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Editorial on the Research Topic 


The role of inflammation in organ injury


Inflammation represents one of the most fundamental and evolutionarily conserved biological responses for host defense against pathogens and tissue injury (1). However, Inflammation can transition from a protective mechanism to a pathogenic one, contributing significantly to organ dysfunction and failure across diverse clinical contexts. This Research Topic was conceived to address the critical knowledge gaps in our understanding of how inflammatory processes contribute to organ dysfunction, with the dual aims of identifying novel therapeutic targets and advancing precision medicine approaches to inflammatory diseases.

The concept of systemic inflammatory response syndrome and its progression to a mechanism of multi-organ dysfunction has been extensively studied, yet the precise mechanisms by which local inflammatory responses propagate to cause distant organ failure remain incompletely understood. This Research Topic provides evidence for the interconnected nature of inflammatory responses across organ systems. Chang et al. show how co-infections in COVID-19 patients create a storm of inflammatory mediators, leading to coagulopathy and myocardial injury that significantly worsens patient outcomes. Their findings align with established concepts of cytokine storm syndrome but provide novel insights into how secondary infections can amplify the initial inflammatory insult (2). Similarly, Li et al. reveal the intricate relationship between metabolic dysfunction and inflammatory susceptibility in their study of obstructive jaundice, showing that cholestasis primes the inflammatory system for exaggerated responses to endotoxins. This work extends previous observations about the gut-liver axis and demonstrates how organ-specific dysfunction can systemically alter inflammatory responsiveness (3).

The respiratory system emerges as both a primary target and a driver of systemic inflammation in several studies within this Research Topic. The comprehensive analysis of sepsis-associated acute respiratory distress syndrome presented here builds upon decades of research into acute lung injury, providing updated perspectives on pathomechanisms and therapeutic approaches. The persistent challenges in managing SA-ARDS underscore the need for paradigm shifts in our approach to pulmonary inflammation, particularly given the heterogeneity of ARDS phenotypes and the limited success of traditional anti-inflammatory strategies (4). Suchankova et al. contribute a particularly valuable perspective by identifying CD44 as a reliable biomarker for pulmonary fibrosis progression, addressing a critical clinical need for early detection of fibrotic transformation. Their work connects cellular activation patterns with clinical outcomes, demonstrating how inflammatory cell activation leads to the uncontrolled extracellular matrix deposition characteristic of progressive fibrosis. This finding is particularly relevant given the growing recognition that many respiratory infections, including SARS-CoV-2, can result in long-term pulmonary complications (5).

The study by Wawryk-Gawda et al. on e-cigarette vapor exposure provides timely insights into emerging public health concerns, revealing that alternative smoking products can trigger robust inflammatory responses that may be distinct from those induced by traditional cigarette smoking. Their observation that inflammatory effects are largely reversible upon cessation, with the notable exception of certain cytokines that persist longer in traditional cigarette users, has important implications for public health policy and cessation strategies. This work contributes to our understanding of how different inflammatory triggers can produce overlapping yet distinct pathological signatures.

Cardiovascular inflammation represents another critical domain where this Research Topic makes significant contributions. Cao et al. employ sophisticated Mendelian randomization approaches to establish causal relationships between specific immune cell populations and heart failure risk, moving beyond simple associations to demonstrate true causal relationships. Their identification of 40 immunophenotypes with significant causal relationships to heart failure provides a roadmap for future therapeutic targeting and represents a significant advance in our understanding of immune-mediated cardiac dysfunction (6). The intersection of cardiovascular and immune systems is further explored by Kristoffersson et al., who reveal unexpected interactions between the renin-angiotensin system and complement activation. Their demonstration that renin can directly cleave C3 to generate bioactive complement fragments challenges traditional views of these systems as independent and suggests novel therapeutic opportunities at their interface.

The neuroinflammatory components of organ injury are addressed through multiple perspectives in this Research Topic. Tuz et al. examined hypercholesterolemia’s impact on post-stroke inflammation demonstrates how metabolic comorbidities can profoundly alter the brain’s inflammatory response to injury, leading to larger infarcts and worse outcomes. This work extends previous observations about the role of cholesterol in neuroinflammation and provides mechanistic insights into why patients with metabolic syndrome often experience worse stroke outcomes (7). Wu et al. provide a comprehensive analysis of diabetic neuropathic pain that delivers crucial insights into how chronic inflammatory states can lead to persistent neurological dysfunction, emphasizing the complex interplay between metabolic dysfunction, inflammatory mediators, and ion channel regulation in pain pathogenesis.

Renal inflammation represents a particularly well-characterized example of how inflammatory processes can lead to progressive organ dysfunction. Zhu et al. present groundbreaking work on HMGB1 lactylation and its role in driving the formation neutrophil extracellular traps in acute kidney injury, providing a mechanistic link between metabolic dysfunction and inflammatory organ damage. This work is particularly significant as it identifies lactate not merely as a metabolic byproduct but as an active participant in inflammatory signaling, challenging traditional views of metabolic-inflammatory interactions (8). The comprehensive review by Zhang et al. on IL-6 in diabetic kidney disease synthesizes extensive literature to demonstrate how this pleiotropic cytokine contributes to renal dysfunction through multiple pathways, including direct effects on glomerular and tubular cells, modulation of fibrotic responses, and regulation of metabolic pathways.

Several studies in this Research Topic identify novel inflammatory mediators and pathways that represent promising therapeutic targets. de Farias et al. provide an analysis of IL-17A in multisystem inflammatory syndrome in children that delivers crucial insights into pediatric inflammatory responses following SARS-CoV-2 exposure, demonstrating that this cytokine may be not only as mechanistic player but also a valuable prognostic marker. The finding that higher IL-17A levels are associated with increased mortality risk has immediate clinical implications and aligns with growing evidence for the role of Th17 responses in severe inflammatory syndromes (9). Chen et al. present innovative work on exosome-mediated siRNA delivery for intestinal ischemia-reperfusion injury, representing a convergence of mechanistic understanding with cutting-edge therapeutic approaches. Their use of milk-derived exosomes to deliver CCL7-targeting siRNA demonstrates how natural biological systems can be harnessed for precision therapeutic interventions.

The integration of computational approaches with traditional biological research is exemplified in Zhang et al.’s study of autoimmune-related genes in intracranial aneurysms, where machine learning algorithms identified ADIPOQ and IL21R as key diagnostic markers. This work demonstrates how artificial intelligence can enhance our ability to identify meaningful patterns in complex biological datasets and translate these findings into clinically useful tools (10). The application of multiple machine learning approaches provides confidence in the identified biomarkers while highlighting the potential for precision medicine approaches in inflammatory vascular diseases.

This Research Topic also addresses specialized inflammatory contexts that require particular attention. de Farias et al.’s study on MIS-C highlights how inflammatory responses can manifest differently across age groups, emphasizing the importance of age-specific research in inflammatory diseases. Pediatric inflammatory syndromes often present unique challenges due to developmental differences in immune function and the distinct pathogen exposure history of children compared to adults. Zhou et al.’s work on fungal keratitis and PPAR signaling demonstrates how tissue-specific factors can modulate inflammatory responses, with PPARs serving as master regulators of both inflammatory and metabolic processes in ocular tissues.

The therapeutic implications emerging from this body of work are substantial and multifaceted. The identification of specific inflammatory mediators such as IL-17A, IL-6, and CCL7 provides clear targets for precision anti-inflammatory therapies, moving beyond broad immunosuppression toward targeted interventions. Li et al.’s demonstration of combination therapeutic approaches, such as the synergistic effects of exercise preconditioning and resveratrol, suggests that optimal therapeutic outcomes may require multi-modal interventions that address different aspects of the inflammatory cascade. Novel drug delivery systems, particularly the exosome-based approaches demonstrated in this Research Topic, offer the potential for improved therapeutic specificity while reducing systemic side effects.

The biomarker discoveries presented throughout this Research Topic could enable more precise diagnosis and monitoring of inflammatory organ injury. The identification of CD44 in pulmonary fibrosis and IL-17A in MIS-C provides clinicians with tools for earlier detection and better risk stratification. These advances are particularly important given the often subtle early stages of inflammatory organ dysfunction and the critical importance of early intervention in preventing irreversible damage.

Looking forward, this Research Topic identifies several critical areas for future investigation. The dynamic interplay between metabolism and inflammation requires further mechanistic study, particularly as we recognize that many traditional metabolic pathways have previously unappreciated roles in inflammatory signaling. The development of personalized approaches to inflammatory disease management will require a deeper understanding of individual variations in the inflammatory responses, genetic susceptibility factors, and environmental modifiers. The integration of artificial intelligence and machine learning approaches with traditional biological research methods holds particular promise for identifying novel therapeutic targets and predicting treatment responses.

The work compiled in this Research Topic demonstrates that inflammation is far more than a simple response to injury – it is a complex, highly regulated process that can be both protective and destructive depending on the context, timing, and magnitude of the response. Understanding these nuances will be essential for developing the next generation of anti-inflammatory therapies and improving outcomes for patients with inflammatory organ injury.
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Introduction

Endotoxemia is a common issue for patients with biliary obstruction. The lung is the most affected organ by endotoxins. Exercise training can alleviate lipopolysaccharide (LPS)-induced lung inflammation and resveratrol has biological effects similar to exercise. In this study, we evaluated the protective effects of exercise preconditioning, resveratrol, and their combination on LPS-induced lung injury and mortality in rats with obstructive jaundice.





Methods

Endotoxemia was simulated in rats by common bile duct ligation (CBDL) and intraperitoneal injection of low-dose LPS. The treatment groups were pretreated with exercise and/or resveratrol to assess their effects on lung injury and mortality. Immunohistochemistry, immunofluorescence, and ELISA were subsequently used to evaluate the impact of exercise and/or resveratrol on inflammation in lung tissue and bronchoalveolar lavage fluid.





Results

We found that even in the early stages, compared to sham-LPS rats, low-dose LPS induced excessive systemic inflammatory responses in CBDL rats, as evidenced by a significant increase in TNF-α and IL-6, severe lung inflammation, lung injury, and higher mortality rates, indicating that cholestasis increased rats’ susceptibility to endotoxins. Exercise training reduced neutrophil infiltration in the lungs of model rats and IL-6 levels in bronchoalveolar lavage fluid. Both exercise training and resveratrol exhibited synergistic effects in reducing macrophage accumulation in lung tissues, lowering TNF-α  and IL-6 levels in the lungs, and decreasing TNF-α  concentration in bronchoalveolar lavage fluid. Additionally, exercise and combined interventions both significantly increased the expression of IL-10. The interventions induced a marked improvement in lung tissue pathological damage and lung edema in model rats and prolonged the survival time of rats with obstructive jaundice.





Discussion

This study demonstrates that exercise preconditioning and/or resveratrol can significantly reduce rats’ susceptibility to endotoxins after CBDL and alleviate lung injuries through their anti-inflammatory effects, thereby decreasing the mortality risk.
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1 Introduction

In clinical practice, endotoxemia is a common issue in patients with obstructive jaundice (1). It has been reported that during cholestasis, 50%-70% of patients can develop endotoxemia even in the absence of a clear source of infection (2). In such cases, the combination of various potentially cytotoxic bile components and the enhanced susceptibility of obstructive jaundice patients to endotoxins often lead to severe tissue and organ damage (2–4). The lungs are the most affected organs by endotoxins. Studies have shown that even low doses of lipopolysaccharide (LPS) can induce severe inflammatory reactions and lung damage in animals with obstructive jaundice (5, 6). This not only complicates the management of the underlying condition but also significantly reduces the survival rate of patients. Thus, investigating the molecular mechanisms underlying lung injury in patients with obstructive jaundice and endotoxemia, as well as exploring relevant preventive and therapeutic strategies, holds considerable clinical importance.

The combination of common bile duct ligation (CBDL) with low-dose LPS intraperitoneal injection simulates the clinical features of patients with biliary obstruction developing intestinal endotoxemia or other perioperative infections, making it a common method to induce the combined model of obstructive jaundice and endotoxemia in animals (7–10). In such models, cholestasis enhances the susceptibility to endotoxins, leading to excessive inflammatory reactions in animals (2, 11, 12). Under this condition, with the exacerbation of systemic inflammatory responses, the levels of circulating TNF-α and IL-6 increase, leading to the massive activation and accumulation of monocytes/macrophages and neutrophils in lung tissues, promoting the production of large amounts of reactive oxygen species, reactive nitrogen species, proinflammatory cytokines, proteases, etc., and, causing severe damage to lung tissues (5, 13, 14). Therefore, the use of anti-inflammatory therapeutic drugs, or the development of strategies to enhance the body’s resistance to endotoxins and inflammation before the disease triggers the aforementioned changes, are important intervention measures to alleviate lung damage.

Studies have demonstrated that long-term moderate and regular exercise training can significantly enhance the body’s anti-inflammatory capacity by regulating the immune system, and has demonstrated positive effects in the prevention and treatment of various lung diseases (15–17). In animals with non-obstructive jaundice, exercise training can alleviate chronic obstructive pulmonary disease, asthma, lung ischemia-reperfusion, and lung inflammation and damage induced by endotoxin and bacteria by altering the numbers of various immune cells (18–22). Additionally, exercise training can also exert a protective effect on lung injury by increasing anti-inflammatory cytokines (such as IL-10) and reducing the expression of pro-inflammatory factors (23, 24). A common feature of these disease models is that LPS is a significant cause of lung inflammation and damage. Considering that exercise training can alleviate LPS-induced lung inflammation, it can be reasonably speculated that exercise may also have a protective effect on endotoxemia in CBDL rats. Furthermore, the plant-derived polyphenolic compound resveratrol (RSV) has similar biological effects to exercise training and is often used as an exercise mimic (25, 26). Studies have shown that resveratrol and exercise training can activate the same signaling pathways, enhancing cellular energy metabolism and boosting immune function, thereby improving overall health (25–27). From an inflammatory perspective, RSV also exhibits significant anti-inflammatory properties. It can alleviate inflammatory responses by inhibiting the accumulation of inflammatory cells and suppressing the expression and release of pro-inflammatory cytokines, such as TNF-α and IL-6. Furthermore, studies on certain respiratory diseases have confirmed that RSV, similar to exercise training, can mitigate inflammatory damage to lung tissue through its anti-inflammatory effects. These findings suggest that their combined use may potentially enhance this anti-inflammatory effect and further reduce lung tissue damage.

Therefore, in this study, we established an animal model by administering LPS to CBDL rats and evaluated the protective effects of exercise preconditioning and/or RSV in this model, hoping to provide a theoretical basis for further clinical applications.




2 Materials and methods



2.1 Study animals

Healthy male SD rats (3 weeks old) were purchased from SPF (Beijing) Biotechnology Co., Ltd. (China), with License Number SCXK (Jing)2019-0010 and Experimental Use License Number SYXK (Jin)2022-0001. All animals were kept under a constant temperature (22-24°C) and maintained on a regular light-dark cycle. They were allowed ad libitum access to standard feed and tap water. All procedures in this study were conducted following the Laboratory Animal Care and Use Guidelines of Beijing Sport University, and were approved by the Ethics Committee of Beijing Sport University. Every effort was made to minimize the suffering of animals and the number of animals used.




2.2 Reagents

LPS (E. Coli 055:B5) and RSV were purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). The detection kits of total bilirubin (TBIL), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were obtained from Nanjing JianCheng Bioengineering Institute (Nanjing, China). The TNF-α and IL-6 ELISA kits were provided by AB Clonal Technology Co., Ltd (Wuhan, China). Recombinant Rat IL-6 (rrIL-6), BCA protein concentration assay kit (enhanced), and chemiluminescence reagents were from Beyotime Biotechnology Co., Ltd (Shanghai, China). Rabbit polyclonal antibodies against TNF-α and IL-6 were obtained from Proteintech Group, Inc (Wuhan, China), while the anti-IL-10 rabbit polyclonal antibody was from BEIJING BIOSYNTHESIS BIOTECHNOLOGY CO., LTD. (Beijing, China). CD68 mouse monoclonal antibody, Myeloperoxidase (MPO) rabbit monoclonal antibody, goat anti-mouse IgG H&L (Alexa Fluor 647), and goat anti-rabbit IgG H&L (FITC) were provided by Abcam. The goat anti-rabbit IgG (HRP) and immunohistochemistry kits were sourced from Zhongshan Golden-bridge (Beijing, China).




2.3 Experimental protocol

The animal model was established by performing CBDL and administration of LPS. To determine the optimal dosage of LPS and the experimental observation period, a sham group and a CBDL group were set up in the preliminary experiments according to the previous description (2, 28). At 80 h after surgery, based on the clinical manifestations and biochemical indicators of liver function, the sham group was administered with LPS at a dosage of 7.0 mg/kg through intraperitoneal injection, while LPS at dosages of 7.0 mg/kg, 5.0 mg/kg, and 3.0 mg/kg were respectively administered to CBDL rats. The survival status of each group was observed. The optimal dosage of LPS and the experimental observation period after LPS administration were determined as 3.0 mg/kg and 4 h, respectively.

Based on preliminary experiments, in the second part of the study, CBDL rats were given 3.0 mg/kg LPS, and the mortality after corresponding interventions was observed. Specifically, the sham+LPS group, CBDL+LPS group, and CBDL+LPS intervention group were set up. The interventions in each group were exercise training, RSV, or their combination. Briefly, all rats underwent 1 week of exercise acclimation. Subsequently, the rats underwent 4 weeks of moderate-intensity exercise training. At 12 h after the training intervention, CBDL was performed. An intraperitoneal injection of LPS was conducted at 80 h after CBDL. RVS was prepared as a suspension in 0.5% carboxymethyl cellulose sodium and administered by gavage after CBDL (50 mg/kg, once daily), with this dosage determined based on previous studies (29, 30). The remaining groups were given an equal volume of 0.5% carboxymethyl cellulose sodium by gavage (Figure 1).
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Figure 1 | Schematic flow chart and timeline of the study design.

In the third part of the study, rats were randomly divided into the sham+LPS, CBDL+LPS, and CBDL+LPS intervention groups. The intraperitoneal injection of LPS (3.0 mg/kg) was performed at 80 h after surgery. After 4 h, specimens were collected to assess lung injury. The interventions, as mentioned earlier, included exercise, RSV, or their combination.

Additionally, to clarify the specific role of IL-6 in lung injury, we set up the CBDL-LPS group and the IL-6 intervention group in CBDL-LPS rats in the fourth part of the study. The rrIL-6 (2 μg/kg) was administered via tail vein injection 30 minutes before the LPS injection. The dose and administration time of rrIL-6 were determined previous description (31). The control animals were given an equivalent volume of normal saline.




2.4 Surgery procedures for CBDL

Twelve hours after the final exercise preconditioning, rats (330 g - 370 g) were anesthetized with isoflurane inhalation. Under sterile conditions, a midline incision of about 1.5cm was made below the xiphoid process of the abdomen, exposing and freeing the common bile duct. The common bile duct was doubly ligated using a 4/0 silk suture, and after cutting the common bile duct between the two ligatures, the abdomen was closed layer by layer. Sham-operated rats had their common bile duct exposed but not ligated, while the rest of the procedures were the same as those for the animals receiving CBDL. After surgery, the rats were closely monitored for breathing, heart rate, and body temperature. Once fully awake, they were housed in separate cages. Throughout the wound recovery process, regular observations and disinfection were conducted to ensure there are no infections.




2.5 Exercise training program

The exercise training was conducted according to the previous description, with minor modifications (21, 32). Briefly, the treadmill was set at zero incline for all stages of training, and all rats underwent adaptive training for 1 week. After this period, only those rats that actively participated in the exercise, performed well during the sessions, and demonstrated good recovery post-exercise, thus showing good adaptability, were selected for the subsequent 4 weeks of moderate-intensity exercise training. The training program for the rats started at 9 PM each evening, as detailed in Table 1.

Table 1 | The continuous exercise training programs at different weeks.


[image: Training regimen table with four weeks of data. Each week shows daily durations increasing per day: First week (20-30 minutes, 12 m/min), Second week (32-42 minutes, 15 m/min), Third week (44-54 minutes, 18 m/min), Fourth week (56-60 minutes, 21 m/min). Speed in meters per minute is also noted.]



2.6 Blood and bronchoalveolar lavage fluid (BALF) collection

The rats were anesthetized and fixed on the experimental table. First, the blood was collected from the abdominal aorta through an incision in the abdomen. Then, the chest was opened at the midline of the sternum. After exposing the trachea, the right main bronchus was clamped. A catheter was inserted into the left main bronchus, and 2.5 mL of phosphate-buffered saline (PBS) was instilled into the bronchoalveolar cavity of the left lung, followed by the collection of BALF. Each animal’s left lung underwent lavage three times.




2.7 Lung wet/dry ratios

The lower lobe of the right lung was collected, and its wet weight was measured after absorbing the surface moisture with absorbent paper. Then, the lower lobe of the right lung was placed in a drying oven at 80°C for 24 h. After that, the dry weight was determined. Finally, the wet/dry weight ratio of lung tissue was calculated.




2.8 Biochemical analysis

Blood samples were centrifuged at 4°C and 3000 r/min for 15 min to separate the plasma. The levels of AST and ALT were detected using a fully automatic biochemical analyzer. The total bilirubin (T-BIL) levels were measured according to the kit instructions on a microplate reader.




2.9 Analysis of cells in BALF

The BALF samples were centrifuged at 4°C at 3000 r/min for 10 minutes. The supernatant was collected, and the precipitate was resuspended in PBS (1 mL). A portion of the cell suspension was instilled on a slide for the Wright-Giemsa staining. The samples were subsequently then observed under a high-power microscope at 400x magnification. Five independent and non-overlapping fields of view were selected to count neutrophils and macrophages.




2.10 Quantitative detection of pro-inflammatory cytokines

The levels of pro-inflammatory cytokines TNF-α and IL-6 in plasma and BALF were quantitatively detected using the corresponding ELISA kits following the manufacturer’s instructions. IL-10 was also detected in BALF using the same method. Additionally, lung tissue homogenate at a concentration of 10% was prepared. and centrifuged at 4°C, 3000 rpm for 10 min. The supernatant was used for the ELISA analysis of TNF-α, IL-6, and IL-10 levels. Protein quantification was performed utilizing the BCA (Bicinchoninic Acid) method.




2.11 Histopathological evaluation

The left lungs were collected from another six rats of each group, fixed with 4% paraformaldehyde, dehydrated routinely, embedded in paraffin, and sliced to a thickness of 5 μm. Hematoxylin and eosin (HE) staining was performed, and pathological changes were observed under a light microscope. The lung injury scores were assessed based on the previous description, with appropriate modifications. Briefly, several parameters were evaluated in the histological sections from five random fields: A) inflammatory cell infiltration; B) tissue edema; C) thickening of alveolar septa; D) destruction of alveolar structures; and E) erythrocyte extravasation. Each parameter was scored from 0 to 4, where 0 indicates no alterations and 4 indicates most severe alterations. The total histology score was calculated as the sum of the scores for all parameters.




2.12 Immunohistochemistry

The 4 μm lung tissue sections were subjected to routine deparaffinization, rehydration, and inactivation of endogenous peroxidase with 3% H2O2 at room temperature for 15 min, followed by antigen retrieval. After washing with PBS, the sections were blocked with goat serum for 30 min. Subsequently, primary antibodies including rabbit anti-IL-10, rabbit anti-TNF-α, and rabbit anti-IL-6 were added, and the sections were incubated overnight at 4°C. This was followed by the addition of secondary antibodies and a 1 h incubation at room temperature. Following color development using DAB reagent and counterstaining with hematoxylin, the sections were dehydrated, cleared, and examined under the microscope after cover slipping. The brown-yellow particles represented positive staining. The semi-quantitative analysis was conducted using ImageJ software.




2.13 Immunofluorescence

Lung tissue sections (4 μm) were dewaxed and rehydrated routinely, followed by antigen retrieval and PBS washing. The sections were then blocked with 5% bovine serum albumin for 20 min. Primary antibodies against CD68 (1:400) and MPO (1:200) were added separately and incubated overnight at 4°C. The next day, after a 60-min rewarming period, species-appropriate fluorescent secondary antibodies were added, and the sections were incubated at room temperature for 1 h. After incubating with the DAPI mounting medium, the sections were examined under a microscope and analyzed using ImageJ software. The results were expressed as fold changes compared to the Sham-LPS group.




2.14 Statistical analysis

Statistical analysis was performed using SPSS 23.0 software. Normally distributed data are presented as means ± SD. The t-test was used to compare two groups of normally distributed data. Differences among multiple groups were analyzed using one-way analysis of variance (ANOVA), and after confirming the homogeneity of variances, the least significant difference method (LSD) was used for pairwise comparisons. Kaplan-Meier method was utilized for analyzing survival time and survival rate, and statistical significance was assessed by the Log-Rank test. A P value less than 0.05 was considered statistically significant.





3 Results



3.1 Model establishment

On the first day after CBDL, the color of urine started to turn yellow. By day 3-4, jaundice was observed in the cornea, ear skin, and tail of the rats. The color of feces became lighter and clay-colored. These observations suggest the presence of cholestasis in rats after CBDL. Further analysis of blood biochemical indicators revealed a significant increase in ALT activity, AST activity, and TBIL content in the plasma of rats after CBDL (Figure 2A), indicating the successful replication of biliary obstruction.

[image: Panel A shows bar graphs comparing liver function markers: ALT, AST, and total bilirubin levels in Sham and CBDL groups, with significantly higher levels in CBDL (P<0.001). Panel B is a survival curve demonstrating different treatments' effects over 36 hours after LPS administration. Groups include Sham+LPS, CBDL+LPS, EXE+CBDL+LPS, RSV+CBDL+LPS, and EXE+RSV+CBDL+LPS. The graphs indicate varying survival rates, with statistical significance denoted.]
Figure 2 | Model establishment and survival rate. (A) Changes in liver function markers in rats after CBDL (n=6). Data were analyzed by t-test. (B) Effects of exercise and/or RSV on the mortality rates of each group of rats (n=12). Survival Analysis, Kaplan-Meier and Log-Rank Test. LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.

To simulate the clinical conditions commonly associated with endotoxemia and potential sepsis during disease progression, we administered intraperitoneal LPS injections to different groups of rats. Preliminary experimental results showed that within 6 h after receiving 7 mg/kg of LPS, all sham-operated rats survived, while CBDL rats had a mortality rate of 83.33% (n=6). The mortality rate of CBDL rats receiving 5 mg/kg LPS was 66.67% within 6 h (n=6). CBDL rats receiving 3 mg/kg of LPS had a mortality rate of 25% within 6 h (n=12). The death of rats occurred between 4 to 6 h after LPS administration.

Given the high mortality rate of CBDL rats after LPS administration, we administered a single dose of 3 mg/kg LPS intraperitoneally for 4 h in all subsequent experiments.




3.2 General condition and survival rate

CBDL animals have high sensitivity to low-dose endotoxin. Before the administration of LPS, CBDL rats showed good survival status (100% survival), with normal activity and stable respiration. After intraperitoneal injection of 3 mg/kg LPS, sham-operated rats survived well with no obvious signs of respiratory distress. In contrast, CBDL rats exhibited slow movement, shortness of breath, and lethargy after approximately 1.5 h. Following the interventions of exercise and/or RSV, the general condition of CBDL rats was improved.

Survival analysis (n=12) revealed that the mortality rates of model rats were 25% at 6 h post-LPS administration, 66.67% at 12 h, and as high as 75% at 18 h. However, after the corresponding interventions, the mortality rates of the group receiving exercise training alone were 8.33% at 6 h, 25% at 12 h, and 33.33% at 18 h, as shown in Figure 2B. This indicates that the survival rate of rats after exercise training was superior to that of model rats, and simple exercise training showed a good intervention effect comparable to the combination of RSV and exercise training.




3.3 Pathological changes in lung tissue and lung wet/dry weight ratio

Lung tissue is highly sensitive to LPS. To further confirm the increased susceptibility to LPS and the corresponding intervention effects after CBDL, we conducted a histopathological examination of lung tissue. HE staining analysis showed that low-dose LPS exposure could cause severe lung tissue damage in CBDL rats (Figure 3A). The main manifestations were narrowed alveolar cavities, evidently increased thickness of alveolar septa, and obvious infiltration of inflammatory cells in the lung interstitium. In comparison, the pathological changes in the intervention and sham groups were relatively mild. The alveolar structure of the sham group was intact, with clear alveolar activity and no obvious thickening of alveolar septa, but there was still evidence of inflammatory cell infiltration. In the intervention groups, the thickening of alveoli and damage to alveolar walls were reduced, inflammatory cell infiltration decreased, and red blood cell extravasation was improved. The improvement in lung injury scores is depicted in Figure 3B. Furthermore, the degree of chromatin margination in all intervention groups was reduced, compared to the CBDL-LPS group. In addition, the lung wet/dry weight ratio in the CBDL-LPS group significantly increased, indicating the occurrence of lung edema. Compared to the CBDL-LPS group, this ratio was significantly reduced in the intervention groups (Figure 3C), indicating an improvement in the degree of lung edema and damage.

[image: Microscopic images show lung tissue samples under different treatment conditions: Sham+LPS, CBDL+LPS, EXE+CBDL+LPS, RSV+CBDL+LPS, EXE+RSV+CBDL+LPS. Key features such as inflammatory cells and tissue morphology are highlighted. Bar charts indicate lung injury scores and W/D ratios, showing statistical significance with p-values.]
Figure 3 | Pathological changes in lung tissue and lung wet/dry weight ratio (n=6). Arrows indicate significant accumulation of inflammatory cells and pronounced inflammatory response. (A) Representative HE staining images showing the pathological changes in lung tissue of each group. (B) Lung injury scores in each group. (C) Wet/dry weight ratio of lung tissue in each group. Data analyzed by one-way ANOVA, LSD test for group. LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise; W/D, wet/dry.




3.4 Effect of exercise and/or RSV on inflammatory cell infiltration in lung tissues

Neutrophils and macrophages are important inflammatory cells in the lung tissue of rats after CBDL. MPO can serve as an indicator enzyme for neutrophils, but it is also present in mononuclear/macrophages. Our immunofluorescence results revealed that after LPS administration, there was a significant increase in MPO and CD68 expressions in the lung tissue of the model rats, indicating a significant infiltration of neutrophils and macrophages. Exercise preconditioning alone, although not significantly affecting CD68-positive cells, significantly reduced the increase in MPO single-positive cells. Moreover, exercise training also enhanced the attenuation effect of RSV on CD68-positive cells (Figure 4A).

[image: Panel A shows immunofluorescence images of lung tissues stained with CD68 (red), MPO (green), and DAPI (blue) for various treatments: Sham+LPS, CBDL+LPS, EXE+CBDL+LPS, RSV+CBDL+LPS, and EXE+RSV+CBDL+LPS. Panel B is a bar graph showing bronchoalveolar lavage fluid (BALF) neutrophil counts, with CBDL+LPS treatment having the highest count. Panel C is a bar graph of BALF macrophage counts, also showing the highest count under CBDL+LPS treatment. Both graphs include statistical significance markers.]
Figure 4 | Effects of exercise and/or RSV on neutrophils and macrophages (n=6). (A) Representative immunofluorescence images of MPO and CD68. (B) Neutrophil counts in BALF. (C) Macrophage counts in BALF. Inflammatory cells in BAL fluid were counted under a 400x high-power microscope after Wright-Giemsa staining. Data analyzed by one-way ANOVA, LSD test for group comparisons. MPO, Myeloperoxidase; LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.

To further validate the changes in inflammatory cell infiltration, we evaluated the number of neutrophils and macrophages in BALF. The results showed that compared to the sham-LPS group, the levels of neutrophils (Figure 4B) and macrophages (Figure 4C) in the BALF of CBDL-LPS rats were significantly increased (P<0.001). Compared to the CBDL-LPS group, the respective interventions all reduced the number of neutrophils in the BALF of CBDL rats, and RSV and exercise combined with RVS also decreased the number of macrophages.




3.5 Effects of exercise and/or RSV on inflammatory and anti-inflammatory cytokines

TNF-α and IL-6 are important inflammatory mediators in cholestatic lung injury. To further evaluate the excessive pulmonary inflammation induced by LPS in rats with obstructive jaundice, we observed changes in the expression of inflammatory cytokines TNF-α and IL-6 in lung tissue. Immunohistochemistry showed that compared to sham-LPS rats, the expression of TNF-α (Figure 5A) and IL-6 (Figure 5B) in the lung parenchyma of CBDL-LPS rats (especially in the pulmonary epithelial cells and their surrounding lung parenchyma) significantly increased, indicating a severe inflammatory response.

[image: Microscopic images and bar graphs illustrating inflammatory responses in lung tissue under various treatments labeled Sham+LPS, CBDL+LPS, EXE+CBDL+LPS, and more. Panels A and B show tissue stained for density analysis of TNF-alpha and other markers. Panels C to F present bar graphs of TNF-alpha and IL-6 levels in lung tissue and BALF, with statistical significance indicated.]
Figure 5 | The effect of exercise and/or RSV on inflammatory cytokines (n=6). (A) Representative immunohistochemical image of TNF-α. (B) Representative immunohistochemical image of IL-6. (C) TNF-α levels in lung tissues. (D) TNF-α levels in BALF. (E) IL-6 levels in lung tissues. (F) IL-6 levels in BALF. Levels of TNF-α and IL-6 in (C–F) were measured by ELISA. Data analyzed by one-way ANOVA, LSD test for group comparisons. LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.

To further quantify these two cytokines, we performed ELISA on lung tissues and BALF. The results demonstrated a significant increase in TNF-α (Figure 5C) and IL-6 levels (Figure 5E) in the lung tissues of CBDL-LPS rats. Exercise training alone did not significantly reduce the levels of TNF-α and IL-6 compared to CBDL-LPS rats. However, the combination of exercise training and RSV significantly enhanced the reduction of RSV on TNF-α and IL-6, manifesting as a significant reduction in the levels of TNF-α and IL-6 with the combined intervention compared to animals receiving any single treatment (P<0.05).

Similarly, ELISA results in BALF revealed a significant increase in TNF-α (Figure 5D) and IL-6 (Figure 5F) levels in CBDL-LPS rats, which were significantly attenuated after appropriate intervention, especially the increase in IL-6. Moreover, RSV, exercise, and their combination also attenuated the increase in TNF-α. More importantly, compared to animals receiving any single treatment, combined intervention synergistically reduced the increase in TNF-α.

The anti-inflammatory effect of exercise can be partially achieved by increasing IL-10 expression. Therefore, we further evaluated the expression of IL-10 by using immunohistochemistry and ELISA. Immunohistochemistry analysis revealed that IL-10 was mainly distributed in the bronchial epithelium. Compared to sham-LPS rats, there was a decreasing trend in IL-10 expression in CBDL-LPS rats, but without significant difference. After the respective interventions, there was a significant increase in IL-10 expression, and both exercise and combined interventions demonstrated better effects compared to RSV intervention alone (Figure 6A). Furthermore, immunohistochemistry also showed that exercise significantly increased IL-10 expression in bronchial epithelium, while RSV appeared to induce a more notable increase in IL-10 within lung parenchyma (Figure 6A).

[image: Histological images and bar graphs showing the effects of different treatments on lung tissues. Panel A shows stained bronchial epithelium and pulmonary parenchyma sections under various conditions: Sham+LPS, BDL+LPS, EXE+BDL+LPS, RSV+BDL+LPS, EXE+RSV+BDL+LPS. Panels B and C present bar graphs illustrating relative optic density and concentration of interleukin-10 (IL-10) in lung tissue and bronchoalveolar lavage fluid (BALF), respectively. Statistical significance is indicated by P values less than 0.05 or 0.01. Scale bars in images measure 100 micrometers.]
Figure 6 | Effects of exercise and/or RSV on anti-inflammatory cytokines (n=6). (A) Representative immunohistochemical staining images of IL-10 in lung bronchial epithelium and parenchyma. (B) IL-10 content in lung tissue. (C) IL-10 content in BALF. Levels of IL-10 in (B, C) were measured by ELISA. Data analyzed by one-way ANOVA, LSD test for group comparisons. LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.

Further, ELISA results revealed a significant increase in IL-10 content in lung tissue (Figure 6B) and BALF (Figure 6C) after the respective interventions. Both exercise intervention alone and combined intervention showed equally good intervention effects in lung tissue.




3.6 The effect of rrIL-6 on lung injury in CBDL-LPS model rats

IL-6 is a pleiotropic cytokine. To further confirm the role of IL-6 in CBDL-LPS-induced lung injury, we evaluated lung inflammation and injury in model rats after administration of rrIL-6. We observed that two out of seven model rats died within 4 h of rrIL-6 treatment (n=7). HE staining of lung tissues from the remaining rats indicated increased inflammatory response and lung injury (Figure 7A). Immunofluorescence staining for MPO and CD68 revealed a significant increase in MPO-positive staining (Figure 7B). Additionally, neutrophils in the BALF showed a marked increase (Figure 7C). Immunohistochemical analysis demonstrated that administration of rrIL-6 did not decrease TNF-α expression or increase IL-10 expression (Figure 7D). These results suggest that in the early stages of endotoxemia in biliary obstruction, IL-6 may promote inflammatory response and injury.

[image: Histological and immunofluorescence analysis comparing BDL+LPS and rrIL-6 treatments. Panel A shows lung tissue stained with H&E, indicating differences in inflammation. Panel B presents CD68, MPO, and DAPI staining with merged images and corresponding graphs showing the relative optic density, highlighting significant changes in MPO expression. Panel C features bar graphs of neutrophils and macrophages in BALF, showing a significant increase in neutrophils with rrIL-6. Panel D includes immunohistochemical staining for TNF-α and IL-10, with graphs indicating no significant differences in relative optic density between treatments.]
Figure 7 | Effects of rrIL-6 on lung injury in CBDL-LPS rats (n=5). (A) Representative HE staining images showing the histopathological changes in lung tissues. (B), Representative immunofluorescence images of MPO and CD68. (C) Neutrophil and Macrophage counts in BALF; The method is the same as above. (D) Representative immunohistochemical staining images showing the expression of TNF-α and IL-10 in lung tissue. Data were analyzed by t-test. MPO, Myeloperoxidase; LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.




3.7 Systemic inflammation

Cholestatic lung injury is accompanied by the systemic inflammatory response, where the increased circulating TNF-α and IL-6 after biliary obstruction are important factors for excessive inflammatory reaction in the lungs. Therefore, we evaluated the plasma concentrations of TNF-α and IL-6. Compared to the sham-LPS group, administration of LPS significantly increased plasma TNF-α (Figure 8A) and IL-6 (Figure 8B) levels in CBDL-LPS rats, while RSV alone or in combination with exercise significantly alleviated this change.

[image: Bar graphs labeled A and B display plasma TNF-alpha and IL-6 levels in nanograms per milliliter across different treatments: Sham+LPS, CBDL+LPS, Exe+CBDL+LPS, RVS+CBDL+LPS, and Exe+RVS+CBDL+LPS. Graph A shows significant differences with P values less than 0.001 and 0.05, while Graph B shows P values less than 0.001 and 0.01.]
Figure 8 | Effects of exercise and/or RSV on plasma TNF-α and IL-6 (n=6). (A) Plasma levels of TNF-α. (B) Plasma levels of IL-6. Levels of TNF-α and IL-6 in plasma were measured by ELISA. Data analyzed by one-way ANOVA, LSD test for group comparisons. LPS, Lipopolysaccharide; CBDL, common bile duct ligation; Sham, Sham operation; RVS, resveratrol; EXE, exercise.





4 Discussion

In this study, the CBDL-LPS rat model was considered successful based on the clinical manifestations of jaundice in rats, changes in ALT, AST, and blood bilirubin levels, as well as the high mortality rate and severe lung damage in CBDL rats after low-dose LPS administration. Administering LPS in the early stages of CBDL could more closely simulate the occurrence of endotoxemia after acute biliary obstruction. Similar to humans with obstructive jaundice, rats that develop jaundice after CBDL become highly sensitive to LPS and the resulting lung injury, increasing the lethal effects of LPS on the rats. At present, effective treatments for cholestasis-related lung injury are lacking in clinical practice. However, in this study, we further discovered that exercise preconditioning and/or RSV could significantly reduce the susceptibility of rats after CBDL to endotoxins through their anti-inflammatory effects, as evidenced by a reduction in excessive inflammatory responses, improvement in lung tissue pathological changes and edema, and extension of the survival time of the model animals. Additionally, the combined use of exercise and RSV demonstrated synergistic effects. These findings clearly provide valuable insights and novel strategies for the understanding and prevention of cholestasis-related lung injury in future clinical applications.

Excessive inflammatory response is the main pathological change in cholestatic animals after LPS attack, and it is also a major mechanism leading to lung injury during cholestasis (5, 6). The histological results in this study also indicate that after LPS administration, the lungs of CBDL rats showed obvious inflammatory cell infiltration and inflammatory reactions, accompanied by severe lung damage. Neutrophils and macrophages are the main immune cells in the inflammatory response in the lungs of CBDL rats, and their accumulation and activation in the lungs can produce a large number of inflammatory cytokines, reactive oxygen species, and proteases, causing serious damage to lung tissue (33). In this study, we found that even with a short duration of cholestasis in rats (4 days), a low dose of LPS induced the recruitment of a large number of macrophages and neutrophils in lung tissue, showing susceptibility to endotoxins. Exercise preconditioning combined with RSV intervention significantly reduced the infiltration of these inflammatory cells in the lungs and lung damage induced by LPS. Moreover, exercise training not only reduced the accumulation of neutrophils but also enhanced the inhibitory effect of RSV on the accumulation of macrophages in lung tissue, demonstrating a synergistic anti-inflammatory effect.

In addition to the accumulation of inflammatory cells, the inflammatory response also involves the secretion of many pro-inflammatory and anti-inflammatory factors. Among them, TNF-α, IL-6, and IL-10 play important roles in inflammatory responses of the lungs after cholestasis (5, 34, 35). TNF-α is a proximal inflammatory cytokine that initiates and maintains the inflammatory cascade. Besides directly damaging lung tissue, it can also aggravate the inflammatory cell accumulation and inflammatory responses by inducing the secretion of other inflammatory and chemotactic factors, ultimately leading to excessive inflammatory responses in the lungs and further tissue damage. IL-6 is a pleiotropic cytokine that acts downstream of TNF-α in the inflammatory cascade and can be induced by TNF-α. Like TNF-α, it can exacerbate the inflammatory cascade and the degree of tissue and organ damage, as well as increase mortality. In some cases, IL-6 is also considered to have anti-inflammatory effects (36), which are often closely related to stimulating the expression of IL-10 and inhibiting the production of TNF-α (37). IL-10 is an important anti-inflammatory cytokine in the inflammatory cascade and is also a crucial target for exercise to exert its anti-inflammatory effects (23).

In this study, the levels of TNF-α and IL-6 in the lung tissue of the model rats increased simultaneously without showing opposite changes. This was accompanied by severe lung tissue damage. Based on these results, we believe that TNF-α and IL-6 may exert promoting effects on inflammatory reactions and inflammatory damage in CBDL model rats. Notably, the lack of IL-6 enhanced the susceptibility of mice with obstructive jaundice to endotoxins and led to more extensive lung inflammation (38), which seems to suggest that IL-6 may have a protective effect. However, we found that after administering rrIL-6 to the model animals, lung tissue damage in rats significantly worsened and the mortality rate increased significantly. Interestingly, there was no significant decrease in TNF-α expression. Consistent with our findings, one previous study has also shown that after intraperitoneal administration of endotoxin, IL-6+/+ mice with cholestasis exhibited a significant inflammatory response, and although mice lacking IL-6 had relatively milder lung inflammation, they had similar degrees of lung tissue pathological damage (38). IL-6 is an important factor in causing similar injuries. Therefore, based on our research and previous reports, we speculate that an increase in IL-6, similar to IL-6 deficiency, increases the susceptibility of animals with obstructive jaundice to endotoxins and leads to excessive lung inflammation and damage. This also implies that at this stage, corresponding interventions are unlikely to exert anti-inflammatory effects by promoting IL-6 expression. Consistent with our speculation, our results found that exercise intervention did not increase the production of lung IL-6. On the contrary, it reduced the content of IL-6 in BALF and enhanced the effect of RSV on the reduction of TNF-α and IL-6 in lung tissue, and TNF-α expression in BALF. Compared with rats receiving any single treatment alone, combined intervention synergistically reduced the increase of TNF-α and IL-6, exerting an anti-inflammatory effect. Similarly, recent studies in sepsis models induced by intraperitoneal LPS injection and acute respiratory distress syndrome models have demonstrated that pre-exercise training can exert its protective effect by reducing the release of pro-inflammatory factors such as TNF-α and IL-6 (19, 23). However, a previous study on exercise in a lung injury model induced by intratracheal LPS instillation found that exercise could induce the expression of IL-6 in lung tissue and exert anti-inflammatory effects (39). Therefore, we believe that the protective effect of exercise through IL-6 is likely to depend on different disease backgrounds. Although there are differences in the understanding of IL-6 in different studies, both ours and previous studies consistently indicate that exercise can alleviate the inflammation and lung tissue damage induced by LPS.

In the inhibition of the inflammation cascade reaction in the lungs of CBDL-LPS model rats, another important finding of this study is that exercise and RSV also affected the expression of the anti-inflammatory cytokine IL-10. We found that IL-10 was mainly distributed in bronchial epithelial cells. After intraperitoneal injection of the same dose of LPS, cholestatic rats showed a decreasing trend in IL-10 expression compared to sham rats, although this trend did not have statistical significance. Previous studies have shown that in the early stages of the inflammatory cascade reaction, there is usually a competitive expression of IL-10 and pro-inflammatory cytokines, which determines the severity of inflammation, tissue damage, and mortality (40, 41). Therefore, we believe that the results of IL-10 in this study can still suggest that LPS and biliary obstruction may have a cumulative effect on the anti-inflammatory capacity of rat lungs. After the corresponding intervention, both exercise alone and in combination with RSV significantly increased the expression of IL-10, especially after exercise intervention, which better increased the expression of IL-10 in bronchial epithelial cells compared to RSV. IL-10 can reduce inflammatory reactions by inhibiting the release of inflammatory cytokines TNF-α and IL-6 (23). Based on these findings and the contrasting alterations observed in TNF-α, IL-6, and IL-10 in our study, it is plausible to suggest that the anti-inflammatory effects of both exercise and RSV interventions may be partly attributed to the upregulation of IL-10 expression.

The mechanism of inflammatory cell accumulation and activation in the lungs after cholestasis has not been fully elucidated at present. However, studies have shown that strong and persistent systemic overproduction of TNF-α and IL-6 is an important factor (13, 42). In rodent studies, excessive production of circulating TNF-α can induce the accumulation of macrophages and neutrophil infiltration in the pulmonary vasculature after CBDL (42, 43). Particularly, after endotoxemia, animals with obstructive jaundice often exhibit more intense systemic and pulmonary production of TNF-α and IL-6, as well as increased accumulation and activation of inflammatory cells (13, 43). Moreover, as their plasma concentrations increase, the degree of inflammatory cell accumulation and activation in lung tissue also increases (13, 14, 42). The drastic increase in circulating levels of TNF-α and IL-6 following LPS administration may partially explain why jaundiced animal lungs are more susceptible to LPS attack while corresponding antagonism can inhibit the accumulation of inflammatory cells in the lungs, alleviate excessive inflammatory reactions and lung damage, indicating an improvement in susceptibility. In this study, we found that RSV and its combination with exercise significantly reduced the overproduction of TNF-α and IL-6 in the rat plasma. This can partly explain the inhibitory effect of the corresponding intervention on the accumulation of pulmonary macrophages and massive infiltration of neutrophils in the model animal. This also implies that the corresponding intervention reduced the susceptibility of jaundiced animals to endotoxins. In addition, exercise training alone reduced the accumulation of neutrophils in lung tissue and exerted a synergistic anti-inflammatory effect with RSV in lung tissue without reducing the levels of circulating TNF-α and IL-6. On one hand, this might be related to their direct effects on the lungs. On the other hand, the infiltration of inflammatory cells involves many steps and influencing factors, and the effects of exercise on these need further analysis in the future. This is also a potential limitation of this study. Furthermore, exercise training failed to act synergistically with RSV to reduce the levels of circulating TNF-α and IL-6, suggesting that RSV intervention may independently reduce these inflammatory cytokines in circulation. Additionally, their combination cannot alleviate biliary obstruction, which may be another reason why they do not further reduce circulating TNF-α and IL-6 when used in combination. Given these intriguing results, we believe that further research is needed to clarify the beneficial roles of exercise and RSV in the specific clinical context of this disease, which will promote their future clinical applications.




5 Conclusion

In summary, we demonstrated that even in the early stage, obstructive jaundice increased the susceptibility of rats to LPS, making lung inflammation and injury more prominent in CBDL rats. Exercise and RSV could alleviate lung injury during endotoxemia in rats with obstructive jaundice and reduce the risk of mortality.
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Diabetic kidney disease (DKD) is a severe microvascular complication of diabetes associated with high mortality and disability rates. Inflammation has emerged as a key pathological mechanism in DKD, prompting interest in novel therapeutic approaches targeting inflammatory pathways. Interleukin-6 (IL-6), a well-established inflammatory cytokine known for mediating various inflammatory responses, has attracted great attention in the DKD field. Although multiple in vivo and in vitro studies highlight the potential of targeting IL-6 in DKD treatment, its exact roles in the disease remains unclear. This review presents the roles of IL-6 in the pathogenesis of DKD, including immunoinflammation, metabolism, hemodynamics, and ferroptosis. In addition, we summarize the current status of IL-6 inhibitors in DKD-related clinical trials and discuss the potential of targeting IL-6 for treating DKD in the clinic.
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1 Introduction

Diabetic kidney disease (DKD) is the leading cause of end-stage kidney disease (ESKD) worldwide and is the major contributor to diabetes mortality rate. Despite recent progress in the development of new drugs for DKD, the residual risk still remains (1). Identifying potential novel targets and therapeutic drugs for DKD is of great clinical significance. Numerous studies have highlighted inflammation as a crucial factor in the occurrence and progression of DKD (2, 3). DKD now is also acknowledged as an inflammatory disorder (4). Rayego-Mateos et al. propose prioritizing anti-inflammatory interventions in the management of DKD by 2030 (5).

Several important reviews highlight the critical role of inflammatory factors, especially interleukin-6 (IL-6), in the development of type 2 diabetes mellitus (T2DM) and its associated kidney diseases (2, 6). Research has demonstrated significantly elevated IL-6 levels in T2DM patients, which closely correlate with declining renal function (7). Several large cohort studies have confirmed the direct relationship between high circulating IL-6 levels and reduced kidney function in patients with chronic kidney disease (CKD) (8, 9). Compared to other cytokines such as interleukin-1 (IL-1) and tumor necrosis factor (TNF), anti-IL-6 therapy is more effective in improving serum lipoprotein levels in patients with rheumatoid arthritis (RA) (10). Additionally, IL-6 is more relevant to the 5-year all-cause and cardiovascular mortality risks in patients with CKD and ESKD than TNF and fibrosis markers (11). Among patients with ESKD, plasma IL-6 levels are more effective in predicting mortality risk than IL-1, interleukin-18 (IL-18), and TNF (12). Based on these findings, therapeutic strategies targeting IL-6 show significant potential in the management of DKD. For instance, studies using the IL-6 receptor blocker tocilizumab (TCZ) in mouse models have demonstrated its ability to ameliorate the pathological changes associated with DKD (13), further supporting the feasibility of targeting IL-6. The fact that TCZ has been successfully utilized in clinical settings for treating inflammatory diseases such as RA suggests that targeting IL-6 could represent a promising strategy for DKD. However, the exact physiological and pathological roles of IL-6 in DKD remain unresolved. In this article, we summarize the current understanding of IL-6 signaling in DKD to facilitate in-depth studies of potential therapeutic strategies for targeting IL-6 in the treatment of DKD in the future.




2 IL-6 and its signaling pathways

IL-6 plays a key role in multiple biological processes, including immune responses, vascular diseases, developmental processes, metabolic regulation. This pleiotropic activity has made it a focal point of research, particularly in inflammatory pathological states. When exploring the mechanisms of IL-6, it is important to understand its receptor system. The IL-6 receptor system includes both membrane-bound interleukin-6 receptor alpha chain (also known as mIL-6R) and soluble forms of IL-6Rα (also known as sIL-6R), with glycoprotein 130 (gp130, the IL-6Rβ subunit) playing a central role in signaling. IL-6Rα binds to IL-6, while gp130 is crucial for transmitting the signal inside the cell.

IL-6 actions are mediated by three distinct intracellular signaling pathways, as illustrated in Figure 1 (drawn by Figdraw). The first signaling pathway is the classical signaling pathway mediated through mIL-6R. IL-6 binds to mIL-6R and induces the homodimerization of the gp130 receptor chain, which recruits Janus kinases (JAKs) that activate each other and trigger the downstream signaling pathways, including the SHP-2/ERK MAPK pathway and the JAK/STAT pathway (14). This classical signaling pathway of IL-6 mainly occurs in a few types of cells, primarily found in immune cells (neutrophils, macrophages and CD4+ T cells) and resident cells (hepatocytes, pancreatic cells and podocytes) (15–17).

[image: Illustration depicting three types of IL-6 signaling: classical signaling, trans-signaling, and cluster signaling. Classical signaling involves IL-6 binding to IL-6R and gp130, leading to macrophage polarization and metabolic improvements. Trans-signaling showcases IL-6 interaction with soluble IL-6R and gp130, affecting immune response and kidney protection. Cluster signaling shows IL-6, IL-6R, and gp130 interaction between dendritic and T cells.]
Figure 1 | The signaling patterns of IL-6.

The second is the sIL-6R-mediated signaling system, known as IL-6 trans-signaling. sIL-6R is produced either by the proteolytic shedding of mIL-6R mediated by metalloenzymes such as a disintegrin and metalloprotease 10 (ADAM10) and a disintegrin and metalloprotease 17 (ADAM17), or by the selective splicing of IL-6R mRNA (18). sIL-6R binds to IL-6 to form a complex, which further activates gp130 and transmits the signal. gp130 is a signal transducer shared by all IL-6 family members, and theoretically, the IL-6/sIL-6R complex is capable of activating all cells in the body because of the widespread expression of gp130. However, this trans-signaling is highly regulated by naturally occurring soluble gp130 (sgp130), which binds to the IL-6/sIL-6R complex with high affinity and specifically blocks the IL-6 trans-signaling pathway, thus constituting a physiological buffer for the IL-6 trans-pathway (19).

In cells lacking mIL-6R, the trans-signaling pathway of IL-6 is their only signal transduction pathway. However, in cells expressing mIL-6R, the situation becomes more complex. Typically, these cells undergo parallel activation of both the classical and trans-signaling pathways. sIL-6R can competitively bind to IL-6 with mIL-6R, and the ratio of cell surface IL-6Rα/gp130 expression determines the strength of trans-signaling versus classical signal transduction (20). Moreover, when the molar concentration of sIL-6R exceeds that of IL-6, sgp130 can inhibit classical signal transduction (21).

The third pathway is cluster signaling pathway, primarily occurring between dendritic cells (DCs) and T cells in experimental mice (22). IL-6 binds to IL-6Rα on the surface of DCs, forming a complex that subsequently interacts with gp130 on the T cell membrane. This interaction induces gp130 dimerization, activating IL-6 signaling and initiating the Th17 response. However, its role in humans remains unconfirmed.

In summary, the IL-6 signaling system transmits information between cells through different receptor forms and regulatory mechanisms, thereby influencing disease progression. In recent years, researchers have also explored the pleiotropic roles of IL-6 at molecular genetic level. For instance, an IL-6 meta-analysis of genome-wide association studies (GWAS) identifies potential IL-6-modulating genes, including the interleukin-1 receptor antagonist gene (IL1RN), human leukocyte antigen (HLA), and IL-6R, which have roles in immunity and inflammation (23). Another genetic study links the IL6 single nucleotide polymorphism (SNP), inflammation and its association with ESKD (24). Future research on these novel aspects of IL-6 at the genetic level may help broaden the understanding of new potential signaling pathways, thereby elucidating the complex physiological functions of IL-6. In this context, the exploration of the relationship between IL-6 and DKD is of particular importance, as IL-6 plays a pivotal role in diabetes-related inflammatory responses and may significantly affect kidney structure and function.




3 The relationship between IL-6 and DKD

First, genetic studies focusing on immune responses, as well as systematic reviews and meta-analyses of GWAS, have revealed that IL-6 gene variants are associated with an increased risk of DKD (25–27). Second, IL-6 is associated with kidney injury in DKD. IL-6 expression is significantly upregulated in the kidneys of rat models with DKD (28, 29), and their kidney weight and proteinuria levels are correlated with renal IL-6 levels (28). Several human studies have indicated a marked increase in serum IL-6 levels among individuals with DKD (30–32). Furthermore, there exists a direct correlation between high glycated hemoglobin A1c (HbA1c) levels (33) and early glomerular structural abnormalities (31) in patients with T2DM in relation to serum IL-6 levels. Moreover, circulating IL-6 levels in patients with DKD are elevated compared to those in diabetic individuals without kidney disease (30, 32). IL-6 expression is found to be increased in the kidneys of patients with CKD or DKD (34, 35), particularly in areas of mesangial expansion, tubular infiltration and atrophy (35). Additionally, infiltrating immune cells in the damaged kidneys, including macrophages, T cells, and basophils, exhibit elevated levels of IL-6 expression (36–38), which further drives the progression of the inflammatory response.

More importantly, IL-6 emerges as a promising biomarker for predicting the progression of DKD. Clinical studies have shown that plasma IL-6 is an independent predictor of mortality in patients with advanced CKD (39), and plasma IL-6 levels in CKD patients increase with the CKD stage. Elevated plasma IL-6 levels in patients with T2DM are associated with deterioration in kidney function, independent of baseline kidney function or proteinuria (7). Several large cohort studies have confirmed a direct correlation between IL-6 levels and kidney function, with high IL-6 levels significantly associated with decreased kidney function in individuals with or without CKD (8, 9).

The abnormal expression of IL-6 in animal models and human studies of T2DM and DKD reveals its close relationship with these diseases, highlighting the necessity of focusing on the key roles of the inflammatory cytokine IL-6. Therefore, the potential mechanisms by which IL-6 affects DKD are worthy of further investigation.




4 Potential mechanisms of IL-6 Involvement in the regulation of DKD

The regulatory mechanisms of IL-6 in DKD are complex. Here, we explore the effects of IL-6 in relation to immunoinflammation, kidney cell function, glucolipid metabolism, renin-angiotensin-aldosterone system (RAAS) activation, and iron homeostasis, aiming to comprehensively elucidate the central role of IL-6 in the development of DKD.



4.1 Inflammatory immune cells: IL-6 regulates the initial and resolution phases of inflammation

From a pathological perspective, inflammation in DKD begins with an immune response initiated by the immune system, which is essential for the clearance of infectious factors. Once the threat signals have been eliminated, it is vital to restrain this response to prevent excessive tissue damage and reduce chronic inflammation (40). CD45+ immune cells play an important role in this process, so it is crucial to study the regulatory mechanisms of IL-6 on renal CD45+ immune cells.

In normal kidneys, a small number of CD45+ immune cells are detected; however, in the kidneys of DKD patients, these cells increase in the early stages (41) and may decrease in the late stages, leading to a dampened immune response and exacerbated tissue damage (42). The types of infiltrating immune cells vary across different renal regions: in diabetic glomeruli, macrophages predominate (43), whereas in crescentic glomerulonephritis (CGN), monocytes are prevalent within the glomeruli, and T cells are primarily found in the surrounding areas (41, 44). Monocytes (especially macrophages) and T cells play pivotal roles in renal injury and fibrosis (41, 44–46). These infiltrating immune cells, along with kidney cells, release various cytokines, including IL-6, which regulates immune cell activation and proliferation, modulates local inflammation, and participates in tissue repair.

Key events in the transition to the resolution phase include the apoptosis and clearance of infiltrating neutrophils, the activation of anti-inflammatory M2-type macrophages, and the differentiation of regulatory T cells (Tregs) (40). Interestingly, IL-6 plays an important role in both the initiation and resolution phases of inflammation. In the initiation of inflammation, neutrophils are the first to accumulate in tissues, followed by the release of sIL-6R, which initiates trans-signaling in the intrinsic renal cells, promoting the expression of inflammatory chemokines and intercellular adhesion molecules (47). IL-6 transactivation plays an important role in the regulation of neutrophil transport and clearance (48), driving the transition of neutrophil recruitment to monocyte recruitment, and inducing the shift from innate immunity to adaptive immunity (49).

Enhanced renal macrophage infiltration is evident throughout all stages of DKD. Macrophages exhibit two activation phenotypes: pro-inflammatory M1 and the anti-inflammatory M2. It has been demonstrated that M1 and M2 macrophages primarily infiltrate the glomeruli and interstitium of diabetic kidneys (41). In the early stages of DKD, M1-type macrophages are first recruited and then proliferate in the kidneys (50). Subsequently, IL-6 activates the IL-6Rα on the surface of M1 macrophages, inhibiting M1 proliferation while promoting the polarization of M2 macrophages. This process alleviates renal inflammation and facilitates tissue repair (51). The classical IL-6 signaling pathway may a potential therapeutic strategy to improve DKD, as its activation enhances the repair of inflammatory renal injuries (51, 52). However, in the late stages of DKD, M2 macrophages may transform into fibroblasts, contributing to fibrosis in chronic kidney disease, including DKD (53, 54). Thus, a deeper investigation into the phenotypic changes of macrophages and their roles at various stages of DKD is essential for optimizing treatment strategies.

DCs are essential antigen-presenting cells in the adaptive immune response, with IL-6 playing multiple roles in their regulation. IL-6 inhibits DC development (55) and maintains them in an immature state (56), thereby limiting their capacity for antigen presentation and T cell activation. However, under certain conditions, IL-6 can promote DC maturation and further enhance T cell responses (57). Additionally, IL-6 secreted by DCs induces the production of Th17 cells, promoting adaptive immune responses (58, 59).

T cells play a crucial role in the progression of DKD, particularly CD4+ T helper cells (Th). Effector CD4+ T helper cells can be classified into four primary subsets: Th1, Th2, Th17, and Treg. Studies have shown that the decreased Treg/Th17 ratio is an essential facilitator of worsening kidney function in diabetic patients (60, 61). IL-6 plays a significant role in regulating the Th17/Treg balance. Early studies suggest that IL-6 induces pathogenic Th17 responses in synergy with TGF-β while also suppressing Treg differentiation, ultimately resulting in tissue inflammation and damage (62). However, recent research indicates the duality of IL-6 action in vivo. The expression of mIL-6R is predominantly found in peripheral naive CD4+ or central memory T cells, whereas at inflammatory sites, IL-6 trans-signaling becomes essential for activated and memory T cells due to the downregulation of mIL-6R expression (63). At the initiation stage of inflammation, activation of the classical IL-6 pathway in naive CD4+ T cells leads to the development and functional maintenance of Th17 cells (64). At inflammatory sites, T cells rely on IL-6 trans-signaling to facilitate Th17 differentiation and recruitment (63, 65, 66) while simultaneously inhibiting apoptosis, which leads to persistent infiltration (67, 68). In the resolution phase of inflammation, the classical activation of IL-6 promotes Treg differentiation and their trafficking to the kidneys, aiding the repair of damaged kidneys (69). Several studies have emphasized that interference with the classic IL-6 pathway reduces M2 macrophages and enhances Th17 responses, worsening renal injury (51, 52). Further research has indicated that M2 macrophages regulate adaptive immune responses through various mechanisms, including promoting Treg differentiation, enhancing their ability to suppress Th17 cells, and facilitating the migration of Tregs to sites of renal inflammation (70–72), which indirectly inhibits Th17 cell activity. Based on these findings, selective interference with the IL-6 trans-signaling may exert better therapeutic effects on chronic inflammatory injury, but effects on initial immune responses must be carefully considered.

Global inhibition of IL-6 signaling enhances pro-inflammatory Th1 and Th17 responses in mouse kidneys, exacerbating tissue and functional damage (51). This is consistent with the dual mechanisms of IL-6, indicating that IL-6 may have a protective role under certain circumstances. In CGN models, elevated circulating sIL-6R levels are closely associated with the aggravation of renal injury (52). During advanced disease, inhibitors of the IL-6 pathway, especially those targeting IL-6 trans-signaling, significantly inhibit the recruitment of M2 macrophages, CD4+ T cells in mouse kidneys (73, 74), thereby alleviating renal fibrosis. These studies confirm the effectiveness of selective inhibition of IL-6 trans-signaling in controlling kidney inflammation.

IL-6 plays a complex and multifaceted role in the inflammatory process of DKD, participating in both the initiation and resolution of inflammation. In these processes, IL-6 exerts both pro-inflammatory and anti-inflammatory effects, with its specific actions related to the signaling patterns involved. Further studies should be conducted to elucidate the specific mechanisms of IL-6 in various types of cells and stages to develop more precise and effective therapeutic strategies. Moreover, attention should also be paid to the potential impacts of the dual roles of IL-6 for effective inflammation control.




4.2 Effects of IL-6 on renal cells: good or bad?

The kidney consists of renal parenchyma and interstitium, with the renal parenchyma serving as the primary functional component, encompassing the glomeruli, renal tubules, and renal vasculature. The expression levels of IL-6R mRNA and protein in the renal parenchyma are very low, thus impeding the transduction of IL-6 classical signaling in the kidneys (75). However, podocytes have been demonstrated to express membrane-bound IL-6R, allowing for the transduction of both classical and trans-signaling pathways of IL-6, while other renal cells predominantly transduce IL-6 trans-signaling (76). The analysis of differences in the effects of IL-6 signaling pathways among key kidney cell types, including podocytes, renal endothelial cells (RECs), mesangial cells (MCs), renal tubular epithelial cells (RTECs), and renal fibroblasts, will enhance the understanding of the “good or bad” effects of IL-6 on these cells, thereby uncovering the intrinsic relationship between IL-6 and DKD. The IL-6 signaling pathway in various kidney cells is depicted in Figure 2.
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Figure 2 | The IL-6 signaling pathway in kidney cells. The pink boxes in the panel denote the damaging effects, whereas the blue-green boxes represent the protective effects. HG, high glucose; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; TNFR1, tumor necrosis factor receptor 1; CXCL5, C-X-C motif chemokine ligand 5; GLP-1R,glucagon-like peptide-1 receptor; miR-34, microRNA-34; AngII, angiotensin II; MCP-1, monocyte chemoattractant protein-1; DNMT1, DNA methyltransferase 1; FOXO3a, forkhead box O 3a; HO-1, heme oxygenase-1; Ref-1, redox effector factor 1; VE-cadherin,vascular endothelial-cadherin; MLC, myosin light chain; COL IV, collagen type IV.



4.2.1 Podocytes and RECs

Podocytes and RECs are essential components of the glomerular filtration barrier. IL-6 plays a significant role in regulating the structure and function of both podocytes and RECs. As shown in Table 1, under diabetic conditions, high glucose induced podocytes to secrete IL-6, which activated the IL-6/gp130/PGC-1α and IL-6/gp130/JAK2/STAT3 signaling pathways, potentially leading to podocyte apoptosis (77), hypertrophy (78), and cytoskeletal disruption (79). Baseline IL-6 may exert a protective effect on podocytes, as IL-6-deficient mice develop acute kidney injury (AKI) with podocyte dysfunction (80). Under certain conditions, IL-6 secreted by podocytes promoted the expression of suppressor of cytokine signaling 3 (SOCS3) in RECs, thereby inhibiting IL-6 signaling and reducing neutrophil recruitment (81). However, these effects were not observed in co-cultures with human umbilical vein endothelial cells. This indicates the tissue-specific actions of IL-6. As the only renal cells expressing IL-6R, podocytes are studied to explore their specific signaling patterns. It has been shown that both classical and trans-signaling pathways of IL-6 are harmful to podocytes under high glucose conditions (76). More studies are needed to further elucidate the underlying mechanisms involved.

Table 1 | Effects of IL-6 on kidney cells.
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In addition, high glucose stimulates the secretion of IL-6 by RECs (82), inducing an inflammatory phenotype in RECs with increased levels of oxidative stress and fibrosis markers (83). Long-time exposure to IL-6 results in the loss of typical markers of RECs, contributing to renal fibrosis (84). In immunoglobulin A nephropathy, IL-6 suppressed the expression of vascular endothelial cadherin through trans-signaling pathway, causing increased permeability of RECs (85).




4.2.2 MCs

The persistent activation of the IL-6 pathway in MCs is an important mechanism of the early glomerulopathy in DKD. As an autocrine signal, IL-6 induces the expression of chemokines such as monocyte chemoattractant protein-1 (MCP-1) in MCs and influences immune cells through paracrine effects, thereby exacerbating immune-inflammatory damage in the glomeruli (86). Furthermore, studies have shown that the activation of Axl receptor tyrosine kinase (Axl) is closely associated with early glomerular hypertrophy in DKD (87), with the IL6/STAT3/miRNA-34a pathway playing a significant role in this process (88). In a hyperglycemic environment, the elevation of IL-6 in MCs led to cell apoptosis (89) and promoted cell proliferation, inflammation and fibrotic changes through the IL-6/JAK2/STAT3 pathway, thereby hastening the progression of DKD (90).

IL-6 trans-signaling plays an important role in regulating the inflammatory response of MCs. Its activation markedly induced MCP-1 synthesis in MCs, leading to glomerular inflammation (91). However, IL-6 may exhibit tissue-specific anti-inflammatory and pro-inflammatory effects under different conditions. For example, in RTECs, IL-6 induced increased expression of extracellular matrix (ECM) proteins, whereas it inhibited ECM protein expression in MCs (92). The pro-inflammatory fibrotic effect observed in RTECs cannot be simply defined as detrimental, as initial fibrosis can promote wound healing. More studies are needed to clarify the physiological significance of the differential effects of the IL-6 trans-signaling pathway in various tissues of the same organ.




4.2.3 RTECs and renal fibroblasts

Activation of renal fibroblasts and phenotypic conversion of RTECs are key factors in tubulointerstitial fibrosis (TIF). The activation of the IL-6 trans-pathway is closely associated with TIF. High glucose activated the IL-6/JAK2/STAT3 signaling pathway in RTECs, leading to inflammatory damage and cell apoptosis (93). Increased IL-6 induced epithelial-mesenchymal transition of RTECs (94) through the downstream STAT3 and DNMT1/FOXO3a/Wnt/β-catenin axis, promoting renal fibrotic lesions in AKI (95, 96). Furthermore, IL-6 released by RTECs promotes the proliferation of adjacent fibroblasts and the excessive production of fibrotic matrix (97, 98), accelerating renal fibrosis progression. Although IL-6 promotes renal injury in AKI (95, 99, 100), its trans-signaling also limits oxidative stress and promotes kidney repair (75), underscoring the dual role of IL-6 in tissue injury. This dual role may protect local tissues and organs from damage caused by acute inflammatory stimuli.

Animal studies further confirm the role of IL-6 in renal fibrosis and diabetic kidney injury. IL-6 knockdown markedly reduces renal fibrosis in type 1 diabetic mice (101). In type 2 diabetic nephropathy models, IL-6 neutralization inhibits nod-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome and downstream JAK2/STAT3 signaling, thereby alleviating oxidative stress and fibrotic injury (13, 90). Additionally, IL-6 elevates serum fibroblast growth factor 23 (FGF23) levels via sIL-6R (99), promoting the development of acute and chronic renal failure. In models of unilateral ureteral obstruction and ischemia reperfusion, specific blockade of IL-6 trans-signaling attenuates inflammation and fibrosis in renal tissues (74, 102). Consequently, the up-regulation of IL-6 trans-signal is closely associated with the progression of DKD.





4.3 Complexity of IL-6 regulation of glycolipid metabolism

Although IL-6 theoretically has the potential to regulate metabolism, adverse effects such as dyslipidemia have been observed with IL-6 inhibitors (e.g., TCZ) in clinical trials (103). This prompts us to revisit the complex roles of IL-6 in metabolic regulation. Therefore, we review the literature related to glycolipid metabolism, focusing on energy metabolism, T2DM models, and clinical trials, to explore the specific mechanisms by which IL-6 regulates glycolipid metabolism.



4.3.1 IL-6 regulates metabolism in a tissue-specific manner

IL-6 exhibits inconsistent effects among different peripheral target tissues of insulin, primarily including the liver, adipose tissue, and muscle, indicating the tissue-specific effects of IL-6 on metabolic regulation. The IL-6R on hepatocytes allows the intracellular classical signaling pathway that is essential for preventing metabolic changes and inflammation (104). Administration of IL-6-neutralizing antibodies to mice aggravates methionine-choline-deficient diet-induced hepatic steatosis (105), while hepatocyte-specific IL-6Rα deficiency leads to liver inflammation and reduced insulin sensitivity (106). In chronic liver disease, the downregulation of mIL-6R expression in hepatocytes favors the transduction of the IL-6 trans-signaling pathway, ultimately resulting in liver cirrhosis (107, 108). Increased plasma concentrations of IL-6 trans-signaling components show a clear correlation with HbA1c levels in patients with diabetes concomitant chronic liver disease (107). These studies suggest that the classical pathway mediated by hepatic IL-6R may maintain metabolic homeostasis in the early stages of the disease, but as the disease progresses, IL-6 trans-signaling predominates, leading to metabolic disturbances and inflammation.

IL-6 is strongly associated with lipid metabolic changes in both obese individuals and those with T2DM (109, 110), and adipose tissue is the primary source of IL-6 in vivo. Adipocytes predominantly transmit IL-6 trans-signaling (111), although there are also studies indicating the presence of IL-6R on adipocytes and suggesting its role in mediating liraglutide-induced hypoglycemic effects (112). Acute increases in IL-6 in adipose tissue have been shown to improve metabolism and blood glucose levels in obese mice (113), whereas prolonged elevations of IL-6 may contribute to increased lipolysis and leptin production, as well as insulin resistance (114). Moreover, IL-6/sIL-6R signaling pathways activated by high-fat diets have been found to exacerbate inflammation in adipose tissue of mice (115). Inhibition of IL-6 signaling in adipose tissue has been associated with reduced SOCS3 expression in hepatocytes and improved insulin sensitivity in mice. Selective inhibition of IL-6 in adipose tissue decreased SOCS3 expression in hepatocytes, thereby improving insulin sensitivity in mice (116). Thus, the chronic elevation of IL-6 in adipose tissue of obese patients is linked to metabolic deterioration.

