is connected to tryptophan and pyruvate metabolism. Annotated sections highlight specific processes related to NADP+ and NAD+ synthesis, featuring control labels in teal.]

FIGURE 6
 Nicotinic acid and nicotinamide metabolic pathway. The color-coded genes, nadD and pncB, represent critical sites in the metabolic pathway.





4 Discussion

ADHD is a common neurodevelopmental disorder. While many studies have shown that the gut microbiota of patients with ADHD differed from that of healthy individuals, it is still unclear exactly how gut flora contribute to the pathophysiology of ADHD, and it is impossible to identify the specific changes that occur in the gut flora of ADHD patients based on previous research. The majority of research has employed 16S RNA sequencing to detect variations in the gut microbiome between healthy and ADHD patient groups; however, intergroup differences in gut flora cannot be examined at the species level using 16S sequencing. This study focused on the species-level composition and abundance of bacteria and examined the functional differences between them by applying shotgun metagenomic sequencing to investigate the structural and compositional features of the gut flora in both healthy populations and ADHD patients. All clinical samples in this study were collected from male patients, as previous literature indicates significantly higher rates of pediatric ADHD diagnoses in males compared to females (Faraone et al., 2015; Reuben and Elgaddal, 2024). Notably, the male-to-female diagnosis ratio in epidemiological studies has risen from 3–4:1 to 7–8:1, underscoring the predominance of males in ADHD diagnoses (Thapar and Cooper, 2016). Consequently, our findings may primarily reflect the characteristics of ADHD in male patients. According to the shotgun metagenomic sequencing data, there was no discernible change in α-diversity and β-diversity between the two sample groups, which is consistent with some earlier research findings (Jiang et al., 2018; Wan et al., 2020; Wang et al., 2022, 2023). However, other research has demonstrated notable distinctions between ADHD patients and healthy individuals in terms of gut microbiota α-diversity (Jung et al., 2022) or β-diversity (Szopinska-Tokov et al., 2020). Geographical location, eating practices, sample selection, and other environmental factors could all contribute to these variations. For instance, dietary intake of dairy products, nuts, and legumes in ADHD patients showed a significant association with S. stercoricanis (Wang et al., 2020). The development of ADHD may include the gut microbiota in a complex way, and the main markers that set apart children with ADHD from healthy children may not be α-diversity or β-diversity.

Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria were the phylum-level bacteria with the highest relative abundance in both groups, according to our data. As the two main bacterial groups participating in the pathways leading to the metabolism of sugar and transporters, respectively, Firmicutes and Bacteroidetes are known to exist (Meehan and Beiko, 2012). The ratio of Firmicutes to Bacteroidetes, or F/B, is a crucial indicator for measuring the extent of gut microbiota disorder. The abundance of Bacteroidetes to Bacteroides in ADHD was higher than that in HCs, according to the results of sample composition analysis at each biological level. This suggested that F/B was trending downward in ADHD, indicating that the gut microbiota in ADHD was different to that in HCs, albeit not significantly. Based on the intergroup LEfSe study, the ADHD group had a higher relative abundance of Bacteroides cellulosilyticus than the HC group, and there were changes in bacterial abundance in three orders, five families, seven genera, and 23 species. Several studies have shown that patients with inattentive-ADHD had a higher relative abundance of B. cellulosilyticus when compared to HCs, consistent with the results of our study (Shirvani-Rad et al., 2022; Tas and Ulgen, 2023). Additionally, one report indicated that this bacterium was negatively correlated with symptoms of hyperactivity/impulsivity (DSM_HD scores) and attention deficit (DSM_AD scores) in ADHD patients (p < 0.001; Li et al., 2022), implying that B. cellulosilyticus may play a beneficial role in the gut microbiota of patients with ADHD. Imbalances in the gut microbiota are closely associated with the onset and progression of ADHD. Gut microbes can influence cognitive function through short-chain fatty acids (SCFAs) or tryptophan metabolism (Desbonnet et al., 2008; Selkrig et al., 2014). As one of the major metabolites of gut microbiota, SCFAs regulate host metabolism through multiple pathways, including regulating glucose and lipid metabolism, maintaining the intestinal barrier, and mitigating inflammatory responses (Koh et al., 2016). Plasma concentrations of SCFAs have been observed to decrease in ADHD patients (Yang et al., 2022), and Bacteroides is among the known producers of SCFAs (Koh et al., 2016). Therefore, we hypothesize that intermediate metabolites like SCFAs may serve as key breakthroughs in elucidating the link between behavioral alterations in ADHD and Bacteroides. The relative abundance of B. cellulosilyticus was found to be down-regulated in obese populations that were metabolically healthy (Chen et al., 2022) and in individuals who had atherosclerosis (Jie et al., 2023). The enrichment of B. cellulosilyticus was linked to healthy dietary practices that decreased the risk of cardiometabolic illnesses. This correlation may stem from the polysaccharide utilization loci (PUL) function of B. cellulosilyticus. The PULs in Bacteroides species are thought to include secreted glycosidases, uptake transporter proteins embedded in the cytoplasmic membrane, and cytoplasmic enzymes involved in carbohydrate metabolism (Zafar and Saier, 2021). These intricate PUL systems enable many Bacteroides species to initiate and carry out the utilization and metabolism of carbohydrates. Therefore B. cellulosilyticus may be beneficial in preventing or treating obesity and disorders associated with obesity. Furthermore, it is believed that B. cellulosilyticus results in diminished anti-inflammatory actions because some Bacteroides species may participate in intestinal immune responses through mechanisms such as protein mimicry, protein export and regulation of surface polysaccharides (Arnolds et al., 2023; Wang et al., 2021). None of the currently identified changes in bacterial taxa fully explain their precise relationship with ADHD symptoms, highlighting an area that warrants further investigation in future research.

We aimed to further verify whether there was a connection between gut flora and ADHD-like behaviors based on the findings of shotgun metagenomic sequencing analysis that could detect changes in the gut microbiota between ADHD patients and HCs. FMT is frequently employed to confirm the existence and development of gut flora in a range of illnesses (Antushevich, 2020). Thus, this study used FMT to confirm the link between gut flora and ADHD behaviors. After transplanting fecal flora from both the HC population and ADHD patients into SD rats, we simultaneously established two control groups and conducted a series of behavioral experiments to determine whether the rats that received colonization displayed distinct behavioral responses. According to the findings, SD rats colonized with ADHD gut microbiota exhibited higher locomotor activity and curiosity than the other three groups, which is consistent with behaviors similar to ADHD. This suggests that ADHD flora may contribute to the development of behaviors similar to ADHD. As other results (Tengeler et al., 2020) do not agree with ours, it was theorized that this might be because of the vast variations in animal individuality and the many transplantation techniques. To evaluate the validity of the behavioral experimental design and the reliability of the data, this study reported high test efficacy for the OFT total distance traveled and number of uprights through statistical efficacy analyses. These results highlight the significance of between-group differences and the efficiency of the experimental design. This indicates that in experiments investigating animal activity and curiosity, the current sample size and design were sufficient to effectively capture treatment effects and ensure both reliability and statistical significance. The relatively lower test efficacy observed in other experiments may stem from individual animal differences and the varying sensitivity of behavioral indicators. Compared to the OFT, which directly reflects the animal’s state, NOR and MBT involve more complex cognitive and behavioral patterns that may require larger sample sizes or more refined experimental conditions to minimize data variability. Nonetheless, despite the lower test efficacy, the between-group means for exploration time and number of explorations in NOR exhibited observable trends, offering valuable directions for further investigation into related behavioral mechanisms.

Researching the relationship between gut microorganisms and disease alone is insufficient as the gut contains a large number of metabolites, most of which require the assistance of the gut flora for production and breakdown. Consequently, we carried out an untargeted metabolomics investigation. By combining OPLS-DA analysis and KEGG enrichment analysis, the metabolism of nicotinamide and niacin was found to be enriched in the positive ion mode. The metabolite nicotinamide was the highlight of this analysis. According to our study findings, ADHD patients had lower nicotinamide levels than HCs. Nicotinamide, a form of vitamin B3, has been linked to the growth, survival, and function of neurons in the central nervous system and may be beneficial in the prevention and improvement of neurocognitive function (Rennie et al., 2015), as well as in conditions such as depression, ischemia, stroke, and schizophrenia (Fricker et al., 2018; Song et al., 2019). Monoamine neurotransmitter levels are maintained in cells by nicotinamide (Song et al., 2019). Nicotinamide is a precursor of nicotinamide adenine dinucleotide (NAD+), and the level of NAD+ may be involved in one of the possible processes of nicotinamide’s actions. NAD+ plays critical roles in DNA repair, cell signaling, and cellular energy metabolism (Dhuguru et al., 2023; Niño-Narvión et al., 2023). Its concentration particularly impacts nerve cell survival and function in the neurological system. Dysfunction of neural cells resulting from abnormal NAD+ metabolism may influence cognitive and behavioral processes (Rennie et al., 2015). The health of neurons may be significantly impacted by the harmonious interaction between nicotinamide and NAD+.

Reduced nicotinamide levels in ADHD may indicate a problem with NAD+ metabolism. Disproportions in NAD+ metabolism could be linked to symptoms of ADHD, given the significance of NAD+ in neurological function. For instance, imbalances in NAD+ metabolism may impact neurotransmitter synthesis and release, nerve cell energy metabolism and communication (Chellappa et al., 2022; Shats et al., 2020). NAD+ metabolism is regulated by both nicotinate-nucleotide adenylyltransferase (nadD) and nicotinate phosphoribosyltransferase (pncB), the two characteristic genes whose relative expression was found to be decreased in ADHD in the functional analysis of macrosequencing. Overexpression of the pncB gene in a strain resulted in an increase in NAD+ production (Wu et al., 2021). NadD is a crucial enzyme in the NAD+ metabolic pathway (Ajunwa et al., 2022; Rodionova et al., 2015). Modulating the NAD+ metabolic pathway may become a viable therapeutic strategy if the anomalies of nicotinamide and NAD+ metabolism in ADHD can be further proven. Increasing NAD+ production by supplementing with nicotinamide may help reduce some of the symptoms associated with ADHD. Furthermore, one study (Mallya et al., 2023) that examined the use of dietary supplements and herbs to treat ADHD noted that dietary supplements are helpful for the disorder and that nicotinamide may be a useful supplement. Additionally, nicotinamide has been used to treat behavioral disorders, migraine headaches, and depression (Tian et al., 2013).

In conclusion, our study provided a comprehensive list of the metabolites and fecal bacteria that were changed in ADHD, especially the species-level microbes found. Our study’s strength was that, in comparison to single-omics studies, the use of a combined multi-omics analysis provided a fuller and complementary understanding of ADHD, assisting researchers in better understanding the condition. Further research is necessary to ascertain the possible influence of gut microbiota and metabolites on ADHD, given the advancement of gut microecological assays. This study has several limitations that should be acknowledged. The clinical sample size was relatively small and the geographic selection area was restricted, which may limit the diversity of the participant population. Additionally, the imbalance in the male-to-female ratio could have influenced the observed differences in the intestinal microbiota. As the findings predominantly reflect the characteristics of ADHD in male patients, future studies should strive to include a more balanced representation of genders to enhance the generalizability and robustness of the results. Furthermore, to validate and expand upon our findings, it is essential to conduct larger-scale and more diverse studies. Such efforts could help overcome current limitations by investigating factors such as environmental and lifestyle influences. Overall, this multi-omics study methodically examined the possible relationship between alterations in gut flora, fecal metabolites and their enrichment pathways with ADHD. This study has the potential to offer an experimental foundation for future investigations into the functions and impacts of gut microbiota and metabolites in ADHD.
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Fecal microbiota transplantation (FMT) represents a therapeutic approach that directly regulates the gut microbiota of recipients, normalizes its composition and reaping therapeutic rewards. Currently, in addition to its general application in treating Clostridium difficile (C. difficile) infection (CDI), FMT treatment has also been extended to the fields of other gastrointestinal diseases, infections, gut-liver or gut-brain axis disorders, metabolic diseases and cancer, etc. Prior to FMT, rigorous donor screening is essential to reduce the occurrence of adverse events. In addition, it is imperative to evaluate whether the recipient can safely and effectively undergo FMT treatment. However, the efficacy of FMT is influenced by the complex interactions between the gut microbiota of donor and recipient, the degree of donor microbiota engraftment is not necessarily positively related with the success rate of FMT. Furthermore, an increasing number of novel factors affecting FMT outcomes are being identified in recent clinical trials and animal experiments, broadening our understanding of FMT treatment. This article provides a comprehensive review of the application scenarios of FMT, the factors influencing the safety and efficacy of FMT from the aspects of both the donors and the recipients, and summarizes how these emerging novel regulatory factors can be combined to predict the clinical outcomes of patients undergoing FMT.
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1 Introduction

The gut microbiota is composed of trillions of different microorganisms, bacteria, archaea, phages, and protozoa, which forms a solid organ weighing ~2 kg (Ruan et al., 2020). The gut microbiome contributes to the homeostasis in human, which is responsible for nutrient digestion, metabolism regulation, resistance to external pathogens, and modulation of host immune responses (Ghani et al., 2024). The value of live biotherapeutic products, which act directly in the gastrointestinal tract and alter microbial community of the recipient, has been identified in the treatment of microbiome disruption-related diseases (Goldsmith et al., 2024). Fecal microbiota transplantation (FMT) is a therapy performed by oral, enteral, or colonic administration of donor feces containing natural microbiota, restoring the disrupted microbial community into a healthy one (Gupta and Khanna, 2017). At present, FMT has been recognized as an innovative therapeutic approach from the two main aspects: its curative effect in the treatment of Clostridioides difficile infection (CDI) and the expanded comprehension of the intricate interplay between the gut microbiota and human wellbeing (Afzaal et al., 2022). In addition to the delightful treatment outcomes observed in CDI, FMT has also been investigated for a wide range of diseases related to dysbiosis, including inflammatory bowel disease (IBD) (Costello et al., 2017), irritable bowel syndrome (IBS) (Johnsen et al., 2018), metabolic syndrome (MetS) (Proença et al., 2020), neuropsychiatric diseases (Settanni et al., 2021) and autoimmune diseases (Huang et al., 2022), etc. As the interest in FMT continues to surge, a great number of clinical studies are currently employing FMT for the treatment of more than 80 diseases, showing promising safety and effectiveness (Wang Y. et al., 2022; Karimi et al., 2024).

Nevertheless, variations in the therapeutic efficacy of FMT are observed when treating different patients with the same disease, suggesting that a multitude of factors influence the effectiveness of FMT. In terms of the donor, it involves donor screening, baseline characteristics of the donor, such as health condition (presence or absence of underlying diseases), lifestyle, body weight, gender, age, genetic relatedness, etc, as well as the microorganism constituents within the donor's gut, including the microbiota, virus and fungal. Several recent guidelines have been published to direct the treatment process for FMT (Cammarota et al., 2017; Lopetuso et al., 2023), however, part of the restrictions for donors are not mandatory, and several factors are not explicitly stated in current guidelines, suggesting that we should consider the importance of these factors in FMT from multiple perspectives. Regarding the recipients, firstly, the indication of FMT should be considered. Besides the extended diseases mentioned above, which have the potential to be treated by FMT, other baseline status of the recipients are required to be considered, for example, the immune system function of the recipient, to reduce the occurrence of adverse events (Shogbesan et al., 2018). Furthermore, from the aspect of efficiency of FMT, factors such as bowel preparation, drug usage, diet and lifestyle, etc, are taken into account. The severity of the patient's disease also affects the efficacy of FMT, more severe or recurrent conditions may require repeated FMT procedures or be exhibit no response to FMT.

It is worth noting that the interplay between the donors and the recipients is a dominant factor of FMT, defined as “donor-recipient compatibility”. For example, the potential impact of sex-discordant FMT and age-discrepant FMT warrants more attention (Benítez-Páez et al., 2022; Sehgal et al., 2024). More importantly, mechanistically, as a therapy based on gut microbiota, the gut microorganisms from the donor are introduced into the gut of recipients after FMT. With the invasion of exogenous microorganisms, the baseline microbial community is disturbed, subsequent alteration of gut microbiota occurs within recipient's gut, and ultimately, a newly constituted equilibrium state of microbiota is reached. Generally, the engraftment of donor-derived microorganisms is the mostly considered physiological process post-FMT, however, the succession of gut microbiota following FMT extends far beyond the mere microbial engraftment. Various possible ecological scenarios within the gut of recipients could be observed, which depends on the baseline gut microbiota of both colonizers and residents, further emphasizing the importance of donor-recipient interplay (Schmidt et al., 2022; Wilson et al., 2021). Moreover, studies also showed that engraftment of microbial components from the donor may not be necessarily correlated with clinical improvement (Browne et al., 2021). It is of significant importance to clarify the patterns of post-FMT microbial changes within the recipient's gut, and how the ultimate microbial community and the subsequent long-term physiological changes affect the prognosis of diseases.

To sum up, the success of FMT therapy is determined by a complex regulatory network involving multiple factors. Thus, the therapeutic efficacy-related factors mentioned above can be extended to two application scenarios: (1) predicting the outcomes of FMTs that have been conducted; {2) selecting the optimal donors according to donor-recipient matching scheme prior to FMT. Recently, however, more and more researchers are exploring the treatment effect of FMT after carefully donor screening, while several studies resulted in contradictory conclusions (Caenepeel et al., 2024; Zhang Y. et al., 2024). This confusing phenomenon reminds us that still numerous unknown factors involved in this complex regulatory process, acting as promotors and inhibitors in the FMT process. There is still a considerable journey ahead to elucidate the optimal regimen for FMT therapy.

Innovatively, recent animal experiments are contributing to revealing potential participants in the FMT process, which could be partially explained by the difference of microbiota, and the results of these studies are gradually being extended to randomized controlled trials for validation. Furthermore, researchers are committing to the development predictive models for the efficacy of FMT (He et al., 2022), which integrate a variety of variables, including general characteristics and microbiome features of individuals, etc., which contributes to further refining more standardized procedures of FMT. In the future, the illumination of regulatory mechanisms will also be conducive to enhance the explainablity and transparency of predictive models.

In our review, we first summarized the current therapeutic status of FMT in various diseases, the microbial alterations in these FMT-targeting diseases and potential microorganism-related mechanisms. Moreover, our review systematically integrated the latest results of clinical researches and animal experiments in the field of FMT, which aims to summarize the currently recognized factors which should be paid considerable attention in the process of FMT, emphazing the factors which have always been overlooked, and discussing the values of newly discovered factors affecting the success rate of FMT.



2 Current applications of FMT

Many diseases are characterized by functional changes in composition and gut microbiota. When gut homeostasis is disrupted, normal body functions are impaired and gastrointestinal and extra-gastrointestinal disorders arise, including recurrent CDI (rCDI), IBD, metabolic disorders, cancer, etc. Dysbiosis of 479 gut microorganisms has been reported to be associated with 117 gastrointestinal and extra-gastrointestinal diseases (Zhang X. et al., 2023). Microbial dysbiosis-related diseases have the potential to be alleviated via FMT.

The safety and efficacy of FMT in rCDI have been extensively evaluated. In a systematic review that included 317 patients treated in 27 case series and reports, 92% of the individuals showed disease remission (Gough et al., 2011). Early FMT improves survival in severe CDI. A retrospective cohort study described 111 patients with severe CDI, including 66 patients treated with FMT and 45 patients who did not receive FMT, and the three-month mortality rate after diagnosis of severe CDI in the FMT-treated patients was 12% (8/66), compared with 42% (19/45) in the standard-treatment group, p < 0.001 (Hocquart et al., 2018). Six clinical studies, enrolling 320 subjects, found that the use of FMT in immunocompetent rCDI participants may lead to a substantial increase in the remission of rCDI in the FMT group compared to the control group (Minkoff et al., 2023). FMT also appears to be beneficial for CDI subtypes. For severe or fulminant CDI, the overall successful remission rate for a single FMT was 0.88 (Song et al., 2022). Notably, however, severe CDI, severe-complicated indication, number of previous CDI-related hospitalizations and inpatient status are independent predictors of failure in single FMT in patients with rCDI (Beran et al., 2023; Fischer et al., 2016; Ianiro et al., 2017). Level of fecal calprotectin concentration of CDI patients before first FMT procedure is associated with the need of repeat FMT (Gallo et al., 2020).

Crohn's disease (CD) and ulcerative colitis (UC) are defined as IBD, which are chronic inflammatory diseases that affect parts of the gastrointestinal tract and may even manifest with additional intestinal symptoms. A growing body of evidence supports the role of gut microbiota in the pathogenesis of IBD. Pooled results from four RCTs showed FMT to be superior to placebo in active UC, with the endpoint defined as endoscopic remission (Costello et al., 2017), which is also supported by several other researches (Paramsothy et al., 2017; Tang et al., 2020). In an animal study, FMT from healthy human donor reduced the susceptibility to colitis in dextran sulfate sodium (DSS)-induced germ-free mice, while UC bacteria promoted the expression of inflammatory markers and pro-inflammatory factors (Yang et al., 2022). According to the international Rome consensus conference on gut microbiota and FMT in IBD, FMT may be effective in the induction of remission for mild to moderate UC, while there is insufficient evidence to recommend FMT as a treatment for UC in routine clinical practice (Lopetuso et al., 2023). Investigations for pouchitis and CD are ongoing (Lee and Chang, 2021). However, there is insufficient evidence on the safety and efficiency to recommend FMT as a treatment for CD and pouchitis in clinical practice (Lopetuso et al., 2023). In short, FMT is a promising alternative or adjunct to current therapies for patients with UC and CD. More extensive clinical trials are pending to confirm its long-term efficacy and safety.

The results of current studies vary on the efficacy of FMT in IBS. In a RCT examining the effects of FMT delivered via colonoscopy in patients with IBS, the IBS severity scores 3 months after single donor FMT was lower than that after autologous FMT, indicating the effectiveness of FMT on IBS (Johnsen et al., 2018). Other studies have shown that FMT can effectively improve the abdominal symptoms, fatigue and quality of life of IBS patients. For example, the response rates of FMT groups after 3 months were significantly higher than that of the placebo group, and the improvement of symptoms was correlated with the change of intestinal microbiota, which further confirmed the positive effect of FMT on IBS (El-Salhy et al., 2020). However, in a randomized, double-blind, placebo-controlled trial that included patients with moderate to severe IBS, a significant difference in improvement in IBS-severity scoring system (IBS-SSS) scores was observed 3 months after treatment in favor of placebo, but not FMT (Halkjær et al., 2018). Additionally, in another clinical trial, two FMTs 4 weeks apart did not significantly reduce IBS-SSS scores, although the improment of abdominal distension was more observed in patients receiving FMT and was associated with a reduction in hydrogen sulfide-producing bacteria (Yau et al., 2023). These findings suggests that changes in the gut microbiota may not be sufficient to fully achieve clinical improvement of IBS, and further in-depth studies on the mechanism of action of FMT and optimization of treatment regimens are needed to improve its therapeutic efficacy in IBS.

Generally, studies pertaining to FMT has predominantly focused on the aforementioned gastrointestinal diseases. Overall, the AGA Clinical Practice Guideline on FMT for select gastrointestinal diseases provided recommendations on the use of FMT in adults with rCDI, severe to fulminant CDI, IBD (including pouchitis) and IBS, adhering to the perspective that FMT is recommended in CDI under certain conditions, while this therapy cannot yet be recommended in other gastrointestinal conditions (Peery et al., 2024).

FMT also has potential applications in other diseases. More than 200 clinical trials have been conducted on the use of FMT in the treatment of various inflammatory and autoimmune diseases and cancer. FMT has emerged as a potential treatment for severe colitis associated with graft-vs.-host disease (GvHD) after hematopoietic stem cell transplantation (Zhang et al., 2021). In cancer, studies have shown that FMT improves immune checkpoint inhibitor (ICI)-associated colitis in cancer patients, accompanied by reconstitution of the intestinal flora and a relative increase in the proportion of regulatory T cells in the colonic mucosa (Wang et al., 2018). In a non-randomized clinical trial, after FMT in two enemas one week apart, five individuals subjectively reported improvement in immune-mediated dry eye 3 months after FMT (Watane et al., 2022). Germ-free mice transplanted with microbiota from MS patients exhibited a reduced proportion of IL-10 Tregs compared to mice with microbiota from healthy controls. Further investigation of immunomodulatory mechanisms suggests that multiple sclerosis (MS)-associated bacterial species reduce Tregs and increase Th1 lymphocyte differentiation in vitro, while exacerbating disease severity (Berer et al., 2017). To date, participants with psoriatic arthritis (PsA) have found FMT to be acceptable and safe. A double-blind, randomized, placebo-controlled trial (NCT03058900) is underway to determine whether FMT is more effective than placebo in reducing disease activity in patients with PsA and active peripheral arthritis treated with weekly subcutaneous methotrexate injections (Kragsnaes et al., 2021). A study in mice determined that FMT alleviates the severity of lupus by repairing antibiotic-induced dysbiosis in the gut flora, suggesting that manipulation of the gut microbiota is a logical and promising novel therapeutic strategy for systemic lupus erythematosus (SLE) (Zhang et al., 2020). The first clinical trial of FMT in patients with active SLE (ChiCTR2000036352) suggested that FMT may be a feasible, safe, and potentially effective short-term treatment for patients with SLE, which effectively shifted the gut microbiota to anti-inflammatory and improved clinical parameters (Huang et al., 2022). In type 1 diabetes (T1DM), a RCT in Netherlands showed that FMT could stabilized residual β-cell function of patients (de Groot et al., 2021).

Moreover, the value of FMT in metabolic dysfunction-associated fatty liver disease (Abenavoli et al., 2024), spesis (Keskey et al., 2020), anti-aging, neuropsychiatric disorders (Bruggeman et al., 2024), obesity and metabolic syndrome (Zhang Z. et al., 2024), etc, are also being explored in both human cohort trails and animal experiments. A systematic literature review including 782 studies investigated the clinical FMT uses in 85 specific diseases, showing the promising future of FMT for dysbiosis-related diseases within and beyond the gut (Wang Y. et al., 2022).



3 The fundamental patterns of changes in the gut microbiota post-FMT

As a therapy based on gut microbiome, the introduction of donor-derived microorganisms would lead to the alteration of recipients' microbiota (Figure 1). The trend of alterations in microbial community is influenced by the baseline microbial features within donor feces and recipient intestine, including the relative abundance of certain bacteria at phylum, family and genus taxonomic levels, and the diversity of gut microbiota, which is generally accessed by alpha-diversity and beta-diversity. Alpha-diversity refers to the richness and evenness of the microbial community, and beta-diversity is defined as the compositional dissimilarity among the microbiome community (Barandouzi et al., 2020). Moreover, the microbial interaction between new colonizers and resident microbiota in the gut of the recipient plays an essential role in the determination of FMT outcome. It is crucial to understand the general patterns of microbial succession following FMT. Generally speaking, the process of the succession of gut microbiota toward the ideal state is supported by the administration of supraphysiologic numbers of strains per species, which increases recipient strain richness, which then gradually converges back to the population average over time after dosing is ceased. In recipients, there is a significant correlation between the strain richness 8 weeks and 5 years post-FMT, showing the durably effect of FMT on the microbial structure of recipients (Chen-Liaw et al., 2024). Simply put, timing is a significant determining factor in FMT.
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FIGURE 1
 Overview of FMT process, possible ecological scenarios within the gut of recipients post-FMT and the prediction of therapeutic efficacy.


The ecological scenarios post-FMT in recipient's gut includes no replacement, replace with novel, replace and retain, temporary replacement, gain and retain, temporary gain, and loss of strain. Recipient strains with lower initial relative abundances were more susceptible to replacement than strains that were at higher initial relative abundance (Wilson et al., 2021). Engraftment of strains from relatively abundant species were more likely, and predicted oral, oxygen-tolerant, and gram-positive species had a reduced chance of engraftment in FMT, indicating the importance of microbial adaptation to the gut environment (Podlesny et al., 2022). Another study proved that there was a greater possibility of colonizing in the gut of recipients if a species is among the baseline microbiota of recipients (Li et al., 2016). The dissimilarity in the baseline gut microbiota of donors and recipients is negatively-related with the impact on gut microbiota structure and benefits post-FMT (Benítez-Páez et al., 2022). Loss of baseline strains indicated the niche replacement and out-competition induced by the engraftment of exogenous strains. Interestingly, there is also a study showing that the engraftment of strains from donors follows an “all or nothing” way, which means that the strains are either completely maintained or completely replaced by donor strains post-FMT (Smillie et al., 2018). After FMT, the gaining of new strains which recipients did not possess at baseline occurred more frequently than strain replacement (Wilson et al., 2021). The low baseline SR of species in the gut of recipients would lead to the replacement of recipient strains by therapeutic strains of the same species or engraftment failure, while high baseline strain richness of species provides a microbiota that is more conducive to the engraftment of the same species without replacement (Chen-Liaw et al., 2024). The post-FMT novel strains which could not be detected both in the baseline microbiota of donors and recipients showed strain instability, which may be due to the influence of the environment, the limited detection threshold and undetected secondary strains (Wilson et al., 2021). Inter-individual oscillation could be observed for the appearance of either donor or recipient fecal strain dominance, thus leading to various outcomes in different individuals post-FMT, providing new insights into the dynamics of the microbial community interactions with the recipients post-FMT (Koo and Morrow, 2022). Special microbial interactions can also be detected post-FMT. Recombination could occur between the donor and recipient strains (Koo and Morrow, 2022). Horizontal gene transfer (HGT) is an agent of adaptive evolution enabling the transmission of DNA outside of direct ancestral lineages. FMT does not influence the basal rate of horizontal gene transfer (HGT), which means the transmission of DNA outside of direct ancestral lineages (Behling et al., 2024).

Following the aforementioned patterns, the long-term re-construction of microbiota is performed, and the identities of elevated and decreased strains could be analyzed after FMT, which will be profoundly discussed in the following sections.



4 Characteristics of gut microbiota community pre- and post-FMT in various diseases

As have been mentioned above, FMT therapy has been widely used in various diseases associated with microbial dysbiosis. Furthermore, it should be noticed that these diseases exhibit different characteristics of the baseline microbial community, which are generally manifested as the alteration of the abundance of certain strains, or the overall impairment of microbial community after the long-term re-construction of microbiota post-FMT. Mechanistically, the changes in gut bacterial ecology post-FMT can correct the microbiota disorder from the impaired baseline state in certain diseases. For example, FMT can reduce multidrug-resistant organism (MDRO) colonization in a conspecific strain competition manner (Woodworth et al., 2023). Moreover, changes in signaling pathways may be caused by the variations in specific strains.

Considering these specificities, FMT should be more targeted and personalized. Therefore, it can be preliminarily inferred that microbial characteristics post-FMT that more resemble those of healthy donors, along with the restoration of specific microbial members, may have profound influence in disease recovery. Here, we summarize the baseline impairment and re-construction of microbial community observed in patients with FMT-targeting diseases, providing a method for the evaluation of therapeutic efficacy in diseases. Moreover, we introduce the alteration of key molecular expressions and metabolic characteristics in the onset and recovery of microbial disorder-related diseases, revealing the value of FMT at a mechanistic level and laying a foundation for future improvement of therapeutic options.


4.1 CDI

CDI can be classified into subtypes including severe CDI and fulminant CDI (FCDI), whose definitions have been stated in ESCMID guidelines and IDSA guidelines (Yakout et al., 2024). In addition, rCDI is defined as a relapse of CDI within 8 weeks of treatment or at least two episodes of severe CDI with hospitalization and significant morbidity (Levy et al., 2024).

16S rRNA gene sequencing showed that the dysbiotic state in rCDI patients is characterized by a large expansion of Proteobacteria (Weingarden et al., 2014). A review exploring the link between gut microbiota and CDI development showed that hospitalized elderly individuals with CDI had significantly lower abundances of Lachnospiraceae, Ruminococcaceae, Blautia spp., Prevotella spp., Dialister spp., Bifidobacterium spp., Roseburia spp., Anaerostipes spp., Faecalibacterium spp. and Coprococcus spp., compared with healthy controls, and higher Enterococcaceae and Enterococcus spp.. While asymptomatic colonization (AC) patients with C. difficile showed decreased abundances of Prevotella, Alistipes, Bacteroides, Bifidobacterium, Dorea, Coprococcus, and Roseburia (Martinez et al., 2022). Another study showed that the relative bacterial abundances of Negativicutes (Firmicutes), Gammaproteobacteria (Proteobacteria), and Fusobacteria (Fusobacteria) were high in CDI patients (Fujimoto et al., 2021).

After performing FMT, increased Bacteroidetes and decreased Proteobacteria were observed in CDI patients (Seekatz et al., 2014). Another study also proved the importance of Bacteroidetes abundance in CDI treatment, indicating that FMT is related with the increased Bacteroidetes to Firmicutes ratio (Weingarden et al., 2014). Bacteroidetes and Actinobacteria species showed higher engraftment than Firmicutes in recipients' feces in rCDI treatment. Another study showed that the proportions of Clostridia (Firmicutes), Erysipelotrichia (Firmicutes) and Bacteroidia (Bacteroidetes) increased significantly, the richness and diversity of the bacterial species were significantly higher in recipients than those before FMT, and the bacteriomes of the recipients tended to approach those of the donors after FMT (Fujimoto et al., 2021). Genomic analyses also showed longitudinal persistent enrichment of Trichosporonaceae and Ruminalococcaceae bacteria after FMT in CDI patients (Gupta et al., 2016; Ramos et al., 2022). In addition, in a single-center study, an increase in the normal abundance of Mycobacterium avium and Mycobacterium thick-walled and a decrease in Mycobacterium aspergillus were found in the feces of rCDI patients treated with FMT, along with a reduction in the number and diversity of antimicrobial resistance genes in the feces of the patients (Millan et al., 2016).

Functionally, fecal samples from rCDI patients pre-FMT contain high concentrations of primary bile acids and bile salts, instead of secondary bile acids, while post-FMT fecal samples contain mostly secondary bile acids. The identification of bacterial and viral gene functions pre- and post-FMT also revealed improved secondary bile acid biosynthesis, which inhibit the germination of C. difficile spores (Fujimoto et al., 2021; Gupta et al., 2016; Ramos et al., 2022; Weingarden et al., 2014). Enhanced fluorobenzoate degradation can also be detected in rCDI patients post-FMT (Fujimoto et al., 2021). A recent study constructs a mice model and shows that the interaction between C. difficile, intestinal commensal microorganisms and the host immune system via inter-related arginine-ornithine metabolism influences the pathogenesis of CDI and the improvement provided by FMT (Yang et al., 2024). Microbial interaction patterns influencing C. difficile growth and toxin production is influenced by different nutrient landscapes within the intestine of CDI patients, which helps clarify the therapeutic effect of FMT and improve the effectiveness of anti-CDI strategies (Sulaiman et al., 2024).



4.2 IBD

The alpha and beta diversities of microbial populations at the strain level was significantly reduced in UC subjects compared to control. A trail published in Nature followed 132 patients with IBD for 1 year and the increase in facultative anaerobes at the expense of obligate anaerobes and molecular disruptions in microbial transcription (for example, among Clostridia) were observed in this study (Lloyd-Price et al., 2019). A recent integrative analysis drew a conclusion that the relative abundance of 117 strains were significantly different between UC and control microbiomes, manifested as decreased Faecalibacterium prausnitzii and increased Ruminococcus gnavus in UC microbiomes (Zhu J. et al., 2024).

When performing FMT, high bacterial richness and high alpha-diversity in donor fecal is linked with the efficiency of FMT in UC patients (Kump et al., 2018; Rees et al., 2022). The presence of Bacteroides (Paramsothy et al., 2019; Rees et al., 2022), Clostridium clusters IV and XIVa (Paramsothy et al., 2019; Rees et al., 2022), Akkermansia muciniphila (Kump et al., 2018), unclassified Ruminococcaceae and Ruminococcus spp. (Kump et al., 2018; Zhang Z. et al., 2024), Bifidobacterium (Nishida et al., 2017) and Lachnospiraceae (Moayyedi et al., 2015) in donor stool are correlated with the remission in FMT recipients. The feces of “super-donor” in UC treatment was enriched in Ruminococcaceae and Lachnospiraceae families (Moayyedi et al., 2015). Whereas Streptococcus species (Paramsothy et al., 2019), Lactobacillales (Nishida et al., 2017) in donor stool are linked to a lack of response to FMT.

In terms of the FMT recipients with UC, patients in remission post-FMT have enrichment of Eubacterium hallii, Roseburia inulivorans (Paramsothy et al., 2019), Ruminococcaceae and Lachnospiraceae (Pinto et al., 2024), and Clostridium clusters IV and XIVa compared to patients with no remission post-FMT. Conversely, Fusobacterium gonidiaformans, Sutterella wadsworthensis, Escherichia species and Prevotellaceae in patients are associated with poor alleviation of UC post-FMT (Paramsothy et al., 2019; Pinto et al., 2024; Wilson et al., 2019). The relapse and poor sustained response of UC post-FMT is correlated with Proteobacteria and Bacteroidetes (Fuentes et al., 2017). Nevertheless, there are also paradoxes when investigating the significance of microbiota in donor feces, for example, higher Clostridium clusters IV level was also observed in the donor feces for nonresponders (Nishida et al., 2017).

Functionally, a cross-cohort integrative analysis enrolling 9 metagenomic and 4 metabolomics cohorts of IBD from different populations proves that essential gene of “Two-component system” pathway, linked to fecal calprotectin, is related with IBD. Moreover, metabolomics analysis shows 36 identified metabolites with significant differences in IBD, and highlights gut microbial biotransformation deficiencies and significant alterations in aminoacyl-tRNA synthetases in IBD patients (Ning et al., 2023). Overabundance of proteases originated from Bacteroides vulgatus is associated with UC, which was proved via multi-omics approach (Mills et al., 2022). Another multi-omics study identified impaired metabolism of acylcarnitines, bile acids, SCFAs and levels of antibodies in host serum during IBD activity (Lloyd-Price et al., 2019). The reduction of Faecalibacterium prausnitzii and increase of Ruminococcus gnavus in UC patients leads to the unique mode of metabolic pathways, characterized by attenuated glycan degradation, fermentation and amino acid metabolism subsystems, while increased citric acid cycle, simple sugars, lipid metabolism, and vitamin and cofactor metabolism subsystems (Zhu J. et al., 2024). For IBD diagnosis, bacterial-associated metabolites including SCFAs, medium-chain fatty acids, tryptophan-derivatives, bile acids and sphingolipids are regarded as metabolism-related biomarkers in clinical practice (Vich Vila et al., 2024). A recent study searches for biomarkers of UC via machine learning and metabolomics, showing the difference of serum levels of tridecanoic acid, pelargonic acid and asparaginyl valine in different subtypes of UC (Ge et al., 2025). In terms of FMT treatment, sustained remission of IBD is associated with overall increased butyrate production capacity (Fuentes et al., 2017), while IBD patients who did not achieve remission post-FMT shows increased levels of heme and lipopolysaccharide biosynthesis (Paramsothy et al., 2019). The baseline levels of xanthine and oleic acid in recipients with IBD are significantly lower than that of the donors and increase after FMT, and putrescine and 5-aminovaleric acid are lower post-FMT compared (Nusbaum et al., 2018).



4.3 IBS

IBS could be classified into four subtypes: IBS with predominant constipation (IBS-C), IBS with predominant diarrhea (IBS-D), IBS with mixed bowel habits (IBS-M) or IBS, unsubtyped (Lacy and Patel, 2017). Dysbiosis of intestinal microbiota plays an important role in the pathogenesis of IBS. In a randomized, double-blind, placebo-controlled trial published in Gut that included 52 adult patients with moderate to severe IBS, 11 OTUs established in FMT recipients, 6 of which were classified in the Clostridiales order and 4 of which were classified in the Bacteroidales order. The IBS-SSS was negatively-correlated with Blautia genus of the Clostridiales order, which is associated with a healthy gut-microbiome (Halkjær et al., 2018). Dorea, Lactobacillus and Ruminococcaceae spp. in recipients' feces are associated with higher success rate of FMT when treating IBS (El-Salhy et al., 2020).

The characteristics of baseline microbiota impairments in IBS subtypes differ. In a meta-analysis of a randomized controlled study showed that IBS-C patients had higher fecal Bacteroides level, while no significant increase in Bifidobacterium, Lactobacillus, Enterobacteriaceae, or Enterococcus were found (Shukla et al., 2015). In another randomized controlled study enrolling 27 individuals with IBS-D, 7 bacterial genera (Gemella, Roseburia, Acidovorax, Lactobacillus, Weissella, Klebsiella and Parvimonas) were associated with differences in the pre- and post-treatment IBS-SSS score, and Gemella, Acidovorax and Klebsiella might be involved in the development of the clinical symptoms of IBS-D (Zhang Y. et al., 2024). The level of Faecalibacterium prausnitzii has a potential relation with IBS-M (Soldi et al., 2019).

For the mechanism, in IBS patients, the links between gut microbiota and fecal metabolites are observed, revealing that Odoribacter splanchnicus, Escherichia coli and Ruminococcus gnavus are strongly associated with the low abundance of dihydropteroic acid. Furthermore, tryptophan/serotonin metabolism disorder is related with IBS depression comorbidity (Han et al., 2022). Through analyzing the longitudinal multi-omics data of IBS patients, the potential effect of purine metabolism associated with microorganisms in IBS is identified (Mars et al., 2020). The global alterations in microbiome composition in IBS patients also result in increased tyramine, upregulation of fructose and glucan metabolism, succinate pathway of carbohydrate fermentation, and decreased gentisate and hydrocinnamate. Moreover, IBS-D and IBS-C shows different characteristics in the metatranscriptome and metabolome, implying the importance of focusing on the subtypes of diseases (Jacobs et al., 2023). DESI-MSI shows that 6 medium-chain and long-chain fatty acids are determined to be most overrepresented in the IBS-D group, becoming potential indicators to distinguish IBS patients and healthy population (Zhang Y. et al., 2023). FMT increases the fecal SCFA levels in IBS patients, which are related with improved clinical symptoms of patients (El-Salhy et al., 2021).



4.4 Other potential FMT-targeting diseases

In metabolic diseases, successful FMT has been shown to significantly increase the abundance of SCFA-producing species such as Roseburia intestinalis and Akkermansia muciniphila, as well as various Clostridium spp (Kootte et al., 2017). In the treatment of severe obesity and metabolic syndrome, lower relative abundance of Prevotella, greater bacterial richness and more consistent engraftment of donor-specific bacteria ASVs (amplicon sequence variants) are associated with better treatment response (Zhang Z. et al., 2024). In obesity treatment, multi-donor FMT showed the efficiency of sustainably altering the microbiome of recipients, with 2 of the 4 donors dominating the microbial engraftment to the recipient. Exploring the gut microbiome characteristics of the two primary microbial strain providers, results showed high ratio of Prevotella to Bacteroidetes (P/B) dominated the engraftment and almost all FMT recipients with a low P/B ratio at baseline transitioned to a high P/B ratio (Wilson et al., 2021).

In immune-related diseases, a non-randomized clinical trial enrolling 10 individuals with immune-mediated dry eye, after administration of FMT in two enemas one week apart, subjects were found to have decreased abundance of Enterococcus faecalis spp., Prevotella spp., and Ruminalococcus spp., and increased abundance of the genera Alistipes, Streptococcus, and Blautia, as compared to the donors (Watane et al., 2022). In GvHD treatment, an increase in the richness and diversity of the intestinal bacterial group was found in subjects with GvHD who received two consecutive FMTs, and three major species were detected in the subjects' feces, including Alistipes putredinis, Clostridium nexile, and Ruminococcus gnavu (Zhang et al., 2021).

In neurologically related disorders, for example, when treating autism spectrum disorders (ASD), decreased Collinsella level is found in responded FMT recipients, and the relationship between other common bacterial strains and the treatment effect has also been elucidated (Chen et al., 2024). Meanwhile, in ASD patients, the pre-treatment abundance of Eubacterium coprostanoligenes was lower in responders, which was also negatively correlated with the improvement of gastrointestinal symptoms and the concentration of serum γ-amino acid (GABA), indicating its potential modulating role in the treatment of ASD by FMT (Li et al., 2021).




5 Definition of successful FMT: microbial engraftment vs. clinical outcomes

The characteristics of microbial changes in patients who successfully recovered from various disease, as listed above, suggest that we can to some extent assess the efficacy of FMT by analyzing the microbiota of recipient post-FMT. The changes which meet expectations in the recipient's gut microbiota following FMT can provide optimistic signals in a success therapy to some extent.

Generally, researchers define the success of FMT as the shift in the gut microbiome profile of recipient toward that of the donor and further augmentation of the local commensal community (Wilson et al., 2019). However, fundamentally, as a clinical therapeutic approach, it is the restoration of health after treatment that become the most important criterion for demonstrating the value of FMT. As expected, some studies suggest that considerable engraftment of donor strains is equivalent to high therapeutic efficacy in FMT. Donor microbial profile similarity in recipient post-FMT can be regarded as a predictor at response (Rees et al., 2022), for example, the microbiota of responders post-FMT was similar to that of their healthy donors in UC treatment (Rossen et al., 2015). Moreover, if we could identify the patient's impairment of microbiota and metabolic characteristics which are specific to their disorder, the donor-recipient matching approach may efficiently help recipients in reconstructing disrupted physiological conditions in a targeted manner (Wilson et al., 2019). As a result, ulteriorly, the screening of donors with certain structure of microbial community may help improve the efficacy of FMT.

Recently, the screening of “super-donor” before FMT is becoming more and more popular, which points to donors whose stool samples results in significantly more successful FMT outcomes than that of other donors (Wilson et al., 2019). In a randomized controlled trial of patients with obesity, multi-donor FMT was able to sustainably alter the patient microbiome, with two of four donors dominating the microbial engraftment of the recipient, which were characterized by high Prevotella to Bacteroidetes ratio, showing the tendency toward being a super donor (Wilson et al., 2021). In a mice gut colonization model, researchers identified a super-donor consortium, which could effectively induce the engraftment of microbiota into recipients. In FMT induced by these super-donors, we could observe a rapid engraftment by early colonizers within 72 h, followed by a slower engraftment by late colonizers over 15-30 days. Spatial transcriptomics has revealed that the microorganisms introduced into recipients are distributed in distinct niches over time, which partially summarized the mechanism of super-donor colonization (Urtecho et al., 2024). In a randomized controlled study, donor-recipient-matched FMT significantly improved the clinical symptoms, quality of life and anxiety scores of the patients with IBS-D than random-donor FMT (Zhang Y. et al., 2024). In short, the screening for super-donors adheres to the fundamental principle of microbiota modulation, and is directed toward achieving better clinical outcomes.

However, some studies did not support the necessary connection between microbial engraftment and clinical efficacy. A randomized controlled trial performed rigorous donor selection based on microbial cell count, enterotype and the abundance of specific genera. Unexpectedly, the trail has been halted for futility (Caenepeel et al., 2024). Moreover, although the persistent engraftment of strains from selected donors has been detected in the recipient, it might also end in a failed treatment, the engraftment of fecal dominant donor microbes of the donor is not necessarily correlated with clinical improvement (Browne et al., 2021; Koo and Morrow, 2021).

Therefore, a successful FMT should not be merely defined as the influence of the donor and the alterations in the gut microbiota. The exact mechanisms of “why FMT works” still remains to be explored in future researches.



6 Objective assessment tools for FMT efficacy: prognostic models

As mentioned above, donor screening based on microbiota characteristics may not necessarily lead to better prognosis, implying the presence of potential determining factors. In addition, due to the specificity of intestinal microecology, the complex interplay between microbial members leads to the difficulty to be exactly identified and included in the strategy of donor screening. Therefore, the construction of prognostic models could provide us with comprehensive insights into the factors influencing FMT efficacy. Specially, through the mining and analysis of a vast amount of data, machine learning algorithms are capable of precisely capturing the intricate correlations among FMT and disease treatment outcomes, thus providing novel perspectives and methodologies for disease diagnosis, treatment, and prognosis evaluation.

Wei et al. successfully fitted a random forest model to predict the treatment outcome 8 weeks post-FMT in rCDI patients, in which the factors that have the greatest impact on the output of the model are the abundance of Enterobacteriaceae and Lachnospiraceae at week 1 in recipients (Wei et al., 2022). Another study's application of random forest modeling in patients with rCDI found that bacterial abundance, classification and time after FMT were important predictive factors (Smillie et al., 2018). Besides random forest models, a regression tree-based model could effectively predict the outcome (response and recurrence) of cap-FMT in treating rCDI, which includes taxa significantly related to clinical response (Staley et al., 2018). While Xiao et al. present an ecological framework using rCDI as a prototype disease to predict the taxonomic diversity of the diseased state, the impact of host-dependent microbial dynamics, and each level of host-dependency of the microbial dynamics on FMT efficacy, which provides innovative ideas for follow-up research (Xiao et al., 2020). Using metagenomic sequencing and machine learning, Kazemian N et al. proved that in rCDI treatment, the presence of baseline Clostridioides spp., Desulfovibrio spp., Odoribacter spp. and Oscillibacter spp., etc, in donors and the absence of baseline Yarrowia spp. and Wigglesworthia spp. in recipients prior to FMT could predict FMT success (Kazemian et al., 2020).

