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Background

Constipation is a common gastrointestinal disorder with significant public health implications, particularly among aging populations. Current treatment options often exhibit limited efficacy and may have potential side effects, underscoring the necessity for safer and more effective alternatives. Postbiotics, which are bioactive metabolites derived from probiotics, have emerged as promising therapeutic agents due to their stability, safety, and multifunctional properties. Postbiotic of hawthorn-probiotic has demonstrated potential in alleviating constipation; however, its mechanisms-particularly regarding the regulation of intestinal epithelial cell apoptosis and the gut microenvironment-remain to be fully elucidated.





Methods

This study employed murine models of loperamide-induced constipation and in vitro assays using NCM460 intestinal epithelial cells. Conditioned medium mimicking the gut microenvironment was prepared from colonic contents of different groups of mice. Cell viability and apoptosis levels were assessed using flow cytometry and fluorescence microscopy, while molecular pathways were analyzed through RT-qPCR and Western blot techniques. Network pharmacology was employed to integrate transcriptomic data for identifying core targets and pathways.





Results

Postbiotic of hawthorn-probiotic significantly downregulated apoptotic (CASP3, CASP9) and pyroptotic (NLRP3, GSDMD, CASP1) pathway components while restoring the balance of pro- and anti-apoptotic proteins (Bax/Bcl-2). Additionally, this postbiotic selectively modulated immune responses by reducing Th2/Th17-type cytokines (IL-2, IL-17A), without affecting Th1-type responses. Network analysis revealed that the action of hawthorn-probiotic postbiotics involves multiple targets including CASP8/CASP3-mediated cell death as well as STAT3/NF-κB signaling pathways.





Conclusions

Postbiotic of hawthorn-probiotic demonstrates efficacy in alleviating constipation through the multi-pathway inhibition of apoptosis and pyroptosis, alongside the remodeling of the immune microenvironment. Its multi-target mechanism and favorable safety profile position it as a promising therapeutic candidate. These findings lay a solid foundation for the development of interventions based on hawthorn-probiotic postbiotics for constipation and related gastrointestinal disorders.
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1 Introduction

Constipation, a globally prevalent gastrointestinal dysfunction disease, affects approximately 10-20% of adults, with particularly high rates observed in aging populations. This condition is experiencing a significant upward trend (1). In recent years, shifts in dietary habits and lifestyle modifications have contributed to a rising global incidence of constipation. Elderly people are at high risk for chronic constipation, prevalence is further elevated to 30-40% in the elderly population over 65 years of age (2). Such high prevalence rates pose significant challenges to public health systems. According to the Global Burden of Disease Study, the socioeconomic cost of constipation has increased by 45% compared to a decade ago, mainly due to medical expenses and productivity losses (3). Current drug treatments are often accompanied by side effects (such as electrolyte imbalance and drug dependence), while dietary intervention has attracted much attention due to its safety and sustainability. Patients suffering from chronic constipation may also be at risk of serious health problems such as colorectal cancer and cerebrovascular disease, further highlighting the importance of constipation prevention and treatment (4). This study used loperamide to construct a mouse model of constipation. Loperamide is a peripheral μ-opioid receptor agonist that induces constipation by specifically acting on receptors in the enteric nervous system within the intestines. Its mechanism of action includes inhibiting the release of acetylcholine, thereby suppressing propulsive peristalsis, prolonging intestinal transit time, and promoting the absorption of water and electrolytes, leading to dry and hard stools. This model is highly suitable for simulating human slow-transit constipation, as it replicates the core clinical features of reduced stool frequency, decreased stool moisture, and delayed intestinal motility (5). The use of mice in research has been validated because they share important physiological similarities with humans, particularly in terms of gastrointestinal function and the gut-brain axis. The loperamide-induced model in mice is a well-established, reproducible, and widely accepted preclinical model for screening therapeutic agents, making it a practical and relevant choice for this study (6).

PANoptosis, a comprehensive mode of cell death, incorporates core features of Pyroptosis, Apoptosis and/or Necroptosis (7). In the pathological process of intestinal inflammatory diseases, the synergistic activation of multiple modes of Programmed Cell Death (PCD) leads to excessive death of Intestinal Epithelial Cells (IECs), which in turn disrupts the intestinal barrier function. The intestinal epithelial barrier is composed of tight junction proteins (such as ZO-1, occludin) and complete epithelial cell layer, inappropriate apoptotic processes accelerate intestinal damage and disrupt intestinal barrier function, and its dysfunction is the core link in the occurrence and development of constipation (8). It was found that colon epithelial cell apoptosis was significantly up-regulated under constipation, which was manifested by increased expression of pro-apoptotic protein BAX and decreased expression of anti-apoptotic protein BCL-2 (9). This imbalance of apoptosis exacerbates barrier damage through two mechanisms: On the one hand, excessive epithelial cell shedding destroys the tightly connected structure and weakens the integrity of the barrier; On the other hand, DAMPs released by apoptotic cells activate innate immune cells (such as macrophages), trigger local inflammatory responses (10), and further promote the increase of intestinal mucosal permeability. Barrier damage leads to translocation of intestinal endotoxins (such as LPS) into the blood, activation of TLR4/NF-κB signaling pathway (11), and abnormal secretion of pro-inflammatory factors (such as IL-1β, TNF-α), forming a vicious cycle of “barrier destruction - flora imbalance - inflammation amplification” (12). Disturbance of the flora (e.g. decrease of beneficial bacteria, proliferation of pathogenic bacteria) and insufficient synthesis of metabolites (e.g. short-chain fatty acids) further inhibit the ability of intestinal epithelial repair. Animal experiments have shown that specific inhibition of intestinal epithelial anti-apoptotic genes can induce constipation phenotype, accompanied by intestinal motility disorders and intestinal nervous system dysfunction (13). These findings reveal the central role of apoptosis imbalance in constipation by regulating the inflammatory - microbiota - neural interaction network, and provide a theoretical basis for novel therapeutic strategies targeting apoptosis pathways.

Recent studies have shown that certain probiotics and their metabolites (epigenin) can inhibit intestinal epithelial cell apoptosis through multiple pathways. Extracellular polysaccharide secreted by L9 of Lactobacillus plantarum has been confirmed to restore the expression of tight junction protein ZO-1 (14). Bifidobacteria-derived epigeneons (such as peptidoglycan) effectively inhibit the mitochondrial translocation of BAX protein and reduce the level of apoptosis by activating the PI3K/Akt signaling pathway (15). Clinical trials have further found that Lactobacillus plantarum HNU082 dietary intervention can significantly reduce colon epithelial cell apoptosis in patients with constipation, accompanied by increased butyrate synthesis and improved intestinal barrier function (as validated by decreased serum connexin concentration) (16). These findings suggest that probiotic therapy based on apoptosis regulation mechanisms may become a new strategy for constipation treatment. This study selected Lactobacillus as the probiotic strain for postbiotic fermentation. In addition to its remarkable effect on improving intestinal epithelial cell apoptosis, this strain also shows encouraging results in improving constipation, specifically by increasing the frequency of bowel movements. Furthermore, Lactobacillus paracasei demonstrates significant advantages in effectively restoring intestinal microbial balance and regulating key physiological pathways (17, 18).

This study investigates the anti-constipation mechanism of postbiotic of hawthorn-probiotic (HP) from the perspective of intestinal epithelial cell apoptosis regulation. By delineating HP’s role in modulating apoptotic pathways, this research will provide novel insights into its multi-target regulatory mechanisms, while offering a theoretical foundation for developing next-generation constipation therapies with enhanced efficacy and safety.




2 Materials and methods



2.1 Preparation of hawthorn aqueous extract and postbiotic

The preparation protocol is based on our previous research (19). Briefly, each liter of distilled water was supplemented with 10 g casein digest, 10 g beef extract, 4 g yeast extract, 2 g triammonium citrate, 5 g sodium acetate, 0.2 g magnesium sulfate, 0.05 g manganese sulfate, 2 g dipotassium phosphate, 20 g dextrose, and 1.08 g Tween 80. The mixture was adjusted to pH 5.7 ± 0.2, sterilized by autoclaving (121°C, 20 min), and inoculated with Lactobacillus paracasei (isolated from baby feces, identified again by colony PCR, the sequence was shown in Supplementary Table S1). The culture was incubated at 35°C with shaking (220 rpm) until reaching an OD of 0.8–1.2(1 × 109 CFU). A subset of the culture was harvested, while the remainder underwent extended fermentation (72 h). Probiotics supernatant was obtained by centrifugation (12,000 × g, 10 min) and sterile filtration (0.22 μm membrane). For hawthorn aqueous extract, dried hawthorn was soaked in distilled water (30 min), boiled (30 min), concentrated to 1 g/mL, and filtered (0.22 μm membrane). Sterilized hawthorn extract was combined with the bacterial suspension and fermented under aerobic conditions (35°C, 220 rpm, 72 h). The final postbiotic was isolated via centrifugation (12,000 × g, 10 min) and filtration (0.22 μm membrane).