Recent studies have indicated a connection between the classical IL-6 pathway and the metabolic benefits brought about by exercise. During exercise, IL-6, released by muscle tissue, stimulates the uptake and breakdown of glucose and fatty acids in muscle fibers through an osteocalcin-dependent mechanism by activating the IL-6 classical pathway in osteoblasts to optimize motor function (117). Moreover, IL-6 produced by muscles acts through IL-6R to support the retention and functional enhancement of Tregs in muscles, thereby improving muscle mass (118).

In addition to peripheral tissues (liver, adipose, and muscle), IL-6 is also involved in central metabolic regulation. Several studies have confirmed that central IL-6 activation can prevent high-fat-diet-induced obesity and insulin resistance in mice (119–121). Central IL-6 is closely related to body energy expenditure (120, 122). IL-6 trans-signaling plays a dominant role in its central effects. The trans-signaling of IL-6 in the paraventricular nucleus of the hypothalamus is essential for inhibiting feeding behavior and enhancing glucose homeostasis in mice (121).




4.3.2 IL-6 in models of T2DM

Patients with T2DM or DKD are usually accompanied by elevated circulating IL-6 levels. This chronic elevation of IL-6 similar to those observed in chronic inflammation, tends to disrupt the organismal metabolic homeostasis. TCZ treatment notably improved circulating glucagon, glucose and HbA1C levels in rhesus monkeys with spontaneous obesity or T2DM (123).

In contrast to chronic IL-6 actions, it is interesting to note that acute IL-6 infusions (at physiological concentrations) may improve the metabolism of patients with T2DM. In experimental designs, acute or intermittent IL-6 injections are often used to mimic the acute elevation of IL-6 post-exercise. Acutely elevated IL-6 has been shown to improve glucose tolerance in rodents and postprandial glucose in healthy volunteers (113, 124). In T2DM patients, acute infusions of IL-6 (up to the concentration after acute exercise), while not altering glucose turnover or postprandial glucose in patients, both notably reduced insulin levels in blood, implying an enhancement of insulin sensitivity (110, 124). This insulin-sparing effect may help to retain the function of pancreatic β-cells in diabetic patients. A single IL-6 injection improved insulin sensitivity in obese and type 2 diabetic mice, but failed to increase insulin secretion after pancreatic β-cell destruction in mice (113). It appears that the improvement of insulin sensitivity by IL-6 in T2DM patients is dependent on the preservation of pancreatic β-cell function. Furthermore, acute infusions of IL-6 can enhance fatty acid metabolism and systemic energy metabolism in elderly participants with T2DM (125), which emphasizes the lipolytic effects of IL-6 and may contribute to weight loss in them.

The pathological microenvironment induces changes in cell phenotypes, and the beneficial effects of IL-6 on metabolism observed in healthy volunteers cannot be simply extrapolated to diabetic patients. In healthy volunteers, acute IL-6 infusions delay gastric emptying and lower postprandial glucose levels. However, in patients with T2DM, IL-6 infusions delay gastric emptying but do not considerably reduce postprandial blood glucose levels (124). The underlying mechanisms of these differences remain unknown. It has been clearly demonstrated that individuals with T2DM show reduced responsiveness of myotubes to IL-6. While skeletal muscle cells from healthy volunteers can increase glucose uptake in response to IL-6 stimulation, myotubes from individuals with T2DM only respond to insulin in vitro, not to IL-6 (126).

Activation of the classical pathway of IL-6 may be important for improving metabolic disorders in patients with T2DM. Individuals with elevated serum levels of sIL-6R and/or sgp130 are at an increased risk of metabolic syndrome (127, 128). Prolonged exercise training can reduce plasma sIL-6R levels (129), thereby shifting the IL-6 signaling axis toward the classical IL-6 signaling mode. In addition, the researchers construct a novel compound, IC7Fc, which preserves the metabolic benefits of IL-6R. This compound improves hyperglycemia and glucose tolerance levels, while also reducing body weight and liver cirrhosis as well as promoting muscle and bone mass (130). Although blocking the trans-signaling pathway of IL-6 improves ATM accumulation induced by a high-fat diet, it does not alleviate systemic insulin resistance (131). Therefore, modulation of the IL-6 signaling pathway toward the classical model may be more effective in correcting metabolic disorders than simply blocking the trans-signaling pathway.

In the development of IL-6 agents, attention should also be paid to the potential impact of IL-6 blockade on the beneficial outcomes of exercise. A small-scale, double-blind clinical trial demonstrated that IL-6 blockade led to decreases in acute post-exercise and postprandial active GLP-1 concentrations among obese and type 2 diabetic individuals, albeit with a transient rather than sustained effect (132). Apart from that, another study showed that TCZ abolished exercise-induced reduction in visceral fat and increases circulating cholesterol levels in obese subjects (133).




4.3.3 Metabolic effects of IL-6 inhibitors observed in clinical trials

RA and diabetes share common pathogenic mechanisms, which involve chronic inflammation, autoimmunity, and insulin resistance and beyond. In recent years, research on RA has been shifting focus towards its complications of diabetes. Currently, the number of clinical trials investigating IL-6 inhibitors for diabetes treatment is limited. Therefore, large-scale clinical trials of TCZ in RA patients aid in the assessment of the metabolic effects of IL-6.

As shown in Table 2, beneficial effects on glucose metabolism and muscle mass are observed with TCZ therapy. In non-diabetic RA individuals, TCZ treatment notably improves insulin sensitivity and enhances muscle mass (134–136). In RA patients with T2DM, TCZ demonstrates a notable reduction in HbA1c levels and a decrease in daily prednisolone doses (137). Despite a case report also exists where RA patients developed type 1 diabetes after 17 months of TCZ treatment (137), the precise underlying mechanism remains unclear. Considering the genetic background of strong susceptibility genes in the patient, it is also possible that TCZ may delay the onset of type 1 diabetes.

Table 2 | Metabolic effects of IL-6 inhibitors observed in RA clinical trials.
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During treatment with anti-IL-6 therapy, elevations in total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglyceride levels have been observed during TCZ treatment for RA (138). This phenomenon has triggered a deeper investigation into the metabolic effects of TCZ. Although elevated lipid levels are usually considered indicators of increased risk for metabolic diseases, the situation seems to be different in the context of TCZ treatment. The raised lipid levels induced by TCZ do not seem to result in increased cardiometabolic risks, but instead may lower the risk of cardiovascular events. This paradox can be explained by multiple factors.

First, the anti-inflammatory effects of TCZ may partially mitigate the potential risks associated with elevated lipid levels. TCZ leads to changes in different lipoproteins with a comparable gain, thus not affecting the atherogenic index (139), and potentially even alleviating arterial stiffness in patients (140). Importantly, the key pathogenic factor of atherosclerosis (small dense LDL) is not influenced by TCZ (141). Also, the increase in the levels of high-molecular-weight (HMW) adiponectin during TCZ treatment serves as a positive indicator for the improvement in metabolic diseases (136), suggesting that TCZ may play an important role in metabolic regulation.

Furthermore, studies in obese patients and those intolerant to statins have shown that anti-inflammatory therapy with IL-6 inhibitors plays a positive role in improving metabolism and disease progression in these patients. In a cohort study involving 1,153 obese participants, serum lipoprotein(a) (Lp(a)), a severe independent risk factor for cardiovascular diseases, was significantly associated with IL-6 levels. After TCZ treatment, Lp(a) levels were considerably reduced in patients (10), a change attributed specifically to the inhibition of IL-6 rather than to the suppression of inflammatory immune responses. The latest follow-up study of 13,970 statin-intolerant high-risk cardiovascular patients demonstrates that inflammation has a greater predictive value than LDL-C for future cardiovascular events and mortality (142), highlighting the significance of anti-inflammatory therapies in ameliorating metabolic disorders and reducing cardiovascular risk.

In conclusion, the clinical trials discussed above suggest that the improvements in insulin sensitivity and inflammation levels resulting from IL-6 blockade may lead to clinical benefits that outweigh the risks associated with elevated lipid levels.





4.4 IL-6 regulates the RAAS

The overactivation of the RAAS leads to progressive renal damage. Angiotensin II (AngII) is the primary effector of RAAS, generated from angiotensin I under the action of angiotensin-converting enzyme. Studies have shown that IL-6 is necessary for the renal damage caused by aberrant activation of RAAS.

IL-6 plays a key role in AngII-induced renal damage and fibrosis. Studies have shown that AngII stimulates IL-6 secretion from renal tubular cells (97) and elevates IL-6 expression in rat kidneys (143). In the absence of IL-6, AngII was unable to induce phosphorylation of JAK2/STAT3 in RTECs (144) and in murine kidneys (145). And IL-6 blockade inhibited mesangial cell proliferation induced by AngII (146). In IL-6 knockout mice, AngII-induced hypertension and urinary albumin excretion were lessened (145, 147), accompanied by a notable reduction in vascular endothelial inflammatory injury and oxidative stress (148). Moreover, L-6 deficiency decreased AngII-induced expression of renal fibrotic genes in mice (34, 149), thereby mitigating chronic kidney lesions. Multiple studies have shown that IL-6 further amplifies intrarenal AngII action by elevating the expression of renal angiotensinogen (AGT) (144, 150, 151), creating a vicious cycle that ultimately results in progressive renal function decline.

The mechanism by which IL-6 mediates the effects of AngII has attracted considerable interest. Multiple studies confirm the critical role of IL-6-mediated JAK2/STAT3 signaling in AngII-induced kidney injury (144, 145, 152). Furthermore, JAK-STAT signaling also underlies the increase in AGT levels induced by IL-6 (144, 153). JAK2/STAT3 activation in the kidney has been identified as a facilitator of AngII-induced kidney injury in diabetic patients (154). Thus, it is possible that the IL-6/JAK/STAT signaling pathway is a key downstream signal in RAAS-induced kidney injury.




4.5 IL-6 regulates renal iron homeostasis

Ferroptosis, a form of iron-dependent cell death characterized by lipid peroxidation, has been increasingly recognized for its close association with the onset and progression of DKD (155). Ferroportin (FPN) and hepcidin play key roles in mammalian iron homeostasis. The activation of the IL-6/Ca axis has been shown to enhance the presence of FPN on the plasma membrane of human embryonic kidney cells, which promotes iron efflux, and removes Fpn from the membrane via upregulation of hepcidin to restore iron homeostasis (156).

IL-6 is recognized as an inducer of ferroptosis involved in intervertebral disc degeneration and mastitis diseases (157, 158). Epitope-mimicking peptides are believed to be effective in mimicking antibody binding sites, inducing active immunity (159). In kidney diseases, the specific epitope mimics of TCZ were found to increase ferritin level, decrease lipid oxidation levels and renal cell apoptosis, attenuating kidney fibrosis (73). Besides, IL-6 mediates signaling crosstalk between ferroptotic kidney cells and surrounding fibroblasts, accelerating renal fibrosis (160). In autoimmune kidney diseases, IL-6 helps immune cells evade ferroptosis, promoting excessive activation of immune cells and worsening kidney disease. Blockade of IL-6 promotes ferroptosis in B cells and shows therapeutic effects in lupus nephritis (161). These findings highlight the intricate involvement of IL-6 in the regulation of ferroptosis and suggest that the impacts of IL-6 on ferroptosis are context-dependent.





5 The current status of IL-6 inhibitors in clinical trials related to DKD

The intrinsic relationship between IL-6 and DKD has been substantiated through various aspects in the aforementioned laboratory studies. In the process of translating targeted IL-6 therapy for DKD into clinical application, relevant clinical trials are being gradually conducted. Current IL-6 inhibitors in clinical trials for kidney disease mainly consist of TCZ, clazakizumab (an anti-IL-6R antibody), ziltivekimab (an IL-6 ligand inhibitor), and baricitinib (a JAK inhibitor). As shown in Table 3, the majority of studies evaluate the safety and efficacy of anti-IL-6 therapy in pre- and post-kidney transplant patients (NCT01594424, NCT03444103, NCT00106639, NCT00658359, NCT04561986, NCT03859388, NCT04779957, NCT03867617, NCT03380962, NCT03380377). According to the available data, IL-6 inhibitors effectively reduce immune rejection in post-kidney transplant patients with good tolerability (162–166).

Table 3 | IL-6 inhibitors in DKD-related clinical trials.
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In addition, anti-IL-6 therapy also effectively improved inflammatory markers and proteinuria levels in patients with kidney disease, leading to a reduction of kidney inflammation. Previous results from a phase 2b clinical trial indicate that clazakizumab reduces serum inflammatory markers related to cardiovascular events in participants with ESKD complicated by diabetes or atherosclerosis (NCT05485961) (167). A Phase 3 trial is currently ongoing.

Furthermore, ziltivekimab shows improvements in multiple inflammatory markers and thrombotic biomarkers in ESKD patients with high cardiovascular risk (NCT03926117) (168). Trials are currently recruiting to assess the impact of ziltivekimab on cardiovascular risk in patients with cardiovascular disease, chronic kidney disease, and systemic inflammation (NCT05021835). The anti-inflammatory effects of TCZ have been evaluated in patients with post-kidney transplant inflammatory responses (164) (NCT02108600). Baricitinib has shown efficacy in reducing proteinuria levels and alleviating renal inflammation in T2DM patients with kidney diseases (169) (NCT01683409). Furthermore, studies are planned to evaluate the effect of baricitinib on urine protein in CKD (NCT05237388) patients and its impact on hard kidney endpoints in DKD patients with severe albuminuria (NCT05897372). Several studies (NCT05686746, NCT05432531) are planned to evaluate the effectiveness of baricitinib for lupus nephritis.

Overall, the results of these clinical trials provide robust evidence supporting the strategy of targeting IL-6 for treating DKD.




6 Conclusion

The current indications for IL-6 inhibitors have expanded from the initial rheumatoid arthritis, to more recent giant cell arteritis, and systemic sclerosis-associated interstitial lung disease (170, 171). Targeting IL-6 has shown significant potential for the development of treatments for immune-mediated inflammatory diseases. With the new concept of immunometabolism and the growing understanding of the crosstalk among immunity, iron metabolism and hemodynamics in preclinical studies, immunotherapy is highly likely to be a new breakthrough in treating DKD. The latest clinical trials are assessing the efficacy of IL-6 inhibitors on inflammatory markers relevant to cardiovascular and renal diseases.

In the investigation of targeted therapy strategies with anti-IL-6 agents for DKD, there are two points of concern. Firstly, further investigation is needed into the molecular mechanisms underlying the functions of the classical and trans-IL-6 signaling pathways. Both pathways transmit signals through the shared mediator gp130, but they can elicit distinct or even opposing effects. Thus, additional research at the molecular levels is necessary to elucidate the key mechanisms of this precise control and differential action, which would significantly advance the development of precision medicine for DKD. Some recent studies have focused on this. For example, Xu et al. have revealed the crosstalk between energy metabolism and IL-6 signaling, elucidating the molecular mechanisms underlying the distinct actions associated with reprogramming of glucose metabolism (172). Another study has demonstrated that changes in the binding parameters of the IL-6-gp130 receptor complex can lead to biased signaling (173). Specifically, modified cytokine-receptor binding dynamics can attenuate the pleiotropic effects of IL-6, thus mitigating potential side effects associated with IL-6-targeted treatments.

Secondly, in the development of IL-6-targeted therapy for DKD treatment, how to modulate the balance between the classical and trans-signaling pathways of IL-6 is also a challenging task. IL-6 trans-signaling-specific inhibitor olamkicept has been developed for treating ulcerative colitis with promising results in phase II clinical trials (174). An increasing number of studies are being redirected to the development of drugs that selectively inhibit IL-6 trans-signaling without affecting classical signaling. However, due to the diverse pathological manifestations in different diseases, targeting only the IL-6 trans-signaling pathway in DKD may not be the most effective approach, as demonstrated by the inefficacy of sgp130Fc in ameliorating insulin resistance induced by a high-fat diet in mice (131). In contrast, the recombinant IC7Fc, which is constructed with consideration of tuning of the balance between the two primary IL-6 pathways, has exhibited multiple beneficial effects in the context of type 2 diabetes. Therefore, in comparison to global inhibition of IL-6 or simply inhibition of the IL-6 trans-pathway, developing drugs that modulate the balance between IL-6 classical and trans-signaling pathways may be a more rational therapeutic strategy for DKD.
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The treatment of fungal keratitis(FK) remains challenging due to delayed fungal detection and the limited effectiveness of antifungal drugs. Fungal infection can activate both innate and adaptive immune responses in the cornea. Fungi stimulate the production of oxidative stress-related biomarkers and mediate the infiltration of neutrophils, macrophages, and T cells. These cells can induce infiltration of cytokines, chemokines, and matrix metalloproteinases (MMPs), leading to corneal tissue damage and even corneal perforation. The signaling pathway regulates the expression of inflammatory cytokines in fungal keratitis. Immune inflammatory damage is the main mechanism of FK, and oxidative stress damage is also involved in this infection process. Peroxisome proliferator-activated receptor (PPAR) is a member of the nuclear hormone receptor superfamily, with different subtypes of PPAR a, PPAR β/δ, and PPARγ. PPARs play important roles in the antioxidant response, anti-inflammatory, lipid metabolism, neuroprotection, and immune regulation processes. PPAR γ can promote macrophage polarization and reduce oxidative stress damage by regulating ROS production. PPAR has made some progress in the treatment of eye diseases: PPARa agonists can inhibit diabetes keratopathy and corneal neuropathy. PPARa agonists inhibit early immature angiogenesis in corneal alkali burns and have potential therapeutic effects on inflammatory corneal angiogenesis. PPARs can control the progression of dry eye disease and improve the condition of meibomian gland dysfunction. Based on this, we explored the potential roles of PPARs in the treatment of FK.
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1 Introduction

The treatment of fungal infections is an important part of global public health. Fungi is the most important environmental biomarker. Its biodiversity is very important and highly sensitive to environmental changes. Fungal resistance can lead to uncontrolled infections that can be life-threatening (1, 2). Microbial keratitis includes bacteria, viruses, fungi, and protozoa. The incidence of FK is increasing year by year. FK accounts for 40% to 50% of all cases of microbial keratitis. FK can cause corneal damage and endophthalmitis, which can eventually lead to vision loss. The main causative agents of FK are Fusarium and Aspergillus (3, 4). Trauma, weakened immune function, ocular surface disease, and wearing contact lenses are the main causes of FK. The lag of fungal test results is challenging (5). Fungal resistance and corneal transplant rejection are currently challenges in the treatment of aggressive FK (6).The difficulties of drug therapy with FK lie in the limited permeability of antifungal drugs, low bioavailability, poor pharmacokinetic properties and corneal toxicity. The lack of donors for corneal transplantation is a dilemma for fungal treatment (7).

Exploring new adjuvant treatment options in clinical practice is a top priority. PPAR can be a good option. PPARs are the members of nuclear hormone receptor superfamilies with different subtypes PPAR α, PPAR β/δ, and PPAR γ. PPARs can regulate energy homeostasis, and oxidative stress, and determine cell fate (8). Impaired peroxidase function can lead to different diseases, which are associated with severe clinical symptoms. Oxidative stress damage is also involved in the pathogenesis of FK (9). Pro-inflammatory cytokines, oxidative stress damage, macrophage reactive oxygen species, and mitochondrial reactive oxygen species levels during FK pathogenesis are our therapeutic targets (10). PPAR has definite anti-inflammatory and antioxidant effects. One of the key functions of peroxisomes is the oxidation of fatty acids, which can be mobilized and transferred to peroxisomes and mitochondria, thus efficiently exchanging metabolites (11, 12). Excessive inflammation and immune damage during FK can cause irreversible damage to corneal tissue. PPARa is a transcription factor that can modulate inflammation. PPARα functional modulators inhibit inflammation by blocking peripheral immune cells and the Toll-like receptor-4(TLR-4)/the nuclear factor-κB(NF-κB)pathway (13). Numerous studies suggest that PPARγ agonists may be effective therapeutic agents for inflammation-related diseases (14). PPAR activators inhibit the expression of inflammatory response genes such as IL-2, IL-6, IL-8, TNFα, and MMP by inhibiting the NF-κB signal transducer, the activator of the transcription(STAT) and Activator Protein -1(AP-1) signaling pathways (15).

Finding appropriate reagents to fight inflammation, modulate an overactive immune response, and resist oxidative stress damage is essential to prevent infection-related corneal damage. Peroxisome could be the ideal target. In this review, we emphasize corneal fungal infections that require progress to better express treatment of FK related to PPARs.




2 Immunity to fungi in the cornea

Fungi infection activated the corneal innate and adaptive immune response (16).



2.1 Innate immunity to FK

Innate immunity is the host’s first line of defense against microbial infection. Fungal infections in immunocompromised patients can cause severe tissue damage. The corneal cells specifically recognizes patterns associated with molecular patterns (PAMPs) on the fungal surface through pattern recognition receivers (PRRs). PRRs play a clinical role in innate immunity, mediating the infiltration of neutrophils, macrophages, and T cells, and ultimately the destruction of fungi. The infiltration of these cells can lead to infiltration of cascades of amplified inflammatory and chemokines, which can eventually lead to corneal tissue damage and even corneal perforation. The innate immune function relies on the recognition of PAMPs, and damage-associated molecular patterns (DAMPs) of pathogen by PRRs (17, 18). Ficolin-A (FCN-A) is a class of soluble PRRs that play an important role in innate immunity. Downregulation of FCN-A reduces the inflammatory response and decreases the expression of tumor necrosis factor(TNF-a), p-p38, p-JNK, and mitogen-activated protein kinase(MAPK)in corneal infected mice, and promotes macrophage polarization (19). The proportion of dendritic cells(DCs) in the early stage of FK generally decreases with fungal infection, while the proportion of macrophages, monocytes, and neutrophils increases dramatically in the early stage and then gradually decreases as inflammation resolves. Activation of adaptive immune cells is also observed in the later stages of infection. Activation of early acquired immune cells favors fungal clearance, which gradually decreases in the later stages of inflammation to reduce the damage to corneal tissue by the corresponding cytokines (20). β-glucan on A. fumigatus germinate conidia which activates Dectin-1 on corneal macrophages produce interleukin-1(IL-1β), and CXC ligand-1(CXCL1), recruiting neutrophils from the corneal stroma through IL-1R1/myeloid differentiation primary response gene 88 (MYD88) dependent activation and killing fungi through the TLR4 dependent pathway (21). Fumigatus-infected corneal DCs could drive naive CD4+ T-cell proliferation and promote the production of Th17 cytokines and IL-22. Activated DC produces thymic stromal lymphopoietin (TSLP) leading to a Th17-type inflammatory response via the Janus kinase-signal transducer and activator of transcription pathway(JAK/STAT)signaling pathway (22). Fumigatus-infected mouse cornea induces macrophage infiltration through a TLR-4-mediated signaling pathway. and produce pro-inflammatory factors IL-1β, tumour necrosis factor-α(TNF-α), and IL-6 in the corneal epithelium and stroma. The antifungal and anti-inflammatory reagents should be found in the therapy of FK (23).T cells follicular helper, monocytes, macrophages, and mast cells might play a key role in Fusarium keratitis using analysis of immune infiltration (24). Inhibition of macrophage phagocytosis and killing function can mediate the protective immune effect of Aspergillus fumigatus (25, 26). In the process of FK infection, finding effective macrophage pathogen clearance while reducing unnecessary inflammatory reactions to alleviate tissue damage is the immune regulatory target that scholars are dedicated to searching for (27).




2.2 Adaptive immunity to FK



2.2.1 Cellular immunity

Immunity through the mucosal surface stimulates IgA antibodies in tears which can prevent the development of keratitis (28). T helper cells(Th17)and regulatory T (Treg)cells share a common precursor cell (naive CD4 T cells), Th17 originated from neutrophils, plays a key role in the severity of autoimmune and inflammatory infection, while Treg cells inhibit Immune inflammatory damage and maintain immune homeostasis.Th17/Treg cells balance signaling pathways were triggered by T cell receptors, costimulatory receptors, and cytokines, as well as various metabolic pathways and gut microbiota (29). CD4+T cell-driven inflammation leads to irreversible damage to the cornea. and can lead to corneal nerve damage (30, 31). The regulation of Th17/Treg differentiation will determine the outcome of fungal keratitis. This will be a potential site (32, 33).




2.2.2 Humoral immunity

Local and systemic immunity inhibits pathogen responses in some keratitis, such as infectious bovine keratoconjunctivitis (34). Anti-amoebic antigens were detected in tear and ocular lysates, and different levels of Immunoglobulin M(IGM) and Immunoglobulin A(IGA) antibodies were detected during the course of the disease (35). The keratitis vaccine has not been clinically promoted. Treatment of corneas infected with Pseudomonas aeruginosa was effective with immune serum from animals immunized with Pseudomonas aeruginosa membrane vesicles, and the results were effective. Topical treatment with immune serum reduces corneal clinical scores (36).






3 Corneal inflammations in FK

The treatment of FK needs to be based on preventing spore adhesion and disrupting the formation of fungal biofilms, reducing the expression of inflammatory factors in corneal epithelial cells, and inducing reactive oxygen species (ROS) levels in corneal epithelial cells (24). Many cytokines and chemokines are involved in the progression of FK. NF-κB pathway, phosphatidylinositol-3 kinase (PI3K)/protein kinase B(AKT) pathway like PI3K and AKT, and MAPK pathway like p38 regulate the expression of inflammatory cytokines. The fungus induces an increase in TLR4/MyD88 expression in corneal tissue. It can be used as an effective way of action against fungal infection (37, 38). In infectious keratitis, corneal stromal MMPs, especially MMP-9 and MMP-2, increase activity, inducing corneal collagen degradation and ulcer formation (39). Macrophage inhibitory protein 2 (MIP-2) and intercellular adhesion molecule 1 (ICAM-1) attract neutrophils to the inflammatory site in the cornea (40, 41). Neutrophils are the earliest cells in the body’s immune response and are an important part of fighting pathogens (42). The corneal inflammatory response to fungal infection is caused by the accumulation of inflammatory cells. Neutrophils trigger the expression of cytokines and chemokines. These cytokines and chemokines deposit immune cells, and excessive immune responses can cause immune damage, corneal opacity, and vision loss. Therefore, anti-inflammatory is an important direction of FK treatment (43–46). Downregulated the p-p65/p65 and p-IκB/IκB protein ratios, attenuate the inflammatory response and fungal burden in FK (47). DC-derived TSLP promotes the Th17-type inflammatory response through the JAK/STAT signaling pathway. Corneal damage in Aspergillus fumigatus-infected keratitis can be reversed by inhibition of the JAK/STAT signaling pathway with specific inhibitors (22).




4 Oxidative stress damage in FK

The fungus stimulates the production of oxidative stress-related markers (ROS, HNE, NO, MDA mitochondrial DNA 8-OHdG, and aconitase-2) in corneal cells. Fungal infections also increase HMOX1 and COX2 expressions and inhibit the levels of antioxidant enzymes, superoxide dismutase-1 (SOD1), glutathione peroxidase-1 (GPx1), and peroxide resin-4 (PRDX4) (48). Upregulation of HO-1 leads to the conversion of heme to carbon monoxide, which acts as an inhibitor of the NF-κB pathway, leading to decreased expression of pro-inflammatory cytokines. Inflammation is the main culprit in exacerbating fungal infections (49, 50). Activation of the Nrf2/(HO)-1 pathway reduces the innate immune response mediated by oxidative stress.Nrf2 plays an important role in promoting corneal wound healing (51). Inhibition of oxidative stress damage is an effective way to alleviate corneal damage in fungal infections (52) (Figure 1).
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Figure 1 | Innate and adaptive immune response are both involved in the pathogenesis of fungal keratitis(FK) (16). Corneal cells specifically recognize fungal-associated patterns associated with molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs) molecules by pattern recognition receivers (PRRs) (17, 18). Dendritic cells(DCs) can drive naïve CD4+ T cell proliferation, leading to inflammatory responses by activating signaling pathways. T helper cells, monocytes, macrophages, and mast cells play key roles in FK. Activation of signal transduction molecules promotes the expression of cytokines, chemokines, and rmatrix metalloproteinases (MMPs) (22, 24). The fungus stimulates the production of oxidative stress-related markers in corneal cells. Inhibition of oxidative stress damage will be an effective way to alleviate corneal damage in fungal infections (52).




5 The potential role of PPARs in FK

The anti-inflammatory and antioxidant effects of PPAR agonists in various inflammatory diseases have been confirmed, but their roles in FK is worth exploring.



5.1 The role of peroxisome in liver disease

PPAR enhances the production of high-density lipids and inhibits the proliferation of vascular smooth muscle cells. PPARα prevents cardiac complications through adenosine-activated protein kinase, TGF-β activated kinase, and NF-κB pathway (53). PPARα/γ agonists can reduce cardiovascular risk by improving the serum atherosclerotic lipoprotein profile of patients with nonalcoholic fatty liver disease (54). The dual agonist of PPAR a,δ, efebranol, can significantly improve the relevant biochemical indicators of cholestasis and is expected to treat primary biliary cholangitis caused by liver fibrosis (55, 56).




5.2 The role of peroxisome in nerve protection

PPARγ agonists are being studied for the treatment of neurodegenerative diseases including Alzheimer’s and Parkinson’s disease (57, 58). The biology of PPARγ inhibits transmembrane spanning transporters or alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid(AMPA) receptors thus alleviating brain swelling and changes around tumors (57–59). PPARγ coactivator 1α plays an important role in maintaining mitochondrial function, protecting peripheral nerves, and alleviating chemotherapy-induced peripheral neuropathy (60). PPARa is selectively expressed in certain brain regions and neuronal glial cells and regulates antioxidant responses, neurotransmission, neuroinflammation, neurogenesis, and glial cell proliferation differentiation. PPAR agonists perform a protective role in neurodegenerative diseases and neuropsychiatric disorders (61).




5.3 The role of peroxisome in inflammatory diseases

PPAR is a ligand-dependent transcription factor belonging to the nuclear receptor family. The basic function of PPARα is to regulate the oxidation of fatty acids. PPARβ/δ is involved in lipid metabolism, wound healing, embryonic development, and inflammation (62–64). PPAR agonists have recently demonstrated promising short-term biochemical responses in patients with primary cholangitis (65). PPARγ performs anti-inflammatory and anti-fibrotic effects in different disease models (64). PPARγ agonists can be used to alleviate allergic inflammation and inhibit pro-inflammatory gene expression programs (66). Recombinant Human Fibroblast Growth Factor 21(rhFGF21)Regulates the secretion of pro- and anti-inflammatory cytokines to improve neurological deficits in behavioral testing. It attenuates macrophage polarization to the M1 phenotype and peripheral immune cell accumulation, inhibits NF-κB, and upregulates PPARγ to inhibit pro-inflammatory cytokine expression (67). In the treatment of immunoglobulin A nephropathy rat model, the addition of Yi-Shen-Hua-Shi granules modulates immune and inflammatory damage by the PPARγ/NF-κB pathway (68). PPAR-γ is a transcription factor with anti-inflammatory capacity. Nuclear receptors are important bridges between lipid signaling molecules and transcription responses. Macrophages downregulate PPARγ and its target genes under inflammatory conditions, thereby decreasing lipid stress in these cells. PPARγ is required during the resolution phase of the inflammatory response, and the absence of PPARγ is associated with a sustained immune response. Signaling pathways (p38, NFκB, ERK1/2) activated by TLR2 and TL4 were inhibited by PPARγ in various situations (69–72).




5.4 Existing research results of peroxisome in eye diseases

Both PPARα and PPARγ could be detected in the cornea, conjunctiva, meibomian gland, and lacrimal gland. PPARγ is expressed at higher levels than PPARα in all tissues (73).



5.4.1 Dry eye

PPARα, β/δ, γ can be expressed in the conjunctiva and lacrimal glands. Decreased tear secretion, shortened BUT, and increased corneal staining were shown in Dry eye rats and diabetic rats. The expression of PPARγ decreased, while the expression of TNF-α, IL-1β, IL-6, MyD88, and TGF-β increased in both dry-eye rats and diabetic rats (74). Excessive keratinization of the meibomian gland epithelium leads to obstruction of the meibomian opening, meibomian stasis, and cystic dilation of the ducts, resulting in secondary disuse acinar atrophy and glandular shedding (75). PPARγ is responsible for the formation of ductal lumens and the differentiation of epithelial cells into meibocyte phenotype during meibomian gland development. The decrease in PPARγ receptor expression is the key role of meibomian gland atrophy and degeneration (76). PPAR ligands have neuroprotective and anti-inflammatory effects (77), making them a promising drug choice for the treatment of dry eye syndrome.




5.4.2 Corneal alkali burn

In the rat corneal alkali burn model, PPARα, PPARγ agonists, and their combinations of ophthalmic fluid were administered respectively in the corneal alkali burn model. PPARα, PPARγ, and PPARα,γ agonists inhibit inflammatory cells, neovascularization, and fibrotic changes. PPARγ agonists facilitate M2 macrophages and promote wound healing, The combination of PPARα with γ agonists may be a new therapy strategy for corneal alkali burns (78, 79). The increased expression level of PPARγ mRNA can serve as one of the factors for evaluating the prognosis of corneal alkali burn (80).

PPARγ can reduce the expression of downstream inflammatory molecules by regulating signaling molecules. The enhanced expression of PPARγ protein in spinal microglia can inhibit the activity of the NF - κ B pathway, increase the expression of M2 polarization-related genes and significantly reduce the level of inflammatory factors (81). Oxidative stress and inflammatory reaction play an important role in the development of diabetes. Curcumin has been shown to have anti-inflammatory effects in combating changes induced by hyperglycemia by regulating signaling pathways such as PPAR - γ and NF - κ B, as well as high expression of IL-1 β, IL-6, and chemokines such as MCP-1 (82). By regulating the polarization of M2 macrophages through the PPARγ/NFκB axis and IL-6/IL-6R signaling pathway, the proliferation, migration, and glucose metabolism of lung adenocarcinoma cells are regulated (83).




5.4.3 corneal epithelial injury

In a model of delayed corneal epithelial injury, PPAR agonists or vehicle ophthalmic fluids are locally instilled into the rat cornea, and the corneal epithelial healing process is assessed by fluorescein staining. The area of corneal epithelial defect in the PPAR agonist ophthalmic fluid group was significantly smaller than that in the vehicle group. PPARγ administration can inhibit the expression of inflammatory cytokines and NF-κB thus promoting corneal epithelial healing (84). The expression of PPARγ and PPARβ/δ is reduced in acute epidermal barrier injury, promoting the progression of the disease (85). PPARβ/δ agonists promote the infiltration of M2 macrophages and vascular endothelial cells and promote the expression of vascular endothelial growth factor A mRNA. Thus, PPARβ/δ ligands promote corneal neovascularization as well as wound healing processes (86).




5.4.4 Diabetic nerve damage

The strong nerve innervation of the cornea ensures its maintenance of the ocular surface homeostasis. Corneal diabetes neuropathy changes the shape and density of the intranasal plexus and nerves. The length and the fiber density of corneal nerve fiber, corneal nerve branch density, twist coefficient, and bead frequency are quantitative analysis parameters of nerve fibers in corneal diabetes neuropathy (87). PPARα agonists stimulate corneal nerve regeneration, reduce nerve edema, significantly improve corneal nerve fiber density and corneal nerve fiber width, and upregulate the neurotrophic signaling pathway (88). The protective effect of PPARα on diabetes keratopathy and corneal neuropathy is achieved by restoring the level of neurotrophic factors in the cornea. The density of corneal nerve fibers in PPARα -/- mice gradually decreased. The corneal sensitivity of PPARα -/- mice continues to decrease. PPARα agonist has therapeutic potential in the treatment of diabetes keratopathy (89). Fenofibrate(PPAR alpha agonist )can delay the development of retinopathy and reduce macular edema, reducing the demand for laser therapy (90, 91). Fenofibrate has good effects on lipid control, inflammation, angiogenesis, and cell apoptosis. These factors are considered important in the development of DR. Fenofibrate has the function of protecting the retina (92). Fenofibrate is the treatment choice for DR. More understanding of biomarkers related to inflammation and angiogenesis in diabetes retinopathy will help to develop treatment methods for advanced retinopathy (93).





5.5 The possible mechanism of PPARs involving in FK

PPARs play multiple roles in the β - oxidation of fatty acids and the metabolism of arachidonic acid metabolites. PPAR is also a key regulatory factor in controlling inflammation and has great therapeutic potential in inflammatory diseases (14). Given this, based on our analysis of the aforementioned literature, we attempt to demonstrate the therapeutic potential of PPAR in FK.



5.5.1 Immune regulation of PPARs

Immune damage plays a crucial role in the pathogenesis of FK. In the early stage of inflammation, the innate immune response plays a protective role, while in the late stage of inflammation, immune damage leads to the formation of corneal ulcers and severe decline in vision. PPARγ regulates macrophage polarization, DC function, and T-cell activation (64). PPARα is an important target through which Melatonin regulates autophagy to alleviate the hepatocyte lipid accumulation of Cadmium (94).

PPARα is an important player in innate immune regulation. To distinguish between self and foreign molecules and cells, the pattern recognition receptor(PRR) binds specific molecule PAMPs from certain groups of common pathogens of viral, bacterial, or fungal origin. In the event of an invasion, phagocytosis is triggered and the production of cytotoxic compounds helps to destroy the engulfed particles. PPARα acts as a transcription factor to exert a strong influence on intracellular signal transduction events, fighting a disruptive cytokine storm (95, 96). Peroxisomes are key regulators that regulate immunity, paving the way for potential therapeutic intervention in FK by its immunomodulatory function.




5.5.2 Inhibition effect of PPARs on oxidative stress damage

Oxidative stress promotes the formation of liver fibrosis. Inhibition of ROS-mediated effects and modulation of major antioxidant responses has emerged as therapeutic targets for the prevention of liver injury. ROS is involved in signal transduction, which regulates inflammation and immune factors (97). PPARγ has been shown to reduce oxidative stress and block pro-inflammatory polarization of macrophages. PPARγ regulates ROS production by inhibiting Inducible nitric oxide synthase (iNOS) or enhancing the activity of endothelial nitric oxide synthase(eNOS) (98, 99). Upregulation of antioxidant enzymes as described above can alleviate the condition of FK, and peroxisome can participate in the treatment process of FK through its potential to reduce oxidative stress damage (100). The relative research outcome offers the potential targets for therapeutic strategies to FK.




5.5.3 Inhibition effect of PPARs on inflammations

During the course of FK disease, the retinoid X receptor (RXR) recognizes PAMP and activates a large number of upregulated cytokines/chemokines through signal transduction molecules. Fungal antigens activate CD4+T, activate Th1, Th2, and Th17, and regulate T cell production. The production of related cytokines determines the final outcome of fungal inflammation (101). Chemokines recruit neutrophils, regulate vascularization, play a key role in inflammatory responses, and are widely involved in a variety of complex physiological processes (102, 103). Chemokines are involved in FK pathogenesis mentioned above. CC chemokine receptor 1 (CCR1) is a member of the chemokine family and its receptor family, playing a role in the autoimmune response. Inhibiting the MAPK signaling pathway of CCR1 and PPAR - γ reduces inflammatory response and can downregulate the expression of iNOS, IL-1 β, COX-2, and MMP13. Chemokine inhibitors reduce the inflammatory response through the PPARγ pathway (104). PPAR agonists have recently been demonstrated promising short-term biochemical responses in patients with primary cholangitis. PPAR-γ plays a central and important role in the inhibition of inflammation (65). Peroxisome can be exploited to develop new anti-inflammatory drugs to treat FK.




5.5.4 Inhibition effect of PPARs on corneal neovascularization

Infection is an important factor in promoting corneal neovascularization, which can cause corneal opacity and lead to decreased vision. And often leads to chronic inflammatory circulation (105). The balance between angiogenic factors and anti-angiogenic factors is an important cause of corneal neovascularization. Anti-Vascular endothelial growth factor(anti-VEGF) drugs are effective in the treatment of neovascular eye diseases such as age-related macular degeneration, diabetes retinopathy, macular edema, neovascular glaucoma, and other neovascular diseases. Keratitis can cause pathological corneal neovascularization, and the inflammatory genes have a time-dependent effect on capillary regression and corneal transparency recovery. When endogenous capillaries disappear, corneal capillaries become thinner, accompanied by the disappearance of inflammatory cells. Anti-VEGF drugs have great potential in treating corneal neovascularization (106). Endogenous capillary regression is characterized by progressive thinning and remodeling of neovascularization in the rat cornea and in vivo inflammatory cell regression. VEGF ligand receptor signaling is inhibited during vascular regression and PPARα/RXRα is activated in the later stages, which may be responsible for inhibiting pro-inflammatory genes and immature blood vessels, and helping to prune and remodel capillaries. The administration of PPARα, a γ agonist, promotes corneal wound healing and provides a new therapeutic strategy (78, 107).




5.5.5 Inhibition effect of PPARs on corneal fibrosis and scar formation

After the corneal injury, transforming growth factor beta-1,2(TGFβ-1,2) is activated and enters the corneal stroma, promoting the transition of keratinocytes near the injury site to myofibroblasts, excreting a large amount of disordered extracellular matrix, forming corneal scarring, and causing vision loss (108–111). PPARγ can inhibit inflammation, fibrosis, and cell differentiation activated by TGFβ (112). Impaired PPARα signaling can affect FXR activation by inducing the TGFβ signaling pathway, P53 signaling pathway, and PI3K-AKT-mTOR signaling pathway, reducing the liver’s ability to inhibit inflammation, and ultimately leading to apoptosis and fibrosis (113–115). PPAR plays an important role in inflammation, angiogenesis, and fibrosis formation, and these pathological processes are also important causes of FK (116). PPAR agonists were considered promising therapeutic targets to reduce corneal neovascularization, fibrosis, and inflammation (117).




5.5.6 Inhibition effect of PPARs on corneal transplant rejection in FK

In cases of FK, corneal transplantation is an effective measure for restoring vision, but fungal recurrence and corneal transplant rejection are important reasons for surgical failure. In cases of corneal vascularization or severe infection, the failure rate of corneal transplantation can reach as high as 35% to 70% in patients undergoing corneal transplantation. The rejection reaction of corneal transplantation leads to irreversible damage to the corneal endothelium and corneal opacity (118). The loss of donor corneal endothelial cells is progressive after corneal transplant, which can lead to late-stage graft failure (119). T cell activation is an important cause of corneal transplant rejection. Activated T cells proliferate to form CD4+T helper cells, causing a delayed hypersensitive immune response against the same antigen on the transplant, resulting in damage to corneal tissue (120, 121). After T cells recognize foreign antigens, antigen-presenting cells (APCs) trigger innate and adaptive immunity. CD4+T cells differentiate into Th1, Th2,Treg, and Th17 cells, causing tissue inflammation and immune damage (122, 123). PPARγ agonists can significantly inhibit the proliferation of IL-17 (+) T cells and promote the proliferation of Tregs in a heart transplant model, which can help protect heart allografts. Given the anti-inflammatory and anti-immunity effects of PPARγ agonists, the agonists were used to treat acute and chronic allograft rejection reactions (124–126) (Figure 2).
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Figure 2 | Peroxisome proliferator activated receptor(PPAR) regulates lipid metabolism, antioxidant responses, inflammation and immune factors (97). PPAR-γ has been shown to reduce oxidative stress and block pro-inflammatory polarization in macrophages (78, 108). The PPARα signaling pathway has therapeutic effects in addressing inflammatory corneal angiogenesis and corneal fibrosis (106, 116). PPARγ agonists can significantly proliferate interleukin 17(+) T cells and promote the proliferation of Regulatory T cells (Tregs). PPAR has great potential in the treatment of FK.






6 Conclusion

FK is an infectious disease that seriously affects eye health. Due to the widespread use of antibiotics and steroid drugs, dysbiosis of the microbiota leads to a continuous increase in fungal infections. At present, there is a lack of effective antifungal drugs, and fungal resistance remains an urgent problem to be solved. PPAR is a member of the nuclear receptor family, widely expressed in the cornea, and has made research progress in various eye diseases. Excessive immune inflammatory damage in FK cases resulted in severe damage to corneal tissue. The occurrence of corneal transplant rejection is an important reason for the failure of FK vision restoration. Corneal scarring in the late stage of PK is also an important treatment direction. The anti-inflammatory, immunomodulatory, immunosuppressive, antioxidant, and anti-fibrotic functions of PPAR are a promising choice for future FK treatment. This will contribute to better treatment outcomes for patients with FK.
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Hypercholesterolemia triggers innate immune imbalance and transforms brain infarcts after ischemic stroke
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Post-stroke early activation of neutrophils contributes to intensive neuroinflammation and worsens disease outcomes. Other pre-existing patient conditions can modify the extent of their activation during disease, especially hypercholesterolemia. However, whether and how increased circulating cholesterol amounts can change neutrophil activation responses very early after stroke has not been studied. In this study, we investigated the effect of high-fat diet (HFD) induced hypercholesterolemia on neutrophil activation and stroke outcome. Mice were fed with HFD or normal diet (ND) for six weeks and then induced stroke by transient occlusion of the middle cerebral artery. The activation receptors on immune cells and plasma levels of cytokines were analyzed using flow cytometry. The amount of plasma neutrophil extracellular traps (NETs) was measured using citH3-DNA complex ELISA. We found that HFD-induced cholesterolemia increased the number of circulating and splenic neutrophils in stroke mice but reduced bone marrow neutrophils compared to sham controls. After stroke neutrophils in HFD mice expressed higher levels of activation markers Ly6G and PSGL-1 (CD162) compared to ND mice. In addition, stroke led to an increased expression of the activation markers Ly6C and CD68 on monocyte/macrophages (MΦ) in HFD mice but not in ND mice. Compared to ND, HFD increased plasma levels of the proinflammatory cytokines TNF-α, IL-6, IL-23, and MCP-1 in stroke mice. Remarkably, HFD mice showed higher amounts of circulating NETs, brain-infiltrated neutrophils, and larger infarcts after stroke compared to ND mice. The existence of hypercholesterolemia with a stroke can trigger a stronger activation of neutrophils and MΦ, causing deteriorating disease outcomes.
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Introduction

Ischemic stroke is a major disorder with high morbidity and mortality in affected patients. Therapeutic interventions to treat stroke are still limited to thrombolysis using tissue plasminogen activators or mechanical thrombectomy (1, 2). Within a few hours after stroke, innate immune cells in systemic lymphoid tissues are activated and infiltrate the injured brain. Specifically, activated neutrophils and monocytes/macrophages (MΦ) can enter the brain parenchyma as early as six hours after the onset of the first symptoms (2). They can release a plethora of neurotoxic molecules such as free radicals, matrix metalloproteases, cytokines, and neutrophil extracellular traps (NETs) which promote neurodegeneration (3–5). A higher number of circulating neutrophils are present in stroke patients and associated with deteriorated disease outcomes (6). The majority of stroke patients suffer from other comorbidities such as obesity, hypercholesterolemia, and diabetes (7, 8) and higher circulating amounts of cholesterol have been linked to the increased risk of stroke and poor outcomes (9, 10). Previously, we have shown that ApoE−/−mice fed with a high-fat diet (HFD) develop a more severe breakdown of the blood-brain barrier (BBB), increased brain inflammation, and edema within 24 h of ischemia-reperfusion injury (11). Whether HFD-induced hypercholesterolemia influences very early (3 h post-stroke) activation of neutrophils and MΦ in wild-type mice has not been studied until now.

For this investigation, wild-type mice were fed with HFD or normal diet (ND) for six weeks before stroke. We found that mice fed on HFD showed accelerated neutrophil and MΦ activation and increased amounts of circulating proinflammatory cytokines and neutrophil extracellular traps (NETs) after stroke compared to ND mice. Moreover, HFD mice after stroke suffered increased brain infarcts and neutrophil accumulation compared to ND mice. These findings may help to consider neutrophil activation as a prognostic marker in combination with clinical diagnosis to estimate stroke severity and therapeutic targets to improve the outcomes, especially in hyperlipidemic patients.





Materials and methods




Animals

All animal experiments were performed following ethical guidelines and were approved by the local authorities (G1713/18) of the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany). Four-week-old male C57BL/6JHsd wild-type mice were received from Envigo, Netherlands. Mice were randomly divided into two groups and received a normal laboratory diet (Cat. 1329 FORTI, Ssnif) or a high-fat Western-style diet (Cat. E15721-347, Ssnif) for 6 weeks. Afterward, mice underwent sham or stroke surgery (transient middle cerebral artery occlusion, tMCAO) and were sacrificed three hours after the operation. The animals had ad libitum access to food and water. All experiments were performed and reported according to ARRIVE guidelines (12).





Experimental mouse model of stroke

Brain injury was induced by tMCAO in C57BL/6JHsd mice (aged 11 weeks) anesthetized with 1.5% isoflurane in 100% oxygen. Mice were injected with the analgesic buprenorphine (0.1 mg/kg body weight, s.c.) 30 min before the surgery. An eye ointment (Bepanthen) was applied to avoid any harm to mouse eyes during the surgical procedures. A small incision was made between the ear and the eye to expose the temporal bone and a laser Doppler flow probe was attached to the skull above the core of the middle cerebral artery (MCA) territory. Mice were then placed in a supine position on a feedback-controlled heat pad and the midline neck region was exposed with a small incision. The common carotid artery (CCA) and left external carotid arteries were identified and ligated. A 2 mm silicon-coated filament (Cat. 702234PK5Re; Doccol) was inserted into the internal carotid artery to occlude the MCA. Brain ischemia was validated by a stable reduction of blood flow to ≤ 20% of baseline that was observed on the laser Doppler flow device. After 60 min of occlusion, the filament was removed for the reestablishment of blood flow. Mice were then injected with the anti-inflammatory drug carprofen (4-5 mg/kg body weight, s.c.), wounds were carefully sutured and mice returned to their cages with free access to food and water. Sham-operated mice underwent the same surgical protocol except the filament was inserted into the CCA and immediately removed. The exclusion criteria for experimental mice were as follows: inadequate ischemia (reduction of blood flow does not reach the ≤ 20% of baseline threshold), weight loss >20% of baseline body weight during the study, and spontaneous animal death.





Flow cytometry analysis

Mice were deeply anesthetized with Ketamine/Xylazine (100 mg/kg/10 mg/kg, i.p.), and blood was collected via cardiac puncture and added to EDTA-containing tubes. Mice were then perfused with PBS and spleen and BM were collected in cold PBS. Single-cell suspensions were prepared by mincing the spleens in PBS and filtering through 70 µm cell filters. Spleen and blood samples were treated with erythrocytes lysis buffer and washed in PBS. The tibia was harvested through an incision a few millimeters below the knee joint and removed from muscle tissue. Both ends of the tibia were cut with sharp sterile scissors, and the bone marrow was flushed out with a 30-gauge needle and filtered through 30 µm cell filters. Single-cell suspensions were kept on ice and total cells per organ were calculated using an automated cell counter (Nexcelom Bioscience). From each sample, 5x105 cells were stained with fluorochrome-conjugated antibodies against different cell surface markers. Antibodies used were CD45 (30-F11), CD11b (M1/70), Ly6G (1A8), CD68 (FA-11), Ly6C (HK1.4), CD62L (MEL-14) and CD162 (4RA10) were purchased from Biolegend, Germany. Cells were washed with cold PBS and suspended in a flow cytometry buffer. Samples were analyzed using MacsQuant Analyzer 16 (Miltenyi) and FlowJo software (BD Biosciences).





Quantification of mice plasma NETs

The EDTA blood was centrifuged at 3000 g and the supernatant was collected for a second centrifuge at 8000 g for 10 minutes. The quantification of NETs was performed as previously described capture ELISA, which is based on citrullinated histone H3 associated with DNA (13). Antihistone H3 antibody (5 µg/ml; ab5103, Abcam) was coated overnight at 4°C onto 96-well plates followed by 5% BSA blocking for 2 h. Wells were three times washed with 300 µl washing buffer followed by the addition of 50 µl plasma and 80 µl incubation buffer (including peroxidase-labeled anti-DNA antibody) for 2 h at 300 rpm (Cell Death ELISAPLUS, Cat. 11774425001, Roche). Then, the wells were washed three times with 300 µl washing buffer and 100 µl peroxidase substrate was added to the wells for 30 min in the dark. Afterward, 100 µl ABTS peroxidase stop solution was added to the wells, and absorbance was measured at 405 nm and was subtracted by absorbance at 490 nm (Abs 405 nm− Abs 490 nm). The absorbance values were considered in direct proportion to the amounts of soluble NETs and were presented as a relative increase to control.





Quantification of plasma lipids

The EDTA blood was centrifuged at 3000 g and the supernatant was collected for a second centrifuge at 8000 g for 10 minutes. Finally, plasma samples from HFD and ND-treated stroke mice were analyzed for total cholesterol levels using a bioanalyzer (ADVIA® 2400; Siemens, Erlangen, Germany).





Quantification of plasma cytokines

Plasma cytokines were measured using a bead-based Legendplex immunoassay according to the manufacturer’s instructions (Cat. 740622, Biolegend). Briefly, 12.5 µl of mouse plasma was diluted with an assay buffer. All diluted samples, standards, and controls were added to the V-shaped 96-well plate. Supplied antibodies-specific beads were vortexed and added to samples in the wells and incubated for 2 h at room temperature with continuous shaking. Afterward, samples and technical controls were centrifuged and washed three times and biotinylated detection antibodies were added to the samples for 1 h at room temperature. Without washing, streptavidin-phycoerythrin is subsequently added, which will bind to the biotinylated detection antibodies providing fluorescent signal intensities in proportion to the amount of bound analytes. Samples were washed and acquired on a flow cytometer (BD FACSAria). Different cytokine amounts were quantified against the acquired standard curve using LEGENDplex software.





Quantification of mice brain infarct volumes

Mice were sacrificed and perfused with 20 ml PBS followed by perfusion with 20 ml 4% PFA. Brains were carefully removed from the skull bone and transferred to 4% PFA for 12 h at 4°C. The next day, PFA was replaced by 30% sucrose solution and samples were incubated for 2 days at 4°C. Samples were tap-dried with tissue paper and quickly frozen in cold isopentane. Brains were transferred to −80°C until further processing. Cryosections of 20 μm thickness were prepared at 500 µm intervals from the neocortex and stained with cresyl violet (Cat. C5042, Sigma). All sections were scanned using 600 dpi and analyzed using the ImageJ software (NIH). Using a scale of 23.62 pixels/mm, the area of non-stained infarct tissue was measured and integrated into the total brain. An edema correction for brain infarct volume was performed using the following formula: (ischemic area) = (direct lesion volume) − [(ipsilateral hemisphere) − (contralateral hemisphere)]. The lesion volume per hemisphere was presented as mm3.





Staining and analysis of whole brains using LSFM

Mice were deeply anesthetized and intravenously injected with fluorochrome-conjugated 5 µg anti-Ly6G (1A8, Cat.127648, Biolegend) and 7.5 µg anti-CD31 (MEC13.3, Cat.102528, Biolegend) antibodies. After 30 minutes, mice were sacrificed and transcardially perfused with 20 ml PBS and 20 ml of 4% PFA. Samples were incubated in 4% PFA at 4°C for 12 h. The next day, brains were washed in PBS and dehydrated with serial dilutions of tetrahydrofuran (THF) 30-60-80-100% 12 h each at RT with constant shaking at 70 rpm. The last 100% THF incubation was repeated twice and refractory index matching was achieved by immersion of the samples in ethyl cinnamate (ECI, Cat.112372, Sigma). Optically transparent samples were imaged via LSFM (Ultramicroscope BLAZE, Miltenyi Biotec) with a 40% light sheet width and a sheet thickness of 4 µm. The images were acquired with a zoom factor of 6.64x (Objective LVBT 4x, zoom 1.66x) and a step size of 2 µm for a total volume of 4.5 mm3 per ipsilateral hemisphere. The acquired 3D images were converted via the Imaris file converter and processed using Imaris software version 10.1.0. (Bitplane, Switzerland). Ly6G+ surfaces were considered as neutrophil-positive areas. Imaris surface function was used to create the respective areas and neutrophil surfaces per mm3 of brain volumes were quantified and presented.





Statistical analysis

Data were analyzed using GraphPad Prism version 9.0. All datasets were tested for normal distribution using the Shapiro–Wilk normality test. The comparisons between the two groups were analyzed using the two-tailed Mann–Whitney U test. For statistics between more than two groups, ordinary one-way ANOVA with Tukey’s multiple comparisons tests was used for normally distributed data. The Kruskal-Wallis test was performed for comparisons of more than two groups followed by the Dunn’s multiple comparisons test for not normally distributed data. Differences with p-values ≤ 0.05 were considered to be statistically significant.






Results




HFD impacts neutrophil dynamics across systemic lymphoid tissues after stroke

To investigate if the higher plasma cholesterol levels were linked to early innate immune activation after stroke, we induced hypercholesterolemia in mice with HFD for six weeks before the induction of stroke or sham operation (Figure 1A). As expected, HFD mice showed significantly increased body weight and higher plasma cholesterol amounts compared to ND mice and these levels remained unchanged at 3 h post-stroke compared to sham controls (Figures 1B, C). In addition, HFD mice had a higher liver-body weight ratio compared to ND mice (Supplementary Figure 1A).
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Figure 1 | HFD increases circulating cholesterol levels and neutrophil numbers in stroke mice. (A) Experimental paradigm shows the treatment of mice with HFD or ND and the induction of stroke or sham operation. (B) Total body weight of sham-operated or stroke mice fed on HFD or ND. (C) Plasma amounts of cholesterol in HFD and ND mice 3 h after stroke or sham-operation. (D) The number of neutrophils in the blood, (E) spleen, and (F) tibial bone marrow of HFD and ND mice 3 h after stroke or sham-operation. Data are mean ± s.d., statistical analyses were performed by the Kruskal-Wallis test for multiple comparisons. *P<0.05, **P<0.01, ****P<0.0001, N=8-10 mice per group. HFD, high fat diet; ND, normal diet.

Next, we analyzed the dynamics of neutrophils in systemic lymphoid tissues in HFD and ND mice after the induction of stroke or sham operation using flow cytometry (Supplementary Figure 1B). Our data showed that HFD increased the number of neutrophils in blood and spleen but their numbers were reduced in tibial bone marrow after stroke compared to sham controls (Figures 1D–F). In ND mice, the total number of neutrophils was only increased in the spleen after stroke compared to sham and bone marrow remained unaffected. In addition, a strong increase in the frequencies of blood and splenic neutrophils along with their decreased frequencies in tibial bone marrow after stroke in HFD mice indicated an accelerated neutrophil release to the circulation (Supplementary Figures 1C–E). However, stroke only increases the frequencies of splenic neutrophils compared to sham-operated ND mice. These data suggest that HFD-induced hypercholesteremia promotes post-stroke neutrophil activation and possibly increases their release from bone marrow.





HFD changes the expression profile of neutrophil and MΦ activation receptors after stroke

To determine the activation pattern of neutrophils in HFD and ND mice, we compared the expression of different surface activation and adhesion receptors in blood, spleen, and tibial bone marrow after the induction of stroke or sham operation. The results showed that circulating neutrophils in HFD mice were characterized by a significantly higher expression of Ly6G (Figure 2A) and adhesion receptor CD162 (Figure 2B) compared to ND mice. However, stroke induction only increased the expression of CD162 and not Ly6G in splenic neutrophils in HFD mice compared to sham controls (Supplementary Figures 1F, G). In addition, we analyzed the activation pattern of MΦ after stroke in the blood and spleen of HFD and ND mice. Interestingly, our data showed that stroke in HFD mice upregulates the expression of a surrogate marker of activation Ly6C and the co-stimulatory receptor CD68 on blood MΦ (Figures 2C, D). However, no increase in the expression of these receptors was observed in ND mice after stroke compared to the sham group. Similarly, stroke increased the expression of CD68 but not Ly6C on splenic MΦ in HFD mice (Supplementary Figures 1H, I). Moreover, we found higher levels of plasma citH3-DNA nucleosomes as a measure of NET−formation in stroke mice with HFD compared to ND mice (Figure 2E). These results highlight the modulated responses of neutrophils and MΦ in systemic lymphoid tissues in response to HFD-induced hypercholesteremia and the induction of stroke.
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Figure 2 | HFD triggers blood neutrophil and monocyte activation in stroke mice. (A) Mean fluorescence intensity (MFI) of Ly6G and (B) CD162 on blood neutrophils in HFD and ND mice after 3 h of stroke or sham operation. (C) MFI of Ly6C and (D) CD68 on MΦ in HFD and ND mice after stroke or sham operation. (E) The plasma amounts of cit-H3 nucleosomes in HFD and ND mice after stroke or sham operation. Data are mean ± s.d., statistical analyses were performed by the Kruskal-Wallis test for multiple comparisons. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. N=8-9 mice per group. HFD, high fat diet; ND, normal diet; MΦ, monocyte/macrophage; Cit-H3, citrullinated histone H3.





HFD triggers post-stroke proinflammatory cytokines release, neutrophil brain invasion, and worsens disease outcome

Next, we analyzed the circulating amounts of proinflammatory cytokines in HFD and ND mice after stroke. Interestingly, stroke mice with HFD showed a significant upregulation of plasma TNF-α, IL-6 and MCP-1 amounts compared to sham controls within 3 h after stroke onset (Figures 3A–C). However, this rapid increase was not observed in stroke mice with ND. HFD sham mice have also increased plasma levels of TNF-α compared to ND mice. Furthermore, we found that stroke mice with HFD or ND show similar reduction and reperfusion of cerebral blood flow during laser Doppler flow (LDF) recordings (Figure 3D). In both groups, LDF reproducibly decreased to ~15-20% of baseline values during MCAO, followed by the reconstitution to ~75% within 15 minutes after reperfusion. Histological analysis of brain tissues of stroke mice showed large infarct volumes in HFD mice compared to ND controls after 3 h of ischemia-reperfusion injury (Figure 3E).
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Figure 3 | HFD triggers the release of inflammatory cytokines and increases brain infarct volumes after stroke. (A–C). The amounts of plasma TNF-α, IL-6, and MCP-1 in HFD and ND-treated mice after 3 h of stroke or sham operation. (D). The CBF was measured by Doppler recordings during ischemia-reperfusion injury in HFD and ND mice. (E). The quantitative analysis of infarct volume using cresyl violet stained histological brain sections in HFD and ND mice. (F). 3D rendering of ipsilateral brain hemispheres after stroke in HFD and ND mice showing higher frequencies of infiltrated neutrophils in HFD mice. Red=CD31, White=Ly6G, scale bar=200 μm. (G). The total surface volumes of Ly6G in the ischemic hemispheres of HFD and ND mice. Data are mean ± s.d., statistical analyses were performed by the Kruskal-Wallis test for multiple comparisons or the Mann-Whitney U test for two-group comparisons. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. N=8-9 mice per group. HFD, high-fat diet; ND, normal diet; CBF, cerebral blood flow; LSFM, light-sheet fluorescence microscopy.

To further elucidate the underlying pathophysiology of increased brain infarcts in HFD mice after stroke, we implemented our three-dimensional light-sheet fluorescence microscopy (3D-LSFM) approach to analyze the extent of activated neutrophils migration to ischemic hemispheres (Supplementary Figure J). Our imaging data showed an augmented accumulation of neutrophils in the ipsilateral brain microvasculature and parenchymal tissue in HFD mice compared to ND mice (Figure 3F). Furthermore, the automated quantitative surface volume analysis showed a significant increase in Ly6G surface volumes in the ischemic brain hemispheres of HFD mice compared to ND mice (Figure 3G).






Discussion

In this present study, we revealed that HFD triggers immune cell activation and contributes to increased hyperacute systemic inflammation after experimental stroke. Using multi-color flow cytometry analysis of neutrophils and MΦ in different lymphoid tissues, we found a substantial impact of HFD on the expression of cell activation receptors after stroke. HFD also led to higher amounts of proinflammatory cytokines in plasma and larger brain infarcts accompanied by increased brain infiltration of neutrophils within 3 h of ischemia-reperfusion injury. These findings have implications for utilizing neutrophil activation in combination with clinical investigations as a predictive marker for worse stroke outcomes in stroke patients with hypocholesteremia.

Stroke patients often have high levels of circulating cholesterol which is associated with poor outcomes and high mortality (11, 14). Previous clinical trials focusing on reducing lipids using statins have shown beneficial effects in stroke patients (15). A large number of clinical trials have demonstrated that a high neutrophil-to-lymphocyte ratio (NLR) is a prognostic marker of stroke severity, especially within 24 h of hospital admissions (16, 17). However, whether hypercholesteremia can modulate neutrophil and MΦ activation in an early therapeutic time window of 3 h after stroke and thereby further enhance inflammatory brain damage after stroke is not fully clear. We show that mice fed on HFD showed higher cholesterol levels and body weights. This led to increased numbers of circulating and splenic neutrophils which is in line with previous findings demonstrating the effect of hyperlipidemia on enhanced myelopoiesis and monocytosis in a genetic mouse model of obesity (18). Similarly, a recent study presented increased blood neutrophil numbers and their activation responses in ApoE−/− mouse model of atherosclerosis (19).

Obesity is linked with low-grade inflammation mediated via constitutive activation of innate immune cells. For example, a higher amount of TNF-α is present in the adipose tissue of obese mice (20). We found higher amounts of inflammatory cytokines like TNF- α and IL-6 and chemokine MCP-1 in the plasma of HFD compared to ND stroke mice. Moreover, neutrophils and MΦ in HFD stroke mice also showed a rapid and stronger upregulation of activation, adhesion, and emigration receptors compared to ND mice. Previous studies have shown that high cholesterol and oxidized lipids can promote NET formation by the activation of inflammasome pathways in neutrophils (21). In addition, obesity can promote monocyte activation and in turn, upregulate NET release (22). We and others have also revealed a rapid and substantial effect of stroke on the release of toxic NETs in human stroke patients and after experimental stroke (23, 24). Our findings extend these observations with hypercholesterolemia and demonstrate its accelerating effect on the release of NETs very rapidly after stroke. Stroke mice with HFD have increased brain infarcts, consistent with previous findings in a rat model of ischemia-reperfusion injury (25). The worsening of stroke outcomes in mice can be related to an over-activation of neutrophils and their increased invasion of the ischemic brain observed in this study. However, a direct influence of HFD-induced metabolic disturbances on brain inflammation cannot be ruled out (26).

In summary, our study signifies the contribution of HFD-induced metabolic alterations in the early activation of neutrophils and MΦ following ischemic stroke. This information might provide a useful link to hypercholesteremia-driven neutrophil activation and test early treatment strategies to reduce immune activation and improve stroke outcomes.





Conclusion

High-fat diet-induced hypercholesteremia is accelerating globally. Our study shows its contribution to enhanced systemic inflammation and prompt brain infarct growth after stroke.
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Rationale

Acute kidney injury (AKI) is a clinical syndrome associated with a multitude of conditions. Although renal replacement therapy (RRT) remains the cornerstone of treatment for advanced AKI, its implementation can potentially pose risks and may not be readily accessible across all healthcare settings and regions. Elevated lactate levels are implicated in sepsis-induced AKI; however, it remains unclear whether increased lactate directly induces AKI or elucidates the underlying mechanisms.





Methods

For human, the measurement of lactate in arterial blood gas is performed using the direct determination of L-lactate through an electrode oxidation method by a blood gas analyzer. For mice, enzyme-linked immunosorbent assay (ELISA) kits were employed to quantify the concentrations of lactate and AKI biomarkers in blood and cell supernatant. The mouse model of AKI was performed with a single intraperitoneal (i.p.) administration of lactate (30 mg/kg) and low-dose LPS (2 mg/kg) for 24 h. Proteomic analysis was conducted to identify lactylated proteins in kidney tissues. Techniques such as, immunoprecipitation, western blotting and immunofluorescence were used to evaluate the levels of HMGB1 lactylation, neutrophil extracellular traps (NETs)and to assess related molecular signaling pathways.





Main results

Our findings indicate that lactate serves as an independent predictor of AKI in patients with acute decompensated heart failure (ADHF). We observed that co-administration of lactate with low-dose lipopolysaccharide (LPS) resulted in lactate overproduction, which subsequently elevated serum levels of creatinine (Cre) and blood urea nitrogen (BUN). Furthermore, the combined application of lactate and low-dose LPS was shown to provoke HMGB1 lactylation within renal tissues. Notably, pretreatment with HMGB1 small interfering RNA (siRNA) effectively diminished lactate-mediated HMGB1 lactylation and alleviated the severity of AKI. Additionally, lactate accumulation was found to enhance the expression levels of NETs in the bloodstream, with circulating NETs levels positively correlating with HMGB1 lactylation. Importantly, pre-administration of HMGB1 inhibitors (glycyrrhizin) or lactate dehydrogenase A (LDH-A) inhibitors (oxamate) reversed the upregulation of NETs induced by lactate and low-dose LPS in both the blood and polymorphonuclear neutrophils (PMNs) cell supernatant, thereby ameliorating AKI associated with lactate accumulation.





Conclusions

These findings illuminate the role of lactate-mediated HMGB1 lactylation in inducing AKI in mice through the activation of the HMGB1-NETs signaling pathway.
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1 Introduction

Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid decline in renal function over a short duration, typically manifesting as a decreased glomerular filtration rate, accumulation of nitrogen metabolic end products such as creatinine and urea, and disturbances in electrolytes and acid-base balance. The incidence of AKI among hospitalized patients is approximately 10% to 15% (1), and it exceeds 50% in intensive care settings (2). While conventionally perceived as a singular condition, AKI is actually a composite entity intertwined with various syndromes including hepatorenal syndrome (3), cardiorenal syndrome (4), nephrotoxic syndrome (5), each exhibiting unique pathophysiologies that vary according to the specific syndrome involved (6). In animal models of sepsis, although the histopathological changes in renal tissue within the initial 48 h may not be prominent, there is a significant increase in renal blood flow, coupled with markedly elevated levels of serum Cre and BUN (7, 8). Moreover, factors such as low cardiac output, hypoperfusion, and hypoxemia occurring after major surgeries (e.g., cardiac procedures) may also precipitate AKI (9). As a result, AKI serves not only as an independent predictor of morbidity and mortality but also as a complication associated with particularly adverse outcomes when it occurs concurrently with other diseases. Nevertheless, the underlying mechanisms contributing to this multifactorial nature of AKI remain inadequately understood.

Lactate, first isolated from milk in 1780, was historically considered merely a metabolic waste product of glycolysis (10). Recent studies, however, highlight lactate’s role as an energy source and its production even under aerobic conditions (11). Lactate contributes significantly to energy production in the brain, especially in the absence of glucose (12) and acts as a redox buffer vital for maintaining redox homeostasis (13–15). Nonetheless, excessive lactate accumulation can result in various pathological conditions, such as hyperlactatemia (16), lactic acidosis (17), and inflammatory diseases (18). Research has shown that lactate can upregulate Toll-like receptor 4 (TLR4) signaling, activating the NF-κB pathway and promoting the expression of inflammatory genes like interleukin-6 (IL-6) and interleukin-1β (IL-1β) in macrophages (19). Lactate can also enhance its own transporter, SLC5A12, facilitating entry into CD4+ T lymphocytes and promoting IL-17 production through the PKM2/STAT3 pathway (20). Furthermore, inhibition of LDH-A has been shown to considerably reduce the inflammatory response and mitigate the depletion of CD8+ T lymphocytes in a rheumatoid arthritis mouse model (21).

The 2019 Nobel Prize in Physiology or Medicine underscored the significance of hypoxia in disease pathogenesis, including tumors (22), infections (23), ischemia (24), and inflammation (25, 26). Hypoxia-inducible factor 1α (HIF-1α) has emerged as a pivotal transcription factor that orchestrates cellular responses to hypoxia, exhibiting stabilized expression and nuclear translocation to regulate downstream gene expression under low oxygen conditions (27, 28). Hypoxia-driven glycolysis fosters lactate production (29), which can modify histone lysine residues through a process called lactylation, influencing gene transcription (30), and implicated in various pathologies such as tumors (31), sepsis (32), and immune-related disorders (33). Additionally, both lactate accumulation and lactylation have been identified as contributing factors in sepsis-related AKI. Xu et al. demonstrated that lactate can activate the PD-1/PD-L1 signaling pathway, inducing immune suppression and promoting apoptosis of lymphocytes, while pretreatment with a lactate receptor inhibitor or blockade of PD-1/PD-L1 signaling can alleviate sepsis-induced AKI (34). Elevated lactate levels also facilitate Fis1 lactylation, exacerbating AKI, while reducing lactate correlates with improved outcomes (35). Furthermore, lactate levels are positively correlated with HMGB1 concentrations in the blood of sepsis patients (36). Lactate can induce HMGB1 lactylation through a p300/CBP-dependent mechanism, thereby exacerbating the progression of sepsis (32). However, the direct relationship between elevated lactate and the causation of AKI, along with the underlying mechanism, remains unclear. In this study, we first conducted a retrospective analysis of clinical data to assess the potential of lactate as an independent risk factor for AKI. Subsequently, we investigated whether lactate accumulation can directly induce AKI in mice and explored the underlying mechanisms.




2 Materials and methods



2.1 Subjects

The clinical electronic medical records of patients from the cardiovascular, neurology, and intensive care units of Zhenjiang First People’s Hospital were collected and analyzed for this study from March 2018 to March 2022. An early warning model was developed based on an analysis of risk factors and clinical characteristics. Exclusion criteria were established, excluding patients with hospital stays, those undergoing dialysis treatment while hospitalized (eGFR < 30 ml/min), and individuals with other conditions such as pregnancy, tumors, psychosis, non-diabetic cerebral hemorrhage, cardiac surgery, urinary tract infections, or those who had been exposed to nephrotoxic agents (e.g., contrast media, aminoglycosides, vancomycin). Patients were categorized into two groups based on the occurrence of AKI: the AKI group and the non-AKI group. A further analysis of patient characteristics was performed using univariate analysis, supplemented by chi-square tests, independent sample t-tests, and non-parametric tests. Significant variables identified during the univariate analysis were incorporated into a multivariate logistic regression model. The predictive accuracy of the model was assessed using the area under the receiver operating characteristic (ROC) curve (AUC), with the model exhibiting the highest AUC value selected as the final model. The final selected logistic regression model was visualized through nomograms, allowing each patient to be scored accordingly, facilitating the estimation of event probabilities based on the total score. Informed oral consent was obtained from all patients, and the study protocol received approval from the ethics committee of Zhenjiang First People’s Hospital (V3.0/20180113).