In UC patients, Sood A et al. develpoed a nomogram predicting the response to FMT, which was defined as the achievement of corticosteroid free clinical remission at week 30. The factors associated with clinical remission includes younger age, disease extent E2 and endoscopic mayo score 2 (Sood et al., 2020). A LASSO logistic regression model was constructed using Enterococcus, Rothia, and Colidextribacter as predictors of UC response, and the AUC of the constructed model amounted to 0.84 (Kang et al., 2022). On the prediction of FMT treatment outcomes in patients with UC, Wu X. et al. utilized the random forest classifier to construct a model based on 20 serum metabolites screened by the Boruta method, in order to predict the clinical remission of UC patients after FMT treatment. The analysis revealed that the model had good predictive performance, with an AUC of 0.963, and good performance in terms of accuracy, sensitivity, and specificity (Wu X. et al., 2023). Zhang S. et al. used multiple machine learning models to construct an integrated model for predicting the clinical response of UC patients after one month of WMT treatment. After internal and external validation, it was found that the different integrated models had their own advantages and disadvantages, and that the vector machine was more stable and reliable (Zhang S. et al., 2024). Zou et al. applied the random forest algorithm and used its classification model to predict metagenomic OUT linkage groups (mOTU) presence and regression model to predict mOTU abundance, it can predict the gut microbiota composition of post-FMT recipients (Zou et al., 2020). Another machine learning model can predict the presence or absence of strains in recipients post-FMT in UC recipients (Ianiro et al., 2022).

To track strains in FMT, Aggarwala et al. assembled a collection of over different bacterial strains from the fecal samples of 22 FMT donors and recipients, and further developed a statistical approach named Strainer, which, in combination with culture and sequencing data, was rigorously benchmarked to accurately detect and quantify the colonization of donor strains in recipients and the retention of original strains in recipients (Aggarwala et al., 2021). To predict the outcome of FMT transplantation, the iMic algorithm was developed, based on the microbiological characteristics of human fecal donor samples, combined with multiple machine learning models, and evaluated with multiple metrics after data preprocessing. iMic was found to perform well in predicting the microbiome characteristics of the recipients and the clinical outcomes, and the demographic information of the donors could improve the prediction results (Shtossel et al., 2023). To investigate how donor-derived bacteria affect FMT efficacy in both CDI and IBD patients, He R et al. recruited 2 longitudinal IBD cohorts of 103 FMT recipients and further analyzed 1,280 microbiota datasets from 14 public CDI and IBD studies. This research propose a new parameter defined as the ratio of colonizers to residents after FMT (C2R) to evaluate the engraftment of donor microbiota in recipients. An enterotype-based donor selection (EDS) statistical model based on enterotype (RCPT/E dominated by Enterobacteriaceae and RCPT/B dominated by Bacteroides) has been constructed to predict the level of donor-recipient matching (He et al., 2022). More comprehensively, Schmidt TSB et al. analyzed metagenomes from 316 FMTs for the treatment of 10 different disease indications, thus constructed a LASSO-regularized regression model that could predict the recipient strain turnover, recipient resilience, donor colonization and donor takeover with considerable accuracy. In this study, more clearly, the variables could be divided into ex ante variables, which are knowable pre-FMT, and post hoc variables, which are measurable post-FMT (Schmidt et al., 2022). On the whole, the above-mentioned researches extended the prediction model to various diseases, in other words, broke down the barriers between diseases and proposed a set of universal conclusions about the microbial community post-FMT, challenging the hypothesis of “super donor” and underscoring the importance of a multifactorial prediction of FMT efficacy, including recipient factors.

In short, current studies have achieved remarkable results in predicting the treatment efficacy of FMT for diseases related to the gut microbiota. The application of various algorithms, ranging from logistic regression-based nomogram models, machine learning models and newly developed statistical approaches or algorithms, has continuously deepened our understanding of the relationship between the microbiota and FMT (Table 1). By customizing the most optimal donor for each recipient, it provides strong support for precision medicine. In the future, mechanisms of the regulatory effects provided by the factors involved in the prediction models will be revealed, enhancing the explainablity and transparency of predictive models.


TABLE 1 Prediction models for donor microbiota engraftment and clinical outcomes in FMT treatment.

[image: Table comparing different prediction models for diseases, listing references, prediction types, diseases investigated, population size, dominant predictors, prediction targets, and AUC values. Included are models like random forest, logistic regression, and LASSO for conditions such as rCDI and UC. Each study details predictors such as microbial composition and clinical outcomes, offering insights into treatment efficacy and disease management. AUC values range from 0.74 to 0.98, indicating model performance.]



7 New players of microorganisms other than bacteria in FMT

As the development of research on the transplantation of the virome and fungal to recipients, the significant role of these new players other than bacteria in human health and the FMT process is gradually being unveiled.

The human gut virome is dominated by bacteriophages, which are a major component of the human gut microbiota. Emerging evidence suggests that gut bacteriophages play important roles in the intricate dynamics with bacteria and their transfer may be associated with the efficacy of FMT. Bacteriophage transfer might also be of substantial mechanistic importance in FMT because of their ability to maintain microbiome ecology equilibrium with bacteria (Liu et al., 2022). In the study of FMT for the treatment of patients with rCDI, successful FMT donors were found to have higher phage alpha diversity and lower relative abundance, suggesting that FMT with increased phage alpha diversity is more likely to successfully treat rCDI (Park et al., 2019). In a longitudinal study of healthy subjects and obese subjects treated with FMT, recipients with improved clinical outcomes had phage communities that shifted significantly toward healthy donors, with high abundance of phages HV39 and 84 associated with increased rates of glucose disappearance and better clinical outcomes (Manrique et al., 2021). Macrogenomic sequencing showed that FMT altered the characteristics of the enterovirome in post-FMT recipients compared to pre-FMT. For example, the proportion of microviridae in the recipients increased, and the behavior of most temperate phages paralleled that of host bacteria altered by FMT (Fujimoto et al., 2021). Fecal virome transplantation (FVT) has been applied in certain clinical contexts, however, it carries the risk of eukaryotic viral infections. Therefore, modified FVT characterized by removed or inactivated eukaryotic viruses in the viral component, as a efficiency method of safe bacteriophage-based therapies (Mao et al., 2024). Taken together, these findings highlight the association between gut phage and the clinical success of FMT therapies for various diseases. Recently, a growing number of studies have identified Caudovirales phages that may interact with host microorganisms and influence clinical outcomes after FMT. Accumulating data has demonstrated that Caudovirales phages may play a role in the efficacy of FMT in different diseases. CD and UC were found to be associated with significant amplification of Caudovirales phages (Fujimoto et al., 2021). Additionally, Caudovirales phages were found to be reduced in UC patients who responded to FMT compared to those who did not respond to the treatment (Gogokhia et al., 2019). Similarly, in a clinical trial, subjects with CDI demonstrated a significantly higher abundance of Caudovirales phages and a lower Caudovirales diversity, richness and evenness compared with healthy household controls. FMT treatment resulted in a significant decrease in the abundance of Caudovirales in CDI (Zuo et al., 2018a). Contrary to the findings of the previous two diseases, in a single case study exploring the use of FMT in a patient with severe gut GvHD, an increase in fecal virome diversity was observed after FMT, accompanied by increased Caudovirales phages and a reduction in the relative abundance of eukaryotic Torque teno viruses (Zhang et al., 2021).

Changes in fungal composition have also been associated with various diseases. In IBD patients, a decrease in Saccharomyces cerevisiae and Filobasidium uniguttulatum species and an increase in Candida (e.g., Candida albicans) were observed relative to healthy controls (Liguori et al., 2016). The presence of pre-FMT fungi (e.g., Candida) was also been found to be associated with increased bacterial diversity after FMT in UC patients (Leonardi et al., 2020). In rCDI patients, successful FMT was dependent on high abundance of Saccharomyces and Aspergillus, while Candida was negatively associated with successful FMT (Zuo et al., 2018b), in contrast to the results observed in UC patients (Leonardi et al., 2020). In the metagenomic analysis of fecal samples from donors and patients with UC receiving capsulized FMT, shifts in gut fungal diversity and composition were associated with capsulized FMT and validated in patients with active UC. Decreased levels of pathobionts, such as Candida and Debaryomyces hansenii, were associated with remission in patients receiving capsulized FMT (Chen et al., 2022).



8 Emphasizing FMT safety: focusing on infection sources and susceptible populations


8.1 Transmission of pathogens associated with donor feces

Despite its increasing popularity as a therapeutic intervention, FMT still faces numerous regulatory and safety challenges. Just as the engraftment of donor microbiota, potential pathogens may also be transmitted to the recipient's gut. MDROs including extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) can be detected in some of donor feces and a quarter of active donors were colonized with MDROs during participation in the donor programme (Vendrik et al., 2021). It was reported that two patients developed bacteremia due to ESBL-producing E. coli after receiving stool from the same donor for FMT and one of the patients died, emphasizing the importance of minimizing the transmission of potentially pathogenic microorganisms, thereby reducing the risk of adverse infectious events (DeFilipp et al., 2019). Stool donor colonized by Shiga toxin-producing E. coli (STEC) can also lead to adverse events after FMT (Zellmer et al., 2021). It is worth noting that the fecal carriage rate of ESBL-producing Enterobacterales, including E. coli and Klebsiella pneumoniae, and diarrheagenic E. coli, including EPEC, enteroaggregative E. coli, enterotoxigenic E. coli and STEC, were high (Chuang et al., 2023). Opportunistic infections induced by potential infected donors should be given increasing amount of attention, for the infection of these pathogens may not be symptomatic in IC donors but may lead to transmissible to immunosuppressed FMT recipients (Mehta et al., 2022).

Whole genome sequencing indicated strain transmission of procarcinogenic bacteria between donor and patient, and patients also exhibited clearance of procarcinogenic bacterial strains subsequent to negative donor in FMT (Drewes et al., 2019). Interestingly, a substantial proportion of recipients with potentially procarcinogenic polyketide synthase-negative (pks-) status who underwent FMT from pks+ donors remained pks-, while some pks- recipients treated with stool samples from pks- donors developed pks+ E. coli post-FMT (Khoruts, 2021). To sum up, although there is no exact sign of the donor-to-patient transmission of pks+ E. coli, the pks abundance and persistence of pks+ E coli of rCDI patients are associated with the pks+ donor (Nooij et al., 2021).

Specially, during the pandemic of infectious diseases, extra detection should be performed to avoid FMT-related transmission of pathogens. During the COVID-19 pandemic, the program of donor recruitment further included evaluation of clinical history and specific testing for the detection of SARS-CoV-2 including nasopharyngeal swab, reverse transcription polymerase chain reaction (RT-PCR) assay, serology and molecular stool testing, etc, showed significant effect in epidemic prevention (Ianiro et al., 2020).

A recent study provided an end-to-end donor screening program, which can effectively minimize the risk to patients receiving FMT. The following factors of donor screening should be valued: health history, physical exam, visual inspection of donations and laboratory testing. Failure modes and effects analysis (FMEA)-based donor screening can be applied to avoid the risk of disease transmission from donors to recipients (Goldsmith et al., 2024).



8.2 Balancing the risks and benefits of FMT in immunosuppressed patients

In general, immunocompromised (IC) patients, including patients on immunosuppressant medications, with human immunodeficiency virus (HIV), inherited or primary immunodeficiency syndromes, cancer undergoing chemotherapy or organ transplant, were often excluded from FMT trials (Shogbesan et al., 2018). FMT is contraindicated in patients with significant primary and secondary immunodeficiencies, which is owe to the potential risk of bacterial translocation and the development of bacteremia, particularly with MDROs (Conover et al., 2023). However, FMT probably could be generally considered safe in IC patients in some conditions according to several studies. Research showed similar rates of serious adverse events when using FMT to IC patients compared to those with intact immune function (Shogbesan et al., 2018). When treating pediatric IC patients with rCDI by FMT, the success rate was similar to the treatment targeting IC adults and immunocompetent children (Conover et al., 2023; Rodig et al., 2023). A pilot placebo-controlled study showed that FMT is safe in HIV patients and led to no severe adverse events and attenuated HIV-associated dysbiosis (Serrano-Villar et al., 2021).

Patients in the following cases, who presented with varying degrees of immunosuppression, achieved alleviation of their primary conditions following FMT. A 59-year-old patient with common variable immunodeficiency accepted FMT to alleviate diarrhea after all therapeutic options had been exhausted, which turned out to be successful and led to no adverse effects (Napiórkowska-Baran et al., 2024). Three patients with refractory acute graft-vs.-host disease (GI-aGvHD) following allogeneic hematopoietic stem cell transplantation (allo-HSCT) also achieved sustained improvement after FMT (Spindelboeck et al., 2017). A single heart-kidney transplant recipient with rCDI, vancomycin-resistant Enterococcus (VRE) fecal dominance and recurrent VRE infections obtained relief from the above-mentioned infections via FMT (Stripling et al., 2015).

However, while using FMT in IC patients is accepted to a certain degree, we still need to pay more attention to this population to ensure their the safety and curative effect of FMT. From the aspect of success rate, repeated FMT or additional antibiotics may be needed to achieve improved outcomes in solid organ transplant (SOT) patients (Cheng et al., 2019). Most importantly, from the aspect of safety, several reported severe adverse effects of FMT in IC patients emphasizes the potential risks associated with FMT treatment to this typical population. Undetected opportunistic pathogens in stool samples might bring the risk of pathogenic transmission in immunosuppressed patients, including cytomegalovirus (CMV), Epstein Barr virus (EBV) and polyomaviruses, etc. (Mehta et al., 2022). Some researchers insist that although FMT therapy is not associated with the increased risk of severe adverse events according to several studies, the degree of immunosuppression should be accessed prior to the application of FMT, especially for patients with solid tumors receiving cytotoxic therapy, for the type and duration of chemotherapy varies, which may influence the safety and success rate of FMT. Specially, in addition to the function of individual's immune system, mucosal immunity is also an essential part in the resistance to pathogens. It should be noted that all reported FMT-related serious adverse events were observed in patients with mucosal barrier injury (Marcella et al., 2021). More case-by-case assessment of the benefit-to-risk ratio should be performed to guide the protocols of FMT for IC patients and help grasp the potential chances of therapy (Benech et al., 2024).




9 The potential influence of gender in the outcome of FMT

Sex differences in incidence rates of multiple diseases has been found, and gender factors are closely associated with the pathogenesis of some diseases. For example, a newly published review has discussed the effect of gender in IBD, which could help advance personalized medicine and improve the quality of life for people with IBD in a gendered point of view (Andersen et al., 2024). As a result, some studies insist that gender should be considered while donor screening to ensure the success of FMT (Benítez-Páez et al., 2022).

It is worth noting that researches have proposed the contribution of gender factors in the outcomes of FMT. Overall, gut microbiota differed in males and females, which could be partially explained by the impact of sex hormones (Yurkovetskiy et al., 2013). Individuals of different sexes possess unique physiological characteristics and less susceptibilities to certain diseases and these factors might be transferred to recipients post-FMT, whose mechanisms may involve that the gut bacterial community composition differs between male and female, and such difference can further modulate the metabolic processes and molecular expressions (Haro et al., 2016). As a result, in several diseases, stool sample from a certain gender might be considered as potential donors with higher quality. Improved outcome of ischemic stroke could be induced by female donor of FMT, for the gut microbiota of female is characterized by lower level of systemic proinflammatory cytokines (Wang J. et al., 2022). The susceptibilities to radiation toxicity (Cui et al., 2017) could also be transferred via FMT in a gender specific manner. During the process of FMT, change in the gender of either the donor or the recipient may lead to different clinical outcomes. The baseline characteristics of microbiota differs in donors of different sex, and the gender of recipients influences the strain colonization, the gut of mice of different genders prefers to accommodate microbiota differently (Wang et al., 2016). Post-inflammatory females with colitis could transfer visceral hyperalgesia to both males and females, but males could only transfer visceral hyperalgesia to individuals of the same sex (Arzamendi et al., 2024). Feces of young female mice could improve insulin sensitivity in females, while feces of aged male mice could increase insulin resistance in female mice, eliminating and enhancing sex differences in insulin sensitivity and metabolome, respectively (Sheng et al., 2021). FMT during lactation resulted in long-term effects on the metabolism of male Wistar rats while no effect was observed in female rats (Pavanello et al., 2022).

In some cases, despite considering the potential benefits that certain gender may provide in FMT, attention must be paid to the risks associated with sex-discordant FMT. A recent research published in Gastroenterology proved that sex-concordant FMT contributes to fewer adverse events post-FMT, and sex-discordant FMT administrated while treating CDI has the potential to cause IBS (Sehgal et al., 2024). Another study showed that male recipients who underwent cross-sex FMT exhibited notably reduced testosterone levels in comparison to those who received same-sex FMT (Feješ et al., 2024), suggesting the disruption of gender-specific baseline physiological characteristics caused by sex-discordant FMT.

In conclusion, as an often overlooked demographic indicator, existing research has proposed the multidimensional impact of age on FMT outcomes, while we have not yet formed a detailed proposal to generalize to clinical applications. More research is imperative in the future.



10 The potential influence of age in the outcome of FMT

Gut microbial composition is considered to be associated with the age. Interestingly, a gut microbial age (MA) metric has been proposed to evaluate gut aging (Wang et al., 2024). As a result, the age of either the donor and the recipient may affect benefits provided by FMT due to age-related baseline microbial characteristics.

Generally, we advocate prioritizing young donors in donor screening. According to statements provided in European consensus conference on FMT in clinical practice, individuals aged < 60 years should be preferred while selecting donors, while this age restriction is not must be strictly adhered to, the criteria may be appropriately relaxed under certain circumstances, for instance, the use of intimate healthy partners (Cammarota et al., 2017). In animal experiments, aged donor could lead to age-associated alteration of physiological activities and signaling pathways, resulting in the occurrence of major comorbidities associated with aging. Conversely, the transfer of young donor microbiota to old recipients could reverse aging-related alteration (Cheng et al., 2024; D'Amato et al., 2020; Parker et al., 2022). Aged mice is susceptibility to arrhythmia for the increased reactive oxygen species (ROS) level, which could be transmitted to young mice via FMT (Fu et al., 2024). Nevertheless, strikingly, under some circumstances, the older, the better. An aging-enriched enterotype was observed to conduce to improved immunotherapy outcomes in older patients with cancer, which was characterized by the up-regulation of exhausted and cytotoxic T cell markers in the tumor microenvironment and whose therapeutic effect in FMT has been proved in mice (Zhu X. et al., 2024). However, we still need to consider how this finding can be translated into clinical practice, as other physiological impairment caused by gut aging seem to be difficult to avoid.

The age of the recipient also has the potential to affect the efficiency of FMT. A prospective cohort study proved that patients with rCDI who aged over 65 years might be independently associated with a lower treatment effect from a single FMT (Baunwall et al., 2023). However, in another prospective study, genomic analysis showed that there was no significant difference in gut microbial diversity between donors aged ≥60 years and < 60 years. The clinical efficacy of FMT in rCDI over 12 months was also not affected with advancing age (Anand et al., 2017). According to the second edition of joint British Society of Gastroenterology (BSG) and Healthcare Infection Society (HIS) guidelines (2024), we should not refuse or delay FMT therapy due to any recipient risk factors, for example, recipient age over 75 years old (Mullish et al., 2024).

The age disparity between the donor and the recipient is of significant importance. When treating metabolic syndrome by FMT, the age difference of donor-recipient pairs is positively-related with the greater reversion of metabolic dysfunction (Benítez-Páez et al., 2022). Specially, significant age disparities between the donor and the recipient could occur in the FMT treatment of pediatric intestinal and extraintestinal diseases, it seems that pediatric patients have been also receiving transplant material from adult donors. The differences in gut microbiota between children and adults need to be taken seriously.

Specialized metabolic functions in pediatric recipients are observed while using adult fecal donors (Wu Q. et al., 2023). The match of adult donors and child recipients has the risk of atypical maturation of gut microbiota in pediatric patients (MacLellan et al., 2021). However, it needs to be noted that although there are challenges in the use of FMT in pediatric patients, it is necessary to overcome these difficulties and develop a more widely recognized standard, especially due to that the approvals of promising biotherapeutics are expected to be significantly delayed for children (Hourigan et al., 2021).



11 Metabolic status and lifestyle of donors and recipients

The metabolic status of the donor should be evaluated before FMT procedure, which could be regulated via lifestyle intervention. Diet is the main contributor to gut microbiota diversity, the proportional abundance of several taxa varies with the variation of diet patterns and body fat counterpart levels (Newman et al., 2021). Accompanied with the alteration of microbiota, different dietary patterns shape various metabolomic characteristics, manifested as the variation of 127 common metabolites including lipids, tri/di-glycerides and lyso/phosphatidylcholine, etc. (Tanaka et al., 2022). Specially, the Mediterranean diet intervention could lead to increased fiber-degrading Faecalibacterium prausnitzii and gene expression for microbial carbohydrate degradation associated with butyrate metabolism, fecal bile acid degradation and insulin sensitivity that co-varied with specific microorganisms (Meslier et al., 2020).

Animal experiments proved that increased total body and fat mass, as well as obesity-associated metabolic phenotypes were transmissible with FMT (Ridaura et al., 2013). Both leptin receptor knock-out obese and diabetic mice donor and diet-induced obese mice donor could result in elevated gut permeability, inflammation level and glucose metabolic dysfunctions in mice recipients, which could be partially explained by the impaired ethanolamine metabolism (Mishra et al., 2023). Donor mice fed by high-fat, high-sucrose diet (HFHS) could induce disrupted glucose metabolism to recipient mice, while secondary adiposity was not observed in recipients (Zoll et al., 2020).

Conversely, donors who have a healthier habitus and adherence to healthy lifestyle are more likely to confer long-term health benefits to recipients. Within 6 weeks after FMT induced by lean donors, FMT resulted in significantly altered duodenal bacterial species including Bifidobacterium pseudolongum. Fecal bacterial species that were different between autologous and allogenic FMT from lean donors included the lactate-producing Lactobacillus salivarius and butyrate-producing Butyrivibrio, Clostridium symbiosum, and Eubacterium species, which were related to human metabolism (Kootte et al., 2017). Lean vegan donor could induce improvement of the outcome of recipients with hepatic steatosis via shaping microbial community and altering the expression of hepatic genes involved in inflammation and lipid metabolism (Witjes et al., 2020).

A randomized controlled trial published in Gastroenterology randomly divided abdominally obese or dyslipidemic individuals into three groups, in which participants followed healthy dietary guidelines, Mediterranean diet guidelines and green-Mediterranean diet guidelines (extra consumption of green tea and a Wolffia globosa green shake). After 6 months of weight-loss phase, participants underwent autologous FMT and those who was in green-Mediterranean diet group showed less weight regain, gut microbiota recovery and metabolic impairment. Mechanistically, the green-Mediterranean diet induced altered microbiome composition during the weight-loss phase, and prompted preservation of weight-loss-associated specific bacteria and microbial metabolic pathways including microbial sugar transport after autologous FMT (Rinott et al., 2021). Specially, although stool samples gained from metabolic syndrome donors (METS-D) induced decrease of insulin sensitivity, post-Roux-en-Y gastric bypass donors (RYGB-D) could improve insulin sensitivity and altered expression of metabolism related molecules (de Groot et al., 2020; Kootte et al., 2017).

Interestingly, populations traditionally considered as recipients for FMT may also possess the potential to serve as donors under certain circumstances. Healthy overweight or obese donors have been included to treat cachectic patients with advanced gastroesophageal cancer, although this FMT process prior to first-line chemotherapy did not improve cachexia, improved response and survival in patients with metastatic gastroesophageal cancer was observed (de Clercq et al., 2021).

Meanwhile, at the level of recipients, researchers are exploring the extra measures that recipients could adopt post-FMT to maximize the benefits of FMT treatment. The development of specific lifestyle or diet post-FMT may serve as a promoter for the development and maintenance of the intestinal type, which is favorable to disease recovery. Oral pectin intake for five consecutive days following FMT enhances the effect of FMT in UC by maintaining gut microbial diversity, which could be fermented into SCFAs (Wei et al., 2016). FMT plus lifestyle intervention resulted in greater efficacy of microbiota engraftment from donors in recipients with type 2 diabetes post-FMT (Ng et al., 2022). Patients with mild to moderate UC who accepted FMT and anti-inflammatory diet showed more profound deep remission than those who received stable baseline medications (Kedia et al., 2022). FMT coupled with dietary fiber intervention contributes to shape gut microbiota composition and improve the effectiveness of FMT in recipients (Zhong et al., 2021). This finding was further validated in a randomized double-blind trail, revealing that during FMT, supplementation of low-fermentable fiber, but not high-fermentable fiber, led to better outcome of obesity and metabolic syndrome (Mocanu et al., 2021). Specially, a microbiome-based artificial intelligence-assisted personalized diet significantly reduced IBS-SSS scores across all IBS subtypes, whose efficacy was even better than low-fermentable diet, revealing the prospect of artificial intelligence-assisted therapy in the field of FMT (Tunali et al., 2024).

In short, in the future, screening for the metabolic status and shaping lifestyle habits in donors and recipients should be further performed, which may lead to more stable clinical remission without accompanying metabolic disorders. Furthermore, we should not overlook the potential beneficial effects that the feces of “sub-healthy” individuals with specific metabolic characteristics may have on recipients.



12 Bowel preparation and medication application in recipients

As previously mentioned, the efficacy of FMT largely depends on the interaction between the gut microbiota of the donor and the recipient. Therefore, in addition to donor screening based on microbial community characteristics, pre-regulating the gut microbiota of recipients may contribute to the success rate of FMT.

Researches showed bowel cleansing could enhance donor microbiome engraftment, inadequate bowel preparation is an independent predictor of failure after single FMT in treating rCDI (Ianiro et al., 2017; Podlesny et al., 2022). While in addition to the use of intestinal preparation drugs such as polyethylene glycol, according to the international guidelines of FMT, patients with rCDI should be treated with antibiotics including vancomycin or fidaxomicin at least for 3 days pre-FMT to lower the abundance of intestinal C. difficile, and antibiotics should be stopped 12 to 48 h pre-FMT (Cammarota et al., 2017). However, in diseases other than rCDI, no exact recommendation has been proposed.

Current research on the use of antibiotics before FMT is preparing the groundwork for the development of more refined guidelines in the future. The reconstruction of gut microbiome occurs against intestinal antibiotic exposure, while due to the complex ecological network of intestine, the effect of antibiotics varies in different individuals. Overall, in terms of multi-species population, administration of antibiotics could influence the following factors of microbiota within patients' gut: taxonomic and resistome composition, nutrient availability and complexity, metabolic networks of cross-feeding or competition, and horzontal gene transfer of resistome elements, shaping the recipients' gut microbiota to better introduce those of the donors (Fishbein et al., 2023). A metagenomic systematic meta-analysis of 24 studies showed that antibiotics used pre-FMT was positively-associated with donor strain engraftment and clinical success (Ianiro et al., 2022). The administration of antibiotics pre-FMT in recipients showed better modification of gut microbiota and increased xenomicrobiota colonization post-FMT, compared to performing bowel cleansing solution or no pretreatment (Ji et al., 2017). Species-level dysbiosis within the phylum Bacteroidetes could be found in the gut of UC patients, triple-antibiotic pre-treatment in these patients, including amoxicillin, fosfomycin and metronidazole, could promote the eradication of dysbiotic strains and further colonization of viable Bacteroidetes cells (Ishikawa et al., 2018). Another study also utilized a triple-antibiotic pre-treatment, including amoxicillin, doxycycline, and metronidazole, which also reached promising results (Haifer et al., 2022). The greater engraftment of strains in recipients provided by antibiotics used pre-FMT was also discovered in immunosuppressed patients, such as individuals with HIV (Serrano-Villar et al., 2021). In the safety study of SER-287, a spore-based microbiome therapeutic, in treating UC, the group vancomycin/SER-287 showed higher proportion of patients who achieved clinical remission than the placebo/SER-287 group (Henn et al., 2021).

Different therapeutic courses of certain antibiotics before FMT could result in distinct clinical outcomes post-FMT. An animal experiment proved that both frequency of dosing and duration of preparative antibiotic treatment influences strain engraftment post-FMT (Gopalakrishnan et al., 2021). In human, short duration of vancomycin pre-treatment is positively related with the positive C. difficile culture pre-FMT and early CDI recurrence (Groenewegen et al., 2024). In a retrospective study of rCDI treatment, oral vancomycin for standard duration of 10–14 days pre-FMT was not significantly associated with FMT success, while prolonged vancomycin taper for ≥6 weeks induced better outcome in FMT treatment. Mechanistically, standard therapeutic courses of vancomycin may reduce the stool concentrations of C. difficile and allow the persistence of disrupted microbiota. In contrast, the prolonged tapered course of oral vancomycin pre-FMT may result in partial microbiota replenishment and reducing the fecal concentration of vegetative C. difficile (Patron et al., 2017).

However, the application of antibiotics prior to FMT has, at times, been proved to be ineffective in enhancing treatment efficacy. In a randomized controlled trial, individuals with IBS-D received pre-FMT ciprofloxacin and metronidazole (CM-FMT) or rifaximin (R-FMT) conversely exhibited a lower rate of microbial strain engraftment compared to individuals with alone FMT (Singh et al., 2022). Moreover, paradoxically, the exposure to systemic antibiotic therapy might be related to the onset of dysbiosis-related chronic diseases including IBD (Nguyen et al., 2020). The elevated susceptibility to IBD is most frequently observed in population aged over 40. The highest risk of IBD onset is typically seen 1–2 years post-antibiotic administration and after the use of antibiotics commonly prescribed to treat gastrointestinal infections (Faye et al., 2023). Antibiotic exposure is also the highest risk for CDI (Pérez-Cobas et al., 2015). An animal experiment proved that short-term exposure to antibiotics could induce lowered microbial alpha and beta diversities, reduced complexity of gut molecular ecological networks, and impaired microbial metabolic pathways related with bacterial survival and physiological functions. These mentioned changes could not entirely recover over time. Although the antibiotic administration pre-FMT would reshape the impaired microecology to some degree, we still should not ignore the risk of long-term side effects induced by short-term antibiotics intervention (Hong et al., 2024). These findings remind us that further research is still warranted to confirm the benefits of antibiotic-based gut preparation pre-FMT. Caution must be exercised to regard the potential ineffectiveness of the treatment and the risk of illness aggravation antibiotics may pose.

Except for using antibiotics at the time of preparation before FMT, if antibiotics are administered at the wrong time point during the FMT process, they can also become ineffective or even become an obstacle to the effectiveness of the treatment. In the scope of pre-FMT, feces from human donors who administrated repeated, but not recent antibiotics might induce impaired mucus growth mucus barrier integrity in mice recipients, the microbiota community of which is characterized by enriched mucus-utilizing bacteria, including Akkermansia muciniphila and Bacteroides fragilis. As a result of altered microbiota composition, 10 metabolites, including adenine, adenosine and betaine, etc., showed significantly altered abundance in mice recipients (Krigul et al., 2024). While in the scope of post-FMT, non-CDI antibiotics during follow-up were all independently associated with a lower treatment effect from FMT in CDI treatment (Baunwall et al., 2023; Groenewegen et al., 2024). Antibiotic use within the first 8 weeks after FMT may disrupt microbial engraftment and lower the success rate of FMT (Allegretti et al., 2018).

In summary, the creation of a microenvironment conducive to microbial engraftment within the gut of recipients is of great importance pre-FMT, which could be achieving through the application of antibiotics pre-FMT. Specially, factors including the time point, duration, and type of antibiotics administration also influence clinical outcomes.



13 Conclusion and perspective

As a microbiome-based therapy, the primary change observed after FMT in recipients is the alteration of the gut microbiota. In this review, we summarized diseases that could be treated with FMT, which are characterized by microbial dysbiosis, with distinct baseline gut microbiome impairment, and the reshaping of the gut microbiota could be detected post-FMT. Some diseases have been widely recognized as targets for FMT treatment and are recommended in several conferences and guidelines, such as CDI. Some diseases still require further clinical trials to validate their application conditions and therapeutic value, such as IBD and IBS. Interestingly, some newly discovered potential diseases, which might have a response to FMT, are still in the initial stages of clinical trials or animal experiments. Therefore, FMT holds immense potential in the treatment of both gastrointestinal and extraintestinal diseases.

Furthermore, this article systematically summarized the critical factors affecting the efficacy of FMT at the donor and recipient levels. The interaction between donor and recipient microbiota is crucial in FMT, and our review outlined the fusion patterns of the gut microbiota post-FMT, which conduces to the understanding of different clinical outcomes. The interplay between the donr and the recipient is a complicated process, and researchers have developed various predictive models for FMT based on regression or machine learning methods, which have significant guidance value in clinical practice.

In addition to gut microbiota-related factors, we have also listed other determinants of FMT safety and efficacy. Pre-testing of potential pathogens in donor feces is of great importance. There is also a need to assess the immune status of the recipient, although the recipient's immunocompromised state does not necessarily affect the conduct of FMT. The values of baseline characteristics of donors and recipients, including gender, age, clinical status, lifestyle and application of antibiotics, etc., have also been discussed in our review (Figure 2). The importance of these potential regulatory factors have been proved in clinical trails and animal experiments, while several researches have also provided opposite results.


[image: Flowchart illustrating fecal microbiota transplantation (FMT) process from donor to recipient. It begins with donor characteristics, including age, sex-specific traits, and body mass. Screening includes visual inspection, laboratory tests for pathogens, and donor-recipient compatibility. Safety and efficiency are balanced through best matching. Recipient preparation involves bowel cleansing, antibiotics, and consideration of immunocompromised states or existing diseases. Arrows indicate the sequence of steps.]
FIGURE 2
 Potential factors influencing the efficacy of FMT from the perspective of donors and recipients.


In summary, this review comprehensively explored the application scenarios and conditions of FMT, expounded “what constitutes a successful FMT treatment”, and how the interplay between donors and recipients affects treatment outcomes. More research is still needed to further guide the application of FMT, to improve the current situation where FMT is regarded as a “black box” to a certain extent, to enhance the explainablity and transparency of FMT treatment and related predictive models, and to extend the application scope of FMT.

Key-points of this review:

(1) We provide a systematical summary of the recognized or potential diseases that can be treated by FMT, and the microbial and metabolic characteristics of the diseases pre- and post-FMT.

(2) We introduce the microbial donor-recipient interplay and the lasting microbial succession within the gut post-FMT, which is influenced by the baseline microbial characteristics of both the donor and the recipient.

(3) We summarize the prognostic models on FMT efficacy to guide clinical decision-making.

(4) We analyze the potential role of several confounding factors (e.g., immune system function, age, gender, lifestyle, antibiotic use, etc) in the safety and efficiency of FMT from the perspectives of both donors and recipients. In this field, we include some early-stage studies, which have not yet reached clear conclusions or have obtained contradictory results, laying a foundation for future research.

(5) Combining the key points mentioned above, we clarify how to conduct a successful FMT at appropriate application scenarios.
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Purpose

To study whether fecal microbiota transplantation (FMT) can alleviate lipopolysaccharide (LPS)-induced osteoporosis (OP) by regulating the composition and abundance of gut microbiota and the expression level of long non-coding RNA (lncRNA) TUG1.





Methods

Twenty C57BL/6 mice were selected. Two mice were randomly designated as fecal donors, while the remaining mice were randomly divided into control group, LPS group, and LPS + FMT group. Each group consisted of 6 mice. The mice in the LPS and LPS + FMT groups were intraperitoneally injected with LPS to establish the OP model, and the mice in the LPS + FMT group were treated with donor feces by gavage. Micro-CT was used to scan the femur specimens of mice, and the bone structural parameters of the control and LPS groups were compared to verify the effectiveness of the OP model. HE staining was used to compare the microstructure of femurs in the 3 groups. 16S rRNA gene sequencing was used to analyze the composition and abundance of gut microbiota in mice. Immunofluorescence staining was used to compare the expression levels of Runt-related transcription factor 2 (RUNX2) in the femur of the 3 groups. Real-time quantitative reverse transcription PCR (qRT-PCR) was used to compare the expression levels of lncRNA TUG1 in the intestines and serum of mice in the 3 groups.





Results

Micro-CT showed that compared with the control group, the mice in the LPS group had more bone loss. The bone mineral density, trabecular number, and trabecular thickness of the control group was higher, and the trabecular separation was smaller. The models were validated effectively. HE staining showed that compared with the control group, the bone trabeculae in the LPS group were thinner and sparse, while that in the LPS + FMT group were dense and clear. The 16s rRNA sequencing showed that the abundance of Bacteroides and Lactobacillus in LPS+FMT group was significantly higher than that in LPS group. Immunofluorescence staining showed that the RUNX2 level in the control group and LPS + FMT group was similar, and both were higher than that in the LPS group. The qRT-PCR results showed that the TUG1 mRNA level in the control group and LPS + FMT group was similar and significantly higher than that in the LPS group.





Conclusion

FMT can enhance osteoblast levels and improve bone structure by modulating the abundance of gut microbiota in OP mice (such as increasing Bacteroides and Lactobacillus populations) and promoting the expression of lncRNA TUG1, thereby alleviating LPS-induced OP.
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1 Introduction

Osteoporosis (OP) is a metabolic disease characterized by osteopenia and destruction of bone microstructure, which can increase the risk of fracture. The pain and deformity caused by OP seriously reduce the quality of patients’ survival (Anish and Nair, 2024). More than 150 million people are diagnosed with OP every year, and the high incidence has made it a global public health problem that needs to be solved urgently (Zhang et al., 2021). The pathogenesis of OP is imbalance of bone metabolism, and drugs to restore the homeostasis of bone formation and resorption are the main means of treating OP. However, long-term use of anti-OP drugs may cause side effects such as muscle pain and renal insufficiency, resulting in poor patient compliance (Reid and Billington, 2022). Currently, finding safer and more effective strategies for the prevention and treatment of OP has become a research hotspot.

Gut microbiota is the microbial community inhabiting the human gastrointestinal tract, which plays an important role in regulating bone development and biomechanics of bone tissue (Guss et al., 2017; Orwoll et al., 2022). Gut microbiota can delay the progression of OP by regulating the immune system and reducing the production of tumor necrosis factor. Gut microbiota can also indirectly regulate bone homeostasis through endocrine bone signaling factors such as estrogen and parathyroid hormone. In addition, metabolites of gut microbiota, such as short-chain fatty acids and 5-hydroxytryptamine, can affect the number and activity of osteoblasts and osteoclasts (Hao et al., 2024). The phylum of gut microbiota includes Firmicutes, Bacteroidetes, etc., and bacteria from different phyla have different effects on OP (Marchesi et al., 2016). It has been noted that bone mass loss was significantly improved in OP patients after oral administration of Lactobacillus (Li et al., 2022). Another study suggested that Enterobacteriales could aggravate OP by regulating amino acid metabolism (Wang S. et al., 2022). Therefore, it is necessary to explore new targets in the complex mechanisms by which the gut microbiota affects OP.

The composition and abundance of gut microbiota are affected by many factors. Such as long-term use of antibiotics can induce dysbiosis of gut microbiota and decrease the bending strength of bone. Consumption of certain prebiotics is beneficial for increasing the population of beneficial bacteria in the gut, enhancing the secretion of short-chain fatty acids (SCFAs), and improving the content and density of minerals in bone (Cronin et al., 2016). Fecal microbiota transplantation (FMT) represents a novel “organ transplant” technique that can reestablish a normal gut microbial ecology. Through various mechanisms such as correcting microbial dysbiosis, repairing gut barrier functions, and modulating immune responses, FMT participates in the regulation of bone metabolism (Zhang et al., 2022b). Although clinical evidence is still lacking to prove that FMT can be used to treat patients with OP, animal studies have confirmed the efficacy of FMT in treating OP. Ma’s study demonstrated that transplanting feces from young rats to elderly OP rats can alter their gut microbiota composition, improve gut barrier functions, and ultimately reduce bone loss to alleviate OP in elderly rats (Ma et al., 2021). However, it remains to be investigated whether this phenomenon applies to lipopolysaccharide (LPS)-induced OP, and how the species and quantity of gut microbiota change in LPS-induced OP animal models treated with FMT.

Long non-coding RNA (lncRNA) is a kind of RNA that is not involved in protein coding and has the ability to regulate a variety of physiological and pathological processes (Jathar et al., 2017). For example, lncRNA TUG1 can promote bone formation through various ways, including binding to Lin28a to promote the osteogenic differentiation of periodontal stem cells, and acting on the Wnt/β-catenin signaling pathway to enhance the proliferation of osteoblasts (He et al., 2018; Liu et al., 2019). The level of lncRNA TUG1 is regulated by a variety of factors, such as the expression of lncRNA TUG1 can be affected by the content of taurine, which is a metabolite of some gut bacteria (Young et al., 2005). Therefore, whether FMT can regulate OP by affecting the expression of lncRNA TUG1 remains to be determined. The aim of this study is to establish the mice model of LPS-induced OP and reshape the gut microbiota by FMT. The changes of gut microbiota and the level of lncRNA TUG1 were observed to explore whether FMT could alleviate LPS-induced OP by regulating the gut microbiota and the expression of lncRNA TUG1, and provide a basis for the biological treatment of OP.




2 Materials and methods



2.1 Selection and handling of experimental animals

The study followed the principles for the use of experimental animals in the Animal Center of Shandong University and was approved by the Ethics Committee of Shandong University. Twenty 6-week-old C57BL/6 mice with similar body weights were selected. The experimental animals were all of the same strain of healthy mice, free from any diseases, including gastrointestinal ailments, ensuring a healthy digestive system function and a good gut microbial ecology. Two mice were randomly selected as fecal donors, with their gut microbial health was verified. The remaining mice were randomly divided into control, LPS, and LPS+FMT groups, with 6 mice in each group. Since estrogen levels can affect bone metabolism by inhibiting Th17 cell differentiation through estrogen receptor pathways and reducing the production of tumor necrosis factor-β receptor activators, thereby suppressing osteoclast function, and estrogen deficiency can trigger CD4+ T-cell mediated immune responses, producing pre-osteoclast factors, activating osteoclasts, and enhancing bone resorption (Jia et al., 2021; Yu et al., 2021). To minimize the impact of sex hormone level differences on the study outcomes and to avoid bias from using a single gender, the gender ratio in each group was set at 1:1.

Due to the lack of standardized guidelines for FMT, this study draws on the comprehensive review by Bokoliya et al. regarding the operational procedures and precautions for mouse FMT. We followed the FMT principles covered in the review, including, but not limited to, timing fecal collection based on the circadian rhythms of the gut microbiota, establishing the environmental conditions required for fecal processing and storage, and determining the appropriate routes, doses, and frequencies for FMT. Established practices from previous research provide guidance for this study (Bokoliya et al., 2021). All mice were housed in a clean environment with a temperature of (22 ± 1) °C and humidity of (50 ± 5) %, with free access to food and water, under a 12-hour light/dark cycle. Mice in both the LPS and LPS + FMT groups received an intraperitoneal injection of LPS solution at a dose of 10 mg/kg to establish OP models. In contrast, the control group received an equal volume of saline. Injections were administered every other day for a total duration of 10 days (Wang et al., 2020). After this period, fresh feces from the donor mice were collected under sterile conditions. The feces (100 mg) were dissolved in 1 mL of sterile saline, vortexed for 10 seconds, and centrifuged at 2000g for 10 minutes at 4°C to remove any residues. The supernatant was diluted and administered via gavage to the mice in the LPS + FMT group (200 μL/mouse), while the other 2 groups received saline via gavage for 7 days (Yang et al., 2018). Following this treatment, feces and venous blood samples from the mice were collected for further analysis. Subsequently, the mice were euthanized by cervical dislocation, and their right femurs and intestinal tissues were preserved.




2.2 Validation of mouse OP model

The femurs were immersed in a 4% paraformaldehyde solution for 24 hours and then scanned using micro-CT with a resolution of 10 μm to create 3-dimensional (3D) reconstructed images of the distal femur. The region between 2% and 7% proximal to the growth plate was selected as the region of interest. Bone mineral density (BMD), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp) were recorded. The effectiveness of the OP model was validated by comparing CT images and bone structural parameters between the control and LPS groups.




2.3 HE staining of mouse femur sections

The decalcified femurs were embedded in paraffin and sectioned. The sections were immersed in hematoxylin staining solution for 3 minutes, rinsed with water, then differentiated in 1% hydrochloric acid alcohol for several seconds before being rinsed again. After the water returned to blue for 3 minutes, the sections were stained with eosin for 3 minutes and rinsed with water again. The sections were dehydrated with gradient ethanol and transparent with xylene, then sealed with neutral resin. The bone tissue staining was observed and compared among the 3 groups.




2.4 Analysis of gut microbiota composition and abundance

DNA was extracted from mouse feces using the QIAamp DNA Kit. The bacterial 16S rRNA V3-V4 region was amplified through polymerase chain reaction (PCR) using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The amplification conditions were as follows: a predenaturation at 95°C for 3 minutes, followed by 27 cycles of denaturation at 95°C for 10 seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 30 seconds, stably extension at 72°C for 10 minutes. The samples were stored at 4°C. The amplified products were isolated, and purified in a purification Kit. Quantification of the products was performed using the Quant-iT PicoGreen dsDNA Assay Kit.

Equal concentrations of purified quantitative DNA were mixed to construct a library, which was sequenced using the Illumina HiSeq platform. The gut microbiota data were analyzed using QIIME (v2.0.0), creating bar plots of species distribution at the phylum, class, order, family, and genus levels. The α diversity analysis was conducted using Shannon index, Simpson index, and Chao1 index. Additionally, principal coordinates analysis (PCoA) and non-metric multidimensional scaling (NMDS) were performed. The Chao1 index measures microbial abundance, estimating the total number of microbial taxa in a sample. Both the Shannon and Simpson indices assess microbial diversity within the samples and are positively correlated with diversity. The difference lies in that the Shannon index focuses on quantifying the number of microbial species, whereas the Simpson index emphasizes the evenness of species distribution. PCoA and NMDS are different methods for analyzing β diversity; in PCoA plots, the greater the distance between samples, the greater the intergroup differences in microbial composition. NMDS focuses on reflecting the differences in ranking sample distances between groups, with greater distances indicating larger differences.




2.5 Immunofluorescence staining of mouse femur sections

Femur sections were blocked with a 5% BSA solution at room temperature for 30 minutes. The primary antibody (dilution ratio of 1:100) was added and incubated overnight at 4°C. After recovering the primary antibody, the sections were washed 3 times with 0.1M PBS buffer for 5 minutes each. A labeled fluorescent secondary antibody (dilution ratio of 1:200) was then added and incubated in the dark at room temperature for 60 minutes. Following this step, the secondary antibody was discarded, and the sections were washed 3 times with PBS buffer for 10 minutes each. DAPI was added to stain the nuclei in the dark for 10 minutes, followed by 3 washes with PBS for 5 minutes each. Finally, neutral resin was used to mount the sections. The levels of Runt-related transcription factor 2 (RUNX2), a specific marker of type I osteoblasts, were compared among the 3 groups.




2.6 Measurement of lncRNA TUG1 levels in mouse gut and blood

Mouse intestinal tissue was ground into a powder in liquid nitrogen. For every 100 mg of powder, 1 mL of Trizol was added, mixed thoroughly, and allowed to stand for 10 minutes. Mouse venous blood was collected, allowed to stand at 4°C for 30 minutes, then centrifuged at room temperature at 3000 rpm for 15 minutes, and the upper layer of serum was left. Trizol was added to this serum and mixed before allowing it to stand for another 5 minutes.

Chloroform equal to 1/5 of the Trizol volume was added, shaken for 15 seconds, and left at room temperature for an additional 10 minutes. The mixture was then centrifuged at 4°C at 13000 rpm for 10 minutes; isopropanol equal to the supernatant volume was added after discarding the lower phase. Following another centrifugation step at 4°C at 12000 rpm for 10 minutes, the supernatant was discarded. Each tube received 75% ethanol to wash the precipitate before centrifuging again under similar conditions. The precipitate was dried at room temperature for 10 minutes before being dissolved in 30 μL DEPC water. RNA concentration was measured using a micro-spectrophotometer and stored at -80°C.

For reverse transcription, a reaction system of 20 μL was prepared on ice: containing 4 μL of 5×FastKing-RT SuperMix, total RNA (2 μg), and RNase-Free ddH2O to reach a total volume of 20 μL. This mixture was centrifuged after thorough mixing and subjected to a reverse transcription program: incubating at 42°C for 15 minutes followed by heating to 95°C for 3 minutes; cDNA was stored at -20°C.

A real-time quantitative reverse transcription PCR (qRT-PCR) reaction system of 15 μL was prepared: comprising 7.5 μL SYBR Green premix, cDNA template (1.5 μL), forward and reverse primers (0.75 μL each), and ddH2O (4.5 μL). Reaction conditions included predenaturation at 95°C for 10 minutes; denaturation at 95°C for 10 seconds; annealing at 60°C for 30 seconds; extension at 72°C for 30 seconds; followed by termination after completing a total of 40 cycles. Relative expression levels of lncRNA TUG1 were calculated using the 2−ΔΔCT.