2.2 Animal experiments

Male KM mice (240-day-old) were purchased from Guangzhou Regal Biotechnology Co., Ltd. (SCXK [Yue] 2023-0059; SYXK [Yue] 2023-0182) and housed under controlled conditions (25 ± 2°C, 12 h light/dark cycle) with free access to food and water. All experimental protocols were approved by the Animal Ethics Committee of Guangzhou University of Traditional Chinese Medicine. Following a 1-week acclimatization, mice were randomly divided into five groups (n = 5): the normal control group (N) received daily distilled water gavage, while the remaining mice were administered loperamide (5 mg/kg/day) for 7 days to establish a constipation model. Subsequently, constipated mice were assigned to four groups: model group (M) (no intervention), hawthorn group (H) (0.2 mL/day hawthorn aqueous extract, 1 g/mL), probiotics group (P) (0.2mL Lactobacillus paracasei supernatant, equivalent to the metabolites/day), and hawthorn-probiotic probiotics group (HP) (0.2 mL/day hawthorn-probiotic postbiotic), with treatments continued for 7 days. Body weight and fecal water content were monitored throughout the study. Mice were sacrificed after cervical dislocation after inhalation of 5% isoflurane anesthesia. After euthanasia, colon tissues and the spleen were taken for further analysis.




2.3 Preparation of gut microenvironment-mimicking conditioned medium

To simulate the gut microenvironment in vitro, fresh intestinal contents were aseptically collected from the colonic tissues of KM mice, immediately snap-frozen in liquid nitrogen, and homogenized using a sterile mortar and pestle. The homogenate was resuspended in ice-cold RPMI-1640 medium (Gibco, USA) at a concentration of 100 mg/mL and subjected to continuous agitation (200 rpm, 1 h, 4°C) to ensure uniform dispersion of microbial and soluble components (20). The suspension was sequentially filtered through 0.45 μm (Millipore, USA) and 0.22 μm sterile syringe filters under laminar flow to remove particulate matter while retaining soluble microbial metabolites and bioactive factors. The resulting conditioned medium, representing a physiologically relevant gut microenvironment, was diluted 1:4 (v/v) with fresh RPMI-1640 prior to cell treatment.




2.4 Cell culture

NCM460 cells (National Collection of Authenticated Cell Cultures, China) were maintained in RPMI-1640 medium (Gibco, USA), CaCO2 cells (National Collection of Authenticated Cell Cultures, China) were maintained in DMEM medium (Gibco, USA). Cells were supplemented with 10% fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA) at 37°C under a humidified 5% CO2 atmosphere.





2.5 RNA isolation and quantitative analysis

Total RNA was extracted from colon tissues using FreeZol Reagent (Vazyme, China) according to the manufacturer’s instructions. cDNA synthesis and genomic DNA removal were performed with the HiScript IV 1st Strand cDNA Synthesis Kit (+gDNA wiper, Vazyme, China). Quantitative PCR was conducted using ChamQ SYBR qPCR Master Mix (Vazyme,China) in 20 μL reactions under the following conditions: 95°C for 1 min, followed by 40 cycles of 95°C (15 s) and 60°C (30 s). GAPDH served as the reference gene for normalization. Relative mRNA expression levels were calculated using the 2-ΔΔCt method, with all reactions performed in triplicate. Primer sequences are given in Table 1.


Table 1 | Primer sequences for qRT–PCR.
	Primer name
	Forward
	Reverse



	H-GSDMD
	5’-CCAGAAGAAGACGGTCACCATCC-3’
	5’-ACAACACCAGGCACTCCAGGA-3’


	H-caspase1
	5’-TCTCACTGCTTCGGACATGACTACA-3’
	5’-CCACATCACAGGAACAGGCATATTCT-3’


	H-caspase3
	5’-GGATGGCTCCTGGTTCATCC-3’
	5’-TCTGTTGCCACCTTTCGGTT-3’


	H-caspase9
	5’-GACCAGAGATTCGCAAACCAGAGG-3’
	5’-AAGAGCACCGACATCACCAAATCC -3’


	H-TNFR1
	5’-ACCACCTCAGACACTGCCTCAG-3’
	5’-CGGTCCACTGTGCAAGAAGAGATC-3’


	H-TNF-α
	5’-TGGCGTGGAGCTGAGAGATAACC-3’
	5’-GACGGCGATGCGGCTGATG-3’


	H-ZBP1
	5’-GCTCAACCAAGTCCTCTACCGAATG-3’
	5’-TGTCCAGAAGGTGCCTGCTCTT-3’


	H-GAPDH
	5’-GTGGACCTGACCTGCCGTCTAG-3’
	5’-GAGTGGGTGTCGCTGTTGAAGTC-3’


	M-caspase3
	5’-GACTGGAAAGCCGAAACTCTTCATC-3’
	5’-ATGAGAGAGGATGACCACCACAAAG-3’


	M-GSDMD
	5’-AGTCCCACTGTCTGTCTCAATGC-3’
	5’-CGATGGCATGGTCCTCGATT-3’


	M-ZBP1
	5’-CAGCCATTCTTGCCTGTGGA-3’
	5’-TGCTCCAGATTGTCTCCTGTG-3’


	M-GAPDH
	5’-AATGGTGAAGGTCGGTGTGA-3’
	5’-CGCTCCTGGAAGATGGTGAT-3’










2.6 Western blot

Approximately 200 mg of colon tissue or cell samples were homogenized in 1 mL RIPA lysis buffer (Servicebio, China) containing 1 mM PMSF protease inhibitor. Lysates were incubated at 4°C for 30 min, centrifuged (12,000 × g, 15 min), and supernatants were collected. Protein concentrations were determined using a BCA assay kit (Beyotime, China). Equal protein amounts were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, USA). Membranes were blocked with 5% non-fat milk for 1 h, incubated overnight at 4°C with primary antibodies Caspase 1 (1:1000, M025280, Abmart), NLRP3(1:1000, P60622R3, Abmart), GSDMD(1:1000, PU224937, Abmart), Caspase3(1:500, GTX110543, GeneTex), Caspase9(1:1000, 9508S, CST), BAX(1:1000, WL01637, Wanleibio), Bcl-2(1:1000, CY6717, Abways), β-actin(1:3000, GB15003-100, Servicebio), and subsequently with HRP-conjugated secondary antibodies (1:10000, GB23303, Servicebio) for 1 hour at room temperature. Protein signals were visualized using a chemiluminescence imaging system (Tanon, China), and band intensities were quantified with ImageJ v1.48 (NIH, USA).




2.7 Fluorescence microscopy detection

Cells were seeded in culture dishes according to experimental design. After treatment, the medium was aspirated, and cells were washed once with PBS before adding YP1/PI working solution (Beyotime, China). Following a 15-min incubation in the dark, fluorescence was observed under an inverted microscope with excitation/emission wavelengths of 491/509 nm (YP1, green) and 535/617 nm (PI, red).




2.8 Cell viability assay

Cells (8,000/well) were seeded in 96-well plates. After adherence, fresh conditioned medium containing 10 μg/mL LPS (Sigma, USA) or gut microenvironment-mimicking conditioned medium (H, P, HP) was added. At 24 h, 10 μL CCK-8 reagent (NCM Biotech, China) was introduced, and absorbance at 450 nm was measured after 2 hours incubation using a multimode microplate reade.




2.9 Flow cytometry

Cells treated for 24 h were harvested by centrifugation (300 × g, 5 min), washed with PBS, and resuspended in 500 μL 1×Buffer. Add Annexin V-FITC/PI (5 μL each, Elabscience, China) or YO-PRO-1/PI (0.5ul each, beyotime,China), mix gently, and incubate for 15–20 min at room temperature in the dark. The apoptosis rate was analyzed using a flow cytometer (BD Accuri C5, USA).




2.10 Identification of major components in the postbiotic of hawthorn-probiotic

The sample pretreatment process is as follows: Take 100 μL of postbiotic liquid sample, add 400 μL of pre-chilled methanol, vortex mix, then incubate at -20°C for 30 minutes to precipitate proteins. Centrifuge at 20,000 rcf at 4°C for 15 minutes, transfer 400 μL of the supernatant to a new tube, centrifuge again, and transfer the supernatant to a sample vial for analysis. All operations are performed on ice. Concurrently, equal volumes of each sample are mixed to prepare quality control (QC) samples for system stability monitoring.

Chromatographic separation is performed using a Thermo Vanquish Flex UPLC system equipped with an ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm), with a column temperature of 40°C and a flow rate of 0.35 mL/min. Mobile phase A is an aqueous solution containing 5 mmol/L ammonium acetate and 5 mmol/L acetic acid, and phase B is acetonitrile. The gradient elution program is as follows: 0–20 min, phase B increases from 5% to 70%; 22–25 min, phase B increases to 95% and remains constant; 25.1–30 min, phase B decreases to 5% for column equilibration.

Mass spectrometry detection was performed using an Orbitrap Exploris 120 mass spectrometer, with data collected in both positive and negative ion modes. Ion source parameters were set as follows: curtain gas pressure 1, auxiliary gas pressure 12, sheath gas pressure 50, ion source temperature 350°C; positive ion mode spray voltage +3800 V, negative ion mode –3400 V. Data-dependent acquisition (DDA) mode was used: primary scan range m/z 70–1050, resolution 60,000; the top 4 ions with a selected intensity exceeding 5000 were selected for secondary fragmentation, with a secondary resolution of 15,000 and a dynamic exclusion time set to 6 s. A QC sample was inserted every 10 samples to monitor and correct system errors.