2.2 Chemicals and reagents

Glycyrrhizin, L-Sodium lactate, lipopolysaccharide (LPS)and sodium oxamate were purchased from Sigma-Aldrich (Merck KGaA). RS 09 was obtained from MedChemExpress (MCE). ELISA kits were sourced from R&D Systems (Minn, USA). Primary antibodies against neutrophil elastase (NE) and citrullinated histone H3 (citH3) were acquired from Abcam (Cambridge, MA, USA). Antibodies for tissue factor (TF), hypoxia-inducible factor 1α (HIF-1α), high mobility group box 1 (HMGB1), and β-actin were obtained from Cell Signaling Technology (Beverly, MA, USA). Additionally, antibodies for pan-lactylation (pan-Kla) were sourced from PTM BIO Co. LTD. Fetal bovine serum (FBS) was purchased from Gibco (Thermo Fisher Scientific), while other cell culture media and supplements were obtained from Nanjing KeyGen Biotech Co., Ltd. (KenGEN, China). All other reagents were procured from Sigma-Aldrich (Merck KGaA).




2.3 Animals and treatment

Elderly (18-20 months old) male CD-1 mice weighted 18-22 g were purchased from the Experimental Animal Center at Nanjing Medical University, Nanjing, China. The mice were housed in groups of five to six in pathogen-free environments with soft bedding, maintained at a controlled temperature of 22 ± 2°C, and subjected to a 12-hour light/dark cycle, with lights turning on at 8:00 a.m. All experiments adhered to protocols approved by the institutional review board. Animal experiments received ethical approval from the Animal Care and Ethics Committee of Nanjing Medical University, under the reference number IACUC2202017.

To develop the AKI model, mice were randomized into two groups (n = 10 each): the Control group and the Lactate group or the Lactate + low-dose LPS group. Three different methodologies were employed to induce AKI in elderly mice. The first method involved a single intravenous (i.v.) injection of 50 mg/kg lactate. The second method involved three i.v. injections of 50 mg/kg lactate administered every 12 h. Lastly, an intraperitoneal (i.p.) combination treatment was performed with a single administration of lactate (30 mg/kg) and low-dose LPS (2 mg/kg).

To assess the impact of HMGB1 inhibitor (glycyrrhizin) and LDH-A inhibitor (oxamate) on kidney tissue damage in mice, animals received i.p. administration of glycyrrhizin at a dose of 30 mg/kg or oxamate at a dose of 750 mg/kg for 2 h. ​This was followed by a combined treatment with lactate and low-dose LPS for 24 h.




2.4 Cell culture

HK2 cells were purchased from the American Type Culture Collection and were maintained in Dulbecco’s modified Eagle’s medium (DMEM) from KenGEN Bio TECH, China. This medium was supplemented with 10% (v/v) FBS, along with penicillin (100 U/ml) and streptomycin (100 U/ml). We used HK2 cells from passages 5 to 10 to ensure that the cells were in a healthy proliferative state. 1×106 cells were plated per well in 6-well plates for about 48 h cultured in a humidified incubator at 37°C with 5% CO2 until they reached approximately 70-80% confluency.

Murine polymorphonuclear neutrophils (PMNs) were isolated from the bone marrow of male C57BL/6 mice, following strict institutional animal care guidelines. After euthanization, the femurs and tibias were excised, and their epiphyses removed to facilitate bone marrow extraction. Sterile phosphate-buffered saline (PBS) was then used to flush the bone marrow from the bones, which was subsequently collected and filtered through a 70 µm cell strainer to obtain a single-cell suspension. The purity of PMNs was achieved through density gradient centrifugation using EasySep kits from Stem Cell Technologies (37), where the cell suspension was treated with specific antibodies targeting non-PMN cells, followed by the addition of magnetic particles for separation. After washing the isolated PMNs with sterile PBS to eliminate residual antibodies and particles, they were resuspended in RPMI 1640 culture medium supplemented with 10% FBS and penicillin (100 U/ml) and streptomycin (100 U/ml) and maintained in a humidified incubator with 5% CO2 at 37°C.




2.5 Enzyme linked immunosorbent assay measurement

In accordance with the manufacturer’s guidelines, the Amplite™ Fluorimetric Acidic Sphingomyelinase Assay Kit (R&D Systems, Minn, USA) was employed to quantify levels of NE, myeloperoxidase (MPO), citH3, Cre, BUN, lactate, and HMGB1 in both blood and kidney tissue samples. Samples were collected at various time points (0, 12, 24, 36, and 48 h), with kidney tissues harvested 48 h after the final administration of lactate or the lactate + low-dose LPS treatment. After homogenization and centrifugation at 1500 rpm for 5 min at 4°C, the supernatants were collected for protein analysis. Quantification of protein concentration was performed using a BCA protein assay kit, with optical density (OD) values recorded at 405 nm.




2.6 Hematoxylin and eosin

Mice were anesthetized with 1% sodium amobarbital, and the kidney tissue was promptly collected for histological analysis. The samples underwent dehydration in a sequence of graded ethanol solutions prior to being embedded in paraffin after fixation in 10% formalin for 24 h. Subsequently, HE staining was conducted on sections cut at a thickness of 4 micrometers using a microtome.




2.7 Small interfering RNA

The HMGB1 siRNA (5′-CAGGAGGAATACTGAACATTT-3′) and control siRNA (5′-TTCTCCGAACGTGTCACGTTT-3′) were packaged using lentivirus and obtained from Gene Pharma Co. (Shanghai, China). A concentration of 3.3 nmol of siRNA was dissolved in 330 μl of RNase-free water. ​For the administration, 2 nmol of siRNA were injected intraperitoneally for every 20 grams of mouse body weight, with the control siRNA serving as a negative control. For siRNA transfection, cells were cultured in six-well plates until confluence reached 60-80%. The Lipofectamine 2000 reagent (Invitrogen, USA) was coated with siRNA according to the manufacturer’s instructions. After 6 h, the transfection medium was replaced with a culture medium containing 10% FBS, followed by incubation at 37°C in a 5% CO2 atmosphere. For animal experiments, siRNA was administered intraperitoneally into mice 48 h prior to treatment with lactate + low-dose LPS.




2.8 Immunoprecipitation

Immunoprecipitation was conducted as previously described (38). In brief, approximately 200 μg of total cellular proteins were incubated overnight at 4°C with antibodies, including pan-Kla and HMGB1. Following this, 20 μL of protein A/G-agarose beads (Santa Cruz Biotechnology) was added. The precipitates were washed four times with lysis buffer and boiled in SDS sample buffer. The supernatant was subsequently subjected to immunoblotting using the appropriate antibodies.




2.9 Western blotting

Kidney samples were lysed using RIPA buffer, and protein concentrations were determined using a BCA assay. Equal amounts of protein were loaded onto a gel, separated by SDS-PAGE, and subsequently transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% bovine serum albumin for 2 h at room temperature, followed by overnight incubation with primary antibodies at 4°C. HRP-coupled secondary antibodies were then applied. The primary antibodies used in this study targeted NE, citH3, TF, HIF-1α, HMGB1, and β-actin. The blots were probed with an antibody against β-actin as a loading control. Detection was achieved using enhanced chemiluminescence reagents, and data were collected using a Molecular Imager (Gel Doc™ XR, 170-8170). Analysis was conducted with Quantity One-4.6.5 software (Bio-Rad Laboratories, Berkeley, CA, USA).




2.10 Immunofluorescence assay

Confocal microscopy was employed to visualize and localize NETs within kidney tissue. Following administration of LPS and lactate into mice, kidney samples were collected 48 h later. Kidney sections were fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, and then incubated with a NE antibody (diluted in PBS at 1:200) overnight at 4°C after being blocked with 10% donkey serum in PBS for 2 h. After exposure to FITC-conjugated anti-rabbit IgG (1:300) at room temperature for 2 h, coverslips were washed three times with PBS. Lastly, coverslips were stained with DAPI for 5 min. A Carl Zeiss LSM900 confocal system was utilized for confocal microscopy analysis.




2.11 LC-ESI-MS/MS analysis

Analyses were performed using a Thermo Scientific Q ExactiveTM mass spectrometer (San Jose, USA) coupled with a nanoACQUITY UPLC Waters system (Milford, MA, USA). For chromatographic runs, 2 μL of sample were loaded onto a PST C18 nanoACQUITY Trap column (180 μm × 20 mm) with a flow rate set to 15 μL/min of 0.1% (vol/vol) trifluoroacetic acid for 3 min. The analytical separation of peptides was conducted on a nanoACQUITY UPLC HSS C18 Column (1.8 μm, 75 μm × 150 mm), employing a linear gradient of 90 min from 1% ACN/0.1% formic acid to 60% ACN/0.1% formic acid at a flow rate of 0.5 μL/min. Spectra were acquired over the m/z range of 300–2000 at a resolution of 70,000 (m/z 200). Data-dependent acquisition selected the top 10 most abundant precursor ions for tandem mass spectrometry using high-energy collision dissociation (HCD) fragmentation with an isolation width of 1.2 Da, collision energy of 30, and a resolution of 35,000. Each biological replicate was analyzed once.




2.12 Statistical analyses

All statistical analyses were performed using the GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA). Kaplan-Meier survival analysis was executed utilizing the log-rank (Mantel-Cox) test. The data were statistically evaluated using one-way or two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests. ​Results are represented as mean ± SEM of at least three independent experiments, and a significance threshold was established at P < 0.05.





3 Results



3.1 Lactate is an independent predictor of AKI in patients with ADHF

A total of 194 patients diagnosed with ADHF were included in this study, of which 85 patients, representing 43.8%, were diagnosed with AKI. This cohort included 45 patients classified with AKI stage 1, 10 with AKI stage 2, and 8 with AKI stage 3. Patient characteristics and the prevalence of Cardiorenal Syndrome are detailed in Table 1. The results of the univariate analysis are presented in Table 2, while adjustments for multiple variables are shown in Table 3. Notably, lactate levels, neutrophil-to-lymphocyte ratios, pro-BNP, and hemoglobin were identified as independent predictors of AKI in patients with ADHF (P < 0.05).

Table 1 | Baseline table, variable distribution of ADHF patients with or without AKI.


[image: A table compares characteristics between total patients, non-AKI group, and AKI group, including hospital stays, gender, age, smoking, myocardial infarction, cardiopathy, hypertension, COPD, CKD, diabetes, infection, and more. Statistical significance is indicated with p-values, highlighting differences in NYHA class, CKD, hsCRP, lactate, neutrophil/lymphocyte ratio, and others.]
Table 2 | Univariate analysis of AKI in patients with ADHF.


[image: A table listing various medical conditions and treatments, showing their odds ratios (OR), 95% confidence intervals (CI), and p-values. Conditions include NYHA class, CKD, consciousness disturbances, breathing rate, blood markers, and treatments like diuretics, antidiabetics, and mechanical ventilation, with specific statistics indicating their significance in relation to each condition or treatment.]
Table 3 | Multi-factor logistic regression of AKI in ADHF patients.


[image: A table displaying statistical data with columns for Coefficient, OR, 95% CI, and P. Rows include variables: Intercept (Coefficient 0.32, OR 1.38, CI 0.06-25.77, P 0.832), Lactate (≥2.2 mmol/L vs <2.2 mmol/L, Coefficient 1.40, OR 4.06, CI 1.50-11.69, P 0.007), Neutrophil/lymphocyte ≥11 (Coefficient 2.92, OR 18.51, CI 5.39-88.36, P <0.001), Pro-BNP (≥450 pg/ml vs <450 pg/ml, Coefficient 2.54, OR 12.74, CI 2.02-126.46, P 0.018), and Hb (Coefficient -0.04, OR 0.96, CI 0.94-0.99, P 0.001).]
To assess the risk factors for AKI, multivariate logistic regression was performed, and a ROC curve was constructed. As depicted in Figure 1A, the AUC was 0.862, indicating a high predictive value and reflecting the model’s robust ability to forecast the occurrence of cardiorenal syndrome. The risk of cardiorenal syndrome heightened in accordance with escalating abnormal biomarker levels. Furthermore, the nomogram revealed that lactate, neutrophils/lymphocytes, pro-BNP, and hemoglobin collectively predicted the risk coefficient for AKI. The total score of 209 indicated a greater than 95% probability of AKI occurrence, demonstrating strong predictive capabilities, as illustrated in Figure 1B. Evidently, patients with AKI exhibited significantly higher lactate levels compared to those without AKI (Figures 1C, D). Overall, these findings underscore that lactate is an independent predictor of AKI in patients with ADHF.

[image: Four panels show graphs related to lactate levels and risk assessment. Panel a: A ROC curve with an AUC of 0.862, showing a sensitivity and specificity relationship. Panel b: A nomogram illustrating points for lactate, neutrophil to lymphocyte ratio, pro-BNP, and hemoglobin levels, linking points to risk probabilities. Panel c: A bar graph compares lactate levels (mmol/L) between Non-AKI and AKI groups, showing higher levels in AKI. Panel d: A bar graph compares lactate levels between Non-AKI and Severe AKI groups, showing even higher levels in Severe AKI. Significant differences are indicated.]
Figure 1 | Lactate serves as an independent predictor of AKI in patients with ADHF. (A) Risk factors of AKI were analyzed by multivariate logistic regression, and the ROC curve was constructed. (B) Nomograms employed as prognostic tools for assessing AKI in ADHF patients. (C) Patients diagnosed with AKI exhibited elevated lactate levels compared to non-AKI patients. (D) Patients with severe AKI have higher lactate levels than non-AKI patients. Significant difference was revealed following one-way ANOVA (***P < 0.001 vs. non-AKI group; Bonferroni post hoc tests).




3.2 Lactate accumulation induced AKI in mice

In this investigation, various methodologies were employed to determine whether lactate accumulation induces AKI in mice. A single i.v. injection of 50 mg/kg lactate did not elevate serum Cre or BUN levels within 48 h (Figures 2A–C). However, with repeated i.v. injections of 50 mg/kg lactate every 12 h, there was a moderate increase in lactate levels observed at 36 h, alongside only slight elevations in serum Cre and BUN levels (Figures 2D–G). Prior research indicated a significant increase in blood lactate concentrations during states of infection or enhanced glycolysis (39). Consequently, we combined a lactate dose of 30 mg/kg with low-dose LPS (2 mg/kg) to establish a mouse model of AKI. The results demonstrated that the combination of lactate and low-dose LPS substantially augmented the levels of lactate, Cre, and BUN in the bloodstream (Figures 2H–K). Further validation focused on whether the combination of lactate and low-dose LPS exacerbates AKI by inducing elevated lactate levels in the blood. Notably, neither the LPS mimic peptide (RS 09, 2 mg/kg), a TLR4 agonist, nor low-dose LPS (2 mg/kg) alone resulted in increased serum Cre and BUN levels (Figures 2J, K). Additionally, neither the low-dose LPS group nor the RS 09 group showed mouse mortality within 48 h compared to the lactate + low-dose LPS group (Figure 2L). Histological examination via HE staining corroborated that the combination of lactate and low-dose LPS induces vacuolar degeneration of renal tubular epithelial cells and neutrophil infiltration (Figure 2M). Collectively, these findings indicate that lactate accumulation can instigate AKI in mice.
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Figure 2 | Lactate accumulation is implicated in the induction of AKI in mice. (A) A schematic representation outlines the experimental protocol for AKI development in mice. I.v. injection of 50 mg/kg lactate to mice for once, followed by serum collection at intervals of 0, 12, 24, 36, and 48 h to quantify serum Cre and BUN levels. ELISA kits were utilized to assess Cre (B) and BUN (C) serum levels. (D) The experimental procedure for AKI development involved the administration of 50 mg/kg lactate intravenously every 12 h, resulting in a slight elevation of lactate (E), Cre (F), and BUN (G) levels in serum at 36 h. (H) A schematic depiction indicates that the combined application of lactate (30 mg/kg) and low-dose LPS (2 mg/kg) significantly increased lactate (I), Cre (J), and BUN (K) levels in the serum in mice. (L) Kaplan-Meier survival analysis revealed the survival rate of mice subjected to lactate and low-dose LPS treatment. Log-rank (Mantel-Cox) testing was employed to determine significance (n = 10 for each group). (M) Hematoxylin- and Eosin (HE) stained sections of the kidney tissue of from mice are shown. Scale bar: 100 μm. Significant difference was revealed following one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; Bonferroni post hoc tests).




3.3 Lactate-induced AKI through HMGB1 lactylation in kidney tissues

Recent studies have revealed that the accumulation of lactate contributes to various diseases through lactylation modifications (40, 41). In our study, we observed that the combined application of lactate and low-dose LPS significantly elevated the lactylation levels of several proteins in kidney tissues, in contrast to the effects of low-dose LPS alone or the LPS mimic peptide (RS 09) group (Figure 3A). Employing proteomic analysis, we identified numerous genes that were upregulated, including HMGB1 (Figures 3B, C). Furthermore, pathway enrichment analysis via KEGG indicated that these upregulated lactylated proteins are closely associated with inflammatory responses, as well as NF-κB and advanced glycation end-product-specific receptor (RAGE) signaling pathways (Figure 3D). Further validated by HMGB1 siRNA, we found that treatment with HMGB1 siRNA (10 nM) for 48 h significantly reduced HMGB1 expression levels in HK2 cells in vitro compared to the control siRNA group (Figure 3E). Additionally, pre-administration of HMGB1 siRNA into mice 48 h prior to AKI induction using lactate and low-dose LPS was performed. Western blot analysis was conducted to evaluate HMGB1 lactylation levels in kidney tissues. The results demonstrated that HMGB1 siRNA significantly diminished HMGB1 lactylation levels in the kidney tissues of AKI model mice (Figures 3F, G), as well as decreased serum levels of Cre and BUN (Figures 3H, I).
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Figure 3 | Lactate-induced AKI mediated by HMGB1 lactylation in kidney tissues. (A) The levels of protein lactylation were assessed by western blotting following treatment with lactate and low-dose LPS for 48 h in mouse kidney tissues. (B) A Venn diagram illustrates the number of genes with changes in control group compared to the LPS + lactate-treated group. (C) A heatmap visualization displays the most significantly altered genes in kidney tissues after LPS + lactate treatment. (D) The KEGG enrichment scatter plot depicts the pathways of lactylation proteins identified. (E) HMGB1 siRNA transfected into HK2 cells significantly reduced HMGB1 expression, with control siRNA serving as a loading control. (F, G) The effects of HMGB1 siRNA treatment on lactate and low-dose LPS induced HMGB1 lactylation in mice are shown. (H, I) The effects of HMGB1 siRNA treatment on lactate and low-dose LPS induced the upregulation of Cre and BUN in serum are illustrated. Significant difference were revealed following one-way ANOVA (**P < 0.01, ***P < 0.001 vs. control siRNA group; ##P < 0.01, ###P < 0.001 vs. lactate + low-dose LPS group Bonferroni post hoc tests).




3.4 HMGB1 lactylation induces the release of NETs

Previous research has demonstrated that HMGB1 can trigger the release of NETs from neutrophils (42), with excessive NETs formation further exacerbating AKI (43). Additionally, lactate has been shown to promote NETs production (44). Consequently, we sought to explore whether HMGB1 lactylation-mediated AKI in mice is associated with an enhanced generation of NETs. ELISA assays revealed that lactate treatment significantly increased levels of NE, MPO, HIF-1α, and TF in mouse plasma compared to control groups (Figures 4A–D). Additionally, levels of citH3 were also elevated in mouse plasma following treatment with lactate and low-dose LPS (Supplementary Figure 1). Moreover, Western blot analyses indicated that the expression of NE, HIF-1α, and TF were elevated following the combined application of lactate and low-dose LPS for 48 h in kidney tissue in mice (Figure 4E). Furthermore, Pearson correlation analysis indicated a positive correlation between NETs levels and HMGB1 lactylation following lactate treatment in mouse blood (Figure 4F). Further examination of the relationship between HMGB1 lactylation and NETs at the cellular level in vitro revealed that pre-treatment with lactate (50 μM) + low-dose LPS (10 nM) for 24 h significantly increased lactate and HMGB1 levels in supernatants of HK2 cells (Figures 4G, H). Additionally, lactate treatment alone for 24 hours also upregulated lactate and HMGB1 levels in HK2 cell supernatants in vitro, whereas this effect was not observed in the low-dose LPS alone group (Figures 4G, H). Moreover, conditioned medium from HK2 cells treated with lactate + low-dose LPS, when incubated with PMNs for 24 h, significantly boosted the expression levels of NE and MPO in PMNs (Figures 4I, J). This phenomenon was also present in the lactate alone treatment group; however, it was not found in the low-dose LPS alone group (Figures 4I, J). Immunofluorescence and immunoblotting analyses confirmed that NE and citH3 expression levels were elevated in PMNs following co-incubation with conditioned medium for 24 h (Figures 4K, L). Importantly, pre-treatment of HK2 cells with glycyrrhizin (50 μM) or LDH-A inhibitors (oxamate, 50 mmol/L) 2 h prior effectively abolished these effects (Figures 4M–O). Overall, these findings suggest that HMGB1 lactylation can trigger the release of NETs from neutrophils.
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Figure 4 | HMGB1 lactylation facilitates the release of NETs from neutrophil. ELISA kits were employed to measure NE levels (A), MPO levels (B), HIF-1α levels (C) and TF levels (D) in plasma. (E) Representative western blot bands and quantitative data demonstrating the expression of HIF-1α, TF and NE following 48 h treatment with lactate and low-dose LPS in kidney tissues in mice. (F) Pearson correlation analysis assessed the relationship between NETs levels and HMGB1 lactylation in mouse blood post-LPS + lactate treatment. (G, H) ELISA kits measured lactate and HMGB1 levels in HK2 cell supernatants. (I, J) ELISA kits quantitated NE and MPO levels in PMN cell supernatants. (K) Immunofluorescence data illustrate that conditioned media from HK2 cell supernatants incubated with PMN cells for 24 h significantly elevated NE expression levels in PMN cells. Scale Bar: 100 μm. Magnification: 200×. (L) Representative Western blot bands and quantitative data indicate that HK2 cell supernatants conditioned media significantly increased NE and citH3 expression levels in PMN cells after 24 h incubation. (M, N) ELISA results reveal that pre-treatment with glycyrrhizin or oxamate reversed the lactate and low-dose LPS induced increases in NE and MPO levels in PMN cell supernatants. (O) Representative Western blot bands and quantitative data showed that glycyrrhizin or oxamate could reverse the lactate and low-dose LPS-induced elevations of NE and citH3 in PMN cells. Significant difference was revealed following one-way ANOVA (*P < 0.05, **P < 0.01 and ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01 vs. lactate + low-dose LPS treatment group; Bonferroni post hoc tests).




3.5 HMGB1 lactylation induces AKI via activation of the HMGB1-NETs signaling pathway

We further investigated whether HMGB1 lactylation induces AKI through the release of NETs in mice. I.p. administration of either HMGB1 inhibitor (glycyrrhizin, 30 mg/kg) or LDH-A inhibitor (oxamate, 750 mg/kg) was performed prior to the combined application of lactate and low-dose LPS to establish the AKI mouse model. The results indicated that pre-administration of either inhibitor significantly reduced plasma lactate levels (Figure 5A) and HMGB1 lactylation levels in kidney tissues (Figures 5B, C). In addition, both the HMGB1 and LDH-A inhibitors substantially inhibited the elevated levels of NE and MPO in mouse plasma induced by the combination of lactate and low-dose LPS (Figures 5D, E). Immunofluorescence results also confirmed that glycyrrhizin or oxamate could decrease the expression levels of citH3 in kidney tissues mediated by lactate and low-dose LPS (Figure 5F). Furthermore, both the HMGB1 and LDH-A inhibitors were found to reduce the expression levels of Cre and BUN in serum (Figures 5G, H). HE staining results further demonstrated that both inhibitors significantly mitigated the pathological alterations within kidney tissues provoked by lactate and low-dose LPS treatment, including considerable tubular injury characterized by cellular swelling and necrosis, prominent interstitial edema, and increased infiltration of inflammatory cells (Figure 5H). Collectively, these findings indicate that lactate accumulation-mediated HMGB1 lactylation in kidney tissue can induce AKI by activating the HMGB1-NETs signaling pathway.
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Figure 5 | HMGB1 lactylation induces AKI by activating the HMGB1-NETs signaling pathway. (A) Plasma lactate levels were measured using ELISA kits. Mice received i.p. administration of glycyrrhizin (30 mg/kg) or oxamate (750 mg/kg) for 2 h, followed by combined treatment with lactate and low-dose lipopolysaccharide (LPS). (B, C) The effects of glycyrrhizin or oxamate on lactate and low-dose LPS induced HMGB1 lactylation in mice are shown. (D, E) ELISA kits were utilized to detect the levels of NE and MPO in plasma from mice. (F) Immunofluorescence analysis revealed the expression levels of citH3 in kidney tissues of mice. Mice received i.p. administration of glycyrrhizin (30 mg/kg) or oxamate (750 mg/kg) for 2 h, followed by combined treatment with lactate and low-dose LPS. (G, H) ELISA kits were employed to detect the levels of Cre and BUN in serum from mice. (I) HE stained sections of the kidney tissue from mice are depicted. Scale bar: 100 μm. Significant difference was revealed following one-way ANOVA (*P < 0.05, **P < 0.01 and ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. lactate + low-dose LPS treatment group; Bonferroni post hoc tests).





4 Discussions

In this study, we identified lactate as an independent predictor of AKI in patients with ADHF by analyzing clinical and pathological data through the construction of a multivariate logistic regression model. This finding aligns with prior clinically relevant retrospective studies (45, 46). To deepen our understanding of these mechanisms, we also established a murine model of AKI using lactate. Notably, we observed that the combined administration of lactate and low-dose LPS led to a significant increase in plasma lactate levels, as well as elevated serum Cre and BUN levels. Moreover, proteomic analyses indicated that this combination augmented HMGB1 lactylation in renal tissue, an effect that could be reversed by administering HMGB1 siRNA. Additionally, HMGB1 lactylation was associated with an increased expression of NETs in the bloodstream. Pre-treatment with glycyrrhizin or oxamate effectively reversed the upregulation of NETs induced by lactate and low-dose LPS, as well as mitigated the lactate accumulation-mediated AKI. These findings suggest that lactate-induced HMGB1 lactylation may contribute to the pathogenesis of AKI in mice via the activation of the HMGB1-NETs signaling pathway.

HMGB1 is a position-dependent protein exhibiting varied functionalities based on its subcellular localization. Within the nucleus, HMGB1 serves as a DNA chaperone, ensuring the structural and functional integrity of chromosomes (47). In the cytoplasm, HMGB1 can enhance autophagy by interacting with the BECN1 protein (48, 49). Once released into the extracellular space, HMGB1 typically functions as a damage-associated molecular pattern (DAMP) molecule, modulating inflammation and immune responses through various receptors (50, 51). Under normal conditions, HMGB1 is predominantly localized in the nucleus, binding to chromatin; however, it can translocate to the cytoplasm and subsequently to the extracellular milieu during various stress scenarios (47). Following stimulation by factors such as LPS, HMGB1 may be actively secreted into the extracellular environment via vesicular transport methods (52). Additionally, HMGB1 can be passively released following various forms of cell death, including necrosis, ferroptosis, and apoptosis (47, 53). Extracellular HMGB1 can interact with TLR4 or RAGE, initiating signal transduction cascades that activate NF-κB, consequently facilitating the production of pro-inflammatory cytokines and contributing to various pathological conditions, including sterile inflammation (54), autoimmune disorders (55), septic shock (56), cancer (50), and AKI (57). Evidence indicates a positive correlation between serum HMGB1 levels and blood lactate concentrations, implying that lactate may regulate HMGB1 release (58). Furthermore, research has established that lactate functions as an epigenetic regulator, capable of adding a lactyl functional group to histones, thereby influencing specific gene expression profiles (30). HMGB1 has also been implicated in AKI progression (57, 59, 60). In our study, lactate was identified as an independent risk factor for AKI, corroborated by comprehensive clinical data analysis (Figure 1). Moreover, the combination of lactate and low-dose LPS markedly increased plasma lactate levels, elevated Cre and BUN in serum, and induced pathological changes within renal tissue (Figure 2). Mass spectrometry analysis demonstrated that lactate accumulation significantly raised HMGB1 lactylation levels in renal tissue, with HMGB1 gene knockdown leading to a reduction in lactylation levels and alleviation of AKI in mice (Figure 3).

The pathophysiology of AKI involves regulated cell death and inflammation (61). Notably, necroptosis, ferroptosis, and mitochondrial permeability transition-mediated regulated necrosis (MPT-RN) of tubular cells result in the release of DAMPs, leading to the recruitment of inflammatory cells and further injury (62). Among these inflammatory cells, neutrophils are notably prevalent during the early phases of ischemic AKI (63), and their depletion has been shown to prevent renal dysfunction, implicating their involvement in the progression of AKI (64). As key players in innate immunity, neutrophils combat pathogens through mechanisms including phagocytosis, degranulation, and cytokine release. Furthermore, neutrophils can trap and eliminate extracellular pathogens via the formation of NETs (65). NETs consist of a unique web of decondensed chromatin fibers infused with various antimicrobial factors (65). Initial studies suggested that the primary function of NETs is to capture and neutralize pathogens (65), however, emerging research has uncovered their potential to induce tissue damage (43, 66).

NETosis, the process of NETs formation, is energetically demanding, with glycolysis serving as a key energy source during this process (67). An increase in lactate accumulation has been correlated with enhanced NETs formation. Recent studies have further indicated that lactate facilitates the release of NETs from neutrophils (65, 68, 69), and the inhibition of lactate dehydrogenase has been shown to impede NETs generation (67, 69). Additionally, investigations have revealed a positive correlation between HMGB1 and lactate levels in the blood of critically ill patients experiencing septic infections (58). HMGB1 has also been shown to synergistically enhance NETs release in the presence of LPS (70). In vitro analyses involving cultured neutrophils demonstrated that recombinant HMGB1 can induce NETs formation (71). In coronary thrombosis, activated platelets has been observed to elevate HMGB1 production and incite NETs release from neutrophils (72). NETs have been identified as playing a pivotal role in AKI, with studies indicating that NETs can exacerbate kidney damage through the release of cytokines and histones (43). Notably, pre-treatment with NETs formation inhibitors has been shown to confer protection against ischemia-reperfusion injury (73, 74). we observed that lactate accumulation significantly elevated NETs levels in the plasma, with a positive correlation identified between NETs levels and HMGB1 lactylation. The combination of lactate and low-dose LPS also markedly increased lactate and HMGB1 levels in the supernatant of HK2 cells, and conditioned media collected from HK2 cell supernatants were able to induce NETs release in polymorphonuclear cells (PMNs) in vitro, effects that could be countered by HMGB1 or LDH-A inhibitors (Figure 4). Furthermore, i.p. injection of either HMGB1 inhibitor or LDH-A inhibitor led to reduced lactate levels, lowered HMGB1 lactylation in kidney tissue, and decreased serum levels of NETs, Cre, and BUN (Figure 5). These findings collectively illustrate that lactate accumulation-mediated HMGB1 lactylation is capable of inducing AKI in mice via the activation of the HMGB1-NETs signaling pathway.

In conclusion, our retrospective investigation substantiates lactate as an independent risk factor for AKI. Based on these findings, we conducted further experimental studies that demonstrated the capacity of lactate accumulation to induce AKI in murine models. The underlying mechanism potentially involves the activation of the HMGB1-NETs signaling cascade, which appears to be mediated by HMGB1 lactylation within renal tissues. A more comprehensive elucidation and characterization of these molecular pathways could prove instrumental in developing novel therapeutic strategies for ALI, given the established interconnection between renal and pulmonary dysfunction in critical illness.





Data availability statement

The data presented in the study are deposited in the iProX - integrated Proteome resources repository, accession number IPX0010716000.





Ethics statement

Informed oral consent was obtained from all patients, and the study protocol received approval from the ethics committee of Zhenjiang First People\’s Hospital (V3.0/20180113).





Author contributions

LZ: Conceptualization, Funding acquisition, Writing – original draft, Writing – review & editing. QZ: Methodology, Writing – review & editing. XL: Formal analysis, Methodology, Writing – original draft. HD: Data curation, Methodology, Writing – review & editing. MM: Formal analysis, Methodology, Validation, Writing – review & editing. JB: Formal analysis, Methodology, Writing – review & editing. YC: Data curation, Methodology, Supervision, Writing – review & editing. CC: Conceptualization, Funding acquisition, Investigation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the 2020 Jiangsu Province High Level Health Talents “Six One Project” Top Talent Project (LGY2020063), 2021 Zhenjiang City Social Development Guiding Science and Technology Project (FZ2021062), 2021 Zhenjiang City Science and Technology Innovation Fund (Key R&D Plan - Social Development) Project (SH2021049), 2021 Zhenjiang City “Jinshan Talent” High Level Leading Talent Training Plan (2021_169DT_20).





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1475543/full#supplementary-material


References
	1. Al-Jaghbeer, M, Dealmeida, D, Bilderback, A, Ambrosino, R, and Kellum, JA. Clinical decision support for in-hospital AKI. J Am Soc Nephrol. (2018) 2:654–60. doi: 10.1681/ASN.2017070765
	2. Hoste, EA, Bagshaw, SM, Bellomo, R, Cely, CM, Colman, R, Cruz, DN, et al. Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI study. Intensive Care Med. (2015) 8:1411–23. doi: 10.1007/s00134-015-3934-7
	3. Al-Khafaji, A, Nadim, MK, and Kellum, JA. Hepatorenal disorders. Chest. (2015) 2:550–8. doi: 10.1378/chest.14-1925
	4. Vandenberghe, W, Gevaert, S, Kellum, JA, Bagshaw, SM, Peperstraete, H, Herck, I, et al. Acute kidney injury in cardiorenal syndrome type 1 patients: A systematic review and meta-analysis. Cardiorenal Med. (2016) 2:116–28. doi: 10.1159/000442300
	5. Neyra, JA, and Chawla, LS. Acute kidney disease to chronic kidney disease. Crit Care Clin. (2021) 2:453–74. doi: 10.1016/j.ccc.2020.11.013
	6. Griffin, BR, and Edelstein, CL. Biomarkers of drug-induced kidney toxicity. Ther Drug Monit. (2019) 2:213–26. doi: 10.1097/FTD.0000000000000589
	7. Kosaka, J, Lankadeva, YR, May, CN, and Bellomo, R. Histopathology of septic acute kidney injury: A systematic review of experimental data. Crit Care Med. (2016) 9:e897–903. doi: 10.1097/CCM.0000000000001735
	8. Lankadeva, YR, Kosaka, J, Iguchi, N, Evans, RG, Booth, LC, Bellomo, R, et al. Effects of fluid bolus therapy on renal perfusion, oxygenation, and function in early experimental septic kidney injury. Crit Care Med. (2019) 1:e36–43. doi: 10.1097/CCM.0000000000003507
	9. Massoth, C, Zarbock, A, and Meersch, M. Acute kidney injury in cardiac surgery. Crit Care Clin. (2021) 2:267–78. doi: 10.1016/j.ccc.2020.11.009
	10. Ferguson, BS, Rogatzki, MJ, Goodwin, ML, Kane, DA, Rightmire, Z, and Gladden, LB. Lactate metabolism: historical context, prior misinterpretations, and current understanding. Eur J Appl Physiol. (2018) 4:691–728. doi: 10.1007/s00421-017-3795-6
	11. Vander Heiden, MG, Cantley, LC, and Thompson, CB. Understanding the Warburg effect: the metabolic requirements of cell proliferation. Science. (2009) 5930:1029–33. doi: 10.1126/science.1160809
	12. Schurr, A, West, CA, and Rigor, BM. Lactate-supported synaptic function in the rat hippocampal slice preparation. Science. (1988) 4857:1326–8. doi: 10.1126/science.3375817
	13. Ying, W. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: regulation and biological consequences. Antioxid Redox Signal. (2008) 2:179–206. doi: 10.1089/ars.2007.1672
	14. Quinn, WJ 3rd, Jiao, J, TeSlaa, T, Stadanlick, J, Wang, Z, Wang, L, et al. Lactate limits T cell proliferation via the NAD(H) redox state. Cell Rep. (2020) 11:108500. doi: 10.1016/j.celrep.2020.108500
	15. Wang, C, Chen, H, Zhang, M, Zhang, J, Wei, X, and Ying, W. Malate-aspartate shuttle inhibitor aminooxyacetic acid leads to decreased intracellular ATP levels and altered cell cycle of C6 glioma cells by inhibiting glycolysis. Cancer Lett. (2016) 1:1–7. doi: 10.1016/j.canlet.2016.05.001
	16. Kraut, JA, and Madias, NE. Lactic acidosis. N Engl J Med. (2014) 24:2309–19. doi: 10.1056/NEJMra1309483
	17. Bennis, Y, Bodeau, S, Batteux, B, Gras-Champel, V, Masmoudi, K, Maizel, J, et al. A study of associations between plasma metformin concentration, lactic acidosis, and mortality in an emergency hospitalization context. Crit Care Med. (2020) 12:e1194–e202. doi: 10.1097/CCM.0000000000004589
	18. Certo, M, Tsai, CH, Pucino, V, Ho, PC, and Mauro, C. Lactate modulation of immune responses in inflammatory versus tumour microenvironments. Nat Rev Immunol. (2021) 3:151–61. doi: 10.1038/s41577-020-0406-2
	19. Samuvel, DJ, Sundararaj, KP, Nareika, A, Lopes-Virella, MF, and Huang, Y. Lactate boosts TLR4 signaling and NF-kappaB pathway-mediated gene transcription in macrophages via monocarboxylate transporters and MD-2 up-regulation. J Immunol. (2009) 4:2476–84. doi: 10.4049/jimmunol.0802059
	20. Pucino, V, Certo, M, Bulusu, V, Cucchi, D, Goldmann, K, Pontarini, E, et al. Lactate buildup at the site of chronic inflammation promotes disease by inducing CD4(+) T cell metabolic rewiring. Cell Metab. (2019) 6:1055–74.e8. doi: 10.1016/j.cmet.2019.10.004
	21. Souto-Carneiro, MM, Klika, KD, Abreu, MT, Meyer, AP, Saffrich, R, Sandhoff, R, et al. Effect of increased lactate dehydrogenase A activity and aerobic glycolysis on the proinflammatory profile of autoimmune CD8+ T cells in rheumatoid arthritis. Arthritis Rheumatol. (2020) 12:2050–64. doi: 10.1002/art.v72.12
	22. Wu, Q, You, L, Nepovimova, E, Heger, Z, Wu, W, Kuca, K, et al. Hypoxia-inducible factors: master regulators of hypoxic tumor immune escape. J Hematol Oncol. (2022) 1:77. doi: 10.1186/s13045-022-01292-6
	23. Devraj, G, Beerlage, C, Brune, B, and Kempf, VA. Hypoxia and HIF-1 activation in bacterial infections. Microbes Infect. (2017) 3:144–56. doi: 10.1016/j.micinf.2016.11.003
	24. Liu, C, Wang, C, Zhang, H, Gao, X, Xiao, P, Yu, M, et al. Hypoxia ischemia results in blood brain barrier damage via AKT/GSK-3beta/CREB pathway in neonatal rats. Brain Res. (2024) 1822:148640. doi: 10.1016/j.brainres.2023.148640
	25. Eltzschig, HK, and Carmeliet, P. Hypoxia and inflammation. N Engl J Med. (2011) 7:656–65. doi: 10.1056/NEJMra0910283
	26. Zhang, T, Xu, D, Liu, J, Wang, M, Duan, LJ, Liu, M, et al. Prolonged hypoxia alleviates prolyl hydroxylation-mediated suppression of RIPK1 to promote necroptosis and inflammation. Nat Cell Biol. (2023) 7:950–62. doi: 10.1038/s41556-023-01170-4
	27. Kierans, SJ, and Taylor, CT. Regulation of glycolysis by the hypoxia-inducible factor (HIF): implications for cellular physiology. J Physiol. (2021) 1:23–37. doi: 10.1113/tjp.v599.1
	28. Ke, Q, and Costa, M. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol. (2006) 5:1469–80. doi: 10.1124/mol.106.027029
	29. Kes, MMG, Van den Bossche, J, Griffioen, AW, and Huijbers, EJM. Oncometabolites lactate and succinate drive pro-angiogenic macrophage response in tumors. Biochim Biophys Acta Rev Cancer. (2020) 2:188427. doi: 10.1016/j.bbcan.2020.188427
	30. Zhang, D, Tang, Z, Huang, H, Zhou, G, Cui, C, Weng, Y, et al. Metabolic regulation of gene expression by histone lactylation. Nature. (2019) 7779:575–80. doi: 10.1038/s41586-019-1678-1
	31. Yu, J, Chai, P, Xie, M, Ge, S, Ruan, J, Fan, X, et al. Histone lactylation drives oncogenesis by facilitating m(6)A reader protein YTHDF2 expression in ocular melanoma. Genome Biol. (2021) 1:85. doi: 10.1186/s13059-021-02308-z
	32. Yang, K, Fan, M, Wang, X, Xu, J, Wang, Y, Tu, F, et al. Lactate promotes macrophage HMGB1 lactylation, acetylation, and exosomal release in polymicrobial sepsis. Cell Death Differ. (2022) 1:133–46. doi: 10.1038/s41418-021-00841-9
	33. Chen, L, Huang, L, Gu, Y, Cang, W, Sun, P, and Xiang, Y. Lactate-lactylation hands between metabolic reprogramming and immunosuppression. Int J Mol Sci. (2022) 19:1–18. doi: 10.3390/ijms231911943
	34. Xu, J, Ma, X, Yu, K, Wang, R, Wang, S, Liu, R, et al. Lactate up-regulates the expression of PD-L1 in kidney and causes immunosuppression in septic Acute Renal Injury. J Microbiol Immunol Infect. (2021) 3:404–10. doi: 10.1016/j.jmii.2019.10.006
	35. Liu, C, Zhou, Y, Tu, Q, Yao, L, Li, J, and Yang, Z. Alpha-linolenic acid pretreatment alleviates NETs-induced alveolar macrophage pyroptosis by inhibiting pyrin inflammasome activation in a mouse model of sepsis-induced ALI/ARDS. Front Immunol. (2023) 14:1146612. doi: 10.3389/fimmu.2023.1146612
	36. Li, H, Yang, DH, Zhang, Y, Zheng, F, Gao, F, Sun, J, et al. Geniposide suppresses NLRP3 inflammasome-mediated pyroptosis via the AMPK signaling pathway to mitigate myocardial ischemia/reperfusion injury. Chin Med. (2022) 1:73. doi: 10.1186/s13020-022-00616-5
	37. Azcutia, V, Kelm, M, Luissint, AC, Boerner, K, Flemming, S, Quiros, M, et al. Neutrophil expressed CD47 regulates CD11b/CD18-dependent neutrophil transepithelial migration in the intestine in vivo. Mucosal Immunol. (2021) 2:331–41. doi: 10.1038/s41385-020-0316-4
	38. Wang, X, Ha, T, Liu, L, Hu, Y, Kao, R, Kalbfleisch, J, et al. TLR3 Mediates Repair and Regeneration of Damaged Neonatal Heart through Glycolysis Dependent YAP1 Regulated miR-152 Expression. Cell Death Differ. (2018) 5:966–82. doi: 10.1038/s41418-017-0036-9
	39. Suetrong, B, and Walley, KR. Lactic acidosis in sepsis: it’s not all anaerobic: implications for diagnosis and management. Chest. (2016) 1:252–61. doi: 10.1378/chest.15-1703
	40. Pan, RY, He, L, Zhang, J, Liu, X, Liao, Y, Gao, J, et al. Positive feedback regulation of microglial glucose metabolism by histone H4 lysine 12 lactylation in Alzheimer’s disease. Cell Metab. (2022) 4:634–48 e6. doi: 10.1016/j.cmet.2022.02.013
	41. Li, X, Yang, Y, Zhang, B, Lin, X, Fu, X, An, Y, et al. Lactate metabolism in human health and disease. Signal Transduct Target Ther. (2022) 1:305. doi: 10.1038/s41392-022-01151-3
	42. Zhan, Y, Ling, Y, Deng, Q, Qiu, Y, Shen, J, Lai, H, et al. HMGB1-mediated neutrophil extracellular trap formation exacerbates intestinal ischemia/reperfusion-induced acute lung injury. J Immunol. (2022) 4:968–78. doi: 10.4049/jimmunol.2100593
	43. Nakazawa, D, Kumar, SV, Marschner, J, Desai, J, Holderied, A, Rath, L, et al. Histones and neutrophil extracellular traps enhance tubular necrosis and remote organ injury in ischemic AKI. J Am Soc Nephrol. (2017) 6:1753–68. doi: 10.1681/ASN.2016080925
	44. Saffarzadeh, M, Juenemann, C, Queisser, MA, Lochnit, G, Barreto, G, Galuska, SP, et al. Neutrophil extracellular traps directly induce epithelial and endothelial cell death: a predominant role of histones. PloS One. (2012) 2:e32366. doi: 10.1371/journal.pone.0032366
	45. Radovic, M, Bojic, S, Kotur-Stevuljevic, J, Lezaic, V, Milicic, B, Velinovic, M, et al. Serum lactate as reliable biomarker of acute kidney injury in low-risk cardiac surgery patients. J Med Biochem. (2019) 2:118–25. doi: 10.2478/jomb-2018-0018
	46. Kahyaoglu, M, Karaduman, A, Gecmen, C, Candan, O, Guner, A, Cakmak, EO, et al. Serum lactate level may predict the development of acute kidney injury in acute decompensated heart failure. Turk Kardiyol Dern Ars. (2020) 7:683–9. doi: 10.5543/tkda.2020.25679
	47. Chen, R, Kang, R, and Tang, D. The mechanism of HMGB1 secretion and release. Exp Mol Med. (2022) 2:91–102. doi: 10.1038/s12276-022-00736-w
	48. Kang, R, Livesey, KM, Zeh, HJ 3rd, Lotze, MT, and Tang, D. Metabolic regulation by HMGB1-mediated autophagy and mitophagy. Autophagy. (2011) 10:1256–8. doi: 10.4161/auto.7.10.16753
	49. Song, JX, Lu, JH, Liu, LF, Chen, LL, Durairajan, SS, Yue, Z, et al. HMGB1 is involved in autophagy inhibition caused by SNCA/alpha-synuclein overexpression: a process modulated by the natural autophagy inducer corynoxine B. Autophagy. (2014) 1:144–54. doi: 10.4161/auto.26751
	50. Wang, S, and Zhang, Y. HMGB1 in inflammation and cancer. J Hematol Oncol. (2020) 1:116. doi: 10.1186/s13045-020-00950-x
	51. Yang, H, Wang, H, and Andersson, U. Targeting inflammation driven by HMGB1. Front Immunol. (2020) 484. doi: 10.3389/fimmu.2020.00484
	52. Wang, H, Bloom, O, Zhang, M, Vishnubhakat, JM, Ombrellino, M, Che, J, et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science. (1999) 5425:248–51. doi: 10.1126/science.285.5425.248
	53. Wen, Q, Liu, J, Kang, R, Zhou, B, and Tang, D. The release and activity of HMGB1 in ferroptosis. Biochem Biophys Res Commun. (2019) 2:278–83. doi: 10.1016/j.bbrc.2019.01.090
	54. Sims, GP, Rowe, DC, Rietdijk, ST, Herbst, R, and Coyle, AJ. HMGB1 and RAGE in inflammation and cancer. Annu Rev Immunol. (2010) 28:367–88. doi: 10.1146/annurev.immunol.021908.132603
	55. Schaper, F, Heeringa, P, Bijl, M, and Westra, J. Inhibition of high-mobility group box 1 as therapeutic option in autoimmune disease: lessons from animal models. Curr Opin Rheumatol. (2013) 2:254–9. doi: 10.1097/BOR.0b013e32835cee2d
	56. Barnay-Verdier, S, Borde, C, Fattoum, L, Wootla, B, Lacroix-Desmazes, S, Kaveri, S, et al. Emergence of antibodies endowed with proteolytic activity against High-mobility group box 1 protein (HMGB1) in patients surviving septic shock. Cell Immunol. (2020) 347:104020. doi: 10.1016/j.cellimm.2019.104020
	57. Gao, Z, Lu, L, and Chen, X. Release of HMGB1 in podocytes exacerbates lipopolysaccharide-induced acute kidney injury. Mediators Inflammation. (2021) 2021:5220226. doi: 10.1155/2021/5220226
	58. Yagmur, E, Buendgens, L, Herbers, U, Beeretz, A, Weiskirchen, R, Koek, GH, et al. High mobility group box 1 as a biomarker in critically ill patients. J Clin Lab Anal. (2018) 8:e22584. doi: 10.1002/jcla.2018.32.issue-8
	59. Wei, S, Gao, Y, Dai, X, Fu, W, Cai, S, Fang, H, et al. SIRT1-mediated HMGB1 deacetylation suppresses sepsis-associated acute kidney injury. Am J Physiol Renal Physiol. (2019) 1:F20–31. doi: 10.1152/ajprenal.00119.2018
	60. Oh, H, Choi, A, Seo, N, Lim, JS, You, JS, and Chung, YE. Protective effect of glycyrrhizin, a direct HMGB1 inhibitor, on post-contrast acute kidney injury. Sci Rep. (2021) 1:15625. doi: 10.1038/s41598-021-94928-5
	61. Linkermann, A, Skouta, R, Himmerkus, N, Mulay, SR, Dewitz, C, De Zen, F, et al. Synchronized renal tubular cell death involves ferroptosis. Proc Natl Acad Sci USA. (2014) 47:16836–41. doi: 10.1073/pnas.1415518111
	62. Linkermann, A, Brasen, JH, Darding, M, Jin, MK, Sanz, AB, Heller, JO, et al. Two independent pathways of regulated necrosis mediate ischemia-reperfusion injury. Proc Natl Acad Sci USA. (2013) 29:12024–9. doi: 10.1073/pnas.1305538110
	63. Lech, M, Rommele, C, Grobmayr, R, Eka Susanti, H, Kulkarni, OP, Wang, S, et al. Endogenous and exogenous pentraxin-3 limits postischemic acute and chronic kidney injury. Kidney Int. (2013) 4:647–61. doi: 10.1038/ki.2012.463
	64. Hayama, T, Matsuyama, M, Funao, K, Tanaka, T, Tsuchida, K, Takemoto, Y, et al. Benefical effect of neutrophil elastase inhibitor on renal warm ischemia-reperfusion injury in the rat. Transplant Proc. (2006) 7:2201–2. doi: 10.1016/j.transproceed.2006.06.094
	65. Brinkmann, V, Reichard, U, Goosmann, C, Fauler, B, Uhlemann, Y, Weiss, DS, et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 5663:1532–5. doi: 10.1126/science.1092385
	66. Thiam, HR, Wong, SL, Wagner, DD, and Waterman, CM. Cellular mechanisms of NETosis. Annu Rev Cell Dev Biol. (2020) 36:191–218. doi: 10.1146/annurev-cellbio-020520-111016
	67. Keshari, RS, Jyoti, A, Dubey, M, Kothari, N, Kohli, M, Bogra, J, et al. Cytokines induced neutrophil extracellular traps formation: implication for the inflammatory disease condition. PloS One. (2012) 10:e48111. doi: 10.1371/journal.pone.0048111
	68. Zabczyk, M, Natorska, J, Janion-Sadowska, A, Malinowski, KP, Janion, M, and Undas, A. Elevated lactate levels in acute pulmonary embolism are associated with prothrombotic fibrin clot properties: contribution of NETs formation. J Clin Med. (2020) 4:1–11. doi: 10.3390/jcm9040953
	69. Awasthi, D, Nagarkoti, S, Sadaf, S, Chandra, T, Kumar, S, and Dikshit, M. Glycolysis dependent lactate formation in neutrophils: A metabolic link between NOX-dependent and independent NETosis. Biochim Biophys Acta Mol Basis Dis. (2019) 12:165542. doi: 10.1016/j.bbadis.2019.165542
	70. Tadie, JM, Bae, HB, Jiang, S, Park, DW, Bell, CP, Yang, H, et al. HMGB1 promotes neutrophil extracellular trap formation through interactions with Toll-like receptor 4. Am J Physiol Lung Cell Mol Physiol. (2013) 5:L342–9. doi: 10.1152/ajplung.00151.2012
	71. Ma, YH, Ma, TT, Wang, C, Wang, H, Chang, DY, Chen, M, et al. High-mobility group box 1 potentiates antineutrophil cytoplasmic antibody-inducing neutrophil extracellular traps formation. Arthritis Res Ther. (2016) 18:1–10. doi: 10.1186/s13075-015-0903-z
	72. Maugeri, N, Campana, L, Gavina, M, Covino, C, De Metrio, M, Panciroli, C, et al. Activated platelets present high mobility group box 1 to neutrophils, inducing autophagy and promoting the extrusion of neutrophil extracellular traps. J Thromb Haemost. (2014) 12:2074–88. doi: 10.1111/jth.12710
	73. Kumar, SV, Kulkarni, OP, Mulay, SR, Darisipudi, MN, Romoli, S, Thomasova, D, et al. Neutrophil extracellular trap-related extracellular histones cause vascular necrosis in severe GN. J Am Soc Nephrol. (2015) 10:2399–413. doi: 10.1681/ASN.2014070673
	74. Knight, JS, Zhao, W, Luo, W, Subramanian, V, O’Dell, AA, Yalavarthi, S, et al. Peptidylarginine deiminase inhibition is immunomodulatory and vasculoprotective in murine lupus. J Clin Invest. (2013) 7:2981–93. doi: 10.1172/JCI67390




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 Zhu, Zheng, Liu, Ding, Ma, Bao, Cai and Cao. 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.




ORIGINAL RESEARCH

published: 13 January 2025

doi: 10.3389/fimmu.2024.1479458

[image: image2]


The bronchoalveolar lavage fluid CD44 as a marker for pulmonary fibrosis in diffuse parenchymal lung diseases


Magda Suchankova 1,2, Eszter Zsemlye 1,2, Jan Urban 3, Peter Baráth 4, Lenka Kohútová 4, Barbara Siváková 4,5, Martina Ganovska 3, Elena Tibenska 6, Kinga Szaboova 6, Eva Tedlova 7, Dominik Juskanic 8,9, Kristina Kluckova 10,11, Michaela Kardohelyova 2, Tetiana Moskalets 1, Anna Ohradanova-Repic 12, Patrik Babulic 1, Maria Bucova 2 and Vladimir Leksa 1*


1 Laboratory of Molecular Immunology, Institute of Molecular Biology, Slovak Academy of Sciences, Bratislava, Slovakia, 2 Institute of Immunology, Faculty of Medicine Comenius University, Bratislava, Slovakia, 3 National Institute for Tuberculosis, Lung Diseases and Thoracic Surgery, Vysne Hagy, Slovakia, 4 Department of Glycobiology, Institute of Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia, 5 Department of Medical and Clinical Biophysics, Faculty of Medicine, Pavol Jozef Safarik University in Kosice, Kosice, Slovakia, 6 Medirex Ltd., Medirex Group Academy n.p.o., Bratislava, Slovakia, 7 Department of Pneumology and Phthisiology, Faculty of Medicine Comenius University and University Hospital, Bratislava, Slovakia, 8 Jessenius Diagnostic Center, Nitra, Slovakia, 9 Faculty of Medicine, Slovak Medical University, Bratislava, Slovakia, 10 Clinic for Children and Adolescents, Faculty Hospital Nitra, Nitra, Slovakia, 11 Hematology and Transfusiology Department, National Institute of Children’s Diseases and Medical Faculty, Comenius University, Bratislava, Slovakia, 12 Molecular Immunology Unit, Institute for Hygiene and Applied Immunology, Centre for Pathophysiology, Infectiology and Immunology, Medical University of Vienna, Vienna, Austria




Edited by: 

Michael Adam O’Reilly, University of Rochester, United States

Reviewed by: 

Chiara Giacomelli, University of Pisa, Italy

Georges Doumet Helou, Université Paris Cité, France

Ahmed Fahim, Royal Wolverhampton Hospitals NHS Trust, United Kingdom

*Correspondence: 

Vladimir Leksa
 vladimir.leksa@savba.sk


Received: 12 August 2024

Accepted: 19 December 2024

Published: 13 January 2025

Citation:
Suchankova M, Zsemlye E, Urban J, Baráth P, Kohútová L, Siváková B, Ganovska M, Tibenska E, Szaboova K, Tedlova E, Juskanic D, Kluckova K, Kardohelyova M, Moskalets T, Ohradanova-Repic A, Babulic P, Bucova M and Leksa V (2025) The bronchoalveolar lavage fluid CD44 as a marker for pulmonary fibrosis in diffuse parenchymal lung diseases. Front. Immunol. 15:1479458. doi: 10.3389/fimmu.2024.1479458






Introduction

Diffuse parenchymal lung diseases (DPLD) cover heterogeneous types of lung disorders. Among many pathological phenotypes, pulmonary fibrosis is the most devastating and represents a characteristic sign of idiopathic pulmonary fibrosis (IPF). Despite a poor prognosis brought by pulmonary fibrosis, there are no specific diagnostic biomarkers for the initial development of this fatal condition. The major hallmark of lung fibrosis is uncontrolled activation of lung fibroblasts to myofibroblasts associated with extracellular matrix deposition and the loss of both lung structure and function.





Methods

Here, we used this peculiar feature in order to identify specific biomarkers of pulmonary fibrosis in bronchoalveolar lavage fluids (BALF). The primary MRC-5 human fibroblasts were activated with BALF collected from patients with clinically diagnosed lung fibrosis; the activated fibroblasts were then washed rigorously, and further incubated to allow secretion. Afterwards, the secretomes were analysed by mass spectrometry.





Results

In this way, the CD44 protein was identified; consequently, BALF of all DPLD patients were positively tested for the presence of CD44 by ELISA. Finally, biochemical and biophysical characterizations revealed an exosomal origin of CD44. Receiver operating characteristics curve analysis confirmed CD44 in BALF as a specific and reliable biomarker of IPF and other types of DPLD accompanied with pulmonary fibrosis.
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Introduction

Diffuse parenchymal lung diseases (DPLDs), or interstitial lung diseases (ILDs), constitute a heterogeneous group of disorders affecting not only the interstitium but also airspaces, peripheral airways, and lung vessels (1). DPLDs are mainly characterised by both inflammatory and fibrotic processes within the lung parenchyma. From the two, the latter, i.e., fibrotic processes, gradually lead to the progressive decay of gas exchange, loss of lung function, and death (2). Thus, it is lung fibrosis that significantly contributes to the morbidity of DPLD patients significantly.

Under the umbrella of DPLDs, over 200 various types of disorders have been clinically characterised. Among these, idiopathic pulmonary fibrosis (IPF) (3), sarcoidosis (SRC) (4), hypersensitivity pneumonitis (HP) (5), connective tissue disease-associated ILD (CTD-ILD) (6), and organising pneumonia (OP) (7) are the most common. Symptoms of inflammation and fibrosis in DPLD patients vary; however, with the progression to the most advanced disease stages, the risk of pulmonary fibrosis rises in all DPLD types, which drastically worsens the prognosis (8).

IPF is a form of chronic progressive-fibrosing pulmonary process of unclear aetiology resulting in a failure of gas diffusion across the alveolar–capillary membrane, ultimate respiratory failure, and death. Although IPF was originally believed to begin as an inflammatory process, it is now considered to arise in a non-inflammatory microenvironment in response to various stimuli that cause recurrent damage of the lung alveoli, resulting in uncontrolled and progressive lung scarring—pulmonary fibrosis (9). Moreover, although HP and SRC start as inflammatory processes of the III and/or IV types of hypersensitivity, in later stages, both may progress to fibrosis. Likewise, pulmonary fibrosis in autoimmune CTD-ILD is known to become self-sustaining, independently of the initial pathogenesis. Finally, OP is primarily well-characterised by granulation tissue buds in alveoli and alveolar ducts, but in a percentage of patients, OP may progress to fibrosis as well. Thus, pulmonary fibrosis is a common feature of DPLD at severe life-threatening stages. To describe this overlapping condition, the term “progressive-fibrosing phenotype” has been used (10).

In spite of the emerging classification, there are no specific diagnostic biomarkers available so far to differentiate between individual DPLDs (11). The clinical diagnoses are made based on radiology, histological assessments, and functional lung tests, primarily a diffusing capacity of the lung for carbon monoxide (DLCO) examination (12). Clinical diagnostics of DPLD has been markedly advanced by means of high-resolution computer tomography (HRCT) imaging (13). Nevertheless, the enormous heterogeneity, insufficient knowledge on aetiology, and the lack of accurate diagnostic methods altogether may result in misdiagnoses. Consequently, patients may be ineffectively or wrongly treated, which is critical, since an anti-inflammatory treatment might cause adverse side effects in IPF patients with progressive lung scarring (14). Recently, the cytological and microbiological evaluation of bronchoalveolar lavage fluids (BALFs) has become an optimal source to confirm or exclude the initially determined diagnosis (15–17) and, potentially, to provide biomarkers of early development of lung scarring. Here, we identified the exosomal CD44 molecule in BALF as a specific and reliable biochemical biomarker to discriminate fibrotic forms of DPLDs.





Materials and methods




Materials

Tricine, Tris, ammonium persulphate (APS), tetramethylethylenediamine (TEMED), sodium dodecyl sulphate (SDS), acrylamide, and N,N′-methylenebisacrylamide were purchased from SERVA (Heidelberg, Germany). The protease inhibitor cocktail (#539134), the exosome release inhibitor GW4869 (#D1692), the horseradish peroxidase (HRP)-conjugated goat anti-immunoglobulin G (IgG) secondary antibody, dithiothreitol, iodoacetamide, ammonium bicarbonate, trifluoroacetic acid, and formic acid were from Sigma-Aldrich (Merck, Darmstadt, Germany). The matrix metalloproteinase (MMP) inhibitor GM6001 (galardin; #364210) was from Calbiochem (Merck, Darmstadt, Germany). The primary antibodies (Abs) to CD44 (#ab9524), alpha-smooth muscle actin (#ab5694), and vimentin (#ab92547) were from Abcam (Cambridge, UK). The Ab to CD63 was from Invitrogen (Ts63; Thermo Fisher Scientific, Waltham, MA, USA), and that to cytochrome c oxidase subunit 4 (COX IV) was from Cell Signaling Technology (3E11; Danvers, MA, USA). The streptavidin–HRP conjugate was supplied by GE HealthCare (Uppsala, Sweden). Sera-Mag SpeedBead Carboxylate-Modified [E7] Magnetic Particles were obtained from Cytiva (Danaher, Washington, DC, USA), and the sequencing-grade modified trypsin was from Promega Corporation (Madison, WI, USA). Acetonitrile and water were purchased from Honeywell (Charlotte, NC, USA), and the ethanol was from Supelco (Merck, Darmstadt, Germany).





DPLD patient groups

The study group consisted of 257 DPLD subjects. Based on their diagnoses, the representative patients were classified into the five cohorts: 46 subjects with IPF, 58 patients with HP, 123 patients with SRC, 14 patients with OP, and 16 patients with CTD-ILD. The diagnoses were established in compliance with current guidelines published as official American Thoracic Society (ATS)/European Respiratory Society (ERS)/Japanese Respiratory Society (JRS)/Latin American Thoracic Association (ALAT) clinical practice guidelines on IPF and HP (18–21) or ATS/ERS/World Association of Sarcoidosis and Other Granulomatous Disorders (WASOG) guidelines on SRC (22) or according to currently used practical diagnostic approaches for CTD-ILD (23, 24) and OP (25), respectively. The diagnoses were established as the result of multidisciplinary team consensus (pneumologists, radiologists, and pathologists) in tertiary healthcare centres specialising in pulmonary medicine, the National Institute for Tuberculosis, Lung Diseases and Thoracic Surgery, Vysne Hagy, Slovakia, and Department of Pneumology and Phthisiology, Faculty of Medicine, Comenius University and University Hospital, Bratislava, Slovakia. The major characteristics together with DLCO of cohorts are presented in Table 1. Based on CT findings, DPLDs were classified into two categories, fibrotic phenotype with reticular changes and traction bronchiectasis with or without the presence of honeycombing, and non-fibrotic phenotype with ground-glass opacity (GGO), consolidation, and diffuse nodules or cysts.

Table 1 | Characteristics of the study patients.


[image: A table comparing characteristics across five diagnoses: IPF, HP, SRC, OP, and CTD-ILD. The characteristics include number of subjects, age (mean [SD]), sex distribution (female/male), smoking status (smokers/ex-smokers/non-smokers), inflammatory/fibrotic percentage, and DLCO (%; median [IQR]). Data varies for each diagnosis, with IPF having 46 subjects and age 68 [8], while SRC has the highest number of subjects at 123 with age 46 [13]. ]




Bronchoscopy and sample collection

BALFs were collected by instillation of 120 mL (in three successive 40-mL aliquots) of sterile normal saline mainly into the right middle lobe or into the most affected lobe and aspirated by gentle suction using a flexible fibreoptic bronchoscope. BALF was first filtered through a double layer of sterile gauze and centrifuged at 300 g for 15 min at 10°C, and supernatants were collected, and either analysed directly or frozen for later analyses in a deep frozen box to −80°C. BALF cell differential counts are presented in Table 2.

Table 2 | BALF cell differential counts.


[image: A table displaying median values and interquartile ranges (IQR) for various cell types across different diagnoses: IPF, HP, SRC, OP, and CTD-ILD. Categories include total BALF cells, macrophages, neutrophils, eosinophils, lymphocytes, CD3, CD4, CD8, and CD4/CD8 ratios. Each row lists percentages and total numbers for each category, and columns correspond to the diagnoses.]




Flow cytometry

For the preparation of cytocentrifuge slides, 1 mL of BALF was collected and processed using a StatSpin Cytofuge 2 cytocentrifuge at 8,500 rpm for 4 min. The slides were then stained with Hemacolor Rapid Staining of Blood (Sigma-Aldrich). Following staining, microscopy and differential cell counts (macrophages, lymphocytes, eosinophiles, and neutrophils) were performed using a Zeiss Axiolab 5 microscope. To determine the absolute cell count, the BALF was filtered through gauze, and the filtered BALF was stained with CD45PC7 (Beckman Coulter). Subsequently, the BALF was centrifuged at 300 g for 15 min at 10°C. Lymphocytes and lymphocyte subsets were discriminated by a NAVIOS flow cytometer (Beckman Coulter France S.A.S.) using tetraCHROME CD45-FITC/CD4-PE/CD8-ECD/CD3-PC5 Antibody Cocktail (Beckman Coulter France S.A.S.). Data were analysed using the KALUZA software (Beckman Coulter France S.A.S.). The CD3, CD4, and CD8 expressions are presented as a percentage and total number of cells. Data are presented in Table 2.





HRCT

CT scans were acquired with a clinical CT system (PHILIPS Brilliance iCT SP, Philips Healthcare), with a 64-slice detector and 0.625-mm collimation; the tube potential was 120 kV with automatic tube current modulation. Images were reconstructed with 1-mm slice thickness, with an increment of 0.5 mm and a 768 × 768 graphic matrix for achieving isotropic voxels. A sharper kernel that is used for high-resolution CT reconstructions was applied as per the institutional standard. Patients were in supine position, and scans were performed during deep inspiration. Commercially available software (Contextflow GmbH, Vienna, Austria) was utilised to quantify HRCT disease patterns associated with DPLD (including the percentage of lung anomalies, GGOs, honeycombing, and reticulation) in a cohort of 30 subjects diagnosed with IPF and HP. Subsequently, the obtained data were correlated with CD44 concentration levels in BALF.





Cells and microscopy

The primary human lung fibroblasts MRC-5 cells, from the American Type Culture Collection (ATCC), were cultured in RPMI 1640 medium (Invitrogen) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mmol/L L-glutamine, and 10% heat-inactivated foetal calf serum (FCS) (all from Sigma-Aldrich). In our experimental model, the MRC-5 fibroblasts were standardly cultivated to subconfluency on 24-well cultivation plates (5 × 105 cells/well), washed with the medium, and then incubated 24 h either with the selected BALF samples (IPF; BALF diluted 1:3 with the medium) or with the control mixture [CTR; phosphate-buffered saline (PBS) diluted 1:3 with the medium]. Optionally, the cells were in the course of the experiment co-treated with GM6001 (galardin, MMP inhibitor) or GW4869 (exosome release inhibitor). Afterwards, the cells were rigorously washed (3 times) with the medium and incubated for the next 24 h with the medium only. Afterwards, conditioned media were collected and centrifuged for 5 min at 2,000 g and the supernatants were analysed directly or frozen in a deep frozen box for later analyses by mass spectrometry, Western blotting, or enzyme-linked immunosorbent assay (ELISA). The adherent cells remaining on the wells of the plates were washed and lysed, and the cell lysates were analysed directly or frozen for later analyses by Western blotting. The morphology of the cultivated cells was visualised by using light microscopy phase-contrast imaging.





Enzyme-linked immunosorbent assay

The BALF samples were used for ELISA analysis by using a commercially available ELISA kit for human CD44 (FineTest, #EH0654). All assays were performed according to the instruction manual recommended by the manufacturer.





Evaluation of exosomes

To separate exosomes from soluble proteins in BALF, we used the Izon qEV kit (Izon Science, Christchurch, New Zealand) based on size-exclusion chromatography separation. First, a qEV column was cleaned and equilibrated by filtered PBS. Second, on the top of the column, a BALF sample or a cell supernatant sample was applied. Next, fractions were eluted by PBS. After the elution of the first seven fractions (3 mL, void volume), fractions 8–16 (500 μL each) were collected. Then, the isolated fractions were used for evaluation by Western blotting. In addition, the size and concentration of exosomes were measured in BALF and cell supernatants by using an Exoid instrument (Izon) based on tunable resistive pulse sensing (TRPS). TRPS is designed preferentially to measure the size of particles in the range of 40 nm to 10 µm. In our experimental setup, NP150 nanopores were applied, allowing the evaluation of exosomes.





Western blotting

Immunoblotting was performed as described previously (26). Briefly, various samples, including cell supernatants, cell lysates, and the fractions from the size-exclusion chromatography separation, were analysed by SDS polyacrylamide gel electrophoresis (SDS-PAGE) on polyacrylamide gels followed by a transfer at a constant voltage (15 V) to an Immobilon polyvinylidene difluoride membrane (Millipore, Merck, Darmstadt, Germany). The membranes were blocked using 4% non-fat milk and immunostained with the specific primary Ab followed by a secondary HRP conjugate. For visualisation, the chemiluminescence image analyser Azure 280 (Azure Biosystems, Dublin, CA) was used. Densitometric quantifications of corresponding bands were done by means of the AzureSpot software; the bands corresponding to BALF-treated samples (IPF) and control samples (CTR) were normalised to the bands corresponding to the COX IV levels in cell lysates.





Reverse transcription quantitative PCR analysis

For reverse transcription quantitative PCR (RT-qPCR) analysis, the MRC-5 cells, both control and IPF-BALF stimulated as described above, were lysed in TRIzol reagent (Invitrogen Life Technologies), and RNA was extracted according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesised from 400 ng of total RNA using M-MuLV Reverse Transcriptase (#M0253L, New England Biolabs) and random heptamers. Gene expression was measured via quantitative real-time PCR using Luna Universal qPCR Master Mix (#M3003L, New England Biolabs) with the following primers for human CD44 (CD44f: CTGGGGACTCTGCCTCGT; CD44r: CCGTCCGAGAGATGCTGTAG) and EEF1A1 (EEF1A1f: GTGCTAACATGCCTTGGTTC; EEF1A1r: AGAACACCAGTCTCCACTCG) as an endogenous control. Data were recorded on a CFX96 Touch Real-Time PCR detection system (Bio-Rad) and analysed by the 2−ΔΔCT method (27).





Proteomic analysis

The activated and control MRC-5 cell supernatants from conditioned media (150 µL) were reduced with 5 mM dithiothreitol and alkylated with 15 mM iodoacetamide. Samples were cleaned and digested using a single-pot, solid-phase-enhanced sample preparation method (28). Briefly, proteins were bound to 170 µg of Sera-Mag SpeedBead Carboxylate-Modified Magnetic Particles (Cytiva), washed with 80% ethanol, resuspended in 100 mM ammonium bicarbonate and digested with 0.6 µg of trypsin (Promega) on a mixing platform for 16 h at 37°C. Samples were then acidified with trifluoroacetic acid (0.5% final concentration), and peptides were eluted.

For liquid chromatography-coupled mass spectrometry, peptides were loaded onto a PepMap Neo C18 trap column (300 μm × 5 mm, 5-μm particle size, Thermo Scientific, Thermo Fisher Scientific, Waltham, MA, USA) and separated with an EASY-Spray PepMap RSLC C18 analytical column with an integrated nanospray emitter (75 μm × 500 mm, 2-μm particle size, Thermo Scientific) on a Vanquish Neo system (Thermo Scientific). Two consecutive linear gradients were applied at a flow rate of 250 nL/min: 2%–24% solution B for 100 min and 24%–40% solution B for 20 min. The two mobile phases used were 0.1% formic acid (v/v) (A) and 80% acetonitrile (v/v) with 0.1% formic acid (B). Eluted peptides were sprayed directly into an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific). Precursors were measured in the mass range 350–1,700 m/z with a resolution of 120,000 and selected for fragmentation in a data-dependent mode using the cycle time strategy (2 s) with a dynamic exclusion of 60 s. Higher-energy collisional dissociation fragmentation was performed with a normalised collision energy of 30%, and tandem mass spectrometry (MS/MS) scans were conducted with an isolation window of (m/z) 2 and a resolution of 30,000.