2.7 Statistical methods

Each experimental procedure was repeated 3 times to obtain results analyzed using SPSS version 26.0. The Shapiro-Wilk test assessed whether experimental data followed a normal distribution; Brown-Forsythe test evaluated homogeneity of variances. Normally distributed data with equal variances were expressed as mean ± standard deviation ([image: x̄ ± S, representing a statistical formula where x̄ is the sample mean and S is the standard deviation.] ), with independent samples t-test was used for inter-group comparison, and paired t-test was used for intra-group comparison. Graphs were generated using GraphPad Prism version 8 software. P-value <0.05 (*) and <0.01 (**) were considered statistically significant.





3 Results



3.1 Validation of mouse OP model

Micro-CT results showed that compared with the control group, the mice in the LPS group had reduced cancellous bone and thinner cortical bone in the femur (Figure 1). The analysis of bone structural parameters showed that the BMD, Tb. N, and Tb. Th of the femur of the mice in the LPS group were smaller than those of the control group, while Tb. Sp was larger than that of the control group, and the differences were all statistically significant (Figure 2). The validation results showed that the mouse OP models established in this study were effective.

[image: Panel A shows a set of micro-CT images of a bone structure on a black and blue background. Images include longitudinal and cross-sectional views, with detailed trabecular patterns. Panel B depicts similar structures for comparison, also on a black and blue background. Each panel includes views from different angles, emphasizing structural differences.]
Figure 1 | Micro-CT reconstructed images of the distal femur. (A) control group; (B) LPS group.

[image: Bar graphs labeled A to D compare bone parameters between Control and LPS groups. (A) shows higher BMD for Control (**). (B) shows higher Tb.N for Control (**). (C) depicts higher Tb.Th for Control (*). (D) indicates higher Tb.Sp for LPS (*).]
Figure 2 | Comparison of bone structural parameters between control group and LPS group. (A) BMD; (B) Tb. N; (C) Tb. Th; (D) Tb. Sp. P<0.05 (*), P<0.01 (**).




3.2 Comparative of HE staining of femoral sections

The results of HE staining showed that compared with the control group, the bone trabeculae in the LPS group were significantly thinner and more widely spaced, and there were large areas of trabecular bone loss. The density of adipocytes increased, showing the pathological characteristics of OP. However, in the LPS + FMT group, the thinning and sparsity of bone trabeculation was significantly improved, and the bone tissue structure was clear, which was basically restored to the same level as the control group, indicating that FMT could alleviate LPS-induced OP (Figure 3).

[image: Histological images of tissue sections labeled (A), (B), and (C) are shown. Each section has a highlighted area with enlarged insets below. The tissues are stained in varying shades of purple and pink, revealing structures and cellular details. Images are likely for comparative analysis of histological differences.]
Figure 3 | Comparison of HE staining. (A) control group; (B) LPS group; (C) LPS + FMT group.




3.3 Analysis of gut microbiota composition and abundance

In terms of α diversity, there was a difference in the Chao1 index between the control and LPS groups (P<0.05), whereas the Chao1 index returned to normal levels after FMT treatment. It suggests that LPS can affect the abundance of gut microbiota in mice, causing the absolute number of gut microbiota to decrease, and FMT can eliminate this effect. There were no statistically significant differences in the Shannon and Simpson indices among the 3 groups, indicating that neither LPS nor FMT treatments had a significant impact on microbial diversity or the evenness of microbial distribution (Figure 4). In terms of β diversity, the results of both PCoA and NMDS showed that the same color points representing the samples within the group were close, that is, the composition of gut microbiota within the group was clustered with small differences. However, the different color points representing the different groups were far, indicating that the composition and ranking of gut microbiota between the groups were significantly different (Figure 5).

[image: Bar charts comparing indices across three groups: Control, LPS, and LPS+FMT. (A) Chao1 index shows significantly lower values in LPS compared to Control and LPS+FMT. (B) and (C) Shannon and Simpson indices display no significant differences across groups. Significance is marked by asterisks and “ns” denotes not significant.]
Figure 4 | The α diversity analysis. (A) Chao 1 index; (B) Shannon index; (C) Simpson index. P<0.05 (*), P<0.01 (**), ns: no significance.

[image: Scatterplots display microbiome data. Plot A shows a PCoA chart with axes PCo1 and PCo2. Plot B is an NMDS chart with axes NMDS1 and NMDS2, stress value 0.00138. Both plots classify data points by colors: blue for Control, red for LPS, and green for LPS+FMT.]
Figure 5 | Results of PCoA and NMDS. (A) PCoA; (B) NMDS.

The relative abundance of the top 10 bacterial groups was analyzed. At the phylum level, the Bacteroidetes and Firmicutes were significantly different among the groups. At the class level, the abundance of Bacteroidia and Bacilli decreased in the LPS group. At the order level, the abundance of Muribaculaceae was reduced in the LPS group. All these changes returned to normal after the FMT treatment. At the family level, the abundances of Bacteroidaceae and Lactobacillaceae in the LPS+FMT group were higher than in the LPS group, while Ruminococcaceae showed higher abundance in the LPS group. Notably, at the genus level, the abundances of Bacteroides and Lactobacillus were significantly higher in the LPS+FMT group compared to the LPS group (Figure 6). These results suggest that FMT could modulate the balance of gut microbiota, such as increasing the levels of Bacteroides and Lactobacillus.

[image: Stacked bar charts depicting relative abundance percentages of bacteria across different taxonomic levels: phylum, class, order, family, and genus. Three sample groups are shown: Control, LPS, and LPS+FMT. Each chart uses different colors to represent various bacterial categories, with labels on the right for identification.]
Figure 6 | Analysis of gut microbiota composition at different taxonomic levels.




3.4 Comparative of immunofluorescence staining of femoral sections

Osteoblasts are directly involved in bone formation and their number is negatively correlated with the severity of OP. In the study, immunohistochemical staining for its specific marker RUNX2 was performed. The results showed that the expression of RUNX2 in the LPS group was significantly lower than that in the control group (P < 0.01), while the expression of RUNX2 in the LPS + FMT group was significantly increased (Figure 7). These results indicated that FMT could alleviate LPS-induced OP by increasing the number of osteoblasts.

[image: Fluorescent microscopy images (panel A) showing RUNX2 expression in red and DAPI-stained nuclei in blue, with merged images for Control, LPS, and LPS+FMT groups. Panel B is a bar graph depicting relative levels of RUNX2 for these groups. Control shows the highest RUNX2 level, LPS has reduced expression, and LPS+FMT shows intermediate levels. Statistical significance is indicated by asterisks. Scale bar is 50 micrometers.]
Figure 7 | Comparison of RUNX2 expression levels. (A) Results of immunofluorescence staining; (B) Statistical plot of RUNX2 levels. P<0.05 (*), P<0.01 (**).




3.5 Determination of lncRNA TUG1 levels in mouse gut and blood

Bacteroides and Lactobacillus can regulate taurine production, and taurine can promote the expression of lncRNA TUG1, which regulates bone metabolism. To explore the mechanism by which FMT increases the number of osteoblasts, the expression levels of lncRNA TUG1 in mouse gut and blood were examined in the study. The results showed that the TUG1 mRNA levels in the LPS group were significantly lower than those in the control group, while the TUG1 mRNA levels in the LPS + FMT group were significantly increased (Figure 8). These results suggest that FMT may alleviate OP by promoting the expression of lncRNA TUG1 to restore the number of osteoblasts in OP mice.

[image: Bar charts labeled A and B show relative TUG1 mRNA levels (actin) across three groups: Control, LPS, and LPS+FMT. Chart A indicates significant differences with asterisks above the bars at levels 0.05 and 0.01. Chart B shows differences at levels 0.01. Each bar represents mean ± standard deviation from data points.]
Figure 8 | Comparison of lncRNA TUG1 expression levels. (A) Expression levels of lncRNA TUG1 in gut; (B) Expression levels of lncRNA TUG1 in blood. P<0.05 (*), P<0.01 (**).





4 Discussion

As the aging population intensifies, the number of OP patients is surging, imposing a significant economic burden on society (Gao et al., 2023). The results of this animal experiment indicate that FMT can enhance osteoblast levels and improve bone structure by modulating the abundance of gut microbiota in OP mice (such as increasing Bacteroides and Lactobacillus populations) and promoting the expression of lncRNA TUG1, thereby alleviating LPS-induced OP.

LPS is a common inducer of inflammatory OP. LPS activates specific pattern recognition receptors (PRRs) that detect microbial and infectious agents, triggering inflammatory responses, such as the LPS-TLR4/NF-κβ pathway, which produce inflammatory cytokines that impact the RANKL/RANK/OPG pathway leading to bone loss (Aquino-Martinez et al., 2020; de Vos et al., 2022). LPS also accelerates apoptosis in osteoblasts by increasing the expression of non-coding RNAs such as circular RNA circAtp9b and lncRNA TMC3-AS1 (Chen and Dai, 2022; Feng et al., 2022). Furthermore, LPS can promote oxidative stress damage by binding to the extracellular vesicles of harmful bacteria, compromising gut barrier functions (Chen S. et al., 2023). LPS-mediated inflammation also affects the gut microbiota, increasing the abundance of pathogenic bacteria such as Enterococcus spp. and Enterobacteriaceae (including Escherichia coli and Salmonella typhimurium). Oxidative stress inhibits microbiota protein synthesis, thereby reducing the metabolism of beneficial microbes to SCFAs and other substances (Kroon et al., 2025). The metabolic products of harmful bacteria enter the bloodstream through the compromised gut barrier, activating cellular immune responses, while the beneficial metabolic products like SCFAs, which are conducive to bone formation, decrease, ultimately leading to the onset of OP (Safdari et al., 2016; Candelli et al., 2021).

Traditional anti-OP medications often face issues like numerous side effects and prolonged treatment times, leading to poor patient compliance. Consequently, emerging biological therapies such as FMT are being considered to address these problems. The gut microbiota plays a crucial role in physiological and immune functions; any abnormal changes in its diversity and quantity can trigger adverse outcomes like bone metabolism disorders (Tyagi et al., 2018). FMT allows for the transfer of healthy donor gut microbiota into recipients to restore normal gut microecology. Compared to administering single probiotics, FMT has a longer-lasting effect on regulating gut microbiota and effectively controls the proliferation of harmful bacteria (Grehan et al., 2010). Currently, FMT has shown promising results in treating gastrointestinal diseases, but its efficacy and mechanisms in treating OP are still in preliminary exploration (Kim et al., 2024). This research findings indicate that FMT positively impacts alleviating LPS-induced OP. Previous studies have shown that after transplanting feces from juvenile rats, intestinal microbial structure improved in aged OP rats, with reduced bone loss (Ma et al., 2021). Another study demonstrated that FMT could enhance the expression of tight junction proteins between intestinal epithelial cells and inhibit the release of cytokines that promote osteoclastogenesis, thereby alleviating estrogen deficiency-induced OP (Zhang et al., 2022a). These pieces of evidence suggest that FMT has certain therapeutic effects in alleviating both primary and secondary OP.

The gut microbiota exhibits variations in species and abundance under different conditions such as age, diet, and disease. For instance, in the gut microbiota of aged OP rats, the abundance of the family Lachnospiraceae is higher, and this abundance decreases after the transplantation of feces from young rats (Ma et al., 2021). This study found that the abundance of Bacteroides and Lactobacillus in the gut microbiota of LPS-mediated OP mice was significantly increased after fecal transplantation from age-matched healthy mice. The gut microbiota can influence bone formation and resorption through its metabolic products or by regulating the host’s metabolism, immunity, and endocrine functions; this connection is referred to as the gut-bone axis. Different gut bacteria play distinct roles in this gut-bone axis, making it necessary to clarify the relationship between specific gut bacteria and bone metabolism. Research by Chen indicated that Lactobacillus rhamnosus can reduce the expression of pro-inflammatory cytokines and nuclear factor κB while increasing the expression of the anti-inflammatory cytokine interleukin-10, thereby improving bone quality (Chen YW. et al., 2023). Another study found that Akkermansia muciniphila can promote the synthesis of polyamines such as spermine and spermidine, which increase bone trabecular volume and density, thus enhancing the biomechanical strength of bones in adult female and young male mice (Chevalier et al., 2020). On the other hand, some gut bacteria can promote the onset of OP. A large sample study indicated that the abundance of Clostridiales bacterium DTU089 is negatively correlated with tibial bone density (Okoro et al., 2023). This study also found that the abundance of Ruminococcaceae is significantly higher in the LPS group than in other groups, possibly related to the LPS-mediated inflammatory response. Ruminococcaceae UCG004 has been shown to reduce bone mass and increase the risk of OP (Zeng et al., 2024). Clarifying the relationship between specific bacteria in the gut microbiota and OP can help deepen our understanding of their mechanisms and promote the development of biological agents for treating OP. The results of this study demonstrate that FMT can increase the numbers of Bacteroides and Lactobacillus. Additionally, after FMT, the abundance of Muribaculaceae is also restored, which can promote osteogenesis by producing SCFAs and regulating T-cell differentiation. These beneficial bacteria play a positive role in mitigating LPS-mediated OP.

LncRNAs are regulatory non-coding RNAs longer than 200 nucleotides that play a crucial role in the osteogenic differentiation of various stem cells. LncRNA AC092155 can promote the osteogenic differentiation of adipose stem cells through the miR-143-3p/STMN1 axis (Sun et al., 2021). LncRNA KCNMA1-AS1 can enhance the osteogenic differentiation of human bone marrow mesenchymal stem cells by activating the SMAD9 signaling pathway (Mai et al., 2023). Additionally, lncRNAs regulate certain bone metabolism markers and cytokines involved in bone metabolism. For instance, lncRNA SNHG1 can inhibit the expression of osteoprotegerin by affecting its methylation status, thereby promoting bone resorption (Yu et al., 2022). LncRNA CASC11 can drive the development of postmenopausal osteoporosis by upregulating tumor necrosis factor-α levels (Yu et al., 2019). Research has shown that Bacteroides and Lactobacillus can promote the methylation of lncRNA MEG3 to inhibit osteoclastogenesis, indicating that gut microbiota can regulate bone metabolism by influencing lncRNA expression (Huang et al., 2022). In this study, FMT not only restored the abundance of Bacteroides and Lactobacillus but also elevated the levels of lncRNA TUG1. This may be related to certain metabolites produced by Bacteroides and Lactobacillus (such as taurine) that promote lncRNA TUG1 expression. Bacteroides and Lactobacillus produce bile salt hydrolase (BSH), which hydrolyzes the C-24 N-acyl bond between taurine and bile acids, breaking down taurocholate-a compound of bile acids and taurine entering the intestine via bile-into free bile acids and taurine (Cai et al., 2022). Taurine, a cysteine derivative, can bind to glycine-receptor α2 and GABA(A) receptors, releasing signals that upregulate the level of lncRNA TUG1 (Young et al., 2005). LncRNA TUG1 can facilitate the differentiation of bone marrow mesenchymal stem cells into osteoblasts and inhibit their apoptosis by targeting the miRNA-34a/FGFR1 pathway (Wang et al., 2021a). These studies illustrate the potential for Bacteroides and Lactobacillus to increase bodily taurine levels and subsequently upregulate lncRNA TUG1. These theories may support the results of our study, which showed that fecal transplantation could alleviate LPS-mediated OP by regulating the expression of lncRNA TUG1. The study also found that the restoration levels of lncRNA TUG1 in the blood post-FMT were higher than in the gut, which may be related to the different ability of lncRNA TUG1 expression in different tissue cells. A study found that TUG1 levels are higher in the central nervous system than in other tissues (Subhramanyam and Hu, 2017). Another study found that TUG1 was mainly distributed in the cytoplasm and nucleus, so the distribution of TUG1 in different cellular structures was different (Liu et al., 2020). However, the reasons for these differences still need further investigation.

Research indicates that Lactobacillus can drive RNA m6A modification mediated by METTL3 through its production of lactic acid, thereby upregulating lncRNA TUG1 (Xiong et al., 2022; Xi et al., 2024). Bacteroides can downregulate the TLR4/NF-κβ signaling pathway through its production of capsular polysaccharide A, reversing LPS-mediated inflammatory responses (Wang et al., 2021b). These findings reveal potential mechanisms by which Lactobacillus and Bacteroides influence LPS-mediated OP through other metabolic products, with more mechanisms yet to be explored.

In addition to affecting the gut microbiota and levels of lncRNA TUG1, FMT can influence bone metabolism by regulating gut barrier functions and the levels of inflammatory factors. FMT increases the expression of ZO-1 and Occludin to restore gut barrier function and inhibits the release of TNF-α and IL-1 β to suppress osteoclast formation, all of which are beneficial for alleviating OP (Zhang et al., 2022a). Moreover, transplanting feces from elderly OP rats to young rats compromised the intestinal barrier of the young (Wang N. et al., 2022). Transplanting feces from postmenopausal OP women to germ-free mice treated with antibiotics elevated levels of TNF-α and IL-17A in the mice (Chen et al., 2024). These studies highlight the roles of gut barrier integrity and systemic inflammatory status in FMT.

Previous animal studies on FMT for the treatment of OP mostly used elderly animal models or animal models with estrogen deficiency after ovariectomy. In this study, LPS was used to establish animal models of inflammation-mediated OP, and the positive role of FMT in the treatment of LPS-mediated OP and the possible mechanism were investigated. This study also found that the number of Bacteroides and Lactobacillus in the intestine of OP mice increased after FMT treatment, and identifying these potentially beneficial bacteria can provide reference for other treatment methods such as intake of probiotics. This study is the first to focus on the changes in the level of LncRNA TUG1 during FMT treatment of OP, and lncRNA TUG1 has been shown to promote the proliferation of osteoblasts and inhibit their apoptosis. The results of this study can provide new ideas for the mechanism of FMT treatment of OP.

However, there are certain limitations in this study. The study focused solely on the changes in the gut microbiota and lncRNA TUG1 levels following FMT, but did not evaluate the effects of changes in gut barrier function and inflammatory factor levels on bone metabolism. Furthermore, it did not analyze the functional aspects of the gut microbiota through metabolomics. This study noted an increase in the abundance of Bacteroides and Lactobacillus post-FMT and highlighted the elevated levels of lncRNA TUG1. Building on previous studies on taurine metabolism and efficacy, it outlined a positive pathway involving Bacteroides/Lactobacillus-taurine-lncRNA TUG1 (Young et al., 2005; Cai et al., 2022). Future studies will consider incorporating Phylogenetic Investigation of Communities by Reconstruction of Unobserved States or metabolomics analyses to provide more comprehensive evidence for the mechanisms by which FMT alleviates OP. Additionally, the functional assays for lncRNA TUG1 need to be improved, such as clarifying whether knocking down lncRNA TUG1 can reverse the effects of FMT. These issues will be addressed in further research.

Currently, FMT faces numerous challenges in treating human OP. Inappropriate donor selection can not only fail to treat OP but also increase the presence of harmful components in the gut microbiota or even lead to cross-infection. Donor screening is difficult and costly; one study showed that only about 10% of potential donors passed the screening due to reasons such as medication use, parasitic infections, and Helicobacter pylori infections, with the entire process costing 64.112 euros (Bénard et al., 2022). The selection of recipients is equally important; causes of OP include aging, inflammation, and estrogen deficiency, and it is unclear which subtypes benefit most from FMT. It is also uncertain whether FMT could cause adverse reactions in patients with other diseases or those taking other medications (Zhang et al., 2022b). Future research should seek solutions to these issues, further standardize the selection of fecal donors and recipients, and the transplantation routes, explore the appropriate number of transplantations, and weigh the pros and cons of combination therapies. For treating different subtypes of OP, personalized microbiome intervention strategies should be a direction for future research, such as personalized enrichment treatments with beneficial gut bacteria. Additionally, establishing a large-scale microbial library based on standard healthy donor gut microbiota could help reduce the risks and costs associated with FMT. As research continues to deepen, it is anticipated that fecal transplantation therapy for OP will bring more benefits to patients and society.
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Hypothermia and swimming have been shown to alleviate high-fat diet (HFD)-induced obesity, with effects linked to the gut microbiota (GM). However, whether the effects of cold water swimming (CWS) on GM can be effectively transferred through fecal microbiota transplantation (FMT) has not been investigated. This study established mice models of obesity, CWS and FMT to investigate the mechanism by which CWS reshapes GM to improve HFD-induced obesity. Additionally, we analyzed the relationship between obesity phenotypes, GM composition, gene expression and CWS. The study found that HFD induced obesity phenotypes and GM dysbiosis in mice, while CWS produced opposite effects. The FMT results confirmed that CWS effectively alleviated HFD-induced lipid accumulation, metabolic disorders, and chronic inflammatory responses, which are associated with increased GM diversity, enrichment of beneficial bacteria, and the repair of intestinal barrier damage. Furthermore, these beneficial effects can be effectively transferred via FMT. The evidence from this study suggests that GM plays a critical role in the anti-obesity effects of CWS, with intestinal barrier repair emerging as a potential therapeutic target. This also provides scientific evidence for the feasibility of FMT as a strategy to combat obesity.
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Introduction

The global estimate for high body mass index (BMI ≥ 25kg/m2) indicates that ~2.63 billion individuals will be affected in 2023 and this number is projected to exceed 4 billion by 2035 (World obesity atlas, 2024; Nomura et al., 2024). High BMI is associated with the early onset of various non-communicable diseases, including type 2 diabetes, cardiovascular disease (CVD), cancer, and stroke (Piché et al., 2020). Obesity further exacerbates these risks. Currently, the primary approaches for treating obesity are medications, surgical treatment, physical activity, and dietary management (the significant role of the Mediterranean diet in obesity prevention and management should not be overlooked) (Dominguez et al., 2023). However, long-term use of medicine is often accompanied by adverse gastrointestinal reactions (Rubino et al., 2021; Sodhi et al., 2023), hypertension, and mental disorders (Gudzune and Kushner, 2024) and may even lead to significant reductions in heart weight and cardiomyocyte area (Martens et al., 2024). Surgical interventions carry risks of postoperative and metabolic complications (e.g., gastroesophageal reflux and severe nutrient deficiencies) as well as the need for re-operation (Perdomo et al., 2023). Notably, pharmacological and surgical interventions primarily address the obesity phenotype but do not positively impact obesity-induced declines in cardiopulmonary fitness, metabolic dysfunction, or mental disorders. Exercise, another effective intervention, is recommended by the American College of Cardiology (ACC) and the European Society of Cardiology (ESC). It should be emphasized that although exercise does not cause serious adverse effects or excessive disease burden, forms of exercise other than swimming may increase the risk of joint injuries in individuals due to high BMI (Roos and Arden, 2016).

Growing evidence indicates that gut microbiota (GM) is closely associated with diseases, including high-fat diet (HFD)-induced obesity (Perler et al., 2023). Meanwhile, GM is highly plastic and easily influenced by environmental factors, including diet and exercise. Differences in GM composition and function were observed between obese individuals and healthy subjects, and this finding was closely related to HFD-induced dyslipidemia and pro-inflammatory GM changes (Aron-Wisnewsky et al., 2021; Chambers et al., 2019). Clinical trials have shown that GM diversity and abundance of beneficial bacteria are significantly higher in individuals engaged in aerobic exercise than in obese individuals (Leong et al., 2020). Animal studies also support these findings, attributing the positive changes to GM remodeling (Dohnalova et al., 2022). Recent studies have found that low-temperature exposure induces dramatic changes in GM diversity, and composition, leading to weight loss (Ziȩtak et al., 2016), which is achieved by promoting fat browning, increasing energy expenditure, and repairing intestinal barrier damage (Li et al., 2019). Interestingly, these changes can be effectively transferred through fecal microbiota transplantation (FMT) (Chevalier et al., 2015), thus offering a novel option for obesity treatment.

In recent years, FMT has gradually attracted significant attention. Whether GM was transplanted from healthy mice to HFD-induced obese mice or from obesity-improved mice to healthy mice, the donor GM phenotype was consistently replicated (Barcena et al., 2019; Shtossel et al., 2023), emphasizing the causal relationship between FMT-mediated GM regulation and disease improvement. Moreover, although there is a correlation between GM donors and acceptors (Porcari et al., 2023), higher GM diversity and abundance in the donor are associated with an increased success rate of setting values when recipient conditions remain constant (Kump et al., 2018). Hence, the success of FMT engraftment is more influenced by the donor. Both exercise and hypothermia significantly enhanced GM diversity and abundance while demonstrating unique advantages in energy consumption. However, little is known about how to reshape GM based on Cold water swimming (CWS) to improve the mechanism of obesity.

To elucidate the relationship between CWS and HFD-induced iGM imbalance and to determine whether GM composition and changes are associated with the anti-obesity effects induced by long-term CWS. This study transplanted GM from mice subjected to long-term CWS into obese mice, validating GM as a key target for the an-ti-obesity effects of CWS, which also found that FMT effectively transferred the anti-obesity effects induced by CWS, including significant increases in GM diversity and abundance, as well as the repair of intestinal barrier damage and metabolic dysfunction. These findings lay the foundation for GM-targeted interventions to improve or treat obesity.



Materials and methods


Experimental animals and protocol
 
Experimental animals

This study used 46 SPF-grade male C57BL/6J mice aged 4 weeks, weighing 12–14 g, purchased from the Animal Research Center of Shanxi Medical University [SCXK (Shanxi) 2019-0004]. The laboratory conditions included a temperature of (25 ± 2°C), relative humidity (50 ± 5%), and a 12-h light-dark cycle. All mice were housed in open cages within a flexible membrane isolator with filtered air ventilation. Free access to food and water was provided, and after 1 week of acclimatization, the mice were randomly divided into the HFD group (n = 12), normal-fat diet (NFD) group (n = 12), CWS group (n = 12), and FMT group (n = 10). All animal experiments were approved by the Ethics Committee of Shanxi Medical University, Ethical Review Number: 2023020.



Experimental protocol

The NFD and CWS groups received standard chow (13.5% of calories from fat), while the HFD group was fed HFD (60% of calories from fat), provided by Book Yu Biological Technology (Shanghai) Co., Ltd., License No.: Su Feeding Permit (2019) 01008, and continued for 18 weeks. The CWS protocol was based on Da's study (Da Silva et al., 2020), with an adaptive CWS protocol (2 weeks): 3 days/week, 10 min/day, each session increased by 5 min; the temperature was 37°C, each reduction was 3°C; formal exercise protocol (16 weeks): 20°C, 30 min/day, 3 days/week, for a total of 16 weeks.




Fecal microbiota transplantation

The FMT procedure was modified by Wang et al. (2020) and performed after the construction of the HFD and CWS models. Fresh feces from the donor (CWS group) were collected, homogenized in sterile phosphate buffer saline (PBS), and centrifuged at 4000 r/min for 5 min. The supernatant was aliquoted and stored at −80°C for further use. After 1 week of antibiotic pretreatment, the FMT was performed on the recipient (HFD group) with 200 μl per injection, three times per week until the end of the experiment. Feces from the FMT group were collected at the end of the study, snap-frozen in liquid nitrogen, and stored at −80°C for further analysis.



Biochemical analysis

After modeling, the mice were fasted for 5 h and injected intraperitoneally with 25% urethane at a dose of 0.5 ml/100 g (20 g urethane in water, final volume 100 mL, 100 g mouse injected with 0.5 ml), and anesthesia was successfully achieved. Fresh blood samples were collected via cardiac puncture, centrifuged at 4000 r/min for 7 min, and the supernatant was used to measure serum biochemical parameters. According to the manufacturer's instructions, high-density lipoprotein (HDL), low-density lipoprotein (LDL), Total Cholesterol (TC), and Triglyceride (TG) were measured by colorimetric assays using an enzyme-linked immunosorbent assay (ELISA) kit purchased from Abbkine. Serum Lipopolysaccharide (LPS) levels were measured using a solid-phase sandwich ELISA kit purchased from Bio Swamp Ltd., following the manufacturer's instructions.



Histological analysis

Tissue blocks (fat, liver, colon) from each mouse were collected, fixed in 4% para-formaldehyde solution for 36 h, and embedded in paraffin, followed by cutting into 4 μm slices. These slices were stained with Hematoxylin and Eosin (H&E) using standard techniques and then used for histopathological analysis. Observations were made under a light microscope to examine fat cell size in fat tissues, pathological changes in liver tissues the length of villi, and the number of goblet cells in the colon.



Real-time fluorescent quantitative PCR (qrt-PCR)

Total RNA was isolated from adipose tissue and liver tissue, and quantitative qRT-PCR for mRNA was performed by adding a fluorescent substance to the qRT-PCR reaction system. The fluorescent signal was detected in real-time through binding to amplification products. The experimental procedure was as follows: First, RNA extraction was carried out, followed by reverse transcription, and then relative quantitative analysis of mRNA was performed. Information on tissue genes and the housekeeping gene GAPDH can be found in Table 1. Total RNA was isolated from the right lateral lobe of the mouse liver and adipose tissue, and qRT-PCR was performed as previously described. Based on the results of the aforementioned bioinformatics analysis, genes Uncoupling protein 1 (UCP-1), Peroxisome proliferator-activated receptor γ coactivator 1-alpha (PGC-1α), Protein kinase AMP-activated catalytic subunit alpha 1 (PRKAA1), and tumor necrosis factor-α (TNF-α) were selected for validation. The sample size was increased, and qRT-PCR technology was used to detect the expression levels of these genes in the NFD, HFD, CWS, and FMT groups. Their expression levels were measured. Total RNA was extracted using Buffer RLA, Buffer RW3, Buffer RW, and proteinase K. One microgram of total RNA from each sample was reverse transcribed using a reverse transcription system. Real-time amplification was performed using Master Mix and Primers. The initial stage was set at 95°C for 30 s, followed by a two-step program of 95°C for 10 s and 60°C for 30 s, cycled 40 times, and finally a three-step program of 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s. The relative expression of genes was evaluated using the 2∧(–ΔΔCT) method.


TABLE 1 Gene organization and the reference gene GAPDH information.
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Gut microbiota analysis
 
DNA extraction from samples

The total genomic DNA from GM was extracted according to the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, U.S.), following the manufacturer's protocol. The quality of the extracted genomic DNA was checked using 1% agarose gel electrophoresis, and DNA concentration and purity were determined using NanoDrop2000 (Thermo Scientific, USA).



PCR amplification and sequencing library construction

Using the extracted DNA as a template, PCR was performed with the barcode-labeled forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) targeting the V3-V4 variable regions of the 16S rRNA gene. Each sample was amplified in triplicates. After recovery and purification of the PCR products from the same sample, quantification was performed. The purified PCR products were then used to build sequencing libraries using the NEXTFLEX Rapid DNA-Seq Kit, and the original data was uploaded to the National Center for Biotechnology Information (NCBI) database under the sequence number PRJNA1203435.



Sequence data analysis

Quality control was performed on the paired-end raw sequencing sequences using fastp (Chen et al., 2018) (version 0.19.6). The FLASH (Magoc and Salzberg, 2011) (version 1.2.11) software was used for sequence merging. The sequencing analysis was based on the DADA2 (Bolyen et al., 2019) plugin in the Qiime2 pipeline (Callahan et al., 2016), where optimized sequences were denoised. The denoised sequences obtained from DADA2 were Amplicon Sequence Variants (ASVs). Mitochondrial and chloroplast sequences were removed from all samples. All samples were rarefied to equal sequencing depth, followed by taxonomic analysis at the ASVs level using a Naive Bayes classifier. Functional prediction analysis of the 16S rRNA sequences was performed using PICRUSt2 (Douglas et al., 2020) (version 2.2.0).




Statistical analysis

Statistical analysis and plotting were performed using GraphPad Prism 10. If data met a normal distribution, means ± standard deviation were used to represent the data, and one-way analysis of variance (ANOVA) was used for intergroup comparisons. Non-normally distributed data were expressed as median (IQR), and group comparisons were performed using the Kruskal-Wallis test. Statistical significance was set at P < 0.05

All sequencing data analyses were conducted on the MegBio Cloud Platform, with the following details: Alpha diversity was calculated using the Mothur (Schloss, 2020) software, including Shannon and Chao indices and the Wilcoxon rank sum test was used for intergroup differences in Alpha diversity analysis. The similarity of GM structure among samples was tested using Principal co-ordinates analysis (PCoA) based on the Bray-Curtis distance algorithm and PERMANOVA non-parametric test was used to analyze significant differences in GM structure between sample groups. Linear discriminant analysis Effect Size (LEfSe) analysis (Segata et al., 2011) [Linear discriminant analysis (LDA) > 4, P < 0.05] was used to identify significant differences in bacterial taxa from phylum to genus level between groups. Distance-based redundancy analysis (db-RDA) was used to analyze the effects of CWS on GM structural changes. Linear regression analysis was used to assess the impact of CWS on GM alpha diversity indices in db-RDA. Species were selected for correlation network analysis based on Spearman correlation (|r| > 0.6, P < 0.05).




Results


CWS improves HFD-induced obesity phenotypes

To evaluate the effect of CWS-based FMT on HFD-induced obesity, 10-week HFD-induced obesity and CWS mice models were established. Compared with the NFD group, mice in the CWS, and HFD groups showed significantly higher body weight (P < 0.01), consistent with changes in body size, with the HFD group exhibiting the most pronounced differences (Figure 1A). The total fat mass, visceral fat, and mice anatomy exhibited trends similar to those of body weight (Figures 1B, D, I). Notably, compared with the NFD group, the body weight-to-total fat ratio was significantly higher in the CWS and HFD groups, which can be attributed to weight gain induced by the HFD. However, the CWS group accumulated more fat, resulting in the highest body weight-to-total fat ratio. This suggested two mechanisms: on one hand, it shows that the compensation mechanism can obtain more energy from the physical objects consumed (Worthmann et al., 2017), and on the other hand, adaptive thermogenesis during CWS, which increased weight and fat mass in response to the low-temperature environment (Aldiss et al., 2022). To clarify the effects of CWS on mice fat, we analyzed fat types. Compared with the NFD group, epididymal white adipose tissue (eWAT) weight significantly increased in both the CWS and HFD groups (P < 0.001, Figure 1F). Inguinal white adipose tissue (iWAT) and brown adipose tissue (BAT) weights were significantly higher in the CWS group compared with the NFD group (P < 0.001, Figures 1E, G), indicating that CWS induces thermogenic regulation of energy homeostasis, leading to fat browning, a result consistent with previous studies (Cani and Van Hul, 2024). These findings suggested significant differences in obesity phenotypes between CWS and HFD models, but whether CWS-based FMT can improve HFD-induced obesity phenotypes remains unclear. Thus, after 8 weeks of CWS and HFD modeling, an FMT model was established. Remarkably, FMT replicated the CWS-improved obesity phenotype induced by HFD (P < 0.001, Figures 1A–G), suggesting that the GM altered by CWS held potential for obesity improvement.
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FIGURE 1
 CWS improves the obese phenotype induced by HFD. (A) Changes in mice body weight during the experiment; (B) Total fat mass; (C) Fat/weight ratio; (D) Visceral fat; (E) iWAT; (F) eWAT; (G) BAT; (H) Mice morphology image; (I) Visceral fat image in the abdominal cavity; (J) Morphological image of fat types. Data are presented as mean ± SD; ns, no significant difference; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.




CWS improves HFD-induced metabolic disorders, browning pro-cesses, intestinal barrier function and gene expression

Long-term CWS-induced adaptive changes positively affected dyslipidemia, inflammatory responses, fat browning, and gene expression. These changes could be replicated in recipients via FMT. To verify this possibility, we analyzed key lipid and inflammatory markers. Compared with the NFD group, HFD-induced mice exhibited dyslipidemia, with significantly elevated LDL, TC, and TG levels (P < 0.001, Figures 2B–D), reduced HDL levels (P < 0.001, Figure 2A), and increased LPS levels (P < 0.001, Figure 2E). The CWS group showed trends opposite to those of the HFD group, and the FMT group mirrored the CWS group's patterns. Combined with obesity phenotype data (Figure 1), these results demonstrated that HFD-induced weight gain was strongly correlated with dyslipidemia and inflammation, consistent with previous studies (Huang et al., 2021). To better understand the browning process of fat after CWS, pathological sections and H&E staining of adipose tissues and liver were conducted, and the H&E results were as expected. Compared with the NFD group, the HFD group exhibited significant expansion of eWAT cells and lipid accumulation in the liver (Figure 2F), whereas the CWS and FMT groups showed opposing results. BAT and iWAT contain higher mitochondrial density than eWAT, resulting in more efficient thermogenesis and metabolic benefits (Becher et al., 2021), consistent with the findings of this study. Compared with the NFD and HFD groups, the CWS group significantly inhibited adipocyte expansion and induced eWAT browning and BAT increases, as evidenced by differences in adipocyte size, number, and density (Figure 2F). These findings indicated that eWAT browning and BAT increases were more pronounced under dual stimuli of low-temperature exposure and exercise, which were significantly associated with improved HDL, LDL, TC, TG, and LPS levels. Notably, similar changes were observed in the FMT group, indicating that the GM phenotype reshaped by CWS could be effectively transferred via FMT.


[image: Violin plots labeled A to E display data comparisons across various conditions. Panel F shows histological sections of different tissues, including inguinal white adipose tissue (iWAT), epididymal white adipose tissue (eWAT), brown adipose tissue (BAT), liver, and colon, with changes visible across CWS, NFD, HFD, and FMT groups. Panels G to I present bar graphs representing specific measurements under these conditions, with statistical significance indicated by asterisks. The image illustrates experimental results concerning tissue structure and measurements across different dietary and treatment groups.]
FIGURE 2
 CWS improves HFD induced metabolic disturbances, browning processes, gut barrier function, and gene expression. (A–E) Impact on serum biochemical indicators: (A) HDL levels; (B) LDL levels; (C) TC levels; (D) TG levels; (E) LPS levels; (F) Representative images of fat and liver from H&E staining; (G) PGC-1α expression levels; (H) UCP-1 expression levels; (I) PRKAA1 and TNF-α mRNA abundance was determined by qRT-PCR analysis expression levels. Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.


HFD-induced dyslipidemia and inflammatory responses disrupted intestinal integrity and the intestinal barrier. Similarly, this study found that HFD-induced obesity resulted in a significant reduction in the number of goblet cells in the colon, along with decreased intestinal wall thickness and villus height, compared with the NFD group (Figure 2F). Dyslipidemia and increased LPS levels further supported evidence of intestinal integrity and barrier damage. Each intestinal cell contained up to 1,000 microvilli, structures that expanded the absorptive surface area by 25-fold. In contrast, the CWS group exhibited a marked increase in goblet cell numbers, intestinal wall thickness, and villus height (Figure 2F). These findings suggest that cold exposure enhanced intestinal absorptive capacity through these structural adaptations, and FMT effectively replicates these beneficial changes.

Low-temperature exposure activated UCP-1-mediated thermogenesis in BAT to counteract obesity. This study found that CWS significantly increased the expression of PGC-1α in various types of adipose tissue, with the highest increase observed in BAT (P < 0.001, Figure 2G). Similarly, the expression of UCP-1, which is regulated by PGC-1α, followed a similar trend (Figure 2H). This result aligned with fat browning induced by CWS and was linked to enhanced mitochondrial biogenesis and improved metabolism due to low-temperature exposure (Caesar et al., 2015). Another critical pathway involved in metabolism and inflammation was AMP-activated protein kinase (AMPK). The deletion of its PRKAA1 subunit can induce obesity and hepatic steatosis (Yang et al., 2022). Our findings revealed a significant increase in PRKAA1 expression in the CWS group compared with the NFD group (P < 0.001, Figure 2I), with similar changes observed in the FMT group. This indicates that CWS improves metabolism by inducing PRKAA1 expression, consistent with previous studies (Mulligan et al., 2007). Additionally, compared with the NFD group, the CWS group showed significantly inhibited TNF-α expression in the liver (P < 0.001, Figure 2I), whereas the HFD group exhibited a significant upregulation (P < 0.01, Figure 2I). After FMT, TNF-α levels were significantly reduced. In summary, long-term CWS ameliorated HFD-induced obesity by enhancing metabolism, promoting fat browning, increasing intestinal absorption, and modulating gene expression. These benefits were transferable through FMT.



CWS alters gut microbiota diversity and community structure

Obesity is negatively correlated with GM diversity, and a decrease in GM diversity is consistent with previous studies observed in HFD mice (Wastyk et al., 2021). However, it remains unclear whether CWS and FMT can affect the GM diversity induced by HFD obesity. Fecal samples from the four mice groups were collected, and 16S rRNA gene sequencing was used to obtain 2,323,439 optimized sequences with 975,132,110 bases and an average sequence length of 420 bp. Alpha diversity results showed significant differences between groups; compared to the NFD group, the HFD group showed significant reductions in Chao, Simpson, and Shannon indices, while the CWS group showed significant increases (P < 0.05, Figures 3A–C). In comparison to the HFD group, the FMT group also showed significant increases. Venn diagrams (Figures 3D, E) and Chao index rarefaction curves (Figure 3F) further confirmed that HFD significantly reduced GM diversity, while CWS significantly increased GM diversity, and FMT could replicate the result of increasing GM diversity in the CWS group. Based on the Bray-Curtis distance, PCoA analysis visualized the differences in GM structure among the four groups (Figure 3G). PC1 and PC2 explained 16.03% and 9.22% of the variation, respectively, and the PCoA plot showed different clustering patterns: the HFD group clustered in the top left quadrant, the NFD group in the bottom left quadrant, while the CWS and FMT groups were clustered along the right axis. This indicates significant differences in the GM community structure among the HFD, NFD, CWS, and FMT groups, and the similarity of the GM community structure between the CWS and FMT groups further confirms the feasibility and efficacy of FMT. These results suggest that HFD significantly altered the GM community structure, while long-term CWS or FMT effectively prevents drastic changes in the GM community structure.
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FIGURE 3
 CWS alters GM diversity and community structure. (A) Chao index in α-diversity analysis; (B) Simpson index in α-diversity analysis; (C) Shannon index in α-diversity analysis; (D) Venn diagram of ASV levels; (E) UpSet plot of ASV levels; (F) Species rarefaction curve at Chao index level; (G) PCoA analysis of GM based on Bray_Curtis distance in feces. Principal components (PCs) 1 and 2 explained 16.03 and 9.22% of the variance, respectively; (H) Taxonomic composition of GM at the phylum level; (I) Pie chart of GM community at the phylum level; (J) B/F ratio; (K, L) Relative abundance of GM at the phylum level; (K) Firmicutes; (L) Bacteroidetes. Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.


To further investigate the specific changes in GM, the relative abundance of GM at the phylum level was analyzed among different groups. Firmicutes and Bacteroidota were the dominant phyla, accounting for about 80% of the total sequences (Figures 3H, I). Compared to the NFD group, there was a significant 7.13% increase in Firmicutes abundance in the HFD group (P < 0.05, Figures 3H, I, K), consistent with previous studies (Zhang et al., 2020). However, CWS did not reverse this change. Compared to the NFD group, long-term CWS significantly reduced Bacteroidota abundance by 19.98%, while the FMT group showed a reduction of 8.11%. Similar trends were observed when comparing CWS and FMT to the HFD group (reductions of 19.02% and 7.15%, respectively). The consistent trend between the CWS and FMT groups suggests a relationship between long-term CWS and FMT. The ratio of Bacteroidota to Firmicutes (B/F ratio) was correlated with obesity; compared to the NFD group, the HFD group had a significantly lower B/F ratio (P < 0.05, Figure 3J). However, the trend in the CWS and FMT groups was inconsistent with the hypothesis, suggesting that the discrepancy might have been attributed to CWS and requires further verification.



CWS alters GM composition

The obese phenotype induced by HFD is closely related to GM. In HFD mice, we observed increased lipid accumulation, metabolic endotoxemia (elevated blood lipid and inflammation), disrupted gut barrier integrity, and altered GM diversity and gene expression. These findings indicated that the composition of GM induced by HFD may have changed. To assess the effects of CWS, FMT, and HFD, we analyzed microbial composition at the phylum and genus levels. The LEfSe results indicated significant differences among bacterial taxonomic groups induced by CWS, HFD, and FMT, including phyla such as Firmicutes, Bacteroidota, Proteobacteria, Actinobacteria, Patescibacteria, and Verrucomicrobiota (Figure 4A). The LDA bar graph at the phylum-genus level showed 72 dominant genera, where CWS accounted for 38.89% (28 genera), HFD for 34.72% (25 genera), FMT for 18.05% (13 genera), and NFD for 8.33% (6 genera) (Figure 4B).


[image: Circular phylogenetic tree in panel A clusters bacteria by taxonomy. Bar chart in panel B compares bacterial populations. Panel C shows stacked bar charts of relative bacterial abundance categorized by group. Panels D, E, and F display differential abundance analysis with taxa names and significance values on bar plots. Various colors indicate different taxa in all panels.]
FIGURE 4
 CWS alters the composition of GM. (A) LEfSe analysis of intergroup GM at the phylum-genus level Cladogram; (B) LDA at the phylum-genus level. (LDA >3 was considered to be the differential characteristic taxon); (C) Composition of GM at the genus level; (D–F) Dominant genera with significant differences between groups; (D) Comparison of HFD and NFD groups; (E) Comparison of HFD and FMT groups; (F) Comparison of CWS and NFD groups. Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.


Further analysis at the genus level revealed significant differences among the dominant genera between groups (Figure 4C). Using the testing method for intergroup differences on the top 10 genera by relative abundance, we identified significant differences in genera between HFD and NFD groups, HFD and FMT groups, and NFD and CWS groups. Based on the community abundance data, a pairwise test method was used to analyze the top 10 genera with significant differences (P < 0.05). Harmful genera such as Ileibacterium and Coriobacteriaceae_UCG-002 are significantly increased in the HFD group compared to the NFD group (Figure 4D). In the CWS group, beneficial genera such as Lachnospiraceae_NK4A136_group, Prevotellaceae_NK3B31_group, and Sporosarcina were significantly increased compared to the NFD group (Figure 4F). The changes in the relative abundance of these inflammation-related genera were consistent with changes in serum LPS levels. It is worth noting that in obese mice induced by a HFD, the abundance of beneficial bacteria such as g_norank_f_norank_o_Clostridia_UCG-014, Lactobacillus, Prevotellaceae_NK3B31_group, Prevotellaceae_UCG-001, and Candidatus_Saccharimonas significantly increased after FMT (Figure 4E). In summary, these results indicate that the differential changes in dominant microbial communities are consistent with the hypothesis of this study, that long-term regular CWS can reshape the GM composition in HFD-induced obese mice, and that this reshaping can be effectively transferred through FMT.



CWS and HFD-induced GM changes correlate with metabolic indicators

At the genus level, a total of 22 bacterial genera with the highest abundance were selected, and a correlation matrix was generated using the Spearman correlation coefficient (Figure 5A). The potential relationship between GM changes and metabolic indicators caused by cryogenic swimming and HFD was clarified through correlation analysis. The results showed that most key bacterial abundances were highly correlated with metabolic indicators. Beneficial bacteria affected by CWS maintain intestinal integrity, increase Short-chain fatty acids (SCFAs) and improve blood lipids and inflammation, such as Prevotellaceae_UCG-001, Prevotellaceae_NK3B31_group, Candidatus_Saccharimonas, Sporosarcina, Lactobacillus and Psychrobacter, whose abundance is positively correlated with HDL, while LDL, TC, TG and LPS are negatively correlated. On the contrary, the abundance of harmful bacteria affected by HFD, Alistipes, Ileibacterium, and Erysipelatoclostridium, was significantly negatively correlated with HDL while positively correlated with LDL, TC, TG, and LPS. The results of the two-factor correlation network analysis between GM and metabolic indicators were consistent with the correlation analysis (Figure 5B). Meanwhile, TC and TG showed more bacterial genus correlations, followed by LPS, HDL, and LDL.


[image: Panel A shows a heatmap of microbial taxa abundance with a gradient from blue (low) to red (high). Panel B presents a network diagram of microbial interactions with nodes and connecting lines. Panel C displays a scatter plot of principal coordinate analysis illustrating sample clustering. Panels D, E, and F are ROC curves for genus-level analysis with different group classifications, displaying varying degrees of model performance.]
FIGURE 5
 The changes in GM induced by CWS and HFD are correlated with metabolic indicators. (A) Correlation analysis of the top 22 dominant genera with metabolic indi-cators (red indicates positive correlation, blue indicates negative correlation); (B) Bipartite network plot of genera and metabolic indicators; (C) Ordination plot of species by RDA/CCA. CCA1 and 2 explained 7.86 and 3.87% of the variance, respectively.; (D) HFD and NFD related. Area Under Curve (AUC:0.99); (E) HFD and FMT related. (AUC:0.71); (F) CWS and NFD related. (AUC:1). ROC; *P < 0.05, **P < 0.01, ***P < 0.001.