2.11 Network pharmacology analysis

Potential targets of HP were predicted using the SwissTargetPrediction and SuperPred databases, followed by standardization in UniProt. Constipation-related targets were identified from OMIM and GeneCards using “constipation” as a keyword, while PANoptosis-related genes were obtained by searching “pyroptosis,” “apoptosis,” and “necroptosis” in GeneCards, yielding 261 unique genes after deduplication (21). These three gene sets—HP targets, constipation-related targets, and PANoptosis genes—were intersected using Wei Sheng Xin to identify overlapping targets, representing potential mechanisms for HP in treating constipation via PANoptosis modulation. The overlapping targets were used to construct a protein-protein interaction (PPI) network in STRING with a confidence score ≥0.9. The network was analyzed and visualized using Cytoscape. Functional enrichment analysis of the core targets was performed in DAVID, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, to elucidate the biological processes and signaling pathways involved in HP’s effects (URLs of database are shown in Supplementary Table S2) (22).




2.12 Statistical analysis

The statistical analyses and graphical representations of the experimental data were expressed as “mean ± standard deviation” and performed using GraphPad Prism 8.0 (GraphPad Inc., San Diego, CA, USA) and IBM SPSS Statistics 22.0 (IBM Corp., Armonk, NY, USA). Levene's test was employed to assess homogeneity of variance. If the test indicated significant variance (p < 0.05), further comparisons between groups were conducted using ordinary one-way ANOVA. If variance was found to be heterogeneous (p ≥ 0.05), subsequent analysis was performed using the Kruskal-Wallis nonparametric test. Statistical significance was set at P < 0.05.





3 Results



3.1 Postbiotic of hawthorn-probiotic protect the intestinal barrier by altering the intestinal microenvironment to mitigate PANoptosis of intestinal epithelial cells

As shown in the previous study, the model group (M) mice exhibited typical constipation symptoms (decreased frequency of defecation, dry feces, etc.), whereas the three drug groups, hawthorn (H), probiotics (P), postbiotic of hawthorn-probiotic (HP) all significantly improved these symptoms, with the most significant effect in the HP group (19) To further explore the mechanism of action of HP, we prepared conditioned medium with intestinal contents to mimic the intestinal microenvironment of different groups of mice for the cultivation of normal colonic epithelial cells NCM460 (Figure 1A). Microscopic observations revealed increased cell death and abnormal morphology in the conditioned medium simulating the intestinal microenvironment of the group M, and the presence of apoptosis and pyroptosis was observed. Apoptotic cells appeared compressed in size and nuclei(red arrows), and pyroptotic cells were swollen and expanded with multiple bubble-like projections (green arrow) (24). In contrast, the cell status in the conditioned medium simulating the intestinal microenvironment of drug group (especially the HP group) significantly improved, the cell morphology was close to that of the N group (Figure 1B). The 24-hour cell viability was detected by CCK-8 assay, compared with the normal group (N, 100.0 ± 3.2%), the cell viability was significantly decreased in the model group (M) (81.3 ± 4.1%, ***p<0.001). Meanwhile, cells treated with 10ug/ml LPS, a potent inflammatory stimulant, served as a positive control for inflammation-induced cell damage and, as expected, also showed a significant decrease in cell viability. This result may indicate that the conditioned medium of the model group contains inflammatory factors that cause cell damage equivalent to that caused by 10μg/ml LPS. Among the drug intervention groups, H (92.5 ± 6.3%), P (99.2 ± 7.2%) and HP (100.6 ± 5.9%) groups significantly improved cell viability (***p<0.001 vs. M), with the most significant effect in HP group, which was completely restored to the normal level (p>0.05 vs. N) (Figure 1C). These results confirmed that the drug intervention groups were all effective in reversing the cellular damage induced by the inflammatory milieu, with HP having the most significant protective effect.
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Figure 1 | Postbiotic of hawthorn-probiotic can alleviate apoptosis and pyroptosis in intestinal epithelial cells by altering the intestinal microenvironment. (A) Animal experiments and preparation of media simulating the intestinal microenvironment. The pattern was created with BioGDP.com. (23) (B) Cell status in different groups of intestinal microenvironmental media. The red arrow points to apoptosis. The green arrow points to pyroptosis. (C) Cell viability of NCM460 cells cultured in different groups of intestinal microenvironment medium for 24 hours was detected by CCK8. (D, E) NCM460 cells relative apoptosis level (Q2+Q3). (F) The mRNA expression levels of apoptosis-related genes. (G, H) The protein levels of pyroptosis-related genes. (I) The mRNA expression levels of pyroptosis-related genes. N, conditioned medium of the normal group. M, conditioned medium of the model group H, conditioned medium of the hawthorn group P, conditioned medium of the probiotics group HP, conditioned medium of the postbiotic of hawthorn-probiotic group. NS; *P<0.05; **P<0.01; ***p<0.001, ****p<0.0001.



3.1.1 Inhibition of CASP3-mediated apoptosis via microenvironmental modulation

Annexin V-FITC/PI double-staining flow analysis showed that the apoptosis rate of cells of the M group was 32.77%(Q2+Q3), which was significantly higher than the cell of the N group (17.96%, ***p < 0.001). Three groups of therapeutic interventions showed significant anti-apoptotic effects: the H group exhibited 10.88% apoptosis, the P group 9.55%, and the HP group 7.89% - all significantly lower than the M group (p < 0.001). Notably, the HP group produced the most robust reduction (Figures 1D, E). During apoptosis, Caspase-3, Caspase-9 and TNF-α together constitute the core regulatory network of the apoptosis signaling pathway, acting as terminal effector execution molecules, mitochondrial pathway initiation activators and death receptor-mediated exogenous signaling hubs, respectively. We examined the mRNA expression levels of these genes and found that the mRNA levels of apoptosis-related genes were significantly increased in the M group and decreased in the H, P and HP groups (Figure 1F).




3.1.2 Blockade of NLRP3-GSDMD pyroptosis by microenvironment remodeling

In pyroptosis, NLRP3 initiates inflammatory vesicle assembly by recognizing exogenous and exogenous signals; Caspase-1 shears Gasdermin D and catalyzes IL-1β/IL-18 maturation; and the formation of membrane pores by GSDMD mediates cell rupture and inflammatory mediator release. We examined the mRNA and protein expression levels of these genes, and found that the expression levels of the genes related to pyroptosis were significantly higher in group M and lower in groups H, P and HP. (Figures 1G–I).




3.1.3 Attenuation of ZBP1-driven necroptosis through microenvironmental regulation

Necroptosis was detected by YO-PRO-1/PI staining in each group. Fluorescence microscopy showed an increase in the number of both YO-PRO-1-positive (green fluorescence) and PI-positive (red fluorescence) cells in the M group compared with the N group, while the number of double-staining-positive cells was significantly reduced in the HP group (Figure 2A). Flow cytometry further confirmed these findings, and the trend of each group was consistent with the above results. Q4 represents the rate of viable cells; Q1 and Q2 represent the rate of late apoptosis or necrosis; Q3 represents the rate of early apoptosis. of early apoptosis. The necroptosis level in the HP group was 2.76%, which was significantly lower than that in the model group (5.25%) (** p < 0.01) (Figures 2B, C) (25). Since ZBP1 (Z-DNA binding protein 1) is a key regulatory molecule in the necrotic apoptotic pathway. We examined the mRNA expression level of ZBP1 and found that it was significantly elevated in the M group and significantly decreased in the H, P and HP groups, with the lowest in the HP group (Figure 2D).
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Figure 2 | Postbiotic of hawthorn-probiotic can alleviate necroptosis in intestinal epithelial cells by altering the intestinal microenvironment. (A) YO-PRO-1/PI staining of each group of cells under fluorescence microscope. (B, C) NCM460 cells relative necroptosis level (Q1+Q2). (D) The mRNA expression levels of ZBP1. N: conditioned medium of the normal group. M: conditioned medium of the model group H: conditioned medium of the hawthorn group P: conditioned medium of the probiotics group HP: conditioned medium of the postbiotic of hawthorn-probiotic group. **p<0.01, ***p<0.001, ****p<0.0001.





3.2 Postbiotic of hawthorn-probiotic alleviate constipation in mice by regulating PANoptosis gene expression

IHC and Western blotting results of colon tissues from group M mice showed increased protein levels of apoptosis-related genes (caspase3, BAX, Bcl-2 and caspase9) (Figures 3A–D), and qPCR results also showed a significant increase in the mRNA level of caspase3 in colon tissues from group M mice (Figure 3E). The protein levels and mRNA levels of apoptosis-related genes in the colonic tissues of mice in the HP group were reduced compared with those in the M group. These results suggest that HP mitigates colonic tissue damage by blocking CASP3-mediated apoptosis via Bcl-2/Bax axis modulation.