Obtained datasets were processed by MaxQuant (version 2.4.2.0) (29) with the built-in Andromeda search engine. Carbamidomethylation (C) was set as a permanent modification and acetylation (protein N-terminus) and oxidation (M) as variable modifications. The search was performed against the Homo sapiens protein database (UniProt, downloaded 30.08.2023). The relative quantities of individual proteins were determined by the built-in label-free quantification (LFQ) algorithm MaxLFQ, which provides normalised LFQ intensities for identified proteins (30). The statistical analysis was performed using Perseus v1.6.15.0 (31). Only proteins with two and more valid values in at least one experimental group were retained. Consequently, the missing values were imputed from the normal distribution creating the list of quantified proteins. Principal component analysis was used to evaluate sources of variability among samples and replicates. Next, Student’s t-test was applied with permutation-based false discovery rate correction for multiple testing with a q-value threshold at 0.01.

Both fibroblast-specific expression and exosomal origin were assigned to the quantified proteins using the list of fibroblast markers in the PanglaoDB database [https://panglaodb.se/; (32)] and the list of exosomal proteins in the ExoCarta database [http://exocarta.org/; (33)] and the Vesiclepedia database [http://www.microvesicles.org/; (34)], respectively.

Complete data can be found in Supplementary Table S1.





Statistical evaluations and ethical approvals

The one-sample Kolmogorov–Smirnov test was used to determine whether the investigated population followed a normal distribution. Non-parametric analysis of variance (Kruskal–Wallis) with Dunn’s post-test was used to determine the differences and statistical significance. The results were expressed as the median and interquartile range (IQR). Correlation analysis was performed by Spearman’s test. A P-value <0.05 was considered to indicate statistical significance. The area under the receiver operating characteristic curve was calculated to assess the ability of CD44 to distinguish between fibrotic and non-fibrotic phenotypes of DPLDs. Statistical analysis was performed using the SAS software.

The study was approved by the Ethical Committee of the Faculty of Medicine of Comenius University in Bratislava and the Ethical Committee of the National Institute for Tuberculosis, Lung Diseases and Thoracic Surgery, Vysne Hagy. All investigations were carried out in accordance with the International Ethical Guidelines and the Declaration of Helsinki. Written informed consent for enrolling in the study, personal data management, and study was obtained from all patients and control subjects.






Results

In our long-term study, 257 DPLD cases were enrolled. Based on their diagnoses, standardly established according to clinical findings from radiology, histology, and functional lung tests (e.g., DLCO), the subjects were classified into the five cohorts: IPF (46 patients), HP (58), SRC (123), OP (14), and CTD-ILD (16). The patients’ characteristics, including gender, age, and smoking status, are depicted in Table 1. Individual BALFs collected from the patients were analysed for their cell differential counts by flow cytometry (Table 2).




The secretome analysis of BALF-treated primary fibroblasts

The major hallmark of lung fibrosis is the activation of lung fibroblasts to myofibroblasts. We applied this feature to identify specific fibroblast-derived biomarkers of pulmonary fibrosis in BALF. Figure 1 shows the basic workflow of our experimental approach: briefly, human fibroblasts were activated with the selected BALF from the IPF cohort; the activated fibroblasts were then washed rigorously and further incubated to allow secretion; the secretomes were then proteomically analysed by mass spectrometry; and, finally, the BALFs of all DPLD patients were tested for the presence of the identified candidate by ELISA.

[image: Illustration of a process involving bronchoalveolar lavage fluid (BALF) collection from lungs, analyzed using ELISA. BALF is treated on fibroblasts, leading to secretion. The secretome undergoes analysis with mass spectrometry, resulting in supernatants.]
Figure 1 | A scheme of the experimental workflow. Briefly, human fibroblasts were activated for 24 h with the selected BALF from the patients with clinical signs of IPF; the activated fibroblasts were then washed rigorously and further incubated to allow secretion; the secretomes were then proteomically analysed by mass spectrometry; and, finally, the BALFs of all DPLD patients were tested for the presence of the identified candidate.

In particular, nine BALF samples were randomly selected from the IPF cohort. Next, we applied MRC-5 cells, i.e., primary human lung fibroblasts, which had been well-characterised for their ability to be activated to myofibroblasts (35). The subconfluent MRC-5 fibroblasts were incubated 24 h either with the selected BALF samples (IPF; BALF diluted 1:3 with the medium) or with the control mixture (CTR; PBS diluted 1:3 with the medium). Afterwards, the cells were rigorously washed (three times) and incubated for the next 24 h with the medium to allow secretion. Afterwards, the cultivated cells were visualised by light microscopy. The phase-contrast images of the MRC-5 cells incubated with IPF-BALF displayed characteristic morphological changes (36) attributed to their activation from fibroblasts to myofibroblasts when compared with the control cells: namely, the IPF-BALF-treated fibroblasts appeared to be more flattened with evident nuclei, they apparently lost the typical stretched shape, and they were seemingly in a growth-arrested state (Figure 2A). In response to the IPF-BALF treatment, the MRC-5 fibroblasts increased the expression of vimentin and alpha smooth muscle actin (α-SMA), both markers of fibroblast activation; their expression levels in the cell lysates were normalised to the expression of COX IV, which was used as a housekeeping control protein (Figure 2B).

[image: Panel A shows microscopy images of MRC-5 human lung fibroblasts, with PBS-treated control on the left and BALF-treated IPF on the right. Panel B presents Western blot results comparing protein expression levels in control and IPF-treated fibroblasts, with a graph displaying the fold change of specific proteins. Panel C features a box plot from a CD44 ELISA showing BALF protein concentration in IPF versus control samples. Panel D displays Western blots for CD44 and CD63 in supernatants, with additional samples treated with inhibitors. Panel E provides a graph of CD44 mRNA relative expression in control and IPF samples.]
Figure 2 | Evaluation of MRC-5 fibroblasts after activation with BALF from IPF patients. (A) Phase-contrast microscopy images of MRC-5 primary human lung fibroblasts activated with BALF samples (IPF; BALF diluted 1:3 with the medium) or with the control mixtures (CTR; PBS diluted 1:3 with the medium). (B) The cell lysates and corresponding supernatants from the MRC-5-conditioned media were analysed by Western blotting with the specific Ab against vimentin, α-SMA, COX IV, and CD44 (left panel). Densitometric quantifications of bands were done by the AzureSpot software and normalised to the corresponding bands of COX IV from the lysates. Then, the obtained normalised optical densities (ODs) were expressed as a fold change of IPF versus CTR. For the calculations, nine immunoblots were analysed (right panel). (C) The CD44 ELISA analysis of the supernatants from the BALF (IPF)- and PBS (CTR)-activated MRC-5 cells. (D) The cell lysates and supernatants were collected and analysed as described in B, but the secretion phase was performed in the presence of the indicated inhibitors: GM6001 (galardin, MMP inhibitor; 10 μmol/L) and GW4869 (exosome release inhibitor; 10 μmol/L); the cell supernatants were analysed for CD63, in addition. The results were quantified and evaluated as in (B, E) RT-qPCR analysis of CD44 in primary human MRC-5 cells that were treated with either PBS (CTR) or IPF-BALF (IPF) for 24 h, washed and incubated in the medium for additional 24 h, and afterwards harvested. Data are normalised to the EEF1A1 housekeeping gene and shown relative to the CTR levels observed in the first experiment using the 2−ΔΔCT method.

In parallel, the secretomes of stimulated and control MRC-5 fibroblasts were proteomically analysed by mass spectrometry with fibroblast-specific expression assigned to the identified proteins by using the PanglaoDB database. In this way, several fibroblast-specific proteins were found to be significantly enriched followed treatment with IPF-BALF (Table 3), which further confirmed the activation of fibroblasts to myofibroblasts. Some of them [e.g., interleukin (IL)-6 and IL-8] are markers of general inflammation. Recent research highlights a role for CD44 in fibrotic processes (37–40): the role of CD44 in mesenchymal progenitor cells and their differentiation into fibroblasts in IPF, as well as its involvement in the acquisition of a motile phenotype by IPF fibroblasts (in patients fulfilling diagnostic criteria for IPF) and their invasive capabilities, has already been discussed in previous studies. In mice, CD44 expression increases following fibrosis induction with bleomycin. CD44 is involved in enhancing fibroblast motility and invasiveness. Therefore, we hypothesised that CD44 levels would show a more significant increase in fibrotic processes compared with inflammatory diagnoses within DPLD. Based on this, the CD44 protein was chosen for further study.

Table 3 | Proteomic analysis of the MRC-5 cell secretomes.


[image: Table displaying protein and gene names with log-transformed ratios (IPF/CTR) alongside ExoCarta and Vesiclepedia entries. Highlights include Protein S100-A4 with a log ratio of 9.2 and both ExoCarta and Vesiclepedia entries. Other proteins like interleukin-8 and interleukin-6 vary in log ratios and database presence. The context describes fibroblast treatments and mass spectrometry analysis methodologies.]
First, we confirmed the finding from mass spectrometry by Western blotting and ELISA. By means of both methods, we detected significantly higher levels of CD44 in the conditioned media from the IPF-BALF-treated MRC-5 cells when compared with those of control cells. The levels were normalised to COX IV expression in the corresponding lysates, and then the obtained normalised optical densities (ODs) were expressed as a fold change of IPF versus CTR (Figures 2B, C). In addition, control donors’ BALFs (four donors with SRC, one donor with inflammatory HP, and one donor without DPLD) were included in the experiments, showing results comparable with those of the PBS controls (Supplementary Figure S1A).

Next, we sought for the origin of CD44 secreted from the activated MRC-5 fibroblasts. The CD44 protein is known either to be proteolytically shed from the cell surface by various metalloproteases yielding a soluble ectodomain (41–43) or to be released from cells as a full-length membrane-embedded component of exosomes (44–48). To discriminate between these two possibilities, we performed the fibroblast secretion phase in the presence of the following inhibitors: GM6001 (galardin, MMP inhibitor) and GW4869 (exosome release inhibitor). As shown in Figure 2D, the co-incubation with GW4869 led to a reduction in CD44 secretion by the activated MRC-5 cells. Furthermore, CD63, an exosomal marker, displayed a similar expression profile in cell supernatants (Figure 2D; Supplementary Figure S1B). Notably, the MMP inhibitor GM6001 caused a significant decrease in CD63 (Figure 2D; Supplementary Figure S1B). Interestingly, it was shown that the inhibition of the shedding of desmosomal cadherin desmoglein 2 (Dsg2) with the MMP inhibitor GM6001 resulted in reduced exosomes’ release (49).

Moreover, the majority of the proteins identified by mass spectrometry were assigned to be of potential exosomal origin by using the ExoCarta and Vesiclepedia databases (Table 3). Notably, analysis of CD44 messenger RNA (mRNA) levels in control and IPF-BALF-stimulated MRC-5 cells revealed no significant increase in CD44 expression upon stimulation (Figure 2E). This indicates the regulation of CD44 via subcellular distribution and not via gene expression.

These results altogether suggest that the activation of lung fibroblasts by IPF-BALF induces the secretion of CD44.





The DPLD-derived BALF analysis

Based on these results, we tested the levels of CD44 in the BALFs of all DPLD patients with various diagnoses. As shown in Figure 3A, we detected significantly increased concentrations of CD44 in the BALF from the IPF cohort and also in the subgroups with fibrotic phenotype forms of HP and CTD-ILD cohorts. We did not detect increased concentrations of CD44 in BALF in both SRC and OP cohorts. When we separated the selected IPF-BALF by means of a size-exclusion chromatography on an Izon qEV column, which allowed the isolation of exosomes, we detected CD44 in the CD63-positive fractions corresponding to exosomes. In contrast, immunoglobulin was present in the fractions corresponding to soluble proteins (Figure 3B). In addition, we analysed BALF from IPF cohorts and from conditioned supernatants of the BALF-activated MRC-5 cells by means of the Exoid instrument measuring the size and concentration of exosomes in solution by the principle of TRPS. In both, BALF and supernatants, we detected vesicles of similar diameters in a range of approximately 150 nm (Figures 3C, D; Table 4) indicating similar characteristics of exosomes derived in vitro from fibroblasts and collected from BALF in vivo.

[image: Panel A shows a box plot of CD44 protein concentration in BALF across different patient groups, with significant differences marked by asterisks. Panel B presents a Western blot of BALF fractions showing bands for IgG, CD44, and CD63 at different kilodalton levels across exosomal and soluble fractions. Panel C displays a histogram of IPF-BALF exosome concentrations by particle diameter for four different samples. Panel D presents a histogram comparing exosome concentrations in IPF-MRC-5 versus control, using different shades to represent each condition.]
Figure 3 | Evaluation of BALF collected from DPLD patients for CD44. (A) The CD44 ELISA analysis of BALF from DPLD patients. (B) Selected IPF-BALFs were fractionated by Izon qEV size-exclusion chromatography columns (Izon Science, UK). The fractions were analysed by Western blotting for CD44, CD63 (exosomal marker), and immunoglobulin (IgG). A representative is shown. (C, D) Extracellular vesicle diameter (x-axis) and concentration (y-axis) measurement by TRPS. Exosomal fractions, isolated by the Izon qEV from both IPF-BALF (C) and the conditioned medium of the IPF-BALF-activated (IPF) or PBS-treated (CTR) MRC-5 cells (D), were analysed by TRPS in the Exoid instrument. Measured values of mean/mode particle diameter and concentration are shown in Table 4.

Table 4 | Evaluation of exosomes by TRPS.


[image: Table showing exosome measurements in bronchoalveolar lavage fluid (BALF) from idiopathic pulmonary fibrosis (IPF) patients. Columns list mean diameter, mode diameter, and concentration. "IPF-BALF": 120 nm, 87.3 nm, 14.33E+8/mL. "IPF-BALF-activated MRC-5 supernatant": 147 nm, 116.7 nm, 9.2E+9/mL.]
These findings implicate that CD44 might be present in BALF from the cohorts with pulmonary fibrosis in the form of an exosomal membrane-anchored receptor.

To evaluate the reliability of BALF-CD44 as a potential marker for pulmonary fibrosis, we conducted logistic regression models with a receiver operating characteristic (ROC). In the frame of our study, we categorised all subjects with DPLD into two groups: fibrotic (including IPF, fibrotic HP, and fibrotic CTD-ILD) and inflammatory ones (including SRC, inflammatory HP, inflammatory CTD-ILD, and OP). Logit models of the CD44 effect on the fibrotic process showed statistically significant differences even after adjusting for confounders (age and smoking) (Table 5). The obtained area-under-the-ROC-curve (AUC) score, 0.8048, showed that CD44, as a biomarker, has a good predictive ability to discriminate fibrotic lung processes from other non-fibrotic DPLD diagnoses (Figure 4A). This suggests that measuring the CD44 concentration in BALF effectively distinguishes cases with and without fibrosis.

Table 5 | Logit models of the CD44 effect on the fibrotic process.


[image: Analysis table of maximum likelihood estimates comparing two models. Model 1 for \( CD44 \) effect: Estimate 0.000036, Standard Error 5.38E-06, Wald 43.6412, Pr < 0.0001. Model 2, adjusting for confounders: \( CD44 \) Estimate 0.000046, Age 0.00106, Smoking status -0.022. Standard Errors: 7.22E-06, 0.000157, 0.2155 respectively. Wald values: 41.2662, 45.7175, 0.0104. Pr < 0.0001 except for smoking status, Pr = 0.9187. Models assess \( CD44 \) effect on binary response variables.]
[image: Graph showing a Receiver Operating Characteristic (ROC) curve for a model with an Area Under the Curve (AUC) of 0.8048, indicating moderate predictive performance. Below, there are eight lung images with various conditions labeled: lung consolidation, emphysema, ground-glass opacity, honeycombing, reticular pattern, pleural effusion, pneumothorax, and lung anomalies. The images display differing patterns and colors indicating different lung conditions.]
Figure 4 | Correlation analyses. (A) Receiver operating characteristic (ROC) analysis evaluating the reliability of BALF-CD44 as a potential marker for pulmonary fibrosis. Patients with DPLD were divided into two groups: fibrotic (including IPF, fibrotic HP, and CTD-ILD) and inflammatory (including sarcoidosis, inflammatory HP, CTD-ILD, and OP). The obtained AUC value, representing the overall effectiveness of the test, demonstrates excellent discriminatory accuracy (0.9255), indicating that measuring CD44 concentration in BALF effectively distinguishes between patients with and without fibrosis. (B) Lung evaluation of DPLD patients by HRCT. The specific characteristics of one representative IPF patient are shown.

Notably, in the SRC patient group, only a very small proportion (4%) exhibited fibrotic involvement. SRC has a relatively low tendency to cause fibrosis, and patients in stage IV usually already have a confirmed diagnosis, making lavage testing unnecessary. This explains the limited number of stage IV patients in the study. The graph in Supplementary Figure S1C compares fibrotic SRC fibrosis (stage IV, N = 5) with inflammatory SRC phenotypes (stages I–III, N = 118).

Finally, we performed correlation analyses of the BALF-CD44 levels with the measures obtained independently by other diagnostic methods. First, the lungs of selected cases were examined by HRCT to gain more detailed characteristics, such as lung consolidation, emphysema, GGO, honeycombing, or reticular pattern (Figure 4B; Table 6). In this respect, the CD44 concentrations in BALF positively correlated with GGOs and reticular patterns (Table 7). Furthermore, BALF-CD44 negatively correlated with DLCO and positively correlated with the total number of macrophages (Table 8).

Table 6 | Quantification of lung evaluation of DPLD patients by HRCT.


[image: Table showing lung volume distribution in liters and percentages for a patient with idiopathic pulmonary fibrosis. Total lung volume is 6.6 liters. Left lung volume is 3.4 liters, with 58% unremarkable. Right lung volume is 3.2 liters, with 52% unremarkable. Other features include lung consolidation, emphysema, ground-glass opacity, honeycombing, reticular pattern, and others.]
Table 7 | Correlation between the CD44 BALF levels and HRCT scores of selected patients; N = 63.


[image: Table showing HRCT patterns with corresponding correlation and p-values with BALF-CD44. Anomalies: R-value 0.2777, p-value 0.0275. Ground-glass opacity: R-value 0.3103, p-value 0.0133. Reticular pattern: R-value 0.324, p-value 0.0096. Honeycombing: R-value 0.2646, p-value 0.0361.]
Table 8 | Correlation between the CD44 BALF levels and BALF differential cell counts.


[image: Table showing correlations between BALF differential cell counts and BALF-CD44 R-values, with corresponding P-values. Negative correlations are observed for most T cell types and lymphocytes, with significant P-values less than 0.05. Positive correlations are notable for macrophages and eosinophils, also with significant P-values.]
Taken together, these results suggest that BALF-CD44 is an appropriate marker to discriminate the fibrosing phenotypes of DPLDs.






Discussion

In this study, we searched for a specific biomarker of pulmonary fibrosis in BALF from various DPLD diagnoses. BALFs are concoctions of a variety of immune cells and soluble compounds secreted within alveoli even upon under normal physiological circumstances. The soluble molecular components of BALF form a cocktail secreted from both suspension lung-resident immune cells and tissue-attached pneumocytes and fibroblasts. Upon DPLD, the number of immune cells and soluble compounds in alveoli dramatically increases (50), which makes the identification of putative BALF-derived biomarkers for individual disorders difficult (51).

However, there is one hallmark of pulmonary fibrosis that discriminates fibrotic forms of DPLD from other types. Namely, it is fibroblast activation to myofibroblasts, accompanied with excessive matrix deposition, leading to the loss of functional lung architecture (52). In order to use this peculiar feature, we searched for fibrosis markers in two steps, which might be seen as a journey from bedside to bench and back again. In particular, first, we identified potential candidates in the secretomes of myofibroblasts differentiated from MRC-5 fibroblasts by activation driven with BALF from fibrotic lungs, and, second, we evaluated BALF from various DPLD subgroups for the presence of the selected candidate (Figure 1). In the first step, by using the fibroblast-specific PanglaoDB database, we identified several fibroblast-specific protein candidates (Table 3). Noteworthily, some of them have been already proposed to be involved in IPF: for instance, S100A4 was found elevated in the lungs of IPF patients and expressed by α-SMA-positive cells (53), or midkine has been recently chosen by machine learning models as a potential prognostic tool for IPF (54). From within the list, the CD44 protein had drawn our attention since its possible role in the IPF development had been suggested (37, 39), yet it had not been tested as a biomarker of IPF. In the second step, we detected elevated levels of CD44 in BALF from the IPF cohort and from groups of fibrotic phenotypes of HP and CTD-ILD. The BALF-CD44 levels correlated with other clinical diagnostic criteria determining the occurrence of pulmonary fibrosis in lungs. Thus, CD44 in BALF is a specific and reliable marker of pulmonary fibrosis.

CD44, a receptor for hyaluronic acid (55, 56), is expressed, in addition to fibroblasts, on the surface of epithelial cells, endothelial cells, macrophages, T cells, and also other cell types (57). CD44 is involved in cell adhesion, cell migration, or cell activation whereupon CD44 is upregulated (58). Altogether, its functions are reflected not only in a plethora of physiological processes, including wound healing, angiogenesis, or inflammation (59, 60), but also in pathological circumstances, e.g., cancer or lung injury (61, 62). In the latter context, it was demonstrated that CD44-deficient fibroblasts exhibited the loss of directed migration to sites of the injury in vitro (37). In a mouse model of bleomycin-induced lung fibrosis, a CD44-blocking Ab ameliorated lung injury in vivo (39). In addition, fluorescence immunohistochemistry of lung tissues from IPF patients revealed enhanced levels of CD44 (38). Moreover, human lung fibroblasts isolated from patients with IPF displayed CD44-dependent invasive capacity in vitro (39). It was also shown in mesenchymal progenitor cells that ligation of CD44 by hyaluronic acid triggered translocation and accumulation of the protein S100-A4 in the nucleus, which fostered fibrogenesis (40). Interestingly, together with CD44, S100-A4 has been also identified in the secretome of MRC-5 fibroblasts activated by BALF from IPF patients (Table 3).

CD44 might be released from cells either as a soluble ectodomain via proteolytic shedding by ADAM10 and other types of metalloproteases (41–43, 63, 64) or as a full-length membrane-embedded protein within exosomes. Our inhibition experiments together with biochemical and biophysical analyses indicate that CD44 is released from activated fibroblasts as an exosomal component, and in parallel, it is present in BALF (Figure 2D). Various variants of the CD44 protein have been detected within exosomes released from mesenchymal stromal cells (44) and cancer cells (45, 46), and CD44-positive exosomes have been found in body fluids (47, 48). Interestingly, the majority of the candidates identified in the fibroblast secretome have been detected in exosomes: for instance, the aforementioned S100-A4 (65), FABP4 (66), or midkine (67), which was also confirmed by the ExoCarta and Vesiclepedia databases (Table 3; Supplementary Table S1). The production of exosomes has been recently getting more and more attention as another sign of pulmonary fibrosis, in addition to activation and differentiation of fibroblasts and extracellular matrix deposition (50, 68).

Taken together, within the lung microenvironment, extracellular CD44 may be produced in various forms and from a plethora of cellular sources.

Several issues remain for the future to be resolved: in the current state of the study, we cannot define what factors encompassed in BALF trigger the activation of fibroblasts in vitro; the definite cellular sources of CD44-positive exosomes in the lung microenvironment have also not been determined; and, also, it is not clear whether CD44-positive exosomes contribute somehow to the pathogenesis of fibrotic DPLD. By virtue of its ubiquitous expression and multifaceted roles, CD44 might participate in disease progression not only via fibrosis- but also inflammation-associated pathways. However, based on our results, we can conclude that the evaluation of CD44 in BALF might become a useful tool to make clinical diagnostics of progressive-fibrosing phenotypes of DPLD more specific and reliable, which may be especially instrumental in predicting lung fibrinogenesis in long-COVID patients.
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Supplementary Figure 1 | (A) The CD44 ELISA analysis of the supernatants from the BALF- (IPF), PBS and control donors’ BALF (CTR)-activated MRC-5 cells: IPF (N=9), Control donors (Sarcoidosis N=4, Inflammatory HP N=1, donor without DPLD N=1), PBS (N=5). (B) Statistical evaluation of the experiments shown in Figure 2D. The results were quantified and evaluated as depicted in Figure 2B. For the calculations, 4 immunoblots were analysed.
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Background

Intestinal ischemia-reperfusion injury (IIRI) is a severe clinical condition associated with high morbidity and mortality. Despite advances in understanding the pathophysiology of IIRI, effective diagnostic and therapeutic strategies remain limited.





Methods

Using transcriptome sequencing in a mouse model of IIRI, we identified potential biomarkers that were significantly upregulated in the IIRI group compared to the sham group. Based on these findings, we developed and evaluated a therapeutic strategy using milk-derived exosomes loaded with siRNA targeting CCL7 (M-Exo/siCCL7).





Results

Focusing on Ccl7 as a hub gene, we explored the therapeutic efficacy of milk-derived exosomes loaded with siRNA targeting Ccl7 (M-Exo/siCCL7) in the IIRI model. M-Exo/siCCL7 treatment effectively attenuated intestinal inflammation and injury, as evidenced by reduced histological damage, decreased serum markers of intestinal barrier dysfunction, and attenuated systemic inflammation.





Conclusion

Our findings provide new insights into the molecular mechanisms underlying IIRI, identify potential diagnostic biomarkers, and highlight the promise of exosome-based siRNA delivery as a novel therapeutic approach for IIRI.
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1 Introduction

Intestinal ischemia-reperfusion injury (IIRI) is a severe clinical complication associated with significant morbidity and mortality (1). It can occur in various conditions such as shock, abdominal trauma, intestinal obstruction, organ transplantation, and extracorporeal circulation (2, 3). The intestine is particularly vulnerable to ischemia-reperfusion injury compared to other organs (4). During IIRI, the restoration of blood flow after a period of ischemia paradoxically exacerbates the tissue damage initiated during the ischemic period (5, 6). The pathophysiology of IIRI involves a complex interplay of multiple factors, including oxidative stress, inflammatory response, and cell apoptosis (7, 8). Currently, there is a lack of effective diagnostic methods and therapeutic approaches for IIRI. Therefore, it is crucial to identify key biomarkers and explore novel treatment strategies for IIRI.

With the advancement of high-throughput sequencing technologies, transcriptome analysis has become a powerful tool to investigate the molecular mechanisms underlying various diseases (9). Several studies have utilized RNA sequencing to identify differentially expressed genes (DEGs) and key pathways involved in IIRI (10, 11). These findings provide valuable insights into the pathogenesis of IIRI and potential therapeutic targets. However, further validation and functional studies are needed to translate these findings into clinical applications.

Animal models play a vital role in studying the mechanisms of IIRI and evaluating the efficacy of therapeutic interventions (3, 10). Among various animal models, the mouse IIRI model has been widely used due to its similarities to human intestinal physiology and the availability of genetic tools (11). By inducing ischemia-reperfusion injury in the mouse intestine, researchers can investigate the molecular events and cellular responses during IIRI (12). Moreover, the mouse IIRI model allows for the screening and validation of potential biomarkers and therapeutic targets (11).

RNA interference (RNAi) has emerged as a promising approach for gene silencing and targeted therapy (13, 14). Small interfering RNAs (siRNAs) are short double-stranded RNA molecules that can specifically degrade complementary mRNA sequences, leading to gene silencing (12). However, the delivery of siRNAs to target tissues remains a major challenge due to their instability and poor cellular uptake. Exosomes, which are nanoscale extracellular vesicles, have been explored as natural carriers for siRNA delivery (15). Milk-derived exosomes (M-Exos) have attracted particular attention due to their biocompatibility, stability, and ability to cross biological barriers (16–18). Recent studies have demonstrated the potential of M-Exos as a delivery vehicle for siRNAs in the treatment of inflammatory bowel disease (19). This suggests that M-Exo-mediated siRNA delivery could also be a promising strategy for treating IIRI.

In this study, we aimed to identify key biomarkers and explore the therapeutic potential of M-Exo-mediated siRNA delivery in IIRI using a mouse model (Figure 1). We performed RNA sequencing on intestinal tissues from sham and IIRI mice to identify DEGs and key pathways involved in IIRI. Bioinformatics analyses, including weighted gene co-expression network analysis (WGCNA), protein-protein interaction (PPI) network analysis, and machine learning algorithms, were employed to screen for potential biomarkers. The expression levels of the identified biomarkers were validated using quantitative PCR and immunohistochemistry. Furthermore, we investigated the therapeutic efficacy of M-Exo-mediated delivery of siRNA targeting a selected biomarker in the mouse IIRI model. Our findings provide new insights into the molecular mechanisms of IIRI and highlight the potential of M-Exo-mediated siRNA delivery as a novel therapeutic approach for IIRI.

[image: Flowchart illustrating a research process for intestinal ischemia-reperfusion injury analysis. It begins with RNA extraction and library construction, leading to GO/KEGG and PPI network analyses. This results in a core gene network with 38 nodes and 183 edges. LASSO regression and SVM-RFE algorithms identify 11 feature genes. These undergo analysis via WGCNA, GSEA, IPA, and a clinical nomogram model to determine quercetin targets. It concludes with experiments validation and effectiveness analysis of M-Exo/siCCL7 in treating IIRI mice.]
Figure 1 | Schematic overview of the study design. The workflow includes transcriptome sequencing of intestinal tissues from sham and IIRI mice, bioinformatics analyses (GO, KEGG, PPI, WGCNA, LASSO, SVM-RFE, GSEA, and IPA), validation of identified biomarkers (Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia) by qPCR and IHC, and evaluation of the therapeutic efficacy of milk exosome-mediated siCCL7 delivery in the IIRI model.




2 Materials and methods



2.1 RNA extraction and library construction



2.1.1 Sample preparation

The Experimental Animal Center at Kunming Medical University provided 70 healthy male mice of the C57BL/6J strain (6-8 weeks old, weighing 18-22 g) (Certificate of Conformity: SCXK2019-0008). The Ethics Committee of Kunming Medical University granted consent for the use of animals in research (approval number: KMMU20220927), and all methods followed the guidelines set by the National Institutes of Health for the use of laboratory animals. The research has been conducted according to the principles stated in the ARRIVE guidelines. Animals were kept in captivity for two weeks prior to the start of the experiment. They were maintained at a temperature of 25°C and 50 mL/L humidity, ensuring an environment with a 12 h cycle of light and darkness. Additionally, they were provided with an adequate supply of food and water. The mice were fasted for 12 h before the experiments. The NIH Guide for the Care and Use of Laboratory Animals was followed for all animal research, and all experiments were designed to minimize pain and distress for the animals. We adhere to all applicable federal regulations regarding the use and treatment of animals.





2.2 Animal grouping

The 60 mice were divided into two cohorts: a target screening cohort (n = 40) for identifying key targets through sequencing and bioinformatics analysis, and a treatment validation cohort (n = 30) for validating the therapeutic effects of the identified targets.

In the target screening cohort, mice were randomly assigned to the IIRI and sham-operated groups (Sham). In the treatment validation cohort, mice were randomly divided into three groups (n = 10 per group): (1) Sham group: Mice received intraperitoneal injections of saline for 7 days before undergoing sham surgery. (2) Model group: Mice received intraperitoneal injections of saline for 2 consecutive days, followed by the induction of the II/R model. (3) Treatment group: Before II/R surgery, mice were pretreated with M-Exo/siCCL7 (milk-derived exosomes loaded with siCCL7) via gavage, once daily for 2 consecutive days.




2.3 IIRI model construction

Mice were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal injection). After confirming adequate anesthesia, a midline laparotomy was performed to expose the superior mesenteric artery (SMA). The SMA was occluded using a microvascular clip for 30 minutes. During this period, the abdomen was temporarily closed with surgical clips to prevent fluid loss. After 30 minutes of ischemia, the abdomen was reopened, the vascular clip removed to allow reperfusion, and the incision was permanently closed. The tissue was then allowed to reperfuse for 2 hours before euthanasia. The same operation was performed on mice in the sham-operated group, with the exception of superior jejunal segment mesenteric artery blockage (11). For all analyses, the jejunal segment (10 cm distal to the ligament of Treitz) was used, as this region shows consistent ischemic changes and minimal collateral circulation. This standardization was maintained across all experimental procedures to ensure consistency. After 2 hours of reperfusion and prior to tissue collection, we documented the gross anatomical changes in the intestine.




2.4 RNA sequencing of murine small intestine tissues in ischemia-reperfusion injury

Mice were euthanized by sodium pentobarbital overdose injection after 2 hours of reperfusion, and the small intestine tissue was extracted by opening the abdomen. After being thoroughly cleaned, a small portion of the small intestine was quickly frozen in liquid nitrogen and transferred to a -80°C refrigerator for gene sequencing.

The organization obtained 40 samples of C57BL/6J mouse small intestine tissue, including 20 normal samples and 20 samples with IIRI. Following the manufacturer’s instructions, total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). We quantified the amount and purity of RNA in all samples using the NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). The RNA integrity was assessed using the Bioanalyzer 2100 (Agilent, CA, USA) and validated using denaturing agarose gel electrophoresis. RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with an RNA Integrity Number (RIN) ≥ 7.0 were considered acceptable for library preparation and sequencing. Using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, CA, USA), poly(A) RNA was isolated from total RNA in two cycles. Those compound doublets of DNA and RNA were converted into DNA duplexes. The second strand was digested with UDG enzyme, and then PCR was performed to create a library with a fragment size of 300bp ± 50bp. Finally, we carried out double-end sequencing using the Illumina NovaSeqTM 6000 (LC Bio-Technology CO., Ltd. Hangzhou, China).




2.5 Transcriptomic data processing and differential gene analysis

Forty samples of the murine small intestine split equally between normal and IIRI states, were processed to generate transcriptome data. Following RNA extraction using TRIzol, quality, and integrity assessments were conducted via NanoDrop and Bioanalyzer platforms. The mRNA libraries prepared using Dynabeads and sequenced on the Illumina NovaSeqTM 6000 system, were processed with Trimmomatic for quality trimming and STAR for alignment against the mouse Gencode M24 reference genome. Differential expression analysis was executed using the ‘limma’ package, applying a threshold of P-value <0.05 and an absolute log2 fold change >1.




2.6 Construction of co-expression networks

Sample clustering was performed using the hclust function in R with the average linkage method. Samples with a cut height of > 100 were considered outliers and removed from further analysis. The optimal soft-thresholding power for constructing a scale-free network was determined using the WGCNA package in R. Modules of co-expressed genes were identified, and the module most highly correlated with the IIRI phenotype was selected for further analysis.




2.7 Enrichment and interaction analyses

Candidate genes were pinpointed by intersecting differentially expressed genes and key module genes. GO and KEGG pathway enrichment analyses were performed using the ‘clusterProfiler’ package in R, with a p-value cutoff of 0.05 and a q-value cutoff of 0.1. The statistical significance of enrichment was determined using the hypergeometric test. A protein-protein interaction (PPI) network of these genes was visualized using STRING and further analyzed to identify central core genes using the MCODE algorithm in Cytoscape.




2.8 Application of machine learning for biomarker discovery

To refine the selection of potential biomarkers, machine learning techniques, specifically LASSO and SVM-RFE, were applied (20, 21). The intersection of the gene lists from both methods yielded a set of candidate biomarkers. ROC curves were generated using the pROC package in R. The area under the curve (AUC) was calculated to assess the diagnostic performance of the biomarkers. An AUC value of 0.5 indicates no discriminative power, while a value of 1.0 represents perfect discrimination.




2.9 Development of a predictive clinical model

A clinical nomogram incorporating the identified biomarkers was constructed using the ‘rms’ package to forecast the risk of IRI. The model’s predictive accuracy was assessed through calibration, decision curve analysis (DCA), and clinical impact curves, generated using the ggDCA package.




2.10 Immune feature and GSEA

The CIBERSORT algorithm was employed to quantify the infiltration of various immune cells in the tissue microenvironment. Relationships between these cells and the diagnostic genes were explored. Additionally, Gene Set Enrichment Analysis (GSEA) was performed to investigate relevant biological pathways and processes, utilizing mouse-specific gene sets.




2.11 IPA

An Ingenuity Pathway Analysis (IPA) (22) determined the activation states of pathways associated with the biomarkers. A threshold Z-score of ± 2 identified pathways significantly impacted by the biomarkers under study.




2.12 The analysis of the expression of biomarkers

For histological analysis (H&E staining and immunohistochemistry), we collected 2 cm segments from the standardized jejunal region (10 cm distal to the ligament of Treitz). These segments were immediately fixed in 4% paraformaldehyde. Multiple sections (5 μm thickness) were prepared from each sample, with analyses performed on sections taken at 0.5 cm intervals to ensure representative sampling. Expression levels of identified biomarkers were quantitatively validated using real-time PCR (qRT-PCR) on tissue samples from ten mice each in the sham and model groups. Total RNA was isolated using TRIZol reagent (Thermo Fisher, Shanghai, China, catalog no. 15596026) and reverse-transcribed to cDNA using the SureScript First-Strand cDNA Synthesis Kit (Servicebio, Wuhan, CN, catalog no. G3330). The qPCR reactions were facilitated by the PowerUp SYBR Green Master Mix (Thermo Fisher, Waltham, MA, USA, catalog no. A25742), employing specific primers listed in Supplementary Table S1. GAPDH served as the reference gene, and relative expression was calculated using the 2−ΔΔCt method.

For immunohistochemical analysis, four tissue samples from each group were processed. Sections were blocked with 5% bovine serum albumin (BSA) in PBS for 1 hour at room temperature, then incubated overnight at 4°C with the following primary antibodies: anti-CCL7 (1:200, ABCAM, ab182793), anti-CD14 (1:100, ABCAM, ab221678), anti-CXCL1 (1:200, ABCAM, ab86436), anti-HMOX1 (1:150, ABCAM, ab13248), and anti-NFKBIA (1:100, ABCAM, ab32518). After washing three times with PBS containing 0.1% Tween-20 (PBST), sections were incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (1:500, Servicebio, catalog no. GB23303) for 1 hour at room temperature. The immunoreactivity was visualized using the DAB Substrate Kit (Vector Laboratories, Burlingame, CA, USA, catalog no. SK-4100). Images were captured using an Olympus BX53 light microscope equipped with a DP80 digital camera (Olympus, Tokyo, Japan) at 200x magnification, and analyzed quantitatively using ImageJ-pro-plus software (version 6.0, NIH, USA). Statistical analysis was performed using Prism software (GraphPad Software, San Diego, CA, USA), ensuring that data interpretation adhered to rigorous standards.




2.13 Isolation of exosomes from bovine milk

Exosomes were isolated from commercially available bovine milk (23). The milk underwent sequential centrifugation steps: initial centrifugation at 5000 × g for 30 minutes to remove fat and debris, followed by a second spin at 12,000 × g for 1 hour at 4°C (Avanti J-E Centrifuge, Beckman Coulter, Brea, USA). The supernatant was filtered through a 40-μm cell strainer (SPL Life Sciences, Pocheon-si, Republic of Korea, catalog no. 93040) and subjected to ultracentrifugation at 35,000 × g for 1 hour and then at 70,000 × g for 3 hours at 4°C (Optima XE-100, Beckman Coulter). The middle layer containing exosomes was collected, and passed through syringe filters of decreasing pore sizes (0.8, 0.45, and 0.2 μm, Sartorius, Göttingen, Germany; catalog nos. 16592-K, 16555-K, 16534-K), and centrifuged at 100,000 × g for 1 hour to pellet the exosomes. The purified exosomes were resuspended in phosphate-buffered saline (PBS, GenDEPOT, Katy, USA, catalog no. CA008-050) and stored at 4°C overnight to ensure homogeneity.




2.14 Electroporation of M-Exo and siRNA loading

For electroporation, RNase-free 10 × PBS (AM9625, Invitrogen, Waltham, USA) was diluted 1/50 in diethylpyrocarbonate (DEPC)-treated water (WR2004-050-00, Biosesang, Seongnam-si, Republic of Korea) and used as the electroporation buffer. Exosome particles were quantified using nanoparticle tracking analysis (NTA) with a NanoSight NS300 system (Malvern Panalytical, UK). Three independent measurements were performed for each sample to ensure accuracy. M-Exos were then added to the electroporation buffer to prepare a solution with 1.6 × 1011 particles/mL.

All electroporation experiments were performed using Gene Pulser Xcell Electroporation Systems (1652660, BIO-RAD, Hercules, USA) and Gene Pulser/MicroPulser Electroporation Cuvettes with a 0.4 cm gap (1652088, BIO-RAD, Hercules, USA) according to the electroporation conditions.

The siRNA targeting CCL7 (siCCL7) was purchased from Guangzhou RiboBio Co., Ltd. (Ribobio, Guangzhou, China) with the product number siG170420120148-1-5 and a standard specification of 5 nmol. The sense and antisense sequences of siCCL7 were as follows: Sense: 5’-GCAAGAAAGCUUAAGGAAU dTdT-3’, Antisense: 3’- dTdT CGUUCUUUCGAAUUCCUUA-5’. After electroporation, siCCL7 was added to the M-Exos at a final concentration of 100 nM to prepare M-Exo/siCCL7. The M-Exo/siCCL7 complex was then incubated at 4°C for 3 h with mild shaking to facilitate restoration. To remove unloaded free siRNA, centrifugation was performed at 12,000 × g for 10 min using a 30 kDa-Amicon Ultra-0.5 centrifugal filter unit (UFC503096, Merck Millipore, Burlington, USA). The final M-Exo/siCCL7 preparation was adjusted to a concentration of 1×1012 particles/mL in PBS, and 100 μL was administered to each mouse by oral gavage (corresponding to a dose of 1×1011 particles per mouse), once daily for 2 consecutive days before the induction of IIRI.




2.15 Transmission electron microscopy analysis of exosomes

The morphology and size of exosomes were observed by TEM as previously described (24). Briefly, 10 μL of exosome suspension was placed on a copper grid and allowed to absorb for 5 min. The excess liquid was removed with filter paper, and the sample was negatively stained with 10 μL of 20 mL/L uranyl acetate solution for 1 min. The excess liquid was removed again, and the copper grid was dried at room temperature. The morphology and size of the exosomes were observed and photographed using a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan).




2.16 Enzyme-linked immunosorbent assay for serum CCL7

Blood samples were collected via cardiac puncture immediately after euthanasia. Blood was allowed to clot at room temperature for 30 minutes, then centrifuged at 3,000 × g for 15 minutes at 4°C to obtain serum. The serum was carefully collected, aliquoted, and stored at -80°C until analysis. Serum levels of CCL7 were measured using a mouse CCL7 ELISA kit (MCC070, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. Serum levels of CCL7 were measured using a mouse CCL7 ELISA kit (MCC070, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. Briefly, serum samples were diluted with sample dilution buffer and added to the ELISA plate pre-coated with capture antibody. After incubation and washing, the detection antibody was added, followed by the addition of substrate solution. The optical density (OD) was measured at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). The concentration of CCL7 was calculated based on the standard curve.




2.17 Histological assessment and Chiu’s score

Intestinal tissues were fixed in 40 mL/L paraformaldehyde, embedded in paraffin, and sectioned at 5 μm thickness. The sections were stained with hematoxylin and eosin (H&E) for histological assessment. The severity of intestinal injury was evaluated using Chiu’s score (25) based on the following criteria: 0, normal mucosa; 1, development of subepithelial space at the tip of the villus; 2, extension of the subepithelial space with moderate lifting of the epithelial layer; 3, massive epithelial lifting with a few denuded villi; 4, denuded villi with exposed capillaries; and 5, disintegration of the lamina propria, ulceration, and hemorrhage. The scores were assessed by two independent pathologists who were blinded to the experimental groups.




2.18 Measurement of serum diamine oxidase activity

Serum diamine oxidase (DAO) activity was measured using a commercial kit (A088-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocol. Briefly, serum samples were incubated with the reaction mixture containing cadaverine dihydrochloride as the substrate. The enzymatic reaction was terminated, and the absorbance was measured at 436 nm using a microplate reader. DAO activity was calculated based on the standard curve and expressed as U/L.




2.19 Measurement of serum lactate dehydrogenase levels

Serum lactate dehydrogenase (LDH) levels were determined using a commercial LDH assay kit (A020-2-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s instructions. Briefly, serum samples were incubated with the reaction mixture, and the absorbance was measured at 450 nm using a microplate reader. LDH levels were calculated based on the standard curve and expressed as U/L.




2.20 Statistical analysis

Data normality was first assessed using the Shapiro-Wilk test. For normally distributed data, a two-tailed Student’s t-test was used to confirm the statistical significance of differences between two groups, and a one-way analysis of variance (ANOVA) with the Tukey-Kramer post hoc test was used for multi-group comparisons. For non-parametric data (Chiu’s scores and relative expression data), the Mann-Whitney U test was used for two-group comparisons, and the Kruskal-Wallis test followed by Dunn’s post-hoc test was used for multiple-group comparisons. Results are presented as mean ± standard deviation (SD) for parametric data and median with interquartile range for non-parametric data. Statistical analysis was performed using Prism software (version 9.0). Statistical significance was set as follows: not significant (ns) > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





3 Results



3.1 Identification and functional analysis of candidate genes in IRI

The base quality Q30 of each sample was above 90% (Supplementary Table S2). Using the mouse reference genome alignment, the mapping rate of all samples was above 75%, suggesting that the sequencing quality was very good (Supplementary Table S3). 2919 DEGs were identified in the IRI vs. normal group, including 1301 down-regulated and 1618 up-regulated genes (Figures 2A, B). To identify key modules associated with IRI vs. normal groups, we conducted a WGCNA. There were no outlier samples (Figure 2). The optimal soft threshold was 28. When the mean connectivity tended to 0, the ordinate scale-free fit index signed R^2 approached the threshold value of 0.9 (red line) (Figure 2C). A total of 19 modules were obtained (Figure 2D). The MEmagenta module showed a significant correlation with IRI in comparison to the normal groups (Figure 2E). Thus, 1040 key module genes related to IRI vs. normal groups were obtained. Furthermore, 483 candidate genes were identified by overlapping key module genes that were related to IRI vs. normal groups and DEGs (Figure 2F).

[image: A composite image showing various analyses: A) a volcano plot of differentially expressed genes (DEGs) with dots indicating significance; B) a heatmap with hierarchical clustering separating samples into Control and IRI groups; C) two line charts depicting scale independence and scale connectivity across soft thresholds; D) a heatmap of module-trait relationships showing color-coded correlations for control and IRI; E) a scatter plot illustrating the correlation between module membership and gene significance in the magenta module; F) a Venn diagram showing overlap between DEGs and module with numbers in each section; G) a dendrogram and heatmap depicting sample clustering and traits.]
Figure 2 | Identification of candidate genes associated with IIRI. (A, B) Heatmap and volcano plot depicting the 2,919 differentially expressed genes (DEGs) between the IIRI and normal groups. (C) Analysis of the scale-free fit index (left) and mean connectivity (right) for selecting the optimal soft-thresholding power in WGCNA. (D) GO pathway analysis of the IIRI vs. normal groups. (E) Scatter plot of the key module correlated with the IIRI vs. normal groups. (F) Venn diagram illustrating the overlap between IIRI-related genes and DEGs. (G) Sample dendrogram and trait heatmap.

To further investigate the potential function of candidate genes, we conducted a functional enrichment analysis. These candidate genes were principally involved in the ‘positive regulation of cytokine production’ process (Figure 3A). Additionally, the KEGG analysis demonstrated that these candidate genes were mainly relevant to the ‘NF-kappa-B signaling pathway’ (Figure 3B). Furthermore, the PPI network of candidate genes was constructed, consisting of 176 nodes and 394 edges (Figure 3C). 38 core genes were identified by the Cytoscape plug-in according to MCODE degree. The network of core genes had 38 nodes and 183 edges, including Cxcl1, Cxcl5, Ccl7, Cxcr2, Ccl2, and Cxcl2, et al. (Figure 3D).
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Figure 3 | Functional enrichment analysis of candidate genes. (A) GO enrichment bubble plot of candidate genes. (B) KEGG pathway enrichment analysis of candidate genes. (C) Protein-protein interaction (PPI) network of candidate genes. (D) Identification of 38 core genes using the Cytoscape MCODE plug-in.




3.2 Screening and clinical predictive analysis for IRI patients

To further identify the key genes, Lasso regression analysis was performed on 38 core genes to uncover the optimal ones. Ultimately, 6 feature genes were obtained, including Ccl2, Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia (Figures 4A, B). Meanwhile, the SVM-RFE algorithm retained 11 feature genes, namely Cd14, Adamts1, Cxcl1, Hmox1, Il10, Csf3, Adamts4, Ccl7, Ccl2, Thbs1, and Nfkbia (Figures 4C, D). Subsequently, we obtained 5 overlapping genes, including Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia (Figure 4E). We defined them as biomarkers in IRI. The AUC values were greater than 0.9, indicating that the biomarkers exhibited excellent diagnostic accuracy (Figure 4F). PCA analysis showed that biomarkers could effectively distinguish normal samples from IRI samples (Figure 4G).
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Figure 4 | Screening of biomarkers in IIRI. (A, B) LASSO coefficient profiles and 6-fold cross-validation for optimal tuning parameter (λ) selection using LASSO. (C, D) Estimation of 5-fold cross-validation error and accuracy using support vector machine recursive feature elimination (SVM-RFE). (E) Venn diagram depicting the overlap of 5 genes identified by LASSO and SVM-RFE. (F) ROC curves for Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia. (G) PCA plot of the biomarkers distinguishing normal and IIRI samples.

To evaluate the diagnostic ability of biomarkers, a nomogram containing the biomarkers was generated (Figure 5A). The calibration, DCA, and clinical impact curves demonstrated the effectiveness of the diagnostic model’s performance (Figures 5B-D).
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Figure 5 | Clinical predictive analysis for IIRI patients. (A) Nomogram based on the risk score and containing biomarkers. (B) Calibration curve of the nomogram for prediction. (C) Decision curve analysis (DCA) curve containing biomarkers. (D) Clinical impact curve containing biomarkers. (E) Enrichment analysis of the immune microenvironment in IIRI using 25 immune gene sets. (F) Box plots depicting differences in immune cell infiltration between the two groups. (G) Heatmap of the correlation between biomarkers and differentially infiltrated immune cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




3.3 Immune infiltration and functional analysis

To investigate the immune microenvironment of IRI, we examined the abundance of 25 immune gene sets in two sample groups (Figure 5E). Notably, there were significant differences in the abundances of 11 immune cell types, including neutrophils, eosinophils, CD8 naive T cells, M2 macrophages, CD4 naive T cells, CD4 memory T cells, Th2 cells, Th1 cells, γδ T cells, activated dendritic cells (DC), and immature DC (Figure 5F). The correlation between biomarkers and these differential immune cells is illustrated in Figure 5G. Five biomarkers showed significant positive correlations with activated DC, M2 macrophages, and Th2 cells, while all biomarkers were negatively correlated with immature DC and γδ T cells.




3.4 IPA analysis

Classical pathway analysis using IPA indicated that all differentially expressed genes (DEGs) were associated with 50 pathways. Only the ‘PPAR Signaling’ pathway was inhibited (Figure 6A). The molecular interaction network of Ccl7, Cd14, Hmox1, and Nfkbia is presented in Figure 6B. We observed that Cd14 was associated with THBD. In the activated state of biomarkers, we demonstrated the regulatory relationship between biomarkers and reperfusion injury (Figure 6C). The regulatory relationship of ‘Pathogen Induced Cytokine Storm Signaling’ had the highest Z-score (Figure 6D). Among these interactions, biomarkers might interact with several cytokines, such as IFNG, IL6, and L1A (Figure 6E).

[image: Five panels display various data visualizations: Panel A features a bar chart analyzing gene categories. Panel B contains four network diagrams representing gene interactions. Panel C shows a detailed network of molecular pathways. Panel D is a complex pathway map illustrating interconnected biological processes. Panel E presents another network diagram focusing on newly identified pathways, highlighting key nodes and interactions.]
Figure 6 | IPA analysis. (A) Significant classical pathway enrichment results. (B) Molecular interaction network of Ccl7, Cd14, Hmox1, and Nfkbia. (C) Regulatory relationship between biomarkers and reperfusion injury. (D) Regulatory relationship of the ‘Pathogen Induced Cytokine Storm Signaling’ pathway (highest Z-score). (E) Interaction network between biomarkers and cytokines.




3.5 Validation of biomarker expression

As illustrated in Figure 7A, we observed higher expression levels of Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia in the IIRI group based on the sequencing data. We validated the expression in mouse tissue samples using RT-qPCR. RT-qPCR analysis revealed significant upregulation of the candidate biomarkers in IIRI samples compared to controls. The relative expression levels were: Cd14 [median 3.8-fold (IQR: 3.2-4.3), p < 0.01], Cxcl1 [median 4.2-fold (IQR: 3.7-4.8), p < 0.01], Hmox1 [median 2.9-fold (IQR: 2.5-3.4), p < 0.01], and Nfkbia [median 3.1-fold (IQR: 2.7-3.6), p < 0.01] compared to control samples. Ccl7 showed variation in expression [median 0.8-fold (IQR: 0.6-1.1), p > 0.05] (Figure 7B). We further confirmed the expression in mouse tissue samples by immunohistochemistry. Consistent with the sequencing results, the expression levels of Cd14, Cxcl1, Hmox1, and Nfkbia were markedly higher in the IRI group compared to control samples (Figures 7C, D). While individual validation experiments showed variable CCL7 expression, our integrated bioinformatics analysis consistently identified CCL7 as a hub gene in the protein-protein interaction network. Furthermore, previous literature has established CCL7’s role in inflammatory responses. The variability in validation results may reflect the dynamic nature of the inflammatory response and temporal differences in gene expression. We selected CCL7 for therapeutic targeting based on its central position in our network analysis and its known functions in inflammatory cascades.
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Figure 7 | Validation of biomarker expression. (A) Schematic representation of biomarker expression validation in mouse tissue samples by RT-qPCR. (B) Scatter plots showing individual data points of qRT-PCR validation for Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia expression in IIRI (n=10) vs. control samples (n=10), with median and interquartile range. (C, D) Quantification of immunohistochemical staining shown as scatter plots with individual values (n=4 per group) for Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia expression in IIRI vs. control samples, with mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control.




3.6 M-Exo/siCCL7 treatment attenuates intestinal ischemia-reperfusion injury

Our findings from the initial transcriptome analysis and bioinformatics studies identified CCL7 as a key hub gene in the protein-protein interaction network (as shown in Figure 3D). Drawing inspiration from other studies, our research team explored the use of milk-derived exosomes (M-Exos) for siRNA delivery and evaluated their therapeutic effects in an IIRI mouse model. Transmission electron microscopy confirmed the morphological changes and recovery of M-Exos after electroporation (Figure 8A). M-Exo/siCCL7 treatment significantly downregulated serum CCL7 levels compared to the IIR group (Figure 8B), validating the effective modulation of CCL7 expression.The ischemia-reperfusion injury predominantly manifested in the jejunum, with the most severe and consistent changes observed in the segment 10 cm distal to the ligament of Treitz. This region exhibited characteristic features including Visible edema with intestinal wall thickening; Color changes from normal pink to dark red/purple, indicating congestion; Clear demarcation between affected and normal segments; and Reduced peristalsis in the affected segments. The injury pattern was consistent across all animals in the IIRI group, while the intestines of sham-operated animals maintained a normal appearance(Figure 8C). Histological assessment using Chiu’s scoring system revealed significant tissue damage in the IIRI group [median score 4.0 (IQR: 3.5-4.5)] compared to the sham group [median score 0.0 (IQR: 0.0-0.5), p < 0.001]. M-Exo/siCCL7 treatment significantly reduced the injury severity [median score 2.0 (IQR: 1.5-2.5), p < 0.01 compared to the IIRI group]. Histological analysis revealed that M-Exo/siCCL7 intervention alleviated inflammatory cell infiltration, mucosal ulceration, and crypt loss in the intestine (Figures 8D, E). Serum CCL7 levels showed a similar trend, with significant elevation in the IIRI group [median 185.3 pg/mL (IQR: 165.2-205.4)] compared to sham [median 42.1 pg/mL (IQR: 35.4-48.9), p < 0.001], while M-Exo/siCCL7 treatment effectively reduced these levels [median 95.6 pg/mL (IQR: 85.3-105.9), p < 0.01 compared to IIRI group]. Decreased serum diamine oxidase activity (Figure 8F), and attenuated serum LDH levels (Figure 8G) compared to the IIR group, indicating protection of the intestinal mucosa, barrier function, and reduced tissue damage. While our histological findings and serum DAO levels suggest improved tissue integrity, direct measurement of barrier function through permeability assays would provide more definitive evidence. Nevertheless, our current data indicates that targeting CCL7 using M-Exo-mediated siRNA delivery shows therapeutic potential in IIRI treatment.
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Figure 8 | M-Exo/siCCL7 treatment attenuates intestinal ischemia-reperfusion injury. (A) Transmission electron microscopy images depicting the morphology of milk-derived exosomes (M-Exos) before and after electroporation. (B) Serum CCL7 levels in the sham, IIRI, and M-Exo/siCCL7-treated (1×1011 particles/mouse, once daily for 2 days) groups. (C) Representative gross anatomical photographs of jejunum before (normal pink coloration) and after (dark red/purple with visible edema) ischemia-reperfusion injury, showing macroscopic changes in intestinal appearance. (D) Representative histological images (H&E staining) of intestinal tissues from the three groups. (E) Chiu’s score for the assessment of intestinal injury severity. (F) Serum diamine oxidase activity as a marker of intestinal barrier function. (G) Serum lactate dehydrogenase levels as an indicator of tissue damage. Data are presented as mean ± SD; **p < 0.01, ***p < 0.001.





4 Discussion

Intestinal ischemia-reperfusion injury (IIRI) is a severe clinical condition associated with high morbidity and mortality. Despite advances in understanding the pathophysiology of IIRI, effective diagnostic and therapeutic strategies remain limited. In this study, we employed a transcriptome sequencing approach to identify key biomarkers and potential therapeutic targets in a mouse model of IIRI. Our analysis revealed five differentially expressed genes (Ccl7, Cd14, Cxcl1, Hmox1, and Nfkbia) that were significantly upregulated in the IIRI group compared to the sham group. These biomarkers were found to be enriched in inflammatory pathways, underscoring the central role of inflammation in the pathogenesis of IIRI.

IIRI is characterized by a complex inflammatory cascade involving the activation of innate immune cells, the release of pro-inflammatory cytokines and chemokines, and the infiltration of leukocytes into the intestinal tissue (3, 4, 26, 27). This excessive and uncontrolled inflammation leads to tissue damage, mucosal barrier dysfunction, and systemic complications (28, 29). The biomarkers identified in our study are known to play critical roles in various aspects of the inflammatory response. Cd14 is a pattern recognition receptor that mediates the activation of toll-like receptor 4 (TLR4) signaling in response to lipopolysaccharide (LPS) (30–32). Cxcl1 is a potent neutrophil chemoattractant that promotes neutrophil infiltration and activation (33–35). Hmox1 is an enzyme with anti-inflammatory and antioxidant properties that helps to counteract oxidative stress and inflammation (36, 37). Nfkbia is a key regulator of the NF-κB signaling pathway, which is a central mediator of inflammatory gene expression (38–40). The upregulation of these biomarkers in the IIRI group suggests their involvement in the initiation and amplification of the inflammatory response during IIRI.

Among the identified biomarkers, Ccl7 emerged as a hub gene with broad implications in inflammatory diseases and cancer. Ccl7, also known as monocyte chemoattractant protein-3 (MCP-3), is a chemokine that attracts monocytes, lymphocytes, and eosinophils to sites of inflammation (41–43). Elevated Ccl7 expression has been reported in various inflammatory conditions, including inflammatory bowel disease, rheumatoid arthritis, and multiple sclerosis (44). In the context of IIRI, our findings suggest that Ccl7 may contribute to the recruitment of inflammatory cells and exacerbation of tissue damage. Interestingly, Ccl7 has also been implicated in the pathogenesis of several types of cancer, such as colorectal cancer, breast cancer, and lung cancer (45, 46). In these malignancies, Ccl7 has been associated with tumor progression, metastasis, and poor prognosis. The overexpression of Ccl7 in cancer is thought to promote the recruitment of tumor-associated macrophages and other immune cells that create a pro-tumorigenic microenvironment (47). These findings highlight the diverse roles of Ccl7 in regulating inflammatory responses and cell migration across different pathological conditions.

Given the broad involvement of Ccl7 in inflammatory diseases and cancer, targeting Ccl7 could have significant therapeutic potential. In our study, we explored the therapeutic efficacy of milk-derived exosomes (M-Exos) loaded with siRNA targeting Ccl7 (M-Exo/siCCL7) in a mouse model of IIRI. Exosomes are natural nanoparticles that have emerged as promising drug delivery vehicles due to their biocompatibility, stability, and ability to cross biological barriers (48, 49). M-Exos, in particular, have been shown to possess intrinsic anti-inflammatory and immunomodulatory properties, making them attractive candidates for the treatment of inflammatory diseases (49). Moreover, exosomes can efficiently encapsulate and deliver siRNAs to target cells, overcoming the challenges of siRNA instability and poor cellular uptake (50). Our results demonstrated that M-Exo/siCCL7 treatment effectively attenuated intestinal inflammation and injury in IIRI mice, as evidenced by reduced histological damage, decreased serum markers of intestinal barrier dysfunction, and attenuated systemic inflammation. These findings suggest that M-Exo-mediated delivery of siRNA targeting Ccl7 could be a promising therapeutic approach for IIRI.

The use of exosome-based siRNA delivery has several advantages over conventional siRNA delivery methods. Exosomes are natural carriers that can protect siRNAs from degradation and facilitate their uptake by target cells (51). The lipid bilayer of exosomes can fuse with the cell membrane, allowing for efficient delivery of the siRNA cargo into the cytoplasm (52). Exosomes also have the ability to cross biological barriers, such as the blood-brain barrier, which expands their potential therapeutic applications (53). Furthermore, exosomes can be engineered to display specific ligands or receptors on their surface, enabling targeted delivery to specific cell types or tissues (54). This targeted delivery approach can enhance the specificity and efficacy of siRNA-based therapies while minimizing off-target effects.

While our study provides proof-of-concept for the therapeutic potential of M-Exo/siCCL7 in IIRI, there are several limitations and future directions to be considered. First, we focused on a single time point after IIRI, which may not fully capture the dynamic changes in gene expression and inflammatory responses during the course of the disease. Second, while we observed improvements in histological parameters and serum markers, our study did not include direct measurements of intestinal barrier function through permeability assays, which would provide more definitive evidence of barrier protection. Future studies should incorporate such measurements to comprehensively evaluate the protective effects of M-Exo/siCCL7 treatment on intestinal barrier function. Third, although we demonstrated the therapeutic efficacy of M-Exo/siCCL7 in a mouse model, translation to clinical application will require extensive safety and efficacy studies in larger animal models and humans. The long-term safety, immunogenicity, and potential side effects of M-Exo-based therapies need to be carefully evaluated. Moreover, the optimal dosing, route of administration, and treatment regimen for M-Exo/siCCL7 need to be determined in future studies.
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Background: Heart failure (HF) is a clinical syndrome resulting from structural damage or dysfunction of the heart. Previous investigations have highlighted the critical involvement of immune cells in the progression of heart failure, with distinct roles attributed to different types of immune cells. The objective of the current research was to explore the potential connections between immune characteristics and the development of HF, as well as to ascertain the nature of the causality between these factors.



Methods: To assess the causal association of immunological profiles with HF based on publicly available genome-wide studies, we employed a two-sample Mendelian randomization technique, utilizing the inverse variance weighted (IVW) method as our primary analytical approach. In addition, we assessed heterogeneity and cross-sectional pleiotropy through sensitivity analyses.



Results: A two-sample Mendelian randomization (MR) analysis was conducted using IVW as the primary method. At a significance level of 0.001, we identified 40 immunophenotypes that have a significant causal relationship with HF. There is a significant causal relationship between these phenotypes and heart failure. These immunophenotypes, 8 of which were in B cells, 5 in cDC, 2 in T cell maturation stage, 2 in monocytes, 3 in myeloid cells, 7 in TBNK and 13 in Treg. Sensitivity analyses were conducted to validate the strength and reliability of the MR findings.



Conclusions: Our study suggests that there appears to be a causal effect between multiple immune cells on heart failure. This discovery provides a new avenue for the development of therapeutic treatments for HF and a new target for drug development.



KEYWORDS
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1 Introduction

Heart failure is a clinical syndrome resulting from either structural abnormalities or dysfunction of the heart. It is a serious condition associated with significant morbidity and mortality and represents the terminal phase of the cardiovascular disease continuum, which includes conditions such as coronary artery disease and hypertension (1). Global Burden of Disease (GBD) studies have shown that there are currently approximately 68 million people with heart failure worldwide and the prevalence is increasing, representing a huge burden to society (2).

Cardiac inflammation is the major pathophysiological mechanism of heart failure. Numerous studies have implicated immune cells and inflammatory molecules in the onset and escalation of a range of cardiovascular diseases (3, 4). Immune cells, along with their secreted cytokines, are crucial in the cardiac inflammatory process and have a significant impact on promoting fibrosis and oxidative stress (4). Inflammation in the early stages of heart failure protects the host by removing inflammatory ligands, mediating apoptosis and phagocytosing necrotic tissue. Nonetheless, if inflammation persists and there is an imbalance between pro-inflammatory and anti-inflammatory mediators, it can result in detrimental remodeling of the cardiac architecture, interstitial fibrosis, and a decrease in myocardial contractile function. These pathological alterations can progress to left ventricular dysfunction and ultimately exacerbate into full-blown heart failure (1, 5).

Currently, drugs used to treat cardiac remodelling include RAAS inhibitors, beta-blockers, SGLT2 inhibitors and aldosterone receptor antagonists. These drugs usually aim to modify haemodynamics, such as controlling blood pressure, reducing afterload and blood volume. However, current mortality rates are as high as 21.6%–36.5% for acute heart failure and 6.0%–15.6% for chronic HF. Innovative therapeutic options are essential to curtail the incidence of HF, enhance patient prognoses, and alleviate the financial strain heart failure imposes on healthcare systems (2). The study suggests that the inflammatory and fibrotic processes in the heart may be reversible in both experimental models and clinical practice. This discovery opens up the possibility of immunotherapy as a promising new treatment approach and paves the way for the identification and development of fresh therapeutic targets (4, 6). Clinical trials have attempted non-specific immunomodulatory treatments, including selective inhibition of TNFα, immunosorption, intravenous immunoglobulin, plasma exchange, etc., but there is a lack of large clinical trials with little success (7, 8).

MR is a statistical technique grounded in the principles of Mendel's laws of inheritance (9–12). Using genetic variation as instrumental variables, this technique is designed to assess the causal relationship between between exposure variables and disease endpointsand, with the goal of offering a scientific foundation for the observed correlation (13–16). Given that genetic variations are randomly assigned at conception, MR can eliminate confounding factors and reverse causation bias compared to traditional methods. Previous research has uncovered various correlations between immune cell characteristics and HF, and these findings provide a theoretical basis for the association between the two. In conducting this investigation, we implemented a two-sample MR analysis to elucidate the causal connection between immune cell features and HF. Our study contributes to the discovery of the distinct regulatory roles of immune cell subpopulations in HF, thereby guiding the development of new immunotherapies to address this growing public health problem.



2 Materials and methods


2.1 Study design

Our investigation delved into the causal relationships between 731 immune cell traits and heart failure using two-sample MR analyses. MR studies utilize genetic variants, known as instrumental variables (IVs), which are closely linked to certain exposure risk factors. This method allows researchers to deduce the causal impacts between these exposure variables and disease outcomes. This approach aids in mitigating the impacts of confounding factors and the issue of reverse causation, thereby improving the accuracy of causal inferences about exposure-outcome associations. Due to the random assignment of genetic variants at the time of conception and remain stable throughout life, their use as instrumental variables is effective in controlling for the problems of confounding and reverse causation that are common in observational studies. This makes MR a powerful tool for assessing causal relationships between disease risk factors and outcomes. The exposure and outcome samples in this study were human subjects and all datasets used in this study are in the public domain; it is a secondary analysis of published data and therefore does not require ethical approval. Figure 1 shows the overall design of the MR analysis, which was applied to evaluate the risk of HF associated with 731 immune cell traits.


[image: Diagram illustrating the Mendelian randomization (MR) analysis process assessing immune cells' effect on heart failure. SNPs undergo quality control, leading to immune cell exposure analysis. Confounders are excluded. Results from the Genetic Research Finland with a sample size of 26,060 cases and 343,079 controls are used. The UK Biobank provides data on immune cells.]
FIGURE 1
Basic principle and assumptions of Mendelian randomization analyses. Assumption 1, significantly associated with exposure; Assumption 2, not associated with outcome; Assumption 3, not associated with confounders. SNPs, single-nucleotide polymorphisms; MR, Mendelian randomization.




2.2 Genome-wide association study (GWAS) data sources for HF

HF genome-wide association study GWAS pooled data from Genetic Research Finland, published in December 2023, available at https://finngen.gitbook.io/documentation. FinnGen is a large-scale genomics project that analyses more than 500,000 samples from the Finnish Biobank and conducts correlation studies between genetic variants and health status data. The aim of the project is to delve deeper into the mechanisms and genetic predispositions of a wide range of diseases. Driven by Finnish research institutions, biobanks and international industry partners, the FinnGen project aims to build a robust database of gene-disease associations to facilitate the development of new drugs and the practice of personalised medicine. The study performed a GWAS on 118,870 European individuals (Ncase = 26,060, Ncontrol = 343,079).



2.3 Immunity-wide GWAS data sources

Statistical summaries of GWAS for each immune trait are usually publicly available through the GWAS Catalogue. Data on genetic variations in relation to immune cells can be searched by visiting the website https://gwas.mrcieu.ac.uk/datasets/ and using the appropriate login numbers. The information you have provided has login numbers ranging from GCST90001391 to GCST90002121, which correspond to specific datasets and can be used to find and download data. The GWAS of Immune Cell Traits used data from 3,757 individuals of European ancestry, ensuring that there was no overlap between these data sets. Potential confounders such as sex and age were corrected to accurately assess the association between immune cell traits and genetic variants. With this approach, we aimed to identify genetic markers associated with immune traits, providing a basis for further exploration of the biological role of these traits and their potential impact on disease development.



2.4 Selection of instrumental variables (IVs)

In causal inference studies, valid IVs must meet the following three core assumptions: (1) there should be a direct correlation between the genetic variation and the exposure of interest (in this case, the circulating immune cell trait); (2) the genetic variation should not be correlated with other confounders that may affect the exposure-outcome relationship; and (3) the genetic variation should not have an effect on the outcome in a pathway other than through the exposure (i.e., no other confounding pathways). These presuppositions are essential for guaranteeing that the instrumental variables correctly mirror the causal link between the exposure and the outcome. Significant P-values for each immune cell trait for instrumental variables were established at 1 × 10−5, utilizing the R software (version 4.2.2) for the genome-wide analysis. The significance level for the instrumental variables (IVs) associated with each immunological trait was set at 1 × 10−5. To ensure unbiased results, we applied a chain imbalance threshold of 5,000 kb and an R2 value of less than 0.001 to the chain imbalance distance. To reduce the risk of bias caused by weak instrumental variables (IVs), we measured the strength of association with exposure factors by calculating the F-statistic for each IV. Those IVs with an F-statistic greater than 10 were considered to have a stronger ability to predict HF and were therefore more likely to be effective in detecting a causal relationship between exposure and HF.



2.5 Statistical analysis

In this study, we used a variety of MR analysis methods, including inverse variance weighting (IVW), MR Egger, weighted median, MR-PRESSO and simple weighting model. For the core analyses, which assessed the causal relationship between 731 immune cell characteristics and the risk of HF, we mainly used the IVW method. The relative change in HF risk per one standard deviation (SD) increase in risk factor levels was quantified by odds ratio (OR). In this study, we used the Cochrane Q statistic to test for heterogeneity between instrumental variables, and if the P-value was greater than 0.05, it was considered that there was no significant heterogeneity between instrumental variables. To test for the presence of horizontal pleiotropy, we performed an MR Egger regression analysis, and if the P-value obtained was greater than 0.05, we considered that there was no evidence of horizontal pleiotropy. In addition, to assess the effect of individual single nucleotide polymorphisms (SNPs) on overall MR estimates, we performed a leave-one-out analysis. Furthermore, scatter plots were utilized to demonstrate that outliers did not impact the outcomes.




3 Results


3.1 An overview of IVs

After a genome-wide significance threshold screen (P < 1 × 10−5) and F-statistical validation, multiple SNPs were identified as IVs among 731 immune cell SNPs. For the retained SNPs, the F-statistics were all greater than 10 (Supplementary Table S1), indicating their suitability as strong instruments. We performed MR-Egger intercept test and MR-PRESSO global test to exclude SNPs with pleiotropy (P < 0.05 for MR-PRESSO global test, P < 0.05 for MR-Egger regression). After Cochran's Q-test, SNPs with heterogeneity (P < 0.05) were excluded.



3.2 Exploration of the causal effect of immunophenotypes on HF

In our research aimed at exploring the causal connection between immunophenotype traits and HF, we have implemented a two-sample MR analysis, with the IVW method being our key analytical strategy. At a significance of 0.001, we identified a significant causal relationship between 40 immunophenotypes and HF, of which 8 were in B cells, 5 in cDC, 2 in T cell maturation stages, 2 in monocytes, 3 in myeloid, 7 in TBNK and 13 in Treg. Detailed findings are presented in Table 1 and Figure 2.


TABLE 1 Summary of the GWAS included in this two sample mendelian randomization study.

[image: A detailed table comparing various immune cell types related to heart failure outcomes. Columns include immune cell type, outcome, sample size, methods, beta values, odds ratios with confidence intervals, p-values, heterogeneity metrics, and pleiotropy indices. Data is presented using inverse variance weighted methods.]


[image: Forest plot showing the hazard ratios and confidence intervals for different exposures related to heart failure. Each row lists an exposure, outcome, number of SNPs, OR with 95% CI, and p-value. Red dots with dashed lines represent the estimated hazard ratios and confidence intervals. The x-axis displays the hazard ratio scale from 0.90 to 1.08.]
FIGURE 2
Forest plot of the MR analysis results.