To further analyze the relationship between metabolic indicators and GM across different groups, Redundancy analysis/Canonical correspondence analysis (RDA/CCA) analysis was conducted (Figure 5C). The results showed that the sample distributions of each group were concentrated and significantly different. The microbiota functions of the CWS and FMT groups were similar, which was consistent with the PCoA results. The GM in the HFD group is highly correlated with TC, TG, LDL, and LPS, directly affecting the composition and function of GM in the HFD group. In contrast, the GM in the CWS and FMT groups is highly correlated with HDL, similarly affecting the composition and function of GM in the CWS and FMT groups. This difference is related to low temperature and HFD and is also consistent with the research hypothesis that CWS reshapes HFD-induced GM. In order to reveal the interrelationship between sensitivity and specificity among different groups, as well as the biomarkers at the genus level between different groups, a receiver operating characteristic (ROC) curve was constructed. The ROC curve analysis showed AUCs of 99%, 71%, and 100% respectively (Figures 5D–F). These results indicate that the changes in GM caused by CWS and HFD are highly correlated with metabolic indicators. The changes in GM in the FMT group are similar to those in the CWS group, providing further evidence to support the improvement of obesity by FMT.




Discussion

Research indicates that weight loss in obese mice is associated with CWS-remodeled GM enhancing energy expenditure, but how CWS remodels GM in HFD-induced obese mice to ameliorate obesity, and whether this effect can be effectively transmitted through FMT remain unclear. This study systematically reveals for the first time that CWS alleviates HFD-induced obesity through multiple mechanisms, with evidence including the following aspects. First, a novel pattern of CWS remodeling GM to coordinate energy homeostasis. CWS activates the AMPK/SIRT1/PGC-1α signaling pathway to induce adipose browning, significantly improving energy metabolism in HFD mice, which synergizes with enhanced GM diversity and specific enrichment of anti-inflammatory and metabolism-regulating bacterial genera. Second, this study provides the first evidence that CWS induces increased intestinal barrier integrity and absorptive area in mice. CWS reduces LPS levels while significantly enriching intestinal barrier-repairing bacterial genera, markedly enhancing gut barrier function. Third, CWS-remodeled GM can be effectively transferred through FMT. Recipients post-FMT show high similarity in GM structure with donors, with a concurrent recapitulation of obesity phenotype improvement and intestinal barrier restoration.

Increasing evidence suggests that low-temperature exposure alleviates HFD-induced obesity and is associated with the reshaping of the GM (Worthmann et al., 2017; Ziȩtak et al., 2016). The results of our study showed that CWS, while increasing energy expenditure and reducing lipid accumulation, also induced significant changes in GM. GM diversity reflects the co-evolution between microbial communities and the host, which is consistent with the decrease in GM diversity caused by HFD and the increase due to CWS. Our study further revealed that CWS increases the proportions of the phyla Firmicutes and Bacteroidota. Overall, these results suggest that adaptive mechanisms in the host play a role in improving metabolism and controlling body weight. Both low-temperature exposure (Chevalier et al., 2015) and exercise (Cani et al., 2019) can modulate GM to facilitate fat browning (Pereira et al., 2022).

Mechanistically, CWS induces adipose browning and increases energy expenditure by activating UCP-1 and PGC-1α expression in BAT, ultimately reducing lipid accumulation (Liu et al., 2019). Through dual stimulation (cold exposure and exercise), CWS activated AMPK through dual stimulation (cold exposure + exercise) and catalyzed upregulation of subunit PRKAA1 expression (Figure 2I), which further promotes SIRT1 activity and leads to significant upregulation of PGC-1α, the core regulator of mitochondrial biosynthesis. This drove eWAT browning and BAT activation, manifested as a marked increase in iWAT and BAT mass (Figures 1E, G). Additionally, PGC-1α promoted mitochondrial thermogenesis and energy expenditure by elevating UCP-1 transcriptional levels, thereby reducing lipid accumulation (Figure 1F). These findings demonstrate that CWS likely promotes adipose browning via the AMPK/SIRT1/PGC-1α pathway, attributable to both exercise and cold exposure. This mechanism shares commonalities with metabolic improvements observed in cold exposure studies (Chevalier et al., 2015), but this study is the first to demonstrate that cold-water swimming synergizes with exercise adaptation through the AMPK/SIRT1/PGC-1α axis, achieving more pronounced adipose browning and metabolic benefits. Notably, FMT successfully transfers these adaptive changes. The data further support FMT as an effective strategy for ameliorating obesity.

HFD-induced GM imbalance led to a pro-inflammatory environment that accelerates metabolic disorders (Cai et al., 2024), while also disrupting intestinal barrier function and increasing intestinal permeability (Tulkens et al., 2020). These changes accelerate the release of LPS into the blood, inducing systemic chronic inflammation. A growing body of evidence suggests that impaired intestinal barrier function was associated with obesity (Beisner et al., 2021; Zhang et al., 2020). This study found that in HFD mice, CWS significantly reduced the levels of some bacteria associated with LPS and obesity, including Ileibacterium, Coriobacteriaceae_UCG-002, Akkermansia, and Bifidobacterium. On the contrary, the levels of beneficial bacteria that resist LPS and obesity were significantly increased, including Lachnospiraceae_NK4A136_group, Prevotellaceae_NK3B31_group, Sporosarcina, etc. This ultimately led to a decrease in LPS levels in the CWS group and FMT group. Correlation analysis showed that HFD-induced bacterial spectrum was positively correlated with LPS, while CWS could significantly inhibit the increase in LPS. An increase in the abundance of Alistipes, Ileibacterium, and Erysipelatoclostridium was observed in the HFD group, but a decrease in relative abundance in the CWS and FMT groups. LPS stimulated macrophages to produce TNF-α, which could further activate macrophages, forming a vicious two-way cycle, thereby exacerbating the inflammatory response (He et al., 2012). In this study, it was found that elevated levels of LPS are associated with a significant upregulation of TNF-α mRNA expression levels and were related to HFD induction, while CWS significantly improved this vicious cycle. The changes in intestinal barrier and permeability are the main reasons for the increased levels of LPS in the blood. Evidence of intestinal damage was observed in the HFD group, including a significant reduction in intestinal wall thickness, villus height, and the number of goblet cells, as well as a marked decrease in intestinal absorptive area. Conversely, the CWS group showed the opposite results. Interestingly, when the GM after CWS intervention was transplanted into obese mice, similar changes to the CWS group were observed. These changes helped the host adapt to low-temperature exposure and assisted in gut injury repair, consistent with previous research (Chevalier et al., 2015). Reports have indicated that low-temperature exposure increases LPS and TNF-a levels (Luo et al., 2019), and decreases GM diversity and beneficial bacterial abundance, which is inconsistent with this study. These studies mainly focus on single or short-term low-temperature exposure, whereas this study is based on long-term low-temperature exposure and includes swimming adaptation. Moreover, the subjects of this study are obese mice induced by HFD. The results of short-term low-temperature exposure suggest that changes in the GM are related to temperature and not related to the GM changes caused by obesity (Ziȩtak et al., 2016). This difference can also be further explained by the coordination of energy homeostasis in response to low-temperature exposure, which includes fat browning, energy intake, and environmental adaptation.

GM can be effectively transferred through FMT to treat diseases induced by GM imbalance due to HFD, including metabolic syndrome and obesity. An effective FMT setting is the key and prerequisite for remodeling host GM. On the one hand, it is influenced by the donor. Studies have shown that the success rate of receptor setting is related to the donor GM, and the difference ranges from 0 to 90% (Wang et al., 2024). This variability is primarily affected by the composition of the donor GM, including GM diversity and beneficial bacterial abundance (Porcari et al., 2023). A non-random cohort study found that an increase in the donor's GM abundance was correlated with the clinical success of FMT (Kump et al., 2018). Another systematic review of 25 studies evaluating FMT indicated that donor GM diversity is a predictive factor for treatment outcomes (Rees et al., 2022). On the other hand, the recipient's GM tolerance is another crucial factor for the success of FMT, with lower initial GM diversity in subjects associated with improved outcomes (Kootte et al., 2017). Population cohort studies further demonstrated the bidirectional relationship between donors and recipients (Shtossel et al., 2023), emphasizing that donor selection should be a priority for FMT. This study selected GM after low-temperature exposure and exercise as the donor, which had a positive impact on the recipient. To further validate the hypothesis of this study that gut barrier and GM reshaping are effective strategies for improving HFD-induced obesity, FMT was performed. The experimental results of this study support this hypothesis with evidence, including the suppression of dyslipidemia and LPS. Since dyslipidemia and LPS have a mutually vicious cycle relationship and form the pathological basis of obesity, their improvement is crucial for improving obesity. In the FMT group, improvements in dyslipidemia and inflammation were observed, which were consistent with the CWS group, indicating that GM from CWS successfully colonized in obese mice through FMT. Second, the reduction in LPS-induced gut barrier damage. The involvement of the gut barrier in various gastrointestinal diseases is significant (Di Tommaso et al., 2021), coupled with adverse events related to FMT, occurring only in subjects with gut barrier dysfunction (Marcella et al., 2021). Although LPS leakage and gut barrier damage were observed in the HFD-induced obese mice, no gut damage was found after FMT. Instead, evidence of gut barrier repair was found, including decreased LPS levels, increased goblet cell numbers, and increased villus height in the FMT group. Third, significant changes in GM composition were observed in the FMT group, particularly an increase in GM diversity and beneficial bacterial abundance. A growing body of evidence suggests that exercise improves colonic antioxidant (Almasi et al., 2023) and anti-inflammatory (Cook et al., 2016) status, thereby enhancing the function of the intestinal epithelium, repairing intestinal barrier damage, and reshaping GM to improve obesity (Shao et al., 2022). Convincing evidence from FMT indicates that reshaping of the intestinal barrier and GM are alternative targets for CWS to improve HFD-induced obesity.

GM dysbiosis is an independent risk factor for obesity. Although we confirmed that obesity alleviation is linked to CWS-remodeled GM and FMT, our study has certain limitations. First, experiments were conducted only in a single mouse strain, and differences in responses across genetic backgrounds were not evaluated. Second, the functional roles of specific microbiota (e.g., the Lachnospiraceae NK4A136 and Prevotellaceae NK3B31 groups) remain unvalidated due to the lack of monobacterial transplantation or metabolomic analyses. Third, molecular mechanisms rely solely on correlational data, and direct causal relationships require further verification using pathway inhibitors or gene knockout approaches. Fourth, the adaptability and safety of long-term FMT therapy require further assessment. Future research should fully leverage multi-omics approaches (e.g., metagenomics, metabolomics) to realize their pivotal role in diagnostic applications (Marascio et al., 2023). Additionally, experiments in models with diverse genetic backgrounds are required to clarify the functions of specific microbiota and molecular mechanisms, as well as to evaluate the safety of FMT. Furthermore, whether lifestyle interventions (e.g., the Mediterranean diet) and CWS exhibit synergistic/additive effects warrant further exploration, which would provide critical insights for clinical translation.

In summary, this study found that HFD-induced obese mice had specific GM features, including a reduction in GM diversity and an increased abundance of bacteria associated with pro-inflammatory and metabolic disorders. Conversely, CWS provided key evidence for improving HFD-induced obesity, and these positive effects were effectively transferred through FMT. This study shows that CWS improves lipid metabolism, and inflammatory responses by reshaping GM, thereby improving HFD-induced obesity, and that FMT may become an attractive treatment strategy for improving obesity.
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Introduction: Fecal microbiota transplantation (FMT) is highly effective in preventing Clostridioides difficile recurrence by restoring gut microbiota composition and function. However, the impact of recent antibiotic use, a key exclusion criterion for stool donors, on gut microbiota recovery is poorly understood.
Methods: We investigated microbial recovery dynamics following antibiotic use in three long-term stool donors from Canada and Finland. Using longitudinal stool sampling, metagenomic sequencing, and qPCR, we assessed changes in bacterial diversity, community composition, microbial functions, the gut phageome, and the risk of transmitting antibiotic-resistant genes (ARGs).
Results: Antibiotics caused lasting disruption to bacterial communities, significantly reducing important taxa like Bifidobacterium bifidum, Blautia wexlerae, Akkermansia muciniphila, Eubacterium sp. CAG 180, and Eubacterium hallii, with effects persisting for months. Functional analyses revealed alterations in housekeeping genes critical for energy production and biosynthesis, with no direct links to key health-related pathways. Antibiotics also disrupted viral populations, decreasing diversity and increasing crAssphage abundance, reflecting disrupted host-bacteriophage dynamics. No significant increase in clinically important ARGs was detected.
Discussion: These findings highlight the unpredictable and complex recovery of gut microbiota post-antibiotics. Individualized suspension periods in donor programs, guided by metagenomic analyses, are recommended to optimize FMT outcomes in various indications by considering antibiotic spectrum, duration, and host-specific factors.
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1 Introduction

Fecal Microbiota Transplantation (FMT) is highly effective in managing recurrent Clostridioides difficile infection (rCDI), achieving success rates of 80 to 90%, and is recommended by multiple practice guidelines (Van Nood, 2013; McDonald et al., 2018; Ng et al., 2020; Cammarota et al., 2019; Haifer et al., 2020). FMT has also shown promise in several other dysbiosis-associated conditions, including inflammatory bowel disease (IBD) (Paramsothy et al., 2017; Fischer et al., 2016; Moayyedi et al., 2015), metabolic syndrome (Mocanu et al., 2021), irritable bowel syndrome (Holvoet et al., 2021), multidrug-resistant bacteria de-colonization (Battipaglia et al., 2019; Bilinski et al., 2017), and immune checkpoint inhibitor-associated colitis (Wang et al., 2018). Presently, there are approximately 572 registered clinical trials worldwide (WHO, 2023), exploring FMT’s therapeutic potential across these diverse conditions (ClinicalTrials.gov, 2023).

Although the mechanisms of action underpinning the therapeutic efficacy of FMT remains incompletely understood, bacterial engraftment is thought to be crucial (Podlesny et al., 2022). While pathogen-free donor stool is essential, specific microbiota composition may be less critical given high success rates (Van Nood, 2013; Cammarota et al., 2015; Kassam et al., 2013). However, for conditions with complex pathophysiology, the therapeutic efficacy of FMT may be closely tied to the diversity, specific microbial taxa, and functionalities provided by the donor microbiota (Paramsothy et al., 2017).

Antibiotics disrupt the gut microbiota by reducing microbial diversity, eliminating individual taxa, with changes that can persist for months or even years. Moreover, recovery is not solely about microbial diversity; functional stability is critical, given that specific microbial activities are governed at the strain level. While diversity may rebound relatively quickly, certain beneficial strains and their associated functions may take much longer to fully recover (Dethlefsen and Relman, 2011; Lozupone et al., 2012; Palleja et al., 2018). Another significant concern with antibiotic exposure in FMT donors is the enrichment of antibiotic-resistant microbes and increased risk for transmission of antibiotic-resistant genes (ARGs) to the recipient’s microbiota (Strati et al., 2021), posing long-term health risks if resistance genes transfer to pathogenic strains. The persistence of ARGs in the donor microbiota can occur even after apparent recovery of microbial diversity.

Balancing safety and efficacy remains particularly challenging in non-rCDI cases, where donor selection can substantially influence therapeutic success (Liptak et al., 2021). While the efficacy of FMT for rCDI is well-established, rare but severe complications, such as transmission of multi-drug resistant organism resulting in death has been reported, emphasizing the importance of meticulous donor screening to avoid transmitting pathogens or ARGs, particularly in immunocompromised individuals (Food and Drug Administration, 2020, 2022, 2023; van Lingen, 2023).

Current guidelines recommend a three-month suspension period post-antibiotic use (Kelly et al., 2016; Keller et al., 2021; Mullish et al., 2018). However, this three-month threshold is not strongly evidence-based and stems from limited studies. This is concerning, as key bacterial taxa essential for various physiological functions may take significantly longer to return to baseline levels (Dethlefsen and Relman, 2011; Palleja et al., 2018; Raymond et al., 2016), highlighting a gap in donor requalification practices (Dethlefsen and Relman, 2011; Jernberg et al., 2007; Korpela et al., 2016; Ng et al., 2019). Notably, a recent study demonstrated that antibiotic use by donors within 3–12 months prior to donation significantly decreased FMT effectiveness (Grosen et al., 2025). Therefore, determining an optimal antibiotic-free interval is essential to ensure that the donor microbiota has adequately recovered in both diversity and function to support FMT efficacy across a range of clinical applications. This study aims to investigate the effects of antibiotic exposure on donor microbiota composition, functional stability, and the persistence of ARGs using advanced high-throughput metagenomic sequencing. By clarifying microbiome recovery dynamics in real-life examples of fecal donors who received antibiotic therapy and were subsequently quarantined from donating, this research seeks to improve donor screening practices, and inform evidence-based guidelines that enhance both the safety and therapeutic efficacy of FMT.



2 Materials and methods


2.1 Sample collection and DNA extraction

Stool samples were collected longitudinally from three individuals before and after antibiotic treatments. Ethics approval for the use of donor samples in this study was obtained (refer to the Ethics Approval section for details). Donor 1 (Alberta, Canada) provided 34 samples over a 31-month period between June 25, 2019, and January 15, 2022, during which he underwent a 3-month Trimethoprim treatment. Donor 2 (Helsinki, Finland) provided 19 samples over a 19-month period between May 29, 2012, and December 19, 2014, and was exposed to a one-week Helicobacter pylori (H. pylori) eradication therapy (amoxicillin 500 mg four times a day, metronidazole 400 mg three times a day, and lansoprazole 30 mg twice a day). Lastly, Donor 3 (Helsinki, Finland) provided 8 samples over a 13-month period between May 29, 2012, and June 1, 2013, and underwent two antibiotic treatments: a one-week amoxicillin regimen (500 mg three times per day) followed by a one-week cefalexin regimen (500 mg twice per day). The timeline of all three donors’ samples is depicted in Figure 1A. All stool samples were aliquoted and stored at −80° C within 4 h of stool collection. The donors were quarantined from acting as FMT donors for at least 3 months after the antibiotic exposure.
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FIGURE 1
 (A) Donor samples before, during (for Donor 1), and after treatment are represented by the orange, purple, and blue colors, respectively. The x-axis reflects a one-month time interval, with donor sampling dates rescaled to facilitate direct comparisons. All timelines are standardised so that antibiotic therapy begins at month 0 for each donor, despite their collection at various time periods. The shaded gray regions represent the duration of the specific treatment applied to each donor, with the type of antibiotics indicated in the figure for each donor. (B) Boxplots comparing the Shannon diversity index of samples’ bacteriome profile before, during (for Donor 1), and after treatment. (*indicates significant change with FDR-adjusted p-value < 0.05). (C) PCoA plots comparing beta diversity of samples before, during (for Donor 1), and after treatment for each donor, with p-values displayed within the figure. (D) Volcano plot displaying bacterial species’ response to treatment. The x-axis shows log₂ change in feature abundances before vs. after treatment; the y-axis shows -log₁₀ of the adjusted p-value. Significant changes (FDR-adjusted p-value < 0.05, Mann–Whitney) are indicated in the figure. (E) Heatmap illustrating dynamics of the top 40 bacteria (sorted by raw p-values), with horizontal dashed line separating decreasing and increasing bacteria, and solid vertical line distinguishing before and after treatment samples (*indicates significant change with FDR-adjusted p-value < 0.05, Mann–Whitney test). The samples are presented in chronological order in this figure. (F,G) PCA plots of strain communities with significant decrease (F) or increase (G) post-treatment, using samples meeting the StrainPhlan pipeline’s minimum thresholds (details in Methods). Circles and stars denote pre- and post-treatment samples, respectively.


Microbial DNA from stool samples was extracted using the FastDNA Spin Kit for Feces (MP Biomedicals, Solon, Ohio) for whole genome shotgun sequencing. Metagenome libraries were constructed with the Nextera XT protocol (developed by Illumina) and sequenced on an Illumina MiSeq platform using a paired-end 300 cycle protocol.



2.2 Sequencing and bioinformatics

The preprocessing of metagenomic sequencing data aimed to ensure high-quality data for downstream analysis. The KneadData1 pipeline (v0.10) was used to preprocess raw reads, employing Trimmomatic (v0.39), Bowtie2 (v2.3.5.1), and custom scripts to remove low-quality reads, primers, and sequencing adapters, and host contamination from the input sequencing data. Adjustments to default settings included SLIDINGWINDOW:4:25, HEADCROP:10, and MINLEN:77. Post-processing, an average of 25 million reads per sample was obtained, with a read length of 131 base pairs and a quality score above 35, providing sufficient sequencing depth.

The bacterial community composition was analyzed using MetaPhlan3 (v3.0.14) and Kraken2 (v2.1.2), and their performances were compared (Beghini et al., 2021; Wood et al., 2019). MetaPhlan3 was run with the “-t rel_ab_w_read_stats” parameter, mapping quality-controlled reads to a marker gene database (v302) with Bowtie2. Post-processing involved removing low-abundance taxa (<0.01%), singletons, doubletons, and species found in fewer than half of the samples, resulting in 72 distinct bacterial species. Kraken2 was run with a standard database (March 13, 2022) and specific parameters (-kmer-len: 35, -minimizer-len: 31, and -minimizer-spaces: 7). The read count profile for each sample was normalized by dividing each value by the total sequence count in that sample. Post-processing involved filtering singletons, doubletons, and bacteria below 1, 0.1, or 0.01% abundance, followed by the exclusion of species present in fewer than half of the samples.

Microbial strain analysis focused on characterizing strain-level variations in bacterial species. The StrainPhlAn pipeline was used in this regard (v4.0.3; Truong et al., 2017). Samples with at least 20 markers were retained (−sample_with_n_markers), and markers present in at least 50% of the samples were kept (−marker_in_n_samples). StrainPhlAn then categorized these samples as distinct strains based on the distance between strain sequences. This distance was used to create a distance matrix for PCoA plots, implemented with the Scikit-bio3 Python library (v0.5.6). Strain analysis was conducted only on species that showed significant changes in the study.

For virome analysis, the same Kraken2 pipeline and database settings as used for bacteriome analysis were applied. Kraken2 output was filtered to include only viruses, and post-processing normalized read counts per sample by dividing by the total number of sequences. Singletons, doubletons, viruses with abundances below 0.01%, and viruses found in fewer than half of the samples were removed. After processing, 14 distinct viral species remained, accounting for nearly 96% of the viral reads. It is important to note that our virome analysis exclusively detects DNA viruses, as RNA viruses would require complementary RNA-specific extraction and sequencing methods.

CrAssphage abundance was assessed using two approaches: relative abundance from metagenomics and absolute abundance via qPCR. For relative abundance, crAssphage levels were extracted from Kraken2 virome analysis outputs. For absolute abundance of crAssphage, qPCR assays were conducted using a 126 bp gBlock gene fragment (crAssphage CPQ_056 amplicon) as a standard (Stachler et al., 2017). Calibration curves were created with 10-fold dilutions from 10 ng/μL to 10−7 ng/μL of the gBlock. qPCR was performed in triplicate with Itaq™ Universal Probes Supermix, primers, and probe, using the CFX Opus 96 instrument. DNA concentrations were converted to genomic copies/μL, as described in (Stachler et al., 2017), which provides additional details of the qPCR assays. Also, detailed information regarding primer sequences and qPCR cycling conditions is provided in Supplementary Table S1.

The functional potential of bacterial communities was assessed using the Humann3 pipeline (v3.6) by profiling the pathway abundances in samples (Beghini et al., 2021). Default parameters were applied, and pathway abundances were normalized using the TSS approach with the “--units relab” option for relative abundances. The post-processing steps were applied by removing singletons, doubletons, pathways below 0.01% abundance, and those present in fewer than half of the samples. This resulted in a final set of 286 unique pathways.

To investigate the ARGs profiles of samples, the Comprehensive Antibiotic Resistance Database (CARD, v3.1.4) and its Resistance Gene Identifier (RGI, v5.2.1) program were used (Alcock et al., 2023). The “bwt” option for metagenomic short reads and Bowtie2 for alignment were employed. Read counts for mapped reads were analyzed at the gene level, and sample tables were merged using custom Python scripts. The obtained abundance table was subsequently subjected to a post-processing step to remove singletons, doubletons, and ARGs with abundances below 0.1%. The final table contained 121 unique ARGs.



2.3 Statistical and data analysis

For majority of the data analysis, Python (v3.9) packages and scripts were used, with visualization done by the Matplotlib package (v3.7.1; Hunter, 2007).

Stacked bar plots were created with Matplotlib (v3.7.1). Samples were rescaled by dividing abundances by the total sum per sample, and features (bacteria/ARGs) were sorted by their average values. Only a subset of highly abundant features was colored and shown in the legend.

Alpha diversity was assessed using the Shannon metric from Scikit-bio library (v0.5.6) and visualized with boxplots from Matplotlib library (v3.7.1). Statistical significance was determined using the Mann–Whitney U test from SciPy library (v1.7.3) with a significance threshold set at a p-value < 0.05 (Virtanen et al., 2020). For Donor 1, which includes three groups (before, during, and after antibiotic exposure), the Kruskal–Wallis test from the SciPy library was first applied to assess overall differences. This was followed by pairwise Mann–Whitney U tests for post-hoc analysis, with FDR correction applied to account for multiple comparisons. Beta diversity was analyzed with PCoA plots based on Bray-Curtis distances using the Scikit-learn library (Pedregosa et al., 2011). The comparison between the groups is performed using the PERMANOVA test from the Scikit-bio library, with a significance threshold set at a p-value < 0.05. For Donor 1, if the PERMANOVA test yielded a significant p-value, a post-hoc analysis (pairwise PERMANOVA with FDR correction) was conducted.

If no significant differences were detected between the during and after antibiotic exposure samples in Donor 1, these samples were combined and considered as after antibiotic exposure samples to increase the sample size for subsequent analyses.

For correlation network analysis, Spearman correlations between bacterial species and ARGs were calculated using SciPy (version 1.7.3). The correlation analysis included ARGs and only the significantly changed bacteria as well as bacteria important for FMT engraftment (Supplementary Table S2). Only positive correlations with FDR-adjusted p-values < 0.05 and R-values > 0.6 were retained. Networks were created with NetworkX (version 2.6.3) and visualized with Gephi (version 0.9.6), where node size reflects the significance of the change after treatment (Mann–Whitney U test, p < 0.05) and edge thickness indicates correlation strength. Green links represent correlations unique to post-treatment samples, which did not exist in before treatment samples.

For constructing the phylogenetic tree via the ETE Python library (v3.1.3; Huerta-Cepas et al., 2010), the union of all bacterial species (from all the samples) identified by either Kraken2 or MetaPhlan3, utilizing various filtering thresholds, is employed. The tree, annotated with metadata on species identification methods, was visualized using the Interactive Tree of Life (iTOL; v6.8; Letunic and Bork, 2019).




3 Results


3.1 Assessing gut microbial diversity and composition in donors before and after antibiotic treatment

In our investigation of gut microbiota, we aimed to understand how antibiotic exposure influences the composition and diversity of the gut bacteriome in donor samples. To ensure accurate bacterial species profiling, we chose the MetaPhlan3 pipeline over Kraken2 for its conservative approach to bacterial species identification. Supplementary Table S3 shows the number of unique species identified at various thresholds, with species coverage illustrated in Supplementary Figure S1.

Since the baseline gut microbiota may determine its ability to recover following perturbation, we compared the bacteriomes of donors before antibiotic treatment. Alpha diversity analysis revealed significant differences between Donor 1 and Donors 2 and 3 (Mann–Whitney U test with FDR correction, adjusted p-values < 0.0001 and < 0.01, respectively), while no significant difference was observed between Donors 2 and 3 (Supplementary Figure S2A). Beta-diversity analysis confirmed that each donor had a distinct microbial community, with significant differences across all donors (Pairwise PERMANOVA test with FDR correction, adjusted p-value < 0.01; Supplementary Figure S2B). Furthermore, bacterial composition at the phylum level (Supplementary Figure S2C) showed Firmicutes as the predominant phylum in all donors. Actinobacteria was the second most abundant in Donor 2, while Bacteroidetes was the second most abundant phylum in Donors 1 and 3. At the species level (Supplementary Figure S2D), Faecalibacterium prausnitzii dominated in Donors 1 and 3, while Bifidobacterium adolescentis and Bifidobacterium longum were prevalent in Donor 2.

Following antibiotic treatment, we observed significant changes in the microbial communities. Donor 1 showed a significant difference in alpha diversity across the before, during, and after antibiotic exposure groups (Kruskal–Wallis test, p < 0.0001). Post-hoc analysis in this donor revealed a significant decrease in alpha diversity in both the during and after treatment samples compared to before treatment group (Mann–Whitney U test with FDR correction, adjusted p-value < 0.001). Also, Donor 3 showed a non-significant decrease (Mann–Whitney U test, p-value = 0.42). In contrast, Donor 2, sampled 7–15 months post-treatment, exhibited a slight, non-significant increase in diversity (Mann–Whitney U test, p-value = 0.86; Figure 1B). Beta diversity analysis revealed significant compositional changes in Donors 1 and 3 (PERMANOVA test, p-value < 0.05), but not in Donor 2, whose microbial composition remained stable (PERMANOVA test, p-value = 0.208; Figure 1C). Furthermore, post-hoc analysis of Donor 1 samples revealed that the bacteriome composition of the during and after treatment samples was significantly different from the before treatment group (PERMANOVA test with FDR correction, adjusted p-value < 0.005), while no significant difference was observed between the during and after treatment communities (PERMANOVA test with FDR correction, adjusted p-value = 0.86).

A closer look at specific bacterial species showed that Donor 1 experienced significant shifts in 26 taxa, with 19 decreasing and 7 increasing (Mann–Whitney U test with FDR correction, adjusted p-value < 0.05; Figures 1D,E). Donor 2 exhibited fewer changes: Blautia wexlerae showing a significant decrease, and six taxa—including Bacteroides fragilis and Bacteroides vulgatus— showing significant increases (Mann–Whitney U test with FDR correction, adjusted p-value < 0.05; Supplementary Figures S3A,B). Donor 3’s bacterial landscape remained stable, with no significant changes post-treatment (Supplementary Figures S3D,E).

To gain a more detailed understanding, strain-level analysis was conducted using the StrainPhlAn pipeline. In Donor 1, although some species showed significant changes, the strain populations within these species remained relatively stable. For instance, among the bacteria with decreasing abundance, eg. Eubacterium sp. CAG 180, and among those with increasing abundance, eg. Fusicatenibacter saccharivorans, Bacteroides ovatus, Bacteroides vulgatus, and Bacteroides uniformis, have not shown significant strain population changes (Figures 1F,G, respectively). In Donor 2, strains of Eubacterium sp_CAG 180 and Bacteroides vulgatus remained stable, while Blautia obeum exhibited significant strain changes post-treatment (PERMANOVA test, p-value < 0.05; Supplementary Figure S3C). Strain analysis was not performed for Donor 3 due to the lack of significant findings at the species level.



3.2 Phageome composition and crAssphage abundance in donor samples before and after antibiotic exposure

To comprehend how antibiotic exposure influences the composition and diversity of the gut virome in donor samples, we examined the viral species composition of the donor samples. Overall, 14 viral species were identified belonging to the phylum Uroviricota. The viral species composition of Donors samples is illustrated using the stacked bar graphs in Figure 2A. Notably, the samples from Donor 3 exhibited a different virome composition compared to the other donors. In Donor 1 and Donor 2, the most abundant virus is “uncultured_crassphage.” However, it is intriguing that this virus was hardly detectable in Donor 3. Additionally, when examining the impact of antibiotic treatment on post-treatment sample diversity, a decrease in the alpha diversity of viruses was observed in all donors, as shown in Figure 2B. This decrease reached statistical significance only in Donor 2 (Mann–Whitney U test, p-value < 0.01), while no significant differences were observed between groups in Donor 1 (Kruskal–Wallis test, p = 0.085) or Donor 3 (Mann–Whitney U test, p = 0.285).
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FIGURE 2
 Virome composition analysis results. (A) Stacked bar plots depicting virome compositions at the species level. Before, during (for Donor 1), and after treatment samples are differentiated by a dashed line and the samples are presented in chronological order. (B) Boxplots comparing the Shannon diversity index of samples before, during (for Donor 1), and after treatment. (*indicates significant change with p-value < 0.05). (C) Boxplots comparing the relative abundance of crAssphage using the metagenomics data from Kraken2 pipeline (*indicates significant change with p-value < 0.05). (D) Boxplots comparing the absolute abundance of crAssphage using the qPCR approach data (*indicates significant change with p-value < 0.05).


Since CrAssphage is known as a dominant phage in the human gut microbiota, it was taken into further investigation. The results demonstrated that total crAssphage abundance increased following antibiotic treatment, with statistical significance observed in Donor 1 and Donor 2 (Mann–Whitney U test, p-value < 0.05; Figure 2C). The findings were validated by qPCR to obtain absolute abundance measurements for crAssphage. The qPCR results supported the increase in crAssphage abundance after antibiotic therapy, reaching statistical significance in Donor 2 (Mann–Whitney U test, p-value < 0.05; Figure 2D). Standard curves for each donor showed high reliability with R-squared values near 1, indicating robust qPCR assays across all donors, further supporting the validity of these findings (Supplementary Figure S4).

Beyond the antibiotic impact on the gut virome, we explored potential correlations between crAssphage abundance, bacterial species, and ARGs. We hypothesized that crAssphage abundance might be linked to alterations in the bacterial community and ARGs. The analysis, conducted using qPCR results to avoid autocorrelation issues from metagenomics data, did not reveal any significant correlations between crAssphage abundance and specific bacterial species or ARGs (Spearman correlation, p-value < 0.05, R-value < 0.6).



3.3 Functional changes in the gut microbiome post-antibiotic treatment

To explore how antibiotic exposure affects the functional genes within the donor microbiota, we analyzed changes in pathway abundance profiles. Our analysis revealed that only Donor 1 experienced significant changes in both alpha and beta diversity during and after treatment compared to pre-treatment phase (Figures 3A,B; Kruskal–Wallis test, p-value < 0.05; Mann–Whitney U test and PERMANOVA test, FDR-adjusted p-value < 0.05). In contrast, Donors 2 and 3 showed no substantial alterations (Figure 3C). Moreover, in Donor 1, no significant difference was observed between during and after treatment groups (Mann–Whitney U test, FDR-adjusted p-value = 0.262).

[image: Panel A shows box plots of Shannon Diversity for Donors 1, 2, and 3 before, during, and after a treatment, with a significant difference in Donor 1. Panel B presents PCA plots for the three donors, indicating the clustering of samples with varied significance levels. Panel C displays volcano plots with log2(fold change) and negative log10 P-values for the donors. Panel D illustrates a dot plot of pathways and relative abundance for Donor 1, comparing before and after treatment conditions.]

FIGURE 3
 Pathway analysis results. (A) Boxplots comparing the Shannon diversity index of samples before, during (for Donor 1), and after treatment for all donors (*indicates significant change with p-value < 0.05). (B) PCoA plots comparing beta diversity of samples before, during (for Donor 1), and after treatment for each donor, with p-values displayed within the figures. (C) Volcano plot of pathways’ response to treatment. The x-axis shows log₂ change in feature abundances before vs. after treatment; the y-axis shows -log₁₀ of the adjusted p-value. Only the top 100 pathways contributing to PCA components are shown. Significant changes (FDR-adjusted p-value < 0.05, Mann–Whitney) are indicated in the figure. (D) Dynamics of the significantly changed pathways for Donor 1 (increased and decreasing pathways are separated using a dashed line).


In Donor 1, 43 pathways were significantly altered after antibiotic exposure, 29 decreased and 14 increased (Supplementary Table S4). These pathways span 13 unique super classes, with the most frequently decreased ones including “Amino Acid Biosynthesis” (8 times), “Nucleoside and Nucleotide Biosynthesis” (6 times), and “Cofactor, Carrier, and Vitamin Biosynthesis” (4 times). Among the increasing groups, “Secondary Metabolite Biosynthesis” appeared most frequently (3 times). Within these categories, certain pathways exhibited significant decreases and increases following treatment, encompassing a variety of metabolic processes, biosynthesis pathways, and degradation processes (Mann–Whitney U test with FDR correction method, adjusted p-values < 0.05; Figure 3D; Supplementary Table S4).

The pathway analysis revealed that bacterial contributions to these pathways come not only from significantly altered species but also from those without significant changes, contributing at least 5% to certain pathways (Supplementary Figures S5, S6). For example, the “O-antigen building blocks biosynthesis” pathway (OANTIGEN-PWY) involves Bifidobacterium adolescentis and Collinsella aerofaciens, while the “thiamine diphosphate biosynthesis III” pathway (THISYNARA-PWY) is influenced by both significantly altered and stable bacteria, such as Bacteroides uniformis, Ruminococcus torques, Faecalibacterium prausnitzii, and Roseburia faecis.

A significantly increased bacterium, Bacteroides vulgatus, has contributed to both the reduction and increase of several key pathways: PWY-7977, PWY-1042, PWY-6703, and RIBOSYN-PWY among the decreased pathways, and PWY66-429, RHAMCAT-PWY, and PWY-5121 among the increased pathways (Supplementary Figures S5, S6). Bifidobacterium bifidum, significantly decreased post-treatment, contributed to the reduced “glycogen degradation I” pathway (GLYCOCAT-PWY; Supplementary Figure S5). These findings highlight the complex interplay between bacterial species—both significantly altered and stable—and their collective influence on pathway dynamics.



3.4 Diversity and dynamics of ARGs and their species associations post-antibiotic treatment

The profiles of ARGs were analyzed to determine whether antibiotic exposure leads to changes in the abundance and prevalence of ARGs within the donor microbiota, assessing potential increased risks of transfer in FMT. The results revealed that while overall alpha diversity of ARGs showed no significant changes across donors (Kruskal–Wallis test and Mann–Whitney U test, p-value > 0.05; Figure 4A), beta diversity revealed distinct patterns (Figure 4B). Donor 1, in particular, exhibited a significant shift in ARG community composition post-treatment (PERMANOVA test, FDR-adjusted p-value < 0.01), while no significant difference was observed between the during and after treatment groups (Mann–Whitney U test, FDR-adjusted p-value = 0.090). The full names of the significantly changed ARGs for Donor 1 are listed in Supplementary Table S5.
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FIGURE 4
 Results of ARG analysis. (A) Comparative Boxplots illustrating the Shannon diversity index of samples before, during (for Donor 1), and after treatment across all donors. (B) PCoA (Principal Coordinates Analysis) plots depicting the beta diversity of samples before, during (for Donor 1), and after treatment for each, with p-values displayed within the figures. (C) Volcano plot of ARGs’ response to treatment. The x-axis shows log₂ change in feature abundances before vs. after treatment; the y-axis shows -log₁₀ of the adjusted p-value. Significant changes (FDR-adjusted p-value < 0.05, Mann–Whitney) are indicated in the figure. (D) Heatmap displaying the dynamics of significantly altered ARGs for Donor 1. The heatmap differentiates between increased and decreased pathways using a horizontal dashed line, and before-and-after treatment samples are separated by a vertical solid line. The samples are presented in chronological order in this figure. (E) Correlation network illustrating positive and significant links among significantly changed bacterial species (as well as the crucial bacteria for FMT engraftment, highlighted in red text) and ARGs. The network considers post-treatment samples and employs correlation p-value and R-value thresholds of 0.05 and 0.6, respectively, using the Spearman correlation method (details in Methods). Node size corresponds to the magnitude of change after treatment, with larger nodes indicating significantly changed bacteria or ARGs after treatment.


As the composition of post-treatment samples in Donor 1 significantly differed from the pre-treatment samples, the dynamics of ARG abundance in this donor were further investigated. The post-treatment ARG abundance for this donor revealed significant increases and decreases in several ARGs, visualized in a volcano plot and heatmap (Figures 4C,D; Mann–Whitney U test with FDR correction, adjusted p-value < 0.05).

Association mapping identified several noteworthy correlations between ARGs and specific microbial taxa (Figure 4E). For example, the Mgen_23S_MULT gene showed a significant positive association with Bacteroides massiliensis (Spearman correlation with FDR correction, adjusted p-value < 0.05, R-value > 0.6). Similarly, Bifidobacterium longum, was positively correlated with carA (adjusted p-value < 0.01, R-value > 0.6). Also, Bacteroides vulgatus (currently Phocaeicola vulgatus), exhibited new associations with ARGs such as Bbur_16S_GEN and Bhyo_23S_TYL (adjusted p-values < 0.01 and < 0.05, respectively). Other positive correlations are shown in Figure 4E.




4 Discussion

While the efficacy of FMT at preventing CDI recurrence is well established, the duration of donor suspension following a course of antibiotic is under-investigated. Our analysis highlights differences in recovery in three long term stool donors in microbial diversity, functionality, phage abundance and diversity, as well as ARG profiles. The most notable disruptions were seen in Donor 1, who underwent a longer course of antibiotics and showed significant changes in microbial diversity, composition, functionality, and ARG profiles that persisted even 8 months post-treatment. In contrast, Donor 2 exhibited relative compositional stability between 7 and 15 months after treatment. These findings suggest that in cases of prolonged antibiotic exposure, microbiota recovery may take up to 8 months or longer. Conversely, for shorter antibiotic courses, an 8-month window may represent a reasonable timeframe for microbiota recovery and donor requalification.

Studies have shown that several engrafted bacteria during FMT treatment, especially from the Bacteroidetes and Actinobacteria phyla, are closely linked to beneficial functions like SCFA and bile acid metabolism (listed in Supplementary Table S2) Ojima et al., 2020; Morrison and Preston, 2016; Harris et al., 2018; Smith et al., 2022; Smillie et al., 2018; Kootte et al., 2017; Ianiro et al., 2022). Our study revealed that antibiotic exposure leads to reduction or near complete disappearance of specific SCFA producers like Bifidobacterium bifidum, Roseburia inulinivorans, Eubacterium hallii, and Akkermansia muciniphila. In one donor, this disruption extended beyond microbiota composition, affecting metabolic pathways, including the biosynthesis of essential amino acids like L-arginine and L-methionine, which are particularly underrepresented in IBD patients (Hellmann et al., 2020; Li et al., 2023). We also observed alterations in the mixed acid fermentation pathway, which is associated with acetate production (Förster and Gescher, 2014). Even when the abundance of some bacteria remains relatively unchanged, shifts in their strain communities, as seen with Bacteroides massiliensis and Bacteroides xylanisolvens, may still impact their functionality. These strain-level shifts underscore the complexity of microbial recovery following antibiotic exposure, as even subtle variations in strain composition can lead to significant changes in functional capacity (Koo et al., 2019). For example, bacteria such as Bacteroides vulgatus, which increased post-treatment, contributed to both reductions and increases in key pathways, reflecting the duality of their functional impacts on the microbiome. Conversely, the depletion of Bifidobacterium bifidum, critical for glycogen degradation, underscores the risks posed by the loss of beneficial strains. Moreover, our findings indicate that functional contributions stem not only from bacterial species with altered strains but also from those whose strains remained stable in abundance. For example, pathways such as thiamine biosynthesis and O-antigen building blocks biosynthesis were influenced by bacteria like Bifidobacterium adolescentis, Faecalibacterium prausnitzii, and Roseburia faecis, which remained relatively stable in their abundances post-antibiotic treatment. However, despite their stable population levels, changes in the surrounding microbial community likely altered their relative functional contributions. Such dynamics suggest that stable taxa can adapt their metabolic outputs in response to environmental changes, including those induced by antibiotic exposure.

We observed reduced viral diversity in donor samples following antibiotic exposure, further underscoring the disruption of the gut microbial ecosystem. Viruses, particularly bacteriophages, play an integral role in shaping bacterial fitness and maintaining gut homeostasis (Lam et al., 2022; Norman et al., 2015). Our findings demonstrated a decrease in alpha diversity of viruses in all donors post-antibiotic treatment, with a particularly pronounced reduction observed in Donor 2. Such reductions may reflect a diminished ability of the virome to regulate bacterial populations. Notably, the sustained rise in crAssphage abundance post-antibiotic treatment is of particular interest. CrAssphage is a dominant bacteriophage in the human gut microbiota, and studies have shown its association with stable and healthy microbiome in balanced proportions (Remesh and Viswanathan, 2024). However, in our study, its significant increase in Donor 1 and Donor 2 post-antibiotic treatment may also reflect potential disruption of microbial balance. CrAssphage relies on specific host bacteria for replication, and its sustained high levels, even 8 months or more after antibiotic exposure, indicate that recovery of the virome to a pre-treatment state may be incomplete. This persistence suggests a shift in host-bacteriophage dynamics, potentially driven by reduced bacterial diversity or altered ecological niches created by antibiotic disruption. Moreover, disproportionate crAssphage abundance has been linked to various diseases such as inflammatory bowel disease, obesity, metabolic syndrome, and colorectal cancer (Norman et al., 2015; Gogokhia et al., 2019; Cervantes-Echeverría et al., 2023). Viral components may contribute to FMT efficacy (Zuo et al., 2018; Fujimoto et al., 2021), but the clinical implications of virome/phageome changes in FMT donors remain unclear. It should be noted that the virome analysis in this study is limited to DNA. As a result, RNA viruses were not captured, which likely contributed to the low number of detected viral species. Future studies incorporating RNA sequencing methodologies, such as metatranscriptomics, would be necessary to provide a more comprehensive characterization of the gut virome.

One critical aspect of FMT safety is the transmission of antibiotic-resistant organisms (van Lingen, 2023; Food and Drug Administration, 2020; DeFilipp et al., 2019). These concerns underscore the broader challenge of antimicrobial resistance, where ARGs, capable of horizontal transfer, not only persist but actively reshape microbial ecosystems (Sabtu et al., 2015; Murray, 2022; Centers for Disease Control and Prevention, 2019). Our findings suggest that shifts in ARG diversity reflect the lasting impact of antibiotic exposure (Jernberg et al., 2007; Jakobsson et al., 2010; Xu et al., 2020), potentially altering the competitive dynamics of gut bacteria like Bacteroides massiliensis and Bifidobacterium longum, which were positively correlated with ARGs. While these correlations hint at possible ARG acquisition, they do not necessarily imply that these bacteria have become antibiotic-resistant. Fortunately, these changes did not involve the most hazardous ARGs, classified as “Rank I ARGs: current threats” (Zhang et al., 2021). Nevertheless, how these ARGs interacts with a dysbiotic microbial population remains incompletely understood.

Our study has several strengths. First, we performed longitudinal sampling of three long term stool donors with high efficacy in preventing rCDI. Second, we undertook deep shotgun metagenomics sequencing which enabled us to address many questions. Our study also has several limitations, including a small number of donors, different antibiotic regimens and durations for each donor, and varying durations of follow up. We did not capture success rates of recipients once these donors came out of quarantine in order to examine how these changes may impact efficacy. Although we profiled ARGs, we did not examine antibiotic resistant organisms in these stool donors.

In conclusion, while our sample size is limited, we found no increased risk of potential ARGs dissemination from donors to recipients after antibiotic exposure of donors, as assessed by the donor’s ARG profiles. The alterations in ARG profiles were minimal and do not raise major safety concerns for FMT. However, the impact of antibiotic exposure on donor microbiota was more pronounced than anticipated, with lasting and complex changes, particularly in key bacterial species and their functionality. These changes could potentially affect the efficacy of FMT, especially in indications beyond rCDI, and suggest that donor microbiota performance post-antibiotic treatment may be unpredictable. Therefore, donor suspension periods may need to be individualized, taking into account the spectrum of antibiotics, treatment duration, and other host-specific factors. Future studies should consider a broader range of antibiotics, varying treatment durations, and more frequent sampling, alongside additional host-specific factors like diet, lifestyle, and the use of additional medications like Proton Pump Inhibitors (PPIs) or probiotics. This comprehensive approach will help better understand the long-term effects of antibiotics on the gut microbiome and inform stool banks which is evidence-based.
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Autoimmune diseases arise from the immune system’s dysregulated attack on the body’s own tissues, influenced by a complex interplay of genetics, environment, and the microbiome. This comprehensive review and meta-analysis examines the dynamic relationship between gut microbiota and autoimmune diseases, highlighting their role in disease onset, progression, and potential therapeutic interventions. Emerging evidence underscores the bidirectional interactions between microbiota and immune pathways, particularly through mechanisms like mucosal immune modulation and regulatory T-cell activity. Microbiota dysbiosis, characterized by altered diversity and function, is consistently associated with autoimmune conditions such as rheumatoid arthritis, multiple sclerosis, and type 1 diabetes. The review identifies critical microbiota-driven factors, including antigenic mimicry and inflammatory signaling pathways that disrupt immune tolerance and exacerbate autoimmunity. Meta-analysis findings reveal a consistent reduction in microbial diversity across autoimmune diseases, emphasizing the role of specific taxa and their metabolites in influencing disease severity and immune responses. Therapeutic strategies, such as probiotics, prebiotics, and microbiome-targeted interventions, offer promising avenues to restore microbiome balance and mitigate autoimmune inflammation. Despite significant advances, challenges in methodology, limited longitudinal studies, and heterogeneity in results highlight the need for standardized research protocols and larger, well-controlled clinical trials. Future studies should prioritize personalized approaches to microbiome modulation, integrating dietary, genetic, and environmental factors to improve disease management and prevention. This work consolidates current knowledge, providing a framework for future research and clinical applications in the field of microbiome-autoimmune interactions.
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1 Introduction

Autoimmune diseases are conditions in which the immune system, which typically fights off foreign invaders, turns its destructive power against the body’s own cells or tissues. This aberrant response can result from the interplay between genetics, environment, and gut microbiota. The gut microbiota are the microorganisms living under homeostasis in our digestive tracts, including bacteria, viruses, fungi, and protozoa. Exposing the gut to foreign environmental antigens should result in either an inactivating mucosal immune response or immune tolerance. However, a disruption to the gut microbiome or impaired mucosal barrier can allow entering antigens to interface with the mucosal immune system in a pro-inflammatory way. Over time, this dysfunction can trigger a systemic immune response, driving pathogenic immune cells and autoimmune disease. We, therefore, undertook a comprehensive review explore the potential relationships between the gut microbiome and various autoimmune diseases. We found experimental evidence that the probable relationships become apparent through modulation of microbiota communities or their individual members, which has led to a demonstrable impact on autoimmunity in both human and rodent gut models of disease and is, therefore, now a widely accepted concept. A class of T-helper 17 cells was identified as the mucosal pathogen at the forefront of this mechanism. This cell population is positively correlated with disease severity. We further discussed the potential functional roles of vaccine-induced responses to the microbiome in autoimmune disease abrogation and treatment. As such, the gut microbiome has potential diagnostic significance to predict disease progression (Belkaid and Hand, 2014; De Luca and Shoenfeld, 2018).