[image: Immunohistochemistry and Western blot analysis of colon tissue showing expressions of caspase-3, Bcl-2, and Bax across three different groups: N (normal), M (model), and HP (treatment). Graphs indicate relative expression levels, with statistical significance annotated by asterisks. Western blot bands show protein sizes for markers, including beta-actin as a control. The analysis highlights differences in expression indicative of apoptotic activity among the groups.]
Figure 3 | Postbiotic of hawthorn-probiotic alleviates constipation-induced apoptosis in the mouse colon. (A, B) Immunohistochemical analysis of caspase3, Bcl-2 and BAX in mouse colon tissues and statistics on the percentage of positive area. (C, D) The protein levels of apoptosis-related genes. (E) The mRNA expression levels of caspase3. N: normal group (mice gavaged with distilled water). M: model group (mice gavaged with loperamide). H: hawthorn group (mice gavaged with hawthorn aqueous extract). P: probiotics group (mice gavaged with Lactobacillus paracasei). HP: treatment group (mouse gavaged with the postbiotic of hawthorn-probiotic). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

The results of IHC and Western blotting showed that the protein level expression of pyroptosis protein GSDMD in the colon tissue of mice in the M group was increased compared with that in the N group. Meanwhile, the results in the HP group were decreased compared with those in the M group (Figures 4A–D). The qPCR results were consistent with the above results (Figure 4E).

[image: Comparative immunohistochemical analysis of GSDMD expression in colonic tissues marked as N, M, and HP. Panel B shows the percentage of GSDMD-positive areas in colonic tissues across groups. Panel C displays protein bands including NLRP3 and GSDMD with molecular weights. Panels D and E present relative protein and mRNA expression levels respectively, with statistical significance indicated by asterisks.]
Figure 4 | Postbiotic of hawthorn-probiotic alleviates constipation-induced pyroptosis in the mouse colon. (A, B) Immunohistochemical analysis of GSDMD in mouse colon tissues and statistics on the percentage of positive area. (C, D) The protein levels of pyroptosis-related genes. (E) The mRNA expression levels of GSDMD. N: normal group (mice gavaged with distilled water). M: model group (mice gavaged with loperamide). H: hawthorn group (mice gavaged with hawthorn aqueous extract). P: probiotics group (mice gavaged with Lactobacillus paracasei). HP: treatment group (mouse gavaged with the postbiotic of hawthorn-probiotic). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

The protein level and mRNA level of necroptosis genes were detected by IHC and qPCR, respectively. The results showed that the protein level expression of MLKL in the colon tissue of mice in group M increased, and it could be improved in group HP (Figures 5A, B). The mRNA level of ZBP1 in the colon tissue of mice in group M increased, but was reversed in group HP (Figure 5C).

[image: Immunohistochemistry and statistical charts present data on MLKL expression in colonic tissue. Panel A displays immunohistochemical results for N, M, and HP groups. Panel B charts the percentage area of MLKL expression in colonic tissue, with the M group exhibiting the highest level. Panel C charts the relative mRNA expression of ZBP1 in colonic tissue, showing a significant increase in the M group. Asterisks indicate statistical significance levels.]
Figure 5 | Postbiotic of hawthorn-probiotic alleviates constipation-induced necroptosis in the mouse colon. (A, B) Immunohistochemical analysis of MLKL in mouse colon tissues and statistics on the percentage of positive area. (C) The mRNA expression levels of ZBP1. N: normal group (mice gavaged with distilled water). M: model group (mice gavaged with loperamide). H: hawthorn group (mice gavaged with hawthorn aqueous extract). P: probiotics group (mice gavaged with Lactobacillus paracasei). HP: treatment group (mouse gavaged with the postbiotic of hawthorn-probiotic). ****p<0.0001.




3.3 Postbiotic of hawthorn-probiotic alleviates constipation and reshapes intestinal homeostasis by regulating the balance between inflammation and defense

In the previous study, we found that the white medulla of the spleen in group M mice was blurred and the distribution of immune cells was reduced. The above lesions were significantly alleviated in group HP. Therefore, we further analyze the proportion of spleen lymphocyte subgroup. The proportion of CD3+CD4+ T cells in the spleen of mice in group M was significantly increased, suggesting excessive activation of helper T cells under constipation. The proportion of this subgroup in group HP was significantly adjusted back, indicating that it can block the inflammatory cascade reaction by inhibiting the abnormal proliferation of CD4+ T cells. The proportion of IL-2+ CD4+ T cells in group M reached 40.2%. This excessive activation might suggest that in constipation, the spleen exacerbates the hyperactivity of intestinal mucosal immune response by promoting B cell differentiation. However, after HP intervention, this proportion dropped sharply to 24.7%, directly confirming its inhibitory effect on the humoral immune pathway. The abnormal expansion of IL-17A+ CD4+ T cells in group M constitutes another key pathological link. The IL-17 secreted by them can induce neutrophil infiltration and intestinal barrier dysfunction. The significant decrease after HP intervention indicates that it can effectively block this pro-inflammatory axis. It is worth noting that although Th1-type IFN-γ+ CD4+ T cells showed a slight decrease of 0.12% in the model group, the HP group maintained a basal level of 0.32%. This non-statistically significant change precisely reflects the immunomodulatory wisdom of the preparation - inhibiting excessive inflammation while retaining the IFN-γ -mediated antiviral defense function. The IL-2+ subset in CD8+ T cells of group M expanded to 14.9%. This enhanced cytokine secretion may aggravate immunopathological damage. Although it slightly decreased after HP intervention, it was not statistically significant, suggesting that it balanced the cytotoxic effect and tissue protection by moderately inhibiting IL-2. In contrast, there was no significant difference in the proportion of IFN-γ+ CD8+ T cells among the groups. This selective regulation ensured that the direct killing function of cytotoxic T cells was not inhibited, providing an immune barrier for eliminating potential intestinal pathogens. This bidirectional regulatory model, which both inhibits excessive inflammation and retains necessary defenses, ultimately constructs a brand-new regulatory paradigm of intestinal immune homeostasis by reshaping the Th1/Th2/Th17 balance and precisely regulating the function of CD8+ T cells (Figure 6; Supplementary Figure S1).

[image: Flow cytometry dot plots display CD3+ & CD4+, CD3+ & CD8+, CD4+ & IFN-γ+, CD4+ & IL-2+, and CD4+ & IL-17A+ cell populations across five conditions: N, M, H, P, and HP. Each condition is represented in columns, with corresponding box plots for spleen data on CD4+ T cell frequencies, showing statistical significance levels.]
Figure 6 | Characterization of T-lymphocyte subpopulations and cytokine secretion in the mouse spleen. Frequency of CD3+ & CD4+, CD3+ & CD8+, CD4+ & IFN-r+, CD4+ & IL-2+, CD4+ & IL-17A+ in the spleens of each group of mice using flow cytometry. NS; *p<0.05, ***p<0.001, ****p<0.0001.




3.4 Network pharmacology analysis

To further investigate the mechanism by which postbiotic of hawthorn-probiotic(HP) treats constipation by alleviating Panoptosis, we performed network pharmacological analyses. Based on the intersecting genes, we observed 40 significant PANoptosis-related genes in HP treatment of constipation (gene names were shown in Supplementary Table S3), then construct the Construction of protein-protein interaction networks (Figures 7A, B). The top 10 core targets identified from the PPI network were TP53, TNF, BCL2, STAT3, JUN, CASP3, CASP8, RELA, HSP90AA1, and NFκB1, which are closely associated with apoptosis, inflammation, and cellular stress responses. We observed a significant enrichment of multiple GO terms, including positive regulation of canonical NF-kappaB signal transduction, apoptotic process, positive regulation of transcription by RNA polymerase II, nucleus, cytosol, protein-containing complex, ubiquitin protein ligase binding (Figure 7C). KEGG pathway, which displayed NOD-like receptor signaling pathway, IL-17 signaling pathway, TNF signaling pathway, which plays an important role in inflammatory responses, immune defense, and the occurrence and development of various diseases (Figure 7D).

[image: A set of panels displaying various biological data visualizations. Panel A shows a Venn diagram with three overlapping circles representing HP genes, constipation genes, and panoptosis genes. Panel B is a network diagram illustrating interactions among different genes and proteins. Panel C includes three dot plots depicting biological processes (BP), cellular components (CC), and molecular functions (MF) with color gradients indicating significance levels. Panel D shows a dot plot of pathways involved in various processes with color coding for significance. Panel E is a bar graph comparing BP, CC, and MF based on -log10(p) values.]
Figure 7 | Network pharmacology analysis. (A) Intersection of Panoptosis-related genes, constipation relaed genes and postbiotic of hawthorn-probiotic related genes. (B) Construction of protein-protein interaction networks. Colors represent degree from high (red) to low (blue). (C-E) GO, KEGG enrichment analysis. Bargraph for DEGs in top 20 GO terms analysis. Each column corresponds to a term. the higher the column, the smaller P.





4 Discussion

Although this study illustrates the mechanism by which hawthorn probiotic postbiotics (HP) alleviate constipation by regulating the intestinal microenvironment, thereby inhibiting PANoptosis of intestinal epithelial cells, there are still several limitations that need to be further analyzed in subsequent studies.