3.2.1 B cell

We found that IgD+ CD38dim Activated B cells [OR (95% CI): 1.01 (1.00–1.02)], IgD+ Activated B cells [OR (95% CI): 1.01 (1.00–1.03)], BAFF-R on IgD+ CD24+ [OR (95% CI): 1.02 (1.00–1.04)], BAFF-R on IgD− CD38dim [OR (95% CI): 1.04 (1.00–1.09)], CD19 on IgD+ CD38− unsw mem [OR (95% CI): 1.01 (1.00–1.02)], BAFF-R on IgD− CD38− [OR (95% CI): 1.02 (1.00–1.03)], CD20 on B cell [OR (95% CI): 1.03 (1.00–1.05)], BAFF-R on unsw mem [OR (95% CI): 1.01 (1.00–1.03)] were risk factors for HF.



3.2.2 cDC

We found that HLA DR on plasmacytoid DC [OR (95% CI): 1.02 (1.00–1.03)], Activated DC [OR (95% CI): 1.03 (1.01–1.06)], CD62l− CD86 +myeloid DC%DC Activated [OR (95% CI): 1.02 (1.00–1.04)] were risk factors for HF. CD11c on CD62l+ myeloid DC [OR (95% CI): 0.98 (0.96–0.99)], CD62l− plasmacytoid DC (OR (95% CI): 0.97 (0.95–1.00) were protective against HF.



3.2.3 Maturation stages of T cell

We found that CD3 on CM CD4+ [OR (95% CI): 1.02 (1.00–1.03)] was a risk factor for HF.TD CD4+ Activated T cells [OR (95% CI): 0.96 (0.93–0.99)] was protective against HF.



3.2.4 Monocyte

We found that PDL-1 on CD14− CD16+ monocyte [OR (95% CI): 0.98 (0.97–1.00)], CD64 on CD14+ CD16− monocyte [OR (95% CI): 0.99 (0.98–1.00)] were protective against HF.



3.2.5 Myeloid

We found that CD64 on CD14+ CD16− monocyte [OR (95% CI): 1.04 (1.01–1.06)], Gr MDSC Activated [OR (95% CI): 1.02 (1.00–1.05)], HLA DR on CD33− HLA DR+ [OR (95% CI): 1.02 (1.00–1.04)] were risk factors for HF.



3.2.6 TBNK

We found that B cell%lymphocyte [OR (95% CI): 1.02 (1.00–1.04)], CD45 on B cell [OR (95% CI): 1.02 (1.00–1.03)] were risk factors for HF. CD3 on HLA DR+ CD4+ [OR (95% CI): 0.98 (0.96–1.00)], CD45 on B cells [OR (95% CI): 0.98 (0.96–1.00)], CD45 on CD14+ monocytes [OR (95% CI): 0.98 (0.95–1.00)], HLA DR on HLA DR+ CD4+ [OR (95% CI): 0. 97 (0.94–1.00)], CD8br and CD8dim%leukocyte [OR (95% CI): 0.95 (0.91–0.99)], HLA DR+ NK%NK [OR (95% CI): 0.97 (0.95–1.00)] were protective against HF.



3.2.7 Treg

We found that CD127 on CD45RA+ CD4+ [OR (95% CI): 1.03 (1.00–1.05)], CD25hi CD45RA- CD4 not Treg AC (CD25hi CD45RA- CD4 not Treg Activated) [OR (95% CI): 1.01 (1.00–1.02)], CD39 on CD39+ activated Treg [OR (95%CI): 1.02 (1.00–1.04)], CD28 on secreting Treg [OR (95% CI): 1.02 (1.00–1.03)], CD39+ CD8br%CD8br [OR (95% CI): 1.02 (1.00–1.03)], CD127- CD8br AC (CD127- CD8br Activated Cytotoxic T lymphocytes) [OR (95% CI): 1.03 (1.00–1.06)] were risk factors for HF. CD3 on CD28+ DN (CD4-CD8-) [OR (95% CI): 0.98 (0.96–1.00)], Resting Treg%CD4 Treg [OR (95% CI): 0.98 (0.97–0.99)], CD25hi CD45RA+ CD4 not Treg%CD4+ [OR (95% CI): 0.99 (0.98–1.00)], CD25hi CD45RA+ CD4 not Treg%T cell [OR (95% CI): 0. 99 (0.98–1.00)], resting Treg%CD4 [OR (95% CI): 0.98 (0.97–0.99)], CD28 on CD39+ activated Treg [OR (95% CI): 0.98 (0.96–1.00)], CD45RA on CD39+ resting Treg [OR (95% CI): 0.97 (0.94–1.00)] were protective against HF.




3.3 Sensitivity analysis

In the MR-Egger intercept test and MR-PRESSO global tests conducted, there was no indication of heterogeneity or cross-sectional pleiotropy concerning the relationship between immunophenotypes and HF. The detailed findings are presented in Supplementary Table S2. In addition, we confirmed the stability of the results of the MR analyses by the leave-one-out analysis. Even after removing each SNP associated with the immunophenotype and HF, the overall results of the MR analysis remained unchanged, demonstrating the reliability of our findings. The stability of the results is also shown by scatter plots and funnel plots (Supplementary Figure S2). Cochran's Q-test showed no significant terogeneity (P > 0.05) (Supplementary Table S2).




4 Discussion

In this study, we used widely publicly available genomic data to explore in depth the causal relationship between 731 immune cell traits and heart failure. By applying rigorous statistical analysis methods, we provide a more reliable causal interpretation of the link between immune cell traits and heart failure.

Damage to the myocardium releases self-antigens such as troponin, which activate and mature B cells. Activated B cells cause cardiomyocyte apoptosis by secreting antibodies (17). Anti-cardiac antibodies secreted by B cells can bind to target cells or form antigen-antibody complexes that activate the complement system, causing further myocardial damage. Each time the myocardium is injured, exposed cardiac autoantigens are released and the memory B cell response leads to a sustained inflammatory response. B cells play a crucial role in the inflammatory process. They continuously influence the immune response by presenting antigens and secreting cytokines and chemokines. B cells play a crucial role in the regulation of immune responses by activating and recruiting various innate and adaptive immune cells, including neutrophils, macrophages, fibroblasts, and T cells (18–21). Once B cells are activated, they have the capacity to trigger the differentiation of CD4T cells into the Th1 subtype. These Th1 cells, in their turn, can induce cardiac fibrosis, a process that may result in detrimental alterations to the heart's structure (22). adaptive.

A significant increase in the number of tumour necrosis factor-α (TNF-α)-secreting B cells has been observed in studies of patients with dilated cardiomyopathy. same At the same time, serum levels of type III procollagen in these patients also tended to be elevated. The findings indicate a potential involvement of B cells that secrete TNF-α in the development of myocardial fibrosis (23). CD20 is a specific transmembrane protein expressed on the surface of mature B cells that acts as an activator and regulator of B cells and is involved in their proliferation and differentiation. In heart failure, CD20-expressing B cells may be involved in the process of cardiac remodelling, which may be related to their secretion of cytokines and chemokines. Binding of rituximab (RTX) to CD20 on the B cell membrane promotes apoptosis and leads to B cell depletion (24). Studies have shown that rituximab (RTX) inhibits pressure overload-induced cardiac remodelling and dysfunction in mice. This effect was associated with a reduction in the expression of pro-inflammatory cytokines and the production of IgG mediated by Th2 cytokines produced by B cells (25). Relevant studies in the treatment of heart failure have demonstrated that the administration of rituximab, which targets the CD20 receptor on B cells, can ameliorate cardiac hypertrophy and enhance cardiac performance in a murine model subjected to transverse aortic constriction (25). This suggests that therapeutic strategies targeting CD20-expressing B cells may help improve the prognosis of patients with heart failure. We therefore speculate that increased CD20 expression on B cells or an increased percentage of CD20-expressing B cells increases the risk of heart failure, which may be related to the activation state of B cells and cardiac remodelling. All eight B cells identified in our study are risk factors for HF. However, the specific role of B-cell subsets in heart failure is currently unknown (26, 27). Further studies are needed to validate the role of B cell subsets and to develop new targets for the treatment of HF.

Dendritic cells (DCs) are key antigen-presenting cells in the immune system, and their main functions include presenting antigens to T lymphocytes, secreting a variety of cytokines and growth factors, and playing a regulatory role in immune responses and inflammatory processes. In the heart, conventional dendritic cells (cDCs) exhibit a unique set of developmental trajectories, functional properties and phenotypic characteristics (28). Our study found that 3 DCs were risk factors for HF and 2 DCs were protective against HF. It was shown that the number of circulating cDCs was reduced in both ischaemic and non-ischaemic heart failure patients. Furthermore, the count of DCs is positively associated with the ejection fraction of the left ventricle (LVEF), and it exhibits an inverse correlation with the end-diastolic diameter of the left ventricle (LVEDd) (29). Depletion of cDCs in myocardial infarction has been shown to improve cardiac function after myocardial infarction, significantly improving left ventricular ejection fraction while reducing infarct size and ameliorating adverse cardiomyocyte hypertrophy (30). In a population of patients with decompensated HF, the study found a significant reduction in the number of circulating cDCs. After treatment, there was a correlation between a decrease in B-type natriuretic peptide (BNP) and troponin T levels and an increase in LVEF as the number of cDCs increased (31). However, after myocardial ischaemic injury, activation of cytotoxic CD8T cells via cross-initiating DCs mediates a sustained autoimmune response against the heart, leading to myocardial injury and impaired cardiac function (32, 33). Studies have shown that DCs play an important role in promoting fibrosis and that there is a direct quantitative relationship between the number of DCs and the degree of reparative fibrosis in infarcted myocardium (30, 34).

Monocytes display a high degree of heterogeneity, encompassing various subpopulations characterized by unique cell surface markers and distinct functional properties. These subpopulations have different characteristics in the inflammatory and fibrotic responses (35). After myocardial damage, conditions such as hypoxia and tissue ischemia offer a range of stimuli that activate monocytes, including the triggering of CD14, increased expression of Toll-like receptor 4 (TLR4) and production of C-reactive protein (CRP). Once activated, monocytes migrate towards the myocardial tissue, adhere to the vascular endothelium and further infiltrate into the myocardium to participate in the inflammatory and repair processes following injury (1). We found a protective effect of 2 monocytes against heart failure, which may be related to the antifibrotic effect of monocytes. Subpopulations of monocytes and macrophages can regulate fibrosis by secreting proteases to degrade the extracellular matrix and by secreting inflammatory markers that negatively regulate fibroblast function (CCL12, IFNγ) (1, 36–38). Macrophage subpopulations with anti-inflammatory properties may have an indirect antifibrotic effect by inhibiting fibroblast activation (35, 39).

Regulatory T cells (Tregs), a specific class of CD4(+) CD25(+) Foxp3(+) T cell subsets, play a key role. Their main functions are to limit the immune system's overreaction, to ensure the stability of the immune system and to improve immune tolerance in the peripheral region. Through these functions, Tregs help to prevent the immune system from attacking its own tissues (40). 6 Tregs were found to be risk factors for HF. 7 Tregs were protective against HF. Circulating Tregs in patients with chronic heart failure have a significantly lower frequency, impaired function and reduced Foxp3 expression, and this phenomenon is not related to the aetiology of heart failure (41). The beneficial effect of a lack of Ccl17 on mitigating myocardial inflammation and preventing negative changes in the structure of the left ventricle is mediated through the modulating influence of regulatory T cells, or Tregs (42). In addition to their anti-inflammatory effects, Tregs have the ability to stimulate cardiomyocyte regeneration and promote the restoration of vascular structure. Additionally, this regulatory function helps in preserving the equilibrium of the surrounding tissue environment (43). Tregs promote the repair of cardiac scar tissue and the regeneration of cardiomyocytes in the treatment of myocardial infarction. They do this by secreting specific acidic and cysteine-rich proteins that help to improve the microenvironment of the infarcted area while promoting collagen synthesis and maturation, thus supporting the reconstruction and stabilisation of the vascular structure (44). Tregs play a key role in the repair process after cardiac injury and can significantly reduce the programmed death of cardiomyocytes, which has a positive impact on the recovery of cardiac function (45). Furthermore, Tregs stimulate the division of heart muscle cells, via a paracrine signaling process (46). Notably, approximately one week after myocardial infarction, the researchers observed a specific subpopulation of Treg cells expressing TNF-α receptor 1, which showed impaired function and may have pro-inflammatory effects (47). This suggests that Tregs have different properties at different times after cardiac injury. Tregs are also involved in heart failure and heart failure-associated diseases through direct interaction with immune cells and parenchymal cells (48–55). Treatment with Tregs can sometimes lead to systemic immune disorders due to the complex association between Tregs and immune or parenchymal cells (56).

Although many studies have suggested that T cells are important players in inflammation after heart injury, our study identified only 2 types of T cells that are associated with heart failure and have opposite effects on heart failure (3, 57–61). In non-ischemic heart failure, T-cell activation is followed by the release of cytokines that induce cardiac fibrosis and hypertrophy (58). In the mouse transverse aortic constriction (TAC) model, mice lacking the CD4(+) T-cell subset (MHCIIKO) did not develop cardiac dilatation and showed less fibrosis, collagen accumulation and cross-linking compared to mice lacking the CD8(+) T-cell subset (CD8KO) (62). The upregulation of T-cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) in individuals with chronic heart failure implies that TIM-3 could be involved in the impairment of T-cell function (63). In addition, injection of myocardial infarction-induced splenic CD4(+) AT2R(+) T cells into recipient rats with myocardial infarction has been shown to reduce infarct size and improve cardiac function (64).



5 Conclusion

In conclusion, our study suggests that there appears to be a causal effect between multiple immune cells on heart failure. Furthermore, this study highlights the intricate nature of immune cells involved in the development of HF. This discovery provides a new avenue for the development of therapeutic treatments for myocardial infarction and a new target for drug development.
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Background

Multisystem inflammatory syndrome in children (MIS-C) is a rare and severe post-COVID-19 complication with multiple phenotypes.





Objectives

The aim of this study is to study inflammatory biomarkers (cytokines and oxidative stress) in critical MIS-C patients and to observe if there is association between these biomarkers and mortality.





Methods

A single-center prospective study enrolled patients with MIS-C (with positive molecular test), aged between 1 month and 18 years of age. Data was collected from 20 pediatric intensive care unit (PICU)’s bed. Inflammatory biomarkers (cytokines and oxidative stress markers) were performed on day 1 and 3 after hospitalization. Survival rate was calculated, and Kaplan-Meier curves were plotted. Univariate and multivariate Cox regression analyses were conducted. The ROC (Receiver Operating Characteristic) curve analysis was performed.





Results and conclusions

A total of 41 patients out of 109 patients admitted at PICU with suspected MIS-C during the study period were included, of which 33 (80.5%) were male, 9 (22%) were under one year old, and 30 (73.2%) presented comorbidities. Among them, 16 (39%) did not survive. The mean survival time was shorter in patients with higher levels of IL-17A (≥ 19.71 pg/mL) on day 1 (115 vs 323 days, p = 0.004). Higher levels of IL-17A on day 1 were associated with mortality in both the crude model (HR 1.03, CI95% 1.004-1.057, p = 0.022) and the adjusted model (HR 1.043, CI95% 1.013-1.075, p = 0.012). ROC analysis revealed a cut-off value for the IL-17A of 14.32 pg/ml. The other immunological and inflammatory markers did not demonstrate an association with survival (p>0.05). Our findings suggest that patients with high levels of IL-17A are at greater risk for death.
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Introduction

At the onset of the coronavirus disease 2019 (COVID-19) pandemic, a severe multisystem inflammatory syndrome in children (MIS-C) emerged in various countries across Europe and North America (1–4). MIS-C is typified by systemic inflammation, with clinical, epidemiological, or microbiological indicators of exposure to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Presently, it is considered a rare yet severe complication post-COVID-19, presenting with multiple clinical phenotypes (4). Consequently, early recognition, intervention, and admission to a pediatric intensive care unit (PICU) are typically necessary (1–5).

In both COVID-19 and MIS-C, as seen in other chronic infections, there is a notable dysregulation involving hyperactivation of CD4+ T lymphocytes, potentially leading to the exhaustion of CD8+ T lymphocytes. This dysregulation suggests a reduction in antiviral immunity, which may exacerbate the clinical severity of MIS-C, particularly in children under the age of two (6). A distinct immune response is noted between COVID-19 and MIS-C, characterized by a persistent elevation in pro-inflammatory cytokines such as IL-1β, IL-2, IL-6, IFN-α, IL-10, IL-17, granulocyte-macrophage colony-stimulating factor (GM-CSF), and high-mobility group box 1 (HMGB1) among MIS-C patients (6–12).

Respiratory viral infections, including SARS-CoV-2, can instigate genomic damage by provoking excessive cytokine release, elevating inflammatory levels that destabilize immune response (6, 7). This inflammatory cascade often coincides with increased intracellular levels of reactive oxygen species (ROS), causing oxidative damage to lipids, proteins, and DNA—a condition termed oxidative stress (OS) (13, 14). Prior research has shown that such cytokine release is amplified during COVID-19, potentially resulting in acute lung injury and, in severe cases, mortality (6–12). Elevated OS has also been suggested as a contributory factor in the disease’s pathogenesis (13–18).

Emerging research underscores the significant role of OS and cytokine dysregulation in the pathophysiology of MIS-C associated with COVID-19. Elevated ROS levels have been associated with cellular damage in COVID-19 cases, with oxidative damage to lipids, proteins, and DNA potentially leading to organ dysfunction and severe outcomes (12, 13, 17). In MIS-C, specific oxidative stress biomarkers—such as catalase (CAT), malondialdehyde (MDA), and trolox equivalent antioxidant capacity (TEAC)—have shown variable levels, some correlating with disease severity and mortality (15, 16, 18). These biomarkers reflect oxidative damage as well as the body’s compensatory antioxidant mechanisms, offering valuable insights into the severity of MIS-C (12–18).

However, current studies on ROS and cytokine profiles in MIS-C remain limited. Most available studies explore antioxidant therapies in non-pediatric populations (13, 14), focus on mixed pediatric populations (15–20), or employ experimental murine models (21, 22), while few concentrate specifically on critical MIS-C cases and their association with mortality.

The primary objective of this study is to evaluate inflammatory biomarkers in MIS-C patients admitted to the pediatric intensive care unit (PICU) and to determine their potential as predictors of in-hospital mortality. A secondary objective is to assess the relationship between these biomarkers and the occurrence of cardiogenic shock, as well as PICU length of stay. Additionally, we aim to compare laboratory parameters between days 1 and 3 of hospitalization and to evaluate the accuracy of IL-17A levels in predicting mortality among this patient population.





Material and methods




Study design and subjects

This was a single center observational prospective study with a convenience sample consisting of patients diagnosed with MIS-C between one month and 18 years of age, with confirmed SARS-CoV-2 infection (molecular test), and who required hospitalization in PICU. Patients were recruited from a tertiary Service in Belém, state of Pará, Brazil, between May 1, 2020, and December 31, 2023. All patients included in this study fulfilled the MIS-C case definition of World Health Organization (WHO) (4). Patients with similar presentation but with positive microbiology other than SARS-CoV-2 and those with immunosuppression status were excluded. Ethics approvals were obtained from the institutional review board of the Institution. We obtained a waiver of written informed consent to conduct this observational study.

Recognizing the unprecedented challenges posed by MIS-C and the need for comprehensive biomarker analysis, a task force was organized to support both the clinical and research aspects of this study. In practical terms, despite the designation as a single-center study, an informal network of pediatric intensivists in the region collaborated to facilitate active case identification. As MIS-C cases were identified in other local PICUs, the attending physicians promptly contacted the lead investigator to expedite the transfer of patients meeting MIS-C criteria to the primary institution for consistent clinical and laboratory management. This approach ensured a streamlined and uniform protocol for patient assessment and sample collection. The biomarker analyses were conducted within this centralized framework, though specific aspects required external partnerships for optimized processing. The oxidative stress measurements were conducted in collaboration with the Laboratory of In Vitro and Microbiology Assays at the Federal University of Pará, and cytokine level assessments were performed at the Evandro Chagas Institute’s Immunology Laboratory. These collaborations aimed to enhance the diagnostic and prognostic understanding of MIS-C, especially considering the notably higher mortality rates observed in our region compared to global data. As for the ethics approval process, the institutional review board approval was obtained solely from the primary hospital, as this institution served as the formal site of data collection, patient care, and biomarker analyses.

The PICU fulfil international criteria (23) for quaternary care levels, characterized by having a high level of resources and access to Mechanical Ventilation (MV), Renal Replacement Therapy (RRT), vasoactive/inotropic medications, and treatments targeted to MIS-C (Intravenous Immunoglobulin [IVIG] and steroids). They also serve as training centers for medical and health professionals.

Patients were splitted into two groups based on the main outcome, i.e., in-hospital mortality up to 28th day: survivors and non-survivors. Presence of cardiogenic shock, critical disease, and length of stay at the Hospital were evaluated. The 28-day mortality endpoint was assessed according to current pattern of outcome measures of clinical studies in order not to achieve an ambiguous measure (24). All outcomes and the worst features were recorded and compared between the 2 groups at admission and on the third day.





Data collection and definitions

Clinical and laboratory data as well as demographic and epidemiological characteristics were collected from electronic records of the patients in PICU. Intensive support characteristics were also assessed sequentially until the end of hospitalization. The patients presented critical or non-critical disease according to the multiple organ dysfunction syndrome (MODS) but at least two organic dysfunctions should be present (25–28).

The presence of critical illness was determined by the finding of MODS which was defined as the simultaneous occurrence of three or more organ dysfunctions according to previously published criteria (25–28). Some patients in our study were hospitalized in the PICU only for monitoring, and they were not considered for classification in critical illness. The definition and categorization of comorbidities were based on the classification by Feudtner et al., named Pediatric Complex Chronic Conditions (PCCC) (29).

In the current study, circulatory shock was defined by altered levels of consciousness, decreased urine output (< 1 mL/kg/h or 12 mL/m²/h), and lactic acidosis, with arterial hypotension being a late sign of shock in children. Meanwhile, cardiogenic shock was defined by the presence of an ejection fraction less than 55%, as assessed by a pediatric echocardiographer using the Teichholz method, troponin elevation to twice the reference value, and the presence of clinical signs of circulatory shock (30, 31). Severely immunocompromised patients: HIV carriers; patients on immunosuppressive therapy post-solid organ or bone marrow transplant; neutropenic patients (below 500 neutrophils/mm3 or below 1000/mm3 with a downward trend); patients undergoing chemotherapy in the last 28 days or other immunosuppressive therapies; patients on immunosuppressive dose of corticosteroid (equivalent to 2mg/kg/day of prednisone for more than 2 weeks in those under 10 kg or 20mg/day for more than 2 weeks or 40mg of prednisone for ≥ 10 days in those over 10 kg) (32).





Analysis of inflammatory biomarkers

Blood samples were drawn by venipuncture from all patients on day 1 and 3 of the admission, before the initiation of immunomodulatory therapy. For complete blood count parameters, 2 mL of blood was taken into in tubes containing ethylenediaminetetraacetic acid (EDTA). The plasma obtained was stored at − 80°C. Next, cytokines and oxidative stress biomarkers were measured.





Determination of cytokines profile

Plasma levels of seven cytokines (IL-2, IL-4, IL-6, IL-10, TNF, IFN-γ and IL-17A) were analyzed after filtering proteins with measurements > 30% below the detection threshold, by CBA according to the instruction of BD™ Cytometric Bead Array (CBA) Human Th1/Th2/Th17 Cytokine Kit (Becton & Dickinson, CA, USA). Measurement by flow cytometry was performed using a FACSCanto™ II cytometer (Becton & Dickinson, CA, USA). Plasma levels of the respective cytokines were expressed in pg/ml.





Determination of plasma nitrite levels

The nitrate (NO3 −) present in the serum samples was converted to nitrite (NO2 −) with nitrate reductase, and the nitrite concentration was determined using the Griess method (33). In brief, 100 μL of the supernatant samples were incubated with an equal volume of Griess reagent for 10 min at room temperature. The absorbance was measured on a plate scanner (Spectra Max 250; Molecular Devices, Menlo Park, CA, USA) at 550 nm. The nitrite concentration was determined using a standard curve generated using sodium nitrite (NaNO2). Nitrite production was expressed per μM.





Determination of plasma malondialdehyde concentration

The MDA was used for the reaction of thiobarbituric acid reactive substances (TBARS) performed according to the adapted form (34) of a previously proposed method (35). An aliquot of 1 mL of the reagent (TBA 10 nM) and 0.5 mL of the sample was added to each test tube. Then, the tubes were placed in a water bath at 94°C for 1 h. After this procedure, the samples were cooled under running water for about 15 minutes, and then 4 mL of butyl alcohol was added to each sample. Subsequently, the samples were mixed on a vortex shaker, in order to obtain the maximum extraction of MDA into the organic phase. Finally, the tubes were centrifuged at 2,500 rpm for 10 minutes. A volume of 3 mL of supernatant was pipetted to carry out spectrophotometric reading at 535 mm. Results were expressed in nmol/mL-1.





Determination of trolox equivalent antioxidant capacity

The trolox equivalent antioxidant capacity (TEAC) is a sensitive and reliable marker for detecting in vivo oxidative stress markers that may not be detectable through the measurement of a single specific antioxidant (36). TEAC level of the plasma serum samples was measured using a previously developed method (37). In this assay, 7 mM of 2,2-azinobis, 3-ethylbenzothiazoline, 6-sulfonate (ABTS) were incubated with 2.45 mM of potassium persulfate and ABTS-potassium persulfate (1: 0.5, v/v), and the mixture was allowed to stand in the dark at room temperature for 12–16 h before use. For the study, the blue green ABTS+ solution was diluted with ethanol 95% (v/v) until the absorbance reached 0.70 ± 0.02 at 734 nm. Then, 10 μL of the plasma or trolox standard was mixed with 1 mL of ABTS+ solution, and a decrease in absorbance at 734 nm was recorded after 4 min for all samples. The absorbance of the mixture was monitored at 734 nm after 6 min. For the blank, 10 μL of water instead of the sample was used and each sample was measured in triplicate. Total antioxidant potential of plasma serum was expressed as μmol/mL of TEAC and was calculated through a calibration curve plotted with different amounts of trolox (38).





Determination of catalase activity

Catalase (CAT) activity was determined according to a previously validated method (39). Blood samples were hemolyzed into ice water (1: 3) and then diluted in a Tris based buffer (Tris 1 M/EDTA 5 mM, pH 8.0). To verify the decay of hydrogen peroxide (H2O2), aliquots of the diluted samples were added to 900 μL of reaction solution (Tris base, H2O2 30% and ultrapure water, pH 8) (40). The decrease of H2O2 concentration was established at λ = 240 nm at 25°C for 60 seconds. CAT activity was defined as the activity required to degrade 1 mol of H2O2 for 60 seconds (pH 8 and 25°C) and was expressed as U/mg protein. The molar extinction coefficient of H2O2 used for the calculation was 39.4 cm (2)/mol. The enzymatic activity data obtained in CAT assays were normalized by the total protein concentrations, using the commercial kit (Doles, Brazil).





Determination of glutathione reductase levels

Determination of intracellular GSH levels was based on the ability of GSH to reduce 5,5-dithiobis-2-nitrobenzoic acid (DTNB) to nitrobenzoic acid (TNB), which was quantified by spectrophotometry at 412 nm. The methodology described by Ellman (41) as adapted for this determination, and GSH concentrations, were expressed in µmol/mL. This assay was adapted (42) for use in a microtitre plate using a microplate spectrophotometer system, Spectra MAX 250 (Molecular Devices, Union City, CA, USA).





Statistical analysis

The cohort characteristics were summarized using median (interquartile range) for continuous variables, and absolute numbers and frequencies (%) for categorical variables. Comparisons between groups were made using χ2 or Fisher exact tests for categorical variables, and Mann–Whitney U was used for continuous data. For comparison between day 1 and day 3 the Wilcoxon signed-ranks test was used. Holm-Bonferroni correction for multiple comparisons was employed adjusting the significance level when patients were compared between two groups (survivors and non-survivors).

We used the ROC (Receiver Operating Characteristic) analysis to choose the optimal cut-point associated with mortality outcome. Survival rate in days was calculated, and Kaplan-Meier curves were plotted. We performed a univariate and multivariate Cox regression “time - to first - event” analysis to determine risk factors for survival. In the regression model we adjusted for a risk of mortality using age under one year of age and presence of comorbidity simultaneously. For these analyses the adopted significance level was set at two-sided p <0.05. The ROC curve analysis was performed to determine the effectiveness of IL-17A as a biomarker to predict the likelihood of death in patients. Data analyses were conducted using SPSS (Statistical Package for the Social Sciences, Chicago, IL) version 28.0.






Results




Cohort description

There were 109 patients admitted at PICU with suspected MIS-C during the study period. A total of 41 patients (median age of 55 months) were included (Figure 1). Thirty-three (80.5%) were male, nine (22%) were up to one year of age, and 30 (73.2%) presented PCCC. The median time from SARS-CoV-2 exposure to symptom onset was 23 days (IQR: 15-34, days). Critical disease and presence of more than three organ dysfunctions occurred in 21 (52.1%) and 26 (63.4%) patients, respectively. Invasive mechanical ventilation was required in 22 (53.7%), and deaths occurred in 16 (39%) patients (Table 1).

[image: Flowchart depicting the selection process of 109 patients admitted to PICU with suspected MIS-C. 48 were not included due to incomplete data or refusal. 29 were excluded due to immunocompromised status or non-SARS-CoV-2 microbiology. 41 were included, with 25 survivors (5 with Critical MODS) and 16 non-survivors (all with Critical MODS).]
Figure 1 | Fluxogram describing the study selection.

Table 1 | Baseline characteristics of the cohort.


[image: Table showing characteristics of 41 hospitalized children with MIS-C. Median age: 55 months; 33 males; 36 identified as Brazilian Pardo. Complex chronic conditions in 30 children, critical presentation in 21. Clinical support includes gastrointestinal symptoms in 35, cardiogenic shock in 17. Oxygen therapy: invasive ventilation in 22. Treatment: intravenous immunoglobulin in 37. Outcomes: hospital stay median 12 days, mortality at 28 days in 16 children.]




Comparison of laboratory markers between day 1 and 3

The assessment of non-specific laboratory tests between day 1 and day 3 revealed significant improvement in lymphocytes and platelets as well as in inflammatory markers, such as CRP, ESR and ferritin (Table 2). The analysis of oxidative stress markers demonstrated significant differences between Day 1 and Day 3. Levels of TEAC and GSH exhibited a notable upward trend, with TEAC (mmol/L) increasing significantly from 1.67 to 2.06 (p < 0.001) and GSH (µmol/mL) rising from 34 to 37 (p = 0.02). These changes are indicative of enhanced oxidative defense mechanisms and potentially reflect increased metabolic activity during the hospitalization period. Conversely, MDA (mmol/mL) levels decreased significantly from 3.62 to 1.96 (p = 0.002), catalase (U/mg protein) levels declined from 0.042 to 0.035 (p < 0.001), and nitrite (µM/mg protein) levels were markedly reduced from 80.5 to 54.3 (p < 0.001). These reductions suggest a diminishing inflammatory and oxidative state, likely corresponding to clinical improvement and a positive therapeutic response. In contrast, cytokine levels did not exhibit significant differences between Day 1 and Day 3, as demonstrated in Table 2.

Table 2 | Laboratorial characteristics of the cohort.


[image: Table presenting laboratory characteristics of hospitalized children with MIS-C across days one and three, comparing non-specific laboratory measures, immunological, and inflammatory biomarkers. Parameters include lactate, leukocytes, lymphocytes, platelets, hemoglobin, and several biomarkers. Significant p-values indicate statistical differences, highlighted in bold. Notable changes include increases in lactate and lymphocytes, and decreases in C-reactive protein and erythrocyte sedimentation rate. The table provides medians with interquartile ranges, using the Wilcoxon signed-ranks test for significance.]




Comparison according to the outcomes

There were 25 survivors and 16 non-survivors. Regarding cytokines, non-survivors presented higher levels of IL-17A, IL-6 and IL-4 compared to survivors on day 1 (p<0.001, p=0.001, and p=0.001, respectively) and day 3 (p<0.001, p=0.002 and p<0.001, respectively). Regarding oxidative stress markers, non-survivors presented higher levels of plasma nitrite in both days (p<0.001), and lower levels of glutathione reductase on day 3 (p<0.001) compared with survivors, as shown in Table 3. The elapsed time between admission and the initiation of immunomodulatory therapy did not reveal difference (p=0.575) between non-survivors (median 3.5 days, IQR 3.2-4.5) and survivors (median 3.5 days, IQR 3.6-5.2).

Table 3 | Serum biomarkers, according to in-hospital mortality.


[image: A table compares various biochemical characteristics between survivors (n=25) and non-survivors (n=16). It lists day 1 and day 3 values for IL-17A, IFN-γ, TNF-α, IL-10, IL-6, IL-4, IL-2, TEAC, malondialdehyde, glutathione, catalase, and nitrite. Significant differences (p<0.05) are highlighted, with a Bonferroni method applied at p=0.0021.]
Cardiogenic shock was present in 17 (41%) patients; levels of IL-4 were significantly higher on day 3 in the group with cardiogenic shock compared to the group without cardiogenic shock (p=0.001), with no other differences among the other inflammatory biomarkers (Table 4).

Table 4 | Serum biomarkers, according to the outcome subgroups.


[image: Table comparing various biochemical parameters in patients with and without cardiogenic shock. Columns represent different characteristics, p-values, and length of stay in the Pediatric Intensive Care Unit (PICU) for more than or less than seven days. Key values are indicated in bold, with significant differences highlighted. Parameters include cytokines, antioxidants, and enzyme levels measured on different days.]
In relation to the length of stay in PICU, 23 (56%) stayed longer than 7 days; none of the inflammatory biomarkers stood out in relation to this outcome (Table 4). We also carried out a comparison between critical and non-critical patients, however the results were similar to the mortality outcome.





Kaplan-Meyer curves

Patients with higher levels of IL-17A (≥ 19.71 pg/mL) on day 1, higher levels of IL-4 (≥ 11.89 pg/mL) on day 1, higher levels of IL-4 (≥14.96 pg/mL) on day 3 and higher levels of NO (≥75.36 µM/mg protein) on day 1 presented shorter survival time (p=0.004, p=0.002, p=0.001, p=0.009, respectively). On the other hand, patients with lower levels of GSH (< 0.036 µmol/mL) on day 3 (p=0.009), presented shorter survival time, as showed in Figures 2–6.

[image: Kaplan-Meier survival curve comparing two groups based on IL 17-A levels: less than 19.71 pg/mL and greater than or equal to 19.71 pg/mL. The plot shows time in days on the x-axis and survival probability on the y-axis. Censored data are marked. The log-rank test shows p=0.004. The accompanying table lists the number of patients at risk over time with mean survival times and standard deviation for each group.]
Figure 2 | Kaplan-Meyer curve according to the IL 17-A level at day 1.

[image: Kaplan-Meier survival plot and table showing survival probabilities over 28 days based on IL-4 levels on day 1. Patients with IL-4 levels below 11.89 pg/mL (blue line) have higher survival rates than those with levels above 11.89 pg/mL (green line). The plot indicates a statistically significant difference (p=0.002). The table provides the number of patients at risk at different times and their mean survival times, with standard deviations.]
Figure 3 | Kaplan-Meyer curve according to the IL 4 level at day 1.

[image: Kaplan-Meier survival plot examines two groups based on Interleukin-4 (IL-4) levels on day three. One line represents IL-4 levels below 14.96 pg/mL, showing higher survival probability over 28 days. The other line represents IL-4 levels at or above 14.96 pg/mL, with a steeper decline in survival. The log-rank test shows significance with p<0.001. A table below details the number of patients at risk over time for each group and includes mean survival times and standard deviations.]
Figure 4 | Kaplan-Meyer curve according to the IL 4 level at day 3.

[image: Kaplan-Meier survival curve showing survival probability over time in days for two groups based on nitric oxide levels: less than 75.36 micromolars per milligram protein and greater or equal to 75.36 micromolars per milligram protein. The curve indicates better survival for the lower level group. Log rank test shows a p-value of 0.009. A table below details the number of patients at risk and mean survival times for each group.]
Figure 5 | Kaplan-Meyer curve according to the NO level at day 1.

[image: Kaplan-Meier survival curves comparing two groups based on glutathione levels (GSH) on day three, with levels below and above 0.036 micromoles per milliliter. The graph shows higher survival probability for the group with GSH above 0.036. The log rank test p-value is 0.009. A table below details patients at risk and survival times, with a mean of 31.93 and 356.58 for the low and high GSH groups, respectively.]
Figure 6 | Kaplan-Meyer curve according to the GSH at day 3.





Multivariate analysis

After multivariate analysis, IL-17A was the only factor associated with shorter survival time on day 1 either in crude (HR 1.03, CI95%1.004-1.057, p=0.022) or adjusted models (HR 1.043, CI95%1.013-1.075, p=0.012) as shown in Table 5.

Table 5 | Cox regression analysis for associated factors to in-hospital mortality at 28th day.


[image: Table comparing unadjusted and adjusted models for various variables: IL-17 A, IL-4, GSH, and NO. Shows mean values, hazard ratios, confidence intervals, and p-values. Bold values indicate significance. Provides notes on the adjusted model, including cofactors and criteria for variable inclusion, with exclusions due to non-significant confidence intervals.]




ROC analysis

As cut-point values of inflammatory biomarkers for mortality have not yet been described in MIS-C patients, we chose to perform ROC analysis to identify the best possible cut-point associated with mortality outcome after we plotted the Kaplan-Meyer curves and performed univariate and multivariate Cox regression. We observed that the cut-off value for the IL-17A was 14.32 pg/ml with sensitivity of 99% and specificity of 80%, as showed in Figure 7.

[image: ROC curve depicting IL-17A day 1 levels above 14.32 pg/mL, showing a sensitivity of 99% and specificity of 80%. The blue line represents the test performance, and the red line is the reference. Youden index is 0.8, AUC is 0.894, with a 95% confidence interval of 0.795 to 0.993.]
Figure 7 | ROC Curve.






Discussion

We conducted a study with a substantial cohort of MIS-C patients requiring PICU hospitalization, focusing on clinical and laboratory characteristics, especially inflammatory biomarkers, including cytokines and oxidative stress markers. The findings revealed a high rate of in-hospital mortality, and we examined factors associated with this outcome, such as critical disease, cardiogenic shock, and PICU length of stay. While various inflammatory biomarkers showed associations with mortality, IL-17A was the only factor significantly linked with shorter survival after multivariate analysis, both in crude and adjusted models.

Previous studies have evaluated circulating cytokine profiles in MIS-C patients, but their comparability to our cohort is limited due to differences in sample size, age range, and definitions of COVID-19 and MIS-C, including coinfection presence and immunosuppressant use (6, 11, 43–49). These studies generally reported lower rates of comorbidities, reduced need for intensive care, and lower mortality than observed in our cohort. Despite these differences, prior research has consistently shown elevated inflammatory cytokines, such as IFN-γ, IL-10, IL-6, IL-8, CXCL10, MIP-1α, MIP-1β, TNF-α, and IL-17 in MIS-C patients compared to healthy controls and other pediatric COVID-19 cases (6, 11, 43–49). Nonetheless, a definitive cytokine signature for MIS-C has yet to emerge, and these studies did not examine mortality predictors.

Our findings align with studies on pediatric inflammatory biomarkers (43–49) and those from adult cohorts (50), which suggest that patients requiring PICU admission show significantly elevated IL-6, IL-10, and TNF-α levels and reduced lymphocyte counts. Additionally, elevated CRP, ESR, troponin, D-dimer, ferritin, and a tendency towards thrombocytopenia indicate acute inflammation and potential for organ dysfunction. Troponin elevation suggests myocardial injury, while high fibrinogen, elevated D-dimer, and low platelet counts in the acute phase indicate a procoagulant state and heightened risk of organ dysfunction (6, 20).

This study documented hyperinflammation marked by moderate hyperferritinemia and elevated CRP levels. Previous studies have reported even higher hyperferritinemia levels, which may differ due to our cohort’s high proportion of malnutrition, potentially affecting ferritin expression (6–11, 51, 52). Non-survivors in our cohort exhibited elevated cytokine levels (IL-2, IFN-γ, TNF-α, IL-10) at admission and increased IL-17A, IL-6, and IL-4 levels on days 1 and 3. Notably, IL-17A levels were associated with mortality when adjusted for comorbidity and age under one year. Persistently elevated IFN-γ, IL-6, and IL-10 in non-survivors also raised the possibility of an association with hemophagocytic lymphohistiocytosis (HLH) (53–60). We observed that elevated plasma IL-17A levels in MIS-C patients correlated with reduced survival time, supporting previous reports of high IL-17A in MIS-C (43–50, 53). However, few studies (19, 60–62) have examined mortality risk factors, and none investigated the relationship between cytokine levels, oxidative stress, and mortality. Our findings suggest that IL-17A may play a role in the pathogenesis of severe MIS-C.

Th17 cells, responsible for producing the IL-17 cytokine family (IL-17A to IL-17F), also include other cells such as γδ T cells, NKT cells, NK cells, neutrophils, and eosinophils in IL-17 production (63). IL-17A and IL-17F levels have been linked to chronic inflammatory diseases, such as psoriasis, multiple sclerosis, systemic lupus erythematosus, rheumatoid arthritis, and juvenile idiopathic arthritis (64–67). Th17 cells are known to recruit neutrophils to sites of inflammation, which may contribute to inflammation and tissue damage in MIS-C, similar to mechanisms observed in acute myocardial infarction and autoimmune diseases (64, 66, 68, 69).

For oxidative stress biomarkers, only NO (on both days) and GSH (on day 3) were statistically significant. High NO levels, associated with increased mortality, may result from heightened nitric oxide production, leading to cardiovascular dysfunction, bioenergetic failure, and cellular toxicity. This association is supported by the frequent cardiogenic shock, high VIS levels, and impaired oxygenation in our cohort. Similar associations have been reported in adult COVID-19 and sepsis cases (69–71). The GSH levels in MIS-C non-survivors in our study matched those reported in severe clinical cases, such as septic shock and severe COVID-19, with reduced levels indicating severe oxidative stress (61, 62, 70–74).

Catalase, crucial for decomposing hydrogen peroxide, is a vital defense against ROS-induced cellular damage. Its low levels in non-survivors suggest a weakened antioxidant defense, potentially increasing susceptibility to oxidative stress and contributing to multiorgan damage in MIS-C (12, 13, 17). Additionally, alterations in TEAC and MDA levels indicate oxidative imbalance, with MDA signifying lipid peroxidation and TEAC reflecting total antioxidant capacity, both of which may be insufficient in critical MIS-C cases (14, 18).

In summary, the interplay between cytokine-induced ROS production and oxidative stress may amplify disease severity. This feedback loop could drive further immune activation and oxidative damage, emphasizing the therapeutic potential of antioxidant or anti-cytokine treatments in MIS-C. These findings support that evaluating both cytokine and oxidative stress biomarkers may improve prognostic accuracy and inform future therapeutic approaches for MIS-C (12–18).

This study highlights the potential pathogenic mechanism in critical MIS-C involving an exaggerated immune response with self-perpetuating inflammation, paralleling autoimmune disease processes. However, further research is needed to confirm this association in MIS-C (11, 45, 47, 69). Although biomarker development faces practical limitations, it remains crucial for predicting diagnosis and mortality in critical patients. Thus, biomarkers with high diagnostic and prognostic value, especially those linked to actionable therapeutic options, are a primary focus in critical care (75).

The COVID-19 pandemic presented a profound health challenge. While MIS-C prevalence and mortality remain low, particularly in developed nations, evidence suggests that MIS-C disproportionately affects Black and Hispanic children, those under one year, and those with comorbidities. Our study corroborates this, identifying increased disease severity and mortality among Brazilian “Pardo” children, possibly due to higher SARS-CoV-2 exposure in socioeconomically disadvantaged regions and potential genetic factors (75–78).

In addressing the diagnostic limitations of this study, several constraints should be acknowledged that may impact the generalizability and depth of our findings. Firstly, as a single-center study, data collection was restricted to one institution, limiting the variability of the population sample and potentially introducing bias specific to regional patient demographics and care practices. The single-center design underscores the need for multicentric studies to validate our results across diverse populations and healthcare settings, which would improve the robustness and applicability of our findings.

Secondly, the absence of immunophenotyping represents a significant limitation, as it restricts our ability to analyze detailed immune cell subpopulations in MIS-C patients. Immunophenotyping would allow for a more nuanced understanding of the specific immune cell profiles and dysfunctions involved in MIS-C, particularly in elucidating roles of T-cell subsets and other critical immune components, which are likely central to MIS-C pathogenesis.

Additionally, methodological variations, particularly in the expression and analysis of cytokine and oxidative stress biomarkers, may influence outcome interpretation. Standardizing biomarker assessment across studies is essential to reduce variability and enhance comparability between findings. Finally, the relatively small patient sample size, a common limitation in MIS-C research, may limit the statistical power of our analyses, reducing the reliability of outcome associations and constraining subgroup analyses.

Together, these limitations highlight the need for future multicentric studies with larger sample sizes, standardized methodologies, and comprehensive immunophenotyping. Such studies are essential to validate the biomarkers identified here and to provide a more detailed understanding of immune and inflammatory processes in MIS-C, ultimately guiding improved diagnostic and therapeutic strategies.

Our study’s strengths include focusing on critically ill MIS-C patients, serial biomarker measurements prior to immunomodulatory therapy, prospective SARS-CoV-2 confirmation, and elimination of epidemiological biases. This study is pioneering within a region marked by healthcare disparities, highlighting a vulnerable subgroup and underscoring the need for targeted interventions. Although overall MIS-C mortality is low, our study shows that younger children with comorbidities face greater mortality risks. Further research should explore the pathophysiological aspects of cytokine and oxidative stress responses in MIS-C, especially the role of IL-17 levels in disease progression. Internationally standardized definitions for MIS-C and neonatal MIS associated with COVID-19 and globally compiled datasets are essential to improve management and guide future trials.

In conclusion, our findings underscore the need to include infants under 12 months in MIS-C research due to their representation in our cohort, contributing valuable insights for all pediatric age groups. This study reinforces the importance of investigating cytokine and oxidative stress biomarkers in MIS-C, as understanding these pathways could facilitate the development of targeted therapies to mitigate severe inflammation and improve patient outcomes. Our research advances understanding of MIS-C by highlighting novel associations between inflammatory biomarkers and mortality. These insights may inform future clinical management strategies, although further studies are essential to validate these findings and investigate therapeutic interventions based on these biomarkers.
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Objectives

Severe COVID-19 infection is characterized by excessive inflammatory responses, hypercoagulation, and microvascular dysfunction. However, limited research has investigated the effects of co-infections on these characteristics in COVID-19 patients. This study aims to explore how co-infections influence inflammation, hypercoagulability, and microvascular dysfunction in hospitalized COVID-19 patients, and to assess their impact on disease progression.





Methods

This was a retrospective cohort study involving 630 COVID-19 inpatients who tested positive for SARS-CoV-2 RNA at Xi’an Ninth Hospital. The patients were categorized into two groups: a severe group (n = 176) and a mild group (n = 454). Additionally, they were further subdivided into a co-infected (n = 106) group and a non-co-infected group (n=524) based on the presence or absence of co-infections. Clinical characteristics and laboratory findings were analyzed and compared between the groups.





Results

In the co-infected group, 60 patients (56.6%) were classified as severe cases, and 15 (14.2%) died. By comparison, in the non-co-infected group, 97 patients (18.5%) were severe cases, with 4 (0.8%) deaths. The severity and mortality rates were significantly higher in co-infected patients compared to those non-co-infections. The severe and co-infected groups exhibited significantly higher levels of inflammatory cells, inflammatory factors, coagulation biomarkers, and myocardial injury markers compared to the mild and non-co-infected groups. Conversely, lymphocyte counts, RBC counts, HGB, HCT, TP, and ALB levels were significantly lower in the severe and co-infected groups than in the mild and non-co-infected groups. Furthermore, a notable positive correlation was observed among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients.





Conclusion

Co-infections in COVID-19 patients can trigger severe inflammatory responses. This excessive inflammation may lead to coagulation disorders and myocardial injury, all of which are key contributors to disease progression and deterioration. Therefore, implementing infection prevention measures to minimize the spread of co-infections among hospitalized COVID-19 patients is crucial.
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1 Introduction

Novel coronavirus pneumonia (COVID-19) is an acute respiratory illness with high transmissibility, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). First identified in December 2019 in Wuhan, China, COVID-19 rapidly spread globally. As of July 14, 2024, the World Health Organization reported over 775 million cases worldwide, with more than 7.05 million deaths (2). Statistics indicate that secondary and opportunistic infections are especially common in severe COVID-19 patients. These include co-infections with pathogens such as influenza viruses and bacteria, particularly among those requiring respiratory support or intensive care (3). Early studies suggest a clear link between bacterial or viral co-infections and more severe clinical outcomes during pandemics (4, 5). Bacterial infections, particularly those caused by Streptococcus pneumoniae, Staphylococcus aureus, and fungi, are well-known complications of influenza-induced pneumonia. Consequently, this raises questions about whether similar co-infections worsen COVID-19 progression and how they affect disease outcomes (6).

Severe COVID-19 infection is characterized by excessive inflammatory responses, a hypercoagulable state, and microvascular dysfunction (7, 8). In COVID-19, dysregulated immune responses can cause excessive cytokine production, leading to widespread inflammation, commonly known as a ‘cytokine storm.’ This condition can drive hypercoagulability and multi-organ dysfunction. In severe cases, it may progress to multi-organ failure, especially affecting the cardiovascular system (9, 10). Acute inflammation may trigger ventricular arrhythmias, cardiogenic shock, and even death, making cardiovascular complications a recognized feature of severe COVID-19 (11). Remarkably, even patients without pre-existing cardiovascular disease (CVD) may develop abnormalities such as myocardial injury, arrhythmias, and thrombotic events (12). Therefore, cardiovascular complications not only heighten the risk of adverse outcomes but also serve as direct manifestations of COVID-19. Research also shows that COVID-19 can cause coagulation disorders, heightening the risk of thrombosis and contributing to multi-organ failure, including heart failure. The coagulation process entails the activation of a protein cascade involving thrombin and fibrinogen. Conversely, the fibrinolytic system breaks down clots, generating fibrin degradation products. Elevated D-Dimer levels are frequently observed in COVID-19 patients and are strongly correlated with disease severity and mortality risk (13).

Extensive research has examined the inflammatory response in COVID-19 and its isolated effects on coagulation dysfunction and myocardial injury. However, the combined impact of co-infection, inflammation, coagulation, and myocardial dysfunction on disease progression remains underexplored. This retrospective study compared the clinical characteristics and laboratory findings of mild and severe COVID-19 patients, as well as those with and without co-infections. The study analyzed changes in inflammatory markers, coagulation parameters, and myocardial injury biomarkers to facilitate early identification and timely intervention for critically ill patients (Figure 1).
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Figure 1 | Impact of co-infections on inflammatory response, coagulation function, and myocardial injury in COVID-19 patients. Co-infections in COVID-19 patients can lead to lymphopenia and neutrophilia, triggering a cytokine storm. This is accompanied by significant elevations in coagulation function markers and cardiac injury biomarkers, all of which are critical factors in disease progression and worsening outcomes. IL-6, interleukin-6; hs-CRP, Hypersensitivity C-reactive protein; SAA, serum amyloid A; PCT, Procalcitonin; APTT, activated prothrombin time; PT, prothrombin time; FIB, fibrinogen; FDP, Fibrinogen degradation products; hs-TnT, Hypersensitive cardiac troponin; LDH, lactic dehydrogenase; HBDH, α Hydroxybutyrate dehydrogenase; IMA, Ischemic modified albumin; AST, aspartate aminotransferase; m-AST, mitochondrialaspartate aminotransferase; CK, creatine kinase; CK-MB, Creatine kinase isoenzyme MB.




2 Materials and methods



2.1 Study design, patient, and clinical data collection

This retrospective cohort study analyzed 630 patients who tested positive for SARS-CoV-2 RNA and were hospitalized at Xi’an Ninth Hospital (Shaanxi, China) from December 10, 2022 to December 31, 2023. COVID-19 diagnoses and classifications followed the “Diagnosis and Treatment Protocol for Novel Coronavirus Infection (Trial Version 10)” issued by China’s National Health Commission (14). Patients exhibited typical COVID-19 symptoms, such as fever and cough, and were confirmed positive via RT-PCR, which differentiated them from other respiratory infections or non-infectious conditions. Excluding hospitalized patients with chronic inflammatory diseases, autoimmune diseases, immunodeficiency, organ transplants, malignant tumors, hematological disorders, or coagulation abnormalities as well as myocardial injury caused by diabetes or heart disease prior to admission, and those with incomplete data. Patients were categorized as mild, moderate, severe, or critical based on clinical symptoms, imaging, and respiratory status. For analysis, mild and moderate cases were grouped as the ‘mild group,’ while severe and critical cases formed the ‘severe group.’ Additionally, patients were categorized into ‘co-infected’ and ‘non-co-infected’ groups based on the presence or absence of co-infections.

Data were collected on demographics (gender, age, illness duration, and medical history), laboratory results (including blood cell counts, inflammatory markers, coagulation parameters, and myocardial injury indicators), and co-infections. Data extraction and verification were performed by two independent researchers. The study was approved by the Institutional Review Board of Xi’an Ninth Hospital (NO.202311) and conducted in accordance with the Declaration of Helsinki. Given its retrospective design, the requirement for informed consent was waived.




2.2 Detection of peripheral blood cell counts, inflammatory factors, protein concentrations, coagulation function, and biomarkers of myocardial injury

Blood samples were collected within ≤48 hours after the clinical diagnosis of COVID-19. Peripheral blood was collected in EDTA anticoagulant tubes for hematological analysis using the Mindray CAL8000 blood cell analyzer. Serum was collected in separation gel tubes, with hypersensitivity c-reactive protein (hs-CRP) and serum amyloid A (SAA) measured by the Siemens BN II analyzer. Interleukin-6 (IL-6), procalcitonin (PCT), and hypersensitive cardiac troponin (hs-TnT) levels were analyzed using the Roche Cobas e411 electrochemiluminescence immunoassay system. Serum proteins and myocardial enzymes, including total protein (TP), albumin (ALB), aspartate aminotransferase (AST), mitochondrialaspartate aminotransferase (m-AST), creatine kinase, creatine kinase isoenzyme MB (CK-MB), lactic dehydrogenase (LDH), α Hydroxybutyrate dehydrogenase (HBDH), and ischemic modified albumin (IMA), quantified with the TBA-FX8 biochemical analyzer. Additional samples in sodium citrate anticoagulant tubes were used to assess prothrombin time (PT), activated prothrombin time (APTT), fibrinogen (FIB), D-Dimer (DD), and fibrinogen degradation products (FDP) levels with the Stago-Max.




2.3 Microbial cultivation, pathogen identification, and antimicrobial susceptibility testing

Microbiological culture specimens included blood, sputum, and urine samples. Blood specimens were inoculated into both aerobic and anaerobic culture bottles and incubated using the BacT/ALERT 3D automated system. Upon bacterial growth, broth cultures were inoculated onto specific media to isolate pathogens. Deep sputum and midstream urine samples were cultured on blood agar, MacConkey agar, and chocolate agar for pathogen isolation. Pathogen identification was conducted with the VITEK2-compact system and Bruker MALDI-TOF mass spectrometer. Strain isolation, suspension preparation, and antimicrobial susceptibility testing were performed using various methods, including instrumental techniques, the Kirby-Bauer method, and the E-test, with results interpreted according to CLSI M100 standards (2021) (15).




2.4 Statistical analysis

Graphpad Prism version 9.5 (Graphpad, LaJolla, CA, USA) and Origin version 2021 (Origin, OriginLab Corporation, USA) were utilized for graphical representation and statistical analysis. For the comparison of continuous data between groups, independent samples t-tests were employed, while categorical data were expressed as frequencies and percentages, with group comparisons performed by chi-square tests. Spearman’s rank correlation coefficient was used to analyze the correlation between the two sets of variables, with a two-tailed α level of less than 0.05 considered statistically significant.





3 Results



3.1 Basic information of patients with COVID-19

Based on the inclusion and exclusion criteria, a total of 630 hospitalized COVID-19 patients were included in this study (Figure 2A), divided into 454 mild cases (52.20% male, 47.80% female) and 176 severe cases (71.02% male, 28.98% female), with 20 total deaths (3.2%), the severe group had a higher proportion of males (Figure 2B) and was generally older, averaging 79.70 ± 10.92 years, with a notably higher proportion of patients aged ≥70 (Figure 2C). Time from symptom onset to discharge was longer in severe cases (22.35 ± 7.81days) than in mild cases (10.1 ± 3.63 days) (Figure 2D). Hypertension (48.10%) was the most common comorbidity, and the severe group had higher rates of pulmonary diseases, cardiovascular disease, and kidney disease (Figure 2E).
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Figure 2 | Demographics and clinical characteristics of 630 patients with COVID-19. (A) Flowchart of patient inclusion and exclusion; (B) Comparison of male and female counts and percentages between the severe group (n=176) and the mild group (n=454); (C) Age and percentage distribution comparison between the severe group (n=176) and the mild group (n=454); (D) Days from onset to discharge comparison between the severe group (n=176) and the mild group (n=454); (E) Comparison of underlying conditions between the severe group (n=176) and the mild group (n=454). n: Total number of patients with available data. P values comparing the severe group and the non-severe group are from χ2 test and unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant.

In addition, we observed that 106 out of 630 patients with COVID-19 (16.8%) experienced co-infections, while 524 cases (83.2%) were only infected with SARS-CoV-2. Among those infected solely with SARS-CoV-2, 423 cases (80.73%) were mild and 101 cases (19.27%) were severe. Among co-infected patients, 75 cases (70.75%) were severe and 31 cases (29.24%) were mild. Co-infections significantly increased the risk of severe symptoms. In the mild co-infected group, 30 cases (96.77%) had single co-infections, while 1 case (3.23%) had mixed co-infections. In severe co-infected patients, 55 cases (73.33%) had single-pathogen infections, and 20 cases (26.67%) had mixed infections. These findings manifest that the risk of severe symptoms increases with multiple pathogen infections. Severe co-infections included 11 Gram-positive, 63 Gram-negative, 11 fungal, and 2 viral cases, while mild co-infections included 4 Gram-positive and 14 Gram-negative bacterial infections, and 3 viral infection. Detailed co-infection characteristics are provided in Table 1.

Table 1 | Findings of the 106 patient s with COVID-19 detected to have other pathogens co-infections.
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3.2 Changes in inflammatory cells and factors in COVID-19 patients

Our analysis of peripheral blood cell counts in COVID-19 patients reveals that the severe group shows significantly elevated white blood cell (WBC) and neutrophil counts compared to the mild group. In contrast, lymphocyte and monocyte counts are markedly reduced. Despite these differences, both groups maintain WBC and monocyte counts (M) within the normal physiological range (WBC: 3.5-9.5×109/L, M: 0.1-0.6×109/L). However, in the severe group, the neutrophil count (N) exceeds the upper limit of the normal range, while the lymphocyte count (L) falls below the lower limit of the reference range (N: 1.8-6.3×109/L, L: 1.1-3.2×109/L), as shown in Figure 3A. In COVID-19 patients without co-infections, neutrophil and monocyte counts remain within the normal reference range, whereas lymphocyte counts fall below the lower limit. Notably, lymphocyte counts in severe patients are significantly lower than those in mild patients (Figure 3B). These findings suggest that SARS-CoV-2 infection may suppress the host immune system’s antiviral response by reducing lymphocyte populations. Among co-infected patients, neutrophil counts are significantly higher than those in non-co-infected patients, while lymphocyte counts show a marked decline. Monocyte counts in co-infected patients exhibit an increasing trend, although this difference is not statistically significant (Figure 3C). Additionally, in both mild and severe patients, the co-infected group demonstrates significantly elevated neutrophil counts compared to the non-co-infected group. However, no significant differences in lymphocyte counts are observed between these groups, as shown in Figure 3D. These results indicate that co-infections substantially affect neutrophil counts in COVID-19 patients, whereas their impact on lymphocyte counts appears to be comparatively minimal.
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Figure 3 | Comparison of inflammatory cell and factors in peripheral blood of patients with COVID-19. Count of inflammatory cells: (A) Severe group (n=176) VS. Mild group (n=454); (B) Severe group (n=101) VS. Mild group (n=423) in non-co-infected patients; (C) Co-infected group (n=106) VS. Non-co-infected group (n=524); (D) Non-co-infected VS. Co-infected patients in the mild (co-infected: n=31, non-co-infected: n=423) and the severe groups (co-infected: n=75, non-co-infected=101), respectively. Inflammatory factors: (E) Severe group (n=117 for IL-6, n=144 for hs-CRP, n=79 for SAA, and n=151 for PCT) VS. Mild group (n=233 for IL-6, n=439 for hs-CRP, n=132 for SAA, and n=330 for PCT); (F) Severe group (n=73 for IL-6, n=101 for hs-CRP, n=50 for SAA, and n=87 for PCT) VS. Mild group (n=216 for IL-6, n=409 for hs-CRP, n=118 for SAA, and n=302 for PCT) in non-co-infected patients; (G) Co-infected group (n=61 for IL-6, n=103 for hs-CRP, n=43 for SAA, and n=92 for PCT) VS. Non-co-infected group (n=289 for IL-6, n=510 for hs-CRP, n=168 for SAA, and n=389 for PCT); (H) Non-co-infected VS. Co-infected patients in the mild(co-infected: n=14 for IL-6, n=30 for hs-CRP, n=14 for SAA, and n=28 for PCT; non-co-infected: n=216 for IL-6, n=409 for hs-CRP, n=118 for SAA, and n=302 for PCT) and the severe group (non-co-infected: n=44 for IL-6, n=73 for hs-CRP, n=29 for SAA, and n=64 for PCT; non-co-infected: n=73 for IL-6, n=101 for hs-CRP, n=50 for SAA, and n=87 for PCT), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. NS, not significant. WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; M, Monocyte Count; IL-6, interleukin-6; hs-CRP, Hypersensitivity C-reactive protein; SAA, serum amyloid A; PCT, Procalcitonin.

Nearly all COVID-19 patients exhibit elevated inflammatory markers, including IL-6, hs-CRP, SAA, and PCT, exceeding normal reference ranges (IL-6: 0-7 pg/mL, hs-CRP: 0-3 mg/L, SAA: 0-6.4 mg/L, PCT: 0-0.046 ng/mL). Serum levels of these markers were significantly higher in the severe group compared to the mild group (Figure 3E). Among patients without co-infections, inflammatory marker levels in the severe group were markedly elevated compared to the mild group (Figure 3F). Patients with co-infections showed significantly higher levels of inflammatory markers than those non-co-infections (Figure 3G). In mild cases, inflammatory marker levels in the co-infected group were moderately elevated compared to the non-co-infected group. In severe cases, the co-infected group exhibited significantly higher levels of inflammatory markers than the non-co-infected group (Figure 3H). These findings suggest that COVID-19 infection leads to elevated inflammatory markers, and co-infections further amplify these inflammatory responses, exacerbating disease progression.




3.3 Levels of coagulation biomarkers in patients with COVID-19

The biomarkers for coagulation function in the severe group include PT, APTT, FIB, D-Dimer, and FDP, all of which exceed the upper limit of the normal reference range (PT: 11-14 s, APTT: 28-43.5 s, FIB: 2-4 g/L, D-Dimer: 0-0.5 μg/mL, and FDP: 0-5 μg/mL). These markers are significantly elevated compared to those in the mild group, as shown in Figure 4A. Among non-co-infected COVID-19 patients, coagulation function markers in the severe group were notably higher than those in the mild group, where certain markers also showed mild increases (Figure 4B). Furthermore, coagulation function markers in the co-infected group were substantially higher than in the non-co-infected group, as demonstrated in Figure 4C. In both mild and severe cases, the co-infected group exhibited varying degrees of elevation in coagulation function markers compared to the non-co-infected group (Figure 4D). These findings suggest that COVID-19 infection is associated with significant increases in coagulation function markers, and that co-infections further amplify this elevation, contributing to the development of coagulation dysfunction.
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Figure 4 | Comparison of coagulation function biomarker levels in COVID-19 patients. (A) Severe group (n=173) VS. Mild group (n=431); (B) Severe group (n=100) VS. Mild group (n=402) in non-co-infected patients; (C) Co-infected group (n=102) VS. Non-co-infected group (n=502); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=29, non-co-infected: n=402) and severe groups (co-infected: n=73, non-co-infected=100), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. PT, prothrombin time; APTT, activated prothrombin time; FIB, Fibrinogen; DD, D-Dimer; FDP, Fibrinogen degradation products.




3.4 Biomarkers of myocardial injury in patients with COVID-19

We observed that, compared to the mild group, the severe group had significantly elevated levels of AST, m-AST, hs-TnT, LDH, HBDH, and IMA, all exceeding the upper limits of the reference range (AST: 15-40 U/L; m-AST: 0-15 U/L; hs-TnT: 0-0.014 ng/mL; LDH: 120-250 U/L; HBDH: 72-182 U/L; IMA: 0-85 U/mL). CK and CK-MB levels showed a trend toward the upper limit of the reference range (CK: 50-310 U/L; CK-MB: 0-25 U/L), as depicted in Figure 5A. In non-co-infected COVID-19 patients, the severe group exhibited significantly higher levels of AST, m-AST, hs-TnT, LDH, HBDH, and IMA compared to the mild group. CK and CK-MB levels in the severe group showed an upward trend, but the increase was not statistically significant. In the mild group, hs-TnT levels exceeded the upper reference limit (Figure 5B), suggesting that COVID-19 infection can induce myocardial injury, thereby exacerbating disease progression. Furthermore, in the co-infected group, levels of AST, m-AST, hs-TnT, CK-MB, LDH, HBDH, and IMA were significantly higher than those in the non-co-infected group, while CK levels showed an upward trend (Figure 5C). Among mild patients, no significant difference in cardiac injury biomarkers was observed between co-infected and non-co-infected groups, although a tendency toward elevation was noted in the co-infected group (Figure 5D). In severe patients, the co-infected group had markedly higher levels of cardiac injury biomarkers compared to the non-co-infected group (Figure 5E). These findings suggest that co-infections in COVID-19 patients may heighten the risk of myocardial injury, particularly in those with severe disease manifestations.
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Figure 5 | Comparative analysis of myocardial injury biomarkers in COVID-19 patients. (A) Severe group (n=115 for hs-TnT, n=132 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Mild group (n=217 for hs-TnT, n=291 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA); (B) Severe group (n=60 for hs-TnT, n=73 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Mild group (n=197 for hs-TnT, n=269 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) in non-co-infected patients; (C) Co-infected group (n=75 for hs-TnT, n=81 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Non-co-infected group (n=257 for hs-TnT, n=342 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=20 for hs-TnT, n=22 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA, non-co-infected: n=197 for hs-TnT, n=269 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) and (E) the severe groups (co-infected: n=55 for hs-TnT, n=59 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA, non-co-infected: n=60 for hs-TnT, n=73 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. hs-TnT, Hypersensitive cardiac troponin; AST, aspartate aminotransferase; m-AST, mitochondrialaspartate aminotransferase; CK, creatine kinase; CK-MB, Creatine kinase isoenzyme MB; LDH, lactic dehydrogenase; HBDH, α Hydroxybutyrate dehydrogenase; IMA, Ischemic modified albumin.




3.5 Anemia and impaired protein synthesis in COVID-19 patients

We noted that the severe group exhibited dramatically lower red blood cell counts (RBC), hemoglobin (HGB), and hematocrit (HCT) compared to the mild group, all falling below the minimum reference range (RBC: 4.3-5.8×10¹²/L, HGB: 130-175 g/L, HCT: 0.40-0.50 L/L), as shown in Figure 6A. Among non-co-infected COVID-19 patients, RBC, HGB, and HCT levels were all below the minimum reference range, with significantly lower levels observed in the severe group compared to the mild group (Figure 6B). This suggests that COVID-19 infection may contribute to the development of anemia in these patients. Patients with co-infections exhibited significantly lower RBC, HGB, and HCT values compared to non-co-infected patients, as shown in Figure 6C. In both mild and severe cases, no significant differences in red blood cell parameters were observed between the co-infected and non-co-infected groups. However, both groups showed values that remained below the lower limit of the reference range (Figure 6D).
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Figure 6 | Anemia and impaired protein synthesis in COVID-19 patients. Anemia biomarkers: (A) Severe group (n=454) VS. Mild group (n=176); (B) Severe group (n=454) VS. Mild group (n=176) in non-co-infected patients; (C) Co-infected group (n=106) VS. Non-co-infected group (n=524); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=31, non-co-infected: n=423) and severe groups (co-infected: n=75, non-co-infected=101), respectively. Protein synthesis biomarkers: (E) Severe group (n=167) VS. Mild group (n=435); (F) Severe group (n=94) VS. Mild group (n=405) in non-co-infected patients; (G) Co-infected group (n=103) VS. Non-co-infected group (n=499); (H) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=30, non-co-infected: n=405) and severe groups (co-infected: n=73, non-co-infected=94), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. RBC, Red blood cell count; Hb, Hemoglobin; HCT, hematokrit; TP, Total protein; ALB, Albumin; GLB, Globulin.

In COVID-19 patients, TP and ALB levels drop below the lower limit of the reference range (TP: 65-85 g/L, ALB: 40-55 g/L), while globulin (GLB) levels remain within the reference range (20-40 g/L). The reduction in total protein primarily results from decreased albumin levels. Patients in the severe group exhibit significantly lower TP and ALB levels compared to those in the mild group, as shown in Figure 6E. Among non-co-infected COVID-19 patients, the severe group demonstrated significantly lower TP and ALB levels than the mild group, as illustrated in Figure 6F. Additionally, patients with co-infections exhibited significantly lower TP and ALB levels compared to those without co-infections, as shown in Figure 6G. In severe cases, TP and ALB concentrations were notably lower in patients with co-infections than in those non-co-infections, as illustrated in Figure 6H. These findings suggest that co-infections in COVID-19 patients may exacerbate reductions in host protein levels, contributing to malnutrition and potentially anemia. It is crucial for healthcare providers to ensure adequate nutritional support for critically ill patients during their treatment.




3.6 Correlation among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients

As shown in Figure 7, we conducted a correlation analysis to investigate the interconnection between inflammatory response, coagulopathy, and myocardial damage in COVID-19 patients. The results revealed that inflammatory factors were positively correlated with coagulation function markers. Moreover, inflammatory factors were positively associated with cardiac injury biomarkers, and coagulation function markers also showed a positive correlation with cardiac injury biomarkers. In conclusion, cardiovascular biomarkers in COVID-19 patients are strongly correlated with inflammatory factors and coagulation function markers, suggesting potential cardiac involvement driven by inflammation and coagulopathy in these patients.
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Figure 7 | Correlation analysis of inflammatory factors, coagulation function, and biomarkers of myocardial injury(n=101). Correlation matrix results of Spearman correlations, visualized by correlation coefficients (r) as a heat map alongside with P value. In the heat map, the color blocks are determined by correlation values. Red indicates positive correlation, while green signifies negative correlation. The intensity of the color correlates directly with the strength of the correlation. n: Total number of patients with available data. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001.





4 Discussion

The results of this study indicate a higher prevalence of severe COVID-19 disease among males compared to females, with older age groups being predominantly affected, consistent with prior research. Severe cases among older males may result from diminished immune responses and a higher prevalence of underlying conditions, which increase susceptibility to SARS-CoV-2 infection (16). Research shows that 94.2% of severe COVID-19 patients were simultaneously infected with multiple microorganisms, including viruses, bacteria, and fungi (17). Our findings further suggest that severe COVID-19 patients experience prolonged recovery times and are more prone to co-infections, with antibiotic-resistant cases exhibiting a notable incidence of mixed infections. In contrast, co-infections among mild patients were relatively uncommon, underscoring the need for targeted care in severe cases where co-infections may exacerbate disease severity.

SARS-CoV-2 infection can rapidly activate both non-specific and specific immune responses. Neutrophils play a key role in the non-specific inflammatory response by releasing inflammatory mediators, while lymphocytes are crucial for the specific immune response (18). When the specific immune response fails to effectively eliminate the virus, the non-specific inflammatory response may intensify, resulting in tissue damage, hypoxia, and necrosis. This unchecked response can lead to a cytokine storm, causing acute lung injury and respiratory distress syndrome (19, 20). Imbalanced immune responses and weakened adaptive immunity are major contributors to severe inflammatory reactions in COVID-19. Peripheral blood leukocyte counts, neutrophil counts, and lymphocyte counts serve as indicators of inflammatory and immune status and may help predict disease severity in COVID-19 patients (21). We observed a significant reduction in lymphocyte counts among patients with COVID-19, along with an increase in neutrophil counts in individuals presenting with co-infections. Both neutrophilia and lymphopenia are closely linked to a heightened inflammatory state and cytokine storm, integral components of the pathogenic mechanisms of COVID-19 (22, 23).

COVID-19 progression is often mild in its initial stages but can progress to more severe stages over time. SARS-CoV-2 infection rapidly activates T cells, leading to the release of pro-inflammatory cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6. GM-CSF, in turn, activates inflammatory granulocytes and macrophages, initiating an inflammatory cascade that contributes to severe inflammation and immune-mediated damage in the lungs and other organs (24–26). Elevated levels of inflammatory markers such as IL-6, CRP, and serum amyloid A (SAA) have been observed in most patients who succumbed to the disease, underscoring the central role of the inflammatory response (22). One study reported that 52% of COVID-19 patients exhibited elevated IL-6 levels, while 86% showed increased CRP, reflecting a significant inflammatory state (24). IL-6 is a strongly pro-inflammatory cytokine, a major trigger of cytokine storms, and a critical component of the acute inflammatory cascade (26). SAA can promote inflammatory responses directly or indirectly through various pathways, such as activating inflammatory cells and inducing the release of inflammatory factors by interacting with HDL to promote chemotaxis (27). Procalcitonin (PCT) serves as an important marker of systemic inflammatory response, with levels rapidly rising in response to inflammatory stimuli, particularly in bacterial infections or sepsis (28). Several studies have demonstrated a positive correlation between elevated PCT levels and COVID-19 severity (13, 25). Our analysis revealed significantly higher serum levels of IL-6, CRP, SAA, and PCT in severe COVID-19 patients compared to mild cases, indicating a strong association with disease severity. Moreover, COVID-19 patients with co-infections exhibited even higher levels of IL-6, CRP, and PCT, suggesting that bacterial co-infections may amplify the inflammatory response and worsen patient outcomes.