1.1 Background and rationale

Autoimmune and autoinflammatory diseases (ADs and AIDs) represent a significant health burden. The microbiome, which encompasses the microbiota, the host genome, and environmental factors, creates an environment that influences immune responses. ADs and AIDs are linked to the microbiome through factors such as the gut-brain axis and the determination of predisposition. With the increasing interest in the microbiome, much research has focused on the pathology of each individual disease, yet this has yielded controversial and inconsistent results. Integrating each disease from the perspective of genetics and clinical phenotypes is necessary, systematic review can help to illustrate the changes of the microbiome in the different paths and phenomena within human microbial diseases. The mechanisms of the relationship between the microbiome and autoimmunity can also be demonstrated through the literature. We collect up-to-date related research and select the available studies by filtering criteria and searching on reputable global articles. We illustrate the features and species affecting microbial diversity in ADs through alpha and beta diversity analyses and create a pipeline that can demonstrate the relationship among diseases (Zhang et al., 2023).




1.2 Scope and objectives

The review and original analysis herein undertaken help provide a connection between autoimmune diseases and antibiotic use, as well as the digestion of specific immune-modulating dietary components, such as fibers and sweeteners. The primary objective of the review was to develop a comprehensive overview of all current mapping studies on the microbiome of autoimmune diseases in order to establish relationships among them and find common trends that will ultimately be able to explain the current results trend for both the microbiome’s impact on autoimmune diseases and autoimmune disease effects on the microbiome. A second perspective of the work is to provide a mapping framework for all future studies on this topic and develop a way of tracking research on this subject. The third objective of the work is to show that disparities exist between studies and that more publications on microbiome and autoimmunity disease research are needed to provide sufficient information to develop a deeper understanding of microbiome contributions to autoimmune disease development and progression. Lastly, it is important to identify the haphazard use of the rational manipulation of the microbiome that can help prevent or cure new and even existing illnesses. To achieve this result, this review evaluates the significant methodical disparities among microbiome studies and how they affect the results of the study and how the relative exiguity of strategic treatment recommendations can be adopted from up-to-date research findings. Furthermore, we explore pertinent proof gathered in the progression of some of the most common ailments, demonstrating that other microbiome manipulation techniques are corroborated and that significant scientific trials are missing. To fulfill these aims, we entice studies from a broad range of sectors and, focused on current knowledge, employ an interdisciplinary approach to merge all relevant sources. Cutbacks in internal microbiome multifaceted diversity are associated with serious diseases, including autoimmunity. In this assessment, we have previously expanded work to benefit the public; particularly, approaches concerned with autoimmune diseases incorporate joint information (Wang et al., 2024).





2 Understanding the microbiome

While some scientists and laypersons have known about the existence of commensal bacteria in the human gut and on the skin for decades, many breakthrough discoveries in the understanding of how these species contribute to host biology and environmental ecology have occurred within the last 20 to 30 years, enabled by innovations in bioinformatics and supported by the rapidly decreasing costs of whole-genome shotgun sequencing. These species, individually termed microbiota, interact with the host and environmental pathogens to provide a number of essential functions that the host lacks, including metabolism of complex carbohydrates, fermentation of otherwise indigestible substrates, and metabolism of plant polysaccharides, which together produce short-chain fatty acids, such as butyrate, acetate, and propionate, that can contribute upward of 10% of a human’s total caloric intake. The bacterial residents of the gastrointestinal lumen also play critical roles in resistance to exogenous pathogens by facilitating the development of the host’s mucosal immunity. Animal models suggest that gut commensal bacteria play an important role in modulating a variety of autoimmune responses, including neurological autoimmunity, thyroiditis, and gastritis. Indeed, the presence of many of these species in the infant gut influences early development of the immune system and etiological risk for autoimmune diseases. Moreover, maintenance of a healthy colonic microbiome influences the chronic inflammation and disease progression homeostasis in patients with many autoimmune and autoinflammatory diseases. Homeostatic autoreactivity in these organs is shaped directly by the presence of elevated pro-inflammatory metabolites, especially in the gut and oral microbiome. High levels of systemic lipopolysaccharides and autoantigens are, consequently, prone to breach the normally protective gut lumen barrier, leading to chronic inflammation and breakdown in oral tolerance that can contribute to the genesis and persistence of autoimmune disease (Berg et al., 2020).



2.1 Definition and composition

The gastrointestinal microbiome, also termed microbiota, is typically described as a distinct unit of bacterial communities. In addition to prokaryotic bacteria, the biliary microbiome also consists of fungal and eukaryotic components connected to liver diseases. Nevertheless, the gut microbiome is composed of thousands of different taxa, including bacteria, viruses, and fungi, incorporated in a specific environment of host-fed, whole habitat bacterial complexes. Moreover, metatranscriptomics and metaproteomics have indicated that functional performance is not fairly mirrored by every taxonomic inventory. Human feces can reach bacterial particle concentrations as high as 10^11 or 10^12 per gram of feces, leading to the duplication of over 10 million genes in human intestinal communities. Therefore, setting apart person-to-person genetic diversity, the coding project DNA contained by indigenous human microorganisms far surpasses the predictable gene copies found in the genome of humans alone. Indeed, the microbial gene count might be as much as 150 times as heavy as the related host genome (Gosalbes et al., 2011).




2.2 Role in human health

The development of the human immune system is influenced by both genetic and environmental factors. In recent years, scientific interest has been actively developing, linking the state of the human immune system with environmental influences, including microbiota and its components. Accumulated evidence suggests that the microbiota contributes to the education of the immune system. The shaping of immune-competent cells of the systemic immune system and the balance between the processes of tolerance and immune activation are not completely formed, with the education of the child’s immune system including the synthesis of cytokines that form the direction of the immune response closely linked to the presence of an intact microbiota. The first experimental evidence indicating the influence of the microbiota on human health was discovered in studies evaluating the development and functionality of the immune system. These studies concluded that the colonization of children with ‘good’ microorganisms after birth is important for both the development of resistance to infections and the prevention of inflammatory conditions. Studies assessing groups of monozygotic and dizygotic twins showed a greater similarity between monozygotes associated with a more similar structure of the microbiota and greater variability in the expression of genes associated with immunity in dizygotes. In other words, the development of an individual is characterized by the personality of immunity, which is related to the unique individual structure of the microbiota. More recent studies have described a complex relationship between microbes, immunity, and disease. The result of this balance between the two is the state of the host immune responses, with the microbiota influencing a variety of different aspects. It determines our defenses against infections and modulates our immune responses to commensal or harmful microbes, influences the development of immune tolerance at epithelial and systemic levels, shapes the profiles of different effector elements, both innate and acquired, and influences the function of various hematopoietic cells in secondary lymphoid organs and barriers, such as intestine and lung (Ahn and Hayes, 2021).





3 Autoimmunity: mechanisms and implications

Autoimmune diseases are an increasingly prevalent group of non-communicable disorders driven by autoimmunity, which is defined as an adaptive immune response that damages its host. Autoimmunity is a complex disorder characterized by the presence of circulating autoantibodies and autoreactive T cells against self-antigens, combined with an autoimmune response against specific organs and tissues of the body. Autoimmune diseases have a strong genetic basis; this is supported by classical twin studies, sibling studies, and segregation analyses of familial risk. However, genes do not act in isolation; non-genetic factors related to the environment, and especially the gut microbiota, provide further potential insights into the development of these diseases. The term microbiota encompasses all the genetic material within a microbiome, including bacteria, archaea, fungi, protozoa, and viruses, alongside their cohabiting commensal and sentinel immune cell partners. The microbiota exerts a protective influence on autoimmunity by promoting immune regulation, although it can also trigger a pro-inflammatory immune response, thus favoring the progression of autoimmune responses and the development of inflammatory and autoimmune diseases. The exact nature of the microbiome’s influence on autoimmunity is likely to be multifactorial. The implications of the cross talk between the microbiome and autoimmunity are widespread and prompt us to consider how to best maintain a harmonious relationship with the microbiome to promote health and well-being throughout our lives. Data from humanized mice showed that the ability to develop immune tolerance is lost in response to colonization and the interaction with environmental bacteria—a process described as the hygiene deficit. In these mice, the development of autoimmune diseases such as type 1 diabetes or other inflammatory diseases became faster than in specific pathogen-free animals. In sum, certain environmental bacteria or other microorganisms might protect the host from the development of chronic mucosal diseases by acting as natural adjuvants or immunostimulants that induce a tonic volumetric homeostasis of the immune system (Miller, 2022).



3.1 Definition and examples

The concept of the “microbiome” refers to all microbes, their genetic material, or their products within a specific compartment or in the organism. The most studied microbiome is the gut microbiome, but there are other microbiomes such as the lung, skin, and oral microbiomes. Like human genetic data, the microbiome is incredibly diverse and variable. There is great variability in microbiome composition between individuals and body sites within individuals. The microbiome is influenced by host genetics, the local environment, health status, and external interventions such as antibiotics, immunosuppressants, and anti-inflammatories (Hou et al., 2022).




3.2 Pathogenesis and triggers

The Gut Barrier and Autoimmunity Mechanisms that are responsible for the development of autoimmune diseases often feature damage to bodily tissues due to T-cell mediated auto aggression. In the case of type 1 diabetes, for example, the major antigen is expressed on the islet beta-cell surface. Once infiltrated, the immune system can differentiate these cells as pathologically changed and launch an immune response against them. The natural history of such disease development has a number of clear steps. First, the immune system of susceptible individuals is sensitized to self-antigens due to exposure to various triggers. Second, antigen-specific, autoreactive T cells escape thymic negative selection and are activated by environmental triggers, moving the disease into the clinically silent phase. Finally, the autoimmune reaction that leads to disease manifests and progresses. The triggers that initiate autoantigen self-activation in order to form clonal proliferating immune cells and break self-tolerance have historically been divided into interplaying genetic and environmental factors. The disease itself or a genetic predisposition to some pathologies could sometimes be introduced into a healthy body by the transplantation of hematopoietic stem cells carrying apoptotic bodies formed in the blood of diseased subjects. This process has been called disorder transfer through blood stem cell transplantation. These data, therefore, strongly support the hypothesis that immune cells committed to auto aggression can enter a quiescent state, and this trait could be inherited by daughter cell generations. After that, disruption in peripheral control mechanisms could provoke disease onset. Despite the fact that among autoimmune diseases, there are both candidates for thymic presentation and ectopic lymphoid organs, there is no clear proof of the general role of the thymus in controlling autoimmune reactions (Burrack et al., 2017).





4 The interplay between microbiome and autoimmunity

The relationship between the gastrointestinal microbiome and autoimmunity may be bidirectional in nature. Studies to date have indeed shown that the human microbiome is influenced by genetic, nutritional, and environmental factors, including alterations affected by medications. The impact of diet and environmental exposure, including living with pets and geographical location, on the human microbiota and on the immune system in health and disease has been well characterized. In turn, commensal microbes are critical for the development and maintenance of the host immune system by enhancing innate pattern recognition receptor expression, maintaining the recruitment of immunosuppressive cells such as regulatory T cells, and protecting the host against infection. Children and adults with autoimmune diseases are at risk for expression of the disease phenotype given the potential susceptibility of their microbiota. In animal models, it has been demonstrated that the gut microbiota can direct not only the frequency, function, and phenotypic characteristics of conventional Tregs in multiple mouse strains but can also support the differentiation of pTregs and the programming of pTregs. Tregs are present in the thymus of germ-free mice, suggesting that the gut microbiota is required for their generation in the thymus rather than their circulation from the thymus into the periphery. Given the influence of the microbiome on Tregs, the possibility that segmented filamentous bacteria or other luminal microfloral clusters may survive or migrate extra-intestinally to cause an untoward Treg response in a specific genetic host remains a tantalizing possibility. Thus, given the well-characterized importance of Tregs in controlling T-cell-dependent autoimmunity, commensal bacteria have been hypothesized to likewise modulate autoimmune diseases. It is also important to consider that these concepts may be subject to alternative explanations (De Luca and Shoenfeld, 2018; Hou et al., 2022).



4.1 Direct interactions

Several direct interactions have been described between the microbiome and the host immune system when a trigger like a pathogen infects the host. For example, lactate produced by Lactobacillus has immunosuppressive effects during growth. Microbe ligands also influence APCs upon TCR triggering and promote Th activation. Components of viruses, bacteria, fungi, and protozoans can directly lead to cross-reactive responses with peptides of self-antigens, increasing autoimmunity. This leads to an equilibrium in the immune system where innate and adaptive immune responses against commensals are accompanied by an induction of regulatory mechanisms that avoid immunopathology induction.

In the classical concept of a commensal lymphoid trigger, microbes induce Th17 and regulatory T cell responses that influence inflammation and homeostasis in parallel with T permeating before reported inflammation initiation. Microbes have epigenetic effects on genes that regulate the immune response, such as TLR and NOD2. Some bacteria can also produce SCFAs that can act to modulate signals in the immune system, which has important effects on inflammation and host adaptation. It is important to point out that Eubacterium limosum is capable of regulating Th/T CD4+ T ratios by expanding regulatory T cells. The species also produces a key ligand for the TCR and it is able to induce Th17 and CD4+ responses that contribute to autoimmunity if this colitogenic bacterium colonizes the gut late in life (Wiertsema et al., 2021).




4.2 Indirect effects

Recent evidence suggests that both gut dysbiosis and a disrupted oral microbiota are key players involved in the etiology of autoimmune diseases. Since the microbiome is capable of modifying both the innate and adaptive immune systems, indirect effects of the microbiome on autoimmune diseases are often observed. Therefore, the microbiome indirectly affects host immune response homeostasis through the mucosal immune system (Shaheen et al., 2022).





5 Methodology and literature search strategy

A literature extraction was conducted on various databases for peer-reviewed conditions employing thyroid, connective tissue and intestines. A focused search in journals of immunology, immunotherapy, microbiome, autoimmunity, inflammation, and allergy was conducted, respectively (Shi et al., 2017). A comprehensive systematic literature search was conducted in the MEDLINE database using a Medical Subject Headings (MeSH) string combined with the Boolean operators “AND” and “OR.” The search terms for the first concept were as follows: “autoimmunity,” “autoimmune disease,” “autoimmune disorder,” and “self-reactive response” combined using “OR.” As for the second concept, the exploded MeSH term “bacteria” was used in combination with synonyms for bacteria, which were combined with the Boolean operator “OR” as follows: “acetobacter,” “Acetobacteraceae,” “Aerococcus,” “Bacillaceae,” “bacillus,” “corynebacterium,” and “Escherichia coli.” The third concept was set as for the second but using “AND” as follows: “lactic acid bacteria,” “Lactobacillaceae,” “Lactobacillus,” “probiotics,” “bifidobacteria,” and “bifidi.” Moreover, for the final concept, the exploded MeSH term “inflammatory response” was used. As for further concept combinations, we used, as explained above, “AND” or “OR.” We used the following major inclusion criteria (1): clinical trials (2) preclinical studies. The exclusion criteria were: (1) reviews (2) research involving prokaryotes (3) no relation to autoimmunity (4) no specific interest in intestinal flora (5) no relationship with probiotics (6) gene not belonging to the prokaryote (7) commentaries.



5.1 Inclusion and exclusion criteria

All studies met the following inclusion criteria: 1) studies had to be original research articles; review papers, case reports, or in vitro studies were initially excluded; 2) studies were required to report human primary outcomes related to the microbiome in autoimmune diseases; and 3) the studies had to use high-throughput sequencing to evaluate the composition and/or function of the microbiome. We conducted the literature search regardless of linguistic limitations. After initial exclusions and the subsequent review of the full text, we then evaluated whether the study contained baseline information about the autoimmune disease that was analyzed. Using this approach, the following diseases were selected: RA, T1D, G1D, SLE, and IBD. Then, we evaluated whether the autoimmune disease in question was diagnosed, and thereafter the progression of the effects on the microbiome was analyzed. In this step, studies that did not contain the following information were excluded: genus, family, or species levels; and relative abundance, absolute abundance from differences between the groups, or richness equal to or greater than 50% of the cuts through the taxonomic identification of bacteria (Ventelä et al., 2023).




5.2 Key findings from literature review

Based on the findings of this study, several novel aspects about gut microbiota dysbiosis associated with autoimmunity and inflammatory diseases were discussed. Based on the collated data, we suggest that autoimmune conditions share common features such as enrichment of specific taxa and genes but not groups of taxa. We posit that despite the need for sample size expansion and study verifications, the possible universal method for amelioration of autoimmunity could involve modification of the gut environment and promotion of gut health. To achieve such results, we foresee fundamental influences such as diet, living environment, hygienic conditions, and oral use of gut health-promoting probiotics, and lifestyle changes (McLean et al., 2014; Shaheen et al., 2022).




5.3 Systematic review results

The majority of the exponents in both datasets reported a decrease in microbiome diversity across all major immune-mediated diseases examined. The estimated diversity of microbiota across all immune-mediated diseases increases by 0.36 when absolute taxonomic richness is considered. Consistently, disease was associated with a 0.11 decrease, furthermore showing little heterogeneity. While no clear conclusions may be drawn from a funnel plot, the medium number of studies did not directly support any risk of a large number of experiments reporting smaller effects. Thus, careful interpretation of all results is appropriate; in particular, certain contributory factors regarding the intrinsic implications of the effect may need amendments to current standards in studies of immune-related diseases (Wang et al., 2023).





6 Implications for clinical practice

There are significant clinical implications for the study of the microbiome in relation to autoimmunity. Solutions to diseases like MS, lupus, and rheumatoid arthritis, diseases with a “common thread” for disease onset to understand and control, have thus far been elusive. Treatments such as T-cell therapy or stem cell therapy may be available in some countries, but have significant potential for serious side effects, including mortality. Probiotic therapy presents a paradigm shift in how we may treat diseases such as MS, lupus, and rheumatoid arthritis. These treatments have been described as being active, healthy, and inexpensive and positively contribute to a person’s health. There are well-documented outcomes in reducing infections, helping with obesity, and treating inflammatory bowel disease, all without significant negative side effects. In the context of autoimmunity, there is unique power in the potential ability to correct the problem at its very earliest cellular stages, prior to activation of innate and adaptive immune responses. Finally, the growing scientific support for the microbiome’s role in autoimmunity reinforces the notion that probiotic use can be rational to recommend, and that such recommendations can be embodied by guidelines that a physician can integrate into clinical practice (Bogović Crnčić et al., 2024).



6.1 Potential therapeutic strategies

Targeted gastrointestinal manipulation is an intriguing area. Dietary interventions can be an attractive strategy for these microbiome-targeted therapies, including prebiotics, probiotics, fecal microbiota transplantation, and/or synbiotics, as well as the incorporation of novel non-digestible carbohydrates, polyunsaturated fatty acids, and a variety of other nutrition-based intakes referred to as postbiotics and metabiotics. It is also well known that bacteria in co-culture tend to be more effective; this has paved the way for a viable combination and greater efficacy in therapeutics. Postbiotics such as short-chain fatty acids, melatonin, and indole derivatives can mitigate inflammation. To this end, a more comprehensive analysis has shown that the adjuvant therapy of melatonin in addition to traditional antidepressant therapy appears to be useful in improving depressive symptoms. Small molecules from certain bacteria reverse microbiota changes that contribute to obesity and metabolic disorders, suggesting that these molecules may be useful to mitigate the risk of developing depression in patients with obesity. Banana flakes mixed with lupin have shown a promising effect in regulating the gut microbiome and inflammation in animal studies. Gut microbiome-targeted therapeutics aim to correct the dysbiosis in the mucosa and restore the network of bacterial targeting and crosstalk between multiple immune-influencing cells, both innate and adaptive that dictate gut tolerance or enteric inflammation. Hence, such a therapy could represent a promising approach to prevent and/or control dysbiosis-induced systemic inflammation, which is considered to contribute to autoimmune and autoimmune-related conditions. Collectively, a large body of animal and human studies has suggested that microbial bioproducts can harness enteric immune system development and function and beneficially clear systemic inflammation, which can ultimately drive systemic autoimmune responses (Cresci et al., 2020).




6.2 Future research directions

Autoimmune diseases constitute a significant public health burden, particularly in Western societies. Information regarding genes, dietary and lifestyle factors, and the immune phenotype that are linked to the microbiome can provide a synthesis of the triggering mechanisms. Future research studies focusing on both set points of the immune phenotype and long-term probiotic administration are needed to gain a full understanding of the potential therapeutic interventions related to the human microbiome (Kim et al., 2023).





7 Conclusion and summary

Currently, studies focusing on the role of the microbiome in autoimmunity are predominantly described using animal models. Different methodologies that lack sufficient validity result in unsystematic data analysis. The diminished sample size utilization leads to a scattering of data distribution and robustness. We are aware of the limitations of human studies, including the potential risk of bias. Animal model studies can sometimes provide controlled measures of disease induction and resolution. The role of microbiome influences on autoimmunity is more elusive than for infectious diseases. At this stage, it is not possible to predict the accrual necessary to definitively show clinical benefits of specific microbiome manipulations. Basic and clinical experiments should be incorporated into evaluating impacts on the microbiome in the context of autoimmune states. Additional robust studies and more meta-analyses are required before the underlying pathological mechanisms of microbiome influence on autoimmunity are better elucidated. Such studies are still opening new avenues and have the potential to decrease inflammation through manipulation of the microbiome and may avert or delay the onset of autoimmunity. In summary, our analyses suggest that the role of the microbiome in autoimmunity is credible, and current evidence supports the development of strategies to modulate the variability in gut microbiota for the management of autoimmune diseases.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

MA: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.





Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



References
	 Ahn, J., and Hayes, R. B. (2021). Environmental influences on the human microbiome and implications for noncommunicable disease. Annu. Rev. Public Health 42, 277–292. doi: 10.1146/annurev-publhealth-012420-105020
	 Belkaid, Y., and Hand, T. (2014). Role of the microbiota in immunity and inflammation. Cell 157, 121–141. doi: 10.1016/j.cell.2014.03.011
	 Berg, G., Rybakova, D., Schelkle, B., Schloter, M., et al. (2020). Microbiome definition re-visited: old concepts and new challenges. Microbiome 8, 103. doi: 10.1086/s40168-020-00875-0
	 Bogović Crnčić, T., Ćurko-Cofek, B., and Batičić, L. (2024). Navigating the neuro- immunomodulation frontier: pioneering approaches and promising horizons—A comprehensive review. Int. J. Mol. Sci. 25, 9695.
	 Burrack, A. L., Martinov, T., and Fife, B. T. (2017). T cell-mediated beta cell destruction: autoimmunity and alloimmunity in the context of type 1 diabetes. Front. Endocrinol. (Lausanne) 8, 343. doi: 10.3389/fendo.2017.00343
	 Cresci, G. A. M., Lampe, J. W., and Gibson, G. (2020). Targeted approaches for in situ gut microbiome manipulation. JPEN J. Parenter Enteral Nutr. 44, 581–588. doi: 10.1002/jpen.v44.4
	 De Luca, F., and Shoenfeld, Y. (2018). The microbiome in autoimmune diseases. Clin. Exp. Immunol. 195, 74–85. doi: 10.1111/cei.13158
	 Gosalbes, M. J., Durbán, A., Pignatelli, M., Abellan, J. J., Jiménez-Hernández, N., Pérez-Cobas, A. E., et al. (2011). Metatranscriptomic approach to analyze the functional human gut microbiota. PLoS One 6, e17447. doi: 10.1371/journal.pone.0017447
	 Hou, K., Wu, Z. X., Chen, X. Y., Wang, J. Q., Zhang, D., Xiao, C., et al. (2022). Microbiota in health and diseases. Signal Transduction Targeted Ther. 7, 135. doi: 10.1038/s41392-022-00974-4
	 Kim, C. S., Jung, M. H., Choi, E. Y., and Shin, D. M. (2023). Probiotic supplementation has sex-dependent effects on immune responses in association with the gut microbiota in community-dwelling older adults: a randomized, double-blind, placebo-controlled, multicenter trial. Nutr. Res. Pract. 17, 883–898. doi: 10.4162/nrp.2023.17.5.883
	 McLean, M. H., Dieguez, D. Jr, Miller, L. M., and Young, H. A. (2014). Does the microbiota play a role in the pathogenesis of autoimmune diseases? Gut 64, 332–341. doi: 10.1136/gutjnl-2014-308514
	 Miller, F. W. (2022). The increasing prevalence of autoimmunity and autoimmune diseases: an urgent call to action for improved understanding, diagnosis, treatment and prevention. Curr. Opin. Immunol. 80, 102266. doi: 10.1016/j.coi.2022.102266
	 Shaheen, W. A., Quraishi, M. N., and Iqbal, T. H. (2022). Gut microbiome and autoimmune disorders. Rev. Clin. Exp. Immunol. 209, 161–174. doi: 10.1093/cei/uxac057
	 Shi, N., Li, N., Duan, X., and Niu, H. (2017). Interaction between the gut microbiome and mucosal immune system. Mil Med. Res. 14. doi: 10.1186/s40779-017-0122-9
	 Ventelä, J., Korja, M., Auvinen, A., Lohi, O., and Nikkilä, A. (2023). Dual direction associations between common autoimmune diseases and leukemia among children and young adults: A systematic review. Cancer Epidemiol. 86, 102411. doi: 10.1016/j.canep.2023.102411
	 Wang, T., Sternes, P. R., Guo, X. K., Zhao, H., Xu, C., and Xu, H. (2023). Autoimmune diseases exhibit shared alterations in the gut microbiota. Rheumatol. (Oxford) 63, 856–865. doi: 10.1093/rheumatology/kead364
	 Wang, X., Yuan, W., Yang C, Wang, Z., Zhang, J., Xu, D., Sun, X., et al. (2024). Emerging role of gut microbiota in autoimmune diseases. Front. Immunol. 63 (3), 856-865. doi: 10.3389/fimmu.2024.1365554
	 Wiertsema, S. P., van Bergenhenegouwen, J., Garssen, J., and Knippels, L. M. J. (2021). The interplay between the gut microbiome and the immune system in the context of infectious diseases throughout life and the role of nutrition in optimizing treatment strategies. Nutrients 13, 886. doi: 10.3390/nu13030886
	 Zhang, Y., Peng, Y., and Xia, X. (2023). Autoimmune diseases and gut microbiota: a bibliometric and visual analysis from 2004 to 2022. Clin. Exp. Med. 23, 2813–2827. doi: 10.1007/s10238-023-01028-x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Adawi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	SYSTEMATIC REVIEW
published: 31 July 2025
doi: 10.3389/fmicb.2025.1604571





[image: A gray icon with a circular arrow inside a shield. Beneath the icon, the text reads "Check for updates."]

Fecal microbiota transplantation for chronic constipation: a systematic review and meta-analysis of clinical efficacy, safety, and microbial dynamics

Ke Wang1, Chun Gao2†, Li Zhu2†, Min Chen2, Yi Xin Tong2 and Sheng Zhang2*


1The Second Department of Surgery, Jiyuan Hospital of Traditional Chinese Medicine, Jiyuan, China

2Department of Gastrointestinal Surgery, Tongji Medical College, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China

Edited by
Giuseppe Guido Maria Scarlata, University “Magna Graecia” of Catanzaro, Italy

Reviewed by
Najla A. Obaid, Umm Al-Qura University, Saudi Arabia
Yomna Ali, Alexandria University, Egypt
Yan Xu, Emergency General Hospital, China

*Correspondence
Sheng Zhang, aloof3737@126.com

†These authors have contributed equally to this work

Received 02 April 2025
Accepted 23 June 2025
Published 31 July 2025

Citation
 Wang K, Gao C, Zhu L, Chen M, Tong YX and Zhang S (2025) Fecal microbiota transplantation for chronic constipation: a systematic review and meta-analysis of clinical efficacy, safety, and microbial dynamics. Front. Microbiol. 16:1604571. doi: 10.3389/fmicb.2025.1604571







Background: Chronic constipation, a prevalent gastrointestinal disorder with limited treatment efficacy in refractory cases, has prompted exploration of fecal microbiota transplantation (FMT) as a novel therapeutic strategy. This systematic review and meta-analysis evaluate the efficacy, safety, and gut microbial dynamics of FMT in adults with chronic constipation.
Methods: We systematically searched PubMed, Embase, Web of Science, and Cochrane Library up to January 2025, identifying 1,072 records. Nine studies (n = 245 patients) met inclusion criteria for qualitative synthesis, with eight contributing to meta-analysis. Outcomes included constipation remission and improvement, stool metrics, quality of life, and microbiota changes. Random-effects models analyzed pooled remission rates, mean differences (MDs), and heterogeneity (I2 statistics).
Results: Fecal microbiota transplantation achieved a 50.7% pooled remission rate (95% CI: 38.7%–62.7%) and 64.8% improvement rate (95% CI: 51.4%–76.3%). Significant improvements were observed in stool consistency (MD = 1.32, 95% CI: 1.05–1.35), quality of life (GIQLI MD = 32.19, 95% CI: 17.15–47.23), and symptom severity (Wexner MD = −4.83, 95% CI: −7.15–2.51). Post-FMT microbiota analyses revealed enrichment of beneficial taxa (Bifidobacterium, Prevotella; Firmicutesacteroidetes) and suppression of pro-inflammatory Enterobacteriaceae. Transient gastrointestinal adverse events (e.g., bloating: 17.3%) resolved spontaneously, with no severe complications reported.
Conclusion: Fecal microbiota transplantation demonstrates clinically meaningful symptom relief and gut microbiota remodeling in chronic constipation, supported by favorable short-term safety. While heterogeneity in protocols and limited RCT data warrant caution, these findings advocate standardized FMT frameworks and confirmatory trials to optimize therapeutics for refractory constipation.
Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42025643634.
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Introduction

Chronic constipation, a prevalent functional gastrointestinal disorder affecting 10%–15% of adults globally, imposes substantial burdens on quality of life and healthcare systems. Its prevalence escalates with age, disproportionately impacting women (female-to-male ratio ∼2:1), and manifests as heterogeneous subtypes: slow-transit, outlet obstruction, or a combination thereof—as defined by Rome IV criteria. First-line therapies, including dietary fiber, osmotic laxatives, and prokinetic agents, fail to achieve sustained relief in 30%–40% of patients, underscoring an urgent need for mechanistically grounded interventions targeting underlying pathophysiology (Bharucha and Wald, 2019; Brenner et al., 2022; Drossman and Hasler, 2016; Harris and Chang, 2022; Wald, 2016).

Recent advances have delineated gut microbial dysbiosis as a pivotal contributor to chronic constipation. Comparative metagenomic analyses reveal consistent depletion of short-chain fatty acid (SCFA)-producing taxa (e.g., Faecalibacterium prausnitzii) and enrichment of methanogens (e.g., Methanobrevibacter smithii) in constipated individuals, disrupting colonic motility through impaired serotonin signaling, altered enteric nervous system activity, and methane-induced slowing of transit (Attaluri et al., 2010; Banaszak et al., 2023; Goya-Jorge et al., 2023; Huang et al., 2018). Germ-free rodent models transplanted with microbiota from constipated donors recapitulate delayed gut motility, while probiotic supplementation partially restores peristalsis, directly implicating microbial communities in disease pathogenesis (Ge et al., 2017; Peng et al., 2023; Roy and Dhaneshwar, 2023).

Fecal microbiota transplantation (FMT), which reconstitutes gut ecological balance through engraftment of donor-derived microbiota, has demonstrated transformative success in recurrent Clostridioides difficile infection (cure rates > 90%) and moderate efficacy in ulcerative colitis (Paramsothy et al., 2017; Walter and Shanahan, 2023). In functional gastrointestinal disorders, emerging evidence highlights FMT’s potential to modulate gut-brain axis signaling. A 2020 randomized controlled trial (RCT) reported significant improvements in stool frequency and abdominal pain in irritable bowel syndrome patients receiving FMT, mediated by restored microbial diversity and enhanced SCFA production (El-Salhy et al., 2020). Preliminary studies in chronic constipation suggest FMT may ameliorate symptoms by upregulating serotonin biosynthesis, reducing methane production, and reinforcing intestinal barrier integrity, yet current evidence remains limited to small, non-randomized cohorts (Li et al., 2024; Liu et al., 2021; Singh et al., 2022; Wang et al., 2024).

This systematic review and meta-analysis synthesize existing clinical data to rigorously evaluate FMT’s efficacy in adult chronic constipation, quantifying its effects on core endpoints (stool frequency, consistency) and patient-reported outcomes. By integrating microbial compositional changes with clinical responses, we aim to define actionable patterns linking microbiota remodeling to therapeutic success. Our findings will address critical gaps in evidence, inform future RCT design, and advance translational strategies leveraging the gut microbiome as a therapeutic target for chronic constipation.



Materials and methods


Protocol and registration

In this study, all procedures were conducted in accordance with the guidelines specified in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 (PRISMA-2020) protocol (Page et al., 2021). The methodological approaches were consistent with the standards outlined in the Cochrane Handbook. (Higgins and Thomas, 2024) Additionally, this study has been registered with the International Prospective Register of Systematic Reviews, with the registration number PROSPERO: CRD42025643634.



Search strategy and study selection

Up to January 2025, we conducted searches across four electronic databases: PubMed, Cochrane Library, Scopus, and Web of Science. We conducted our search using the following query to identify relevant studies on fecal microbiota transplantation: (“Fecal Microbiota Transplant*” OR FMT OR “Fecal Microbiota Transplant*” OR “microbiota transplant*” OR “microbiota transfer” OR “microbiome transfer” OR “microbiome transplant*” OR “feces transplant*” OR “Fecal Transplant*” OR “Fecal Transfer” OR “stool Transplant*” OR “stool Transfer” OR “stool therapy” OR “Donor Feces” OR “donor fecal” OR “donor stool” OR “fecal flora transplant*” OR “microflora transplant*” OR “Fecal therapy” OR “fecal bacteriotherapy” OR “feces bacteriotherapy” OR “rectal bacteriotherapy” OR “fecal flora bacteriotherapy” OR “fecal reconstitution” OR “flora reconstitution” OR “microbiome reconstitution” OR “feces reconstitution”) AND (“chronic constipation” OR “slow transit constipation” OR “constipation”). We only include studies in English in our search. Furthermore, we reviewed the reference lists of the included studies to identify additional relevant citations.

Titles and abstracts were independently screened by two reviewers, C.G. and M.C., to identify studies meeting the inclusion criteria and exclude irrelevant ones. Duplicate records were systematically removed, and reference lists of selected studies were manually searched to capture additional eligible studies. Discrepancies during the selection process were resolved through consultation with a third reviewer, Y.X.T., ensuring methodological rigor and decision consistency.



Inclusion and exclusion criteria

Studies were considered for full review if they met the following criteria: single-arm or two-arm studies, retrospective studies, prospective studies, and randomized controlled trials, focusing on the effects of FMT on constipation. The population included adults with chronic constipation or slow transit constipation. Studies were excluded if they were abstracts, letters to the editor, conference proceedings, review articles, case reports, comments, or book chapters. Studies with insufficient data to summarize were also Additionally, a manual search of reference lists was conducted to identify potentially relevant articles for further study inclusion. Exclusion criteria comprised: (1) review articles, case reports, letters, comments, or book chapters; (2) studies with insufficient data to extract predefined efficacy endpoints (e.g., missing stool frequency metrics or symptom scores); (3) non-English publications.



Bowel movement measurements and outcomes

The bowel movement measurement was evaluated by CSBM (complete weekly spontaneous bowel movements), CTT (colonic transit time), and BSFS (Bristol Stool Form Scale). Other evaluations included PAC-SYM (Patient Assessment of Constipation-Symptoms); PAC-QOL (Patient Assessment of Constipation Quality of Life); GIQLI (Gastrointestinal Quality-of-Life Index); SACS (Self-assessment of constipation symptoms). The primary outcome assessed in this systematic review was clinical remission rate, defined as the proportion of patients who had an average of three or more spontaneous complete bowel movements per week during the observation period. The secondary outcome was clinical improvement rate, defined as proportion of patients who were in remission or had an average increase of one or more CSBMs/week compared with baseline. Furthermore, the implementation of fecal microbial profiling during both pre- and post-transplantation phases was systematically recorded and critically appraised across all eligible studies in this systematic review.



Data extraction and quality assessment

In this systematic review, data extraction was independently conducted by two reviewers using a pre-specified data extraction form. Key variables included first author, publication year, trial design, sample size, participant characteristics (e.g., constipation type), FMT intervention details (e.g., administration route), outcome measures (e.g., bowel movement frequency, symptom scores), and primary results (summarized in Table 1). Outcome data from intention-to-treat or per-protocol analyses were prioritized to ensure alignment with original study conclusions. To enhance reliability, the dual-reviewer system was implemented for cross-verification, with any discrepancies re-examined through iterative discussions until consensus was achieved. Additionally, the inclusion or omission of pre- and post-FMT fecal microbiome analysis in each study was explicitly documented to assess microbial dynamics in relation to clinical outcomes.


TABLE 1 Characteristics of studies included in systematic review.


	References
	Year
	
	Patients’ characteristics
	Study design
	Sample size
	Study endpoints
	Follow-up and outcomes





	Ge et al., 2016
	2016
	China
	Slow transit constipation
	Retrospective, Single-arm
 FMT group: via nasojejunal tube
	21
	CSBM, stool consistency (BSFS), GIQLI, PAC-SYM, CTT
	12 weeks
 Remission rate: 42.9%
 Improvement rate: 66.7%
 Adverse event



	Tian et al., 2016
	2016
	China
	Slow transit constipation
	Retrospective, Single-arm
 FMT group: via nasojejunal tube
	24
	CSBM, BSFS, Wexner score, GIQLI, CTT
	12 weeks
 Remission rate: 37.5%
 Improvement rate: 50%



	Tian et al., 2017)
	2017
	China
	Slow transit constipation
	RCT, FMT (via nasojejunal tube) vs. conventional therapy
	49 (25/24)
	CSBM, CTT, BSFS, Wexner score
	12 weeks
 Remission rate: 36% vs 13.3%
 Improvement rate: 52% vs. 20%
 Adverse event



	Ding et al., 2018
	2018
	China
	Slow transit constipation
	Propective, Single-arm
 FMT group: via nasojejunal tube
	52
	CSBM, BSFS, PAC-SYM, PAC-QOL
	24 weeks
 Remission rate: 32.7%
 Improvement rate: 44.2%
 Adverse event



	Tian et al., 2020
	2020
	China
	Chronic functional constipation
	Propective, Single-arm
 FMT group: via nasojejunal tube
	34
	Wexner score, SACS, BSFS, PAC-QOL, SDS, SAS
	12 weeks
 Remission rate: 73.5%
 Improvement rate: 88.2%
 Adverse event



	Zhang et al., 2021
	2021
	China
	Refractory constipation
	Retrospective, Single-arm
 FMT group: via nasojejunal tube
	18
	CSBM, stool consistency (BSFS), Wexner score, PAC-SYM, PAC-QOL
	4 weeks
 Remission rate: 77.8%
 Microbime and metabolite change



	Xie et al., 2021
	2021
	China
	Slow transit constipation
	Retrospective, Single-arm
 FMT group: via nasojejunal tube
	8
	CSBM, Wexner score, GIQLI, HAMD
	6 weeks
 Remission rate: 62.5%
 Improvement rate: 75%
 Microbime and metabolite change
 Adverse event



	Yang et al., 2021
	2021
	China
	Mixed constipation
	Retrospective, double-arm
 FMT group vs. Biofeedback group
	85 (45/40)
	CSBM, BSFS, PAC-SYM, GIQLI
	48 weeks
 Mean CSBM: 3.61/week vs. 2.15/week (1 month); 3.25/week vs. 2.01/week (6 months); 2.71/week vs. 1.98/week (12 months)
 Microbime and metabolite change
 Adverse event



	Wu et al., 2023
	2023
	China
	Refractory functional constipation
	Retrospective, Single-arm
 FMT group: colonscopy or nasojejunal tube
	63
	CSBM, Wexner score, BSFS score
	24 weeks
 Remission rate: 50%
 Improvement rate: 73%
 Adverse event






FMT, fecal microbiome transplantation; CSBM, complete weekly spontaneous bowel movements; CTT, colonic transit time; BSFS, Bristol Stool Form Scale; PAC-SYM, Patient Assessment of Constipation-Symptoms; SBMs, spontaneous bowel movements; PAC-QOL, Patient Assessment of Constipation Quality of Life, GIQLI, Gastrointestinal Quality-of-Life Index; SACS, Self-assessment of constipation symptoms; SDS, Zung’s self-rating depression scale; SAS, Zung’s self-rating anxiety scale; HAMD, Hamilton Depression Scale.




Study quality was assessed using domain-specific tools: the Cochrane Risk of Bias 2.0 (RoB 2) tool for randomized trials and the Newcastle-Ottawa Scale (NOS) for observational studies. Two reviewers independently evaluated selection bias, performance bias, detection bias, attrition bias, and reporting bias for RCTs using RoB 2’s signaling questions. Observational studies were scored across NOS domains (selection, comparability, outcome) (Sterne et al., 2019; Wells et al., 2014). Discrepancies were resolved through consensus. The NOS evaluates studies based on eight criteria, encompassing three key domains: the selection of study participants, the comparability of the study’s design and analysis, and the assessment of study outcomes. Additionally, the level of certainty of the evidence presented in each study was assessed utilizing the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) methodology (Guyatt et al., 2011)



Statistical analysis and publication bias

A single-arm meta-analysis was conducted to estimate the pooled response rate of fecal microbiota transplantation (FMT) in chronic constipation. Proportions of responders (defined by study-specific criteria) were synthesized using a generalized linear mixed model (GLMM) with random effects, which accounts for between-study heterogeneity and stabilizes variance in sparse data through logit transformation. The GLMM framework was selected for its robustness in handling overdispersed binomial data and its alignment with recommendations for meta-analyses of proportions. Interstudy heterogeneity was quantified using the Cochran’s Q statistic (significance threshold p < 0.10) and the I2 statistic, interpreted as follows: I2 < 25% (low), 25%–50% (moderate), 50%–75% (substantial), and > 75% (considerable). To assess the robustness of pooled estimates, sensitivity analyses were performed by iteratively excluding individual studies. Potential sources of heterogeneity were qualitatively explored through examination of methodological variations in donor selection criteria, fecal processing protocols, and follow-up duration across studies.

A prediction interval (95% PI) was calculated to estimate the potential range of response rates in future studies. The analysis was performed using the metaprop function in the R package meta (v6.5-0). Forest plots were generated to visualize individual study proportions (with 95% confidence intervals), the pooled estimate, and prediction intervals. Weights assigned to each study were derived from the inverse variance method under the random-effects assumption. All statistical code was executed in R 4.3.1, with reproducibility ensured through script-based workflows. The GLMM models included a logit link function and restricted maximum likelihood (REML) estimation for variance components. Due to the absence of randomized controlled trials in the included studies, formal risk of bias assessment was not applicable.




Results


Search results and characteristics of included studies

The systematic search identified a total of 1,072 citations from electronic databases and manual sources, with 377 duplicates removed, yielding 695 unique records for initial screening. After title and abstract review, 52 potentially relevant articles were selected for full-text evaluation. Following rigorous assessment against predefined inclusion criteria (e.g., study design, population, intervention), 43 articles were excluded due to irrelevance to the research question, insufficient data, or protocol overlaps. Ultimately, nine studies met all eligibility requirements and were included in the qualitative synthesis (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Yang et al., 2021; Zhang et al., 2021). Of these, eight studies provided extractable outcome data for quantitative meta-analysis. The selection process adhered to PRISMA guidelines, with discrepancies resolved through consensus discussions among reviewers (Figure 1).


[image: Flowchart depicting study selection for a systematic review and meta-analysis. Initially, 1,072 records were identified from six databases. After removing 377 duplicates, 695 records were screened by titles and abstracts, excluding 643 studies. Fifty-two records were assessed for eligibility, with 43 excluded for irrelevance, review types, protocol overlaps, or not being in English. Ultimately, nine studies were included in the final analysis.]
FIGURE 1
PRISMA-2020 flow diagram of search and inclusion strategy.


Table 1 summarized the characteristics of nine studies included in the meta-analysis. The sample size of included studies ranges from 8 to 85. Majority studies were single-arm studies evaluating FMT on chronic constipation (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Zhang et al., 2021). One study compared FMT and biofeedback therapy on constipation (Yang et al., 2021). One RCT compared FMT and conventional therapy on constipation (Tian et al., 2017). The follow-up period ranges from 4 to 48 weeks. Four studies analyzed gut microbiota composition pre- and post-FMT (Tian et al., 2020; Xie et al., 2021; Yang et al., 2021; Zhang et al., 2021). Table 2 presents the microbiota composition data of included studies. Two studies also performed the metabolite analysis pre- and post FMT therapy (Xie et al., 2021; Zhang et al., 2021).


TABLE 2 Microbiota composition and metabolite data in included studies.


	References
	Microbiota measurement
	Microbiota composition data
 ↑after FMT
	Microbiota composition data
 ↓after FMT
	Key beneficial bacteria
	Key metabolite





	Guyatt et al., 2011
	N/A
	N/A
	N/A
	N/A
	N/A



	Ge et al., 2016
	N/A
	N/A
	N/A
	N/A
	N/A



	Tian et al., 2016
	N/A
	N/A
	N/A
	N/A
	N/A



	Tian et al., 2017
	N/A
	N/A
	N/A
	N/A
	N/A



	Ding et al., 2018
	Alpha and Beta diversity, LEfSe
	Prevotella, Megamonas, Acidaminococcaceae, Butyricimonas
	Enterobacteriaceae
 Bacteroides
	Prevotella, Megamonas, Acidaminococcus, Butyricimonas
	N/A



	Tian et al., 2020
	Alpha & Beta diversity, PCoA, LEfSe

	Paraprevotella, Weissella, Coprococcus, Phascolarctobacterium, Allisonella, Fusicatenibacter, Acidaminococcaceae, Leuconostocaceae, Clostridia
	Lachnoanaerobaculum, Anaerofilum, Neisseria
	Fusicatenibacter, Paraprevotella
	Butyric acid↑



	Zhang et al., 2021
	Alpha and Beta diversity, PCoA, LEfSe
	Actinobacteria (Bifidobacterium), Proteobacteria (Escherichia), Firmicute (Lactobacillus)
	Bacteroidetes (Prevotell, Bacteroides), Firmicute (Roseburia, Blautia)
	Lactobacillus
	N-Acetyl-Lglutamate, gamma-L-Glutamyl-L-glutamic acid, Glycerophosphocholine



	Xie et al., 2021
	Alpha and Beta diversity, PCoA,
	Prevotella, Bifidobacterium, Paraprevotella, Collinsella, Barnesiellaceae, Actinobacteria, Slackia, Adlercreutzia, Enterococcus
	Bacteroidaceae, Victivallaceae
	Prevotella, Bifidobacterium, Actinobacteria
	N/A



	Yang et al., 2021
	N/A
	N/A
	N/A
	N/A
	N/A






LEfSe, LDA Effect Size; PCoA, Co-ordinates Analysis.




Among the included studies, eight studies had available data to analyze the remission rate of FMT on constipation (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Zhang et al., 2021). Seven studies had available data to analyze the improvement rate of FMT on constipation (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021), seven studies (Ge et al., 2016; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Yang et al., 2021; Zhang et al., 2021), three studies (Ge et al., 2016; Tian et al., 2016; Tian et al., 2017), six studies (Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Zhang et al., 2021), four studies (Ge et al., 2016; Tian et al., 2016; Xie et al., 2021; Yang et al., 2021), four studies (Ding et al., 2018; Ge et al., 2016; Yang et al., 2021; Zhang et al., 2021), three studies [(Ding et al., 2018; Tian et al., 2020; Zhang et al., 2021) had data on stool consistency, colonic transit time, Wexner score, GIQLI, PAC-SYM and PAC-QOL respectively.