Constipation has long been regarded as a functional disorder, but recent studies have shown that low-grade inflammation and intestinal epithelial barrier damage play a key role in its pathogenesis (26, 27). This study focuses on three executor proteins of programmed cell death pathways: Caspase-3 (CASP3), Gasdermin D (GSDMD), and MLKL. These proteins represent the terminal effector molecules of apoptosis, pyroptosis, and necrotic apoptosis, respectively, and their activation is a direct cause of epithelial barrier disruption. CASP3, as a key executor of apoptosis, its activation leads to DNA fragmentation and loss of phospholipid asymmetry in the cell membrane (28). In a state of constipation, its upregulation suggests sustained epithelial cell loss and impaired barrier integrity, consistent with previous reports of increased colonic mucosal apoptosis in constipated patients (29). Following HP treatment, CASP3 mRNA and protein levels were significantly reduced, and the mitochondrial apoptosis pathway was inhibited by regulating the Bcl-2/Bax balance, indicating that HP can promote the maintenance and repair of epithelial structure by suppressing excessive apoptosis, which is crucial for preventing chronic barrier dysfunction. In addition, HP treatment significantly reduced the mRNA expression of TNF-α and caspase-3 in Caco-2 and NCM460 intestinal epithelial cells after LPS stimulation (Supplementary Figure S2), indicating that HP contains bioactive compounds that can directly regulate host cell signaling to inhibit inflammatory and cell death pathways. This suggests that HP may exert its effects through both direct and indirect mechanisms. Pyroptosis is a pro-inflammatory form of programmed cell death mediated by GSDMD-induced formation of membrane pores (30). This study found that GSDMD expression was significantly elevated in the constipation model group, consistent with the inflammatory state of the intestine associated with constipation (31). It is known that GSDMD activation leads to the release of potent inflammatory factors such as IL-1β and IL-18 (32), further recruiting immune cells and amplifying the inflammatory response, forming a vicious cycle. Following HP intervention, GSDMD protein and mRNA levels decreased, indicating that it can effectively block this pro-inflammatory-apoptotic axis, not only reducing epithelial cell lysis but also potentially lowering local inflammatory burden, thereby preventing disease chronicity. Necrotic apoptosis is typically activated when other death pathways are blocked, with MLKL oligomerization and membrane translocation serving as hallmarks (33). This study shows that MLKL and its upstream regulatory molecule ZBP1 expression increases in the constipation model, suggesting a potential backup death mechanism triggered by microenvironmental stress, such as inflammation or cytokine stimulation. Previous studies have suggested that necrotic apoptosis is involved in various chronic inflammatory bowel diseases (34, 35). HP reduces the expression of MLKL and ZBP1, indicating that it can broadly inhibit multiple death pathways, avoiding compensatory activation caused by the inhibition of a single pathway (36), thereby providing more comprehensive protection of the epithelial barrier and having important preventive significance for maintaining long-term intestinal stability. Recent studies have indicated that PANoptosis plays a crucial role in the pathogenesis of inflammatory bowel disease (37). The downregulation of CASP3, GSDMD, and MLKL expression observed after HP treatment suggests that its protective effects on epithelial barrier integrity and anti-inflammatory properties may have broader therapeutic applications beyond constipation. However, further studies with specialized designs are needed to validate the efficacy of HP in other inflammatory bowel diseases. Although this study confirmed the protective effect of HP by simulating the intestinal microenvironment through culture supernatant, further confirmation of the cellular targets of HP’s direct action (such as immune cells and epithelial cells) is needed through co-culture experiments or in vivo cell-specific knockout models.

This study also investigated changes in splenic T lymphocyte subsets, with these immune markers reflecting systemic and mucosal immune imbalance in constipation. Abnormal proliferation of IL-17A+ CD4+ T (Th17) cells is a core feature of constipation-related inflammation. Th17 cells secrete large amounts of IL-17, which recruits neutrophils and disrupt epithelial tight junctions, consistent with reported immune cell infiltration and impaired barrier function in the colonic mucosa of constipated patients (38). HP significantly suppresses the Th17 response, directly alleviating the damaging effects of its primary effectors on the intestinal barrier, thereby fundamentally alleviating inflammatory damage. Concurrently, HP treatment preserves the function of IFN-γ+ Th1 and CD8+ T cells. This selective immune regulatory pattern holds significant disease prevention implications: on one hand, it suppresses pathogenic Th17 responses, while on the other hand, it maintains Th1/CTL-mediated immune surveillance against intracellular pathogens (39), thereby avoiding the increased infection risk associated with traditional immunosuppression and contributing to the long-term stability of immune balance. However, it should be noted that this study primarily evaluated systemic immune responses in the spleen. Since immune responses in the intestinal tract are also critical for constipation, whether HP regulates intestinal T cell populations remains to be further explored in future studies on intestinal mucosa-associated lymphoid tissue.

In this study, network pharmacology analysis provided valuable mechanistic hypotheses for future research. The top predicted targets TP53, TNF, and STAT3 were highly correlated with the core pathophysiology observed in our model. TP53 is a key regulator of cell cycle arrest and apoptosis (40). The predicted inhibitory effect of HP on TP53 aligns with the reduced epithelial cell apoptosis observed in our experiments, potentially explaining the underlying mechanism by which HP enhances intestinal barrier integrity. TNF is a major pro-inflammatory cytokine that can directly impair intestinal motility and promote inflammatory cell death (41). Targeting the TNF signaling pathway may explain the potent anti-inflammatory effects of HP observed in this study. STAT3 is a key signaling node integrating multiple cytokine and growth factor signals, influencing inflammation and cell survival (42). This pathway may explain HP’s broad immunomodulatory and cell-protective effects. However, these findings remain within the realm of prediction, and these specific targets require validation through in vitro and in vivo experiments. Further research is needed to functionally validate the involvement of these signaling pathways predicted by KEGG analysis through the application of gene silencing techniques, such as siRNA or CRISPR-Cas9 knockout, or the use of pathway inhibitors.

This study reveals a new mechanism by which HP alleviates constipation from the perspective of proteins and immune markers. HP achieves this by synergistically inhibiting the three key death execution proteins CASP3, GSDMD, and MLKL, thereby completely blocking pan-optosis and protecting epithelial barrier integrity. Concurrently, it precisely regulates the Th17/Th1 balance to alleviate inflammation while preserving defensive functions, thereby reestablishing immune homeostasis. These findings provide a theoretical basis for the application of HP in preventive strategies for constipation and related functional gastrointestinal disorders.




5 Conclusion

This study deeply analyzed the multi-level mechanism of action of Postbiotic of hawthorn-probiotic (HP) in alleviating constipation and regulating intestinal homeostasis, revealing its systematic strategy of achieving intestinal protection by inhibiting the pan-optotic pathway, reshaping the immune balance and regulating the gene expression network. Studies have confirmed that HP significantly improves constipation symptoms by reconstructing the intestinal microenvironment. Its effect is not only reflected in the increase of the survival rate of intestinal epithelial cells, Furthermore, by blocking CASP3/CASP9-mediated apoptosis, inhibiting pyroptosis driven by the NLRP3-GSDMD axis, and regulating necrotic apoptosis in the ZBP1-MLKL pathway, a triple inhibitory effect on the pan-optotic pathway is formed. This protective effect is manifested at the tissue level as the specific down-regulation of the expression of key executive molecules such as CASP3, GSDMD and MLKL in colon tissue, confirming the complete protective chain of HP from cell death regulation to tissue repair. In the dimension of immune regulation, HP demonstrates precise immune regulatory capabilities: By inhibiting the excessive activation of Th2/Th17 cells, the hyperactivity of humoral immunity and neutrophil infiltration were blocked. Meanwhile, the Th1-type immune response and the direct killing function of CD8+ T cells are retained, establishing a bidirectional regulatory model of “anti-inflammation - defense protection”. The reconstruction of this immune homeostasis is highly consistent with the prediction results of network pharmacology. HP targets 40 core genes such as EGFR, GSK3B, and ALOX15, interferes with the NF-κB, IL-17, and TNF signaling axes, and forms a multi-level regulatory network of “gene - protein - pathway”. The research not only clarified the molecular basis of HP in the treatment of constipation, but also provided a theoretical basis for the development of new postbiotic preparations with both intestinal protection and immune regulation functions, suggesting its translational medical potential to achieve organ homeostasis regulation through epigenetic modification and microenvironment remodeling.
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References

	 Bharucha AE, Lacy BE. Mechanisms, evaluation, and management of chronic constipation. Gastroenterology. (2020) 158:1232–1249.e3. doi: 10.1053/j.gastro.2019.12.034, PMID: 31945360


	 De Giorgio R, Ruggeri E, Stanghellini V, Eusebi LH, Bazzoli F, Chiarioni G. Chronic constipation in the elderly: a primer for the gastroenterologist. BMC Gastroenterol. (2015) 15:130. doi: 10.1186/s12876-015-0366-3, PMID: 26467668


	 Barberio B, Judge C, Savarino EV, Ford AC. Global prevalence of functional constipation according to the Rome criteria: a systematic review and meta-analysis. Lancet Gastroenterol Hepatol. (2021) 6:638–48. doi: 10.1016/S2468-1253(21)00111-4, PMID: 34090581