The role of IL-6 in the pathophysiology of anemia in chronic diseases is significant (29). IL-6 suppresses the erythropoietin response and erythrocyte survival, while also inhibiting erythropoiesis and hemoglobin synthesis in the bone marrow. Our findings revealed that erythrocyte counts, hemoglobin levels, and hematocrit levels were significantly lower in the severe group than those in the mild group, all falling below the lower limit of the reference range. This suggests a predisposition to anemia in severe COVID-19 patients, likely due to inflammatory anemia caused by heightened inflammation. Additionally, these parameters were lower in co-infected patients than in non-co-infected individuals. We also observed that patients with severe infections experience impaired protein synthesis and are prone to hypoalbuminemia. This condition occurs more frequently in the later stages of infection and is linked to decreased synthesis and increased catabolism of serum proteins, alongside heightened capillary permeability induced by the inflammatory response to COVID-19 (30). The rapid decline in serum albumin levels during the acute phase of infection reflects the severity of the systemic inflammatory response and serves as a widely used indicator of poor prognosis in critical care settings (31).

COVID-19 has a complex interplay with the body’s coagulation system, where inflammation activates coagulation, and coagulation, in turn, amplifies inflammation. Elevated levels of IL-6 and IL-1 have been shown to increase coagulation markers such as D-Dimer, creating a feedback loop between inflammation and coagulation (32, 33). Approximately 20% of COVID-19 patients exhibit coagulation abnormalities, particularly in severe cases. In these patients, hypoxia and tissue damage activate coagulation pathways, leading to microthrombi formation and prolonged prothrombin time (PT) (34). This disruption is further evidenced by elevated fibrinogen (FIB) levels, which serve as both a coagulation factor and an inflammation biomarker (35, 36). In severe cases, significantly increased fibrin degradation products indicate hyperfibrinolysis and impaired coagulation function (37). Consistent with prior studies, our findings confirm that critically ill COVID-19 patients experience substantial coagulation dysfunction, which is strongly associated with poor clinical outcomes.

The cytokine storm induced by SARS-CoV-2 causes vascular endothelial damage, hypercoagulability, myocardial inflammation, and subsequent myocardial injury (38). Myocardial injury is a significant risk factor for in-hospital mortality among critically ill COVID-19 patients. Severe SARS-CoV-2 infection increases the risk of acute coronary syndromes, which often lead to myocardial injury (39), a major contributor to disseminated intravascular coagulation (DIC). Tang et al. (40) demonstrated that abnormal coagulation parameters, particularly elevated plasma D-Dimer and fibrin degradation products (FDP), are prevalent among COVID-19 patients who succumbed to the disease. When DIC occurs, vascular endothelial damage and the release of inflammatory factors, such as IL-6 and TNF-α, stimulate the release of large quantities of tissue factors from the vascular endothelium. This cascade creates a hypercoagulable state, leading to extensive microthrombi formation in the cardiac microcirculation and subsequent myocardial injury. Clinical data from COVID-19 patients revealed elevated levels of lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB), with troponin levels also elevated in some severe cases (41). These elevated cardiac injury markers were associated with myocardial injury, disease severity, and poor prognosis (42). In this study, we found that in the mild group of non-co-infected COVID-19 patients, hs-TnT levels exceeded the upper limit of the reference range. Biomarkers of myocardial injury were significantly elevated in the co-infected group compared to the non-co-infected group, particularly in severely ill patients. Cardiac troponin, a sensitive and specific indicator of myocardial injury, serves as a reliable measure of cardiovascular risk. Elevated hs-TnT levels at the time of consultation in SARS-CoV-2-infected patients indicate that the virus can impair myocardial function. The markedly high hs-TnT levels observed in severe cases suggest that myocardial injury is a key risk factor for COVID-19 exacerbation. Our correlation analysis showed that hs-TnT levels in COVID-19 patients were significantly and positively correlated with inflammatory factors and coagulation markers. This finding suggests that thrombotic inflammation is a major contributor to SARS-CoV-2-mediated myocardial injury. When hs-TnT levels are abnormally elevated, prompt intervention is necessary, and vigilance is required to mitigate the risk of thrombotic inflammation.

There are several limitations to our study. First, this was a single-center observational cohort study with a limited number of cases and small sample sizes for some parameters, which restricts the generalizability of the findings and is insufficient to draw fully reliable conclusions. Further cohort studies are needed for validation. Second, not all participants had complete data for markers related to inflammation, coagulation, and cardiac injury throughout their hospitalization. Incomplete data collection across multiple time points may have introduced confounding effects in analyzing the relationship between cardiac injury markers and those related to inflammation and coagulation in COVID-19 patients. Third, as this was a retrospective analytical study, data collection posed challenges and might not have accounted for all potential confounding factors, which could introduce bias despite rigorous data collection and analysis. Fourth, while this study excluded patients admitted primarily for heart disease, it did not exclude those with a history of heart disease. Considering that COVID-19 infection can induce abnormalities in coagulation function and cardiac injury biomarkers, the inclusion of patients with a history of cardiac conditions might have influenced the results. Finally, since all participants in this study were hospitalized patients, the findings may not be fully applicable to all individuals infected with SARS-CoV-2, such as outpatients or those with mild symptoms in the general population.

In summary, with the gradual understanding of COVID-19, it is now recognized not only as interstitial pneumonia but also as a vascular disease. Co-infections in COVID-19 patients can trigger severe inflammatory responses. This excessive inflammation may lead to coagulation disorders and myocardial injury, all of which are key contributors to disease progression and deterioration. Therefore, implementing infection prevention measures to minimize the spread of co-infections among hospitalized COVID-19 patients is essential.
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Electronic cigarettes (e-cigarettes) were introduced two decades ago as a safer alternative to traditional cigarettes, aiming to assist in smoking cessation. However, the global use of e-cigarettes has surged, with the highest prevalence among adolescents and young adults. Despite their popularity, the safety of e-cigarettes remains controversial, with emerging evidence linking their use to various health risks, including cardiovascular issues, respiratory diseases, and a condition known as e-cigarette or vaping use-associated lung injury (EVALI). In this study, we investigated the inflammatory response in rats exposed to e-cigarette vapor compared to traditional cigarette smoke. We measured the serum concentrations of inflammatory markers such as IL-10, IFN-γ, IL-5, IL-2, TNF-α, GM-CS, IL-4, IL-9, IL-17F, IL-17A, IL-13, and IL-22 in the serum of rats subjected to 6 weeks of exposure. We assessed the activation of Nf-κb, Stat3, and Socs3 genes and the expression of CXCL2 in lung tissues. Our results revealed a significant increase in proinflammatory cytokines, particularly in the vapor-exposed group. We did not observe any statistically significant difference in the activation levels of Nf-κb, Stat3, and Socs3 between the groups of rats, but we noted the predictable correlations between IL-22 and IL-2, IL-6 and IL-2, IL-9 and IL-2, IL-6 and IL-9, IL-22 and IL-17F, IL-6 and IL-17F, IL-6 and IL-5, IL-2 and IL-17F, IL-13 and IL-4, and IL-5 and IL-4. In IHC staining, we observed a higher number of CLCX2-positive cells in the lung tissues in groups 2 and 3 compared to the control group. Interestingly, after a 2-week cessation period, inflammatory markers largely normalized, except for IL-17F and IL-13, which remained elevated in the cigarette smoke-exposed group. Our results suggest that while e-cigarette use may trigger a potent inflammatory response, the effects may be reversible upon cessation, albeit with some cytokines persisting longer in traditional cigarette users. Although the immune response has normalized, the increased tendency toward lung fibrosis may lead to permanent structural changes. Further research is needed to fully elucidate the clinical implications of these findings and assist in implementing legal regulations regarding the availability of e-cigarettes in the market.
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Clinical implications
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Capsule summary

Vaping leads to inflammatory response activation, which can be the cause of lung injury; therefore, regulations regarding the availability of e-cigarettes in the market and anti-inflammatory drugs for e-cigarette-dependent disease treatment should be considered.




1 Introduction

Electronic cigarettes (e-cigarettes) were introduced nearly 20 years ago as a safer nicotine delivery system to aid in smoking cessation. However, in recent years, their global market has expanded significantly. The prevalence of e-cigarette use increased from 1.1% in 2019 to 2.4% in 2022. The increase in their availability and interest among young people is highly disturbing. The preference for electronic cigarettes over traditional ones is the highest among high school students (19.6% of smokers using e-cigarettes) (1, 2). In Germany, e-cigarettes with nicotine are used by approximately 41.6% of adolescents and 56.0% of young adults (3). The data concerning the safety of electronic cigarettes are inconclusive, and their use is also addictive, so the WHO does not recommend vaping as an aid in smoking cessation (2). However, evidence of harmful effects is needed to influence the decisions of people and relevant authorities.

E-cigarette aerosols contain a complex mixture of substances; therefore, the effect of e-cigarette substances on body cells is multidimensional. The liquid of e-cigarettes contains propylene glycol or vegetable glycerin, which acts as a vehicle for nicotine, together with other chemical components (flavors and other additives). Nicotine, a well-known toxic component of both tobacco smoke and e-cigarette aerosols, is not the only concern. Heating the liquid can release additional harmful substances, including metal and plastic particles from the device, which may exacerbate nicotine’s toxic effects (4, 5). The metals commonly used in e-cigarette coils include Kanthal, composed of iron, chromium, and aluminum, and nichrome, which consists of nickel and chromium. Additionally, metals like tin are employed in the joints. Exposure to these metals has serious health effects including neurotoxicity, cardiovascular disease, and respiratory disease such as lung cancer (4, 5). Kim et al. showed that e-cigarette aerosols of propylene glycol and vegetable glycerin may induce airway inflammation, increase the major mucin MUC5AC expression, and cause dysfunction of ion channels important for mucus hydration in primary human bronchial epithelial cells in vitro. Similar effects, such as increased metalloproteinase-9 activity and mucus concentration, have been observed in animal models (6).

Increasing evidence shows that the health consequences of using e-cigarettes can be serious. The available data have shown an increase of cardiovascular and death risks associated with the use of e-cigarettes. Moreover, several epidemiological observational studies have shown an association between vaping and wheezing, asthma, respiratory infection, and other respiratory tract diseases (1, 7, 8). An early onset of stroke is typical for e-cigarette users (9). The new disease, e-cigarette or vaping use-associated lung injury (EVALI), first recognized in March 2019 in the USA, is a toxic lung injury associated with using e-cigarettes, with early onset and violent course (10, 11). By February 2020, the U.S. Centers for Disease Control and Prevention (CDC) had documented over 2,800 cases and 68 deaths, though tracking the disease remains challenging (12). EVALI is a diagnosis of exclusion (13–16). The etiology remains unclear, and several causes are under investigation. Vitamin E acetate [a diluent in tetrahydrocannabinol (THC)-based cartridges] is the most recognized agent associated with EVALI. After removing much of the illicit THC from the market and through the COVID-19 pandemic, the number of patients with EVALI had decreased. Nevertheless, numerous patients still experience symptoms (17). The pathology of EVALI and other diseases associated with e-cigarette use is still poorly understood. Histological tests showed airway-centered chemical pneumonitis and a significant inflammatory reaction (17, 18). The results of studies performed on cell cultures, mice, and human subjects have revealed increased white blood cell counts and elevated inflammatory markers in bronchoalveolar lavage fluid and serum (13, 19). The management of EVALI involves cessation of e-cigarette use and supportive treatment. However, it is interesting that some patients have responded well to systemic corticosteroids, and this may indicate a role of inflammation in the pathogenesis of the disease (13–16, 20).

The primary aim of our study was to assess the inflammatory component of the response to e-cigarette exposure. This is an important research goal for understanding the pathogenesis of clinical complications of vaping and potential therapeutic approaches. The secondary objective was to compare the inflammatory response to e-cigarettes and conventional cigarettes. Studying and comparing the side effects of both methods of smoking has important practical health implications. The next secondary objective was to investigate the effect of smoking cessation. The available studies have indicated that smokers who quit between ages 25 and 34 have survival rates comparable to those who never smoked (1). By assessing inflammatory markers after 2 weeks of smoking or vaping cessation, we aimed to evaluate the potential for recovery. Our hypothesis was that inflammatory markers would normalize following this period.

To ensure a controlled experimental environment, we conducted our study using laboratory animals. Vapers and smokers use solutions of nicotine and additional ingredients that are supposed to be harmless to health. Therefore, we used real devices, liquid, and cigarettes in the experiment. The histological changes in lung structure were described in our previous publication (21). Our hypothesis postulates that lung injury may be caused by inflammation with activation of proinflammatory cytokines. Therefore, we selected cytokines and chemokines with well-established and explicit roles in inflammation, as their identification methods are relatively straightforward. In addition to blood tests, we examined inflammatory damage in the lung tissues of the animals. Specifically, we analyzed the expression of the Nf-κb, Stat3, and Socs3 genes, along with the well-known chemoattractant CXCL2 in lung tissues. These markers were then correlated to validate the hypothesized inflammatory activation pathway.




2 Methods



2.1 Experiment

The study was conducted using 30 male Wistar rats with an average initial body weight of 187.82 ± 12.56 g. The animals were divided into six groups, each housed in a uniform, controlled study environment (Figure 1).
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Figure 1 | Experimental scheme. Groups decapitated after 24 h after the end of the experiment: 1, control; 2, exposed to vapor; and 3, exposed to smoke. Groups decapitated after a 2-week break from exposure: 4, control; 5, exposed to vapor; and 6, exposed to smoke.



2.1.1 Exposure protocol

Rats of groups 2 and 5 were exposed to scent-free e-cigarette vapor. During each 30-min exposure session, the animals were placed in a 0.1-m³ PVC exposure chamber. A pump (0.18 kW; 1.4/1.6 A; 230 V; 50/60 Hz) was installed on one side of the chamber, while an e-cigarette continuously released aerosol from the opposite side, generating an airflow. The chamber, accommodating five animals at a time, was hermetically sealed, with only two openings for the pump and e-cigarette connection points. The animals were exposed to 0.6 ml/day of e-liquid containing 12 mg/ml of nicotine, propylene glycol, and water (e-liquid produced by Inawera Dot Com Sp. Z o.o. Sp. K., Turka, Poland). A single treatment cycle consisted of a 10-min puffing phase followed by a 20-min rest period. The voltage of the e-cigarette device was set at 5.5 V throughout the experiment. After exposure, animals were transferred to clean home cages. Exposure occurred once per day, 5 days per week, for six consecutive weeks. Rats of groups 3 and 6 were exposed to traditional cigarette smoke equivalent to the total nicotine dose received by group 2. Over the entire study period, each animal received a cumulative nicotine exposure of 210 mg. Groups 1 and 4 (control groups) underwent the same inhalation-related procedures as groups 2 and 3 but without nicotine exposure to account for stress effects from inhalation.




2.1.2 Sample collection and analysis

Animals of groups 1–3 were decapitated without anesthesia 24 h after the last exposure. Groups 5 and 6 underwent 6 weeks of exposure, followed by a 2-week recovery period without exposure before euthanasia. Blood and lung samples were collected immediately postmortem. Lung tissues were fixed in 10% buffered formalin, embedded in paraffin blocks, and sectioned into 5-μm-thick slices for histological examination. For RT-PCR, lung samples were rapidly frozen in liquid nitrogen and stored at −70°C. Cotinine levels in urine were measured using an ELISA kit (#KA1416, Abnova, Taipei, Taiwan; Supplementary Figure S1).




2.1.3 Ethical considerations and study approval

Only healthy, certified Wistar rats from the Center for Experimental Medicine in Lublin were used. The animals were continuously monitored by a veterinarian and remained in good physical and behavioral condition throughout the experiment. The study adhered to Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The protocol received formal approval (136/2018) from the Local Ethics Committee for Animal Experiments at the University of Life Sciences in Lublin. Sample size estimation was performed using Statistica software [power analysis for one-way analysis of variance (ANOVA)] with the following parameters: number of groups = 3; alpha level = 0.05; power = 0.8; and group means = calculated based on preliminary research and data in the literature.





2.2 Laboratory tests



2.2.1 The concentrations of cytokines in rats’ serum

LEGENDplex™ Rat Th Cytokine Panel (13-plex) manufactured by BioLegend (San Diego, USA) was used to assess the concentrations of cytokines in rats’ serum. The LEGENDplex™ Rat Th Cytokine Panel is a bead-based multiplex assay panel, using fluorescence-encoded beads suitable for use on various flow cytometers. This panel allows simultaneous quantification of 13 rat cytokines, namely, IL-10, IFN-γ, IL-5, IL-2, tumor necrosis factor-α (TNF-α), granulocyte–macrophage colony-stimulating factor (GM-CSF), IL-4, IL-17F, IL-9, IL-17A, IL-13, and IL-22. This assay panel provides higher detection sensitivity and broader dynamic range than traditional ELISA methods. The panel has been validated for use on cell culture supernatant, serum, and plasma samples. The tests were performed according to the manufacturers’ protocols, and the results were presented in pg/ml. Three samples from each rat were analyzed with CytoFlex LX (Beckman Coulter, Warsaw, Poland).




2.2.2 Real-time qPCR of lung tissues

Frozen lung samples were cut into small parts with a scalpel, and total RNA was immediately isolated with ExtractMe Total RNA Kit (Blirt, Gdańsk, Poland). Then, cDNA was obtained using the TranScriba Kit (A&A Biotechnology, Gdańsk, Poland). Finally, qPCR reactions were prepared with the qPCR-HS Mix SYBR master mix (A&A Biotechnology) with the primers listed in Table 1. Reactions were run on ViiA 7 or ABI7300 (Applied Biosystems, Carlsbad, CA, USA). Actb and Gapdh were used as housekeeping genes. The 2−ΔCT formula was used to calculate the relative expression (22).

Table 1 | Primer sequences for RT-PCR.
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2.2.3 IHC staining

Immunohistochemical staining of lung tissues was performed with the use of antibodies directed against CXCL2 (Rabbit pAb Abclonal, A12639-20), diluted 1:500 in SignalStain® Antibody Diluent. Exposure of the antigenic sites was performed thermally by incubation in an unmasking solution with pH = 6, in a microwave oven at 800 W, for three cycles lasting 5 min each. In order to inhibit endogenous peroxidase activity, slides were incubated in 0.3% Perhydrol (H2O2) in methanol for 30 min. The samples were incubated in Animal-Free Blocking Solution (Danvers, United States: Cell Signaling Technology, Inc.) for 1 h to block the non-specific bindings. The material was incubated at 25°C for 1 h in a diluted primary antibody. As a secondary antibody, SignalStain ® Boost IHC Detection Reagent (HRP, Rabbit) was used. The diaminobenzidine solution (DAB, SignalStain ® DAB Substrate Kit) and hematoxylin coloration were used to visualize the reaction (5 min). Negative controls were prepared in a similar manner, and only the specific primary antibody was omitted. The material was evaluated with a light microscope using lenses ×10 and ×40. The cells were counted in 100 fields of view using a microscope with digital camera Olympus BX41 under ×400 lens using cellSens software (Olympus Corporation). The percentage of CXCL2-positive cells was evaluated by two independent scientists.





2.3 Statistical analysis

Means ± standard deviation, standard error, and 95% confidence interval of the tested cytokines were calculated, and statistical analysis was performed using Statistica Software (StatSoft Polska 14.1.04 Cloud Software Group Inc.) and Stata BE 18.5 (StataCorp LLC, Texas, USA). The Shapiro–Wilk test was used to assess whether the distribution of the variables was normal. The main concentration of the cytokines and the activation levels of the tested genes of each experimental group were compared to the control, and the level of significance was tested using the one-way ANOVA test followed by Tukey’s post-hoc test. A correlation between the tested cytokines was made using Spearman’s correlation test. The distribution of the IHC staining results was not normal; therefore, they were analyzed with the non-parametric Kruskal–Wallis test. Statistical significance was set at p-value <0.05. The power of the test and the sample size were adequate (>0.7 in the power test). The graphs were created using PRISM V9 software (GraphPad, San Diego, CA, USA).





3 Results



3.1 The concentrations of cytokines in rats’ serum

The analysis of rats’ serum showed an increase of inflammatory marker concentrations in the groups exposed to vapor and smoke compared to the control. The highest increase of proinflammatory markers (IL-2, IL-6, IL-9, IL-22, GM-CSF, and TNF-α) was observed in the group exposed to vapor (Figure 2). IL-5 and INF-γ were on a similar level in every group (p > 0.05, not shown in the figure). Anti-inflammatory IL-10 was decreased in the groups exposed to vapor and smoke (Supplementary Tables S1, S2).
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Figure 2 | The concentrations of IL-2, IL-4, IL-5, IL-6, IL-9, IL-13, IL-17A, IL-17F, IL-22, IL-10, GM-CSF, and TNF-α (pg/ml) in rats’ serum. Twenty-four hours after the end of the experiment, the concentrations of IL-2, IL-6, IL-9, IL-22, GM-CSF, and TNF-α were higher in group 2 than in the control group and group 3 (p < 0.05). The concentration of IL-4 was not statistically significantly higher in the vapor-exposed group (1,231.17 ± 712.55 pg/ml) than in the control group (737.28 ± 72.97 pg/ml) and in the smoke-exposed group (1,112.19 ± 663.78 pg/ml). The concentration of IL-13 was higher in the second group than in the control group. The concentration of IL-17A was the highest in group 2 (2,442.14 ± 1,644.20 pg/ml) and the lowest in group 3 (1,608.31 ± 586.67 pg/ml), and the concentration of IL-17F was the highest in group 2 (1,318.44 ± 414.37 pg/ml), but the differences were not statistically significant. The concentration of IL-10 was lower in groups 2 and 3 than in the control group. The concentrations of IL-5 were similar in every group. After a 2-week break, IL-17F was lower in group 5 than in the control and the smoke-exposed group (p < 0.05); the concentrations of IL-2, IL-4, IL-6, IL-9, IL-13, IL-17A, and GM-CSF were higher in group 6 than in group 5 and the control group, but the differences were not statistically significant. IL-22 and TNF-α concentrations were on a similar level in every group. IL-10 was insignificantly the lowest in group 5. Groups decapitated after 24 h after the end of the experiment: 1, control; 2, exposed to vapor; and 3, exposed to smoke. Groups decapitated after a 2-week break from exposure: 4, control; 5, exposed to vapor; and 6, exposed to smoke.

The results showed a clear trend toward higher values of interleukins (IL-2, IL-4, IL-6, IL-9, IL-13, IL-17A, and GM-CSF) in the smoke-exposed group than in the vapor-exposed and control groups, but the differences were not statistically significant. IL-22 and TNF-α concentrations were on a similar level in every group. IL-10 showed a trend toward the lowest values in the vapor-exposed group, but the differences were not statistically significant (p > 0.05, Supplementary Tables S1, S2).

After a 2-week break from vapor or smoke exposure, the concentrations of the cytokines mostly normalized. Only IL-17F was higher in the group exposed to vapor than in the smoke-exposed group (p < 0.05) and insignificantly higher than in the control group.




3.2 Real-time qPCR of lung tissues

We did not observe any significant difference in the expression levels of the Nf-κb, Stat3, and Socs3 genes between the groups of rats (Supplementary Figure S1).




3.3 Correlation between the tested proteins and genes

The study confirmed the correlations between proinflammatory cytokines in Spearman’s correlations test: IL-22 and IL-2, IL-6 and IL-2, IL-9 and IL-2, IL-6 and IL-9, IL-22 and IL-17F, IL-6 and IL-17F, and IL-6 and IL-5. Moreover, cytokines of the Th2 pathway were also correlated: IL-2 and IL-17F, IL-13 and IL-4, and IL-5 and IL-4 (Figure 3).

[image: Nine scatter plots show the relationship between different interleukins and proteins with fitted regression lines. Each plot compares two variables, such as IL-2 with IL-22 or IL-4 with IL-13, indicating positive correlations. Data points are marked, with solid and dashed lines representing the regression line and confidence intervals.]
Figure 3 | The correlation between cytokines. p-value <0.05, Spearman’s rho: IL-22–IL-2, 0.867; IL-6–IL-2, 0.904; IL-9–IL-2, 0.779; IL-17F–IL-2, 0.843; IL-13–IL-4, 0.882; IL-6–IL-9, 0.838; IL-22–IL-17F, 0.842; IL-6–IL-17F, 0.807; and SOCS3–STAT3, 0.896.




3.4 IHC staining with the CXCL2 antibody in lung tissues

The higher number of CLCX2-positive cells in the lung tissues was observed in the groups exposed to vapor or smoke compared to the control group (p < 0.05 in the Kruskal–Wallis test). Two weeks after the end of exposure, the number of CXCL2-positive cells was similar in every group (Figure 4).

[image: Six microscopic images show tissue samples numbered one to six, displaying various cellular structures stained for analysis. Below is a bar graph illustrating the percentage of CLCX positive cells across groups one to six, with significant differences highlighted by asterisks.]
Figure 4 | Immunohistochemical reaction with the CXCL2 antibody. The higher number of CLCX2-positive cells was observed in groups 2 and 3 compared to the control (1) group (p < 0.05 in the Kruskal–Wallis test ****). Two weeks after the end of exposure, the number of CXCL2-positive cells was similar in every group (4–6). IHC staining. Original magnification, ×100.





4 Discussion

Our study demonstrates a significant inflammatory response in both blood and lung tissues following exposure to cigarette smoke and e-cigarette vapor. We observed notable differences in inflammatory marker concentrations in the serum, particularly elevated levels of IL-2, IL-6, IL-9, IL-22, GM-CSF, and TNF-α in vapor-exposed rats compared to those exposed to smoke or in the control group. These findings suggest a differential immune response that may have implications for understanding the varied impacts of traditional smoking and vaping on pulmonary and systemic inflammation.

Our results align with those of Dai et al., who reported increased TNF-α levels in bronchoalveolar lavage fluid (BALF) and elevated IL-6 in both BALF and serum in e-cigarette-exposed mice compared to controls (19). Wang et al. also observed a significant increase in proinflammatory cytokines in BALF from mice exposed to e-cigarette aerosols containing propylene glycol and nicotine compared with air‐exposed control mice (23).

However, unlike our findings, Dai et al. noted slightly lower cytokine levels in the e-cigarette group compared to traditional cigarette exposure. This discrepancy may stem from the shorter exposure duration in their study (3 weeks vs. 6 weeks in ours), suggesting that prolonged vapor exposure may result in a more pronounced consequence (19). Similarly, Alzoubi et al. observed increased TNF-α levels in the lung tissues over 1, 2, and 4 weeks of exposure; no significant IL-6 changes were detected in the lungs or BALF (23). Notably, Sussan et al. found lower IL-6 concentrations in BALF and lung homogenate after 2 weeks of vapor exposure, which contrasts with the findings from our study, further emphasizing the importance of exposure duration (24). Belkin et al. conducted a human study that found a significant increase in IL-6, IL-2, and TNF-α levels in e-cigarette users shortly (120 min) after device usage, which is aligned with our results of elevated inflammatory markers in the serum (18). Contrary to our results, in this study, we failed to detect significant changes in the concentrations of IL-4, GM-CSF, INF, and IL-10 for any of the groups (18), while in the study of Lim et al., the concentrations of IL-4, IL-13, and IL-5 were higher in the BALF of mice exposed to e-cigarettes by 10 weeks (25, 26).

The involvement of cytokines, chemokines, and transcription factors in the pathogenesis of lung diseases is currently being extensively studied. Immunological abnormalities have been proven to lead to acute lung injury (ALI), acute respiratory distress syndrome (ARDS), asthma, chronic obstructive pulmonary disease (COPD), EVALI, and idiopathic lung fibrosis (IPF) (27). The role of cytokines, especially IL-6, TNF-α, and GM-CSF, in mediating inflammatory responses is well-documented. IL-6, in particular, is involved in acute-phase reactions and is a prognostic biomarker in various acute organ injuries. IL-6 is promptly produced and contributes to host defense when infections or tissue injuries occur. On the other hand, excessive IL-6 production has been linked to the development of acute and life-threatening complications such as systemic inflammatory response syndrome (SIRS) and cytokine-release syndrome. Moreover, IL-6 inhibits regulatory T (Treg) cell differentiation, which plays a role in immune homeostasis and preventing inflammation. Affecting the Th17/Treg balance, IL-6 takes part in the pathogenesis of chronic autoimmune and inflammatory disorders such as autoimmune hemolytic anemia, rheumatoid arthritis, systemic sclerosis, inflammatory bowel disease, and asthma (28).

Our study also identified increased IL-2, IL-4, IL-9, and IL-13 concentrations, which are associated with allergic inflammation and airway remodeling. IL-9 activates mast cells that produce IL-13, which, in turn, affects lung epithelial cells. IL-13 is primarily produced by Th2 lymphocytes but also by eosinophils and NK cells and is a key mediator of asthma and allergy-related inflammation. We found that IL-13 levels were significantly higher following e-cigarette exposure compared to traditional smoking. After a 2-week cessation period, IL-13 levels in the vapor-exposed group decreased, while they remained unchanged in smoke-exposed rats. These findings suggest that sustained IL-13 elevation could contribute to chronic airway inflammation and increased susceptibility to respiratory diseases (29–32). IL-13 with IL-33 synergistically stimulates the polarization of M2 macrophages that play an important role during the late pulmonary fibrosis phase (27, 33). The positive correlation between IL-4 and IL-13 and between IL-2 and IL-17F noted in our study suggests that the Th2 inflammatory pathway is responsible for histological changes observed in our previous study. In their study, Scott et al. highlighted the dominant role of IL-4 and IL-13 in airway remodeling and a decrease of lung function. Vascular remodeling accelerated by IL-4 and IL-13 is a structural change impacting asthma and COPD pathophysiology, leading to decreased lung capacity and airflow (34).

IL-22, which plays a critical role in epithelial barrier function and lung tissue repair, was notably elevated in vapor-exposed groups (35). However, studies suggest that nicotine suppresses IL-22 receptor expression, potentially impairing lung repair and contributing to chronic lung damage (36). The correlation between IL-22 and IL-17F in our study suggests a role in neutrophil and eosinophil recruitment, which could lead to tissue destruction and fibrosis. This aligns with previous research indicating that IL-22 and IL-17 play homeostatic roles in the lung and may contribute to chronic inflammation and fibrotic remodeling (21, 35, 37).

Recent research has shown the transition of macrophages from a resting state to the M1 phenotype primarily through the glycolytic pathway that leads to the production of significant amounts of nitric oxide (NO) and reactive oxygen species (ROS). These processes amplify the inflammatory response by activating intracellular pathways involving proteins such as nuclear factor-kappa B (NF-κB). The antioxidative mechanisms such as peroxide dismutase, catalase, and glutathione are activated to protect cells against ROS. Finally, the transcription factor signal transducer and activator of transcription (STAT) pathway is activated, and the polarization of macrophages results in the formation of the M2 phenotype (27). In our study, we did not observe any significant differences in Nf-κb, Stat3, and Socs3 between the groups. However, the correlation between Stat3 and Socs3 was significant, which may suggest the important role of the JAK–STAT signaling pathway in lung injury caused by vapor or smoke exposure (38). The data indicate that STAT3 phosphorylation is crucial for the polarization of macrophages into the M2 phenotype and the secretion of IL-4 and IL-10. The high expression of STAT3 has been noted in lung biopsies of animals and patients with IPF. SOCS3 is responsible for the regeneration of lung tissues in response to different stimuli. Wu et al. reported increased SOCS3 expression along with activation of the STAT3/NF-κB pathway in obese mice. This aligns with the established understanding of chronic inflammation associated with obesity, where SOCS3 acts as a negative feedback regulator to modulate inflammatory responses. Furthermore, pharmaceutical stimulation of SOCS3 expression in non-obese mice leads to inhibition of the JAK2–STAT3 pathway, reduction of JAK2–STAT3/NF-κB signaling, and alleviation of lung injury. In contrast, SOCS3 knockdown in obese mice exacerbated lung damage (38). The anti-inflammatory properties of SOCS3 have also been proven in the study by Kim et al., where SOCS3 was an important mediator for macrophage modulation after mesenchymal stem cell transplantation (39). Moreover, the regulatory role of SOCS3 in COPD appears to be overshadowed by other factors, deviating from the patterns observed in animal models. According to Tine et al., measuring SOCS3 expression in BAL macrophage-derived extracellular vesicles could serve as an indicator of inflammation severity and potential COPD progression. Additionally, miRNA-mediated downregulation of SOCS3 in smokers without COPD may increase their susceptibility to developing cancer (40).

We previously reported structural lung damage in rats exposed to smoke or vapor, characterized by alveolar collapse, thickened alveolar septa, and mucus accumulation in bronchioles. The present study expands on these findings by demonstrating increased chemokine concentrations in serum and lung tissue, which likely contribute to inflammatory cell recruitment and tissue permeability. Elevated levels of CXCL2, a macrophage inflammatory protein, may explain the persistent inflammatory response and airway smooth muscle migration observed in our study. CXCL2 has been implicated in both protective and pathological immune responses, influencing neutrophil recruitment and airway remodeling. Proinflammatory cytokines such as IL-2, IL-6, IL-9, and TNF-α together with CXCL2 [macrophage inflammatory protein 2 (MIP-2)] secreted by macrophages, leukocytes, and cytokine-activated endothelial and epithelial cells play an important role in inflammatory cell recruitment (21). If neutrophils and macrophages infiltrate the tissue, they release proteolytic enzymes. Neutrophils and their products increase endothelial and epithelial permeability, in part due to apoptotic and necrotic cell death. This process is driven by the activation of the protein kinase C (PKC)/NADPH pathway, which is triggered downstream of CXCL2 binding to CXCR2. In a study conducted by Wang et al., extracellular vesicles containing CXCL2 were found to activate the CXCR2/PKC/NOX4 pathway, contributing to tissue injury (26). Zhou et al. observed that also in influenza and COVID-19 infections (41). In our previous study, elastolysis was observed; in both experimental groups, elastic fibers were disrupted, sparse, irregular, and thickened. Moreover, in both groups, we previously described more numerous α-SMA-positive myofibroblasts and blood vessels that were the typical symptoms of initial fibrosis, the long-term consequence of chronic inflammation in lung tissue caused by fibroblast proliferation and excessive collagen deposition (21). In our current study, we observed an increase of CXCL2 in the smoke- or vapor-exposed group of rats, which may be responsible for the persistence of active inflammatory response and the migration of airway smooth muscle cells taking part in remodeling (33, 42, 43).

The protective anti-inflammatory role played by IL-10 is vital to protect from excessive inflammation and related tissue damage; in our study, the concentration of IL-10 was decreased in the vapor- and smoke-exposed groups and stayed low after 2 weeks in the vapor group. This finding aligns with previous research by Alzoubi et al., who reported significant reductions in IL-10 levels in lung tissue after 1 week of exposure, though no corresponding changes were detected in BALF (44). The sustained slightly low concentration of IL-10 in the vapor group, even after cessation of exposure, could imply a prolonged impairment of the lung’s anti-inflammatory defenses, which may contribute to long-term respiratory complications.

Jacobs et al. reported that the addition of cigarette smoke extract (CSE) to B cells resulted in a reduced capacity to produce IL-10. This reduction may be mechanistically explained by the decreased levels of key transcription factors involved in IL-10 production, namely, IRF4 and HIF-1α, upon CSE exposure. IRF4 plays a crucial role in B-cell activation and differentiation, while HIF-1α is involved in cellular responses to hypoxia and inflammation. Both transcription factors are essential for IL-10 induction, and their suppression due to cigarette smoke exposure likely contributes to the observed impairment in Breg function (45, 46).

The observed imbalance in immune response caused by vapor or smoke exposure may be a factor in the development of diseases such as EVALI, stroke, and myocardial infarction (9, 13–17, 29). E-cigarette users had an earlier onset of stroke in comparison with traditional smokers in the study of Patel et al. (median age: 48 vs. 59 years; p < 0.0001). The authors found the acute harmful effects of e-cigarettes on vascular function, including high blood pressure and heart rate, increased arterial stiffness, endothelial dysfunction, and increased cerebrovascular oxidative stress (9). The data explaining EVALI pathogenesis have shown that the most common EVALI patients were healthy white male adolescents or young adults who used illicit THC-containing e-cigarettes. The primary histopathological finding was diffuse alveolar damage, often accompanied by bilateral ground-glass opacities observed in chest radiographs or CT scans. Additionally, bronchoalveolar lavage samples showed increased presence of macrophages or neutrophils, as well as foamy macrophages, M1 phenotype, and high cytokine profile (20). Conversely, e-cigarette users who do not develop EVALI exhibit reduced inflammatory cytokine production and show characteristics linked to reparative (M2) phenotype macrophages. These findings suggest that e-cigarette users who develop EVALI experience macrophage-specific alterations (17).

We have demonstrated the presence of substantial inflammation following exposure to e-cigarette use. Importantly, the inflammatory process is not limited to the lungs and affects the organism in general, as evidenced by proinflammatory cytokines present in the blood. This may explain the cardiovascular changes in e-cigarette smokers. This can be especially dangerous for people who already suffer from inflammatory diseases, such as asthma. The importance of environmental factors in the pathogenesis of autoinflammatory and autoimmune diseases is widely acknowledged. Among these, exposure to e-cigarettes should be considered. In 2022, the FDA gained regulatory control over synthetic nicotine e-cigarettes, effectively closing a loophole previously used by e-cigarette manufacturers to bypass FDA oversight. Despite this, many e-cigarette products remain easily accessible and largely unregulated, including those containing cannabinoids and other substances outside the scope of the FDA authority. This lack of regulation may allow untested compounds to be included in e-liquids, which could pose inhalation risks and contribute to future EVALI outbreaks (47). We believe that our study expands the information about the significant inflammatory response to e-cigarette exposure. This is important also for general health information for people and the decisions of relevant authorities in spreading access to stimulants (27).

Our study has certain limitations that should be acknowledged. Our study was conducted on a single strain of laboratory animals for a limited period of 6 weeks. Only male rats were used in this study to maintain homogeneity within the experimental groups and to eliminate potential hormonal influences that could introduce variability in inflammatory responses. The fluctuations in estrogen and progesterone levels in female rats could affect immune and inflammatory pathways, making it more challenging to isolate the specific effects of e-cigarette exposure. Future studies should include both male and female subjects to assess potential sex-based differences in response to e-cigarette exposure. Only one type of e-cigarettes was used. The inflammatory markers were measured in the serum and lung tissues of rats, so it is difficult to make a comparison with studies using BALF. In accordance with current directives, the number of animal groups was as small as possible but sufficient for the conclusions. Further studies should include intersex comparison using different types of nicotine delivery systems and different tested materials.




5 Conclusion

In conclusion, our study adds to the growing body of evidence that vaping can lead to significant alterations in cytokine profiles, with potential long-term implications for health. The differences in inflammatory marker levels between vapor and smoke exposure underscore the need for further research to fully understand the health risks associated with vaping, especially in comparison to traditional cigarette smoking. In the case of a short-term health history, it leads to recovery. Exposure to e-cigarettes is usually chronic. Chronic inflammation can result in tissue, organ, and then systemic damage, not limited to the respiratory system that we showed in our previous study (21, 48).

Future studies should explore the long-term effects of these exposure methods, particularly in the context of chronic inflammatory diseases and the potential for recovery post-exposure.

Human body development continues into the early 20s, and adolescents who vape are at risk for stunting or altering the development of their lungs, heart, and other organs, potentially preventing them from reaching their full functional potential. Vaping can also modulate the inflammatory and immune systems, increasing the risk of the development of disease over time. Thus, there is an urgent need for strict new regulations on e-cigarette access, sales, and marketing (8, 10).
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Renin from plasma, kidney, and recombinant sources was previously demonstrated to cleave C3 to C3a and C3b. C3a was generated at a similar rate to that by C3 convertase, and C3 cleavage was inhibited by the renin inhibitor aliskiren. Renin endogenously produced by Calu6 cells also led to C3 deposition on cells. These results have been challenged by another group suggesting that recombinant renin does not cleave C3 or that renin was contaminated by trypsin, which also cleaves C3. Here, we investigated C3 cleavage by recombinant renin and competitive inhibition in the presence of angiotensinogen. Recombinant renin was analyzed by mass spectrometry using endopeptidase LysC digestion and did not contain trypsin. C3 cleavage, using our protocol and that of the other group, showed cleavage to C3b by immunoblotting. Cleavage was inhibited by aliskiren, which inhibits renin but not trypsin. Cleavage to C3a occurred within 1 min as detected by enzyme-linked immunosorbent assay (ELISA). Angiotensinogen competed for renin-mediated C3 cleavage and inhibited C3a generation, but C3 did not inhibit cleavage of angiotensinogen to angiotensin I (detected by ELISA). The results suggest that renin cleaves C3 but angiotensinogen is its preferred substrate. The interaction between renin and C3 may gain importance in the kidney where renin concentrations are considerably higher than in the circulation and when the primary substrate, angiotensinogen, is cleaved and thereby depleted.




Keywords: C3, complement, renin, angiotensinogen, kidney





Introduction

Complement C3 cleavage is a pivotal step in the activation of the immune system, linking innate immune responses to downstream inflammatory processes. C3 is cleaved by the C3 convertase [C3(H2O)Bb and C3bBb], generating the anaphylatoxin C3a, and C3b, a central component of the C3 convertase. C3b binds complement factor B, cleaved by factor D to factor Ba and Bb, thereby forming more C3 convertase. In addition to C3 convertase, other enzymes are capable of cleaving C3 and generating C3a, such as kallikrein (1), plasmin, and thrombin (2, 3). In 2018, our group described renin-mediated C3 cleavage to C3a and C3b (4). The cleavage site was determined by N-terminal sequencing. Three purified sources of renin were used, plasma (5) (previously commercially available), kidney, and recombinant renin. C3 cleavage was demonstrated in purified form, as well as in serum, and was blocked by the renin inhibitor aliskiren or by pepstatin that inhibits aspartate proteases. Cleavage was demonstrated by the detection of C3b (by immunoblotting), C3a (by ELISA and immunoblotting), and by N-terminal sequencing of the C3b product. The C3b, generated by renin, bound factor B leading to the release of factor Ba, in the presence of factor D. The C3a generated led to mast cell chemotaxis. Complement activation was demonstrated on Calu6 cells that produce native renin, in the absence of exogenous renin, and C3 deposition on the cells was decreased by silencing of renin or treatment of the cells with aliskiren. Renin is released from juxtaglomerular cells in the kidney and aliskiren concentrations are considerably higher in the kidney than in the circulation (6). We therefore suggested that the effects of renin and its inhibitor aliskiren would be most pronounced in the kidney, especially in complement-mediated diseases, such as C3 glomerulopathy, and that systemic levels of C3 could still be low due to the presence of nephritic factors or complement gene variants (4). The effects of renin could not be tested in vivo in a mouse model as murine renin did not cleave murine C3 (4). We could demonstrate a beneficial effect of aliskiren administration in three C3 glomerulopathy patients treated for 4–7 years and on this basis initiated a clinical trial comparing aliskiren with enalapril in patients with C3 glomerulopathy (https://clinicaltrials.gov/study/NCT04183101).

Recently, another group, in Iowa, reported findings indicating that renin does not cleave C3 and suggesting that the renin used in our study could have been contaminated with trypsin (7). The plasma renin we previously used (4) (Biopur, Reinach Switzerland) was purified without trypsin (5). The Iowa group provided a list of recombinant renins and found trypsin contamination in two of these but the recombinant renin used in our previous study was not contaminated by trypsin (7). Here, we provide evidence that recombinant renin cleaves C3, using the protocols from Iowa and from Lund, and does not contain trypsin. Furthermore, we show that angiotensinogen, the known physiological substrate of renin (8), competitively inhibits C3 cleavage by renin.





Methods




Proteomics




Sample preparation

Renin from Abcam (ab135012), 1 µl (1 mg/ml), was diluted to a final volume of 100 µl with 100 mM ammonium bicarbonate and reduced with dithiothreitol to a final concentration of 10 mM, heated to 56°C for 30 min followed by alkylation with iodoacetamide to a final concentration of 20 mM for 30 min at rt in the dark. Digestion was performed by overnight incubation with 2 µl 0.1 µg endopeptidase LysC/µl (Wako Chemicals, Mass Spectrometry Grade 10AU, catalogue number: 129-02541) at 37°C and terminated by 10 µl 10% trifluoroacetic acid. Samples were placed in a Speed Vac until dry and resolved in 10 µl 2% acetonitrile (ACN) containing 0.1% trifluoroacetic acid.





LC-MS analysis

The mass spectrometry sample, 1 µl, was analyzed on an Exploris 480 mass spectrometer coupled to a Vanquish Neo UHPLC system (both from Thermo Fisher Scientific). Two-column setup was used on the HPLC system and peptides were loaded into an Acclaim PepMap 100 C18 precolumn (75 μm × 2 cm, Thermo Fisher Scientific, Waltham, MA) and then separated on an EASY spray column (75 μm × 25 cm, C18, 2 μm, 100 Å, ES902) with a flow rate of 300 nl/min. The column temperature was set at 45°C. Solvent A (0.1% formic acid, FA, in water) and solvent B (0.1% FA in 80% acetonitrile) were used to create a 30 min nonlinear gradient from 5% to 25% of solvent B for 25 min and increased to 28% for 3 min and then further increased to 30% for 2 min to elute the peptides.





Data-dependent acquisition

Samples were analyzed with a data-dependent acquisition (DDA) in positive mode. The full MS1 resolution was set to 120,000 at m/z 200 and the normalized automatic gain control (AGC) target was set to 300% with the maximum injection time of 45 ms. The full mass range was set to 375–1500 m/z. Precursors were isolated with the isolation window of 1.3 m/z and fragmented by higher energy collision dissociation (HCD) with the normalized collision energy of 30. MS2 was detected in the Orbitrap with the resolution of 30,000. The normalized AGC target and the maximum injection time were set to 100% and auto, respectively. The intensity threshold for precursor selection was set to 8.0e3 and 30s dynamic exclusion was applied.

Raw DDA data were analyzed using Proteome Discoverer™ 2.5 Software (Thermo Fisher Scientific). Peptide identification employed SEQUEST HT and Mascot against the UniProtKB human (UP000005640), bovine (UP000009136) and a contaminants fasta file from Max Planck Institute of Biochemistry, Martinsried Germany. The search parameters included static modification (cysteine carbamidomethylation) and dynamic modifications (N-terminal acetylation, oxidation of methionine). Precursor tolerance was set to 10 ppm, and fragment tolerance was set to 0.02 ppm. Up to two missed cleavages were allowed, and Percolator was employed for peptide validation at a maximum q-value of 0.05. Extracted peptides were used for identification. Only high-confident peptides were considered for protein identification when two or more unique peptides were detected. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (9) partner repository with the dataset identifier PXD053116.






C3 cleavage to C3b and C3a by renin

Renin cleavage by C3 to C3b was investigated using two separate protocols. The first, termed Iowa protocol, is in accordance with Zhang et al. (7). Human C3 (250 µg/ml, 1.35 µM, Complement Technology, Tyler, TX) was incubated alone or with recombinant renin (130 µg/ml, 2.9 µM, Abcam catalogue 135012, Boston MA) for 24h at 37°C. Samples were diluted in Dulbecco’s phosphate-buffered saline (PBS) with or without Mg2+ (0.5 mM, as Mg was used in the Iowa protocol). The C3/renin ratio in µg/ml was 1.9. The second, termed Lund protocol, is in accordance with Bekassy et al. (4). C3 (100 µg/ml) was incubated alone or with recombinant renin (400 µg/ml) as above. The C3/renin ratio in µg/ml was 0.25. In separate experiments, renin was incubated with C3 for 30 min–3h at a ratio of 1:1 (100 μg/ml final concentration of both). Samples were run on a 4%–20%, Mini-PROTEAN TGX Gel (Bio-Rad, Hercules, CA) with 1× Tris/Glycine/SDS Buffer (Bio-Rad) under reduced conditions and transferred using the Trans-Blot Turbo Transfer Pack (Bio-Rad). After blocking in 1× casein (Vector Laboratories, Toronto, ON) the membrane was incubated with goat anti-human C3c (6.6 μg/ml final concentration, Sigma-Aldrich, St. Louis, MO). Following washing steps with PBS-T (Sigma-Aldrich), the membrane was incubated for 1h with rabbit anti-goat immunoglobulins/horseradish peroxidase (HRP, 500 ng/ml, Agilent Technologies, Denmark). The membrane was developed using the PierceTM ECL Plus Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL) and detection performed with the ChemiDocTM Touch Imaging System (Bio-Rad) and ImageLab (Bio-Rad).

C3 cleavage was also tested by generation of C3a. C3 (100 μg/ml) was incubated with recombinant renin (50 μg/ml) for 1–90 min at 37°C. Samples were diluted in Dulbecco’s PBS and analyzed for C3a by an ELISA kit (Quidel, San Diego, CA). Detection was performed using a Glomax Discovery System (Promega, Madison, WI) at 450 nm absorbance.





C3 cleavage by renin in the presence of aliskiren

Renin cleavage (final concentration 100 µg/ml) by C3 (100 µg/ml) was also performed in the presence of the renin inhibitor aliskiren hemifumarate (final concentration 50 mM, Tocris Bioscience, Bristol, UK) diluted in 10× PBS. Renin was preincubated with aliskiren for 2h and after addition of C3 an additional 18h at 37°C. The C3 convertase C3bBb was formed by incubating C3 (100 μg/ml) with factor B (final concentration 50 μg/ml) and factor D (4 μg/ml, both from Complement Technology) in the presence of Ni2+ (Sigma-Aldrich). C3 cleavage to C3b was detected by immunoblotting as described above.





C3 cleavage by trypsin in the presence of aliskiren

Porcine trypsin (final concentration 0.5 µg/ml, Thermo Fisher Scientific) was used to induce C3 cleavage (100 µg/ml) in the presence or absence of aliskiren (final concentration 0.04 M diluted in Dulbecco’s PBS, Capricorn Scientific, Ebsdorfergrund, Germany). Trypsin was preincubated with aliskiren for 30 min and after addition of C3 an additional 15 min at 37°C. C3 cleavage to C3b was detected by immunoblotting as described above.





C3 cleavage by renin in the presence of angiotensinogen




C3a ELISA

C3 (200 μg/ml) was incubated alone, with recombinant renin (100 μg/ml) or with recombinant renin combined with human angiotensinogen (AGT) at increasing concentrations (62, 124, 248, and 496 μg/ml corresponding to 1, 2, 4, and 8 μM, respectively, Sigma-Aldrich) for 10 min at 37°C. Samples were analyzed for C3a by ELISA as described above.





C3b detection

Human C3 (400 μg/ml) was incubated alone, or with recombinant renin (100 μg/ml) or with recombinant renin and human AGT (248 μg/ml), for 6h at 37°C. C3 cleavage to C3b was detected by immunoblotting as described above. Band intensity of the detected α’ bands was calculated as a percentage of the corresponding β band.






Angiotensinogen cleavage by renin in the presence of C3




Angiotensin I ELISA

An angiotensin (Ang) I ELISA kit (ALPCO Diagnostics, Salem, NH) was used to evaluate AGT cleavage to Ang I by renin in the presence or absence of increasing amounts of C3. AGT (124 µg/ml) was incubated alone, with renin (100 µg/ml) or with C3 (400, 800, 1200 and 1600 µg/ml). Detection was performed using the Glomax Discovery System.






Statistics

Data were assessed by one-way analysis of variance and multiple group comparisons performed using the Games Howell post-hoc test or assessed by the Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Assays were performed using R (CRAN, version 4.3.2) or GraphPad (version 9). A P-value ≤ 0.05 was considered significant.






Result




Recombinant renin does not contain trypsin

Mass spectrometry was used to analyze the content of recombinant renin and rule out the presence of trypsin. Recombinant renin from Abcam (catalogue number: Ab135012) did not contain any traces of trypsin, human UniProtKB (UP000005640), bovine (UP000009136), or porcine (contaminants fasta file from Max Planck Institute of Biochemistry, Munich-Martinsried, Germany). The mass spectrometry data are available via ProteomeXchange with identifier PXD053116.





Evidence that recombinant renin cleaves C3 to C3b

A comparison was carried out between the Iowa protocol for cleavage of renin (7) with our own (Lund protocol). The Iowa protocol had a C3/renin ratio of 1.9 (in µg/ml) and the Lund protocol utilized a ratio of 0.25, that is, our protocol had more renin per C3. Both conditions cleaved C3 (Figure 1a, for the full-length blot, see Supplementary Figure S1). Cleavage was evident by a weak band corresponding to C3b by immunoblotting, detected after 30 min incubation and increasing in strength after 3h (Figure 1b, for the full-length blot see Supplementary Figure S2). C3 cleavage by renin was inhibited by aliskiren (Figure 1c, for the full-length blot see Supplementary Figure S3). Trypsin also cleaves C3, but trypsin-mediated C3 cleavage was not inhibited by aliskiren (Figure 1d, for the full-length blot see Supplementary Figure S2), further indicating that the C3 cleavage induced by renin could not be mediated by trypsin contamination. Taken together, these lines of evidence demonstrate that recombinant renin cleaves C3 and is not contaminated by trypsin.
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Figure 1 | Renin cleavage of C3 is inhibited by aliskiren. (a) Renin-mediated C3 cleavage to C3b using the Iowa protocol (7) without magnesium (Mg, lane 1) and with Mg as per the reference (lane 2). C3 alone, as the negative control, using the Iowa protocol with Mg (lane 3). Total C3 cleavage to C3b using the Lund protocol (4) without Mg (lane 4) and with Mg (lane 5). C3 alone as per the Lund protocol (lane 6). All incubations were performed for 24h at 37°C. The figure shows one representative experiment, similar results were obtained in five separate experiments. (b) C3 incubated with renin (Lund protocol) for shorter incubation times of 30 min to 3h. (c) C3 alone showed no cleavage (lane 1). C3 incubated with renin showed cleavage to C3b (lane 2). C3 incubated with renin and aliskiren showed no cleavage (lane 3). Renin was preincubated with aliskiren for 2h and after addition of C3 an additional 18h at 37°C. For comparison, C3 convertase-mediated cleavage of C3 is shown in lane 4. (d) C3 alone showed no cleavage (lane 1), C3 incubated with trypsin (0.5 µg/ml) showed cleavage to C3b (lane 2), and C3 incubated with trypsin and aliskiren showed cleavage to C3b and lack of inhibition (lane 3). Trypsin was preincubated with aliskiren for 30 min and with C3 an additional 15 min at 37°C. All lanes were run on the same gel as shown and C3 detected by immunoblotting. Full blot images corresponding to panels a–d are presented in the supplement. (e) C3a generation when recombinant renin was incubated with C3 for up to 90 min. The two left columns show background C3a present in the sample before and after incubation for 90 min in the absence of renin. Statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01.





Evidence that recombinant renin cleaves C3 to C3a

Incubation of renin with C3 yielded C3a, which was demonstrated within 1 min and further increased during a 90-min incubation (Figure 1e).





Angiotensinogen inhibits renin-mediated C3 cleavage

As renin cleaves both C3 and angiotensinogen these substrates could compete for interaction with the enzyme. When co-incubating both substrates with renin, angiotensinogen inhibits C3 cleavage and generation of C3a (Figures 2a, b) as well as C3b (Figure 2c), demonstrating that there is competitive inhibition between the two substrates. As shown in Figure 2b, the highest concentration of angiotensinogen (8 μM) inhibited 60% of C3 cleavage and the inhibitory pattern was linear. While angiotensinogen interferes with C3 cleavage the converse could not be shown, that is, C3 does not inhibit the cleavage of angiotensinogen to angiotensin I (Figure 2d), suggesting that renin prefers angiotensinogen over C3 in the fluid phase. Thus, the competitive inhibition between the two renin substrates in the circulation, and renin’s preference for angiotensinogen, should be considered when assessing renin-mediated C3 cleavage.

[image: (a) and (b) display scatter plots showing C3a concentrations under different conditions, with significant differences indicated by asterisks. (c) shows a Western blot with three lanes representing different protein conditions, labeled with C3 (α) and C3b (αʹ). (d) presents a scatter plot of Ang I concentrations, with no significant differences marked as "ns."]
Figure 2 | Angiotensinogen competes with C3 as a substrate of renin. (a) C3a generation following C3 incubation alone (400 µg/ml), C3 with renin or C3 with renin and angiotensinogen (AGT 124 µg/ml) for 10 min at 37°C. Renin-mediated C3 cleavage to C3a was partly inhibited in the presence of angiotensinogen. The bar denotes the median. (b) C3a generation as in panel a following incubation of C3 alone (200 µg/ml) with varying concentrations of AGT showing a dose-dependent decrease in C3a generation. (c) C3b generation when C3 (400 µg/ml) was incubated alone (lane 1), C3 with renin 100 µg/ml (lane 2), or C3 with renin and AGT 248 µg/ml (lane 3) for 6h at 37°C. C3 was cleaved to C3b by renin. Band intensity of the detected α’ bands were calculated as a percentage of the corresponding β band. C3 cleavage was inhibited in the presence of angiotensinogen. Detection performed by immunoblot. (d) Angiotensin I (Ang I) generation following renin incubation with angiotensinogen with or without C3 at varying concentrations at 37°C. C3 had no effect on renin-mediated cleavage of angiotensinogen to angiotensin I Statistical analysis performed by Games Howell multiple comparisons (panel a) and Kruskal–Wallis test followed by Dunn’s multiple comparisons test (panels b and d). *P < 0.05, **P < 0.01, ****P < 0.0001. ns, not significant. Full blot image corresponding to (c) is presented in the supplement.






Discussion

This study demonstrates that renin cleaves C3 and the interaction is inhibited by the renin inhibitor aliskiren, and by the alternative substrate, angiotensinogen, which was shown to be the preferred substrate. Rapid renin-mediated C3a generation suggests that the interaction may occur when levels of angiotensinogen are low, such as when the substrate is depleted (10) and cleaved to angiotensin I. The interaction of renin with C3 will gain importance in the kidney where levels of renin are higher than in the circulation as renin is solely released in the kidney (11).

On Calu6 cell surfaces we previously showed C3 deposition related to the presence of renin but without adding exogenous enzyme (4). Using MES-13 cells Zhang et al. could not demonstrate C3 deposition in the presence of exogenously added renin (7). This discrepancy could be related to very different experimental conditions used, distinctively different cells, and importantly, in our experiments renin was not added, rather native renin was released by the cells themselves and the effect blocked by silencing or by coincubation with aliskiren.

The interaction between angiotensinogen, C3, and renin suggests that the renin-angiotensin and complement systems can interact in the circulation and angiotensinogen inhibits C3 cleavage by renin. Therefore, levels of serum renin should not necessarily correlate to C3 levels as renin would mostly be occupied by angiotensinogen cleavage in the systemic circulation. Likewise, patients with complement-mediated kidney disease, such as C3 glomerulopathy, are often treated with angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers, which markedly increase renin levels. Thus, renin/C3 correlations would be skewed due to pharmacological intervention thereby increasing renin, and the presence of nephritic factors or genetic variants in C3 glomerulopathy (12), which would lower C3 levels. This aspect could lead to misinterpretation of actual renin/C3 ratios in the circulation.

Molecular modelling was used to investigate the interaction between renin and its two substrates, angiotensinogen and C3 (7). In both cases a 14-amino acid peptide was used instead of the entire protein. The peptide-based approach may be insufficient for the study of the binding sites in renin. Structural studies of the interaction between renin and angiotensinogen have demonstrated that the tertiary structure of angiotensinogen is of crucial importance for binding (8). Angiotensinogen undergoes a profound conformational change during this process and release of angiotensin I from angiotensinogen is higher for the entire protein compared to the 14-amino acid peptide (8). Likewise, using a 14-amino acid peptide for determining the interaction between renin and C3 may be inappropriate. However, even if the use of the entire protein had been carried out and showed that renin binds angiotensinogen preferentially that would be in line with the findings outlined herein and would not rule out the capacity of renin to cleave C3 under certain conditions, which we show unequivocally.

The evidence in this study strongly supports our previous study showing that renin cleaves C3, in vivo this would presumably occur predominantly on cell surfaces in the kidney where concentrations are higher. Additionally, angiotensinogen competes with C3 for renin binding and enzymatic activity, particularly in the circulation, and aliskiren inhibits complement activation induced by renin. The results are schematically presented in Figure 3. We deduce that renin-mediated C3 cleavage has a role in complement activation, particularly in the kidney. The results suggest that renin may act as a novel modulator of the complement system, particularly in the kidney, where local inflammation could amplify immune responses in diseases such as lupus nephritis or C3 glomerulopathy.

[image: Flowchart illustrating the interaction between renin, AGT (angiotensinogen), and C3 in a biochemical pathway. Arrows indicate that renin cleaves both AGT and C3, producing Ang I from AGT and C3a, C3b from C3. A scale at the bottom compares the balance between AGT and C3, with a focus on their relationship with renin.]
Figure 3 | A schematic presentation of renin-mediated cleavage of C3. This study demonstrates that renin cleaves both angiotensinogen and C3 and that angiotensinogen is its preferred substrate, resulting in cleavage to angiotensin I (Ang I). C3 is cleaved to C3a and C3b by both the C3 convertase and renin. Figure created with Biorender.
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Diabetic neuropathic pain (DNP) is one of the most prevalent complications of diabetes, characterized by a high global prevalence and a substantial affected population with limited effective therapeutic options. Although DNP is closely associated with hyperglycemia, an increasing body of research suggests that elevated blood glucose levels are not the sole inducers of DNP. The pathogenesis of DNP is intricate, involving the release of inflammatory mediators, alterations in synaptic plasticity, demyelination of nerve fibers, and ectopic impulse generation, yet the precise mechanisms remain to be elucidated. The spinal dorsal horn coordinates dynamic interactions between peripheral and central pain pathways, wherein dorsal horn neurons, microglia, and astrocytes synergize with Schwann cell-derived signals to process nociceptive information flow. Abnormally activated neurons can alter signal transduction by modifying the local microenvironment, compromising myelin integrity, and diminishing trophic support, leading to neuronal sensitization and an amplifying effect on peripheral pain signals, which in turn triggers neuropathic pain. Ion channels play a pivotal role in signal conduction, with the modulation of sodium, potassium, and calcium channels being particularly crucial for the regulation of pain signals. In light of the rising incidence of diabetes and the current scarcity of effective DNP treatments, a thorough investigation into the interactions between neurons and glial cells, especially the mechanisms of ion channel function in DNP, is imperative for identifying potential drug targets, developing novel therapeutic strategies, and thereby enhancing the prospects for DNP management.
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1 Introduction

The global rise in the number of diabetes patients has propelled the study of diabetes-related complications to the forefront of medical research. As the third leading cause of mortality worldwide (1), following cancer and cardiovascular diseases, diabetes presents a significant threat to global public health. In 2021, diabetes was diagnosed in 10.5% of the world’s population, with an anticipated increase to a 12.2% prevalence rate by mid-century, affecting an estimated 780 million individuals (2). China, notably, is home to over 110 million adults with diabetes, constituting 24% of the global diabetic population and ranking as the country with the highest number of diabetic patients (3). However, a considerable proportion, approximately one-third to one-half of patients, remain unaware of their condition (4), often receiving a diagnosis only upon the emergence of severe complications or during routine health check-ups. This scenario poses a substantial challenge to the early detection and management of diabetes. Moreover, it amplifies the healthcare burden, particularly in low- and middle-income nations where investment in diabetes care is critically lacking (5).

Diabetes imposes numerous challenges on daily living, with inadequate blood sugar management leading to detrimental effects on various bodily systems, including the heart, blood vessels, nerves, kidneys, and eyes, potentially resulting in irreversible damage (6–10). Conditions such as diabetic retinopathy, diabetic nephropathy, diabetic cardiomyopathy, and diabetic neuropathic pain exemplify the disease’s role as the fourth leading cause of disability globally, following cancer, cardiovascular diseases, and trauma (1). Notably, diabetic neuropathic pain stands out as a prevalent complication, with nerve damage often manifesting early in the disease’s progression. Consequently, the chronic pain associated with nerve injury significantly diminishes patients’ quality of life. The etiology of neuropathic pain remains elusive, encompassing factors like inflammation, microvascular disease, metabolic stress, and neurotransmitter imbalances (11–14), with many theories yet to achieve scholarly consensus (Figure 1). Notably, the dysregulation of ion channel homeostasis in neuronal cells may serve as a critical molecular hub underlying aberrant nociceptive signal transmission.
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Figure 1 | Pathogenic mechanisms of diabetic neuropathic pain. Diabetic neuropathic pain involves complex and multifactorial pathogenic mechanisms, including hyperglycemia, neuroglial activation, synaptic plasticity abnormalities, microvascular dysfunction, neurotrophic deficiency, oxidative stress, ion channel dysregulation, and inflammatory pathways, among others.

Spinal dorsal horn is a pivotal center for the relay of peripheral pain signals (15, 16), densely populated with neurons and glial cells that are essential for the propagation of electrical impulses (17). Upon abnormal activation of these cells, Upon abnormal activation of these cells, substantial release of inflammatory mediators and chemokines initiates a pathological cascade. This coordinated dysregulation not only exacerbates oxidative stress but consequently propagates neural conduction disorders, amplifies aberrant neuronal firing, and potentiates maladaptive synaptic plasticity through feedforward mechanisms (18–20). In clinical practice, strategies for managing diabetic neuropathic pain (DNP) commonly include glycemic control (21), neurotrophic support (22), and anti-inflammatory interventions (23). Although these treatments may provide relief in the early stages of DNP, pain and discomfort often persist even when blood glucose levels are well-managed in the later stages. This persistent pain can erode patients’ adherence to treatment and potentially lead to co-morbid psychiatric conditions (24). This article reviews the roles of neurons and supporting cells, such as astrocytes, microglia, and Schwann cells, in DNP. It delves into the cellular mechanisms by which these cells mediate neuropathic pain and examines how alterations in ion channels influence the progression of DNP. The aim is to offer novel perspectives for the mechanistic understanding and therapeutic development of DNP.




2 The spinal dorsal horn is a significant participant in the pathophysiology of diabetic neuropathic pain

The spinal dorsal horn, situated within the posterior gray matter of the spinal cord, serves as a pivotal relay station for the processing of sensory information from the limbs, with a particular focus on pain. This region is replete with diverse neuronal and glial cell types, integral to the integration and modulation of pain signals (Figure 2). The locus coeruleus-norepinephrine system (LC: NE) acts as a significant feedback mechanism, inhibiting the ascending transmission of pain within the spinal cord. Research has demonstrated that dampening the LC: NE pathway can mitigate inflammatory responses and alleviate pain by curbing the activity of astrocytes and microglia (25). In a mouse model of spontaneous encephalomyelitis, Ding et al. (26) observed early astrocyte activation. The anion channel LRRC8A on astrocytes, when activated, facilitates glutamate release, which is intimately linked to neuropathic pain (NP). Recent studies have reaffirmed that the activation of the JAK2/STAT3 signaling pathway drives the conversion of astrocytes and microglia into pro-inflammatory phenotypes, and targeting the upstream regulator IL-6 of this pathway can markedly attenuate DNP (27). The GABAB receptor, abundant in the spinal dorsal horn, exerts a crucial regulatory effect on synaptic transmission and inflammatory processes (28). Stimulation of GABAB receptors can ameliorate DNP by suppressing the TLR4/Myd88/NF-κB signaling cascade (29). While neuronal activation within the spinal dorsal horn can initiate pain via various mechanisms, the temporal dynamics, magnitude, and precise functions of these neurons in DNP exhibit variability. Moreover, the interplay between different cell types amplifies the intricacy of developing targeted therapeutic approaches (Table 1).
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Figure 2 | Spinal dorsal horn and spinal nerve neuronal cells in mediating diabetic neuropathic pain. Microglia, astrocytes, and Schwann cells synergistically mediate neuroinflammatory signaling and neuronal hyperexcitability in diabetic neuropathy. Activated microglia release pro-inflammatory cytokines (e.g., TNF-α, IL-1β), amplifying nociceptive transmission. Astrocytes sustain neuroinflammation by propagating cytokine cascades and disrupting glutamate homeostasis, leading to central sensitization. Schwann cells, through peripheral nerve damage, secrete nerve growth factor (NGF), which sensitizes nociceptive neurons and enhances pain signaling to the spinal cord. Neuronal circuits in the spinal dorsal horn integrate these inputs, with neurotrophic factors further promoting synaptic plasticity and chronic pain.

Table 1 | Cell-type specific targets and mechanisms in the treatment of diabetic neuropathic pain.
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2.1 Microglia are actively involved in the regulatory mechanisms of diabetic neuropathic pain

Microglia, as the primary immune cells of the central nervous system (CNS), are pivotal in maintaining CNS homeostasis, facilitating post-injury repair, modulating immune responses, and participating in neuroinflammatory processes (52, 53). Emerging evidence highlights the pivotal role of microglial activation in mediating pathophysiological processes underlying diabetes mellitus and its complications. Under diabetic conditions, elevated glucose levels are known to drive microglial polarization from the anti-inflammatory M2 phenotype to the pro-inflammatory M1 phenotype, thereby augmenting systemic inflammatory responses, and Levetiracetam was utilized to suppress microglial activation, which consequently reduced the secretion of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, and ameliorated cognitive deficits in a murine model (54). Similar observations regarding microglial activation and functional alterations have been reported in diabetic retinopathy (55). Microglia’s role in pain processing has been well-established in pain management and pharmacological research (56). However, the specific activation status of microglia in a hyperglycemia peripheral nerve environment and their subsequent pain-mediating actions remain elusive. Hyperglycemia not only triggers microglial activation but also induces dynamic morphological remodeling, as evidenced by enhanced Iba1 immunoreactivity observed in the medial region of the spinal dorsal horn, exhibiting characteristic cellular hypertrophy (57). Furthermore, heightened phosphorylation of the N-methyl-D-aspartate receptor (NMDAR) NR1 subunit (pNR1) on microglia has been linked to the development of mechanical hyperalgesia in diabetic mice (58).

DNP predominantly arising from peripheral nerve damage, is also significantly modulated by the central nervous system’s regulatory dysfunction. This central dysregulation in turn induces abnormalities in peripheral sensory neurons (59). Microglia are instrumental in the etiology of DNP and engage in immune regulation, inflammatory responses, neurotransmitter imbalances, and receptor activation, such as the inhibition of P2X4 and Axl receptors (30, 60). These processes can precipitate abnormal neuronal firing and the phagocytosis of myelin debris, as well as the release of insulin-like growth factors (61, 62). Even in the early stages of diabetes, microglia are activated by elevated blood glucose levels, leading to a notable proliferation within the spinal cord’s gray and white matter. Activated microglia exhibit ultrastructural changes, including an abundance of endoplasmic reticulum and lysosomal fragments and an increase in nuclear-associated actin filaments. Functionally, they demonstrate heightened phagocytic activity, evident by the presence of myelin and axonal debris within their cytoplasm (63). Bullatine A demonstrates consistent analgesic efficacy across preclinical neuropathic pain models, encompassing spinal nerve ligation, cancer-induced pain, and diabetic neuropathic pain (DNP). This pharmacological action is primarily mediated through microglial activation within the superficial dorsal horn laminae, triggering subsequent dynorphin A release. Notably, Bullatine A’s analgesic effects are abolished by κ-opioid receptor antagonism or dynorphin A neutralization (37, 64). Sun et al. (65) have validated that C18-diterpene alkaloids primarily target microglia over neurons and astrocytes to mitigate pain hypersensitivity. Morevermicroglia-derived C-class chemokine XCL1 plays a pathogenic role in the neuroimmune pathogenesis of diabetic neuropathic pain (DNP) (40).




2.2 Astrocytes play a crucial role in diabetic neuropathic pain

Astrocyte activation within the spinal cord is a pivotal factor in the development of diabetic neuropathic pain (DNP). Recent findings through single-cell sequencing and spatial transcriptomics have revealed co-localization of C4b with astrocytes and GABAergic neurons in mice subjected to a high-fat diet (66). It has been established that astrocyte activity is markedly diminished in hyperglycemia conditions (67, 68). Ge et al. (47) has demonstrated that dihydromyricetin mitigates the deleterious effects of hyperglycemia on astrocytes and decreases the expression of inflammatory cytokines such as TNF-α and IL-1β by targeting the purinergic receptor P2X7. Astrocyte activation not only elevates inflammatory cytokine levels but also has a direct link to neuropathic pain, as evidenced by the phosphorylation of c-Jun N-terminal kinase (pJNK) in astrocyte (46).

The identity of the cell types in the spinal cord dorsal horn and peripheral nerves that mediate DNP remains a contentious issue across various studies. Liao et al. (69) discovered that the administration of l-α-aminoadipate, an astrocyte-specific inhibitor, significantly reduced mechanical allodynia in type 2 diabetic mice, whereas minocycline, a microglia-specific inhibitor, did not alleviate this symptom. This finding underscores the importance of astrocyte activation in the spinal cord in the pathogenesis of DNP. Activated astrocytes are posited to propagate pain signals by increasing IL-1β levels and NMDA receptor phosphorylation in dorsal horn neurons (70). In contrast to research on spinal glial cells, some researchers propose that alterations in neurotransmitter and receptor expression within the ventrolateral periaqueductal gray (vlPAG) are crucial for endogenous pain modulation (71, 72). Studies have indicated that astrocyte activation in the vlPAG is closely associated with the mechanical withdrawal threshold (MWT) in DNP rats, and treatment with fluorocitrate (FC), a selective astrocyte activation inhibitor, or neurotropin analgesics can ameliorate MWT (41). Additionally, Lan et al. confirmed that vlPAG astrocytes regulate diabetes-associated neuropathic pain and related anxiety-like behaviors (45). The most recent research (42) employs chemogenetic methods to show that the Designer Receptors Exclusively Activated by Designer Drugs (DREADD) can bidirectionally regulate astrocyte activation in the basolateral amygdala (BLA), with activation alleviating and inhibition exacerbating mechanical allodynia in rats.