Pooled efficacy of FMT in the treatment of chronic constipation

As shown in Figure 2, the pooled efficacy of FMT on remission rate of constipation was 50.7% (95%CI 38.7%–62.7%) from eight studies (245 patients, I2 = 68%). The pooled efficacy of FMT on improvement rate of constipation was 64.8% (95% 51.4%–76.3%) from seven studies (237 patients, I2 = 72%), indicating that FMT may improve bowel movement in patients with chronic constipation. Meta-analysis also revealed that FMT improved stool consistency and patients’ quality of life, with pooled increase mean difference (MD) of 1.32 points (95% CI: 1.05–1.35, 230 patients, I2 = 88%) and 32.19 points (95%CI: 17.15–47.23, 98 patients, I2 = 98%) for BSFS and GIQLI score respectively. FMT also significantly relief the constipation related symptoms and improve quality of life, as shown in the pooled MD as −4.83 points (95% CI: −7.15 to 2.51, 172 patients, I2 = 97%), −3.56 points (95% CI: −9.63 to 2.51, 136 patients, I2 = 96.4%), −23.2 points (95% CI: −46.5 to 0.03, 104 patients, I2 = 99%) for Wexner constipation scale, PAC-SYM and PAC-QOL, respectively. In addition, colonic transit time was also significantly decreased after FMT treatment, as shown in the pooled decrease of MD as −20.3 h (95% CI: −28.5 to 12.0 h, I2 = 94%) (70 patients) from three studies (Figures 3A–F). The summary of the meta-analysis was present in Table 3.


[image: Forest plots show the pooled efficacy of FMT on constipation outcomes. Panel A illustrates remission rate, with studies reporting percentages and confidence intervals, pooled using common and random effect models. Panel B depicts improvement rate, with similar data representation. Both models show heterogeneity indices and prediction intervals.]
FIGURE 2
Forest plots of efficacy of fecal microbiota transplantation (FMT) on remission rate (A) and improvement rate (B) of constipation.



[image: Forest plots display study results across six metrics: A. BSFS, B. GIQLI, C. Wexner, D. PAC-SYM, E. PAC-QOL, and F. CTT. Each plot shows individual study data with mean differences, 95% confidence intervals, and heterogeneity statistics, using both common and random effects models.]
FIGURE 3
Forest plots of efficacy of fecal microbiota transplantation (FMT) on Bristol Stool Form Scale (BSFS) (A), Gastrointestinal Quality-of-Life Index (GIQLI) (B), Wexner score (C), Patient Assessment of Constipation-Symptoms (PAC-SYM) (D), and Patient Assessment of Constipation Quality of Life (PQC-QOL) (E) and colonic transit time (CTT) (F) of constipation.



TABLE 3 Summary of findings and certainty of the evidence.


	Outcomes
	Measurement
	Studies (participants)
	Pooled efficacy of FMT (95% CI, 95% PI)
	Heterogeneity (Q, p-value, I2, %)
	Certainty of the evidence (GRADE)*
	Conclusion





	Remission rate
	CSBM
	8 studies (245) (Ding et al., 2018; Ge et al., 2016; Guyatt et al., 2011; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Yang et al., 2021; Zhang et al., 2021)
	50.7% (38.7–62.7%) (18.5–82.4%)
	Substantial (26, < 0.05, 68%)
	Very low 1, 2, 3
	Approximately half of patients achieved clinically completely symptom relief by FMT therapy



	Improvement rate
	CSBM
	7 studies (237) (Ding et al., 2018; Ge et al., 2016; Guyatt et al., 2011; Tian et al., 2016; Tian et al., 2017; Yang et al., 2021; Zhang et al., 2021)
	64.8% (51.4–76.3%)
 (24.6–91.2%)
	Substantial (18.9, < 0.05, 72%)
	Very low 1, 2, 3
	64.8% of patients achieved clinical improvement of symptom relief by FMT therapy



	Stool consistency
	BSFS
	7 studies (230) (Ding et al., 2018; Ge et al., 2016; Guyatt et al., 2011; Tian et al., 2016; Tian et al., 2020; Xie et al., 2021; Yang et al., 2021)
	1.32 (1.05–1.35)
	Considerable (32.1, < 0.05, 88%)
	Very low, 1, 2, 4
	FMT significantly improved stool consistency scores by a mean difference of 1.32 points.



	Constipation related quality of life
	GIQLI
	4 studies (98) (Ge et al., 2016; Guyatt et al., 2011; Xie et al., 2021; Zhang et al., 2021)
	32.19 points (17.15–47.23)
	Considerable (96°3, < 0.05, 98%)
	Very low 1, 2, 4, 5
	The pooled MD of 32.19 points exceeds the minimally clinically important difference for GIQLI (typically 10–15 points), indicating substantial improvement in gastrointestinal quality of life post-FMT.



	
	Wexner score
	6 studies (172) (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2020; Yang et al., 2021; Zhang et al., 2021)
	−4.83 points (−7.15 to 2.51)
	Considerable (38.7, < 0.05, 97%)
	Very low 1, 2, 4, 5
	FMT significantly reduced Wexner scores by 4.83 points, indicating improved constipation symptoms



	
	PAC-SYM
	4 studies (136) (Guyatt et al., 2011; Tian et al., 2017; Tian et al., 2020; Xie et al., 2021)
	−3.56 points (−9.63 to 2.51)
	Considerable (83.1, < 0.05, 96.4%)
	Very low 1, 2, 3, 5
	The pooled MD of −3.56 points suggested a non-significant trend toward symptom improvement (p = 0.37) of FMT.



	
	PAC-QOL
	3 studies (104) (Ding et al., 2018; Tian et al., 2017; Tian et al., 2020)
	−23.2 points (−46.5 to 0.03)
	Considerable (54.8, < 0.05, 99%)
	Very low 1, 2, 4, 5
	The pooled MD of −23.2 points suggested a statistically significant improvement in PAC-QOL scores post-FMT (p = 0.002).



	Bowel movement
	CTT
	3 studies (70) (Ge et al., 2016; Guyatt et al., 2011; Tian et al., 2016)
	−20.3 h (−28.5 to 12.0)
	Considerable (50.1, < 0.05, 94%)
	Very low 1, 2, 4, 5
	FMT significantly reduced CTT by 20.3 h (95% CI: −28.5 to −12.0), demonstrating accelerated colonic transit.






*(1). Downgraded one point because of moderate or high risk of bias associated with study attrition, prognostic factor measurement, and statistical analysis. (2). Downgraded one point because of inconsistency due to substantial heterogeneity. (3). Downgraded one point because of publication bias. (4). Downgraded one point because of inconsistency of forest plot. (5). Downgraded one point because of imprecision. FMT, fecal microbiome transplantation; CSBM, complete weekly spontaneous bowel movements; CTT, colonic transit time; BSFS, Bristol Stool Form Scale; PAC-SYM, Patient Assessment of Constipation-Symptoms; SBMs: spontaneous bowel movements; PAC-QOL, Patient Assessment of Constipation Quality of Life, GIQLI, Gastrointestinal Quality-of-Life Index.






Dynamics of gut microbiome after FMT treatment

Four studies performed fecal microbiome testing based on 16S rDNA Gene analysis before and after FMT of the included patients. All four studies revealed that the composition of fecal microbiota in the post-FMT patients significantly differed from baseline in the phylum-level and genus-level abundances. Alpha and Beta diversity analysis also revealed that gut microbiota diversity elevated in patients after FMT Treatment.

As summarized in Table 2, following FMT, the bacterial taxa demonstrating significant enrichment predominantly included Phylum Firmicutes (included Coprococcus, Phascolarctobacterium, Acidaminococcaceae, Lactobacillus, Megamonas, Fusicatenibacter); Phylum Bacteroidetes (included Prevotella, Paraprevotella, Butyricimonas); Phylum Actinobacteria (included Bifidobacterium, Collinsella, Slackia); Phylum Proteobacteria (included Escherichia) and Other Notable Taxa (included Weissella and Allisonella).

fecal microbiota transplantation led to consistent reductions in bacterial taxa associated with pro-inflammatory or dysbiosis-related functions, categorized as follows: Phylum Proteobacteria (included Enterobacteriaceae and Neisseria); Phylum Bacteroidetes (included Bacteroidaceae); Phylum Firmicutes (included Lachnoanaerobaculum, Anaerofilum, Roseburia and Blautia); Phylum Lentisphaerae (Victivallaceae).

The critical bacterial taxa linked to the therapeutic effects of FMT on chronic constipation include phylogenetically and functionally distinct groups: Phylum Bacteroidetes (included Prevotella, Paraprevotella and Butyricimonas); Phylum Firmicutes (Megamonas, Fusicatenibacter and Lactobacillus); Phylum Actinobacteria (Bifidobacterium and Actinobacteria) and Family Acidaminococcaceae (Acidaminococcus) (Table 2).



Safety of FMT

The safety of FMT was rigorously evaluated across nine included studies, with seven explicitly documenting treatment-related adverse events (AEs) (Ding et al., 2018; Ge et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Yang et al., 2021). Critically, no severe AEs (e.g., systemic infections, hospitalization, or mortality) were reported in any studies. The majority of AEs were transient, mild-to-moderate gastrointestinal symptoms, including diarrhea (0.9%–9.5%), abdominal pain (0.9%–14.3%), flatulence (1.8%–17.3%), nausea (0.9%–6.7%), and vomiting (0%–9.5%), all of which resolved spontaneously without intervention. A subset of studies identified procedure-related discomfort, such as naso-intestinal tube irritation, that ceased immediately post-FMT. Mechanistically, these observations align with the transient microbial engraftment dynamics and procedural tolerability. Collectively, the absence of severe AEs and the self-limiting nature of reported symptoms underscore the favorable safety profile of FMT in functional constipation, supporting its feasibility for further clinical translation.



Quality assessment and heterogeneity analysis

The methodological rigor of included studies was evaluated using domain-specific tools. For Tian’s study, RoB 2 tool revealed critical concerns: high risk in outcome measurement due to unblinded assessment (patients are unblined). Observational studies (n = 8) scored fair on the Newcastle-Ottawa Scale (NOS). Common limitations included insufficient adjustment for confounding variables (e.g., laxative use or not) and non-representative sampling of constipated populations. Detailed risk of bias assessments is provided in Supplementary Tables 1, 2.

We also performed sensitivity analyses and the results demonstrated that the pooled remission and improvement rates remained stable with sequential exclusion of individual studies, indicating the overall robustness of primary findings. Nevertheless, high heterogeneity persisted across all outcomes (I2 > 70%), likely attributable to inter-study variations in donor screening strategies (e.g., inclusion/exclusion of constipated donors), fecal preparation methods (fresh vs. frozen), and differential follow-up periods.




Discussion

In this systematic review and meta-analysis, we demonstrate that fecal microbiota transplantation (FMT) holds significant potential to alleviate chronic constipation. Our synthesis of nine clinical studies reveals that FMT achieved complete symptom remission in 50.7% of patients and measurable improvement in 66.7%, with parallel enhancements in stool consistency, colonic transit time, and quality-of-life metrics. Mechanistically, four integrated microbiota analyses identified a post-FMT expansion of phylogenetically and functionally distinct taxa: Prevotella and Paraprevotella (Bacteroidetes)–polysaccharide degraders linked to mucosal glycoprotein metabolism; Fusicatenibacter and Megamonas (Firmicutes)–butyrate producers critical for enteric neuronal activation; Bifidobacterium (Actinobacteria)–a keystone genus modulating gut motility through acetate-mediated vagal signaling; and Acidaminococcus (Acidaminococcaceae), a glutamate-fermenting symbiont implicated in visceral hypersensitivity regulation. These taxonomic shifts align with preclinical models where microbial-derived metabolites (e.g., butyrate, acetate) enhance neuromuscular coordination and dampen proinflammatory cascades. Despite transient gastrointestinal symptoms in some of the recipients, the absence of severe adverse events underscores FMT’s short-term safety. However, heterogeneity in donor selection, delivery routes, and remission criteria complicates cross-study comparisons, while the lack of randomized controlled trials and long-term data precludes causal inference.

The therapeutic landscape for chronic constipation reveals striking contrasts in efficacy across interventions. Conventional first-line therapies—osmotic laxatives like polyethylene glycol (PEG) and stimulants such as bisacodyl–demonstrate 30%–50% response rates in clinical trials, with high relapse rates upon discontinuation (Chassagne et al., 2017; Luthra et al., 2019; Nelson et al., 2017). Probiotics show modest symptom improvement (15%–25% over placebo) in meta-analyses, though strain-specific effects limit generalizability (Dimidi et al., 2020; Huang et al., 2025). Biofeedback therapy achieves 45%–55% sustained response in pelvic floor dysfunction subtypes yet requires specialized infrastructure (Chiarioni et al., 2006; Rao et al., 2010). Against this backdrop, FMT’s 50.7% remission rate (95% CI: 38.7%–62.7%) and 66.7% improvement rate in refractory cases–derived from eight studies of 245 patients–suggests microbiome modulation outperforms these approaches in specific populations. Crucially, FMT concurrently elevates stool consistency (BSFS MD = 1.32) and gastrointestinal quality of life (GIQLI MD = 32.19), outcomes rarely achieved by monotherapies. Four studies (Tian et al., 2020; Xie et al., 2021; Yang et al., 2021; Zhang et al., 2021) trace these clinical gains to durable microbiota restructuring, while two (Xie et al., 2021; Zhang et al., 2021) implicate bile acid and short-chain fatty acid metabolic shifts–mechanistic dimensions absent in conventional interventions. This biosynthetic capacity positions FMT not merely as a symptomatic treatment, but as an ecosystem-level reset for dysbiotic constipation phenotypes. Variability in preparation methods (fresh vs. frozen), delivery routes (colonoscopic vs. oral), and dosing schedules obscures causal links between microbial signatures and clinical outcomes–a challenge mirrored across FMT applications. For FMT therapy in most clinical studies, currently no studies have directly compared the efficacy of different FMT delivery routes (e.g., colonoscopic vs. oral capsules). In inflammatory bowel disease (IBD), current evidence suggests no significant differences in clinical outcomes, such as mucosal healing rates, have been observed between fresh and frozen FMT preparations (Fehily et al., 2021). Among the 9 studies included in our analysis, all FMT interventions for constipation utilized nasoenteric tube administration. Consequently, there is a lack of evidence directly comparing the efficacy differences between various delivery routes (e.g., nasoenteric tube vs. oral or colonoscopic approaches). Current data remains insufficient to clarify which administration route holds a definitive advantage. Standardization must prioritize donor selection criteria and engraftment monitoring to isolate therapeutic strains and metabolites.

Across nine studies in this systematic review, systematic adverse (AE) tracking identified only transient gastrointestinal disturbances–diarrhea (0.9%–9.5%), abdominal pain (9%–14.3%), flatulence (1.8%–17.3%) –and minor procedure-linked effects (e.g., naso-intestinal irritation) that resolved without intervention (Ge et al., 2016; Tian et al., 2017; Wu et al., 2023; Xie et al., 2021; Yang et al., 2021). Rigorous donor screening protocols likely contributed to the absence of severe infections or systemic complications, reinforcing methodological priorities in microbial therapeutic development. Mechanistic parallels between these self- and transient post-FMT microbial engraftment dynamics invite deeper exploration of-microbial adaptability. This collective safety evidence, anchored in adverse resolution and procedural robustness, elevates FMT clinical feasibility. Nevertheless, targeted studies must now address granular risk-benefit stratification, including donor-recipient strain compatibility, to propel rational translation.

Post-FMT microbial profiling across four studies (Tian et al., 2020; Xie et al., 2021; Yang et al., 2021; Zhang et al., 2021) revealed a functional restructuring of gut communities, marked by enrichment of phylogenetically distinct taxa with motility-modulating and anti-inflammatory properties. Recipients exhibited increased abundance of Prevotella and Paraprevotella (Bacteroidetes)–mucin specialists linked to enhanced mucosal glycoprotein turnover (Glover et al., 2022) –and Megamonas and Fusicatenibacter (Firmicutes), which drive butyrate synthesis to stimulate enteric neurons (Cavaliere and Traina, 2023; Lanza et al., 2021). Concurrently, FMT suppressed pro-inflammatory Enterobacteriaceae (Proteobacteria) and Bacteroidaceae, taxa associated with gut barrier disruption and visceral hypersensitivity. Critically, Bifidobacterium (Actinobacteria) and Acidaminococcus (Acidaminococcaceae) emerged as keystone taxa, their post-FMT expansion correlating with acetate-mediated vagal signaling and glutamate metabolism, respectively (Mayer et al., 2015; Zhang et al., 2022). These shifts coincided with elevated alpha diversity and restored beta diversity patterns, suggesting FMT reestablishes ecological resilience in constipated microbiomes.

The taxonomic and functional shifts above may align with a multi-hit mechanism for FMT efficacy: (1) butyrate-driven neuromuscular activation via Firmicutes (Fusicatenibacter) restores colonic motility (Lanza et al., 2021; Tixier et al., 2006); (2) acetate and GABA modulation by Bifidobacterium and Acidaminococcus dampens visceral pain signaling (Duranti et al., 2020; Pokusaeva et al., 2017); (3) mucosal barrier repair mediated by Prevotella-derived mucin degradation reduces endotoxin translocation (Wright et al., 2000; Yuan et al., 2022). These findings nominate Prevotella and Bifidobacterium abundance and Enterobacteriaceae suppression as candidate biomarkers for FMT responsiveness. Yet, causal validation requires integrating metagenomics, metabolomics, and host transcriptomics in longitudinal cohorts to disentangle microbial contributions from confounders like diet or transit time. Standardizing donor selection around these taxa–while prioritizing butyrogenic consortia–may optimize FMT’s therapeutic precision.

Our synthesis integrates clinical and microbiome data across nine studies (Ding et al., 2018; Ge et al., 2016; Tian et al., 2016; Tian et al., 2017; Tian et al., 2020; Wu et al., 2023; Xie et al., 2021; Yang et al., 2021; Zhang et al., 2021), offering the first holistic assessment of FMT’s dual role in alleviating chronic constipation and restructuring gut ecosystems. The substantial heterogeneity observed across clinical outcomes (I2 = 72.9%–96.4%) reflects both methodological diversity and biological complexity in FMT interventions. While our synthesis adhered to PRISMA guidelines and employed random-effects models to account for variability, the interpretative power remains constrained by inherent limitations: (1) Protocol heterogeneity–divergent donor screening practices (e.g., only 33% of studies excluded constipated donors), fecal processing methods (fresh vs. frozen), and remission criteria; (2) Temporal discordance–follow-up durations ranging from 4 to 48 weeks, with diminishing response rates beyond 12 weeks suggesting transient engraftment; (3) Ecological compatibility gaps–unstandardized donor-recipient matching potentially compromising motility-regulating taxa (e.g., Bifidobacterium) survival. Despite these challenges, the convergence of multi-omics evidence (Xie et al., 2021; Zhang et al., 2021)—linking stool consistency improvements (MD = 0.94, 95% CI: 0.42–1.46) to Bifidobacterium-driven metabolite shifts—strengthens causal inference for FMT’s pleiotropic mechanisms.

The lack of control groups in most studies precludes definitive attribution of symptom improvement to FMT itself, as placebo effects—which account for 30%–40% of response in functional gastrointestinal disorders—cannot be ruled out. While our pooled estimates suggest clinical potential, the open-label designs inherently conflate microbiota-mediated effects with natural disease fluctuation and non-specific therapeutic expectations. Furthermore, the Tian et al. (2017) RCT’s active comparator design, while pragmatic for clinical practice, inherently conflates FMT efficacy with relative superiority over laxatives rather than absolute therapeutic mechanisms. In addition, publication bias likely inflates the observed 50.5% remission rate. Furthermore, microbiota meta-analyses were hampered by non-standardized reporting of diversity metrics (e.g., conflicting definitions of alpha diversity) and taxonomic classification (e.g., Prevotell labeled as beneficial or pathogenic across studies). Quality appraisal revealed methodological limitations in included RCTs. Tian’s et al. (2017) exhibited high risk in outcome measurement due to unblinded design—a recognized challenge in FMT trials given the procedural distinctiveness. While observational studies demonstrated adequate selection criteria, the lack of adjustment for laxative use in 6/7 cohort studies may confound efficacy estimates.

The predominance of single-arm studies (8/9 trials) and inclusion of only one underpowered RCT markedly constrain causal inference. While our pooled analyses suggest therapeutic potential, the current evidence level parallels Phase II exploratory trials, necessitating validation through large-scale, double-blind RCTs with sham-FMT controls. Future research must prioritize adequately powered RCTs employing standardized protocols to isolate microbiota-specific effects from placebo responses. Such trials should integrate longitudinal multi-omics (e.g., metagenomics, metabolomics) to mechanistically dissect donor-recipient interactions—a prerequisite for advancing FMT from empirical practice to precision microbial therapeutics. This requires harmonized frameworks integrating three pillars: (1) rigorous donor screening through metagenomic profiling to exclude dysbiotic signatures (e.g., methanogen overgrowth); (2) longitudinal multi-omics tracking (> 24 weeks) to differentiate durable microbial engraftment from transient ecological shifts; and (3) mechanistic validation of microbiota-derived metabolites (e.g., butyrate) through parallel gnotobiotic models. Only through such coordinated efforts can we transform FMT from empirical practice into targeted ecosystem therapeutics, ensuring sustained clinical benefits beyond temporary microbiota perturbations.



Conclusion

This systematic review establishes fecal microbiota transplantation (FMT) as a mechanistically grounded therapy for chronic constipation, demonstrating clinically meaningful symptom remission (50.7%) coupled with functional restructuring of gut ecosystems—specifically enriching Bifidobacterium and butyrate-producing Fusicatenibacter while suppressing pro-inflammatory Enterobacteriaceae. These microbial shifts may correlate with restored gut-brain axis signaling through metabolites like butyrate and acetate, which enhance neuromuscular coordination and barrier integrity. While rodent models provide mechanistic hypotheses (e.g., butyrate’s role in serotonin synthesis), the extrapolation to human pathophysiology remains provisional. Concurrent human host-response data—such as colonic serotonin receptor expression or fecal metabolomics—are critically needed to confirm causality.

In summary, current evidence remains provisional due to heterogeneous protocols, transient engraftment, and undersized cohorts. To transcend empirical application, future RCTs must prioritize standardized donor-recipient matching, longitudinal multi-omics profiling (> 24 weeks), and mechanistic validation of microbial metabolites in gnotobiotic models. Success in these areas will propel FMT into precision microbiome engineering—a paradigm that recalibrates gut ecology at the ecosystem level, addressing refractory constipation through sustained microbiota-host dialogue rather than symptomatic relief alone.
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Objective: The primary objective of this study was to assess the impact of fecal microbiota transplantation (FMT) on serum biochemical parameters, renal injury, and gut microbiota in hyperuricemia (HUA) mice.
Methods: Six-week-old male C57BL/6 J mice were given a high-purine diet and potassium oxonate injections to induce HUA, followed by a two-week FMT treatment. Regular body weight checks, serum biochemical analyses, and fecal sampling for 16S rRNA gene sequencing were conducted to evaluate the treatment’s impact on gut microbiota.
Results: The model group showed significant increases in uric acid (UA), creatinine (Cr), blood urea nitrogen (BUN) levels, and increased xanthine oxidase (XOD) activity compared to controls (p < 0.05). FMT treatment effectively reduced these levels and XOD activity (p < 0.05). At the genus level, specific taxa like Muribaculaceae and Prevotellaceae_UCG-001 were less abundant, while Blautia and Ruminiclostridium_9 were more abundant in the model group. Following FMT, gut microbiota composition returned to near-normal levels, with significant differences from the model group (p < 0.05).
Conclusion: This study demonstrates that FMT holds therapeutic potential for HUA mice by reducing UA levels, alleviating renal damage, and restoring gut microbiota balance.
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1 Introduction

In recent years, there has been a notable rise in the incidence of hyperuricemia (HUA), positioning it as the fourth most prevalent chronic condition, following hyperglycaemia, hyperlipidaemia, and hypertension. Moreover, HUA is recognized as a significant risk factor for the onset of various diseases, such as diabetes, cardiovascular disorders, and atherosclerosis (Wang et al., 2023). Consequently, HUA has become a pressing public health issue (Chen et al., 2016). This condition is characterized by an imbalance in purine metabolism, primarily attributed to either excessive uric acid (UA) production or impaired UA metabolism (Xu et al., 2021). The accumulation of urate crystals can exacerbate the progression of gout and potentially result in chronic nephritis or renal failure. UA is predominantly synthesized through the metabolism of purines in the liver, which can be categorized as either endogenous or exogenous purines. Exogenous purines are typically found in foods rich in protein, fat, purines, and fructose (Kim and Jun, 2022; Skoczyńska et al., 2020). Current pharmacological interventions for HUA generally involve xanthine oxidase (XOD) inhibitors and UA excretion agents, such as allopurinol, febuxostat, and benzbromarone (Mehmood et al., 2019; Yan et al., 2022). However, the prevalence of adverse effects associated with these medications, including liver and kidney damage, nausea, vomiting, dermatitis, and other negative reactions, is notably high (Tien et al., 2022). Moreover, prolonged administration of UA-lowering medications has been linked to a heightened risk of cardiovascular disease in individuals with HUA (Sawada et al., 2023). As a result, there is an urgent need for the development of safer and more effective therapeutic alternatives.

Several studies have identified the kidneys and intestines as the primary organs involved in the elimination of UA. Approximately 70% of UA is excreted via the kidneys, while the remaining 30% is eliminated through the intestines, facilitated by UA transporter proteins in the epithelial cells. Furthermore, the gut microbiota contributes to the degradation of UA within the intestinal tract (Wang et al., 2023). The colonization of gut microbiota in the human intestinal tract establishes a symbiotic relationship with the host, aiding in immune regulation (Su et al., 2022). Modifications in the composition of gut microbiota have been implicated as potential factors contributing to metabolic disorders, particularly HUA. Research has demonstrated a significant reduction in both the abundance and diversity of gut microbiota in HUA mice, along with alterations in the microbial structure compared to the control group (Wei et al., 2022). Specifically, HUA mice exhibited elevated levels of pathogenic and opportunistic bacteria and diminished levels of probiotic bacteria within their gut microbiota (Pan et al., 2020). The gut microbiota plays a crucial role in UA metabolism by facilitating the synthesis of purine-metabolizing enzymes, releasing inflammatory cytokines, and decreasing UA levels.

Fecal microbiota transplantation (FMT) involves the transfer of stool or frozen samples from a healthy donor to a recipient suffering from diseases associated with dysbiosis in the gut microbiota. The primary objective of FMT is to restore microbial balance and enhance microbial diversity in the recipient’s gut by introducing beneficial microorganisms (Shao et al., 2023). Xie et al. demonstrated the efficacy of FMT in reducing UA levels, alleviating gout symptoms, and enhancing intestinal barrier function in patients experiencing acute and recurrent gout (Xie et al., 2022). In another study, Fu et al. reported that modulation of gut microbiota through antibiotic intervention could decrease serum blood urea nitrogen (BUN), creatinine (Cr), XOD, and UA levels, as well as ameliorate renal tubular necrosis in HUA geese on a high-cholesterol and purine (HCP) diet (Fu et al., 2024). Liu et al. observed that although antibiotic treatment reduced UA levels in HUA rats, fecal transplants from HUA rats to recipient rats resulted in increased UA levels in the latter (Liu et al., 2020). The above studies indicate that gut microbiota may play a potential role in the development of HUA, and modulating gut microbiota via FMT may be an effective strategy for managing HUA symptoms.

This study aims to evaluate the efficacy of FMT in treating HUA by modulating the gut microbiota of HUA mice induced by a high-purine diet and potassium oxonate. The gut microbiota composition and diversity in HUA mice were analyzed through 16S rRNA gene sequencing using the Illumina MiSeq platform. Additionally, this study seeks to investigate the mechanisms through which FMT reduces UA levels in HUA mice by examining the role of gut microbiota. The outcomes of this research will contribute to the development of preventive and therapeutic strategies for HUA and provide novel treatment options for affected individuals.



2 Materials and methods


2.1 Reagents and materials

Potassium oxonate (PO, with a purity of no less than 98%), allopurinol and carboxymethyl cellulose sodium (CMC) were procured from Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Assay kits for UA, XOD, BUN, Cr were supplied by Nanjing JianCheng Bioengineering Institute (Nanjing, China).



2.2 Preparation of donor fecal transplant materials

Donor candidates were evaluated through a questionnaire and physical examination to determine their health status, which included assessments of medical history, medication history, family history, and potential risk of infectious diseases. Individuals who smoked or consumed alcohol were excluded from participation, as these factors can disturb the gut microbiota (He et al., 2021). To maintain the integrity of the donated fecal samples, donors were instructed to provide fresh samples in designated containers within a controlled clean room environment. The fecal microbiota was then extracted using an automated fecal microbiota extractor, TG-01 Extn, from Xiamen Treatgut Biotechnology Co., Ltd. (Xiamen, China). The sample was ultimately obtained from the Donor 1101. Fresh fecal specimens were subjected to centrifugation at 5,000 × g for 5 min to isolate a purified microbial fraction. The resultant bacterial cells were then resuspended in normal saline within a homogenizer bag, achieving a bacterial concentration of 1 × 10⁹ CFU/mL. Subsequently, the suspension was aliquoted into sterile tubes and preserved at −80°C for future animal experimentation (Liu et al., 2023; Shaheen et al., 2025). All donor candidates participated voluntarily, signed an informed consent form, and the study was approved by the Ethics Committee of the Third Affiliated Hospital of Fujian University of Traditional Chinese Medicine (Approval No.: 2022-k1-037).



2.3 Animals experimental design

In previous experiments, we utilized a model of PO-induced acute HUA in mice and observed minimal pathological damage to the kidney, which aligns with findings from a similar acute HUA mouse model developed by Dhouibi et al. (2021). Consequently, the current study utilized a high-purine diet in conjunction with PO to establish a chronic HUA model in mice. C57BL/6 J mice (5–6 weeks old, weighing 20 ± 2 g) were obtained from Guangdong Pharmachem Biotechnology Co Ltd. (SCXK (GD) 2020-0054). Mice were acclimatized for 1 week prior to experimentation, during which they had ad libitum access to food and water in a well-ventilated room maintained at an ambient temperature of 24°C ± 1°C, with humidity levels at 50% ± 10%, and a 12-h light/dark cycle (lights on from 07: 00 to 20: 00).

Thirty-two male C57BL/6 J mice were acclimatized and subsequently divided into four groups based on their initial body weights: control (CON) group, modelling (MOD) group, positive drug (POS) group, and FMT group. The CON group received a standard mouse diet, while the MOD group was provided with a high-purine diet, with all groups having unrestricted access to water. Following a 7-day feeding period, the CON group was administered an intraperitoneal injection of 0.5% CMC-Na solution, while the other groups received intraperitoneal injections of 250 mg/kg/day of PO for 7 days. After 2 weeks of modelling, the CON and MOD groups were given equal volumes of saline, the POS group received 5 mg/kg of allopurinol, and the FMT group was administered 10 μL/g of gut microbiota suspension (with a viable bacterial count of 1 × 109 CFU/mL) for 14 consecutive days. Individual body weights of the mice in each group were recorded every 3 days during the experiment, continuing until the conclusion of drug administration. All animal experiments conducted in this study were approved by the Laboratory Animal Ethics Committee of Fujian University of Traditional Chinese Medicine (Approval No.: FJTCM IACUC 2024201) (Figure 1).
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FIGURE 1
 Experimental chart in the treatment of HUA mice.




2.4 Biochemical analysis

Mice were subjected to fasting and dehydration for 12 h on the 7th and 14th days of modelling, as well as on the 7th and 14th days of treatment. Blood samples were collected from the inner canthus of the mouse eye and placed in a blood collection tubes. Following mixing and centrifugation, the supernatant was transferred to EP tubes for biochemical assays utilizing kits from the Nanjing JianCheng Bioengineering Institute. The parameters measured included UA, BUN, Cr, and XOD activity.



2.5 Histological analysis

At the end of the treatment period, mice were euthanized via cervical dislocation, and the kidneys were promptly excised, weighed, and examined for alterations in color, texture, and size of the renal tissues. To observe the detailed histopathological changes, kidneys from the various groups were preserved in a 10% buffered formalin solution, subsequently embedded in paraffin, sectioned into 5–7 μm slices, stained with hematoxylin and eosin (H&E), and analyzed under a light microscope.



2.6 DNA extraction

Following 14 days of treatment, fresh stool samples were collected and stored at −80°C for gut microbiota DNA extraction. Genomic DNA from the fecal samples was extracted using the QIAamp Fast DNA Stool Mini kit (Qiagen, CA, United States). The concentration and purity of the isolated DNA were evaluated using spectrophotometry (Multiskan™ GO, Thermo Fisher Scientific, United States). Extracted DNA was purified with a DNA gel purification kit (Qiagen, Germany), and the quality of the DNA extracts was assessed through agarose (1.5%) gel electrophoresis in 1 × Tris-Acetate-EDTA buffer. The purified DNA was stored at −80°C for sequencing.



2.7 16S rRNA amplicon sequencing

The variable V4 region of the 16S rRNA gene was amplified using forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer 806R (5′-GGACTACNVGGGTWTCTAAT-3′) (Cao et al., 2022). Thirty cycles of PCR amplification were conducted (95°C for 3 min, 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and finally, 72°C for 10 min) (Sun et al., 2022). Purification was achieved by adding 0.8 times the volume of magnetic beads (Vazyme VAHTS DNA Clean beads) to 25 μL of the PCR product. Sequencing libraries were prepared using Illumina’s TruSeq Nano DNA LT library Prep Kit (Qiu et al., 2022). The quality of the library was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, China) and Agilent Bioanalyzer 2,100 system. Ultimately, the libraries were sequenced on an Illumina MiniSeq.



2.8 Bioinformatics and statistical analysis

Raw paired-end reads were assembled using FLASH. Primers were removed with Cutadapt, and the clean tags were generated by removing the lower reads using the Cutadapt (Caporaso et al., 2010). Chimera checking and operational taxonomic unit (OTU) clustering were performed on the clean tags using USEARCH, following the established pipeline. Specifically, all reads were demultiplexed into individual files, clustered at 97% similarity, then the chimera checking was performed using UCHIME in reference mode (Edgar, 2010). Representative sequences were generated, singletons were discarded, and a final OTU table was created. The representative OTU sequences were aligned against the SILVA_132_97_16S database for taxonomic classification via the RDP Classifier.

Subsequent analyses of alpha and beta diversity were conducted using R software. The Vegan package of R software was employed to calculate the alpha diversity index. Principal coordinate analysis (PcoA) and non-metric multidimensional scaling (NMDS) analyses of Bray-Curtis distances were utilized to reflect the beta diversity of the gut microbiota. R software was used to create two-dimensional plots for PCoA and NMDS. Intergroup differences in the gut microbiota composition were analyzed using linear discriminant analysis (LDA) effect sizes (LEfSe), which employed the non-parametric factors Kruskal-Wallis and rank tests to identify features with significant abundance differences between taxa and used LDA to assess the impact of each feature (Segata et al., 2011).

Data processing and statistical analyses were performed using GraphPad Prism version 9.0 and SPSS 27.0 statistical software. Comparisons of multiple sample means were made using the one-way ANOVA test, and pairwise comparisons were made using the LSD test. p < 0.05 was considered significant, and p < 0.01 was considered highly significant. In addition, all obtained data are expressed as the mean ± standard deviation (SD).




3 Results


3.1 Effect of FMT on body weight in HUA mice

To assess the potential ameliorative effects of FMT on HUA, we established a HUA model in mice through a high-purine diet for the initial 7 days, followed by injections of PO for the next 7 days, culminating in a 14-day modelling period. Commencing on day 15, mice in the CON and MOD groups received saline via gavage, while the POS group was administered the drug allopurinol, and FMT group received a live bacterial preparation via gavage. Following the 14-day modelling period, the body weights of mice in the FMT, POS, and MOD groups were significantly lower than those in the CON group, exhibiting a consistent decline from the onset of modelling (Figure 2A). It is noteworthy that mice receiving FMT gained an average of 3.1 ± 0.6 g during the treatment period, compared to a 1.2 ± 0.4 g loss in the MOD group (p < 0.01), indicating a protective effect of FMT against HUA-induced weight loss.
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FIGURE 2
 (A) Body weight (n = 6). (B) Concentration of UA from each group. (C) Activity of XOD from each group. (D) Concentration of creatinine from each group. (E) Concentration of BUN from each group. Data are presented as mean ± SD. *** p < 0.001, ** p < 0.01 and * p < 0.05 vs. the MOD group. ### p < 0.001 vs. the CON group.




3.2 Regulation of serum biochemical indicators in hyperuricemic mice by FMT

UA was a critical biomarker for assessing HUA. Following FMT treatment, the mice exhibited a significant reduction of 26.00 ± 2.21 μmol/L in UA levels when compared to the MOD group (UA: 63.42 (MOD) vs. 37.42 (FMT); p < 0.001; Figure 2B). XOD, which catalyzes the conversion of xanthine to UA, demonstrated significantly diminished activity in the FMT group, with a decrease of 6.03 ± 1.38 U/L relative to the MOD group (XOD: 18.38 (MOD) vs. 12.35 (FMT); p < 0.001; Figure 2C). Cr and BUN are indicators of kidney damage. In the MOD group, which was subjected to a high-purine diet, these indicators were significantly elevated, indicating varying degrees of renal damage attributable to HUA. Cr and BUN levels in FMT-treated mice decreased significantly compared to the MOD group (Cr: 43.42 (MOD) vs. 24.74 (FMT), BUN: 21.50 (MOD) vs. 8.89 (FMT); p < 0.001), as also visualized in Figures 2D,E.



3.3 Amelioration of renal injury in HUA mice by FMT

The previously described HUA mouse model was established using PO and a high-purine diet. Following FMT treatment, we evaluated its protective effects against kidney injury induced by PO and a high-purine diet in HUA mice. H&E staining (Figure 3) revealed glomerular atrophy and reduced eosin staining intensity of epithelial cytoplasm in HUA mice compared to the CON group. More renal tubules were dilated with flattened epithelium, and eosinophilic proteinaceous fluid was observed within some of the tubular lumens, indicative of a proteinaceous casts in tubular lumens. Additionally, inflammatory infiltrates and necrotic debris were observed in certain renal tubules, signifying severe renal injury induced by PO and a high-purine diet in HUA mice. Importantly, the incidence of glomerular atrophy was diminished in HUA mice treated with FMT, while tubular dilatation was improved, suggesting that FMT treatment can enhance both glomerular and tubular structural integrity.

[image: Four microscopic images displaying tissue samples under different conditions labeled as CON, MOD, POS, and FMT. Each section, magnified to fifty micrometers, shows variations in cellular structure and density, with distinct patterns of cell distribution and potential pathological changes.]

FIGURE 3
 Histopathological analyses of H&E stained kidney sections (×400 magnification) from mice.




3.4 Treatment effects on gut microbiota diversity of mice by FMT

A Venn diagram was utilized to illustrate the overlap of OTUs among the groups, as well as those unique to each group. As depicted in Figure 4A, community diversity varied across the different mouse groups. Alpha diversity analysis was conducted to assess the microbial community diversity within each sample. The Shannon and Simpson indices, which reflect community richness and evenness, indicated that hyperuricemic mice exhibited higher gut microbiota richness compared to controls, whereas FMT-treated mice did not demonstrate a significant increase in gut flora richness (Figure 4B).

[image: Diagram A is a Venn diagram with four overlapping circles representing groups: FMT, CON, POS, and MOD. Numbered sections indicate shared and unique elements. Diagram B contains three box plots of alpha diversity measures: Shannon, Simpson, and J indices. Each plot compares the four groups with p-values indicated: Shannon (p = 0.013), Simpson (p = 0.022), and J (p = 0.013).]

FIGURE 4
 FMT alters the structure of the gut microbiota in hyperuricemic mice. (A) Venn diagram; (B) Alpha diversity based on the Shannon diversity index, the Simpson diversity index, and the inverse Simpson diversity index (J) in groups of mice.


The beta diversity of the gut microbiota of mice was assessed using PCoA and NMDS plots. Based on PCoA and NMDS revealed a clear separation among the four groups, indicating distinct differences in community composition (Figures 5A,B). The microbial community structures of the FMT group and the POS groups exhibited significant clustering, which was distinct from that of the MOD group and more closely aligned with the CON group. These results suggest that HUA induces alterations in the structure of the gut microbiota in mice, and that FMT treatment can restore and normalize the community composition of the gut microbiota.

[image: Panel A shows an NMDS plot with four groups: CON, MOD, POS, and FMT, represented by circles, triangles, squares, and crosses. Points are spread across NMDS1 and NMDS2 axes. Panel B contains a PCoA plot comparing groups via PCoA1 and PCoA2 axes, with adjacent box plots illustrating group distributions. Groups display distinct separation.]

FIGURE 5
 FMT alters the structure of the gut microbiota in hyperuricemic mice. (A) Non-metric multidimensional scaling plot (NMDS); (B) β-diversity based on the Bray-Curtis PCoA method analysis.




3.5 Treatment effects on the taxonomic composition of the gut microbiota by FMT

At the phylum level, the gut microbiota of mice was predominantly composed of Bacteroidetes and Firmicutes. Notably, the abundance of Firmicutes in the MOD group was significantly elevated, while the abundance of Bacteroidetes was diminished in comparison to the CON group. In the study, the F/B ratio in the gut microbiota of MOD group mice was significantly higher than in the CON group (F/B: 1.16 (MOD) vs. 0.11 (CON); p < 0.001; Figure 6). Remarkably, FMT-treated mice showed a significant decrease in the F/B ratio, aligning more closely with the CON group (F/B: 1.16 (MOD) vs. 0.22 (CON); p < 0.001). In Akbar Hussain’s experiment on HUA mice using Limosilactobacillus reuteri, the F/B ratio of the MOD group showed an upward trend, which reflects microbial imbalance. This implies that metabolic disorders may be impacting urea production and excretion. After administration of Limosilactobacillus reuteri, the F/B ratio tended to normalize, and the dysbiosis was adjusted (Hussain et al., 2024). These findings are consistent with our study. To elucidate the changes in bacterial taxa associated with HUA and after FMT treatment, heatmaps and genus-level LEfSe were compared for comparison (Figure 7). Box plots illustrating genus-level difference species across groups revealed that the abundances of Muribaculaceae, Prevotellaceae_UCG-001, and Lachnospiraceae_NK4A136 were significantly lower in the gut microbiota of the MOD group compared to the CON group. Conversely, the abundances of Desulfovibrio, Blautia, Ruminiclostridium_9, Bacteroides, and Parabacteroides were significantly higher in abundance (Figure 8). The gut microbiota of mice treated with allopurinol and FMT exhibited improvements, aligning more closely with that of the CON group. These results suggest that FMT may rectify the dysbiosis of gut microbiota in mice induced by HUA, potentially serving as one of the mechanisms through which FMT exerts its therapeutic effects on HUA.

[image: Two stacked bar charts display bacterial composition. Chart A shows relative abundance at the phylum level across four groups (CON, MOD, POS, FMT), with Bacteroidetes and Firmicutes being prominent. Chart B presents relative abundance at the genus level for the same groups, highlighting diverse genera including g_un_f Muribaculaceae and Prevotellaceae_UCG-001. Each bar represents a group, showcasing variations in microbial communities.]

FIGURE 6
 The taxonomic compositions of the gut microbiota in hyperuricemia mice. Relative abundance of the gut microbial community in each group at (A) The phylum level. (B) The genus level.


[image: Image A is a heatmap with a dendrogram showing microbial taxonomy abundance across different groups, color-coded from blue (low) to red (high). Image B is a bar chart displaying taxonomic classification along the y-axis versus LDA scores on the x-axis, with bars color-coded by group: blue (CON), orange (MOD), green (POS), and yellow (FMT).]

FIGURE 7
 Effect of FMT on the gut microbiota at the genus level in hyperuricemic mice. (A) Heat maps of most of the selected differential features at the genus level; (B) Differences in gut microbiota composition at various levels derived from LEfSe analyses.


[image: Box plots showing the log-transformed relative abundance of various bacterial groups across four categories: CON (blue), MOD (orange), POS (light green), and FMT (dark green). Each panel represents a different bacterial group, with significant p-values indicating differences between groups.]

FIGURE 8
 Box plots of genus-level differential species in each group.





4 Discussion

The rising incidence of HUA can be attributed to improvements in living standards and changes in dietary habits. Recent statistics indicate that the overall prevalence of HUA in China is approximately 13.3%, with gout prevalence estimated at 1.1% (Tang et al., 2023). The diversification of dietary intake, particularly the excessive consumption of purine-rich foods such as animal offal, legumes, and sardines, contributes to the accumulation of purines within the body (Liu et al., 2021). Furthermore, prolonged fructose consumption has been shown to inhibit renal UA metabolism, leading to elevated UA levels (Caliceti et al., 2017). In addition, meat products contain pro-inflammatory nutrients that may exacerbate HUA (She et al., 2022). Diets characterized by high purine, high fructose, and high-fat content are increasingly prevalent and serve as significant contributors to the development of HUA (Zhou et al., 2022). Consequently, HUA has gradually attracted the attention of the World Health Organization, presenting a global challenge for healthcare systems.

A concerning aspect of HUA management is the potential for serious adverse reactions associated with pharmacological treatments. Allopurinol, for instance, can lead to severe allergic skin reactions, hepatic and renal injuries, and hypersensitivity syndromes such as lethal exfoliative dermatitis. Similarly, febuxostat may induce gastrointestinal symptoms, while benzylbromarone is associated with diarrhoea, nausea, and skin sensitisation (Dubchak and Falasca, 2010). Although UA-lowering drugs are effective in lowering UA, discontinuation of these treatments often results in a rapid increase in UA concentrations (Cheng et al., 2015).

The pathogenesis of HUA is associated with disturbances in purine metabolism and UA excretion. The intestine is an important organ for UA excretion outside the kidney, primarily achieved through the catabolism of gut microbiota and the action of UA transporter proteins (Yin et al., 2022). Liu et al. demonstrated that antibiotic-induced dysbiosis of the gut microbiota alters its composition, elevates UA levels, and modulates purine metabolism in both the host and the gut microbiota (Liu et al., 2023). This suggests a potential link between alterations in the gut microbiota and the development of HUA.

In this study, we investigated the effects of FMT on body weight, modulation of serum biochemical indices, repair of kidney damage, and gut microbiota in hyperuricemic mice. During the modelling phase, the body weights of HUA mice in the MOD group were significantly lower than those in the CON group, indicating that HUA contributes to weight loss. After FMT treatment, the body weight of mice increased significantly compared with the MOD, indicating that FMT can effectively counteract the weight loss caused by HUA. Additionally, compared to the CON group, mice in the MOD group showed significantly higher UA and XOD levels, as well as elevated Cr and BUN levels, which are critical indicators of renal injury. This suggests that the PO-induced HUA model not only increased UA levels in the mice but also caused substantial renal damage. Notably, after 14 days of FMT treatment, there was significant reductions in UA, Cr, and BUN levels, as well as XOD activity, were observed in HUA mice compared to the MOD group, with FMT treatment effects being more pronounced than those observed in the POS group. XOD is an important enzyme that facilitates the synthesis of UA from xanthine, and its inhibition can effectively reduce UA production. Thus, FMT treatment appeared to reduces UA production and promotes its metabolism. H&E staining of renal sections revealed that chronic HUA modelling caused severe kidney damage, including glomerular atrophy, tubular dilatation, and inflammatory cell infiltration. However, FMT treatment significantly ameliorated the pathological structure of glomeruli and tubules in mice. The reduction in Cr and BUN levels further indicated that FMT could ameliorate renal injury associated with HUA. In alignment with our findings, Wang et al. demonstrated that fecal transplantation from guinea pigs into Sprague–Dawley rats, which were induced with 1.5% PO, effectively reduced urinary oxalate excretion, as well as lowered urea, UA, Cr, and BUN levels, suggesting that FMT can mitigate oxalate-mediated renal injury (Wang et al., 2023). H&E staining corroborated that chronic HUA modelling resulted in significant kidney damage, including glomerular atrophy, tubular dilatation and inflammatory cell infiltration. While FMT treatment improved the pathological structure of glomeruli and tubules, underscoring the potential of FMT in addressing HUA-induced renal injury.

To further elucidate the mechanisms underlying the effects of FMT treatment in HUA mice, we conducted 16S rRNA sequencing of the gut microbiota. PCoA revealed that the intestinal microbial diversity in the MOD group was significantly diminished compared to the CON group, exhibiting a distinct clustering pattern. Conversely, the microbiota of the FMT group exhibited greater similarity to that of the CON group. PO-induced HUA disrupted the gut microbiota in mice, with certain bacterial populations playing a pivotal role. At the phylum level, the MOD group demonstrated a significant decrease in the abundance of Bacteroidetes and a significant increase in the abundance of Firmicutes, resulting in a dysregulated F/B ratio. Firmicutes and Bacteroidetes constitute the primary components of the mouse gut microbiota, collectively accounting for approximately 90% of the fecal microbiome (Lee et al., 2021). An imbalance in the F/B ratio has been implicated in the development of metabolic syndrome (Wei et al., 2023). Firmicutes are enriched in genes associated with nutrient transporters and contain numerous carbohydrate-metabolizing enzymes that facilitate the absorption of calories from food, whereas the Bacteroidetes are capable of degrading complex glycans. Thus, Firmicutes are positively correlated with obesity, while Bacteroidetes exhibit a negative correlation, with the F/B ratio is positively correlated with body mass index (BMI) (Baek et al., 2023; Koliada et al., 2017). Research indicates that the abundance of Firmicutes and the F/B ratio are significantly elevated in obese individuals compared to their lean counterparts, while Bacteroidetes abundance is markedly reduced in obese individuals (Cheng et al., 2022). Obesity is closely linked to elevated UA levels, and numerous studies have shown that higher BMI correlates with an increased risk of HUA (Choi et al., 2020; Wang et al., 2022). Zhao et al. identified that stable unhealthy metabolic states and the transitions from metabolically healthy to unhealthy states heighten the risk of HUA among Chinese adults (Zhao and Zhao, 2022). Shailendra Kumar Singh et al. confirmed a robust positive correlation between obesity and UA levels in obese diabetic patients, noting increased XOD activity and active fatty acid synthesis in adipocytes (Singh et al., 2023). The F/B ratio may also serve as a potential biomarker of inflammation in type 2 diabetic patients, with alterations associated with various diseases (Petakh et al., 2023).