	 Ruiting L, Xuejin F, Bowen J, Qingsheng Y, Hong G, Pengwei Z. Progress of Chinese medicine in treating constipation of slow-transmission type with different syndromes. Chin Herbal Med. (2024) 55:8269–77. doi: 10.7501/j.issn.0253-2670.2024.23.031


	 Vouga AG, Rockman ME, Yan J, Jacobson MA, Rothberg BS. State-dependent inhibition of BK channels by the opioid agonist loperamide. J Gen Physiol. (2021) 153:e202012834. doi: 10.1085/jgp.202012834, PMID: 34357374


	 Waterman SA, Costa M, Tonini M. Modulation of peristalsis in the Guinea-pig isolated small intestine by exogenous and endogenous opioids. Br J Pharmacol. (1992) 106:1004–10. doi: 10.1111/j.1476-5381.1992.tb14448.x, PMID: 1356564


	 Malireddi RKS, Kesavardhana S, Kanneganti T-D. Zbp1 and tak1: master regulators of nlrp3 inflammasome/pyroptosis, apoptosis, and necroptosis (Pan-optosis). Front Cell Infect Microbiol. (2019) 9:406. doi: 10.3389/fcimb.2019.00406, PMID: 31850239


	 Perez F, Ruera N, Miculan E, Carasi P, Chirdo FG. Programmed cell death in the small intestine: implications for the pathogenesis of celiac disease. Int J Mol Sci. (2021) 22:7426. doi: 10.3390/ijms22147426, PMID: 34299046


	 Otani S, Oami T, Yoseph BP, Klingensmith NJ, Chen CW, Liang Z, et al. Overexpression of BCL-2 in the intestinal epithelium prevents sepsis-induced gut barrier dysfunction via altering tight junction protein expression. Shock. (2020) 54:330–6. doi: 10.1097/SHK.0000000000001463, PMID: 31626040


	 Kaser A, Lee AH, Franke A, Glickman JN, Zeissig S, Tilg H, et al. XBP1 links ER stress to intestinal inflammation and confers genetic risk for human inflammatory bowel disease. Cell. (2008) 134:743–56. doi: 10.1016/j.cell.2008.07.021, PMID: 18775308


	 Camilleri M. Leaky gut: mechanisms, measurement and clinical implications in humans. Gut. (2019) 68:1516–26. doi: 10.1136/gutjnl-2019-318427, PMID: 31076401


	 Gao H, Zhang Y, Li Y, Chang H, Cheng B, Li N, et al. μ-Opioid Receptor-Mediated Enteric Glial Activation Is Involved in Morphine-Induced Constipation. Mol Neurobiol. (2021) 58:3061–3070. doi: 10.1007/s12035-021-02286-0 Erratum in: Mol Neurobiol. 2021 Dec;58(12):6714-6715. doi: 10.1007/s12035-021-02590-9, PMID: 33624141


	 Li J, Li Q, Gao N, Wang Z, Li F, Li J, et al. Exopolysaccharides produced by Lactobacillus rhamnosus GG alleviate hydrogen peroxide-induced intestinal oxidative damage and apoptosis through the Keap1/Nrf2 and Bax/Bcl-2 pathways in vitro. Food Funct. (2021) 12:9632–41. doi: 10.1039/D1FO00277E, PMID: 34664577


	 Wu Y, Jha R, Li A, et al. Probiotics (Lactobacillus plantarum HNU082) supplementation relieves ulcerative colitis by affecting intestinal barrier functions, immunity-related gene expression, gut microbiota, and metabolic pathways in mice. Microbiol Spectr. (2022) 10:e0165122. doi: 10.1128/spectrum.01651-22, PMID: 36321893


	 Zhou L, Xie Y, Li Y. Bifidobacterium infantis Promotes Foxp3 Expression in Colon Cells via PD-L1-Mediated Inhibition of the PI3K-Akt-mTOR Signaling Pathway. Front Immunol. (2022) 13:871705. doi: 10.3389/fimmu.2022.871705, PMID: 35860248


	 Xu N, Fan W, Zhou X, Liu Y, Ma P, Qi S, et al. Probiotics decrease depressive behaviors induced by constipation via activating the AKT signaling pathway. Metab Brain Dis. (2018) 33:1625–33. doi: 10.1007/s11011-018-0269-4, PMID: 29948655


	 Li S, Li Y, Cai Y, Yan Z, Wei J, Zhang H, et al. Lacticaseibacillus paracasei NCU-04 relieves constipation and the depressive-like behaviors induced by loperamide in mice through the microbiome-gut-brain axis. Curr Res Food Sci. (2024) 9:100875. doi: 10.1016/j.crfs.2024.100875, PMID: 39429918


	 Wang L, Yang S, Mei C, Tang N, Wang J, Yu Q, et al. Lactobacillus paracasei relieves constipation by acting on the acetic acid-5-HT-intestinal motility pathway. Foods. (2023) 12:4176. doi: 10.3390/foods12224176, PMID: 38002233


	 Wei Y, Huang N, Ye X, Liu M, Wei M, Huang Y. The postbiotic of hawthorn-probiotic ameliorating constipation caused by loperamide in elderly mice by regulating intestinal microecology. Front Nutr. (2023) 10:1103463. doi: 10.3389/fnut.2023.1103463, PMID: 37006920


	 Mishra SP, Wang B, Jain S, Ding J, Rejeski J, Furdui CM, et al. A mechanism by which gut microbiota elevates permeability and inflammation in obese/diabetic mice and human gut. Gut. (2023) 72:1848–65. doi: 10.1136/gutjnl-2022-327365, PMID: 36948576


	 Shi R, Liang R, Wang F, Wang L, Zidai W, Zhang J, et al. Identification and experimental validation of PYCARD as a crucial PANoptosis-related gene for immune response and inflammation in COPD. Apoptosis. (2024) 29:2091–107. doi: 10.1007/s10495-024-01961-6, PMID: 38652339


	 Yao Z, Fu S, Ren B, Ma L, Sun D. Based on network pharmacology and gut microbiota analysis to investigate the mechanism of the laxative effect of pterostilbene on loperamide-induced slow transit constipation in mice. Front Pharmacol. (2022) 13:913420. doi: 10.3389/fphar.2022.913420, PMID: 35652049


	 Jiang S, Li H, Zhang L, et al. Generic Diagramming Platform (GDP): a comprehensive database of high-quality biomedical graphics. Nucleic Acids Res. (2025) 53(D1):D1670–D1676., PMID: 39470721


	 Zhou R, Ying J, Qiu X, Yu L, Yue Y, Liu Q, et al. A new cell death program regulated by toll-like receptor 9 through p38 mitogen-activated protein kinase signaling pathway in a neonatal rat model with sepsis associated encephalopathy. Chin Med J (Engl). (2022) 135:1474–85. doi: 10.1097/CM9.0000000000002010, PMID: 35261352


	 Chernov A, Kudryavtsev I, Komlev A, Alaverdian D, Tsapieva A, Galimova E, et al. Nerve growth factor, antimicrobial peptides and chemotherapy: glioblastoma combination therapy to improve their efficacy. Biomedicines. (2023) 11:3009. doi: 10.3390/biomedicines11113009, PMID: 38002009


	 Di Rosa C, Altomare A, Terrigno V, Carbone F, Tack J, Cicala M, et al. Constipation-predominant irritable bowel syndrome (IBS-C): effects of different nutritional patterns on intestinal dysbiosis and symptoms. Nutrients. (2023) 15:1647. doi: 10.3390/nu15071647, PMID: 37049488


	 Lin X, Liu Y, Ma L, Ma X, Shen L, Ma X, et al. Constipation induced gut microbiota dysbiosis exacerbates experimental autoimmune encephalomyelitis in C57BL/6 mice. J Transl Med. (2021) 19:317. doi: 10.1186/s12967-021-02995-z, PMID: 34301274


	 Eskandari E, Eaves CJ. Paradoxical roles of caspase-3 in regulating cell survival, proliferation, and tumorigenesis. J Cell Biol. (2022) 221:e202201159. doi: 10.1083/jcb.202201159, PMID: 35551578


	 Chandrasekharan B, Anitha M, Blatt R, Shahnavaz N, Kooby D, Staley C, et al. Colonic motor dysfunction in human diabetes is associated with enteric neuronal loss and increased oxidative stress. Neurogastroenterol Motil. (2011) 23:131–8:e26. doi: 10.1111/j.1365-2982.2010.01611.x, PMID: 20939847


	 Vasudevan SO, Behl B, Rathinam VA. Pyroptosis-induced inflammation and tissue damage. Semin Immunol. (2023) 69:101781. doi: 10.1016/j.smim.2023.101781, PMID: 37352727


	 Schwarzer R, Jiao H, Wachsmuth L, Tresch A, Pasparakis M. FADD and caspase-8 regulate gut homeostasis and inflammation by controlling MLKL- and GSDMD-mediated death of intestinal epithelial cells. Immunity. (2020) 52:978–993.e6. doi: 10.1016/j.immuni.2020.04.002, PMID: 32362323