2.3 Schwann cells mediate the mechanisms of diabetic neuropathic pain

Schwann cells, the principal glial cells of the peripheral nervous system, perform critical functions such as providing trophic support and nutrition to neurons, ensheathing them to form myelin, thereby enhancing nerve impulse propagation, fostering axonal regeneration, and engaging in immune modulation (73–75). In the clinical context of DNP, initial structural and functional impairments encompass axonal defects termed axonopathy and pathological changes within Schwann cells, referred to as Schwann cell disease. These cells are pivotal in the pathogenesis of DNP, underscoring their essential role in peripheral nerve support. In 2013, Zenker (76) put forth a notable hypothesis regarding the neurochemical mechanisms underlying DNP, positing that Schwann cells, along with dorsal root ganglion neurons and spinal oligodendrocytes, are integral mediators of neuropathic pain.

Peripheral nerve damage is a fundamental pathological underpinning of dDNP (77). Prolonged hyperglycemia in diabetes engenders oxidative stress and amplifies inflammatory responses, precipitating aberrant peripheral nerve conduction and pain sensation (78). Hyperglycemia impedes Schwann cell secretion of nerve growth factor (NGF) and neurotrophin 3 (NT3), curtailing the neurotrophic support essential for axonal health and impeding regeneration (79). Zheng et al. (80) have validated that hyperglycemia-induced Schwann cell pyroptosis potentially contributes significantly to neuropathy, and modulation of systemic inflammatory factors can avert this pyroptosis, safeguarding neuronal integrity. Recent studies have indicated that bupropion, an antidepressant medication, is associated with a diminished prevalence of neuropathy among diabetics; experimental models in mice have corroborated that bupropion mitigates Schwann cell mortality and upholds myelin integrity (81). Consequently, maintaining the integrity of peripheral nerves is of utmost importance in alleviating and preventing DNP. This involves focusing on reducing abnormal nerve signal conduction, which is crucial for minimizing the development and progression of the condition.




2.4 Neurons involved in regulation of diabetic neuropathic pain

The dorsal root ganglion (DRG) serves as the sensory nexus for spinal nerves, harboring pseudo-unipolar neurons that are pivotal for conveying sensory information from the periphery to the central nervous system (82). Pathophysiological alterations within the DRG encompass neuronal hyperactivity, neurotransmitter dysregulation, and escalated pain signal conduction—factors intimately associated with hyperalgesia and chronic pain conditions (83). Research indicates that DRG neurons in diabetic patients are frequently subjected to metabolic stress, rendering them more vulnerable to the detrimental impacts of hyperglycemia (84). Notably, the large, myelinated A-fiber neurons within the DRG, particularly Aβ fibers, are instrumental in pain signal transmission (85, 86). Elevated plasma osmotic pressure in diabetic patients, a consequence of hyperglycemia, can result in diminished peak amplitude of the ascending compound action potential (CAP) in A fibers. This heightened osmotic pressure can precipitate paresthesia and chronic pain by disrupting signal transduction within A fibers. Xu et al. (87) have discovered that toll-like receptor 5 (TLR5) co-localizes with A-fiber neurons in the DRG, and local anesthetic agents can impede TLR5-mediated sodium currents. This inhibition is achieved by activating TLR5 and its ligand, flagellin, thus mitigating diabetic neuropathy. Current research further validates the significant role of Aβ low-threshold mechanoreceptors (Aβ-LTMRs) in mechanical hyperalgesia, with varying degrees of receptor activation and deactivation dictating the facilitation or suppression of mechanical hyperalgesia (88).

The transient receptor potential vanilloid type 1 (TRPV1) is an ion channel belonging to the transient receptor potential (TRP) superfamily of cation channels (89). It is notably expressed in the DRG, where its blockade can effectively reduce the transmission of pain signals. TRPV1 also exerts regulatory roles in the central nervous system, implicating it in a spectrum of diseases including neurodegeneration, obesity, and diabetes (90–92). Notably, it is particularly abundant in the spinal cord’s dorsal horn, where it modulates peripheral pain signal transmission. An abundance of research has documented elevated expression levels of TRPM8 (transient receptor potential melastatin 8) in the spinal cord and DRG of neuropathic pain animal models, positing TRPM8 as a promising therapeutic target (93, 94). Adnan Khan et al. reported a significant upregulation of spinal TRPV1/TRPM8 proteins in a streptozotocin-induced diabetic model. Treatment with Aju-I markedly attenuated the expression of these proteins in the spinal cord of mice. These findings align with previous studies, suggesting that the pharmacological targeting of TRPV1/TRPM8 could mitigate hyperalgesia in models of diabetic neuropathy (95–97).

Research has confirmed that the activation of transient receptor potential vanilloid 1 (TRPV1) on A-fiber neurons plays a critical role in the mechanism of pain amplification (98). Recent investigations have identified that GPR177 is predominantly expressed in large-caliber A-fiber DRG neurons (99). It has been elucidated that GPR177 facilitates the secretion of WNT5a into the cerebrospinal fluid (CSF) by A-fiber DRG neurons, a process imperative for sustaining DNP. In vitro experimentation has corroborated that the extracellular application of WNT5a elicits rapid currents in both heterologous cells that express TRPV1 and in nociceptive DRG neurons (99). Administration of Aju-I has been shown to significantly diminish the expression levels of TRPV1 and TRPM8. Furthermore, Aju-I augments antioxidant capacity and curbs the secretion of inflammatory cytokines. Collectively, this research delineates that Aju-I mitigates pain behaviors in the streptozotocin (STZ)-induced diabetic neuropathy model by modulating the Nrf2/Keap-1/HO-1 signaling pathway and the activity of TRPV1/TRPM8 nociceptors (100).





3 The role and regulation of ion channels in diabetes-induced neuropathic pain



3.1 Sodium channels in diabetic neuropathic pain

Sodium channels are a primary therapeutic target for the development of novel analgesics aimed at neuropathic pain management (101). Nerve injury can modulate the expression of sodium channels, which may lead to heightened peripheral nerve excitability and the generation of ectopic discharges at the nerve, dorsal root ganglion, or site of injury (102). These channels consist of an α subunit that forms the pore, associated with one or two β subunits of a regulatory nature. The α subunits are encoded by nine genes, namely Nav1.1 through Nav1.9 (103, 104). Sodium channel inhibitors, such as amitriptyline and mexiletine, among other anticonvulsant medications, have clinically demonstrated efficacy in alleviating neuropathic pain by promoting the stabilization of the inactivated state of sodium channels (105).

Differential alterations in sodium channels within small nociceptive C-fiber DRG neurons are implicated in the pathogenesis of diabetic neuropathy (106, 107). Research has established that early-stage diabetic conditions are characterized by modifications in nanochannels of large DRG neurons and myelinated A-fibers (108). In diabetic mice, the expression of Na(v)1.2, Na(v)1.3, Na(v)1.7, and Na(v)1.9 in DRG neurons was increased, accompanied by a significant rise in sodium currents and the mean peak current density of the slow ramp current. Conversely, at the sodium channel-rich nodes of Ranvier, the signal intensity of Na(v)1.6 was reduced, and the quantity of Na(v)1.8 was significantly decreased. Therefore, the differential expression of sodium channels in large DRG neurons and A-fibers may be a key factor mediating diabetic neuropathic changes (108). Additionally, alterations in sodium channel proteins in medium or small DRG neurons can also contribute to abnormal sensory conduction in the early stages of diabetes (109). Another study (110) found that in diabetic rats, the expression of tetrodotoxin-sensitive (TTX-S) sodium channels Na(v)1.3 and Na(v)1.7 was significantly increased, while the expression of Na(v)1.6 (TTX-S) and Na(v)1.8 (tetrodotoxin-resistant, TTX-R) was decreased. Phosphorylation of sodium channels can enhance sodium current levels (111). Consequently, the study further revealed that serine/threonine phosphorylation levels of Na(v)1.6 and Na(v)1.8 were elevated by more than 60%. Simultaneously, the anti-phosphotyrosine immunoreactivity levels of Na(v)1.6 and Na(v)1.7 increased by approximately 80%. These findings suggest that not only differential expression of sodium channels but also their differential phosphorylation at serine/threonine and tyrosine residues plays a significant role in the etiology of diabetic painful neuropathy. Phosphorylation of Na(v)1.8 is associated with increased excitability and pain sensitization in DRG neurons of diabetic rats. Rapamycin can inhibit mTOR and Na(v)1.8 phosphorylation, thereby reducing current density and voltage thresholds and alleviating hyperalgesia (112). A novel pyridine derivative has shifted the traditional frequency-dependent inhibition of currents to a voltage-dependent inhibition of TTX-R currents, providing relief from tactile allodynia (113) (Table 2).

Table 2 | Mechanisms of ion channel regulation in diabetic neuropathic pain.
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3.2 Calcium channels in diabetic neuropathic pain

Under hyperglycemia conditions, the capsaicin-induced calcium (Ca2+) influx in DRG neurons is diminished, potentially a significant contributor to the accumulation of reactive oxygen species (ROS) within these cells (127). The precise role of TRPV1 in mediating neural injury is still under investigation. Previous research has indicated that capsaicin can trigger a reduction in MitoTracker Red fluorescence, an elevation in cytosolic cytochrome c, and the activation of caspase 3, all of which are indicative of heightened oxidative stress (128). Utilizing TRPV1 antagonists, the expression of mu-calpain and the heightened calpain activity observed in DRG neurons of diabetic rats were effectively mitigated. It is thought that the activation of TRPV1 receptor on neuropathy relatively early leads to the preference of large DRG neurons over neuronal stress at the early stages of neuropathy (128). Cao et al. have demonstrated that diabetic rats exhibit high-voltage-activated calcium channel (HVA) currents in larger neurons, as well as T-type currents in medium to large neurons and small DRG neurons (129). There was a notable increase in the expression of Cav3.2 mRNA and the proportion of its corresponding elements. Antagonizing the M4 receptor can significantly attenuate the calcium inflow current, offering pain relief.




3.3 Potassium channels in diabetic neuropathic pain

Voltage-dependent potassium channels (KCNQ) are extensively expressed in dorsal root ganglia and play a pivotal role in modulating neuronal excitability (Figure 3). Studies have established that the inhibition of the KCNQ pathway can significantly curtail the influx of potassium ions, attenuate signal transmission, and provide substantial relief from peripheral nerve damage and the activation of inflammatory mediators. KCNQ channels are instrumental in generating a slow, non-inactivating potassium current, commonly referred to as the M current (IM). They become active within the subthreshold range of membrane potential and influence various facets of neuronal excitability (130). In diabetic rat models, there is a notable reduction in the expression levels of KCNQ2/3/5 channel proteins in DRG neurons, along with a decrease in IM density. Concurrently, recordings under current clamp conditions have documented depolarization of the resting membrane potential (RMP), a reduction in action potential (AP) threshold, and an increase in AP frequency, indicative of heightened neuronal excitability. This increase in excitability is thought to augment mechanical allodynia and thermal hyperalgesia associated with diabetic neuropathic pain (120). However, not all neurons exhibit altered potassium channel expression; it has been confirmed that Kv7.5 predominantly diminishes immunoreactivity in small to medium-sized nerve fibers of less than 40μm, while Kv7.2 mainly reduces immunoreactivity in neurons less than 30μm. The downregulation of potassium ion channel proteins is believed to contribute to the over-excitability mechanism of neurons (131). Leish Juchri et al. has identified the activation of the Kv7 pathway as a significant biological target for the retigabine (ezogabine)-mediated reduction of mechanical hypersensitivity in diabetic peripheral neuropathy (DPN) mouse models, and when the Kv7/M channel is obstructed, the analgesic effect of ezogabine is significantly diminished (132).
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Figure 3 | Ion channels’ role in the pathogenesis of diabetic neuropathic pain. Extracellular calcium ions (Ca²⁺) activate TRPM7 and TRPV4 channels, leading to an increase in intracellular calcium levels, which in turn activates caspase 8 and caspase 9, promoting cell apoptosis. Intracellular reactive oxygen species (ROS) regulate the opening of ion channels, exacerbating oxidative stress and promoting the transcription and release of cytokines, thereby intensifying pain. Following Yoda1 activation of the mechanosensitive Piezo1 channel, ATP release exacerbates K⁺ efflux and P2X receptor-mediated Na⁺/Ca²⁺ influx, leading to inhibition of glutamate transporter function and amplification of nociceptive signaling. Concurrently, the PLC-IP3 pathway triggers endoplasmic reticulum Ca²⁺ release via hydrolysis of PIP₂, enhancing spontaneous slow inward currents (SICs) and inducing central sensitization and mechanical allodynia. BDNF alleviates hyperalgesia by activating the TrkB receptor and inhibiting potassium ion efflux.

Following nerve injury, the current densities of various types of potassium currents, including sustained current (I(K)), transient current (I(A)), and I(D), were significantly reduced in medium and large DRG neurons. Additionally, the mRNA levels of I(A) subunits, including Kv1.1, Kv1.2, Kv1.3, and Kv1.4, were decreased by approximately 35-80% (133, 134). Potassium channels are positioned as promising therapeutic targets for the treatment of neuropathic pain. Voltage-gated potassium channel α-subunits are critical targets mediating central sensitization and pain regulation mechanisms (135). Studies have shown that the miR-17-92 cluster is widely expressed in DRG neurons following injury. The miR-17-92 cluster reduces outward potassium currents, particularly A-type currents, by targeting and suppressing the expression of α-subunits, ultimately leading to altered neuronal excitability. Furthermore, the administration of potassium channel modulators (flupirtine and NS5806) effectively alleviated mechanical hyperalgesia induced by miR-17-92 overexpression (136). In diabetic rats, the total voltage-gated potassium channel (Kv) current density, A-type current (I(A)), and delayed rectifier potassium current (I(K)) peak density were significantly reduced in medium- and large-diameter DRG neurons, while no significant differences were observed in small-diameter neurons (121). Concurrently, the mRNA levels of I(A)-related subunits (including Kv1.4, Kv3.4, Kv4.2, and Kv4.3) in DRGs of diabetic rats were approximately halved compared to the control group (121). Therefore, diabetes may primarily induce peripheral pain abnormalities by impairing Kv channel function in medium- and large-diameter DRG neurons.





4 Ion channel-mediated pain regulatory mechanisms in neurons and glial cells



4.1 Astrocytes and ion channel regulation

Alterations in astrocytic ion channels within the spinal cord play a pivotal role in mediating neuropathic pain. Ligand-gated cationic channels such as P2X receptors permit transmembrane flux of Na⁺, Ca²⁺, and K⁺. As non-selective cation channels, P2X receptors mediate ATP-dependent Na⁺/Ca²⁺ influx and K⁺ efflux, inducing membrane depolarization and enhancing neuronal excitability, thereby contributing to peripheral and central sensitization in chronic pain (137). The normal function of glutamate transporters on astrocytes relies on Na⁺ influx, with glutamate transporter currents reflecting electrogenic glutamate uptake. Reduced glutamate transporter currents indicate synaptic glutamate accumulation, amplifying pain signal transmission (138). Lundborg et al. (139) demonstrated that glial cell line-derived neurotrophic factor (GDNF) induces intracellular Ca²⁺ transients in astrocytes via receptor binding by using the Ca²⁺-sensitive fluorescent probe fura-2 AM, and Ca²⁺ transients may disrupt astrocytic function, exacerbating neuroinflammation and pain. The inwardly rectifying potassium channel protein 4.1 (Kir4.1) is specifically expressed in astrocytes, conditional knockout of spinal astrocytic Kir4.1 induces hyperalgesia, while its overexpression alleviates pain (140). Kir4.1 downregulation not only enhances neuronal excitability but also promotes glutamate release from both astrocytes and neurons, further amplifying nociceptive signaling (141). GABA release modulates neuronal excitability, influencing sensory processing and pain transmission. Studies reveal that glutamate binding to astrocytic receptors elevates intracellular Ca²⁺, triggering GABA release—a process blocked by Ca²⁺ chelation in astrocytes (142). Orai1, a core component of calcium release-activated calcium (CRAC) channels, mediates Ca²⁺ entry into astrocytes (143). Birla et al. (144) found that Toll-like receptor 4 (TLR4) upregulates astrocytic Orai1 expression, enhancing Ca²⁺ influx. Notably, Orai1 knockout astrocytes exhibit >50% reduction in inflammatory cytokines, positioning Orai1 as a therapeutic target for chronic pain. In neuropathic pain models, astrocytic KATP channel subunits (SUR1, SUR2, Kir6.1) show marked protein downregulation. Pharmacological activation of KATP channels with cromakalim dose-dependently prevents or suppresses hyperalgesia and allodynia in model rats, concurrently inhibiting NMDA receptor hyperactivation, Ca²⁺-dependent signaling pathways, and modulating astrocytic connexin 43 expression to alleviate neuropathic pain (145). Furthermore, astrocyte-neuron crosstalk manifests as Ca²⁺-elevation-induced slow inward currents (SICs) in lamina II neurons, with increased spontaneous SICs correlating with hyperalgesia and mechanical allodynia progression (146). Thus, astrocytic ion channels directly or indirectly regulate pain pathways, and their precise roles in DNP require further investigation.




4.2 Microglia and ion channel regulation

Intrathecal administration of the sodium channel activator BmK I in rats upregulated P2X7R expression on microglia in the spinal dorsal horn, accompanied by elevated pro-inflammatory cytokine levels, and pharmacological blockade of P2X7R using brilliant blue G (BBG, a P2X7R antagonist) significantly alleviated spontaneous pain behaviors and thermal hyperalgesia (147). Although this study did not directly assess sodium flux changes induced by BmK I, prior reports indicate that BBG exhibits sodium channel inhibitory activity. N-type voltage-dependent calcium channels (VDCCs), particularly Cav2.2, are critical regulators in the initiation and maintenance of neuropathic pain (148). Japanese researchers (149) observed that conditional Cav2.2 knockdown mice showed markedly reduced tactile allodynia following spinal nerve ligation (SNL) injury, though thermal hyperalgesia remained unaffected. Additionally, Cav2.2 knockdown reduced microglial proliferation in the spinal cord. Upregulation of P2X4 receptors in spinal microglia is implicated in neuropathic pain development. Taspine attenuates neuropathic pain by inhibiting P2X4 receptor activity, impairing microglial function, and reversing the enhancement of ATP-induced calcium signaling by ivermectin (a P2X4 receptor positive allosteric modulator). Mechanistically, Taspine suppresses microglial inflammatory responses via P2X4 receptor inhibition. The Ca²⁺-activated potassium channel KCa3.1 regulates microglial physiological functions by facilitating K⁺ efflux, which induces membrane hyperpolarization, paradoxically promoting Ca²⁺ influx and sustaining elevated intracellular Ca²⁺ concentrations (150). Administration of the KCa3.1 channel inhibitor senicapoc significantly reversed mechanical hyperalgesia in rats with peripheral nerve injury while suppressing microglial activation and inflammatory factor release (151). BK channels, another class of Ca²⁺-activated potassium channels, are activated by increased intracellular Ca²⁺ in microglia following nerve injury, promoting K⁺ efflux to modulate cellular excitability and neurotransmitter release. In neurons, BK channels inhibit action potential generation via membrane hyperpolarization, thereby reducing neuronal excitability. However, specific knockdown of the Ca²⁺-activated potassium channel β3 auxiliary subunit (KCNMB3) suppresses BK channel activation in microglia, attenuating microglial activation and pain-related molecule release, ultimately alleviating hyperalgesia (152). Thus, BK channel activation in microglia enhances pain signaling not through hyperpolarization-mediated excitability suppression but by promoting microglial activation and pain-enhancing molecule release. Ketamine, a clinically used analgesic for both acute and chronic pain, exhibits distinct mechanisms, its acute analgesic effects primarily arise from NMDA receptor inhibition in neurons (153), whereas its chronic pain-modulating mechanisms remain controversial. Lin et al (154). demonstrated that S-ketamine suppresses BK channel currents in microglia, reducing pathological microglial activation, inflammatory cytokine release, P2X4 receptor expression, and BDNF synthesis, thereby mitigating chronic neuropathic pain.




4.3 Schwann cell and ion channel regulation

Piezo1 and Piezo2 are mechanosensitive ion channels (MSCs) widely expressed throughout the body. Recent studies reveal that Piezo1 is highly expressed not only in neurons but also in Schwann cells. Under stimulation by the Piezo1 agonist Yoda1, Schwann cells exhibit increased intracellular calcium concentration ([Ca²⁺]i), suggesting a critical role for Schwann cell Piezo1 in mechanosensation and pain transduction (155). In a separate investigation, researchers explored Piezo2 regulation in Schwann cells, demonstrating its predominant expression in differentiated Schwann cells. Piezo2 mediates mechanical stimulus detection (e.g., cellular swelling) to trigger Ca²⁺ influx, thereby regulating cell volume and neurotrophic factor release, and Piezo2 deficiency paradoxically enhances TRPV4 channel activity, exacerbating calcium overload (156). Human tonsil-derived mesenchymal stem cells can differentiate into Schwann-like cells (NRPCs), which may alleviate hyperalgesia by secreting neurotrophic factors such as BDNF and glial cell line-derived neurotrophic factor (GDNF). These factors not only promote neural regeneration but also modulate TRPV1 expression in DRG neurons (51). Schwann cells express diverse potassium channels, including A-type (KA), delayed rectifier (KD), and inwardly rectifying (KIR) subtypes. Delayed rectifier potassium currents are generated by heteromeric complexes of Kv channel α-subunits. Broad-spectrum potassium channel blockers (e.g., quinine, 4-aminopyridine, quinidine) effectively inhibit Schwann cell proliferation, whereas selective Kv1.1, Kv1.2, Kv1.3, and Kv1.6 channel toxins like dendrotoxin I (DTX) show no such inhibitory effects (157). Schwann cells are classified into myelinating and non-myelinating subtypes, with the latter being crucial for maintaining neural functionality. Notably, Kir4.1 is specifically expressed and functionally active in non-myelinating Schwann cells, where it regulates potassium uptake to modulate membrane potential and neural signaling. This mechanism may contribute to pain perception and related pathologies, offering novel directions for therapeutic exploration (158).




4.4 Neuron and ion channel regulation

The Kv4 channel complex consists of pore-forming subunits (Kv4.1-Kv4.3) and two regulatory subunits (KChIP1-4 and DPP6/DPP10). Previous studies confirmed that Kv4.3 knockout selectively induces mechanical hypersensitivity (159). Guo et al. (160) demonstrated that knockdown of any component of the Kv4 complex (Kv4.3, KChIP1, KChIP2, or DPP10) reduces the expression of other subunits, induces mechanical hypersensitivity, and enhances excitability in IB4⁺ nociceptors. Regulatory subunits of Kv4 channels represent promising therapeutic targets for precision treatment of neuropathic pain. In contrast to other ion channels, Kir7.1 is predominantly localized to neuronal membranes rather than glial cells in rats. Co-immunoprecipitation revealed that spinal Kir7.1 channels undergo SUMO-1 modification but not SUMO-2/3 conjugation, with SUMOylation upregulated following spared nerve injury (SNI). Furthermore, pharmacological inhibition of SUMOylation using ginkgolic acid (GA, an E1 inhibitor) or 2-D08 (a UBC9 inhibitor) increases surface expression of Kir7.1 in the spinal cord (161), highlighting Kir channels as potential therapeutic targets for pain management (162). Nav1.8, a voltage-gated sodium channel selectively expressed in peripheral nociceptors, is enriched in DRG neurons (163). In a Phase III clinical trial involving 2,447 participants, suzetrigine significantly alleviated moderate-to-severe acute pain by selectively inhibiting Nav1.8-mediated pain signaling in the peripheral nervous system (164). Similarly, Nav1.7, another voltage-gated sodium channel essential for initiating C-fiber action potentials (APs), confers pain insensitivity in Nav1.7 knockout (KO) mice or upon pharmacological inhibition (165). Huang et al (166). reported that the Nav1.7 I234T mutation depolarizes the resting membrane potential (RMP) in a subset of DRG neurons, rendering them electrically silent and incapable of generating APs, thereby causing congenital pain insensitivity. Conversely, milder RMP depolarization in other neurons increases neuronal excitability, driving pain phenotypes. Intracellular calcium concentration ([Ca²⁺]i) in DRG neurons is critically associated with neuropathic pain. Lamotrigine elevates [Ca²⁺]i by activating the PLC-IP3R/RyR signaling pathway and stimulating calmodulin-dependent kinase II (CaMKII). This [Ca²⁺]i increase primarily originates from intracellular Ca²⁺ release rather than extracellular Ca²⁺ influx (167).





5 Herbal extracts in diabetic neuropathic pain management

The etiology of DNP is intricate, and there exists a dearth of efficacious therapeutic agents and modalities (168). DNP significantly impairs patients’ quality of life, with studies indicating that persistent chronic pain adversely affects mental well-being, further impacting their daily routines (169, 170). Despite extensive research highlighting that DNP involves a complex interplay of factors in aberrant signal transduction (171, 172), the pathophysiological intricacies present a formidable challenge in the development of potent medications. Presently, the US FDA has approved three medications for DNP treatment: pregabalin, duloxetine, and the 8% capsaicin patch (173–175). Moreover, amitriptyline, and select opioid analgesics are also utilized clinically to alleviate DNP symptoms (176–178). In severe cases, potent opioids such as fentanyl may be prescribed (179), necessitating a delicate balance between effective pain management and the risks of addiction to prevent patients from succumbing to substance dependence (180).

Additionally, herbal extracts and compound formulations derived from traditional Chinese medicine offer novel avenues for the alleviation of DNP, contributing fresh perspectives for the development of DNP therapeutics and the refinement of treatment protocols (181, 182) (Table 3). Jinmaitong, a traditional Chinese medicinal prescription, Zhang and his colleagues has been demonstrated that Jinmaitong, a traditional Chinese medicinal prescription, exhibits efficacy in mitigating microglial activation induced by hyperglycemia curb the activation of inflammatory factors and chemokines, and bolster the expression of anti-inflammatory mediators within the body (183). Quercetin has been shown to suppress the expression of the synaptic protein PSD-95 and the synaptic plasticity of neurons in the dorsal horn, thereby diminishing the propagation of aberrant signals and reducing hyperalgesia (184). Curcumin, with its antioxidant and anti-inflammatory properties, has also proven effective in curbing the release of inflammatory mediators. Korean researchers (46) have confirmed in DNP models that curcumin can alleviate neuropathic pain by suppressing the heightened expression of PJN on astrocytes and neurons. Furthermore, other botanical extracts, such as Emodin, Nerunjil, and Emblica, have been identified to significantly contribute to the inhibition of inflammatory factor release, oxidative stress, and the mitigation of DNP (199, 201).

Table 3 | Mechanisms of herbal extracts in alleviating diabetic neuropathic pain.


[image: A table listing various drugs, their year of study, dosage, cell target, mechanisms, and references. The drugs include Jingmaitong, Quercetin, Curcumin, and others. Dosages and administration methods like p.o. (oral) and i.p. (intraperitoneal) are noted. Cells targeted include microglia and astrocytes. Mechanisms involve pathways like JAK2/STAT3 and effects such as reducing oxidative stress. References are denoted numerically.]



6 Gender differences in diabetic neuropathic pain

Neuropathic pain is associated with various risk factors, including but not limited to age, geographic location, smoking, alcohol consumption, gender, and disease duration (202–204). Among these, gender is an important factor that should not be overlooked in personalized clinical pharmacotherapy. Cardinez et al (205). investigated long-term diabetic patients in Canada and found that over one-third of these patients experienced neuropathic pain, with 42% being female patients, compared to 27% of male patients. Notably, the association of female gender as a risk factor for diabetic neuropathic pain (DNP) remained robust regardless of whether patients had concomitant neuropathy. Alon Abraham reported that women are more sensitive to pain intensity than men, with a 28.3% higher frequency of pain occurrence in females. Additionally, women reported higher pain intensity, with a greater prevalence of severe pain compared to men (206). A genome-wide association study (207) conducted in the UK confirmed that diabetic neuropathic pain is a heritable trait and identified gender-related genetic loci, specifically Chr1p35.1 (ZSCAN20-TLR12P) in males and Chr8p23.1 (HMGB1P46) in females. This represents the first genetic evidence of gender differences in DNP (208), providing a foundation for gender-based pharmacological research and therapeutic strategies for DNP.

Despite the discovery of gender differences in diabetic neuropathic pain (DNP) from clinical and genetic perspectives, the underlying biological mechanisms remain unclear. One hypothesis suggests that the interaction between the immune and nervous systems may be one of the possible mechanisms leading to chronic pain. Adaptive immunity could be a primary factor mediating these gender differences. Previous studies have confirmed that in DNP patients, there is an increased proportion of CD4+ central memory T cells, along with a rise in the absolute numbers of monocytes and natural killer cells, which indicate an inflammatory response (209). Although researchers have not differentiated the relative differences in T cells by gender, this suggests alterations in the adaptive immune response related to DNP. Further research is needed to clarify the changes in immune cell composition and clinical features in DNP patients. Sorge et al (210). revealed that mechanical hypersensitivity in female mice primarily relies on adaptive immune cells, whereas male mice depend on glial cells for pain perception. However, this does not imply that glial cells are uninvolved in the pain processes in female mice; such a phenomenon typically occurs when female mice lack adaptive immune cells, possibly due to the significantly higher presence of peripheral resident T cells in female mice compared to their male counterparts (211). Kuhn et al (212). similarly found that when colony-stimulating factor 1 (CSF1) was injected intrathecally into mice, the activation of microglia in male mice was enhanced, while the activation of microglia was less pronounced in female mice who showed a significant increase in regulatory T cells (Tregs). Subsequent research confirmed that Tregs, as inflammation suppressors, alleviate pain hypersensitivity in mice by inhibiting microglial activation. Interestingly, when CD4+ T cells are absent (excluding CD8+ T cells), female mice require 2 to 3 times the analgesic dose compared to male mice. Additionally, the activation of astrocytes plays a crucial role in neuropathic pain. Recent studies have shown that IL-16 expression levels are elevated in a spinal nerve ligation model involving female mice. Knocking down IL-16 or administering FGF22-IN-1 (a CD4 inhibitor) alleviated pain hypersensitivity in these mice. The interaction of IL-16 with CD4 on CD3+ T cells mediates astrocyte activation, representing an important mechanism of neuropathic pain (213). The gender differences in the perception of neuropathic pain involve complex interactions between the immune and nervous systems (214). The adaptive immune system plays a key role in these sex differences, and the roles of glial cells also vary between genders. More research is needed to explore these mechanisms in depth, to enhance our understanding and treatment of DNP.

Gender differences in neuropathic pain may arise from ion channel mechanisms. Orai1, a core component of calcium release-activated calcium (CRAC) channels, serves as a critical regulator of calcium influx (215). Recent studies demonstrate that conditional knockout of microglial Orai1 in male mice suppresses microglial proliferation, reduces spinal levels of cytokines including TNFα, IL-6, IL-1β, and BDNF, and inhibits excitatory synaptic transmission in dorsal horn neurons, whereas female mice exhibit no significant alterations in these phenotypes (216). In males, microglia-derived BDNF drives neuronal hyperexcitability and mechanical allodynia through KCC2 downregulation, whereas chloride imbalance in females predominantly involves adaptive immune cell pathways rather than microglial mechanisms (210). Yang et al. (217) revealed that TRPA1 and TRPV1 activation induces pain hypersensitivity via TRPM8-dependent release of inflammatory neuropeptides (CGRP and substance P), with notable sexual dimorphism, CGRP exclusively mediates aberrant pain in female mice, and CGRP receptor antagonists specifically reverse cold hypersensitivity in neuroinflammatory female models. Conversely, male mice cold allodynia operates through TLR4 signaling, with TLR4 inhibition providing male-specific analgesia. Furthermore, the “Sex Hormone-ThermoTRP Axis” proposed by Cabañero’s team delineates how sex hormones differentially regulate ion channel functionality and immune signaling networks to mediate pain dimorphism, establishing a molecular framework for gender-specific analgesic strategies (218). Sexual dimorphism in pain represents a frequently overlooked biological determinant in mechanistic research and therapeutic development. Elucidating the dynamic interactions among hormones, ion channels, and immune cell characteristics will advance our understanding of sex-specific pain pathophysiology and facilitate the development of precision-targeted therapeutic interventions.




7 Conclusion

Diabetes, characterized by chronically elevated blood sugar levels, is emerging as a significant global health concern due to its rising prevalence (219). Over recent decades, the advancement of public health education and the dissemination of fundamental diabetes knowledge have led to an increased societal understanding of the condition. Adherence to a proper lifestyle and consistent medication use can effectively maintain blood sugar levels within a normal and stable range (220),and this has fortified the practical foundation for patient-centered diabetes management strategies that emphasize prevention and control (221, 222). Nonetheless, despite well-managed blood sugar levels, diabetic patients remain susceptible to complications that can severely diminish their quality of life. In particular, DNP may develop early in the course of the disease (223, 224) and persist even when blood sugar levels are stable, manifesting as symptoms such as limb paresthesia, spontaneous pain, and hyperalgesia (225). This indicates that the pathogenesis of DNP is not solely attributable to hyperglycemia and underscores the need for a deeper investigation into its underlying mechanisms to address clinical challenges (226). In clinical practice, some patients lack a comprehensive understanding of DNP and are even unaware of its connection to diabetes (227). Consequently, when faced with painful clinical manifestations, they may exhibit a dismissive attitude, which can dampen their engagement in DNP treatment.

Recent studies on the mechanistic connections between existing analgesic drugs and ion channel-targeted therapeutic strategies have demonstrated that the analgesic effects of conventional medications extend beyond classical neurotransmitter modulation, involving intricate interactions with ion channels. Pregabalin, a first-line treatment for diabetic neuropathic pain (DNP), exerts its primary action by binding to the α2δ subunit of voltage-gated calcium channels (VGCCs), thereby reducing calcium influx, suppressing presynaptic neurotransmitter release, and alleviating neuronal hyperexcitability (228, 229). Research from South Korean scientists revealed that intrathecal co-administration of pregabalin with P2X3/7 inhibitors and κ-opioid receptor agonists enhances analgesic efficacy in a combinatorial manner, suggesting that multi-targeted modulation of ion channels represents a promising strategy for pain management (230). Similarly, mirogabalin, which shares pregabalin’s mechanism of targeting the α2δ subunit but exhibits distinct ligand selectivity and slower dissociation kinetics, has demonstrated superior analgesic potency, enhanced safety profiles, and significantly reduced adverse effects in clinical trials compared to pregabalin (231). Additionally, synergistic analgesic effects have been observed when combining pregabalin with Kv7 potassium channel openers (flupirtine and retigabine), achieved through dual regulation of voltage-gated calcium and potassium channels. These findings underscore the potential of multi-mechanistic ion channel modulation as a refined approach for developing next-generation analgesics (232). Duloxetine, a serotonin-norepinephrine reuptake inhibitor, exerts its analgesic effects not only through inhibition of neurotransmitter reuptake but also via multimodal modulation of ion channels. It suppresses peripheral nociceptive signaling by blocking transient currents of Nav1.7 sodium channels (233) and further regulates TRP channel families, specifically inhibiting TRPC1/TRPC5 and TRPC4 channel activity to reduce calcium influx while decreasing current densities of TRPM2 and TRPV1 channels (234), thereby mitigating calcium overload-induced oxidative stress and apoptosis (235). Notably, although co-administration with minocycline improves mechanical allodynia by suppressing microglial activation, it exerts no significant alleviation of cold allodynia (236), underscoring the pathway-specific nature of duloxetine’s analgesic actions. A meta-analysis (237) demonstrated that 8% capsaicin effectively alleviates pain in patients with painful diabetic peripheral neuropathy, with fewer central adverse effects compared to oral analgesics. Capsaicin exerts its analgesic effects primarily by agonizing the TRPV1, triggering calcium influx that induces transient release followed by depletion of neuropeptides such as substance P from nerve terminals, thereby reducing nociceptive sensitization (238). Hagenacker et al (238). further revealed that capsaicin differentially modulates L-type, N-type, and T-type voltage-activated calcium channel currents in DRG neurons, with significant suppression of calcium channel activity in small-diameter neurons, potentially influencing neuronal excitability and neurotransmitter release. Additionally, capsaicin enhances intracellular sodium concentration ([Na⁺]i) in DRG neurons via TRPV1 activation, which indirectly suppresses voltage-gated sodium channel currents, attenuating neuronal excitability and action potential propagation. Intriguingly, high-concentration capsaicin selectively inhibits the sustained potassium current (IK), inducing hyperactivation of nociceptive neurons, which may contribute to its paradoxical hyperalgesic effects (239). These findings provide novel insights into the dual pro-nociceptive and analgesic mechanisms of capsaicin, highlighting its complex modulation of ion channel networks in pain pathways.

Regulating blood sugar levels stands as the fundamental approach in the management of DNP. GLP-1 receptor agonists, exemplified by semaglutide, have demonstrated significant efficacy in stimulating insulin secretion and reducing blood glucose levels effectively (240, 241). Semaglutide’s extended dosing interval enhances patient adherence to medication regimens, offering renewed optimism for the chronic management of diabetes. Presently, innovative diabetes treatments are under clinical investigation, including bimagrumab, orforglipron, and umbilical cord-derived mesenchymal stromal cells (242–244). These novel therapies are set to expand the horizons of diabetes care. Nonetheless, the proliferation of these treatments has intensified the focus on diabetes-related complications. In contrast to the diverse array of new hyperglycemia medications, DNP treatment options remain limited. Moreover, the effectiveness of current drugs can be variable among individuals and may entail certain side effects (245). Consequently, investigating the etiology of DNP, identifying novel therapeutic targets, and formulating new pharmaceuticals are crucial for easing patient symptoms and enhancing their quality of life. The application of herbal medicine, including traditional Chinese medicine, has a millennia-long history in disease treatment. Notable examples include drugs like artemisinin (246), arsenic trioxide (247) (a primary component of arsenic), and vincristine (248), which, following rigorous scientific validation, have been globally recognized for their potent effects against malaria and various cancers, including leukemia. Therefore, investigating the monomeric constituents and composite formulations within traditional Chinese medicines, in conjunction with contemporary pharmacological techniques, may offer novel insights and pathways for the research and development of DNP therapeutics.

The pathogenesis of diabetic neuropathic pain (DNP) involves complex interactions between neurons and glial cells (microglia, astrocytes, and Schwann cells), with dysregulation of ion channels playing a central role in abnormal nociceptive signaling. Neuronal hyperexcitability arises from imbalanced sodium (Nav1.7/1.8 overactivation), potassium (KCNQ functional suppression), and calcium channels (TRPV1/TRPM8-mediated calcium overload), while glial cells amplify pain through pro-inflammatory cytokine release, synaptic plasticity modulation, and neurotrophic dysregulation. Ion channel-targeted therapies (Nav1.8 inhibitors, Kv7 activators, TRP modulators) show promise by reducing neuronal excitability and glial inflammation. However, attention should be paid to the impact of gender differences on the function of ion channels. When developing new drugs targeting ion channels, gender-specific mechanisms should be incorporated to optimize clinical efficacy.
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Background

Increasing evidence indicates a connection between intracranial aneurysm (intracranial aneurysm, IA) and autoimmune diseases. However, the molecular mechanisms from a genetic perspective remain unclear. This study aims to elucidate the potential roles of autoimmune-related genes (ARGs) in the pathogenesis of IA.





Methods

Three transcription profiles (GSE13353, GSE26969, and GSE75436) for intracranial aneurysm (IA) were obtained from GEO databases. Autoimmune-related genes (ARGs) were sourced from the Genecards databases. Differentially expressed ARGs (DEARGs) were identified using the “limma” R package. GO, KEGG and GSEA analyses were performed to uncover underlying molecular functions. Three machine learning methods—LASSO logistic regression, random forest (RF), and XGBoost—were employed to identify key genes. An artificial neural network was used to develop an autoimmune-related signature predictive model for IA. Immune characteristics, including immune cell infiltration, immune responses, and HLA gene expression in IA, were investigated using ssGSEA. Additionally, the miRNA-gene regulatory network and potential therapeutic drugs for hub genes were predicted. In certain sections of the written content of this manuscript, the authors have utilized text generated by an AI technology. The specific name, version, model, and source of the generative AI technology used are as follows: Generative AI Technology Name: ChatGPT, Version: 4.0, Model: GPT-4, Source: OpenAI.





Results

A total of 39 differentially expressed ARGs (DEARGs) were identified across the GSE13353, GSE26969, and GSE75436 datasets. From these, two key diagnostic genes were identified using three machine learning algorithms: ADIPOQ and IL21R. A predictive neural network model was developed based on these genes, exhibiting strong diagnostic capability with a ROC value of 0.944, and further validated using a nomogram approach. The study focused on intracranial aneurysm (IA), revealing significant insights into the underlying genetic mechanisms.





Conclusion

The results of bioinformatics analysis in our study elucidated the mechanism of intracranial aneurysm (IA), identifying two key differential genes. Our research highlights the significant roles of immune infiltration and the regulatory networks between genes, miRNAs, and drugs in IA. These findings not only enhance our understanding of the pathogenesis of IA but also suggest potential new avenues for its treatment.





Keywords: intracranial aneurysma, machine learning, bioinformatics, immune infiltration, autoimmune-related genes





Introduction

Intracranial aneurysms (IA) are localized dilatations of cerebral arteries, posing a significant risk of rupture and subsequent subarachnoid hemorrhage (SAH), a life-threatening condition with high morbidity and mortality (1, 2). While research has traditionally focused on structural and hemodynamic aspects of IA development, the potential role of immune responses in IA formation and progression has been increasingly recognized (3).

Inflammation is considered an important aspect of IA pathophysiology (4). Recent studies have revealed a heightened risk of IA in individuals with autoimmune diseases (5, 6),such as systemic lupus erythematosus and rheumatoid arthritis, suggesting a potential link between autoimmune responses and IA pathogenesis (7, 8).

Autoimmune-related genes (ARGs) are integral to the regulation of various immune responses, including inflammation, immune cell activation, and apoptosis, all of which could contribute to IA development (9). Immune complexes, a hallmark of autoimmune disorders, can trigger vasculitis, leading to narrowed or occluded vessels, a process implicated in IA formation (10). However, the precise role and mechanisms of ARGs in IA pathogenesis remain poorly understood.

To delve deeper into the role of ARGs in IA, this study utilizes a comprehensive bioinformatics approach to analyze differentially expressed ARGs (DEARGs) using three transcriptome datasets (GSE13353, GSE26969, and GSE75436) obtained from the GEO database. We perform functional enrichment analyses, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, to uncover the biological processes and pathways involving DEARGs. Furthermore, we employ three machine learning methods, LASSO logistic regression, random forest (RF), and XGBoost, to identify key DEARGs that could serve as potential diagnostic biomarkers for IA. An artificial neural network model is constructed based on these key genes to predict IA risk and further validated using a nomogram approach.

To elucidate the immune landscape of IA, we investigate immune cell infiltration, immune responses, and HLA gene expression using single-sample gene set enrichment analysis (ssGSEA). Additionally, we predict miRNA-gene regulatory networks and potential therapeutic drugs targeting hub genes, providing novel insights into potential therapeutic interventions for IA.

This study aims to comprehensively analyze the role of ARGs in IA pathogenesis and develop an ARG-based predictive model for IA. Our findings may provide novel insights into the pathophysiology of IA and pave the way for the development of new diagnostic and therapeutic strategies.





Materials and methods




Data acquisition

The gene expression proffling data of aneurysm samples GSE13353, GSE26969 (11), and GSE75436 (GPL570 platform),was obtained from the NCBI GEO database (https://www.ncbi.nlm.nih.gov/geo/) and was retrieved by our team. The datasets include 37 intracranial aneurysm patients and 18 age- and gender-matched control samples of normal superficial temporal artery. If multiple probes matched the same gene, the probe with the highest median expression value was annotated to the corresponding homologous gene symbol through the platform’s annotation information.

Normalization was performed on the raw GEO data via the “NormalizeBetweenArray” R package. It was determined that the R utility known as “Limma” was the best tool for analyzing Differentially Expressed Genes (DEGs) comparing normal and sample samples. P-values that were either <0.05 or were equal to 0.05 itself were regarded as statistically significant. In order to determine whether genes displayed differential expression, we employed the LogFC (log fold change) > 1 and adjusted P 0.05 criteria.

ARGs were obtained from the Genecards database (https://www.genecards.org/) after deleting duplicate genes. Filter relevance socre>3.





Identification of differentially expressed autoimmune-related genes

We conducted a principal component analysis (PCA) using the factoextra package in R to explore the data structure. To identify differentially expressed DEARGs, we utilized the limma package in R to perform differential expression analysis. This allowed us to detect differentially expressed genes (DEGs) between the intracranial aneurysm (IA) and control groups. DEGs were identified based on the criteria of |log2FoldChange| > 1 and a p-value < 0.05. For visualization, volcano plots and clustering heatmaps were generated using the ggplot2 and ComplexHeatmap packages, respectively. To identify DEARGs, we intersected the identified DEGs with aging-related genes (ARGs) and visualized the overlap using the VennDiagram package in R.





PPI network analysis

Leveraging the full capabilities of the STRING website facilitated the creation of a graphical representation of PPIs, encompassing 39 nodes and 138 edges. Subsequently, this network was imported into the Cytoscape application for further analysis.





Gene ontology and Kyoto encyclopedia of genes and genomes analysis

We performed a comprehensive analysis of the identified genes using widely recognized bioinformatics tools and databases to explore their functional implications and potential involvement in critical biological processes related to intracranial aneurysms (IA). Utilizing the clusterProfiler R package (v4.0), we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses to gain valuable insights into the biological functions and pathways associated with these genes. GO analysis allowed us to systematically categorize and annotate the genes based on their associated biological processes, molecular functions, and cellular components. By applying rigorous GO analysis, we aimed to uncover the fundamental biological processes and functions these genes contribute to within the context of IA development and progression. This detailed ontological classification provided us with a comprehensive understanding of the molecular intricacies underlying this complex disease. Additionally, we employed the KEGG database to unravel the intricate network of signaling pathways that these genes participate in. By performing KEGG pathway enrichment analysis with a significance threshold of P < 0.05, we identified crucial biological pathways significantly enriched among these genes. This analysis was essential for comprehending the interconnectedness of these genes within specific cellular processes and molecular cascades relevant to IA, offering valuable insights into potential dysregulation and perturbations during IA development and suggesting potential therapeutic targets and strategies.

We conducted principal component analysis using the factoextra R package. Differential expression analysis was performed with the limma package in R to detect DEGs between the AI and control groups in datasets GSE13353, GSE26969, and GSE75436. DEGs were screened with the criteria of |log2FoldChange| > 1 and p < 0.05. Volcano plots and clustering heatmaps were prepared to visualize the differences using the ggplot2 and Complex Heatmap packages in R. We intersected the DEGs with ARGs to identify DEARGs and visualized them with the VennDiagram package.





Feature selection of characteristic biomarkers via three machine learning methods






Results

In order to identify characteristics that could serve as diagnostic biomarkers for IA, we employed LASSO, XGBoost, and RF methodologies. To develop the LASSO model, we utilized the glmnet package, incorporating tenfold cross-validation along with a tuning/penalty parameter to optimize feature selection. This process helped to identify a preliminary set of potentially relevant features. XGBoost is a powerful gradient boosting machine learning algorithm, was employed to further refine and enhance the feature set identified by LASSO. Specifically, XGBoost’s ability to capture complex interactions and non-linear relationships within the data allowed us to identify features that might have been missed by LASSO alone. This approach also helped to improve the overall predictive performance of the model. The RF approach, a randomization algorithm designed to prevent overfitting of individual decision trees, was implemented. RF leverages multiple decision trees derived from the same training set to enhance model performance and provide a robust estimate of feature importance.

To identify a set of robust and potentially clinically relevant biomarkers, we intersected the features identified by each of the three methods. This process, visualized in the Venn diagram (Figure 1E), involved identifying the genes that were consistently selected as important by LASSO, XGBoost, and RF. We identified two diagnostic genes by overlapping the three algorithms (Figure 1E): The detailed descriptions of the two diagnostic signatures are listed in Table 1.

[image: Five-panel visualization showcasing variable importance and model features. Panel A shows a dot chart with MeanDecreaseGini values for top 15 genes. Panel B is a line graph of coefficient paths against Log Lambda. Panel C is a plot of Binomial Deviance over Log Lambda. Panel D is a bar graph of feature importance categorized by two clusters. Panel E presents a Venn diagram comparing feature overlap among LASSO, Random Forest (RF), and XG models, with numerical data on shared and unique features.]
Figure 1 | Identification of key diagnostic biomarkers using LASSO, XGBoost, and Random Forest (RF) methodologies. (A) Importance of variables determined by the Random Forest method, shown for the top 15 genes using the MeanDecreaseGini index. (B) Coefficient paths for the LASSO model across varying log lambda values. (C) Cross-validation results for the LASSO model, displaying binomial deviance against log(lambda) values. (D) Feature importance as determined by the XGBoost algorithm. (E) Venn diagram illustrating the intersection of selected genes from LASSO, XGBoost, and RF methodologies. Two genes were consistently identified across all three methods.

Table 1 | Detail information about the two hub genes identified by machine learning.


[image: Table showing gene expression data. Gene "ADIPOQ" (Adiponectin, C1Q And Collagen Domain Containing) is on chromosome 3, with log fold change -2.825, P-value 1.82×10⁻⁹, indicating downregulation. Gene "IL21R" (Interleukin 21 Receptor) is on chromosome 16, with log fold change 1.662, P-value 4.29×10⁻⁷, indicating upregulation.]



Identification of differentially expressed autoimmune-related genes

We utilized Gene Set Variation Analysis (GSVA) with the R package GSVA to estimate gene set enrichment variation, focusing on immune cell types. Box plots were generated to compare infiltration levels between control and IA groups, and statistical significance was assessed using [specify test, e.g., t-test or Wilcoxon rank-sum test], with significance levels indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Heatmaps visualized expression changes of selected genes across cell types. Violin plots displayed the distribution of gene expression levels for ADIPOQ and IL-21 R between groups, highlighting differences in expression patterns. ROC curve analysis evaluated the predictive performance of gene expression signatures, with the Area Under the Curve (AUC) calculated to quantify accuracy, where values closer to 1 indicated better discriminative ability.





Gene set enrichment analysis

The Gene Set Enrichment Analysis (GSEA) was performed on the genes in question with the intention of understanding the biological significance of the distinguishing genes (12). In order to arrive at a normalized enrichment score for each analysis, one thousand distinct gene set permutations have to be done. Reference gene sets included hallmark, c2kegg, c2biocartar and c5go. The screening conditions were |normalized enrichment score (NES)| > 1, nominal (NOM) p-value < 0.05 and FDR q-value < 0.25.





Construction of an aneurysm-related genetic and nomogram

The R package ‘rms’ (version 6.5.0) was employed to construct a nomogram for predicting the risk of intracranial aneurysms. This involved integrating genetic markers with clinical features identified in the training dataset to generate a comprehensive risk prediction model. The nomogram assigned point values to each variable, which were then summed to provide an overall risk score.

Calibration curves were generated using the R package ‘PredictABEL’ (version 1.2.4) to assess the accuracy of the nomogram. These curves compared predicted probabilities of aneurysm risk with observed outcomes, ensuring the model’s reliability. The ROC curve was used to evaluate the model’s discriminative ability, with the area under the curve (AUC) calculated to quantify performance.





Construction of regulatory networks

Network Analyst was used to construct the Gene-miRNA interactions, Protein-drug interactions and Protein-chemical interactions based on signature genes.






Results




Differential expression analysis

The study flowchart is depicted in Figure 2. Principal component analysis showed that the IA tissues and controls could be clearly distinguished in the GSE13353, GSE26969, and GSE75436 dataset (Figure 3A). Differential expression analysis was further performed to screen for DEGs. Based on the selection criteria, 189 DEGs (79 upregulated and 110 downregd) were identified (Figure 3B). The expression patterns of these DEGs were visualized through a hierarchical clustering heatmap (Figure 3C).

[image: Flowchart depicting the analysis process of autoimmune-related genes in intracranial aneurysms. It begins with 2500 autoimmune-related genes from GeneCards and DEGs from the GEO database. A Venn diagram identifies 39 DEARGs, which are analyzed for functional enrichment and PPI network construction. RF, LASSO, and XGBoost models identify key genes AGTR1 and MAL. Subsequent visualizations include boxplots, heatmaps, and violin plots, leading to the identification of ADIPOQ and IL21R. These are involved in pathways regulating immune responses and linked to immune cell cytotoxicity, with further exploration of gene-miRNA, protein-drug, and protein-chemical interaction networks.]
Figure 2 | The schematic block diagram of the entire workflow of this study.

[image: Panel A shows a PCA plot with two clusters: red circles for Control and teal triangles for IA. Panel B is a volcano plot illustrating gene expression changes, with blue for downregulated, gray for no change, and red for upregulated genes. Panel C is a heatmap displaying expression levels, with Control and IA groups in teal and red, respectively.]
Figure 3 | PCA and DEG analysis between IA tissues and controls. (A) Principal component analysis between IA tissues and controls. (B) A volcano plot shows the DEGs. Blue dots show the down-regulated genes and red dots represent the up-regulated genes. (C) A heat map shows the expression patterns of DEGs. PCA, principal component analysis; DEGs, differentially expressed genes; IA, intracranial aneurysma disease.





Construction of gene-gene interaction network of DEARGs

We overlapped the DEGs with the 2,500 ARGs obtained from GeneCards, resulting in 189 DEARGs in IA (Figure 4A). To elucidate the molecules’ functional associations, we imported these genes into the STRING database to construct a PPI network. The PPI network with 39 nodes and 138 edges was constructed (Figure 4B).
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Figure 4 | Identification and PPI network construction of DEARGs. (A) A venn plot show 189 DEARGs in IA. (B) PPI network of DEARGs. The blue nodes represent the down-regulated genes and the red nodes represent the up-regulated genes. The dot size indicates the degree of the nodes. DEARGs, differentially expressed autoimmune-related genes.





Functional enrichment analysis of DEGs

The findings of the GO analysis were classified into three categories: biological processes, cellular components, and molecular functions. For intracranial aneurysm (IA) and normal samples, the enrichment of cellular components, such as the endoplasmic reticulum lumen, contractile fiber, and sarcoplasmic reticulum membrane, indicates a strong focus on muscle and structural components (Figure 5A). This suggests significant alterations in cellular architecture and stress response mechanisms associated with IA. In terms of molecular functions, differentially expressed genes (DEGs) show enrichment in activities such as G protein-coupled receptor binding, cytokine and chemokine activity, and components of the extracellular matrix (Figure 5B). These functions are essential for signaling pathways and cellular communication, which are frequently disrupted in IA.
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Figure 5 | Functional enrichment study based on DEGs, (A) analysis of the GO-CC. (B) analysis of the GO-MF. (C) analysis of the GO-BP. (D) KEGG pathway analysis.

Enrichment is highlighted in biological processes related to the muscle system, such as muscle contraction and regulation of blood circulation (Figure 5C). Additionally, processes like calcium-mediated signaling and chemokine-mediated pathways are prominent. These findings suggest that alterations in vascular muscle function and inflammatory responses play a critical role in the pathophysiology of intracranial aneurysms. The dysregulation of these processes may contribute to structural weaknesses and inflammatory environments that predispose individuals to aneurysm formation and progression. Understanding these pathways provides valuable insights into potential therapeutic targets for managing intracranial aneurysms. The enrichment of pathways such as cytokine-cytokine receptor interaction, ECM-receptor interaction, and the role of the cytoskeleton in muscle cells is evident (Figure 5D). Additional pathways, including viral protein interactions with cytokines, rheumatoid arthritis, and various infections, highlight the complex interplay between immune responses and the pathology of intracranial aneurysms. These findings underscore the multifaceted nature of IA pathogenesis, involving both structural and immune-related mechanisms.





Construction and validation of Random Forest, the lasso model and XGBoost, Random Forest methodologies

During our study, we employed multiple powerful machine learning methodologies to identify key diagnostic biomarkers for IA. Using the Random Forest (RF) approach (Figure 1A), we assessed the significance of various genes, identifying the top 15 with the highest MeanDecreaseGini scores, reflecting their substantial contribution to the prediction model. Through the LASSO model (Figure 1B), we examined coefficient paths across different log lambda values. As regularization increased, the coefficients of less significant features shrank toward zero, refining the feature set. We conducted tenfold cross-validation in the LASSO analysis (Figure 1C), selecting the optimal lambda where the binomial deviance was minimized, thus balancing model simplicity and accuracy. The XGBoost algorithm (Figure 1D) offered an additional perspective on feature importance. We found that genes such as AGTR1 and MAL were consistently highlighted across two clusters, emphasizing their potential relevance in diagnosing IA.

Finally, by intersecting the features identified by LASSO, XGBoost, and RF, as shown in the Venn diagram (Figure 1E), we pinpointed two genes consistently selected by all three methods. These genes, representing the intersection set, may serve as robust and clinically relevant biomarkers for IA. Our comprehensive analyses, integrating multiple machine learning techniques, underscore the significant potential of these biomarkers for further investigation and characterization.





Immunological analysis of aneurysm

In our immunological analysis of aneurysm samples, we employed several techniques to identify key genes associated with aneurysm development. We conducted a boxplot analysis (Figure 6A) comparing immune cell infiltration levels between control and IA groups. Significant differences were observed in various immune cell populations, such as increased infiltration of activated B cells, central memory CD4 T cells, and regulatory T cells in the IA group, indicating altered immune responses in IA. A heatmap analysis (Figure 6B) was used to visualize correlations between immune cell types and the expression levels of candidate genes, ADIPOQ and IL21R, which emerged as potential biomarkers due to their distinct expression patterns in IA samples. IL21R showed positive correlations with activated CD4 T cells and activated B cells, highlighting its potential role in the immune landscape of aneurysms. Violin plots (Figure 6C) illustrated the expression differences of ADIPOQ and IL21R between control and IA groups. Both genes showed significantly higher expression levels in the IA group, suggesting their potential roles in the pathophysiology of aneurysms. Receiver operating characteristic (ROC) curves (Figure 6D) were generated to evaluate the diagnostic potential of ADIPOQ and IL21R. Both genes demonstrated high specificity and sensitivity, with area under the curve (AUC) values indicating strong diagnostic performance for IA. The detailed descriptions of the six diagnostic signatures are listed in Table 1. These analyses collectively highlight ADIPOQ and IL12-R as critical genes in aneurysm pathology and potential targets for further investigation and therapeutic intervention.

[image: Panel A shows box plots comparing infiltration levels of various immune cells between control and IA groups, with significance marked. Panel B presents a heatmap depicting the expression of ADIPOQ and IL21R across different cell types. Panel C contains violin and box plots comparing ADIPOQ and IL21R expression between groups. Panel D features ROC curves, showing AUC values of 0.893 and 0.874, indicating model performance.]
Figure 6 | Analysis of immune cell infiltration and gene expression in control and IA groups. (A) Box plots show the infiltration levels of various immune cell types in control (blue) and IA (red) groups. Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Heatmap illustrating the expression changes of selected genes across different immune cell types. Expression levels range from low (blue) to high (red). (C) Violin plots depicting the distribution of gene expression levels for ADIPOQ and IL21R in control and IA groups, emphasizing differences in expression patterns. (D) ROC curves assessing the predictive performance of gene expression signatures, with Area Under the Curve (AUC) values indicating model accuracy.





Estimation of IA immune cell infiltration

In our study, we performed a gene set enrichment analysis (GSEA) to investigate the roles of ADIPOQ and IL21R in aneurysm pathophysiology, focusing on their involvement in immune-related pathways. The GSEA results (Figure 7A) revealed that ADIPOQ is significantly associated with pathways involved in immune regulation, including B cell receptor signaling and autoimmune thyroid disease. These findings suggest that ADIPOQ may modulate immune responses in the aneurysm microenvironment, potentially influencing inflammatory and autoimmune processes. By affecting these pathways, ADIPOQ could play a crucial role in the progression or stabilization of aneurysms. Similarly, the enrichment plot for IL21R (Figure 7B) shows a strong association with pathways linked to immune cell cytotoxicity, such as those involving natural killer cells and systemic lupus erythematosus.IL21R may enhance cytotoxic and inflammatory responses, suggesting its involvement in immune surveillance mechanisms within aneurysms. This could contribute to both protective and pathological immune activities in the disease context.
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Figure 7 | Enrichment Analysis of ADIPOQ and IL21R in IA. (A) Enrichment plots for the ADIPOQ gene, highlighting significant enrichment in pathways associated with immune functions, chemokine activity, and MHC molecules. (B) Enrichment plots for the IL21R gene, showing strong associations with pathways related to immune response, including chemokine signaling and MHC molecule activity.





Construction of a nomogram for prognostic prediction

In our study, a nomogram was constructed to predict the risk of aneurysm development using key biomarkers ADIPOQ and IL21R (Figure 8A). This nomogram was designed to estimate the probability of aneurysm occurrence based on individual patient profiles. The calibration curve (Figure 8B) demonstrated excellent agreement between the predicted probabilities and actual outcomes. The apparent and bias-corrected lines closely aligned with the ideal line, indicating the nomogram’s accuracy in predicting aneurysm risk. The ROC curve (Figure 8C) further validated the nomogram’s predictive performance, with an area under the curve (AUC) of 0.944. This high AUC value signifies strong specificity and sensitivity, underscoring the nomogram’s robustness as a diagnostic tool.
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Figure 8 | Nomogram and validation for predicting aneurysm risk. (A) Nomogram for Aneurysm Risk Prediction: This nomogram integrates the expression levels of ADIPOQ and IL21R to estimate the risk of aneurysm development. (B) Calibration Curve shows high accuracy; predicted probabilities closely match actual outcomes on the ideal line. (C) ROC Curve illustrates the diagnostic performance of the nomogram, with an area under the curve (AUC) of 0.944.





Establishment of miRNA-gene and drug gene regulatory networks

We constructed networks of gene-miRNA, protein-drug, and protein-chemical interactions (13), as demonstrated for the two genes in Figure 9. Figure 9A suggest that numerous miRNAs are involved in regulating these diagnostic genes, and Figure 9B highlights many drugs with therapeutic relevance to these genes. This provides a potential theoretical foundation for future research and targeting strategies.n
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Figure 9 | Construction of regulatory networks. (A) The gene-miRNA regulatory networks. (B) The Protein-drug/chemical interactions networks.






Discussion

This study expands upon the growing body of evidence linking immune responses to cerebrovascular diseases by focusing on the role of autoimmune-related genes (ARGs) in intracranial aneurysm (IA) pathogenesis. Leveraging bioinformatics analysis and machine learning, we identified significant dysregulation of ARG expression within IA tissues compared to controls, suggesting a potential role for autoimmune responses in IA development.

In addition, elevated levels of inflammatory cytokines and chemokines, such as Tumor Necrosis Factor-α (TNF-α), Interleukin-6 (IL-6) (14, 15), and Transforming Growth Factor-β (TGF-β) (16), were detected in the blood and cerebrospinal fluid of patients with IA. The immune system undergoes significant changes following subarachnoid hemorrhage (SAH), potentially impacting patient prognosis and contributing to complications (17). These immune responses play a crucial role in the pathophysiology of SAH. A recent study by Qiaoying Li (18) investigated the immune landscape of SAH and demonstrated that an SVM classifier based on nine DEGs could effectively identify SAH patients. Using bioinformatics and statistical analysis, Dan-Dan Xu have shown that CD6 and CCR7 in inflammation-related signaling pathways are closely associated with IA rupture and may play an important role in its pathogenesis (19).This highlights the importance of understanding the immune system’s role in SAH and its potential as a diagnostic and therapeutic target. In one study that compared ruptured with unruptured IA, the expression of membrane attack complex (C activation end product) was greater in ruptured samples and associated significantly with aneurysm wall degeneration and inflammatory cell infiltration (20). Others research showed that pyroptosis is closely related to the formation and rupture of IA, and identified three potential hub genes involved in the pyroptosis and infiltration of cells (17).

We identified 39 DEARGs, including 11 upregulated and 28 downregulated genes, highlighting a disruption of immune-related processes in IA (Figure 3A). Functional enrichment analyses revealed these DEARGs are involved in critical biological processes and pathways, such as muscle contraction, regulation of blood circulation, cytokine-cytokine receptor interaction, and ECM-receptor interaction (Figure 4). These observations align with previous research demonstrating the complex interplay between structural abnormalities and immune responses in IA pathogenesis (1, 2). Notably, the enrichment of DEARGs in pathways associated with autoimmune disorders like rheumatoid arthritis further strengthens the potential link between autoimmunity and IA development (8).

Machine learning algorithms, including LASSO logistic regression, RF, and XGBoost, played a crucial role in pinpointing ADIPOQ and IL21R as potential diagnostic biomarkers for IA. The consistent selection of these genes across all three methods underscores their potential relevance. While ADIPOQ, encoding adiponectin, is primarily recognized for its metabolic functions (3), it has also been associated with synovitis and chondrocyte apoptosis in osteoarthritis (21), highlighting its broader role in inflammatory conditions. Growing evidence suggests that ADIPOQ is involved in inflammatory responses and vascular remodeling, processes directly implicated in the development of intracranial aneurysms (IA).

Similarly, IL21R, encoding the interleukin-21 receptor, is crucial for immune cell development and function, particularly in T cell differentiation and B cell activation (9). Dysregulation of IL21R signaling could contribute to an imbalance in immune responses, potentially fostering an inflammatory environment that promotes IA progression (10).

The predictive neural network model based on ADIPOQ and IL21R expression demonstrated excellent diagnostic capabilities, achieving an AUC of 0.944 (Figure 8). This robust performance, further validated by a nomogram approach, highlights its potential for IA risk assessment and early detection. The integration of these genetic biomarkers with clinical features in the nomogram could pave the way for personalized IA diagnosis and management.

Furthermore, our immunological analysis revealed distinct immune infiltration patterns in IA tissues, marked by increased infiltration of activated B cells, central memory CD4 T cells, and regulatory T cells (Figure 1A). This altered immune landscape suggests a dynamic interplay of immune responses within IA, potentially contributing to both protective and detrimental effects. The positive correlation between IL21R expression and activated CD4 T cells and activated B cells further supports its role in IA-associated immune dysregulation (22).

Our GSEA analysis provided a deeper understanding of the functional roles of ADIPOQ and IL21R in IA (Figure 7). ADIPOQ showed significant enrichment in immune regulatory pathways, including B cell receptor signaling and autoimmune thyroid disease, suggesting a potential role in modulating immune responses within the IA microenvironment. IL21R, on the other hand, exhibited strong associations with pathways linked to immune cell cytotoxicity, implicating its involvement in immune surveillance mechanisms within IA.

In addition, further analysis of these signature genes, including exploring their immune correlation and their interaction network with miRNAs, drugs, and chemical relationships, and other regulatory factors, could provide us with directions for subsequent targeting and immunotherapy of IA. In the future, we will continue to explore their potential mechanisms of action in IA through molecular biology experiments.

This study provides a comprehensive exploration of the molecular mechanisms underlying intracranial aneurysms (IA) using advanced bioinformatics and machine learning techniques. By integrating three independent GEO datasets, we successfully identified two key immune-related biomarkers, ADIPOQ and IL21R. However, this study has several limitations that warrant consideration. (1) Although ADIPOQ and IL21R were identified as key biomarkers, the absence of in vitro and in vivo functional experiments limits the ability to confirm their specific roles in IA pathogenesis. Functional studies are critical for validating their involvement in vascular remodeling, immune cell infiltration, and inflammatory processes. (2) The sample size of the GEO datasets used in this study is relatively small, and the data were derived from single-center studies. This may reduce the generalizability of the findings and affect the robustness of the predictive model. Larger, multicenter datasets are needed to validate and strengthen the applicability of these results. (3) While this study identified potential therapeutic targets and biomarkers, their clinical relevance and applicability remain untested. Further research is required to translate these findings into non-invasive diagnostic tools or therapeutic interventions for IA patients. (4) The regulatory networks of miRNAs and protein-drug interactions identified in this study remain theoretical. Experimental validation is essential to confirm these interactions and establish their potential as therapeutic strategies. Therefore, further experiments or trials are needed to validate these results.





Conclusion

This study elucidates the significant role of autoimmune-related genes in the pathogenesis of intracranial aneurysms. Through comprehensive bioinformatics and machine learning analyses, including LASSO regression, RF, and XGBoost methods, we identified two key ARGs, ADIPOQ and IL21R, which serve as potential diagnostic biomarkers and offer avenues for future therapeutic interventions. Our findings lay the groundwork for future research into novel diagnostic tools and therapeutic approaches aimed at improving patient outcomes in IA.
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Sepsis is a life-threatening condition characterized by organ dysfunction resulting from a dysregulated host response to infection. The lungs are among the first and most significantly affected organs in sepsis. Pulmonary infections or systemic inflammatory cascades triggered by various pathogens can lead to acute and diffuse pulmonary damage, often manifesting as persistent hypoxemia. The COVID-19 pandemic has highlighted critical knowledge gaps in SA-ARDS management, necessitating paradigm reevaluation under the new global definition of ARDS. This paper analyzes the pathomechanisms and subphenotype characteristics of SA-ARDS, reviews recent advances in clinical management, such as fluid resuscitation, antimicrobial therapy, immune modulation, respiratory support, microcirculatory improvement, and traditional Chinese medicine (TCM) therapies, and addresses controversial issues and areas requiring further investigation.
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1 Introduction

Sepsis is a prevalent complication associated with severe infections, major trauma (burns), shock, and surgical procedures. As a syndrome characterized by high morbidity, mortality, healthcare cost, and poor recovery outcomes, sepsis represents a significant threat to human health (1). Statistics indicate that approximately 48.9 million new cases of sepsis occur annually, with nearly 11 million sepsis-related deaths worldwide, accounting for 19.7% of the deaths from various causes (2). The average median hospitalization cost per patient throughout the course of life-saving treatment can reach $32,421, placing a considerable burden on healthcare systems (3). Even among survivors discharged from the hospital, 12.2% are at risk of unplanned rehospitalization within 30 days, 44.2% may succumb within 1 year, and 16.7% experience long-term physical disability or cognitive impairment, resulting in a prognosis worse than for other diseases (4–6). In recognition of this crisis, the World Health Organization (WHO) officially identified “improving the prevention, diagnosis and clinical management of sepsis” as one of the major tasks in 2017, urging governments worldwide to intensify their efforts to address this urgent issue (7).

The lungs are among first and most significantly affected target organs in sepsis. Respiratory infections or systemic inflammatory responses triggered by various pathogens can result in acute, diffuse, inflammatory lung injury, and acute respiratory failure. The primary clinical manifestations are refractory hypoxemia and bilateral diffuse opacities on imaging. It is estimated that approximately 25–50% of sepsis patients develop acute respiratory distress syndrome (ARDS). The occurrence of ARDS has been independently correlated with increased mortality intensive care unit (ICU), prolonged hospitalization, and reduced ventilator-free days in sepsis patients (8–10). As the leading cause of ARDS, sepsis is closely linked to an ICU mortality rate of 35–46% among ARDS patients. In recent years, pandemics such as influenza and COVID-19 have contributed to a marked rise in the incidence of sepsis-associated acute respiratory distress syndrome (SA-ARDS), further escalating the need for respiratory support and the risk of mortality (11).

In 2021, the new global definition of ARDS established in response to the COVID-19 pandemic, broadening the diagnostic criteria to include partial acute hypoxic respiratory failure (AHRF) outside the scope of the original Berlin definition (12). This revision facilitated the more timely recognition and treatment of SA-ARDS. However, controversy persists among researchers regarding the most effective therapeutic approaches, leading to a lack of consensus on a definitive treatment protocol or standardized clinical procedures (1, 13). This paper aims to summarize recent advances in the management of SA-ARDS, focusing on anti-infection, anti-inflammatory, immune regulation, respiratory support, and other therapies. Additionally, it explores the heterogeneity in treatment response across different SA-ARDS subphenotypes, with the goal of informing the development of personalized, precision-based treatment strategies.



2 Pathomechanisms

The pathomechanism of SA-ARDS is multifactorial, involving complex interactions between inflammatory injury, immune dysregulation, coagulation disturbances, and their respective signaling pathways. Pathogen invasion into the lungs (14, 15) or a systemic inflammatory response resulting from extrapulmonary infections (16) triggers antigen recognition, presentation, and immune activation, thereby initiating inflammatory signaling pathways (17). Large amounts of inflammatory mediators infiltrate the lungs, including interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, chemokines, granulocyte macrophage colony-stimulating factor (GM-CSF), and intercellular adhesion molecule (ICAM)-1, which promote recruitment of immune cells in the lungs and an uncontrolled inflammatory cascade (18). Activated neutrophils and inflammatory factors can contribute to the necrosis of alveolar epithelial and vascular endothelial cells, accompanied by disruptions in alveolar surfactants. These events lead to increased permeability of pulmonary epithelium and vascular endothelium, resulting in leakage of proteins and cellular contents, thereby causing alveolar and interstitial edema and amplifying pro-inflammatory signals (9, 19–21). Concurrently, activated alveolar macrophages and multinucleated leukocytes release a large number of reactive oxygen species and oxidized molecules. Oxidative stress results in lipid peroxidation of cell membranes and the accumulation of oxidized proteins, further exacerbating the apoptosis of alveolar cells and the disruption of lung epithelium (8, 22, 23).

Damage to and activation of vascular endothelial cells lead to the exposure of coagulation factors on the endothelial surface. At the same time, leukocytes (including neutrophils, monocytes, and eosinophils) release microvesicles and neutrophils extracellular traps (NETs), that activate procoagulant substances such as tissue factors and platelet-activating factors, thereby initiating the exogenous coagulation cascade. This process promotes the activation, migration, and recruitment of platelets to the injured site to form microvascular thrombosis. Increased pulmonary vascular dead space (pulmonary microcirculation thrombosis) is associated with a poor prognosis in SA-ARDS. The production and activation of intravascular thrombin further amplify inflammatory signaling pathways and promote the aggregation of inflammatory cells through multiple mechanisms. This positive feedback loop between coagulation and inflammation ultimately culminates in disseminated intravascular coagulation (DIC) and septic shock (24–28).