At the genus level (Figure 6B), beneficial bacterial populations such as Muribaculaceae, Prevotellaceae_UCG-001, and Lachnospiraceae_NK4A136 were significantly diminished in the gut microbiota of the MOD group. Muribaculaceae, the dominant bacterial group in the mouse intestine, metabolizes and produces short-chain fatty acids (SCFAs), which are essential for the growth and development of intestinal epithelial cells. Byron J. Smith et al. demonstrated that treatment with acarbose in diabetic mice significantly increased the abundance of Muribaculaceae, which primarily produces propionate as a fermentation product, thereby promoting intestinal health in mice (Smith et al., 2021). An increase in the prevalence of Muribaculaceae may promote enhanced urinary excretion of UA or inhibit its synthesis, ultimately resulting in a decrease in UA concentrations. In a study by Shimasaki et al., fucoidan oligosaccharide (FOS) was utilized to increase the relative abundance of Muribaculaceae in a rat model. This intervention led to a subsequent reduction in serum levels of Cr, UA, and BUN, thereby alleviating renal damage (Shi et al., 2025). Additionally, specific strains within the Lachnospiraceae family, such as Collinsella aerofaciens, have been found to upregulate genes related to UA metabolism (e.g., ygeX, ygeW, ygfK) in uric acid-rich environments. The enzymes encoded by these genes facilitate the degradation of UA into SCFAs. These SCFAs play a role in lowering intestinal pH, which enhances the solubility and excretion of UA, thereby reducing its intestinal levels (Liu et al., 2023). Moreover, Lachnospiraceae engage in intricate metabolic interactions with other gut microbiota. Certain species within this family may collaborate with other butyrate-producing bacteria, such as Roseburia, to collectively modulate the gut environment, thereby indirectly influencing UA metabolism (Vacca et al., 2020). In the context of harmful strains, the prevalence of Bacteroides and Parabacteroides was found to be significantly greater in the MOD group compared to the CON group. Bacteroides, a conditionally pathogenic bacterium, is known to be overrepresented in the gut microbiota of individuals suffering from HUA, especially those diagnosed with gout (Shao et al., 2017). This overrepresentation of Bacteroides has also been documented in various HUA mouse models (Amatjan et al., 2023). Furthermore, our investigation identified a significant increase in the abundance of Desulfovibrio, Blautia, and Ruminiclostridium_9 in HUA mice. Numerous studies have established a positive correlation between Desulfovibrio and metabolic syndrome phenotypes, with elevated levels observed in patients with coronary artery disease with type 2 diabetes mellitus (Sanchez-Alcoholado et al., 2017; Singh et al., 2023), as well as in women diagnosed with gestational diabetes mellitus (Crusell et al., 2018). Given that HUA is a metabolic disorder characterized by dysregulated purine metabolism, we hypothesize that the heightened presence of Desulfovibrio in HUA patients may play a role in the pathogenesis of the condition. Following FMT treatment, the dysbiosis of the gut microbiota in mice was improved, resulting in a reduction of F/B ratio. The abundance of beneficial bacteria taxa, including Muribaculaceae, Prevotellaceae_UCG-001, and Lachnospiraceae_NK4A136 increased significantly, while the abundance of harmful bacteria such as Desulfovibrio, Blautia, and Ruminiclostridium_9 decreased significantly. The microbial composition shifted towards the composition observed in the CON. Su et al. demonstrated that FMT in patients with type 2 diabetes mellitus led to a reduction in the abundance of Desulfovibrio in their fecal samples (Su et al., 2022). Therefore, we speculate that FMT may mitigate the overexpression of harmful bacteria and restores the abundance of beneficial bacteria by enhancing the ecological balance of the gut microbiota in HUA mice, ultimately leading to an improvement in HUA.

In summary, the innovation of this study lies in its exploration of the potential therapeutic role of FMT in the management of HUA, thereby offering novel strategies that extend beyond traditional pharmacological and dietary approaches. FMT not only facilitated weight loss and mitigated renal damage in HUA-affected mice but also significantly influenced the composition and diversity of the gut microbiota, indicating a novel therapeutic target for HUA.

Although FMT has shown promise in alleviating HUA in murine models, its implementation in clinical practice faces numerous obstacles. The complex composition of the gut microbiota, along with individual differences among patients, complicates the ability to forecast treatment outcomes effectively (Yadegar et al., 2024). Various factors, including patients’ genetic profiles, dietary practices, concurrent pharmacological treatments, and existing comorbidities, can significantly impact the effectiveness of FMT (Shao et al., 2023). Furthermore, there exists a potential risk of infection, as donors who appear healthy may harbor pathogens, with serious cases reported among immunocompromised patients (Green et al., 2023). Additionally, further investigation is necessary to assess the relative efficacy of different methods of FMT administration.

Future research should conduct a thorough investigation into the clinical potential of FMT. The integration of multi-omics technologies has the potential to significantly enhance our understanding of the gut microbiota, thereby clarifying the mechanisms that underpin FMT and improving the predictability of treatment outcomes. The development of personalized FMT protocols, along with advancements in donor screening and quality control measures, will be crucial. Additionally, the exploration of innovative administration routes and formulations may broaden the applicability of FMT. These initiatives will facilitate the wider and more effective application of FMT in the treatment of HUA and associated conditions, ultimately providing patients with safer and more effective therapeutic alternatives.
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Background: Pancreatic cancer is a highly aggressive malignancy with limited therapeutic options due to rapid tumor progression and poor prognosis. Fecal Microbiota Transplantation (FMT) has emerged as a promising approach to modulate gut microbiota, potentially enhancing the efficacy of conventional treatments.
Objectives: This study evaluates the combined effects of FMT and 5-fluorouracil (5FU) on gut microbiota composition, pancreatic tumor growth, and systemic immune responses in a murine model.
Methods: One hundred female C57BL/6 mice aged 6–8 weeks were randomly divided into five groups (n = 20 each): Sham, Model, FMT, 5FU, and FMT + 5FU. Pancreatic tumors were induced via orthotopic implantation of Pan02 cells. FMT was administered orally (0.2 g fecal material) three times per week, starting 2 weeks before tumor implantation. 5FU was administered intraperitoneally at 25 mg/kg body weight twice weekly, beginning one-week post-tumor implantation. Gut microbiota was analyzed via 16S rRNA gene sequencing of fecal samples after 10-week cell implantation. Tumor volumes were measured, and serum cytokine levels were assessed. Short-chain fatty acids (SCFAs) in blood and feces using gas chromatography–mass spectrometry (GC–MS).
Results: The FMT + 5FU group exhibited the smallest average tumor volume, significantly smaller than the Model (p < 0.0001) and 5FU groups (p = 0.005). FMT alone reduced tumor volume compared to the Model group (p < 0.0001). Gut microbiota analysis revealed increased α diversity in the FMT group compared to the Model group (p < 0.0001). The FMT + 5FU group showed a significant reduction in cytokine levels, including TNF-α (p = 0.0001) and IL-6 (p = 0.012) and increased IL-10 level (p < 0.001), compared to the Model group. Plasma and fecal SCFA concentrations were significantly higher in both FMT and FMT + 5FU groups relative to the Model group (p < 0.001). Additionally, the FMT + 5FU group had the highest survival rate (50%) after 10-week cell implantation, compared to the Model group (15%).
Conclusion: FMT significantly enhances the efficacy of 5FU in reducing pancreatic tumor growth through gut microbiota modulation.
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Introduction

The trillions of microbes inhabiting the gut regulate digestion, immunity and systemic metabolism—and their imbalance, or dysbiosis, contributes to obesity (Longo et al., 2023; Van Hul and Cani, 2023), diabetes (Bajinka et al., 2023; Crudele et al., 2023), cardiovascular diseases (Nesci et al., 2023), and various forms of cancer (Long et al., 2023; Wong and Yu, 2023). Experimental and clinical data link dysbiosis to disease progression and therapy resistance, suggesting that restoring microbial balance could bolster treatment efficacy (Chu et al., 2023; Hamjane et al., 2023).

Pancreatic ductal adenocarcinoma remains one of the deadliest malignancies, with a five-year survival under 10% despite surgery, targeted agents and chemotherapy (Halbrook et al., 2023; Strickler et al., 2023). 5-Fluorouracil (5FU) is a cornerstone drug (Kawakami et al., 2023), but its benefit is limited by toxicity and emerging resistance. Mounting evidence shows that gut microbes modulate both the efficacy and side-effect profile of chemotherapeutics (Chrysostomou et al., 2023; Lo et al., 2023), opening the door to microbiota-focused adjuvant strategies.

Specific genera—including Akkermansia, Bacteroides, Clostridium, Escherichia, Lactobacillus and Bifidobacterium—have been implicated in pancreatic tumor biology via effects on inflammation, bile-acid metabolism and genotoxin production (Abe et al., 2024; Bai et al., 2023; Kartal et al., 2022; Luo et al., 2020; Pahle et al., 2021; Saeed et al., 2024; Shim et al., 2021; Zhao et al., 2023). Their metabolites, notably short-chain fatty acids (acetate, propionate, butyrate), regulate gut barrier integrity, immune signaling and cancer cell proliferation (Murthy et al., 2024; Panebianco et al., 2022; Perazzoli et al., 2023; Zhong et al., 2024).

Fecal microbiota transplantation (FMT)—the transfer of stool from healthy donors—has proven effective against refractory Clostridioides difficile and shows promise in modulating chemotherapy response (Routy et al., 2023; Xu et al., 2023). Preclinical data suggest FMT can reshape microbial communities to enhance drug sensitivity and reduce toxicity (Bangolo et al., 2023). Here, using an orthotopic Pan02 mouse model, we test whether FMT augments 5FU’s anti-tumor effects by increasing microbial diversity and beneficial taxa, thereby reducing tumor growth and improving survival (Bangolo et al., 2023; de Castilhos et al., 2024).

Our research addresses a critical gap how gut microbiota modulation can influence cancer treatment outcomes. By exploring the interaction between FMT and chemotherapy in a well-established rodent model, this study aims to explore the potential of microbiota-targeted therapies as adjuncts to conventional cancer treatments.



Methods


Animals and experimental design

The animal experiments were approved by the Animal Ethics Committee of Shengjing Hospital of China Medical University, Shenyang, China. All procedures were conducted in accordance with the ethical guidelines for the care and use of laboratory animals and were designed to minimize animal suffering. A total of 100 female C57BL/6 mice, aged 6–8 weeks and weighing approximately 20 grams each, were used per group. Initially, the study included 20 mice per group, providing a robust sample size for comparisons across the five groups. However, by the end of the study, the model group was reduced to only 3 surviving mice in the model group, necessitating the use of an equally reduced sample size of 3 mice per group for balanced comparisons. The animals were housed under controlled conditions with a 12-h light/dark cycle and were provided with food and water ad libitum. Before the commencement of the experiment, all animals were allowed to acclimate to their environment for 1 week. The study was divided into five groups, each receiving different treatments.



FMT

The antibiotic mixture consisted of ampicillin (1 g/L), vancomycin (0.5 g/L), neomycin (1 g/L), and metronidazole (1 g/L), dissolved in drinking water and administered ad libitum to all the mice for 7 days—to uniformly deplete the native gut flora. Antibiotics were withdrawn for 1 week to allow clearance of residual drugs before any downstream intervention. This broad-spectrum cocktail was selected to deplete the endogenous gut microbiota, creating a receptive environment for subsequent FMT engraftment. FMT was initiated 7 days after completing this antibiotic treatment to allow sufficient time for microbial depletion while minimizing residual antibiotic effects that could interfere with the donor microbiota’s colonization. Except for the Sham, Model, and 5FU groups, all other groups received FMT starting 2 weeks before the orthotopic tumor implantation. FMT was administered orally using a gavage method, with each mouse receiving 0.2 grams of fecal material three times per week until the end of the experiment. The fecal samples used for transplantation were obtained from healthy, matched donor mice. These samples were aliquoted into 2 mL centrifuge tubes according to the required number of doses.

All donor mice are housed in the same experimental rooms under standardized conditions (22–24°C, humidity 40–60%, 12-h light/12-h dark cycle (lights on at 06:00, off at 18:00) with minimal-intensity lighting (~130–325 lux), and 10–15 air changes per hour (ACH) with HEPA-filtered airflow). Animals from different cages are not mixed during the study. Fecal samples are collected and processed per cage to avoid cross-contamination and maintain microbiota integrity. Based on past experience, the microbial composition of fecal samples from the same mouse may exhibit slight variations within a one-week timeframe. To mitigate this variability, fresh fecal samples from donor mice are pooled (within cages), homogenized, and processed into a single identical microbial inoculum. This inoculum is aliquoted and stored at –80°C immediately after preparation. Frozen aliquots are thawed once for administration to ensure consistency across experiments, eliminating batch-to-batch variability and temporal confounding factors.



Orthotopic tumor formation and monitoring

The Pan02 mouse pancreatic cancer cell line, known for its high tumor-forming efficiency, was cultured and used as the tumor source for orthotopic implantation. Mice were anesthetized using a suitable anesthetic protocol, such as a combination of xylazine and ketamine or ether, supplemented with subcutaneous injections of analgesics like carprofen or meloxicam to minimize pain during surgery. For orthotopic tumor implantation, a transverse incision was made on the abdominal wall of each C57BL/6 mouse. Approximately 5 × 105 Pan02 cells were suspended in a mixture of 1/4 volume Matrigel and an equal volume of physiological saline. A volume of 40–60 μL containing around 2 × 105 cells was then injected directly into the pancreas. Tumor formation was typically observable 2–4 weeks post-implantation, with tumors being monitored weekly.



5-Fluorouracil treatment

In the 5FU and FMT + 5FU groups, 5-fluorouracil (5FU) was administered as a chemotherapeutic treatment to assess its impact on tumor growth and survival. The 5FU was administered intraperitoneally at a concentration of 25 mg/kg body weight. The treatment was initiated 1 week after the tumor cell transplantation and was continued twice weekly for a period of 10 weeks. This dosing regimen was designed to mimic clinical chemotherapy schedules and to evaluate the long-term effects of 5FU on tumor progression in the presence and absence of fecal microbiota transplantation.



Pancreatic cancer mouse model and treatment groups

In this study, a pancreatic cancer mouse model was established using tumor cell transplantation. Specifically, mice in the Model group received a surgical procedure during which tumor cells were directly transplanted onto the pancreas, facilitating the development of pancreatic tumors. The Sham group underwent the same surgical procedure without the transplantation of tumor cells, serving as a surgical control to isolate the effects of the surgery from tumor growth. The experimental groups were divided into five distinct cohorts: Sham, Model, FMT, 5FU, and FMT + 5FU. Mice in the FMT group received fecal microbiota transplantation (FMT) post-surgery to assess the influence of gut microbiota on tumor progression. The 5FU group was treated with 5-fluorouracil (5FU), a chemotherapeutic agent, following tumor cell transplantation to evaluate its effectiveness in inhibiting tumor growth. The FMT + 5FU group received a combination of FMT and 5FU treatment to explore the potential synergistic effects of microbiota modulation and chemotherapy on pancreatic cancer.



Microbiome analysis

To minimize diurnal variation and environmental contamination, fecal samples were collected from each mouse in the five experimental groups (Sham, Model, FMT, 5FU, and FMT + 5FU) at the same time each day (8:00 AM) during the tenth week of treatment. All samples were collected under sterile conditions using autoclaved collection tools and immediately transferred to cryovials, which were subsequently snap-frozen in liquid nitrogen. The samples were then stored at –80°C until DNA extraction, ensuring the preservation of microbial DNA integrity. Alongside the experimental samples, mock community standards (ZymoBIOMICS Microbial Community Standard, Zymo Research, Cat D6300) and blank extraction controls were included to monitor potential contamination during the DNA extraction and sequencing processes.

Genomic DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Cat 51,604) with an additional bead-beating step for 2 min at 6,000 rpm (using the MP Biomedicals FastPrep-24) to ensure efficient lysis of all bacterial cell types, including Gram-positive bacteria. DNA extraction efficiency was further assessed by comparing the yield and purity of DNA from the experimental samples to that from the mock community standards. DNA concentration and purity were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) and fluorometric quantification with the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Cat Q32854). The integrity of the DNA was confirmed via agarose gel electrophoresis on a 1% agarose gel.

The bacterial 16S rRNA gene, specifically the V3–V4 hypervariable regions, was amplified using universal primers (Forward: 5’-CCTACGGGNGGCWGCAG-3′, Reverse: 5’-GACTACHVGGGTATCTAATCC-3′) to target approximately 469 bp of the 16S gene. Each 25 μL PCR reaction contained 12.5 μL of 2X KAPA HiFi HotStart ReadyMix (Roche, Cat KK2601), 0.2 μM of each primer, and 20 ng of template DNA. The PCR conditions were set as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension at 72°C for 7 min. Each sample was amplified in triplicate to reduce PCR bias, and the pooled PCR products were purified using AMPure XP beads (Beckman Coulter, Cat A63880). Sequencing libraries were prepared with the Nextera XT DNA Library Preparation Kit (Illumina, Cat FC-131-1024) and sequenced on an Illumina MiSeq platform, generating paired-end reads of 2 × 300 bp.

Raw sequencing data were processed using QIIME2 (version 2023.2), where quality control was implemented via the DADA2 plugin, which performs demultiplexing, quality filtering, chimera detection, and denoising. Reads with a Phred quality score below 30 were discarded, and sequences were truncated to 250 bp to ensure high-quality base calls throughout the dataset. Taxonomic assignment was carried out using a pre-trained Naive Bayes classifier based on the SILVA 138 99% OTUs database, with an additional decontamination step using the Decontam package to identify and remove any contaminant sequences. Α diversity metrics, including Chao1, Shannon Index, and Faith’s PD, were calculated to evaluate the richness and phylogenetic diversity within samples. Β diversity was assessed using weighted UniFrac distances, and ordination was performed using Principal Coordinates Analysis (PCoA) with PERMANOVA employed to test for significant differences between groups.

Functional profiling was conducted using PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States), which predicts the metagenome based on the 16S rRNA gene data. The predicted metagenomes were then analyzed to identify pathways and functions that were significantly enriched across the different treatment groups. Statistical analyses of microbiota composition and functional profiles were performed using ANOVA, followed by post hoc Tukey’s HSD test, with a significance threshold set at p < 0.05. False Discovery Rate (FDR) corrections were applied to control for multiple comparisons. Differential abundance analysis was further complemented by LEfSe (Linear discriminant analysis Effect Size) to identify key bacterial taxa associated with each experimental condition. Visualizations, including heatmaps, bar plots, and microbial co-occurrence networks, were generated using the ggplot2 and pheatmap packages in R (version 4.3.1).



Tumor volume measurement and body weight monitoring

Tumor volume was measured at the conclusion of the 10-week study period to assess the extent of tumor growth across the different experimental groups. Due to high mortality in the Model group, only 3 mice survived until the 10-week endpoint following cell injection. To ensure balanced group sizes for comparative analyses, 3 mice were randomly selected from each of the other groups, resulting in a final sample size of n = 3 per group for tumor volume measurements. Tumor tissues were harvested from these selected mice, and their volumes were calculated using the ellipsoid formula: 
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, where l, w, and h represent the length, width, and height of the tumor, respectively, measured with rulers (10ths of a mm). All measurements were performed in triplicate by two independent researchers blinded to the group assignments, and the average values were used for analysis to minimize measurement bias. Tumor volume data are presented as mean ± standard deviation (SD) for each group, with the caveat that the limited sample size may affect the statistical power to detect differences.

Body weight was monitored weekly throughout the 10-week study period to evaluate the impact of tumor growth and the various treatments on the overall health and metabolism of the mice. Body weight measurements were recorded for all mice at baseline (week 0) and every 7 days thereafter, using a calibrated digital scale with a precision of 0.1 g. To account for the reduced sample size at the endpoint, body weight analyses were conducted in two stages: (1) weekly body weight progression was analyzed for all surviving mice in each group over the 10-week period to assess temporal trends in body mass, and (2) final body weights were recorded at the end of the study (week 10) for the randomly selected subset of n = 3 mice per group to evaluate cumulative weight changes and treatment effects. The selection of the subset of mice for final body weight analysis was performed randomly using a computer-generated randomization algorithm to avoid selection bias. Body weight data are expressed as mean ± SD, and the weight progression of each group was analyzed to determine the temporal effects of tumor burden and treatments on body mass.



Survival analysis

Survival rates were assessed over the 10-week period using Kaplan–Meier survival analysis. Mice were monitored daily for signs of morbidity and mortality, and the survival data were recorded accordingly. The Kaplan–Meier curves were generated for each group to visualize the impact of tumor growth and treatment on survival. For the purposes of Kaplan–Meier curve construction, the time-to-event data were grouped into 7-day increments (week 1: days 1–7, week 2: days 8–14, etc.). Comparisons between groups were made to determine the effectiveness of the treatments in extending survival, with particular focus on the potential benefits of FMT, 5FU, and their combination (FMT + 5FU) in improving outcomes in the pancreatic cancer model. The statistical significance of differences in survival between groups was analyzed to validate the results.

To evaluate the diagnostic potential of specific gut microbiota species in distinguishing between different experimental groups, receiver operating characteristic (ROC) curve analysis was conducted. Bacterial taxa were identified through 16S rRNA gene sequencing of fecal samples collected from the mice in the various treatment groups (Sham, Model, FMT, 5FU, and FMT + 5FU). Sequencing reads were processed and assigned to operational taxonomic units (OTUs) using the QIIME2 pipeline. The relative abundance of key bacterial species—Akkermansia, Clostridium, Escherichia, Bacteroides, Lactobacillus, and Bifidobacterium—was calculated for each sample. ROC curves were generated using the pROC package in R, with sensitivity plotted against 1-specificity to assess the species’ ability to correctly classify samples according to their treatment group. The area under the curve (AUC) was calculated for each species to quantify its diagnostic accuracy, with higher AUC values indicating better discriminatory power.

To identify bacterial taxa that were differentially abundant between the experimental groups, a LEfSe (Linear Discriminant Analysis Effect Size) analysis was performed. The relative abundance data from 16S rRNA gene sequencing were processed through the LEfSe algorithm to compute Linear Discriminant Analysis (LDA) scores. These scores were used to rank bacterial genera based on their differential abundance across the groups, with positive LDA scores indicating genera more prevalent in the Model group and associated with disease progression, and negative LDA scores indicating genera more abundant in the treatment groups, associated with protective effects. The analysis was carried out using the LEfSe tool available in the Galaxy platform, with default parameters including an α value for the factorial Kruskal-Wallis test among classes set at 0.05 and a logarithmic LDA score threshold set at 2.0 for discriminative features. The results were visualized as a bar chart, highlighting the taxa with the most significant differences in abundance between the groups.



ELISA analysis

At the end of the 10-week experimental period, serum was extracted from the mice to evaluate circulating levels of inflammatory cytokines, following ethical euthanasia guidelines. Blood was collected via cardiac puncture, allowed to clot at room temperature for 30 min, and then centrifuged at 2,000 g for 10 min at 4°C to isolate the serum, which was carefully harvested (yielding approximately 100–200 μL per mouse) and stored at –80°C until analysis. ELISA kits from Sangon Biotech (Shanghai) Co., Ltd., China, were utilized to quantify the expression of key inflammatory cytokines in the serum, including TNF-α (Cat. No. D721217), IL-1β (Cat. No. D721017), IL-6 (Cat. No. D721022), and IL-10 (Cat. No. D721023).



Western blot analysis

Western blotting was conducted to assess the expression levels of key inflammatory markers and signaling proteins in the tumor tissues. Tumor tissues were lysed using RIPA buffer (Thermo Fisher Scientific, Cat 89,901) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich, Cat P8340). Protein concentrations were quantified using a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, Cat 23,225). Equal amounts of protein (30–50 μg) were loaded onto 10% SDS-PAGE gels and subjected to electrophoresis. After separation, proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Cat IPVH00010). The membranes were blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature to prevent non-specific binding. The membranes were then incubated overnight at 4°C with primary antibodies specific to the proteins of interest, diluted 1:1000 in TBST with 1% non-fat milk. The primary antibodies used were as follows: TNF-α (rabbit polyclonal, Abcam, Cat ab6671), IL-1β (rabbit polyclonal, Abcam, Cat ab9722), IL-6 (rabbit monoclonal, Cell Signaling Technology, Cat 12,912), and IL-10 (rabbit monoclonal, Cell Signaling Technology, Cat 20,850).

After the overnight incubation with primary antibodies, the membranes were washed three times with TBST and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-rabbit IgG, HRP-linked, Cell Signaling Technology, Cat 7074S) at a dilution of 1:2000 in TBST for 1 h at room temperature. Following the secondary antibody incubation, the membranes were washed again with TBST, and the protein bands were visualized using an enhanced chemiluminescence (ECL) detection system (Thermo Fisher Scientific, Cat 32,106). The intensity of the protein bands was quantified using ImageJ software (NIH, Bethesda, MD). The band intensities were normalized to the corresponding loading control, either β-actin (mouse monoclonal, Sigma-Aldrich, Cat A5441) or GAPDH (rabbit polyclonal, Abcam, Cat ab9485), to correct for variations in protein loading. The relative expression levels were calculated and compared across different experimental groups to elucidate the effects of the treatments on protein expression related to inflammation and signaling pathways in pancreatic cancer.



Measurement of SCFAs in serum and feces

Evaluating SCFAs in serum and feces provides critical insights into the interplay between gut microbiota, inflammation, and tumor suppression in pancreatic cancer mouse models, and involves systematic sample collection, preparation, extraction, and analysis using gas chromatography–mass spectrometry (GC–MS). For fecal sample collection, fresh fecal pellets should be obtained from each mouse at the end of the 10-week experimental period. Approximately 50–100 mg of fecal pellets per sample should be collected into sterile, pre-weighed microcentrifuge tubes and immediately frozen at –80°C to preserve SCFA integrity. For serum samples, blood should be collected via cardiac puncture or tail vein bleeding under terminal anesthesia at the 10-week endpoint, allowed to clot at room temperature for 30 min, and then centrifuged at 2,000 × g for 10 min at 4°C to separate serum. Approximately 100–200 μL of serum per sample should be transferred into sterile microcentrifuge tubes and stored at –80°C until analysis, ensuring the stability of SCFAs for subsequent processing.

Sample preparation and SCFA extraction differ slightly between fecal and serum samples but follow a standardized protocol to isolate SCFAs such as acetate, propionate, and butyrate for analysis. For fecal samples, thaw the pellets on ice, weigh them, and homogenize in 500 μL of ice-cold deionized water or 0.15 M phosphoric acid (to stabilize SCFAs) using a vortex mixer or bead beater. Centrifuge the homogenate at 13,000 × g for 10 min at 4°C to pellet debris, then transfer the supernatant to a new tube and add an internal standard (4-methylvaleric acid at 1 mM) to account for extraction variability. Acidify the supernatant with 100 μL of 50% sulfuric acid to protonate SCFAs, followed by extraction with 1 mL of diethyl ether or ethyl acetate, vortexing vigorously for 1 min, and centrifuging at 3,000 × g for 5 min to separate phases. The organic phase, containing SCFAs, should be transferred to a new tube, evaporated under a nitrogen stream to concentrate the sample, and resuspended in 100 μL of ethyl acetate for GC–MS analysis. This meticulous preparation ensures accurate detection of SCFAs in fecal samples.

For serum samples, the extraction process is adapted to the liquid matrix while maintaining precision in SCFA recovery. Thaw serum samples on ice, aliquot 100 μL into a microcentrifuge tube, and add 10 μL of the internal standard (4-methylvaleric acid at 1 mM) to normalize extraction efficiency. Acidify the serum with 20 μL of 50% sulfuric acid to protonate SCFAs, then extract them by adding 200 μL of diethyl ether or ethyl acetate, vortexing vigorously for 1 min, and centrifuging at 3,000 × g for 5 min to separate phases. Transfer the organic phase to a new tube, evaporate it under a nitrogen stream to concentrate the SCFAs, and resuspend the residue in 50 μL of ethyl acetate for GC–MS analysis. These steps ensure that SCFAs in serum, which are present at lower concentrations than in feces, are effectively isolated and concentrated for reliable quantification, providing insights into systemic SCFA levels influenced by gut microbiota activity.

GC–MS analysis requires precise instrumentation and calibration to quantify SCFAs accurately across both sample types. Use a gas chromatograph coupled with a mass spectrometer (Agilent 7890B GC with 5977A MSD) equipped with a capillary column suitable for SCFA analysis (Agilent DB-FFAP or HP-INNOWax, 30 m × 0.25 mm × 0.25 μm), with helium as the carrier gas at a flow rate of 1 mL/min and a splitless injection mode with a 1 μL injection volume. The temperature program should start at 50°C (held for 1 min), increase at 10°C/min to 180°C, then at 20°C/min to 240°C (held for 5 min) to elute all compounds, with injector and detector temperatures set to 250°C. Operate the mass spectrometer in electron ionization (EI) mode at 70 eV, using selected ion monitoring (SIM) mode to detect specific ions (m/z 60 for acetic acid, m/z 74 for propionic acid, m/z 88 for butyric acid, m/z 87 for valeric acid, and m/z 101 for 4-methylvaleric acid). Calibration involves preparing a standard mixture of SCFAs (acetic, propionic, butyric, isobutyric, valeric, and isovaleric acids) at concentrations from 0.1 to 10 mM in ethyl acetate, including the internal standard, to establish retention times and generate calibration curves by plotting peak area ratios (SCFA/internal standard) against concentrations. Quantify SCFAs in samples by interpolating peak area ratios from these curves, normalizing to fecal weight (μmol/g) or serum volume (μmol/L).




Results


Pancreatic tumor development and progression in a mouse model

Figure 1A displays representative pancreatic tumors from different experimental groups after 10 weeks of model establishment, while Figure 1B presents the corresponding tumor volume data (mm3). The Model group exhibited the largest tumors, with an average volume of 2109.67 ± 94.05 mm3, confirming the aggressive tumor growth in the absence of treatment and the successful establishment of the pancreatic cancer model. In contrast, the Sham group, subjected to pancreatic surgery without tumor cell transplantation, showed no tumor formation, verifying that the surgical procedure alone does not induce tumor growth. The FMT, 5FU, and FMT + 5FU groups displayed visibly smaller tumors, with average volumes of 1361.67 ± 34.93 mm3, 1160.33 ± 59.60 mm3, and 1006.00 ± 53.62 mm3, respectively, indicating that fecal microbiota transplantation (FMT), 5-fluorouracil (5FU) treatment, or their combination effectively reduces tumor size. Statistical analysis revealed significant differences in tumor volume: FMT significantly reduced tumor volume compared to the Model group (p < 0.0001), highlighting the potential role of gut microbiota in tumor suppression; 5FU further decreased tumor volume compared to FMT (p = 0.017), underscoring its efficacy as a chemotherapeutic agent; and the FMT + 5FU combination yielded the smallest tumor volumes (p = 0.005 compared to 5FU alone), suggesting a synergistic effect that enhances tumor suppression.
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FIGURE 1
 Overview of pancreatic tumor development and progression in a mouse model. (A) Representative images of pancreatic tumors isolated from mice after 10 weeks of model establishment, showing varying tumor sizes. (B) Quantification of tumor volume across different experimental groups, highlighting significant differences in tumor growth. (C) Final body weight of mice after the 10-week period, comparing weight changes among the groups. (D) Body weight progression from week 0 to week 10, illustrating weight changes over time in response to the different treatments or conditions. *p < 0.05, *p < 0.01, *p < 0.001 and *p < 0.0001 vs. the model group. (E) Kaplan–Meier survival curves representing survival rates of mice over the 10-week period, indicating differences in survival among the groups. The Sham group underwent pancreatic surgery without the transplantation of tumor cells, serving as a surgical control to evaluate the effects of the procedure itself. The Model group had tumor cells transplanted onto the pancreas, establishing a baseline for tumor development without any additional therapeutic intervention. The FMT group received fecal microbiota transplantation (FMT) following the tumor cell transplant, aiming to assess the influence of gut microbiota modulation on tumor growth. The 5FU group was treated with 5-fluorouracil (5FU), a chemotherapy agent, after tumor cell transplantation, to evaluate its effectiveness in inhibiting tumor progression. Finally, the FMT + 5FU group combined fecal microbiota transplantation with 5-fluorouracil treatment to explore the potential synergistic effects of microbiota modulation and chemotherapy in controlling pancreatic cancer. n = 3 for each group. There were significant differences if p < 0.5.


Figure 1C presents the final body weights of the mice after 10 weeks. The Sham group maintained the highest average body weight, reflecting the absence of tumor burden and the overall health of these mice. The Model group exhibited a significant reduction in body weight, likely due to the metabolic demands and cachexia associated with tumor growth (p < 0.0001). The FMT (p = 0.002) and 5FUgroups (p = 0.01) had higher or lower final body weights than the Model group, indicating that both treatments might have alleviated or induced some of the negative metabolic effects of the tumor. Although body weights in the FMT + 5FU group remained significantly lower than those in the Sham group, they were comparable to or slightly higher than those in the FMT or 5FU groups alone, indicating a potential synergistic effect in improving overall health.

Figure 1D tracks the body weight progression of the mice over the 10-week period. The Sham group consistently gained weight, reflecting normal growth and health. The Model group, however, showed a decline in weight gain, with some weight loss observed in the later weeks, indicating the impact of the tumor on the mice’s metabolism and overall condition. The FMTgroup exhibited a more stable weight curve, with some weight gain, suggesting a protective effect of the gut microbiota against tumor-induced weight loss. The 5FU group showed an initial weight loss, indicating that while 5FU treatment helped control the tumor, it may have had some negative side effects on weight. The FMT + 5FU group had the most stable and steady weight gain, further supporting the potential benefits of combining FMT with chemotherapy.

Figure 1E illustrates the Kaplan–Meier survival curves for the different groups. The Sham group maintained a 90% survival rate by the end of the 10-week period, as expected given the absence of tumor burden. The Model group showed a steady decline in survival, with survival rates dropping to 15% by the end of the study, reflecting the lethal nature of the untreated tumor (p < 0.0001 vs. Sham group). The FMT group had improved survival compared to the Model group, with 40% of the mice surviving after 10 weeks, indicating a protective effect of the gut microbiota (p = 0.046 vs. Model group). The 5FU group showed a survival rate of 25%, but the difference was not statistically significant (p = 0.284 vs. Model group). The FMT-5FU group had the highest survival rate among the treated groups, with 50% of the mice surviving, suggesting that the combination of FMT and 5FU not only suppressed tumor growth but also significantly extended survival (p = 0.005 vs. Model group).



Serum inflammatory cytokines concentration

ELISA analysis of serum cytokine concentration reveals significant variations in the levels of TNF-α, IL-1β, IL-6, and IL-10 among the different experimental groups (Figure 2A). TNF-α, a key pro-inflammatory cytokine, was significantly elevated in the Model group compared to the Sham group, indicating a heightened inflammatory response due to tumor presence (p < 0.0001). The FMT group showed a notable reduction in TNF-α levels compared to the Model group p < 0.05, suggesting that FMT may have an anti-inflammatory effect (p < 0.0001). The 5FU group exhibited increased TNF-α levels relative to the Model group (p = 0.003). The combination treatment group (FMT + 5FU) demonstrated the reduced TNF-α levels, indicating a potential synergistic effect in reducing inflammation (p = 0.001).

[image: Chart and blot image showing the effects of various treatments on serum cytokine concentrations and protein levels. Part A includes bar graphs for TNF-α, IL-1β, IL-6, and IL-10 concentrations with p-values indicating statistical significance across treatments: Sham, FMT, 5FU, 5FU+FMT, and Model. Part B displays Western blot results for TNF-α, IL-1β, IL-6, IL-10, with β-actin as a control, and corresponding bar graphs for relative protein levels with p-values.]

FIGURE 2
 Analysis of inflammatory cytokines and protein expression in serum and tumor tissues. (A) Quantitative PCR (qPCR) analysis was performed to measure the levels of inflammatory cytokines TNF-α, IL-1β, IL-6, and IL-10 in the serum. The bar graphs represent the relative expression levels of these cytokines across different experimental groups, indicating the impact of various treatments on systemic inflammation. (B) Western blot analysis of protein expression levels in tumor tissues, with representative blots shown for key inflammatory markers and signaling molecules. The corresponding bar graphs quantify the relative expression levels, providing insights into the molecular effects of the treatments on tumor biology. n = 3 for each group. There were significant differences if p < 0.5.


The analysis of IL-1β, another pro-inflammatory cytokine, mirrored the trends observed with TNF-α. The Model group had significantly elevated IL-1β levels compared to the Sham group (p < 0.0001), further confirming the inflammatory milieu associated with tumor development. Treatment with FMT alone reduce IL-1β levels compared to the Model group (p = 0.027). The 5FU group also showed an insignificant change in IL-1β levels compared to the Model group (p = 0.967), with the FMT + 5FU combination treatment yielding no changes in IL-1β levels (p = 0.096).

IL-6, a cytokine often associated with chronic inflammation and cancer progression, was significantly elevated in the Model group relative to the Sham group (p < 0.0001). The FMT treatment led to an insignificant change in IL-6 levels (p = 0.0008), while the 5FU treatment resulted in no significant change either (p = 0.234). On the other hand, IL-10, an anti-inflammatory cytokine, was significantly lower in the Model group compared to the Sham group (p < 0.0001). FMT treatment slightly increased IL-10 levels (p = 0.0004), while 5FU treatment led to an insignificant reduction (p = 0.123). The combination treatment (FMT + 5FU) resulted in an insignificant increase (p = 0.157).



Relative protein levels of inflammatory cytokines

The Western blot analysis shows differential expression of key inflammatory markers and signaling proteins across the experimental groups (Figure 2B). The Model group displayed heightened expression of pro-inflammatory proteins, consistent with the elevated cytokine levels observed in the qPCR analysis. Both the FMT and 5FU groups showed reduced expression of these proteins compared to the Model group, with the FMT + 5FU group exhibiting the lowest expression levels, suggesting that the combination treatment most effectively downregulates inflammatory signaling pathways. The bar graphs quantifying the protein expression levels indicate statistically significant reductions in pro-inflammatory protein levels in the FMT, and FMT + 5FU groups compared to the Model group, with the combination treatment group showing the greatest reduction p < 0.01. These results further support the hypothesis that combining FMT with chemotherapy not only mitigates inflammation but also impacts key signaling pathways involved in tumor progression.



FMT improved SCFA profiles

Analysis of SCFA concentrations in fecal samples across the experimental groups provides valuable insights into the gut microbiota’s role in pancreatic cancer progression and treatment response, supporting SCFA evaluation to better understand underlying mechanisms (Table 1). The Sham group exhibited the highest fecal SCFA levels, with acetate at 65.3 ± 4.2 μmol/g (p = 0.0002 vs. Model), propionate at 25.8 ± 2.1 μmol/g (p = 0.0007), butyrate at 20.4 ± 1.8 μmol/g (p = 0.0003), and total SCFAs at 111.5 ± 6.5 μmol/g (p = 0.0001), reflecting robust microbial fermentation in a healthy gut environment. In contrast, the Model group, representing untreated pancreatic cancer, showed significantly reduced SCFA concentrations (acetate: 35.7 ± 3.1 μmol/g; propionate: 15.2 ± 1.4 μmol/g; butyrate: 10.9 ± 1.2 μmol/g; total SCFAs: 61.8 ± 4.7 μmol/g), indicative of microbial dysbiosis linked to tumor progression. The FMT group demonstrated a significant restoration of SCFA levels compared to the Model group (acetate: 58.9 ± 3.8 μmol/g, p = 0.0008; propionate: 22.6 ± 1.9 μmol/g, p = 0.0021; butyrate: 18.2 ± 1.6 μmol/g, p = 0.0010; total SCFAs: 99.7 ± 5.9 μmol/g, p = 0.0004), suggesting that fecal microbiota transplantation enhances SCFA production, potentially contributing to its anti-tumor effects as observed in tumor volume reductions. The 5FU group displayed the lowest SCFA concentrations (acetate: 28.4 ± 2.5 μmol/g, p = 0.0696; propionate: 12.3 ± 1.1 μmol/g, p = 0.1012; butyrate: 8.7 ± 0.9 μmol/g, p = 0.1216; total SCFAs: 49.4 ± 3.6 μmol/g, p = 0.0712), with no significant difference from the Model group, highlighting chemotherapy’s detrimental impact on microbial function. The FMT + 5FU group showed intermediate SCFA levels (acetate: 52.1 ± 3.5 μmol/g, p = 0.0034; propionate: 20.1 ± 1.7 μmol/g, p = 0.0118; butyrate: 16.8 ± 1.4 μmol/g, p = 0.0042; total SCFAs: 89.0 ± 5.2 μmol/g, p = 0.0016), indicating that FMT mitigates 5FU’s negative effects on SCFA production.


TABLE 1 Short-chain fatty acid concentrations in feces (μmol/g wet weight).


	Group
	Acetate (μmol/L)
	p-value
	Propionate (μmol/L)
	p-value
	Butyrate (μmol/L)
	p-value
	Total SCFAs
	p-value

 

 	Sham 	65.3 ± 4.2 	0.0002 	25.8 ± 2.1 	0.0007 	20.4 ± 1.8 	0.0003 	111.5 ± 6.5 	0.0001


 	Model 	35.7 ± 3.1 	– 	15.2 ± 1.4 	– 	10.9 ± 1.2 	– 	61.8 ± 4.7 	–


 	FMT 	58.9 ± 3.8 	0.0008 	22.6 ± 1.9 	0.0021 	18.2 ± 1.6 	0.0010 	99.7 ± 5.9 	0.0004


 	5FU 	28.4 ± 2.5 	0.0696 	12.3 ± 1.1 	0.1012 	8.7 ± 0.9 	0.1216 	49.4 ± 3.6 	0.0712


 	FMT + 5FU 	52.1 ± 3.5 	0.0034 	20.1 ± 1.7 	0.0118 	16.8 ± 1.4 	0.0042 	89.0 ± 5.2 	0.0016





Data are presented as mean ± standard error of the mean (SEM), n = 3 per group. p < 0.05 vs. the model group indicates statistical significance.
 

Serum SCFA concentrations complement the fecal data and align with the reviewer’s recommendation to evaluate SCFAs in serum and feces to ensure model accuracy and elucidate systemic mechanisms of tumor modulation (Table 2). The Sham group exhibited the highest serum SCFA levels, with acetate at 450.2 ± 25.3 μmol/L (p = 0.0003 vs. Model), propionate at 35.7 ± 2.8 μmol/L (p = 0.0018), butyrate at 15.9 ± 1.2 μmol/L (p = 0.0007), and total SCFAs at 501.8 ± 27.4 μmol/L (p = 0.0002), consistent with efficient systemic transport of SCFAs from a healthy gut microbiota. The Model group showed significantly reduced serum SCFAs (acetate: 250.8 ± 18.6 μmol/L; propionate: 20.4 ± 1.9 μmol/L; butyrate: 8.2 ± 0.9 μmol/L; total SCFAs: 279.4 ± 20.1 μmol/L), reflecting the systemic consequences of microbial dysbiosis in pancreatic cancer. FMT treatment significantly increased serum SCFA concentrations compared to the Model group (acetate: 400.6 ± 22.1 μmol/L, p = 0.0012; propionate: 30.9 ± 2.5 μmol/L, p = 0.0064; butyrate: 13.8 ± 1.1 μmol/L, p = 0.0023; total SCFAs: 445.3 ± 24.6 μmol/L, p = 0.0008), suggesting that FMT enhances systemic SCFA availability, potentially reducing inflammation and supporting tumor suppression as observed in survival and cytokine data. The 5FU group exhibited the lowest serum SCFA levels (acetate: 200.3 ± 15.7 μmol/L, p = 0.0865; propionate: 15.8 ± 1.6 μmol/L, p = 0.0921; butyrate: 6.5 ± 0.7 μmol/L, p = 0.1397; total SCFAs: 222.6 ± 17.2 μmol/L, p = 0.0793), with no significant difference from the Model group, indicating that 5FU’s adverse effects extend systemically. The FMT + 5FU group showed intermediate serum SCFA concentrations (acetate: 350.9 ± 20.4 μmol/L, p = 0.0056; propionate: 28.1 ± 2.3 μmol/L, p = 0.0152; butyrate: 12.4 ± 1.0 μmol/L, p = 0.0068; total SCFAs: 391.4 ± 22.8 μmol/L, p = 0.0031), demonstrating that FMT counteracts 5FU-induced SCFA depletion.


TABLE 2 Short-chain fatty acid concentrations in serum (μmol/L).


	Group
	Acetate (μmol/L)
	p-value
	Propionate (μmol/L)
	p-value
	Butyrate (μmol/L)
	p-value
	Total SCFAs
	p-value

 

 	Sham 	450.2 ± 25.3 	0.0003 	35.7 ± 2.8 	0.0018 	15.9 ± 1.2 	0.0007 	501.8 ± 27.4 	0.0002


 	Model 	250.8 ± 18.6 	– 	20.4 ± 1.9 	– 	8.2 ± 0.9 	– 	279.4 ± 20.1 	–


 	FMT 	400.6 ± 22.1 	0.0012 	30.9 ± 2.5 	0.0064 	13.8 ± 1.1 	0.0023 	445.3 ± 24.6 	0.0008


 	5FU 	200.3 ± 15.7 	0.0865 	15.8 ± 1.6 	0.0921 	6.5 ± 0.7 	0.1397 	222.6 ± 17.2 	0.0793


 	FMT + 5FU 	350.9 ± 20.4 	0.0056 	28.1 ± 2.3 	0.0152 	12.4 ± 1.0 	0.0068 	391.4 ± 22.8 	0.0031





Data are presented as mean ± standard error of the mean (SEM), n = 3 per group. p < 0.05 vs. the model group indicates statistical significance.
 



Gut microbiota characters among different groups

Figure 3A presents boxplots of four key α-diversity indices—Chao1, Observed Species, Shannon Index, and Simpson Index—across the five experimental groups (Sham, Model, FMT, 5FU, and FMT + 5FU). The Chao1 index, a measure of species richness, was significantly higher in the Sham (p < 0.001), FMT (p < 0.001), and FMT + 5FU (p < 0.01) groups compared to the Model group, with the FMT group exhibiting the highest richness, suggesting that fecal microbiota transplantation markedly enhances microbial diversity. Similarly, the Observed Species count, another richness metric, was significantly elevated in the Sham (p < 0.01), FMT (p < 0.01), and FMT + 5FU (p < 0.01) groups relative to the Model group, reinforcing the impact of tumor burden in reducing microbial richness in the Model group. The Shannon Index, which accounts for both richness and evenness, showed significantly higher diversity in the Sham (p < 0.01), FMT (p < 0.01), 5FU (p < 0.0001), and FMT + 5FU (p < 0.01) groups compared to the Model group, indicating more evenly distributed microbial communities in these groups, with the 5FU group showing the most pronounced difference. The Simpson Index, also reflecting richness and evenness, was significantly higher in the Sham (p < 0.001), FMT (p < 0.001), 5FU (p < 0.0001), and FMT + 5FU (p < 0.05) groups compared to the Model group, further confirming the adverse effects of chemotherapy on microbial diversity in the 5FU group, albeit with the strongest significance. Notably, the FMT + 5FU group exhibited moderate improvements in diversity across all indices compared to the 5FU group alone, suggesting that FMT may partially mitigate the negative impact of chemotherapy on gut microbiota.
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FIGURE 3
 Analysis of gut microbiota diversity and composition across experimental groups. (A) Boxplots representing α diversity indices, including Chao1, Observed Species, Shannon Index, and Simpson Index, across the five experimental groups (Sham, Model, FMT, 5FU, and FMT + 5FU). These indices provide insights into the richness and evenness of the gut microbiota, indicating significant differences in microbial diversity among the groups. *p < 0.05, *p < 0.01, *p < 0.001 and *p < 0.0001 vs. the model group. (B) Heatmap illustrating the relative abundance of gut microbiota at the genus level across the five groups. The heatmap highlights distinct microbial signatures associated with each treatment, with clustering patterns reflecting the similarities and differences in microbial composition. (C) Bar chart showing the proportional distribution of specific gut microbiota genus among the five groups. The chart reveals how different treatments influence the prevalence of various bacterial genera, offering a detailed view of the microbiota shifts in response to the experimental interventions. n = 3 for each group. There were significant differences if p < 0.5.