	 Wang C, Yang T, Xiao J, Xu C, Alippe Y, Sun K, et al. NLRP3 inflammasome activation triggers gasdermin D-independent inflammation. Sci Immunol. (2021) 6:eabj3859. doi: 10.1126/sciimmunol.abj3859, PMID: 34678046


	 Martinez-Osorio V, Abdelwahab Y, Ros U. The many faces of MLKL, the executor of necroptosis. Int J Mol Sci. (2023) 24:10108. doi: 10.3390/ijms241210108, PMID: 37373257


	 Long X, Zhu N, Qiu J, Yu X, Ruan X, Wang X, et al. Necroptosis in inflammatory bowel disease: A potential effective target. Zhong Nan Da Xue Xue Bao Yi Xue Ban. (2022) 47:1289–98. doi: 10.11817/j.issn.1672-7347.2022.210501, PMID: 36411714


	 Li S, Ning LG, Lou XH, Xu GQ. Necroptosis in inflammatory bowel disease and other intestinal diseases. World J Clin Cases. (2018) 6:745–52. doi: 10.12998/wjcc.v6.i14.745, PMID: 30510938


	 Sundaram B, Karki R, Kanneganti TD. NLRC4 deficiency leads to enhanced phosphorylation of MLKL and necroptosis. Immunohorizons. (2022) 6:243–52. doi: 10.4049/immunohorizons.2100118, PMID: 35301258


	 Lin Z, Wang J, Luo H, Huang L, Pan Z, Yang S, et al. Changdiqing decoction (CDQD) ameliorates colitis via suppressing inflammatory macrophage activation and modulating gut microbiota. Phytomedicine. (2025) 143:156856. doi: 10.1016/j.phymed.2025.156856, PMID: 40412060


	 Gao H, He C, Hua R, Liang C, Wang B, Du Y, et al. Underlying beneficial effects of Rhubarb on constipation-induced inflammation, disorder of gut microbiome and metabolism. Front Pharmacol. (2022) 13:1048134. doi: 10.3389/fphar.2022.1048134, PMID: 36545319


	 Rosloniec EF, Latham K, Guedez YB. Paradoxical roles of IFN-gamma in models of Th1-mediated autoimmunity. Arthritis Res. (2002) 4:333–6. doi: 10.1186/ar432, PMID: 12453308


	 Wang H, Guo M, Wei H, Chen Y. Targeting p53 pathways: mechanisms, structures, and advances in therapy. Signal Transduct Target Ther. (2023) 8:92. doi: 10.1038/s41392-023-01347-1, PMID: 36859359


	 van Loo G, Bertrand MJM. Death by TNF: a road to inflammation. Nat Rev Immunol. (2023) 23:289–303. doi: 10.1038/s41577-022-00792-3, PMID: 36380021


	 Butturini E, Carcereri de Prati A, Mariotto S. Redox regulation of STAT1 and STAT3 signaling. Int J Mol Sci. (2020) 21:7034. doi: 10.3390/ijms21197034, PMID: 32987855







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 Chen, Lin, Huang, Lin, Wei, Zhang and Huang. 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.


OEBPS/Images/fimmu-16-1622619-g006.jpg
CD3+ & CD4+

CD3+ & CD8+  :
CD4+ & IFN-r+ ¢

CD4+ & IL-2+

w
a
S

CD4+ & IL-17A+

Comp-APC-A

3
10
2
10
1
10
0
10
2 3 4
10 10 10
Comp-APC-A
3
10
1
CD4+ & IFN-r+
10°
1
10
0
10
1 2 3 4
10 10 10 10

Comp-APC-Cy7-A

CD4+ & IL-2+
183 |

‘.; r?f‘-ff-f‘-—-1
‘CD4+ &IL-17A+

Comp-FITC-A

Comp-PE-Cy7-A

A

Comp-PE

Comp-APC-A

.' !
CD4+ &IFN-r+
032

4+ &IL-2+ .
40.2 )

1 2 3
10 10 10

Comp-APC-Cy7-A

10

SCD4+ &IL-17A+ -

Comp-APC-A

'CD4+ &IFN-r+
0.071

i

"

O SRR CDAY 8 IL-20 |

3

)
i
o
a
i
S
(&)

1 2 3
10 10 10

Comp-APC-Cy7-A

e

Comp-PE-A

Comp-APC

| -CD4+ &IFN-r+
’ 0.10

Comp-APC-Cy7-A

Comp-APC-Cy7-A

=
e
5

7-A

omp-PE-Cy

=)

10

=]

3
10
Comp-APC-A

. 1
.CD4+ &IFN-r+
012

Dé+ &IL-2+

2 3
10 10

Comp-APC-CyT7-A

10

spleen

sokokok

Fokokok

1

sokokk kokokk

ir—i

w
(3,

w
o

=

n
o

CD3+ & CD4+ Frequency(%)
- N
o o

spleen
kKK
1
EE L]
—_ 1
°\° dokkk kKKK
X259 i1
g —
o 20
=
& —
L 15 =
L =
& 104 —
a
o
3 5
+
(52
a
o

spleen

ns

ns

Hokok *

04 11

0.3

CD4+ & INF-r+ Frequency(%)

spleen

sokokk

1

Hokokok

sk dokokok

i1

o
o

40

w
o

n
o

-
o

0

CD4+ & IL-2+ Frequency(%)

spleen

Fokkk

ook

Fokokok *

w
o

n
o

-
o

o

CD4+ & IL-17A+ Frequency(%)





OEBPS/Images/fimmu-16-1622619-g001.jpg
H:0

H:O sacrifice.

Normal group (N)

week

0 1 2
Model group (M) L_operemde | WOy seriice
0

1 Lactobacilus 2

Hawthomn group (H) |_loperamide Supernatant_) _sacrice oo
0 1 2
ioti loperamide hawthorn sacrifice
Probiotic group (P) 0| L 2| wadc

Hawthom-probiotic postbiotic group (HP) |_operamide |  Postbiotc | sacrifice sk

C

0 1 2

NCM460 cell line
8000/well*6

kokkk

1
kkk
1
kkkok *
159 i1
S
> 10 =
8 o )
>
= 05
[
o

N MLPS H P HP

NCM460 cell

kkokk

1

kKK

1

*kkk

ok ok k I_I
1

D
o

30

N
o

Apoptosis Level(%)
=)

N M H
Annexin V-FITC/PI

P HP

NCM460 cell

Hokokk

ns

kKK *

relative mRNA expression

colon contents

culture medium

\\Y

N/

0
10

NCM460 cell

*k k%

% % %k %k
%k *kk

S [ e |
7]
(7]
s _

0
< ®©
Z
€8
E 005
Q
2
s
2 oo

N M H P HP
NCM460 cell
%k %k %k
%k kk
1
EXTT T Y
254 11

- N
n o

(casapse1)
=

0.5

relative mRNA expression

o
=)

HP

2
10

N

relative mRNA expression

10?
Annexin V-FITC

(caspase9)

2.0

-
[3,]

-
o

0.5

o
=)

10e 10u 102 104 10e 1o° 102 104 10e 10‘J 102 104 10e 100 102 1t'J4 1De
Annexin V-FITC Annexin V-FITC Annexin V-FITC Annexin V-FITC
M H P HP
NCM460 cell NCM460 cell
Fokokk NLRP3 . — ¥ 118kDa
procsomp | (D S S =SS s300a
I 1 I 1 .
Hokkk Kokkok ns N-GSDMD : . = "". 35kDa
i1 — L3 -
g 4 s,okkk Kk
= 3 h
o
X —~ 8 e -
[~ m s 3
=g cleaved-caspasel PR m[ ! F . S 5 22kDa
ke
o 1 B-actin ' e—" G— W we—— 12kDa
©
€ N M H P HP
N M H P HP N M H P HP
NCM460 cell NCM460 cell NCM460 cell
Fokok Fokokk
I 1 1
Fokkok Fokkok
2.0 * ok sk ok ‘E 15 * Kok ok ok — 4
© I 1 1 R [ 11 ] O~ Sk *ok
> > © > C
2c 24 S R L —
cg 15 c - £
= 2 D @ 1.0 [TY
- - 8 "6 =
2L, o3 EZ2
8 o 2 % [a]
(] ()
2% o5 2208 23,
5z 59 R
[} o = &’ e
® o0 e % 0.0 0
N M H P HP ~






OEBPS/Images/fimmu-16-1622619-g004.jpg
B
colon tissue
S
GS D M D "T’ 20 Kk Kk sk sk k
a 11
| .
S 15
()]
=
o 10
n
O
(.
© 5
S
©
20
<
NLRP3(118kDa)
B-actin(42kDa) D E
colon tissue colon tissue colon tissue colon tissue
GSDMD(53kDa) " x : *okokok
d, E 3 2 3 *
N-GSDMD(35kDa) = 5 | | | 5 _ 2.0 o rres 5 § 2.0 —ir— —
> — > C I II I > 7)) = 1.5 * *ok
caspasel(45kDa) = Q= K- .5 S —ir—
=3 sg's - :
O ® [ @ S _
cleaved-caspase1(22kDa) ey 3 ° g’ ol xg 10
=35 = < 1.0 oy g 1.0 < E
g4 S = > 8 €2 o5
S - I n 0.5 E y 0.5 g
. ©c < 1 c N =0 5
B-actin(42kDa) T 0] nd:a G>J %
~ © ) 0.0
® ® " 0o o 0.0 S M H B
N M HP S N W ow






OEBPS/Images/fimmu.2025.1622619_cover.jpg
& frontiers | Frontiers in Immunology

The postbiotic of hawthorn-probiotic
ameliorates constipation by multi-pathway
inhibition of PANoptosis in intestinal
epithelial cells





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1622619-g002.jpg
A YO-PRO-1 Pl MERGE B

Q3 2
10
101 103 105 10 10 10 105 107 10 10 10 10
YO-PRO-1 YO-PRO-1 YO-PRO-1
M N M H
8
4
H :
101 103 105 10
YO-PRO-1 YO-PRO-1 YO-PRO-1
P HP LPS
C D
NCM460 cell NCM460 cell
* kKK
1 *okkok
P 1
ILI *okokok
e o ° *okkk koo
Bl ! § ,| mirm
| - i

@1

8
10
%?,20

~
w
w
(4]
~

~

a
o

S

)

@ 40 ®

2 | 4

=1 — 32

3 _ ZN

£ 20 £

0 == o

» L 2

g_ 10 [ - =
HP 3 £

c O

% N MLPSH P HP





OEBPS/Images/fimmu-16-1622619-g007.jpg
A HP genes ‘ ng C

(GO:0043123~positive regulation of canonical NF-kappaB signal transduction { . P i . G0:0031625~ubiquitin protein ligase binding { @
:0005634~nucleus
GO:0006915~apoptotic process -'. G0:0003682~chromatin binding { @
G0:0045944~positive regulation of transcription by RNA polymerase 1T -. GO:0005829~cytosol _. GO:0000976~transcription cis-regulatory region binding @
G0:0050727~regulation of inflammatory response | @ “logig(pvalue) G0:0019901~protein kinase binding{ @
' - ) ] g ¥ i —logy(pvalue)
G0:0010628~positive regulation of gene expression . 1 G0:0032991~protein-containing complex | @ —logo(pvalue) G0:0019899~enzyme binding{ @ g lzp
GO:0043525~positive regulation of neuron apoptotic process{ @ GO:0005515~protein binding .
10 10
(G0:0006974~DNA damage response | . G0:0005739~mitochondrion .. 9 GO0:0061629~RNA polymerase II-specific DNA-binding transcription factor binding{ @ g
G0:0006954~inflammatory response { . 8 7 G0:0004197~cysteine—type endopeptidase activity{ @
6
G0:0042981~regulation of apoptotic process{ @ 6 GO:0005737~cytoplasm -'. 5 G0:0002039~pS53 binding @ )
G0:0071222~cellular response to lipopolysaccharide{ @ 3 GO:0019903~protein phosphatase binding q L ]
GO0:1902895~positive regulation of miRNA transcription{ @ count G0:0005667~transcription regulator complex { @ GO:0004672~protein kinase activity { [ ] count
GO:0045088~regulation of innate immune response { ] e 50 count G0:0002020~protease binding | [ ] P
GO:0032731~positive regulation of interleukin-1 beta production{ @ 075 GO:0000785~chromatin 1 @ LU G0:0004674~protein serine/threonine kinase activity { ° P
) 100 [ Bl ) -
G0:0070301~cellular response to hydrogen peroxide § ] . (GO:0042826~histone deacetylase binding q { ] . 30
; ? . J 30
GO0:0051726~regulation of cell cycle @ : 125 GO:0016605-EML: hody 118 . G0:0008353~RNA polymerase II CTD heptapeptide repeat kinase activity § ° . 40
150
G0:0042127~regulation of cell population proliferation 4 [ ] GO:0140296~general transcription initiation factor binding 4 °
GO00410 i i ° GO:1902554~serine/threonine protein kinase complex | [] o908 ; P— &
Size of each list i ~response to xenobiotic stimulus < : ~promoter—specific chromatin binding §
GO:0051402~neuron apoptotic process | ] G0:0001228~DNA-binding transcription activator activity, RNA polymerase II-specific q L ]
(G0:0034774~secretory granule lumen 4 L] ) ) ) o
G0:0010629~negative regulation of gene expression - [ ] G0:0000978~RNA polymerase II cis-regulatory region sequence-specific DNA binding @
S T T T T T T T T
6 06400 5e-05 le-04 0000 0005 0010 0015 0.020 0000 0002 0.004 0006
HP Panoptosis genes
v BP cc
Number of elements: specific (1) or shared by 2, 3, ... lists M F

8139

3 (43) 1 E

hsa04621:NOD-like receptor signaling pathway 4 .
hsa04210:Apoptosis 4 .
hsa05145:Toxoplasmosis{ @
hsa05132:Salmonella infection | @ o)
hsa04217:Necroptosis 4 ‘
hsa04657:IL~17 signaling pathway | @ 14
hsa05200:Pathways in cancer - . 12
hsa04668:TNF signaling pathway 4 @ 10
hsa05161:Hepatitis B @
hsa05168:Herpes simplex virus 1 infection{ @
hsa05162:Measles 4 & count
hsa05131:Shigellosis o ® 75
hsa05170:Human immunodeficiency virus 1 infection 4 @ ® 100
hsa05133:Pertussis - @ @ 125

hsa05163:Human cytomegalovirus infection 4

hsa05134:Legionellosis 4 o
hsa04215:Apoptosis — multiple species - °
hsa05418:Fluid shear stress and atherosclerosis - [ ]
hsa05167:Kaposi sarcoma—associated herpesvirus infection 4 @
0e+00 le208 2¢208 3e-08

Pathways

Biological process ellular component Molecular function





OEBPS/Images/fimmu-16-1622619-g005.jpg
HP

(<))
= (a8
& :
= | % T
= [ X
L) i
o) =
o X
* Z
<t ™ N - o
(Ldg2)
uoissaldxa YNYW aAlejal
O
)
@ [
g il
o *
s i
o
o
o (o] ({e] < N o
S
uoiIssaldxa IMIIN 10 (9%)ealy
m
o
L

-
"
-
=





OEBPS/Images/fimmu-16-1622619-g003.jpg
colon tissue
colon tissue colon tissue colon tissue —
g . . % % %k
‘w 10 [ 11 ] g 5 Fkk K,k E 1.5 50 'ﬁlﬂ.l
g .a_, I—II—I 3 *%k % %k %k %k c 28
caspase3 S 3 2 4 o ] S 3
(] E. Qo 0 30
™ X & 1.0 @ 25
3 © 3 2 o 5%
© © ° o N
73 m 2 < ® 20
o 4 - 2 - z 2
o 2 o 0.5 né s
= 2 =1 S S 10
< 3 5
3 0 <o < 0.0 o
< N M HP N M HP N M HP 0
N M H P HP
D E colon tissue colon tissue
caspase3 l‘ ‘ " 39kDa = o ?>, 15 -
Bcl-2 i $82% rr 3= —ir—1
i B 3 & 20 S5
'y _— . w o 1-0
cleaved-caspase3 22kDa 3 N 1.5 o Q
__ ,. S o 2
= ° © 1.0 2505
59 = m
- T C ~
. o o 05 ?,
Bel-2 % W 26kDa S > o
. X o4 0.0
' =, N M HP N M HP
-actin “-u 42kDa : .
B colon tissue colon tissue
caspase9 49kDa = . wE  we .
— —_ o N — Hokok *ok
M 8 $ i1
Bax cleaved-caspase9 B b 30KD2 224 2=,
£ % £ =
21kDa Qwn g ©
BAX ““. 583 5 ©
- O o2
i 2kD o ®2 o X
-actin 4 a Q ()
g P PSS p— 2 2=,
b = w
[} y 2 q, 1 2
§ r% N M HP [) % [)
Al X o, e
rz’ £ N M HP N M HP






OEBPS/Images/table1.jpg
Primer nam

H-GSDMD
H-caspasel
H-caspase3
H-caspase9
H-TNFR1
H-TNF-o
H-ZBP1
H-GAPDH
M-caspase3
M-GSDMD
M-ZBP1

M-GAPDH

Forward
5-CCAGAAGAAGACGGTCACCATCC-3'
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5-GGATGGCTCCTGGTTCATCC-3
5-GACCAGAGATTCGCAAACCAGAGG-3’
5-ACCACCTCAGACACTGCCTCAG-3'
5-TGGCGTGGAGCTGAGAGATAACC-3’
5-GCTCAACCAAGTCCTCTACCGAATG-3
5-GTGGACCTGACCTGCCGTCTAG-3’
5-GACTGGAAAGCCGAAACTCTTCATC-3’
5-AGTCCCACTGTCTGTCTCAATGC-3'
5-CAGCCATTCTTGCCTGTGGA-3"

5-AATGGTGAAGGTCGGTGTGA-3"

Reverse

5-ACAACACCAGGCACTCCAGGA-3
5-CCACATCACAGGAACAGGCATATTCT-3
5-TCTGTTGCCACCTTTCGGTT-3’
5-AAGAGCACCGACATCACCAAATCC -3’
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5-GACGGCGATGCGGCTGATG-3’
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