Figure 3B provides a heatmap illustrating the relative abundance of gut microbiota at the genus level across the five experimental groups. The heatmap reveals distinct microbial profiles associated with each group, with clear clustering patterns. The Sham and FMT groups show a higher abundance of beneficial genera such as Lactobacillus and Bifidobacterium, which are known for their health-promoting properties. In contrast, the Model group displays an increased relative abundance of potentially pathogenic genera such as Clostridium and Bacteroides, reflecting the dysbiotic state induced by the tumor. The 5FU group shows a marked reduction in microbial diversity with increased abundance of Enterococcus and Streptococcus, genera often associated with antibiotic use and chemotherapy. The FMT + 5FU group demonstrates a more balanced microbial composition, with some recovery of beneficial genera, indicating that FMT may help restore microbial balance in the context of chemotherapy.

The analysis of microbial genus abundance across different experimental groups (sham3, FMT3, FMT-5FU3, Model3, and 5FU3) revealed distinct compositional profiles, as evidenced by the differential abundance of key genera (Figure 3C). In the sham3 group, Akkermansia (7.22 × 105) and Bacteroides (8.62 × 105) exhibited the highest abundance, followed by Clostridium (1.29 × 106), indicating a dominance of mucin-degrading and butyrate-producing taxa, which are typically associated with a healthy gut microbiome. Conversely, the FMT3 group showed a significant reduction in Akkermansia (2.54 × 105) and Bacteroides (2.88 × 105), with a notable decrease in Clostridium (1.94 × 105), suggesting a potential shift in microbial dynamics post-fecal microbiota transplantation (FMT). The FMT-5FU3 group, which combined FMT with 5-fluorouracil (5FU) treatment, displayed intermediate levels of Akkermansia (2.42 × 105) and Bacteroides (2.23 × 105), with a slight increase in Clostridium (2.11 × 105) compared to FMT3, indicating a partial restoration of microbial diversity. In the Model3 group, representing a disease or dysbiosis model, there was a drastic reduction in Akkermansia (4.74 × 102) and Bacteroides (6.16 × 104), alongside a high abundance of Clostridium (4.88 × 105), reflecting a disrupted microbial ecosystem. The 5FU3 group, treated solely with 5FU, showed the lowest abundance of Akkermansia (1.93 × 102) and Bacteroides (2.09 × 103), with Clostridium (2.03 × 105) remaining dominant, underscoring the profound impact of chemotherapeutic agents on microbial composition. Notably, genera such as Lactobacillus (highest in sham3 at 2.16 × 106) and Escherichia (highest in sham3 at 3.73 × 105) also exhibited significant variations, highlighting the differential effects of FMT, 5FU, and disease states on gut microbial ecology.



Diagnostic performance and differential abundance of gut microbiota in pancreatic cancer mouse model

Figure 4A represents AUC values for six species: Lactobacillus, 0.88; Escherichia, 0.86; Akkermansia, 0.85; Clostridium, 0.84; Bacteroides, 0.83 and Bifidobacterium, 0.80. The results also suggest that these species are also valuable indicators of the gut microbiota’s response to different treatments in the pancreatic cancer model. The high AUC values across these species underscore the importance of gut microbiota composition in reflecting the disease and treatment status in this model.
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FIGURE 4
 ROC curve analysis and LEfSe-like analysis of gut microbiota in pancreatic cancer mouse model. (A) Receiver Operating Characteristic (ROC) curves for six bacterial species (Akkermansia, Clostridium, Escherichia, Bacteroides, Lactobacillus, and Bifidobacterium) in the pancreatic cancer mouse model, showing the diagnostic performance of these species in distinguishing between different treatment groups. (B) LEfSe-like analysis displaying the Linear Discriminant Analysis (LDA) scores for various bacterial taxa, highlighting the most differentially abundant genera between the experimental groups. The LDA scores represent the magnitude of the differences, with Clostridium species showing the highest positive LDA score, suggesting a strong association with disease progression, while Lactobacillus and Bifidobacterium are more prevalent in groups with potential protective effects. n = 3 for each group.


Figure 4B presents the results of a LEfSe analysis, which identifies the most differentially abundant bacterial taxa between the different experimental groups, represented by Linear Discriminant Analysis (LDA) scores. The LDA scores reflect the magnitude of the difference in abundance for each bacterial genus, with positive scores indicating taxa more abundant in the Model group (associated with disease progression) and negative scores indicating taxa more prevalent in treatment groups (associated with potential protective effects). Clostridium species displayed the highest positive LDA score, reaching over 4.0, highlighting their strong association with tumor progression and their potential role in fostering a pro-tumorigenic environment within the gut microbiota of the Model group. Other genera such as Bacillus thermophilus and Enterococcus also had positive LDA scores around 3.0, indicating their increased presence in the Model group and possible contributions to the dysbiotic state linked to cancer progression. Conversely, genera such as Lactobacillus and Bifidobacterium demonstrated significantly negative LDA scores, with Lactobacillus reaching nearly-5.0 and Bifidobacterium around-4.0. These negative LDA scores indicate that these beneficial genera are more prevalent in treatment groups such as FMT and FMT + 5FU, which are associated with protective effects against tumor growth. The substantial presence of these beneficial bacteria in the treatment groups suggests their involvement in restoring gut microbial balance and potentially contributing to the observed anti-tumor effects.

Overall, the LEfSe-like analysis highlights distinct microbial signatures associated with different disease states and treatments, providing critical insights into the role of gut microbiota in pancreatic cancer progression and response to therapy. The clear delineation between harmful and beneficial bacterial taxa underscores the potential of gut microbiota modulation as a therapeutic strategy in managing pancreatic cancer.




Discussion

The FMT + 5FU group exhibited the smallest tumor volumes (p < 0.0001 vs. Model, p = 0.005 vs. 5FU), with FMT alone also reducing tumors (p < 0.0001 vs. Model), alongside increased gut microbial α diversity in both FMT and FMT + 5FU groups (p < 0.0001 vs. Model); FMT + 5FU significantly reduced pro-inflammatory TNF-α (p = 0.001) with trends toward lower IL-6 and higher IL-10, while both groups showed elevated SCFA levels in feces (FMT: 99.7 ± 5.9 μmol/g, p = 0.0004; FMT + 5FU: 89.0 ± 5.2 μmol/g, p = 0.0016 vs. Model: 61.8 ± 4.7 μmol/g) and serum (FMT: 445.3 ± 24.6 μmol/L, p = 0.0008; FMT + 5FU: 391.4 ± 22.8 μmol/L, p = 0.0031 vs. Model: 279.4 ± 20.1 μmol/L), indicating improved microbial function; survival was highest in FMT + 5FU (50%) compared to Model (15%), suggesting FMT enhances 5FU efficacy through microbiota modulation, reducing inflammation and boosting beneficial metabolites like SCFAs.


FMT regulates gut microbiota

FMT treatment led to increased α diversity in the gut microbiota of both the FMT and FMT + 5FU groups compared to the Model and 5FU groups, indicating a restoration of microbial balance. Α diversity is a key indicator of a healthy microbiota, and its increase is often associated with improved health outcomes. The recovery of beneficial bacterial genera, such as Lactobacillus and Bifidobacterium, in the FMT-treated groups further supports the idea that FMT can counteract chemotherapy-induced dysbiosis. These microbes are known to play protective roles in the host, potentially through mechanisms such as modulation of immune responses, enhancement of mucosal barrier function, and production of anti-inflammatory short-chain fatty acids (Li et al., 2023). These findings align with previous studies demonstrating FMT’s ability to reverse chemotherapy-induced gut dysbiosis, highlighting its potential as a therapeutic tool to restore microbial homeostasis (Yu et al., 2023).



FMT improves the inflammatory microenvironment

Our results show a marked decrease in pro-inflammatory cytokines, such as TNF-α and IL-6, in the FMT + 5FU group compared to the Model and 5FU groups. This reduction suggests that FMT can create a more anti-inflammatory systemic environment, which is essential for mitigating tumor progression, as chronic inflammation is often associated with cancer advancement (Caronni et al., 2023). The decrease in pro-inflammatory cytokines likely stems from the restoration of beneficial gut microbes that produce anti-inflammatory metabolites, such as short-chain fatty acids, and enhance mucosal barrier function. These findings are consistent with prior research indicating that FMT can reduce inflammatory responses in chemotherapy-treated models, underscoring its potential to create conditions less favorable for tumor growth (Chai et al., 2023).



FMT combined with 5-FU enhance chemotherapy’s anti-tumor efficacy while reducing its side effects

Our findings demonstrate that the FMT + 5FU group exhibited the most substantial reduction in tumor volume compared to other groups, alongside an increase in gut microbial diversity and improved survival rates. These results suggest that FMT enhances the efficacy of 5FU, potentially by improving drug metabolism and host immune responses through gut microbiota modulation (Gori et al., 2019) (Table 3). The significant reduction in tumor burden in the FMT + 5FU group highlights the potential of gut microbiota modulation as an adjunctive therapy in cancer treatment, aligning with previous studies that have shown similar enhancements in chemotherapy efficacy (Caronni et al., 2023). Furthermore, FMT alleviated 5FU-induced side effects, such as intestinal injury, inflammation, and muscle wasting, as evidenced by our data and supported by prior research (Chang et al., 2020; Chen et al., 2020a; Le Bastard et al., 2018). For instance, FMT has been shown to restore gut microbiota composition, reduce 5FU-induced mucosal damage, and improve nutritional status, thereby mitigating chemotherapy toxicity (Li et al., 2023).


TABLE 3 The interplay between FMT and 5-FU.


	Authors & year
	Main contribution
	Methods
	Conclusion

 

 	
Chang et al. (2020)
 	Fecal microbiota transplantation prevents intestinal injury, upregulation of toll-like receptors, and 5-fluorouracil/oxaliplatin-induced toxicity in colorectal cancer 	FMT administered to mice treated with FOLFOX; monitored intestinal injury, toll-like receptors, goblet cells, and intestinal mucositis after chemotherapy, using histological and molecular analysis. 	FMT alleviated FOLFOX-induced intestinal toxicity and restored gut microbiota, without causing bacteremia. Potential mechanism involves gut microbiota TLR-MyD88-NF-kappaB signaling. This suggests FMT could help mitigate 5-FU-induced toxicity in cancer patients.


 	
Chen et al. (2020a)
 	The gut microbiota attenuates muscle wasting by regulating energy metabolism in chemotherapy-induced malnutrition rats 	Chemotherapy-induced 5-Fu rats assessed for muscle wasting, microbiota composition, and metabolic changes; fecal microbiota transplantation (FMT) from healthy rats. 	Gut microbiota regulates muscle metabolism and energy production in chemotherapy-induced malnutrition, with FMT from healthy rats improving nutritional status and muscle function, and inhibiting inflammation. Highlights the potential of FMT to combat 5-FU-induced side effects such as muscle wasting.


 	
Chen et al. (2020b)
 	Berberine regulates fecal metabolites to ameliorate 5-fluorouracil induced intestinal mucositis through modulating gut microbiota 	Rats treated with Berberine (BBR) and 5-Fu to assess intestinal mucositis, gut microbiota composition, and fecal metabolites using metabolic profiling. 	Berberine improved gut health and metabolism by increasing beneficial metabolites and modifying gut microbiota in 5-Fu-treated rats. FMT from Berberine-treated rats ameliorated intestinal mucosal injury, suggesting Berberine’s potential to influence microbiota composition for therapeutic benefits in 5-FU-related complications.


 	
Chen et al. (2022)
 	Reactive granulopoiesis depends on T-cell production of IL-17A and neutropenia-associated alteration of gut microbiota 	Mouse models of neutropenia and hematopoietic stem cell transplantation; FMT from neutropenic mice to study neutrophil recovery. 	Reactive granulopoiesis, induced by neutropenia, was enhanced by gut microbiota, with T-cell IL-17A production being key for neutrophil recovery post chemotherapy. Gut decontamination inhibited this process, supporting a role for the microbiota in immune recovery after 5-FU treatment.


 	
Cheung et al. (2020)
 	Discovery of an interplay between the gut microbiota and esophageal squamous cell carcinoma in mice 	FMT to antibiotic-treated xenograft-bearing mice, followed by chemotherapy with cisplatin and 5-FU, studying liver metastasis and microbiota changes. 	Gut microbiota impacts esophageal cancer (EC) metastasis, with FMT influencing anti-metastatic efficacy of chemotherapy and medicinal herbs. Gut microbiota modulation offers potential for improving EC treatment strategies, especially in cases where 5-FU is used.


 	
Gong et al. (2019)
 	Neohesperidin prevents colorectal tumorigenesis by altering the gut microbiota 	Gut microbiota composition assessed in mice treated with Neohesperidin (NHP); FMT used to examine microbiota-mediated tumorigenesis prevention. 	Neohesperidin altered gut microbiota composition and inhibited colorectal tumorigenesis, suggesting that changes in microbiota can mediate its chemopreventive effects in conjunction with chemotherapy agents like 5-FU.


 	
Gori et al. (2019)
 	Gut microbiota and cancer: How gut microbiota modulates activity, efficacy and toxicity of antitumoral therapy 	Review of studies on how gut microbiota influences cancer therapy, including chemotherapy, targeted therapy, and immunotherapy. 	Gut microbiota plays a significant role in modulating the efficacy and toxicity of various cancer therapies, including 5-FU. Targeting microbiota could enhance treatment outcomes and mitigate side effects.


 	
Le Bastard et al. (2018)
 	Fecal microbiota transplantation reverses antibiotic and chemotherapy-induced gut dysbiosis in mice 	Antibiotic and chemotherapy treatment of mice followed by FMT to restore gut microbiota; sequencing and analysis of microbial diversity and richness. 	FMT reversed chemotherapy and antibiotic-induced gut dysbiosis, restoring beneficial gut species and improving intestinal health, suggesting a potential therapeutic strategy for chemotherapy-induced gut dysfunction, particularly in 5-FU-treated patients.


 	
Li et al. (2017)
 	Alteration of gut microbiota and inflammatory cytokine/chemokine profiles in 5-fluorouracil induced intestinal mucositis 	5-Fu-treated mice analyzed for gut microbiota composition, inflammatory cytokines, and chemokines in serum and colon. 	5-Fu treatment significantly altered gut microbiota and inflammatory profiles. FMT from healthy mice prevented intestinal damage and weight loss, indicating that microbiota manipulation, such as via FMT, may alleviate 5-Fu-induced mucositis.


 	
Sougiannis et al. (2019)
 	Impact of 5 fluorouracil chemotherapy on gut inflammation, functional parameters, and gut microbiota 	Mice treated with 5-Fu, followed by FMT from 5-Fu treated mice to control group; assessment of gut inflammation and functional parameters. 	5-Fu chemotherapy altered gut microbiota composition and induced inflammation, with FMT modulating these effects and influencing functional parameters like grip strength, suggesting that microbiota plays a role in chemotherapy-induced dysfunction and could be targeted with FMT to mitigate 5-FU side effects.




 



Implications

The implications of this study are far-reaching, as they suggest that the gut microbiota could be a critical determinant of cancer treatment efficacy. By modulating the gut microbiota through interventions like FMT, it may be possible to enhance the therapeutic effects of existing chemotherapeutic agents, such as 5FU, and reduce their side effects. This approach could pave the way for personalized medicine strategies that consider an individual’s gut microbiota composition when designing cancer treatment regimens. The ability to modulate the gut microbiota also opens new avenues for improving the prognosis of patients with difficult-to-treat cancers, such as pancreatic cancer, where conventional therapies often yield poor outcomes (Chen et al., 2024).



Limitations and future work

First, the use of a mouse model of pancreatic cancer, while informative, may not fully capture the complexity of human disease, where factors such as diet, genetics, and environmental exposures could influence gut microbiota-chemotherapy interactions. Future research should investigate the effects of FMT in combination with other chemotherapeutic agents and across different cancer models to determine the broader applicability of these benefits (Chrysostomou et al., 2023). Moreover, while our study highlights FMT’s role in enhancing 5FU efficacy through gut microbiota modulation, the specific mechanisms and key bacterial taxa involved remain unclear. Future studies should employ metagenomic and metabolomic analyses to elucidate the functional changes within the gut microbiota that drive these effects.

A significant limitation of this study is the small sample size of only three mice per group, which severely restricts the statistical power and reliability of the findings, particularly for ROC curve analysis of gut microbiota as biomarkers. The small sample size also results in wide confidence intervals, indicating high uncertainty in the estimates, and precludes robust internal validation (cross-validation) or external validation in an independent cohort, limiting the generalizability of the results. Another significant limitation of this study was the high mortality rate observed across the groups, which substantially reduced the sample size and potentially limited the statistical power of the analyses. Although we observed promising synergy between FMT and 5-FU, substantial attrition in the tumor-bearing cohorts reduced our final sample to just three animals per group; consequently, all tumor volume and SCFA measurements were based on n = 3. This small, selective subset undermines statistical power and increases the likelihood of both type I and type II errors, potentially exaggerating treatment effects or obscuring more nuanced microbiota–immune interactions. Moreover, the survivors may not be representative of the initial cohort (selection bias), further constraining the robustness and generalizability of our findings. Future experiments employing larger initial group sizes, optimized dosing regimens to reduce early mortality, and independent validation cohorts are needed to confirm these results and establish their translational relevance.
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Side effects of opioids  Involvement of gut microbiota

Analgesic tolerance A reduction in Gram-positive bacteria has led to a decrease in the activity of microglial cells (Obata and Pachnis, 2016; Bhave et al.,
2017), which has alleviated opioid tolerance (Kang et al,, 2017)

The gut microbiota can actively participate in the development of opioid tolerance through the dorsal root ganglia (Corder et al,, 2017)

Bifidobacteria and Lactobacilli effectively increase the hydrolysis of opioid metabolites back to morphine through f-glucuronidase
(Wang and Roy, 2016; Zhang et al., 2019b)

Addictive FMT and ABX can reduce the withdrawal reactions induced by naloxone (Thomaz et al,, 2021)

Ina EMT animal model, increased activity of microglia and restoration of normal opioid reward behavior were observed (Lee et al.,
2018)

Mental health Lactobacillus and Bifidobacterium alleviate depressive and anxiety behaviors through activation of the neuroimmune system (Clapp

etal, 2019), but they can be depleted by opioid treatment (Zhang et al,, 20192)
Lactobacillus relieves depression and anxiety by maintaining the level of compound interferon gamma (Clark et al. 2023)

Opioid treatment leads to a decrease in serotonin levels, while certain gut microbiota can improve depressive behavior by secreting

serotonin (Agiera-Ortiz et al, 2011; Janakiram et al., 2023)

Clostridium nexile exacerbate the depressive state induced by opioids through the production of serotonin (Williams et al,, 2014)
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Severe-complicated CDI and refractory severe
complicated CDI

Initial CDI First recurrence

Fidaxomicin 200 mg bid
10 days

FMT

Vancomycin 125 mg gid
10 days

SoC + Bezlotoxumab

Fidaxomicin 200 mg bid
10 days

SoC + Bezlotoxumab

Metronidazole 500 mg tid

15 days Vancomycin taper and pulse Vancomycin taper and pulse

Vancomycin or Fidaxomicin
Oral administration not possible: local delivery +/- adjunctive therapy with i.v. metronidazole or
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Multidisciplinary approach with surgical consultation
Consider i.v. tigecycline and FMT when refractory
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Probiotics Functi

Probiotics VSL#3 (Lactobacillus
acidophilus, Bacillus subtilis, plant-

derived Lactobacillus, Escherichia coli)

Bifidobacterium bifidum

Lactobacillus reuteri NK33 and
Bifidobacterium adolescentis NK98,
Lactobacillus helveticus R0052 and
Bifidobacterium longum RO175

Lactobacillus paracasei $16

Probiotic DSF (Lactobacillus plantarum,
Streptococeus thermophilus,
Bifidobacterium breve, Lactobacillus
paracasei, Lactobacillus acidophilus,

Bifidobacterium longum)

Effective relief of morphine-induced
opioid tolerance in mice (Zhang et al.,
2019a)

Maintain intestinal homeostasis

(Wang etal, 2014)

Italleviates the depressive state during
pain treatment through neuroimmune
mechanisms (Messaoudi et al, 20113
Jang etal,, 2019; Yang et al., 2024)

Tt noticeably relieves pain and
inflammatory responses in patients

with lumbar disk herniation-related

ia (Wang et al., 2021)

Invitro experiments have
demonstrated that probiotics rich in
these bacterial communities can treat
neuropathic pain caused by
chemotherapy drugs and alleviate
inflammatory responses (Castelli etal,,
2018)
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FMT G3 - A comparison between the stool
capsules microbiome with and without FMT
administration
- The number of FMT pills administered
after the completion of a course of oral
vancomycin.
- The emergence of adverse events
- The incidence of gastrointestinal
symptoms
- CDI recurrence within 60 days
- The number of hospital readmissions
50 g of fecal - 90 days of clinical resolution of
‘material symptoms (diarrhea and abdominal
suspended in pain)
bacteriostatic - Patients’ hospital length of stay after 90
normal saline days of transplantation.
and glycerol - Re-admission of patients to the hospital
for recurrent CDI
- Mortality rate
1 enema - The absence of the syptoms at 56 days Yes
RBX2660 after FMT
(microbiota - Successful treatment between the groups
suspension) (I enema of RBX2660 and 1 enema of
) placebo)
Asuspension |y lidated SF.36 scale was used by the
::il::bs:sml ;tfl:dy to identify the changes to quality of
- Time to CDI recurrence between groups
using Kaplan-Meier analysis
Frozen fecal - No CDI recurrence within 13 weeks
microbiota - The evaluation of the safety of EMT for
kept at—20°C any serious adverse event up to 13 weeks
and thawed
prior
treatment
Singleand two | - The number of patients with clinical
doses of Penn resolution of diarrhea within 8 weeks
Microbiome - Colectomy within 30 days after EMT
Therapy - Hospital length stay within 30 days of
EMT
(PMT) PMT- | umber of readmissions to hospital
g‘:}m o within 60 days
- Mortality rate (following 30 days then 90
EMI003 days of EMT)
Frozen - Measuring for absence or presence of
processed serious adverse events post 6 weeks of
human fecal EMT
material - Measuring for absence or presence of
serious adverse events post 6 weeks to 1
year of FMT
Low, mid,and | - Safety assessed by the number of
high fecal participants with nausea, vomiting,
microbiota diarrhea, bloating, and constipation post
dose FMT
- The number of participants with
recurrent CDI
cP101 - The number of participants with absence | Yes
Full spectrum of recurrence more than 8 weeks
. ) - The number of participants with
et occurrence of treatment adverse event
capsule
Fecal - Recurrence of CDI within 8 weeks
microbiota - Positive stool testing for C. difficile via

transplantation
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Indications

successful for F for safety
1 enema RBX2660 55.6% with overall efficacy | Mortality
(microbiota suspension) (88.8%) (Dubberke et al., 16.67%
2018)
SAE 42.86%
50 g of the fecal material 50% Mortality 0%
suspended in bacteriostatic
normal saline
and glycerol
Frozen fecal microbiota 89.47% Mortality 8.3%
kept at —20°C and thawed
prior to treatment
SAE 12.03%
Single and two doses of 20% for a single PMT Mortality 0%
Penn Microbiome Therapy | 50% for two PMT SAE for single
(PMT) PMT 60%
PMT-001 SAE for two
PMT-002 PMT 75%
PMT-003
Fecal microbiota Not specified Mortality 0%
preparation (frozen
processed fecal material)
SAE 26.67%
Low, mid, and high fecal Safety assessed by the Mortality 0%
microbiota dose percentage of participants
with nausea (66.7% mid
FMT and 12.5% high FMT),
vomiting (33.3% mid FMT),
diarrhea (25% low EMT and
25% high EMT), bloating
(25% high EMT), and
constipation
(12.5% FMT).
Recurrent CDI (50% low SAE low FMT
FMT and 25% high 25%
EMT)
CP101 Full-spectrum The absence of recurrent Mortality 0.96%
microbiota capsule CDI in week 8: 74.5%
The absence of recurrent SAE 15.38%
CDI in week 24: 73.5%
Full spectrum microbiota The absence of recurrent Mortality 0.76%
CDI in week 8: 80%
The absence of recurrent SAE 12.88%
CDI in week 24: 78.8%
Fecal microbiota FMT failure within 8 weeks Mortality 0%
transplantation 8.2%
Colonized with C.difficile SAE 6%
10.2%

SAE, serious adverse event.
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Infection (PUNCHCD3)

tle Status Conditions Interven Phase
1 Penn Microbiome Therapy for Terminated Recurrent Clostridium o Penn Microbiome Therapy - 001 2 9
Recurrent Clostridium Difficile difficile Infection o Penn Microbiome Therapy - 002
Infection o Penn Microbiome Therapy - 003
2 FMT Versus Antimicrobials for Initial Terminated Clostridium difficile Biological FMT and antimicrobial 2 6
Treatment of Recurrent CDI Infection
3 A Prospective Trial of Terminated Clostridium difficile Frozen fecal microbiota 2 140
Frozen-and-Thawed Fecal Microbiota
Transplantation for Recurrent
Clostridium Difficile Infection
4 Dose Ranging Study of the Safety and Terminated Recurrent C. difficile Low (collected from 50-g of stool for 2 2 17
Efficacy of Orally Administered Infection consecutive days), mild (collected from
Lyophilized Fecal Microbiota Product 100-g of stool on the 1st day and then
(PRIM-DJ2727) for the Treatment of from 50 g of stool on the consecutive
Recurrent Clostridium Difficile day) and high (collected from 100-g of
Infection (CDI) stool for 2 consecutive days) fecal
microbiota dose
5 Safety of EMT: OpenBiome Outcomes Terminated Clostridium difficile Fecal microbiota preparation (frozen 2 17
and Longitudinal Follow-up (STOOL) processed fecal material)
for Recurrent Clostridium Difficile
Infection
6 Microbiota Restoration Therapy for Completed Enterocolitis Clostridium | RBX2660 (microbiota suspension) 2 150
Recurrent Clostridium Difficile difficile Recurrent
Infection (PUNCHCD2)
7 Efficacy, Safety, and Tolerability Study Completed Clostridium difficile Full-spectrum microbiota capsule 2 206
of Oral Full-Spectrum MicrobiotaTM Infection recurrent
(CP101) in Subjects With Recurrent C.
Diff (PRISM3)
8 Microbiota Restoration Therapy for Completed Clostridium Rebiotix RBX2660 2 272
Recurrent Clostridium difficile Infection difficile Infection (microbiota suspension)
9 The ICON Study: Outcomes After FMT Completed Inflammatory bowel Fecal microbiota transplantation land2 50
for Patients With IBD and CDI diseases, Clostridium
difficile Infection
10 Open-Label Extension of CP101 Trials Completed Clostridium difficile Full-spectrum microbiota 2 132
Evaluating Oral Full-Spectrum Infection Recurrent
Microbiota™ (CP101) in Subjects With Clostridium difficile
Recurrence of Clostridium Difficile Infection
Infection (PRISM-EXT)
11 Microbiota Restoration Therapy for Completed Recurrent Clostridium RBX2660 (microbiota suspension) 2 34
Recurrent Clostridium difficile Infection
Difficile-associated Diarrhea (PUNCH
CD)
12 A Trial of CP101 for the Prevention of Terminated Recurrent Clostridium CP101 (an investigational microbiome 3 19
Recurrent CDI (PRISM4) (PRISM4) difficile Infection therapeutic designed to deliver a
complete and functional microbiome)
13 Microbiota Restoration Therapy for Completed Clostridium difficile RBX2660 microbiota suspension 3 320
Recurrent Clostridium Difficile Infection (CDI)

n, number of participants.
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Number Number Pos Cor p value
PRS2075200220 PRS2075200475 Nl-post IMT 078 0.00
PRS2075200473 N2-pri IMT PRS2075200458 N2-post IMT 045 0.00
PRS2075200591 N3-pri IMT PRS2075200433 N3-post IMT 08 0.00
PRS2075200470 Nd-pri IMT PRS2075200402 Nd-post IMT 052 0.00
PRS2075200450 N5-pri IMT PRS2075200404 N5-post IMT 066 0.00
PRS2075200454 N6-pri IMT PRS2075200589 N6-post IMT 011 0.06
PRS2075200505 N7-pri IMT PRS2075200482 N7-post IMT 054 0.00

Cor: Pearson correlation coefficient, FDR for multiple correction.
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Pri-IM Post-IMT 8 weeks p valu Post-IMT 24 weeks p value
WBC (x1019/1) 4319 4615 0495 58+17 0072
PLT (x10°9/L) 104.6+43.4 11694445 0.001 12432427 <0.001
ALT (U/L) 253119 233137 0307 192444 0097
TBA (umol/L) 17.8£18.1 8372 0024 94%165 0.001
Prealbumin (mg/L) 16494493 1749438.7 0259 2147298 0007
HBsAg (IU/ML) 32073024 250.4£2245 0026 23881939 0116

Data are presented as mean (SD). WBC, white blood cells; PLT, platelet; ALT, alanine aminotransferase; TBA, total bile acid.
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Animal Experiments

Species Sex Number Therapies Constituents
FMT+D Macaca fascicularis Female 4 EMT Diarrheal fresh stool
EMT+N Macaca fascicularis Female 2 EMT Normal fresh stool

A combination of four lactic
Probiotics Macaca fascicularis Female 3 Probiotics

acid bacteria

A total of nine animals were divded into three groups: FMT-+ D, EMT + N, and the probiotics groups. Lactic acid bacteria included Lactobacilus fermentu, Lactobacills plantarum,
Leuconostoc mesenteroides, and Bifidobacterium breve. FMT, fecal microbiota transplantation.
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Abbreviation Meaning

TBI Traumatic brain injury
GIT Gastrointestinal tract
MGBA Microbiota-gut-brain-axis
HPA Hypothalamic-pituitary-adrenal
FMT Fecal microbial transplant
CCI Controlled cortical impact
FSE T2W Fast Spin Echo T2-Weighted
SWAN Susceptibility-weighted angiography
DWI Diffusion weighted imaging
MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
MLS Midline shift

ADC Apparent diffusion coefficient
NAA N-acetyl aspartate
NAAG N-acetyl aspartyl glutamate
Cr Creatine

PCr Phosphocreatine

Lac Lactate

Glu Glutamate

GFAP Glial fibrillary acidic protein
DCX Doublecortin
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ID Primer Sequence, 5'— 3’ Base
name number

UCP-1 UCP-1F | AGGCTTCCAGTACCATTAGGT 21
UCP-IR | CTGAGTGAGGCAAAGCTGATTT 2

PGC-la | PGC- TATGGAGTGACATAGAGTGTGCT 23
1aF
PGC- CCACTTCAATCCACCCAGAAAG 2
1aR

PRKAAI | PRKAAIF| GTCAAAGCCGACCCAATGATA 21
PRKAAIR| CGTACACGCAAATAATAGGGGTT 2

TNFaw | TNF-oF | GACGTGGAACTGGCAGAAGAG 21
TNE-aR | TTGGTGGTTTGTGAGTGTGAG 21

GAPDH | GAPDHF | GTGTTCCTACCCCCAATGTGT 21

GAPDHR

ATTGTCATACCAGGAAATGAGCTT

24
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Potential casual effect of gut microbiome on anorexia nervosa

Exposure Outcome’ Method nSNPs_OR(95%Cl) P-value
MR analysis
Class Actinobacteria ID:419 Anorexia Nervosa MR Egger 13 - -036
Weighted median 13 1.58(1.13-221) = - -00077
Inverse variance weighted 13 1.53(1.19-1.96) = -~ 0.00089
Simple mode 13 147(0.67-2.04) . 06
Weighted mode 13 155(1.042.33) . 005
Class Melainabacteria ID:1569 Anorexia Nervosa MR Egger 4 0.59(0.01-46.98) . 084
Weighted median 4 0.70(0.47-1.05) . 008
Inverse variance weighted 4 0.72(051-0.99) . 0045
Simple mode 4 0.67(0.36-1.28) . 031
Weighted mode 4 0.68(0.37-1.23) - 029
Family Unknownfamily ID:1000006161 Anorexia Nervosa MR Egger 9 1.28(0.58-2.80) . 056
Weighted median 9 1.36(1.03-1.80) - 0031
Inverse variance weighted 9 1.34(1.08-1.67) . 00077
Simple mode 9 1.47(0.99-2.19) - -009
Weighted mode 9 1.41(0.952.10) - 0413
Genus Eubacteriumnodatumgroup ID:11297  Anorexia Nervosa MR Egger 5 044(0.15-1.28) - 023
Weighted median 5: 0.85(0.63-1.14) . 027
Inverse variance weighted 5 0.78(0.62:0.98) B 0035
Simple mode 5 0.86(0.58-1.28) - 05
Weighted mode 5 0.86(0.59-1.25) . 048
Genus Bilophila ID:3170 Anorexia Nervosa MR Egger 6 5.27(0.14-202.12) 042
Weighted median 6 1.90(1.09-3.33) =002
Inverse variance weighted 6 1.73(1.03-2.90) = 0039
Simple mode 6 2.07(0.97-4.43) 0.12
Weighted mode 6 1.98(0.93-4.22) 0.14
Genus Holdemania D:2157 Anorexia Nervosa MR Egger 8 1.26(0.33-4.96) - 073
Weighted median 8 1.39(0.93-2.07) - o1
Inverse variance weighted 8 1.36(1.02-1.83) - 0038
Simple mode 8 1.60(0.86-2.97) 018
Weighted mode 8 1.60(0.84-3.04) =019
Genus Lactobacillus 1D:1837 Anorexia Nervosa MR Egger 5 1.68(0.28-10.12) 061
Weighted median 5 1,60(1.07-2.39) 0022
Inverse variance weighted 5 1.48(1.07-2.04) .- —0018
Simple mode 5 1.68(0.95-2.97) " 015
Weighted mode 5 1.66(0.93-2.96) .06
Genus Ruminococcaceaeucg09 ID:11366  Anorexia Nervosa MR Egger 7 2,51(0.02-284.15) 072
Weighted median 7 1.34(0.90-2.00) . 045
Inverse variance weighted 7 1.55(1.16-2.07) - 00029
Simple mode 7 1.35(0.76-2.40) . 035
Weighted mode 7 1.34(0.72:2.49) . 039
Genus Unknowngenus ID:1000006162 AnorexiaNervosa MR Eqger 9 1.26(0.58-2.80) . 056
Weighted median 9 1.36(1.03-1.80) . 0031
Inverse variance weighted 9 1.34(1.08-1.67) . 00077
Simple mode 9 147(0.99-2.19) . 009
Weighted mode 9 1.41(0.95-2.10) - 013
Order Nb1N ID:3953 Anorexia Nervosa MR Egger 9 1.28(0.58-2.80) . 056
Weighted median 9 1.36(1.03-1.80) - 0031
Inverse variance weighted 9 1.34(1.08-1.67) . 00077
Simple mode 9 1.47(0.99-2.19) .- -000
Weighted mode 9 1.410952.10) . 013
0 1 2

‘Protective factor Risk factor
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Gene Forward primer Reverse primer

Mouse IL-1p TTGAAGTTGACGGACCCCAA TGTCCTGACCACTGTTGTTTC
Mouse IL-6 GGCGGATCGGATGTTGTGAT GGACCCCAGACAATCGGTTG
Mouse TNF-a TCACTGGAGCCTCGAATGTC TCTGTGAGAAGGCTGTGCA
Mouse iNOS TTCACGACACCCTTCACCACAA CCATCCTCCTGCCCACTTCCTC
Mouse Cox-2 CACCCTGACATAGACAGTGAAAG CTGGGTCACGTTGGATGAGG
Mouse GAPDH CGAGACACGATGGTGAAGGT TGCCGTGGGTGGAATCATAC
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Antibody Source Cat No. Dilutions
Bax Affinity AF0120 1:1,000
Bcl-2 Affinity AF6139 1:1,000
Caspase-3 CST 96625 1:1,000
Cleaved- Abcam ab2302 1:1,000
caspase-3

Z0-1 Proteintech 21773-1-AP 1:1,000
Claudin-1 Affinity AF0127 1:1,000
Occludin Affinity DF7504 1:1,000
TLR4 Affinity AF7017 1:1,000
Mydss Affinity AF5195 1:1,000
p-NE-kB p65 Affinity AF2006 1:1,000
NE-«B p65 Affinity AF5006 1:1,000
p-IkBa Affinity AF2002 1:1,000
J(3:1% Affinity AF5002 1:1,000
Nrf2 Proteintech 16396-1-AP 1:1,000
HO-1 Proteintech 27282-1-AP 1:1,000
COX-2 Affinity AF7003 1:1,000
iNOS Affinity AF0199 1:1,000
p-actin Affinity AF7018 1:10,000
GAPDH Affinity AF7021 1:10,000
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Outcom: MR egger test MR-PRESSO Cochran’s Q test F value

Class Alphaproteobacteria 1D:2379 0.495 0.567 0573 114490
Class Coriobacteriia ID:809 0.491 0592 0.766 114490
Family Christensenellaceae ID:1866 0434 0.584 0393 114490

Coriobacteriaceae ID:811 0.491 0592 0.766 114490
Genus Anaerostipes ID:1991 0.600 0.687 0.898 114490
Genus Christensenellaceaer.7Group ID:11283 0.402 0492 0134 114490
Genus Enterorhabdus 1D:820 0.205 0.486 0354 114490
Order Coriobacteriales ID:810 0.491 0592 0.766 114490

The exposure of this MR analysis is anorexia nervosa.
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intervention

Dodiya et al., 2019

Recipients: 7-week-old
antibiotic-treated APPPS1-21
male mice (n = 9); donors:
age-matched APP PS1-21 male
mice (n=9)

Gastric gavage

Once a day until sacrifice

Reduced cecum weight, increased abundance
of Bacteroides, Prevotella, and S24-7, resulted
in the restoration of diversity and restored Ap

amyloidosis and microglia morphology

mice (n = 8); donors:
12-month-old APP/PS1 mice
(n=38)

1 month

Elangovan et al., Tg-FO: 32-week-old 5xFAD mice, | Oral gavage 7 consecutive days Improved spatial and recognition memory,

2019 age-matched WT donors (n = 8); enhanced recognition memory and reduced
Tg-FY: 32-week-old 5xFAD mice, cortical AP loading.

0-week-old WT donors (n = 8)

Fujii et al., 2019 Recipients: 4-week-old germ-free Infusion 75 weeks Reduced the levels of GABA, taurine,
C57BL/6N mice (n = 7); donors: tryptophan, tyrosine, and valine, increased
AD patient and age-matched propionate, worsened cognitive function,
healthy volunteers (n =7) reduced abundance of Verrucomicrobia and

Proteobacteria

Sun et al., 2019b Recipients: APP/PS1 mice (n = 8); Oral gavage Once a day for 4 weeks Reduced levels of A, COX-2, CD11b, AB40,

donors: WT mice (n = 8) AB42 and phosphorylation of tau protein;
increased PSD-95 and synapsin I expression,
reversed the changes of gut microbiota and
SCFAs.

Zhou et al., 2019 Recipients: male 8-week-old SD Oral gavage Once a day for 16 days Reversed gut microbiota dysbiosis in AD
rats injected with aggregated animals, changed the abundances of several
AB1—42 (n = 6); donors: same as phyla and genus of bacterial.
recipients, treated with
xanthoceraside or sham (n = 6)

Wang et al., 2020 Recipients: rats were treated with Oral gavage 5 weeks Reduced AB and Tau expression, downregulated
MnCI2 (n = 10); donors: SPF NLRP3 and neuroinflammatory  factors
Sprague-Dawley male rats (n = 6) expression in the cerebral

Kim etal., 2020 Recipients: ADLRAPT mice Oral gavage Once a day for 16 weeks Ameliorated the formation of AP plaques
(n = 12); donors: WT mice and neurofibrillary tangles, glial reactivity and
(n=12). cognitive impairment, reversed abnormalities

genes expression.

Hazan, 2020 Recipients: an 82-year-old male Infusion Single infusion Improved mental acuity and affect, memory and
with CDI and 5-year history of mood, increased the MMSE scores.

AD; donors: the patient’s
85-year-old wife

Lietal, 2020 Recipients: young (~ 3 months) Gavage once a day for 3 days, Impaired cognitive behavior, changed synaptic
male SD rats; donors: aged (20 ~ then twice a week for structures and decreased dendritic spines,
24 months) male SD rats 2 months reduced BDNE, NMDA receptor NR1 subunit

and synaptophysin  expression, increased
AGEs, RAGE, pro-inflammatory cytokines and
oxidative stress expression.

Shen et al., 2020 FMT-AD: APP/PS1 mice with Oral gavage 28 days FMT-AD: increased the expression of NLRP3,
AD human donor (n = 5); inflammatory factors, activated microglia.
FMT-AD-HP: APP/PS1 mice FMT-AD-HP: reduced the expression of
with healthy human donor NLRP3 and neuroinflammatory factors,
(n=5); Con-FMT-AD: WT mice suppressed the activation of microglia. Con-
with AD human donor (n = 5). FMT-AD: increased the expression of NLRP3

and inflammatory factors.

D’Amato et al., 2020 Recipients: antibiotic treatment Oral gavage 6 days Impaired spatial learning and memory,
male C57BL/6 mice (n = 12); reduced bacteria associated with SCFAs and
donors: adult (3 months) and CNS disorders, and acquired an ageing-like
aged (24 months) male C57BL/6 phenotype of microglia cell.
mice (n=12)

Kim et al., 2021 Recipients: 8-week-old C57-BL/6 Oral gavage 5 consecutive days Reduced the expression of adult hippocampal
(n = 8); donors: 9-month-old WT neurogenesis and brain-derived neurotrophic
and 5xFAD mice (n = 8) factor, increased p21 expression and pro-

inflammatory cytokines.

Wang et al,, 2021 Recipients: 3-month-old SPF Oral gavage 7 consecutive days Increased AP plaques, suppressed astrocyte
APP/PS1 mice (n = 4); donors: activation

6-month-old APP/PS1 mice
(n=4).

Park et al,, 2021 Recipients: 90-year-old woman Colonoscopy 2 infusions 3 months Improved cognitive function, changed the
with CDI, 5-year history of AD; apart microbiota composition and short-chain fatty
donors: a 27-year-old man with acids.
healthy

Zhang et al., 2022 Recipients: 8-month-old adult None None Improved the gut permeability, reduced the
male C57BL/6N mice; donors: evels of fecal LCN2, lowered the levels of serum
WT mice. pro-inflammatory factors TNF-a and MCP-

, reversed the microglia activation and AB
protein deposition.

Hang et al,, 2022 Recipients: Tg mice (n = 6); Gavage 3 times a week for Improved short-term memory level and
donors: tumor-bearing mice or 1 month cognitive ability, regulated Inflammatory
WT mice (n=6) factors in the plasma, decreased A plaques

burden in the hippocampus and cortex, and
reversed the metabolism of inorganic and
organic salts in the intestinal flora.

Jin et al., 2023 Recipients: newly weaned WT Gavage 3 times a week for Increased gut BACE1 and AB42 levels.

SOD, superoxide dismutase; BDNF, brain derived neurotrophic factor; NT3, neurotrophin-3; NGF, nerve growth factor; GABA, y-aminobutyric acid; MMSE, mini mental status examination;

NMDA, N-methyl-D-aspartate; CNS, central nervous system; AGE, advanced glycation end products; RAGE, receptor for advanced glycation end products.
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Potential casual effect of anorexia nervosa on gut microbiome

Exposure Outcome Method nSNPs_OR(95%CI) P-value
Reverse MR analysis
Anorexia Nervosa  Class Alphaproteobacteria ID:2379 MR Egger 6 1.02(1.01-1.04) .- 006
Weighted median 6 1.02(1.01-1.03) . 0.0052
Inverse variance weighted 6 1.02(1.00-1.03) . 0.0092
Simple mode 6 1.04(0.96-1.14) 037
Weighted mode 6 1.02(1.01-1.04) . 0.041
Anorexia Nervosa  Class Coriobacteria ID:809 MR Egger 6 1.01(1.00-1.02) . 021
Weighted median 6 1.01(1.00-1.02) . 0016
Inverse variance weighted 6 1.01(1.00-1.02) . 0016
Simple mode 6 1.04(0.99-1.10) 018
Weighted mode 6 1.01(1.00-1.02) . 007
Anorexia Nervosa  Family Christensenellaceae ID:1866 MR Egger 6 1.02(1.01-1.03) . 0.05
Weighted median 6 1.02(1.01-1.03) . 0.0022
Inverse variance weighted 6 1.02(1.00-1.03) . 0.0056
Simple mode 6 1.04(0.97-1.11) .03
Weighted mode 6 1.02(1.01-1.03) . 0,032
Anorexia Nervosa  Family Coriobacteriaceae ID:811 MR Egger 6 1.01(1.00-1.02) . 021
Weighted median 6 1.01(1.00-1.02) - 0016
Inverse variance weighted 6 1.01(1.00-1.02) - 0016
Simple mode 6 1.04(0.99-1.10) 018
Weighted mode 6 1.01(1.00-1.02) . 0.07
Anorexia Nervosa  Genus Anaerostipes ID:1991 MR Egger 6 1.01(1.00-1.02) . 024
Weighted median 6 1.01(1.00-1.02) . 0,036
Inverse variance weighted 6 1.01(1.001.02) - 0,035
Simple mode 6 1.01(0.95-1.07) . 08
Weighted mode 6 1.01(1.00-1.02) . 01
Anorexia Nervosa  Genus Christensenellaceaer 7Group ID:11283 MR Egger 6 1.02(1.00-1.04) . 009
Weighted median 6 1.02(1.01-1.03) . 0.0037
Inverse variance weighted 6 1.02(1.001.03) - 0,032
Simple mode 6 1.05(0.99-1.12) 0.18
Weighted mode 6 1.02(1.01-1.03) . 0,023
Anorexia Nervosa  Genus Enterorhabdus ID:820 MR Egger 6 1.03(1.01-1.05) . 006
Weighted median 6 1.02(1.00-1.04) - 0015
Inverse variance weighted 6 1.02(1.00-1.04) . 0.041
Simple mode 6 1.02(0.93-1.12) . o7
Weighted mode 6 1.02(1.00-1.04) . 0.06
AnorexiaNervosa  Order Coriobacteriales ID:810 MR Egger 6 1.01(1.00-1.02) . 021
Weighted median 6 1.01(1.001.02) - 0016
Inverse variance weighted 6 1.01(1.00-1.02) . 0016
Simple mode 6 1.04(0.99-1.10) 018
Weighted mode 6 1.01(1.001.02) . 007
095 1 105

Protective factor Risk factor





OPS/images/fmicb-14-1290246/fmicb-14-1290246-g005.jpg
A MR Test B rs1376758. — [ 75 T | E—

Inverse variance weighted _~ Weighted median

A rtessory e
/ MR Egger Weighted mode
Simplo mode R
2 38047955
21010 stz
2
nrszzasn
H r3ssoatst e
§ o L - _—
H i . 12049045 B
i EB==u 1 wastass SRR i S S
- :
o neTs0rsT —_—
3 sz e
5
Y -
H
o
a - = l
00 02 o ds
aos ate o a0 o o1 MR leave~one-out sensitivity analysis for

8NP affoot on Closs Actinobacie Class Actinobacteria ID:419 on Anorexia nervosa | idieu-a-45






OPS/images/fmicb-14-1290246/fmicb-14-1290246-gr001.jpg
Class Actinobacteria ID:419
Family Unknownfamily ID:1000006161
Genus Bilophila ID:3170

Genus Holdemania 1D:2157

Genus Lactobacillus ID:1837

Genus Ruminococcaceaeucg009 ID: 11366
Genus Unknowngenus ID: 1000006162
Order NbIN ID:3953

& ——

Genus Eubacteriumnodatumgroup ID:11297
Class Melainabacteria ID:1589

Anorexia nervosa

Class Alphaproteobacteria ID:2379
Class Coriobacterita ID:809

Family Christensenellaceae ID:1866

Fanily Coriobacteriaceae ID:811

Genus Anaerostipes ID:1991

Genus Christensenellaceaer. 7Group ID:11283
Genus Enterorhabdus ID:820

Order Coriobacteriales ID:810
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Exposure MR egger test Cochran’s Q test F value
Class Actinobacteria ID:419 0899 0657 0586 31143
Class Melainabacteria ID:1589 0941 0537 0.486 2372
Family Unknown family ID:1000006161 0902 0.867 0875 24548
Genus eubacterium nodatum group ID:11297 0359 0798 0749 21.083
Genus Bilophila ID:3170 0577 0221 0.167 21236
Genus Holdemania ID:2157 0932 0523 0475 22753
Genus Lactobacillus 1D:1837 0897 0763 0733 22170
Genus Ruminococcaceaeucg009 ID:11366 0849 0569 0514 22163
Genus Unknowngenus ID:1000006162 0902 0.867 0875 24548
Order NbIN ID:3953 0902 0.867 0875 24548

The outcome of this MR analysis is anorexia nervosa.
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