The aforementioned pathological processes can cause a series of clinical manifestations. Alveola-capillary barrier injury result in interstitial and alveolar edema, reduced lung volume, increased lung elasticity, decreased compliance, and elevated respiratory work (13). Inactivation or decreased production of alveolar surfactants leads to reduced alveolar surface tension and alveolar collapse, which is characterized by ventilation obstruction and a good response to positive end-expiratory pressure (PEEP) (29). Diffuse alveolar filling leads to a severe imbalance in the ventilation/blood flow ratio, pulmonary diffusion dysfunction, bilateral diffuse shadowing on imaging, and hypoxemia. Pulmonary vascular endothelial injury and microvascular thrombosis contribute to increased dead space ventilation and pulmonary hypertension, with clinical manifestations of high minute ventilation, hypercapnia, and right heart failure. The systemic inflammatory response can induce multiple organ dysfunction, potentially progressing to shock and death (9). Based on the infection source, inflammatory response, and morphological features, SA-ARDS has been classified into various subphenotypes. There are differences between SA-ARDS caused by pulmonary infections and that resulting from extrapulmonary infections, as shown in Figure 1 (30–34). However, no obvious distinctions were noted regarding the duration of mechanical ventilation (MV), length of hospitalization, or 28-day mortality rate (35, 36).
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FIGURE 1
Extrapulmonary sepsis vs. pulmonary sepsis. VEC, vascular endothelial cell; AEC, alveolar epithelial cell.




3 Fluid management

Fluid management in SA-ARDS involves two opposing risks: circulatory failure and fluid overload. Aggressive bundle therapy is the cornerstone of effective sepsis treatment, with intravenous infusion of crystalloids ≥ 30 mL/kg within the first 3 h is often recommended (1, 37). However, studies have shown that rehydration exceeding 5 L within 24 h of ICU admission may increase mortality risk (38). This is mainly due to extensive damage to the patients’ capillary barriers and the increase in total circulating blood volume, leading to enhanced tissue leakage, elevated pulmonary hydrostatic pressure, and the development of pulmonary edema (39), which is independently correlated with adverse outcomes (such as prolonged duration of MV, extended ICU stay, and higher mortality) (40, 41). Ingelse et al. explored a restrictive fluid strategy in the early stage of ARDS but found it insufficient to limit pulmonary edema, while also leading to increased use of vasoactive drugs without any direct benefit to cardiopulmonary function (42). The FACTT study revealed an interaction between SA-ARDS subphenotypes and fluid management strategies. The hyperinflammatory subphenotype, characterized by significantly elevated serum levels of IL-8, tumor necrosis factor receptor-1 (TNFr1), etc., and decreased bicarbonate levels, required more vasopressor support, and exhibited a lower 90-day mortality rate when randomly assigned to a fluid-conservative strategy compared to the fluid-liberal group (40% vs. 50%) (43).

In the fluid management debate, the concepts of adequate initial fluid resuscitation (AIFR) and conservative late fluid management (CLFM) have been introduced. AIFR was defined as administering an initial fluid bolus of ≥ 20 mL/kg before and achieving a central venous pressure of ≥ 8 mmHg within 6 h after the onset of therapy with vasopressors. CLFM referred to maintaining even-to-negative fluid balance, as measured over at least 2 consecutive days during the first 7 days after septic shock onset. It was found that the in-hospital mortality was significantly lower in patients receiving both AIFR and CLFM compared to those with AIFR only, CLFM only, or neither (18.3% vs. 41.9% vs. 56.6% vs. 77.1%, p < 0.01). This suggests that a staged fluid management strategy can effectively shorten the duration of ventilator use and ICU stay in SA-ARDS patients. The combined approach of early fluid resuscitation and late conservative fluid rehydration may represent a more optimal strategy for SA-ARDS (44, 45). According to the four phases of fluid management: resuscitation, optimization, stabilization, and evacuation (46), the early resuscitation phase based on the principle of 1 h bundle therapy, aiming to fully improve tissue perfusion and avoid ischemia and necrosis of the important organs. The fluid resuscitation volume is typically controlled to 2.5–5.0 L (47). In the later optimization phases, hemodynamic monitoring is used to assess each patient’s volume status and fluid reactivity, allowing for dynamic and precise adjustments in the type and volume of fluids to prevent overload, which could exacerbate heart failure and pulmonary edema.



4 Timing of antimicrobial therapy

Infection during SA-ARDS comes from a wide range of sources, with Gram-positive or Gram-negative bacterial infections being the most common, followed by viral or fungal infections. However, the incidence of viral sepsis has surged dramatically during viral pandemics, such as those caused by SARS-CoV-2, Alphainfluenzavirus, Betainfluenzavirus, Respiratory syncytial viruses, and Noroviruses (48). Viral infections tend to overlap with bacterial infections due to physical barrier disruption, host immunosuppression, invasive manipulation, and virus-bacteria interactions (49). Mixed viral-bacterial infections can account for 22.5–65.0% of sepsis cases, and are strongly associated with pathogen resistance and increased mortality risk (50–53). The rate of infections with these pathogens increases during acute viral infection, as reported during the COVID-19 pandemic (54), community-acquired infections are most common with Staphylococcus aureus, Streptococcus pneumoniae, and Klebsiella pneumoniae (50, 51). Hospital secondary infections more frequently involve Pseudomonas aeruginosa, Klebsiella genus, Enterobacteriaceae genus, methicillin-resistant Staphylococcus aureus, and Enterococcus genus (51, 52, 54). Given the critical nature of SA-ARDS, the initiation of broad-spectrum antibiotics is recommended at the earliest possible stage, even when clear pathogenetic evidence of bacterial infection is absent, especially in patients with prolonged prehospital delays, coexisting immune disorders, invasive interventions, and ongoing corticosteroid therapy. Serum procalcitonin (PCT) and C-reactive protein (CRP) may aid in bacterial diagnosis, with PCT demonstrating negative predictive values ranging from approximately 91.1–94.0%. When PCT levels exceed 0.05 μg/L, it is difficult to exclude the possibility of mixed infection (55, 56).

Although both delayed recognition and delayed administration of antibiotics significantly increase in-hospital mortality (57), the optimal duration of administration remains uncertain. A systematic review of 35 clinical studies found that two-thirds of the studies reported an association between the duration of antibiotic use and mortality. However, the time-to-administration measures varied widely across studies, with the first dose ranging from 1 to 6 h. Some studies suggested no significant survival benefit for sepsis patients who received antibiotics early. Since most of the studies analyzed suspected sepsis and septic shock in a mixed cohort, researchers have proposed that the risk trade-off for delaying treatment primarily involves the progression to shock (58). Subgroup stratification based on the timing of antibiotic initiation in SA-ARDS patients is necessary. After adjusting for factors such as disease severity and maximum time-to-antibiotics, it was found that each 1-h delay in treatment was significantly associated with an increase in septic shock mortality. However, only delays greater than 6 h were associated with higher mortality in patients with non-shock sepsis (59). In a real-world study involving 166,559 patients, individuals were grouped based on probable/possible sepsis and shock/no shock using a 2*2 table. The results showed that in the probable sepsis group, the median time to antibiotic administration was 2.7 h in the shock subgroup and 3.2 h in the non-shock subgroup. In the possible group, the median time was 6.9 h in the shock subgroup and 5.5 h in the non-shock subgroup. Hospitalization mortality was significantly lower in patients without shock compared to those with shock (2–3% vs. 12–17%) (60). Therefore, strict time-orientation of 1 or 3 h in suspected sepsis patients without shock may lead to misdiagnosis and unnecessary antibiotic use. Refining the classification of SA-ARDS may provide more flexibility in timing the first dose of antibiotics in suspected sepsis patients, allowing for time to gather evidence.

Antibiotic use should be promptly adjusted and adequately evaluated for de-escalation once pathogen identification and drug sensitivity results are available. Prolonged antibiotic treatment may increase the risk of drug resistance, Clostridium difficile infection, antibiotic-related toxicity, and healthcare costs. In a study by Chastre et al., patients were treated with antibiotics for either 8 or 15 days. They found that, aside from patients with non-fermentative Gram-negative bacterial infections (including Pseudomonas aeruginosa), there was no significant difference in recurrence rate of pulmonary infection, MV duration, organ failure days, ICU stays, or mortality between the 8-day treatment and the 15-day treatment group. Furthermore, the occurrence of multi-drug resistant organisms (MDRO) was lower in the 8-day group (61). These findings led to the development of the “shorter is better” approach to anti-infective therapy. However, Busch et al. noted that most current studies on antibiotic duration are non-inferiority tests, and nearly 80% of sepsis patients may have hidden lesions due to immunosuppression, making it challenging to fully apply this approach in the complex and dynamic management of sepsis patients (62).

Research have found that serum PCT levels correlated positively with infection severity, and appropriate antibiotic treatment can reduce PCT levels (63). Guiding the initiation, continuation, discontinuation, and replacement of antibiotics based on PCT levels has been shown to improve survival and shorten treatment duration (64). In the PROGRESS trial, Discontinuation was defined as a reduction in PCT levels by ≥ 80% from baseline or a PCT concentration ≤ 0.5 μg/L by day 5. The results demonstrated that, compared to the standard care, the PCT-guided discontinuation group not only reduced the median duration of antibiotic treatment from 10 to 5 days, but also decreased 28-day mortality and hospitalization costs. More importantly, it significantly reduced the incidence of infective adverse events at 180 days (new case of MDRO infection, new case of Clostridium difficile infection, and death associated with MDROs or Clostridium difficile baseline infections), and positively affected both short- and long-term outcomes in sepsis patients (65).



5 Anti-inflammatory


5.1 Corticosteroids

The inflammatory response is a key link in the onset and progression of SA-ARDS, and anti-inflammatory drugs play a moderately important role in improving lung physiology and mitigating poor prognosis. Among these, corticosteroids such as methylprednisolone, hydrocortisone, dexamethasone, and fludrocortisone are commonly used due to their extensive anti-inflammatory and immunomodulatory effects (66). Compared to conventional treatments, patients combined with dexamethasone treatment exhibit significantly shorter duration of MV, improved sequential organ failure assessment (SOFA) scores, and substantial reductions in the levels of inflammatory factors such as IL-6 in the blood and lungs (67, 68). However, a synthesis of several clinical trials has shown that while corticosteroids are important for reducing organ dysfunction and reversing shock in patients with septic shock requiring vasoactive agents, there is no definitive recommendation for their use in non-shock sepsis or SA-ARDS (1, 69). In a double-blind randomized controlled trial, it was found that patients received 50 mg of hydrocortisone every 6 h showed improvements in lung physiology compared with the placebo group, but there were no significant differences in acute physiology and chronic health evaluation (APACHE) II scores or 28-day mortality. It suggested that significant physiological improvement with corticosteroids in SA-ARDS does not necessarily translate into an overall survival benefit (70). In contrast, a study on sepsis due to community-acquired pneumonia (CAP) in which 648 patients had comorbid ARDS, showed that hydrocortisone plus fludrocortisone treatment significantly reduced mortality compared with placebo (71). Despite the lack of support from clinical studies, some researchers have suggested that patients with SA-ARDS resulting from respiratory system infections may derive more benefit from corticosteroid treatment (72). Multiple steroid administration strategies should be tailored to the clinical context, and if necessary, the heterogeneity of corticosteroids effects in ARDS, depending on phenotypes and genotypes, should be explored by integrating precision medicine approaches (66, 73).



5.2 Statins

Statins, as inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), can exert beneficial effects in severe infections through mechanisms such as anti-inflammatory, antioxidant, and anticoagulant actions. However, low cholesterol levels may impair immunity function, alter hormone levels, and reduce membrane receptor sensitivity, potentially increasing mortality in critical diseases. This has led to controversy surrounding the clinical application of statins in sepsis and ARDS (74–76). Although previous studies have concluded that statin use does not prevent onset of new organ failure or reduce 30-day all-cause mortality in SA-ARDS patients (77, 78), the effects of different statins vary. Specifically, simvastatin and atorvastatin have been shown to significantly improve the 30-day survival rate in sepsis patients, while rosuvastatin did not demonstrate a similar benefit (79). Recent secondary analyses of randomized controlled clinical trials (RCT), including the HARP-2 trial for simvastatin and the SAILS trial for rosuvastatin, found that the mortality of ARDS patients with high inflammatory subphenotypes was significantly improved and showed survival benefits at 28 days after simvastatin treatment. In contrast, no benefits were observed with rosuvastatin, especially in patients with low inflammatory subphenotypes. This differential response may be attributed to simvastatin’s ability to reduce the secretion and activation of inflammasomes, such as IL-18 and IL-1β (80–82). Statins like rosuvastatin are hydrophilic, while simvastatin and atorvastatin are lipophilic. Whether statins improve the outcome of sepsis and ARDS may depend on their hydrophilic or lipophilic properties. In support of this, Wang et al. confirmed that lipophilic statins, such as simvastatin and mevastatin, can inhibit the activation of inflammasome (83). Genome-wide association studies (GWAS) also revealed that the expression of HMGCR is closely related to elevated circulating inflammatory factors, such as IL-18 and C-C motif chemokine ligand 2 (CCL2). Statins may mitigate the excessive inflammatory response in SA-ARDS by targeting HMGCR (84). Therefore, future clinical studies evaluating the safety and efficacy of statin therapy for SA-ARDS should consider the inflammatory subphenotype and pharmacochemical properties of the drugs.




6 Immune regulation

In the acute phase of SA-ARDS, systemic inflammatory response syndrome (SIRS) driven by a cytokine storm is the predominant manifestation. Overactivated immune cells and pro-inflammatory factors not only fail to effectively eradicate pathogens, but also contribute to severe cell death, tissue damage and organ dysfunction (85). Therefore, early identification and timely, targeted intervention to block or eliminate the excessive inflammatory response are crucial. Inhibiting pro-inflammatory cytokine activity is a fundamental strategy to prevent uncontrolled inflammation. For instance, in SA-ARDS patients with elevated levels of CRP and IL-6, the application of tocilizumab (a humanized monoclonal antibody targeting the IL-6 receptor) has been shown to effectively reduce the probability of intubation and decrease mortality risk in ARDS patients (86, 87). Complement activation was reported to play a key role in driving the inflammatory response in patients suffering from ARDS associated with acute SARS-CoV-2 infection. Targeting complement dysregulation has proven to be an effective strategy for mitigating these effects (88, 89). Clinical trials evaluating complement inhibitors such as Narsoplimab and Eculizumab have demonstrated significant reductions in inflammatory markers and improved clinical outcomes in these patients (90, 91).

Due to cytokine consumption and inflammation damage, most patients with SA-ARDS rapidly progress to an immunosuppressed state, often leading to secondary infections that contribute to 70% approximately of sepsis-related death. Consequently, the research focus has shifted in the current clinical paradigm toward “immune stimulation therapy” aimed at countering immunosuppression (85, 92). Direct supplementation of inflammatory cytokines or cytokines with immune-stimulatory properties represents a potent strategy to enhance host immunity. For example, studies have shown that administration of CYT107 (a glycosylated recombinant human IL-7) via intramuscular injection significantly increases the absolute lymphocyte count, as well as circulating CD4 + and CD8 + T cells, by 3–4 times, with these effects sustained for several weeks. This intervention effectively reverses sepsis-induced depletion of immune effector cells and reduces the need of organ support (93, 94). Additionally, interferon (IFN)-β has been shown to promote the resolution of pulmonary inflammation and reduce pulmonary vascular leakage by blocking TNF-α/IL-10-mediated alveolar macrophage injury and enhancing alveolar neutrophil recruitment (95–97).

Immune checkpoint blockers (ICBs) represent a promising strategy for promoting the restoration of immune homeostasis. By blocking the negative co-stimulation pathways mediated by classical immune checkpoint receptors expressed on T-lymphocytes [including Programmed death-1 (PD1), cytotoxic T lymphocyte-associated protein 4 (CTLA-4), B and T lymphocyte attenuator (BTLA)], ICBs can reverse lymphocyte apoptosis and monocyte dysfunction, thus improving the risk of secondary infections and enhancing survival (98–101). Treatment with BMS-936559 (anti-PD-L1 antibody) and nivolumab (anti-PD-1 antibody) has been shown to significantly increase absolute lymphocyte counts and monocyte human leukocyte antigen (HLA)-DR over time, restoring immune function without triggering a cytokine storm. These findings provide strong evidence supporting the clinical safety, tolerability, and pharmacokinetics of ICBs (102–104). Additionally, mathematical models have suggested that when antibiotics alone are insufficient and the initial pathogen load is not excessively high, early combination therapy with 6 mg/kg of nivolumab with meropenem may help clear pathogens, reverse immunosuppression, and improve sepsis prognosis (105, 106).



7 Respiratory support

Non-invasive respiratory support including high-flow nasal cannula (HFNC) and non-invasive ventilation (NIV), is commonly employed as the first-line treatment in the management of SA-ARDS. These interventions help improve oxygenation, maintain physiologic airway protection, prevent diaphragmatic dysfunction, and reduce the risk of sedation and analgesia, airway opening, and respiratory muscle strain (1, 107).

When compared to various modes of respiratory support before intubation, the continuous positive airway pressure (CPAP)/NIV group demonstrated a significantly lower requirement for tracheal intubation and a reduced 30-day mortality rate compared to the conventional oxygen therapy (COT) group (108). While the likelihood of requiring tracheal intubation in the HFNC group was significantly lower than in the COT group, no significant difference was observed in 28-day mortality between the two groups. This indicated that non-invasive respiratory support offers distinct advantages over COT in reducing the risk of intubation, while further research is needed to address its impact on mortality (109–111). Although HFNC is currently the most widely used non-invasive ventilation modality (112), it is indistinguishable from NIV in terms of ventilation duration, escalation rate of respiratory support, or in-hospital mortality (113–115). This may be attributed to the interaction between oxygenation index (partial pressure arterial oxygen/faction of inspiration O2, PaO2/FiO2) and tidal volume. Due to PEEP and additional pressure-supporting effect, SA-ARDS patients with lower PaO2/FiO2 ratios are more likely to suffer from ventilate-induced lung injury (VILI) during NIV treatment, primarily related to high tidal volumes driven by respiratory effort (116). Therefore, patients with lower PaO2/FiO2 ratios may benefit more from HFNC in clinical practice, and HFNC is better tolerated and more comfortable. NIV is currently preferred in SA-ARDS patients with mixed respiratory failure or hypercapnia (117, 118).

When the condition is severe, non-invasive respiratory support may struggle to balance the benefits of avoiding sedation and intubation with the risks of patient self-inflicted lung injury (PSILI) and delayed intubation. In such cases, invasive mechanical ventilation (IMV) should be promptly considered. The respiratory oxygenation index [ROX, calculated as peripheral capillary oxygen saturation (SpO2)/FiO2/respiratory rate (RR)] and mROX (calculated as PaO2/FiO2/RR) can be used to predict the outcomes of HFNC. When the ROX is below 5.33 (2–6 h after HFNO initiation), 3.69 (6–12 h), and 6.07 (12–24 h), it is necessary to actively prepare for IMV (119, 120). In addition, who transition from CPAP to IMV exhibit higher respiratory rates, minute ventilation, tidal pleural pressures, mechanical power ratios, and lower alveolar-to-inhaled partial pressure (121). Numerous studies have demonstrated that SOFA score, simplified acute Physiological score II (SAPS II), SpO2, respiratory effort signals, and imaging manifestations of lung injury may more accurately predict the timing of IMV conversion compared to the ROX index. This may be related to silent hypoxia and oxygen flow settings (122, 123). Therefore, further research is needed to identify indicators for the success of non-invasive respiratory support. Currently, clinical monitoring remains essential, with comprehensive judgment based on a combination of respiratory mechanical indicators and overall systemic status.



8 Lung protective ventilation strategy

In SA-ARDS patients, the lung tissues typically exhibit normal areas, collapse regions, consolidation, inflammatory infiltration, and other pathological changes, with only a small part of the lung maintaining respiratory function. During positive pressure ventilation, collapsed alveoli may undergo repeated cycles of opening and closing, normal alveoli may become overexpanded, infiltrated lung regions may experience impaired ventilation, and consolidated areas may fail to recruit. VILI results from excessive alveolar deformation and cyclic opening and collapse. The lung protective ventilation strategy aims to minimize the risk of VILI while optimizing lung inflation by promoting more uniform ventilation across the lung (124).

Low tidal volume (4–8 mL/kg of predicted body weight) and lower inspiratory pressures (plateau pressure <30 cmH2O) are generally accepted in clinical practice to prevent excessive lung stretch and reduce inflammatory mediators release (1, 13, 125). However, there is ongoing debate regarding the optimal level of PEEP. Adequate PEEP can help open collapsed lung tissue to ensure oxygenation, but over-inflation may lead to lung damage and circulatory compromise. Data from the ALVEOLI, LOVS, and EXPRESS trials indicate no significant difference in mortality between the high-PEEP group (PEEP > 15 cmH2O or the maximum PEEP during lung recruitment) and the low-PEEP group, with similar incidences of pneumothorax and rates of vasopressors use. Nonetheless, high PEEP may improve lung function, shorten the duration of MV, prevent life-threatening hypoxemia, and reduce the need for rescue treatment (126–129). Subgroup analyses revealed heterogeneity in the therapeutic response of different ARDS subphenotypes to PEEP strategies. The hypoinflammatory subphenotype is more susceptible to alveolar injury at higher PEEP levels, which can increase mortality risk, whereas the hyperinflammatory subphenotype appears to derive greater benefit from higher PEEP (130, 131). Guidelines also emphasize the uncertainty surrounding the role of PEEP in SA-ARDS management (13). As a result, the optimal PEEP is often individualized, and needs to take full account of lung expansibility (the proportion of lung tissue restored by ventilation when airway pressure increases). In patients with low lung expansibility, high PEEP may only increase the inflation of the already open lung region, thus increasing the pressure and strain on the lungs, potentially leading to VILI, rather doing more harm than good (132). Computed tomography (CT) have shown that patients with low P/F ratios, multiple atelectatic areas, and poor lung compliance exhibit higher lung recruitability. In these cases, increasing PEEP from 5 to 15 cmH2O can significantly improve lung ventilation and PaO2 (133). Esophageal pressure monitoring, CT image, lung and diaphragm ultrasound, and electrical impedance tomography are commonly used to assess lung reperfusion and optimize PEEP settings in patients with SA-ARDS (134–138).

Prone position ventilation (PPV), which facilitates more even expansion of collapsed dorsal lung tissue, has gained attention during the COVID-19 pandemic, and promoted the widespread use of awake prone position (139). Early application of PPV has been shown to significantly enhance pulmonary recruitment in ARDS patients, reduce alveolar instability and hyperinflation observed under high PEEP, improve the overall ventilation/perfusion ratio, and decrease 28- and 90-day mortality (140, 141). However, when assessed using PPV responsiveness criteria (defined as a P/F ratio increase ≥ 20% after PPV indicating a good response), some investigators have found that not all ARDS patients can be adapted to PPV, with an overall non-response rate of approximately 32.6%. The effectiveness of PPV is independently correlated with the severity of lung injury, cardiac insufficiency, and hemoglobin concentration (142). Additionally, different lung lesion morphologies show variable responses to PPV. In SA-ARDS with predominantly subpulmonary solid lesions (focal subphenotype), which is characterized by significantly reduced dorsal ventilation and ventral alveolar hyperinflation, PPV can redistribute gravity-dependent zones, alleviate localized compression, reopen collapsed alveoli, and improve pulmonary ventilation and oxygenation. In contrast, patients with diffuse ventilation loss (non-focal subphenotype), where PPV action is limited due to extensive and uneven alveolar injury, tend to respond better to PEEP, which promotes alveolar reopening through more uniform pressure transfer (9).



9 Anti-microvascular thrombosis

In SA-ARDS, a “vicious cycle” is formed between coagulation and inflammation. Coagulation factor activation and platelet aggregation not only lead to fibrin deposition and microvascular thrombosis, but also trigger a pro-inflammatory response (27). As a result, platelet activation, migration and accumulation in the alveoli are the main features of SA-ARDS (28). Heparin, the most commonly used drug for managing coagulation disorders in the ICU, possesses anticoagulant, anti-inflammatory, anti-complement activities, and protease-modulating properties. Early prophylactic administration of heparin (subcutaneous injection within 48 h of ICU admission) improves Murray lung injury score, reduces the need for tracheotomy, and increases survival in patients with SA-ARDS. Its mechanism of action is related to the inhibition of inflammation-induced microvascular occlusion and hyaline membrane formation in the alveoli (143, 144).

Aspirin is thought to modulate the progression of sepsis and ARDS by inhibiting cyclooxygenase and nuclear factor kappa-B (NF-κB), while promoting the production of nitric oxide and lipoxins (28). In a lipopolysaccharide (LPS)-induced human model of SA-ARDS, any dose of aspirin was found to suppress pulmonary neutrophilic inflammation (145). Although several observational studies have indicated that pre-hospital, in-hospital, or long-term aspirin administration reduces mortality in patients with sepsis or ARDS, the results have shown considerable heterogeneity (146, 147). However, recent large-scale prospective randomized controlled trials (e.g., ANTISEPSIS trial and LIPS-A trial) failed to provide evidence the use of early aspirin prophylaxis in improving sepsis survival, ARDS progression, or reducing the duration of MV (148, 149). The potential of aspirin as a primary prevention strategy for mitigating the risk of sepsis or ARDS needs further investigation. In the LIPS-A trial, Redaelli et al. conducted a latent class analysis and hypothesized that hyperinflammatory and non-hyperinflammatory subphenotypes may precede the onset of ARDS and remain recognizable over time. Patients in the high-inflammatory subgroup were found to have a higher likelihood of developing ARDS, a greater need for respiratory support, longer hospitalization, and an increased risk of poor prognosis (150). This highlights the importance of individualized antiplatelet therapy based on subphenotype in SA-ARDS. Myelosuppression and coagulation depletion have made thrombocytopenia a common complication of SA-ARDS (151), and future research will how to rationally apply anticoagulants and antiplatelet agents according to platelet dynamics.



10 TCM treatment

The growing emphasis on subphenotypes and personalized treatment in sepsis and ARDS coincides with the TCM theory of “treatment based on syndrome differentiation.” TCM has been widely utilized in the clinical diagnosis and treatment of SA-ARDS through multi-pathway, multi-link and multi-target regulation (152–157), as illustrated in Table 1 (158–166). However, it is regrettable that published clinical studies have not effectively characterized the findings of four diagnostic method nor demonstrated the TCM syndrome patterns with SA-ARDS. Moreover, these studies have not succeeded in correlating physicochemical information with TCM subphenotypes or linking them to specific TCM treatments.


TABLE 1 TCM clinical trials.
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11 Conclusion and future directions

The treatment of SA-ARDS traditionally focuses on resuscitation, anti-infection, and organ support. However, the heterogeneity in response to identical treatments has highlighted the critical importance of subphenotype identification and personalized treatment in the management of SA-ARDS. For example, SA-ARDS can be classified based on their infection origin, such as pulmonary sepsis and extrapulmonary sepsis; according to the causative pathogen, including viral infections, MDRO infections, and mixed viral-bacterial infections; or by the route of infection, there are community-acquired versus hospital-acquired. Immune response states define the hyperinflammatory subphenotype and hypoinflammatory subphenotype. Imaging patterns distinguish the focal lesion subgroup, which typically presents with local consolidation, from the diffuse lesion subgroup, which mainly shows ground-glass opacity. The presence of shock can also help gauge the severity of the disease. There are also subgroups that specifically target biomarkers. These subphenotypes can overlap with each other. Real-time adjustments to therapeutic regimens can be made by dynamically monitoring clinical phenotypes and host-microecological interactions. For example, the hyperinflammatory subphenotype, which is characterized by elevated IL-6 and other inflammatory markers, may benefit more from fluid-restrictive strategies, glucocorticoid and statin anti-inflammatory therapies, high PEEP reperfusion, and tolizumab-targeted therapy. Rapidly matching subphenotypes with more effective treatments enhances the precision and efficiency of the bundle campaign, so as to improve the prognosis of SA-ARDS.

The clinical management of SA-ARDS should progressively move from traditional organ support to precision medicine based on biomarkers and pathomechanisms. In recent years, the combination of multi-omics technologies and artificial intelligence has facilitated the construction of predictive models for identifying high-risk patients, optimizing the treatment plan, and allocating resources. The establishment of an integrated model of “typing-warning-intervention” for SA-ARDS will help to realize the paradigm shift from population-based to individualized.



12 Search strategy and selection criteria

We conducted a comprehensive search of the PubMed database from its inception until Oct 30, 2024, using the following search terms: “acute respiratory distress syndrome,” “ARDS,” “acute lung injury,” “ALI,” “sepsis,” “septic-associated acute respiratory distress syndrome,” “sepsis-associated acute lung injury,” “COVID-19,” “SARS-CoV-2.” In addition, we consulted relevant reviews, WHO news reports, and select historically significant articles. Relevant studies were manually screened by reviewing the abstracts and, when necessary, accessing the full articles for further evaluation.
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Infection category Mild group Severe P valu
Mixed co-infection (%) 1(3.23) 20 (26.67) 0.006
Single co-infection (%) 30 (96.77) 55 (73.33) 0.006
Candida albicans (%)(G*") 0 9(12) 0.098
Candida glabrata (%)(G") 0 1(1.33) 0.518
Candida krusei (%)(G") 0 1(1.33) 0.518
Staphylococcus aureus (%) (G*) 2 (6.45) 6(8) 0784
Staphylococcus hominis (%) (G*) 0 1(1.33) 0.518
Enterococcus faecium (%) (G*) 0 1(1.33) 0518
Streptococcus pneumoniae (%) (G*) 1(3.23) 2(2.67) 0.875
I Acinetobacter baumannii(%)(G") 1(3.23) 17 (22.67) 0.015
Klebsiella pneumoniae(%)(G) 6 (19.35) 18 (24) 0.603
Klebsiella oxytoca(%)(G") 0 1(1.33) 0518
Escherichia coli(%)(G") 0 9(12) 0.044
Pseudomonas aeruginosa(%)(G) 4 (12.90) 13 (17.33) 0.572
Burkholderia cepacia(%)(G’) 0 1(1.33) 0.518
Achromobacter xylooxidans (%)(G") 0 1(1.33) 0.518
Enterobacter cloacae (%)(G") 1(3.23) 3(4) 0.879
Mycobacterium tuberculosis 2(6.45) 0 0.026
Stenotrophomonas maltophilia (%)(G") 1(3.23) 0 0.118
Corynebacterium striatum(%) (G*) 1(3.23) 1(1.33) 0515
Legionella pneumophila (%)(G") 1(3.23) 0 0.118
Mycoplasma pneumoniae 6(19.35) 0 <0.0001
Influenza A virus 1(3.23) 1(1.33) 0.515
Human metapneumovirus 1(3.23) 1(1.33) 0.515
Influenza B virus 1(3.23) 0 0.118

Data are n (%), where n is the total number of patients with available data. P values are from a x analysis, P<0.05 was considered significant.
G*, Gram positive; G', Gram negative;
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Treatment Prescription Patient Instructions Outcomes
Chinese Medicine Dahuang Sepsis (158) 4 UT (200,000U, iv, qd) After treatment, PCT | |.
Monotherapy (Rhubarb) 4 Rhubarb granules (12 g, po/ig, qd)
4 For 5 days
ARDS (159) 4 Rhubarb leachate (10 g, ig, tid) On the 5th and 7th, EVLW | |, PVPI
4 For 7 days R 70 S o
Chinese Medicine Xuanbai Chenggi ARDS (160) 4 XCD (400 mL, pr, q12h) At48 and 72 h, Cdyn11, Cstt1; at
Compound decoction 4 For 3 ~ 5 days 72h, PEEP | |; duration of parenteral
(XCD) nutrition |, | ; complications | |;
28-day mortality | |.
Chinese Medicine XueBiJing injection SCAP (161) 4 XBJ (100 mL, iv, q12h) On the 8th, PSI improvement rate 11;
Injection (XB)) 4 For 5 to 7 days 28-day mortality | |; duration of MV
14;ICU stay | |.
Sepsis (162) 4 XBJ (100 mL, iv, q12h) 28-day mortality | |; ICU mortality
4 For 5 days 1 s in-hospital mortality | |; ICU
stay | |; on the 28th, duration of MV'
1|; on the 6th, SOFA | |.
Shenfu injection Septic shock with MV 4 SFI (50 mL, iv, q12h) 28-day mortality | |; duration of IMV
(SFI) (163) 4 Until discharged or died 11 duration of vasopressor therapy
11,ICU stay | |; days without organ
failure | |; ICU cost |, |; hospital cost
.
Tanreqing injection ICU patients with MV 4 TRQ (iv, at least once) Duration of IMV | | ; ICU mortality
(TRQ) (164) 4 During ICU. 3.
Acupuncture Zusanli (ST36) and Sepsis (165) 4 ST36 and RN4 (EA, 30 min/time, bid) On the 3rd and 7th, APACHEIT | |;
Guanyuan (RN4) 4 For 7 days. on the 7th, CD3 + 11, CD4 + 11,
CD8 + ||, CD4 + /CDS$ + 11,
HLA-DR 11
Qigong The sitting Baduanjin Sepsis 4 SBE (15~20 min/time, bid) On the day of transfer out of ICU,
(SBE) with NIV (166) 4 Until discharged muscle strength 11, ADL 113

duration of NIV | | ; length of total
stay | |; hospital cost | .

11, significantly reduce; 11, significantly increase; UT, Ulinastatin; SCAP, Critical ill patients with severe community-acquired pneumonia; EVLW, Extravascular lung water; PVPI, pulmonary

vascular permeability index; Cdyn, Dynamic Lung Compliance; Cst, Static Lung Compliance; PSI, Pneumonia severity index; EA, Electroacupuncture; HLA-DR, human leukocyte antigen-DR;

ADL, activities of daily living.
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Interventions

Patients studied

Status/major

Enrollment

Trial

Study

outcomes registration completion
date
Tocilizumab HS patients awaiting RT Reduced antibody-mediated 10 1/2 NCT01594424 2015-05
immune
response, improved
transplant success
rate
Patients with obesity Reversible reduction of meal- | 56 Not NCT01073826 2016-06
and T2DM and applicable
exercise-induced GLP-1
KTR with inflammation Increase in Treg frequency, 33 2 NCT02108600 2018-12-16
decrease
in T-effector cell
cytokine responses
KTR Active, not recruiting 12 172 NCT03867617 2029-06
KTR Recruiting 50 3 NCT04561986 2027-12
KTR Active, not recruiting 10 Not NCT03859388 2024-12-31
applicable
Patients before or after Recruiting 18 2 NCT04779957 2024-10
graft nephrectomy
Clazakizumab ESRD patients with diabetes Reduction in 2310 2/3 NCT05485961 2028-12
or atherosclerosis inflammation markers
Patients with ABMR after RT | Completed, but results 10 1/2 NCT03380377 2024-04-16
not disclosed
KTRwith late ABMR Decrease in donor-specific 20 2 NCT03444103 2020-06-30
antibodies,
improved eGFR decline
KTR Unmet Expectations 194 3 NCT03744910 2024-04-08
HS Patients Awaiting RT Active, not recruiting 20 12 NCT03380962 2025-07-30
Ziltivekimab ESRD patients Improvement in multiple 264 2 NCT03926117 2020-06-26
inflammatory
markers and
thrombotic biomarkers
people with CVD, CKD Recruiting 6200 B NCT05021835 2026-01-29
and inflammation
Chinese people with kidney Active, not recruiting 24 1 NCT05379829 2024-05-27
disease and inflammation
Baricitinib DKD patients Reduction in proteinuria 130 2 NCT01683409 2014-11
levels,
Alleviated renal inflammation
CKD patients Recruiting 75 2 NCT05237388 2026-03-31
with hypertension
DKD patients with Recruiting 20 2 NCT05897372 2025-06-01
severe albuminuria
lupus nephritis Recruiting 80 2/3 NCT05686746 2023-08-01
lupus nephritis Active, not recruiting 60 3 NCT05432531 2023-04-01
Tofacitinib Patients after RT Inhibition of acute rejection 61 2 NCT00106639 2006-07
5 year of follow-up on post- Long-term 178 2 NCT00658359 2015-06

RT patients

renoprotective effects

KTR, kidney transplant recipient; ABMR, antibody-mediated rejection; RT, renal transplantation; HS, highly-HLA sensitized; CVD, cardiovascular disease; DKD, diabetic kidney disease; CKD,

chronic kidney disease; ESKD, end-stage kidney disease; T2DM, type 2 diabetes mellitus; GLP-1, glucagon-like peptide-

5 eGFR, estimated glomerular filtration rate.
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Cell type Role of IL-6 Refs

Podocyte Promoted proliferation, apoptosis, and (76-79, 175)
growth arrest, stimulation of
hypertrophy, induction of excessive
motility and functional disruption,
protection of podocytes in AKI models

Endothelial cell Induction of inflammatory phenotype, (81, 83-85)
induction of endothelial-mesenchymal
transition and fibrosis, increased
permeability, inhibited neutrophil
recruitment to inflamed cells

Mesangial cell Promotion of proliferation, enhanced (86, 88-92, 176)
chemokine expression,
induction of apoptosis and fibrosis,
reduced abundance of fibronectin and
type IV collagen

Tubular Induction of apoptosis, mesenchymal (75, 93-96, 177)

epithelial cell transition and fibrosis, promotion of
immune cell accumulation, attenuated
oxidative stress damage

Renal fibroblast Increased ECM production, activation (97, 98, 160)
of the transition to myofibroblasts

AKI, acute kidney injury; ECM, extracellular matri.
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Diseases/ Interventions Major results

Patients (n)

2004 RA MRA Elevation in TC, LDL-C, and triglyceride levels, (138)
(n=164) mild liver disease, transient decrease in white blood cell counts

2011 RA with T2DM TCZ T2DM patients: significant reduction in HbAlc (137)
(n=10) Non-T2DM patients: slight decrease in HbAlc, no hypoglycemia observed
RA without T2DM
(n=29)

2011 RA TCZ Elevated TC and HDL levels, decreased arterial stiffness (140)
(n=22)

2013 RA with T2DM TCZ Decrease in insulin/glucose ratio, improved insulin sensitivity (134)
(n=50)

2015 RA TCZ Elevation of TC, LDL-C, and triglyceride levels, (141)
(n=132) no change in small dense LDL

2015 RA TCZ ‘Weight gain, alterated fat distribution, increased muscle mass (135)
(n=21)

2018 RA TCZ Comparable increases in different lipoproteins, no change in atherogenic index (139)
(n=40)

2019 RA TCZ Decrease in serum insulin levels and insulin/glucose ratio, improved insulin sensitivity ~ (134)
(n=50)

2020 RA TCZ Increased total adiponectin and HMW adiponectin, increased body mass index and (136)
(n=107) waist circumference but no parallel change in waist-to-hip ratio, no change in fat

mass, increased muscle mass

RA, rheumatoid arthritis; TCZ, tocilizumab; MRA, a Humanized anti-IL-6 receptor antibody; HMW, high molecular weight; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
T2DM, type 2 diabetes mellitus; HbAc, glycated hemoglobin Alc.
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Sodium Channel

Sodium Channel

Sodium Channel

Sodium Channel

Sodium Channel

Sodium Channel

Potassium Channel

Potassium Channel

Potassium Channel

Potassium Channel

Calcium Channel

Calcium Channel

Calcium Channel

Calcium Channel

Calcium Channel

Calcium Channel

Year

2019

2015

2011

2004

2015

2012

2024

2015

2018

2010

2022

2022

2023

2023

2023

2017

Int

Curcumin

AAV-shRNA-Navl.3

Branched-Chain
Amino Acids

o-dendrotoxin (o-DTX)

Selenium, Curcumin

Alpha-lipoic acid

Alpha-lipoic acid

Melatonin, Selenium

Model

STZ Model

HFD Model

db/db/db/+

STZ Model

STZ Model

STZ Model

HFD/STZ/db/
db Model

STZ Model

STZ Model

STZ Model

STZ/db/db Model

STZ Model

STZ Model

STZ Model

STZ Model

STZ Model

M

m

Upregulation of NaV1.7, increased total sodium
current, TTXs sodium current, and TTXr sodium
current density

Inhibition of current density and TTX-R sodium
currents in small-sized DRG neurons

Increase in Nav1.6 protein and mRNA expression;
increase in Navl.6 positive cells proportion

Decrease in the expression of Na(v)1.6 (TTX-S)
and Na(v)1.8 (TTX-R), increase in tyrosine
phosphorylation of Na(v)1.6 and Na(v)1.7,

significant increase in both TTX-S and TTX-R

sodium currents in small DRG neurons isolated
from diabetic rats

Downregulation of expression of Navl.3, reduced
neuronal excitability of dorsal horn neurons

Upregulation of expression of Nav1.7 and Navl.8;
enhancement of transient and persistent sodium
currents, increase in neuronal excitability

Activation of expression of L-type amino acid
transporter 1 (LAT1), decreased localization of
Kv1.2 on the cell membrane, inhibition of Kv1.2
channels, increased neuronal excitability

Reduction in conduction failure of C-fibers;
decrease in expression of Kv1.2 and Kv1.6

Significant reduction in mRNA and protein levels
of KCNQ/3/5 channels, decreased IM density,
increased excitability of DRG neurons

Marked reduction in densities of total Kv, A-type
(IA), and sustained delayed (IK) currents in
medium- and large-, but not in small-diameter
DRG neurons

Activation of GPR77 receptor mediates WNT5a
release followed by activation of TRPV1 channel,
induction of rapid currents

Activation of PKCe/P38 MAPK/NF-kB signaling
pathway increases TRPV1 expression

Reduction in mean densities of TRPM7 currents,
increase in calcium concentration

Reduction in TRPV1 current density and
intracellular free Ca>* concentration

Inhibition of TRPV4 channel, reduction in
intracellular free Ca®* concentration

Reduction in current densities of TRPM2 and
TRPV1 channels, decreased intracellular free Ca’2
+ concentration

References

(114)

(115)

(116)

(110)

(117)

(106)

(118)

(119)

(120)

(121)

(99)

(122)

(123)

(124)

(125)

(126)
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Dose and
Administration

Target/
Pathway

Mechanism/Pathway

References

11.6 g/kg, 23.2 g/kgll suppression of pro-inflammatory
464 glkg, p.o. cytokines (TNF-o, IL-1B, IL-6, IL-
12, and iNOS), anti-inflammatory
i it 2024 Mi iit AK2/STAT3 183
Jingmaitong icroghia JAKZ cytokines (IL-10, Arg-1, and TGF- 3
B), and chemokines (CCL3, CCL5,
and CXCL12)
50 , 100 Dorsal
Quescetin 2020 ‘“gl:fp_o_o wg/ e TOR/p7086K Reduction of synaptic plasticity (184)
Curcumin 2021 10 mg/kg, 50 mg/ Astrocyles / Inhibition of JNK activation (46)
kg, p.o. \neurons
30mg/kg, i.p. Inhibition of P2X7 receptor
Dihydromyricetin 2019 Astrocytes P2X7 expression, suppression of (185)
inflammatory factor release
Insulinsresverateol 2007 20 mg/kg/60 mg/kg, p.o. , ; Inhibition of TNF-0: and nitric -
Insulin+curcumin oxide NO
25 mg/kg, ip. decrease in [Ca2+]I,
Dorsal root
Resveratrol 2024 arsat oo TRPV4 downregulation of TRPV4 current (124)
ganglion (DRG) - .
densities, ROS, apoptosis, etc.
Se: 1.5 mg/kg + decrease in [Ca2+]I, upregulation
Curcumin: 25 mg/ of TRPM7 current density,
Dorsal i ed mitochondrial calci
Selenium and Curcumin 2023 k. ip ors . TRPM7 inereas . m,‘ ochondria c? cum (123)
root ganglion and zinc ion concentrations
mediating mitochondrial
ROS (mitROS)
Nanoparticle- 16 mg/kg, i.v. - reduction of IL-1p, Cx43, p-
2018 tell; lial cells P2Y12 187,
Encapsulated Curcumin Satellite glial cells Akt levels s7)
100 mg/kg, ip. TTX-resistant . ;
Dorsal Inhibiti f TTX-R IN:
Curcumin 2015 s (TTX-R) ribition o o inerease (115)
root ganglion B in DRG neurons
sodium channel
10 mg/kg, p.o. Dorsal Alleviates oxidative stress (lipid
Fisetin 2015 . GABA peroxidation, reactive oxygen (188)
root ganglion b ms
species, and catalase activity)
Cannabidiol 2019 3 mg/kg, i.p. / 5-HT1A elevates serotonin levels (189)
50 Dorsal educed the acti tential (AP
Camphor 2023 mg/kg, i.p. ors: ! TRPAL reduce e.ac ion potential (AP) (190)
root ganglion firing frequency
Secoisolariciresinol 2015 10 mg/kg, p.o. / / Reduces lipid peroxidation, catalase (191)
diglycoside activity, and GSH content
250 mg/kg, 500 mg/kg Oxidative stress, nitrite levels, and
Emblica officinalis 2011 and 1000 mg/kg, p.o. / / cytokines (TNF-o, IL-1B, and (192)
TGE-B1)
20 mg/kg, 40 mg/kg Neural cell apoptosis, enhanced
Naringin 2012 and 80 mg/kg, p.o. / / lipid peroxide, nitrite, and TNF- (193)
o level
100 mg/kg, 200 mg/kg Increases antioxidant enzyme levels
Coriandrum sativum 2020 and 400 mg/kg, p.o. Schwann cells / such as SOD, GSH, inhibits (194)
lipid peroxidation
5 mg/kg, 10mg/kg Reduces oxidative and nitrosative
Kaempferol £ ¢ { stress, also reduces AGEs {t9)
100-600 mg/kg, i.p. Inhibits caspase 3 activation,
Olea europaea L 2011 / / reduces Bax/Bel-2 ratio (196)
B 50 mg/kg, 100 mg/ Inhibits caspase 3 activation,
. yi - 2014 kg, 150 mg/kg1200 / / reduces cytochrome c release and (197)
caramanicus Jatas mg/kg, po. Bax/Bdl-2 ratio
200 mg/kg, p.o. Reduces NADPH oxidase subunits
p47(phox) and gp91(phox)
expression levels, hydrogen
Curcumin 2014 / / peroxide (H202) and (198)
malondialdehyde (MDA) levels,
and increases superoxide dismutase
(SOD) activity (P<0.05)
Nerunjil 2013 100 mg/kg, 300 mg/kg / / Reduces oxidative stress levels (199)
15 mg/kg, 30 Reducing TNF-o, TGF-B1, IL-1B,
Mangiferin 2024 mglkg, 30 mg/ / / ucthg TNEO, IGEBL L1, (200)

kg, p.o.

i.p., intraperitoneal injection; i.v., intravenous injection; p.o., per os.

and IL-6, inhibits oxidative stress
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Duration/day(min)

D2 D3 D4 D5 D6

First week 20 22 24 26 28 30 12
(50% Vinax)
Second week 32 34 36 38 40 42 15
(60% Vinax)
Third week 44 46 48 50 52 54 18
(70% Vinax)
Fourth week 56 58 60 60 60 60 21
(75% Vimax)
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ug/Intervention Target
Electroacupuncture microglia
Glucagon-like peptide-1 receptor agonist microglia
Minocycline microglia
GS-KG9 microglia
Koumine microglia
Ginger microglia
Teneligliptin microglia
Bullatine A microglia
Ammoxetine microglia
Achaete-scute homolog 1, LIM homeobox ) .
= microglia
protein 6
Minocycline hydrochloride microglia
Fluorocitrate, neurotropin astrocytes
Koumine astrocytes
/ astrocytes
/ astrocytes/microglia
/ astrocytes
Curcumin astrocytes/neuron
Dihydromyricetin astrocytes
MiR-133a-3p schwann cells
Apocynin schwann cells
Ro5-4864 schwann cells

Human tonsil-derived mesenchymal

schwann cells
stem cells

Mechanism

Inhibits microglial P2X4 receptor upregulation,
alleviating neuroinflammation

Downregulates microglial NLRP3 expression levels

Anterior cingulate cortex microglial activation and upregulation of
CXCLI2 expression; increased glutamatergic neuron peak potentials

Inhibits microglial activation in the L4 dorsal horn and thalamic
VPL regions

Inhibits M1 microglia polarization and activation of the Notch-RBP-Jk
signaling pathway

Expression of CD11b gene in microglia/macrophages, improving gut
microbiota imbalance

Nrf2 and HO-1 as well as inhibiting dorsal horn microglial activation
Stimulates spinal microglial enkephalin A expression

Reduces microglial activity, pro-inflammatory cytokine accumulation,
and p38 and c-Jun N-terminal kinase (JNK) activity in DNP rats’
spinal cord

Inhibits microglial activation and pro-inflammatory factors TNF-o. and
IL-1 as well as p38, c-Jun N-terminal kinase, and NF-kB activation,
increases IL-4, IL-10, and IL-13 anti-inflammatory factors levels

Inhibits microglial activation and upregulation of XCL1 and
XCRI expression

Inhibits activation of astrocytes in the periaqueductal gray matter
Inhibits astrocytic activation and reduces inflammation response

Astrocyte activation in the motor cortex causes excitatory
neuron activation

Glial cell activation promotes TNF-o: and IL-1p level increase

Increased number and soma size of astrocytes in the ventrolateral
periaqueductal gray matter (vVIPAG)

Decreases pJNK expression levels in DRG astrocytes and neurons

Decreases astrocytic P2X7 receptor upregulation, inhibits inflammatory
factor release

Upregulates VEGFR-2, p380. MAPK, TRAF-6, and PIAS3 expression,
and downregulates NFkB p50 and MKP3 expression

Prevents Schwann cell degeneration and loss, alleviates oxidative
stress response

Antioxidant stress, promotes autophagy, improves schwann cell
function, and promotes myelin regeneration

Promotes myelin regeneration

Reference

(30)

(31)

(32)

(33)

(34)

(35)

(36)

37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)





OPS/images/fimmu.2025.1563868/fimmu-16-1563868-g002.jpg
a 600 r k%% 1 b 250

— %% -
o)
200 °©
= 400 —
£ oo°E £ 150 o 2o
g Oo QO i Q5 ©
P> o~ QK & 100 o -O- °
O 200 o o ©
50 o9

2 O \6‘ \6‘ \6‘ \6‘\
@0%@ Vet
WO S Ve Ve

?30;:6“\0

’b

<e~°°\(<\e~°°\°

'5
¢ 0'5 db db

E
(=]
=
o
c
<

(a)
< C3b (o)






OPS/images/fimmu.2025.1563868/fimmu-16-1563868-g003.jpg
Ang | +——

--»

Renin

Renin \

i

Renin

C3a
C3b

C3

Convertase

C3
Convertase






OPS/images/fimmu.2025.1480534/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml


Contents



		Cover


		The role of inflammation in organ injury

		Editorial: The role of inflammation in organ injury

		Conflict of interest


		Generative AI statement


		References







		Exercise preconditioning and resveratrol reduce the susceptibility of rats with obstructive jaundice to endotoxin and alleviate lung injury

		Introduction


		Methods


		Results


		Discussion


		1 Introduction


		2 Materials and methods

		2.1 Study animals


		2.2 Reagents


		2.3 Experimental protocol


		2.4 Surgery procedures for CBDL


		2.5 Exercise training program


		2.6 Blood and bronchoalveolar lavage fluid (BALF) collection


		2.7 Lung wet/dry ratios


		2.8 Biochemical analysis


		2.9 Analysis of cells in BALF


		2.10 Quantitative detection of pro-inflammatory cytokines


		2.11 Histopathological evaluation


		2.12 Immunohistochemistry


		2.13 Immunofluorescence


		2.14 Statistical analysis







		3 Results

		3.1 Model establishment


		3.2 General condition and survival rate


		3.3 Pathological changes in lung tissue and lung wet/dry weight ratio


		3.4 Effect of exercise and/or RSV on inflammatory cell infiltration in lung tissues


		3.5 Effects of exercise and/or RSV on inflammatory and anti-inflammatory cytokines


		3.6 The effect of rrIL-6 on lung injury in CBDL-LPS model rats


		3.7 Systemic inflammation







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		References







		IL-6 and diabetic kidney disease

		1 Introduction


		2 IL-6 and its signaling pathways


		3 The relationship between IL-6 and DKD


		4 Potential mechanisms of IL-6 Involvement in the regulation of DKD

		4.1 Inflammatory immune cells: IL-6 regulates the initial and resolution phases of inflammation


		4.2 Effects of IL-6 on renal cells: good or bad?

		4.2.1 Podocytes and RECs


		4.2.2 MCs


		4.2.3 RTECs and renal fibroblasts







		4.3 Complexity of IL-6 regulation of glycolipid metabolism

		4.3.1 IL-6 regulates metabolism in a tissue-specific manner


		4.3.2 IL-6 in models of T2DM


		4.3.3 Metabolic effects of IL-6 inhibitors observed in clinical trials







		4.4 IL-6 regulates the RAAS


		4.5 IL-6 regulates renal iron homeostasis







		5 The current status of IL-6 inhibitors in clinical trials related to DKD


		6 Conclusion


		Author contributions


		Funding


		Conflict of interest


		References







		The role of PPAR in fungal keratitis

		1 Introduction


		2 Immunity to fungi in the cornea

		2.1 Innate immunity to FK


		2.2 Adaptive immunity to FK

		2.2.1 Cellular immunity


		2.2.2 Humoral immunity












		3 Corneal inflammations in FK


		4 Oxidative stress damage in FK


		5 The potential role of PPARs in FK

		5.1 The role of peroxisome in liver disease


		5.2 The role of peroxisome in nerve protection


		5.3 The role of peroxisome in inflammatory diseases


		5.4 Existing research results of peroxisome in eye diseases

		5.4.1 Dry eye


		5.4.2 Corneal alkali burn


		5.4.3 corneal epithelial injury


		5.4.4 Diabetic nerve damage







		5.5 The possible mechanism of PPARs involving in FK

		5.5.1 Immune regulation of PPARs


		5.5.2 Inhibition effect of PPARs on oxidative stress damage


		5.5.3 Inhibition effect of PPARs on inflammations


		5.5.4 Inhibition effect of PPARs on corneal neovascularization


		5.5.5 Inhibition effect of PPARs on corneal fibrosis and scar formation


		5.5.6 Inhibition effect of PPARs on corneal transplant rejection in FK












		6 Conclusion


		Author contributions


		Funding


		Conflict of interest


		References







		Hypercholesterolemia triggers innate immune imbalance and transforms brain infarcts after ischemic stroke

		Introduction


		Materials and methods

		Animals


		Experimental mouse model of stroke


		Flow cytometry analysis


		Quantification of mice plasma NETs


		Quantification of plasma lipids


		Quantification of plasma cytokines


		Quantification of mice brain infarct volumes


		Staining and analysis of whole brains using LSFM


		Statistical analysis







		Results

		HFD impacts neutrophil dynamics across systemic lymphoid tissues after stroke


		HFD changes the expression profile of neutrophil and MΦ activation receptors after stroke


		HFD triggers post-stroke proinflammatory cytokines release, neutrophil brain invasion, and worsens disease outcome







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Supplementary material


		References







		HMGB1 lactylation drives neutrophil extracellular trap formation in lactate-induced acute kidney injury

		Rationale


		Methods


		Main results


		Conclusions


		1 Introduction


		2 Materials and methods

		2.1 Subjects


		2.2 Chemicals and reagents


		2.3 Animals and treatment


		2.4 Cell culture


		2.5 Enzyme linked immunosorbent assay measurement


		2.6 Hematoxylin and eosin


		2.7 Small interfering RNA


		2.8 Immunoprecipitation


		2.9 Western blotting


		2.10 Immunofluorescence assay


		2.11 LC-ESI-MS/MS analysis


		2.12 Statistical analyses







		3 Results

		3.1 Lactate is an independent predictor of AKI in patients with ADHF


		3.2 Lactate accumulation induced AKI in mice


		3.3 Lactate-induced AKI through HMGB1 lactylation in kidney tissues


		3.4 HMGB1 lactylation induces the release of NETs


		3.5 HMGB1 lactylation induces AKI via activation of the HMGB1-NETs signaling pathway







		4 Discussions


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Supplementary material


		References







		The bronchoalveolar lavage fluid CD44 as a marker for pulmonary fibrosis in diffuse parenchymal lung diseases

		Introduction


		Methods


		Results


		Introduction


		Materials and methods

		Materials


		DPLD patient groups


		Bronchoscopy and sample collection


		Flow cytometry


		HRCT


		Cells and microscopy


		Enzyme-linked immunosorbent assay


		Evaluation of exosomes


		Western blotting


		Reverse transcription quantitative PCR analysis


		Proteomic analysis


		Statistical evaluations and ethical approvals







		Results

		The secretome analysis of BALF-treated primary fibroblasts


		The DPLD-derived BALF analysis







		Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Supplementary material


		Abbreviations


		References







		Inflammatory biomarkers and therapeutic potential of milk exosome-mediated CCL7 siRNA in murine intestinal ischemia-reperfusion injury

		Background


		Methods


		Results


		Conclusion


		1 Introduction


		2 Materials and methods

		2.1 RNA extraction and library construction

		2.1.1 Sample preparation







		2.2 Animal grouping


		2.3 IIRI model construction


		2.4 RNA sequencing of murine small intestine tissues in ischemia-reperfusion injury


		2.5 Transcriptomic data processing and differential gene analysis


		2.6 Construction of co-expression networks


		2.7 Enrichment and interaction analyses


		2.8 Application of machine learning for biomarker discovery


		2.9 Development of a predictive clinical model


		2.10 Immune feature and GSEA


		2.11 IPA


		2.12 The analysis of the expression of biomarkers


		2.13 Isolation of exosomes from bovine milk


		2.14 Electroporation of M-Exo and siRNA loading


		2.15 Transmission electron microscopy analysis of exosomes


		2.16 Enzyme-linked immunosorbent assay for serum CCL7


		2.17 Histological assessment and Chiu’s score


		2.18 Measurement of serum diamine oxidase activity


		2.19 Measurement of serum lactate dehydrogenase levels


		2.20 Statistical analysis







		3 Results

		3.1 Identification and functional analysis of candidate genes in IRI


		3.2 Screening and clinical predictive analysis for IRI patients


		3.3 Immune infiltration and functional analysis


		3.4 IPA analysis


		3.5 Validation of biomarker expression


		3.6 M-Exo/siCCL7 treatment attenuates intestinal ischemia-reperfusion injury







		4 Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Supplementary material


		References







		Causal relationship between immune cells and risk of heart failure: evidence from a Mendelian randomization study

		1 Introduction


		2 Materials and methods

		2.1 Study design


		2.2 Genome-wide association study (GWAS) data sources for HF


		2.3 Immunity-wide GWAS data sources


		2.4 Selection of instrumental variables (IVs)


		2.5 Statistical analysis







		3 Results

		3.1 An overview of IVs


		3.2 Exploration of the causal effect of immunophenotypes on HF

		3.2.1 B cell


		3.2.2 cDC


		3.2.3 Maturation stages of T cell


		3.2.4 Monocyte


		3.2.5 Myeloid


		3.2.6 TBNK


		3.2.7 Treg







		3.3 Sensitivity analysis







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		References







		Plasma IL-17A is increased in patients with critical MIS-C and associated to in-hospital mortality

		Background


		Objectives


		Methods


		Results and conclusions


		Introduction


		Material and methods

		Study design and subjects


		Data collection and definitions


		Analysis of inflammatory biomarkers


		Determination of cytokines profile


		Determination of plasma nitrite levels


		Determination of plasma malondialdehyde concentration


		Determination of trolox equivalent antioxidant capacity


		Determination of catalase activity


		Determination of glutathione reductase levels


		Statistical analysis







		Results

		Cohort description


		Comparison of laboratory markers between day 1 and 3


		Comparison according to the outcomes


		Kaplan-Meyer curves


		Multivariate analysis


		ROC analysis







		Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Abbreviations


		References







		Co-infections exacerbate inflammatory responses in COVID-19 patients, promoting coagulopathy and myocardial injury, leading to increased disease severity

		Objectives


		Methods


		Results


		Conclusion


		1 Introduction


		2 Materials and methods

		2.1 Study design, patient, and clinical data collection


		2.2 Detection of peripheral blood cell counts, inflammatory factors, protein concentrations, coagulation function, and biomarkers of myocardial injury


		2.3 Microbial cultivation, pathogen identification, and antimicrobial susceptibility testing


		2.4 Statistical analysis







		3 Results

		3.1 Basic information of patients with COVID-19


		3.2 Changes in inflammatory cells and factors in COVID-19 patients


		3.3 Levels of coagulation biomarkers in patients with COVID-19


		3.4 Biomarkers of myocardial injury in patients with COVID-19


		3.5 Anemia and impaired protein synthesis in COVID-19 patients


		3.6 Correlation among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients







		4 Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		References







		Inflammatory markers activation associated with vapor or smoke exposure in Wistar rats

		Clinical implications


		Capsule summary


		1 Introduction


		2 Methods

		2.1 Experiment

		2.1.1 Exposure protocol


		2.1.2 Sample collection and analysis


		2.1.3 Ethical considerations and study approval







		2.2 Laboratory tests

		2.2.1 The concentrations of cytokines in rats’ serum


		2.2.2 Real-time qPCR of lung tissues


		2.2.3 IHC staining







		2.3 Statistical analysis







		3 Results

		3.1 The concentrations of cytokines in rats’ serum


		3.2 Real-time qPCR of lung tissues


		3.3 Correlation between the tested proteins and genes


		3.4 IHC staining with the CXCL2 antibody in lung tissues







		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Supplementary material


		References







		Angiotensinogen and C3 compete for renin-induced complement activation

		Introduction


		Methods

		Proteomics

		Sample preparation


		LC-MS analysis


		Data-dependent acquisition







		C3 cleavage to C3b and C3a by renin


		C3 cleavage by renin in the presence of aliskiren


		C3 cleavage by trypsin in the presence of aliskiren


		C3 cleavage by renin in the presence of angiotensinogen

		C3a ELISA


		C3b detection







		Angiotensinogen cleavage by renin in the presence of C3

		Angiotensin I ELISA







		Statistics







		Result

		Recombinant renin does not contain trypsin


		Evidence that recombinant renin cleaves C3 to C3b


		Evidence that recombinant renin cleaves C3 to C3a


		Angiotensinogen inhibits renin-mediated C3 cleavage







		Discussion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Supplementary material


		References







		Spinal neuron-glial crosstalk and ion channel dysregulation in diabetic neuropathic pain

		1 Introduction


		2 The spinal dorsal horn is a significant participant in the pathophysiology of diabetic neuropathic pain

		2.1 Microglia are actively involved in the regulatory mechanisms of diabetic neuropathic pain


		2.2 Astrocytes play a crucial role in diabetic neuropathic pain


		2.3 Schwann cells mediate the mechanisms of diabetic neuropathic pain


		2.4 Neurons involved in regulation of diabetic neuropathic pain







		3 The role and regulation of ion channels in diabetes-induced neuropathic pain

		3.1 Sodium channels in diabetic neuropathic pain


		3.2 Calcium channels in diabetic neuropathic pain


		3.3 Potassium channels in diabetic neuropathic pain







		4 Ion channel-mediated pain regulatory mechanisms in neurons and glial cells

		4.1 Astrocytes and ion channel regulation


		4.2 Microglia and ion channel regulation


		4.3 Schwann cell and ion channel regulation


		4.4 Neuron and ion channel regulation







		5 Herbal extracts in diabetic neuropathic pain management


		6 Gender differences in diabetic neuropathic pain


		7 Conclusion


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		References







		Comprehensive molecular analyses of an autoimmune-related gene predictive model and immune infiltrations using machine learning methods in intracranial aneurysma

		Background


		Methods


		Results


		Conclusion


		Introduction


		Materials and methods

		Data acquisition


		Identification of differentially expressed autoimmune-related genes


		PPI network analysis


		Gene ontology and Kyoto encyclopedia of genes and genomes analysis


		Feature selection of characteristic biomarkers via three machine learning methods







		Results

		Identification of differentially expressed autoimmune-related genes


		Gene set enrichment analysis


		Construction of an aneurysm-related genetic and nomogram


		Construction of regulatory networks







		Results

		Differential expression analysis


		Construction of gene-gene interaction network of DEARGs


		Functional enrichment analysis of DEGs


		Construction and validation of Random Forest, the lasso model and XGBoost, Random Forest methodologies


		Immunological analysis of aneurysm


		Estimation of IA immune cell infiltration


		Construction of a nomogram for prognostic prediction


		Establishment of miRNA-gene and drug gene regulatory networks







		Discussion


		Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		References







		Clinical management of sepsis-associated acute respiratory distress syndrome: current evidence and future directions

		1 Introduction


		2 Pathomechanisms


		3 Fluid management


		4 Timing of antimicrobial therapy


		5 Anti-inflammatory

		5.1 Corticosteroids


		5.2 Statins







		6 Immune regulation


		7 Respiratory support


		8 Lung protective ventilation strategy


		9 Anti-microvascular thrombosis


		10 TCM treatment


		11 Conclusion and future directions


		12 Search strategy and selection criteria


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References


















OPS/images/fimmu.2024.1466615/fimmu-15-1466615-g002.jpg
ALT(U/L)

400
350
300
250
200
150
100

50

Sham

Total bilirubin (mg/dL)

P<0.001

CBDL

600
__500
5’ 400
=300
) 200
< 400

P<0.001

Sham

Sham

CBDL

P<0.001

CBDL

Survivors(%)

80

(22
o

F =Y
o

20

-®- Sham+LPS

4 CBDL+LPS

‘A EXE+CBDL+LPS

¥ RSV+CBDL+LPS

=¢- EXE+RSV+CBDL+LPS

6 12 18 24
Hours after LPS

30

36

P<0.05

P<0.05

P<0.001





OPS/images/fimmu.2024.1485009/table1.jpg
Characteristics

Hospitalized

children with
MIS-C (n=41)

Demographics and epidemiological

Age in months, median (IQR)

55 (16-111.8)

Children under 1 year old, n (%) 9 (22)
Male, n (%) 33 (80.5)
Ethnicity: Brazilian Pardo, n (%) 36 (87.8)
Pediatric complex chronic conditions, n (%) 30 (73.2)
Main Pediatric complex chronic conditions: Neurologic 7 (23.3)
& neuromuscular, n (%)

BMI-for-age Z-scores classification for children under 7 (28)
5 years old: severely underweight, n (%)*

BMI-for-age Z-scores classification for children over 5 5(31.3)
years old: moderately underweight, n (%)**

Time from exposure to symptom onset in days, 23 (15-34)
median (IQR)

Duration of fever in days, median (IQR) 12 (9-17)
SARS-CoV-2 infection confirmed tests: antigen test 41 (100)
n (%)

Critical presentation, n (%) 21 (52,1)
Clinical and intensive support

Gastrointestinal symptoms, n (%) 35 (85.4)
Mucocutaneous rash, n (%) 31 (75.6)
MIS-C clinical form: Shock syndrome Kawasaki 14 (34.1)
disease, n (%)

Cardiogenic shock, n (%) 17 (68)

Vasoactive inotropic-score at admission/and after 72h
from admission median (IQR)

25 (15-93)/70 (22-80)

Oxygen therapy modalities
Low flow interfaces n (%)
Invasive mechanical ventilation n (%)

Non-invasive mechanical ventilation n (%)

8 (19.5)
22 (53.7)

11 (26.8)

Oxygen index at admission/and after 72h from
admission

median (IQR)

Pa0,/FiO, ratio at admission/and after 72 h from

10.6 (8.4-14.8)/10.3
(6.5-13.9)

204 (159-337)/113

admission (75-153)
median (IQR)
Ventilator-associated pneumonia, n (%) 9 (42.9)
| ADRS, n (%) 20 (48.8)
Multiple organ dysfunction: more than 3 organ 26 (63.4)
involvement, n (%)
‘ Renal replacement therapy, n (%) 6 (14.6)
Treatment after 72h from admission, n (%)
Time to start immunomodulatory therapy, in days, 3.5 (3-5)
median (IQR)
Low molecular weight heparin therapy n (%) 35 (85.4)
Methylprednisolone pulse therapy n (%) 27 (65.9)
ntravenous immunoglobulin therapy**** n (%) 37 (90.2)
Outcomes
Length of stay at hospital, in days, median (IQR) 12 (7-18)
Length of stay at PICU, in days, median (IQR) 9 (5-14)
Oxygen time in days, median (IQR) 6 (4-12)
Mechanical ventilation time in days, median (IQR) 7 (4-12)
Ventilator free days at 28th day, median (IQR) 19 (14-23)
In hospital mortality at 28" day, n (%) 16 (39)
PRISMIV, median (IQR) 19 (10.5-39)
PELOD-2, median (IQR) 12 (8-20)

* 25 children under 5 years old (7/25). ** 16 children over 5 years old (5/16). ADRS, acute
distress respiratory syndrome. PRISMIV, pediatric risk of mortality IV. PELOD-2, pediatric
organ logistic dysfunction. IQR, interquartile range. *** hemophagocytic lymphohistiocytosis,
(HLH):13/41 (31.7%), Kawasaki disease: 8/41 (19.5%), toxic shock syndrome: 3/41 (7.3%);
fever of unknown origin: 3/41 (7.3%). ****None of the patients included received IGIV until

day 3.
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Characteristics Hospitalized children with
MIS-C (n=41)
Non-specific Day 1 IDEYVAK]
laboratorial,
median (IQR)
Lactate (mmol/L) 1.5(1.2-2.3) | 22 (1.2-24)* 0.655
Leukocyte/mm® 10,200 11,500 0.134
(6,800- (7,600-
13,600) 16,000)
Lymphocytes/mm’ 1,248 2,266 <0.001
(852-1,674) | (1,248-4,292)
Platelets/mm? 127,500 296,000 0.010
(28,500- (202,000-
317,000) 450,000)
Hemoglobin (g/dL) 10.5 9.8 (9-11.1) 0.164
(9.8-11.4)
INR 1.46 1.23 0.881
(1.01-1.48) (1.04-1.91)
D-Dimer (ng/dL) 2,014 1,264 0.059
(1,209- (711-3,861)
4,125)
Fibrinogen (mg/dL) 248 173 (51-354) 0.761
(148-453)
C-reactive protein(mg/dL) 45 202 0.002
(18.3-84.6) (6.3-412)
Erythrocyte sedimentation rate 40 (30-47) 17 (10-54) <0.001
(mm/h)
Ferritin (ng/mL) 550 314 0.012
(298-954) (107-548)
Urea (mg/dL) 27 (20-49) 30 (13-49) 0.143
Creatinine (mg/dL) 0.4 (0.3-0.6) 0.3 (0.2-0.5) 0.063
AST (IU/L) 48 (36-70) 50 (34-70) 0.677
ALT (IU/L) 41 (17-52) 31 (18-71) 0375
LDH (IU/L) 428 470 0771
(302-685) (306-724)
Albumin (g/dL) 27(2130) 28 (253.2) 0251
Troponin I (ng/L), 0.31 0.2 0.885
(0.06-0.57) (0.012-0.4)
Creatine phosphokinase-MB 30 (24-136) 32 (19-52) 0.013
fraction (IU/L)
Creatine phosphokinase (IU/L) 43 (29-89) 56 (28-297) 0.251
Immunological Day 1 Day 3 p
biomarkers, median (IQR) value**
IL-17A(pg/mL) 14.96 14.42 0.816
(14.78- (14.37-14.9)
14.15)
IEN-y (pg/mL) 9.97 831 0.136
(9.68-9.29) (8.85-8.77)
TNF-o. (pg/mL) 9.58 936 0.488
(9.46-9.99) (9.7-9.03)
IL-10 (pg/mL) 11.59 13.76 0.118
(11.3-11.8) | (13.37-13.03)
IL-6 (pg/mL) 252 24.35 0.361
(25.45- (24.04-214.4)
195.27)
IL-4 (pg/mL) 11.58 9.08 0.555
(11.07- (9.35-9.39)
11.22)
IL-2 (pg/mL) 952 8.05 (8.2-8.3) 0.079
(9.2-9.26)
Inflammatory biomarkers, Day 1 Day 3 p
median (IQR) value**
TEAC (mmol/L) 1.67 2.06 <0.001
(1.45-1.88) (1.96-2.17)
MDA (mmol/m L) 3.62 1.96 0.002
(3.35-3.82) (1.66-1.98)
GSH (umol/mL) 34 (35-36) 37 (34-38) 0.02
Catalase (U/mg protein) 0.042 0.035 <0.001
(0.026- (0.022-0.047)
0.056)
Nitrite in the plasma (uM/ 80.5 54.3 <0.001
mg protein) (70.7-80.2) (44.43-54.2)

*Measured at 24 hours from admission. **Using Wilcoxon signed-ranks test, the bold values
refer to a two-tailed p-value less than 0.05. INR, international normalized ratio. AST, alanine
transaminase. ALT, aspartate transaminase. LDH, lactate dehydrogenase. IL, interleukins.
IFN-y, interferon-gamma. TNF-0,, tumor necrosis factor alpha. TEAC, Trolox Equivalent
Antioxidant Capacity. MDA, malondialdehyde. GSH, glutathione.
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Without cardiogenic With cardiogenic P LOS PICU > 7 LOS PICU <7

Characteristics shock (n=24) shock (n=17) value* days (n=23) days (n=18)

1L-17A, day 1

(pg/mL) 10.94 (5.16-16.37) 22.32 (16.27-29.57) 0.004 19.54 (5.9-27.78) 11.72 (4.61-20.92) 0.068
1L-17A, day 3

(pg/mL) 114 (7.73-15.58) 17.57 (14.35-44) 0018 15.59 (11.35-40.24) 11.59 (7.74-16.33) 0.07
IFN-y, day 1

(pg/mL) 9.00 (8.34-11.56) 10.34 (9.28-11.03) 0.261 9.72 (8.68-11.03) 10.04 (8.51-13.87) 0.969
IFN-y, day 3

(pg/mL) 8.4 (7.01-9.24) 8.31 (6.81-8.36) 0434 831 (6.85-9.43) 8.36 (6.81-8.68) 0.742
TNF-o, day 1

(pg/mL) 8.93 (7.27-11.82) 10.72 (9.11-13.09) 0.255 11.08 (6.8-14.96) 8.99 (7.46-10.12) 0.156
TNF-o, day 3

(pg/mL) 8.37 (6.65-10.55) 10.44 (7.61-11.7) 0.138 9.74 (7.01- 11.11) 8.86 (6.33-10.81) 0.495
1L-10, day 1

(pg/mL) 1121 (8.58-12.67) 12.88 (11.54-18.64) 0.066 11.63 (10.48-16.05) 11.5 (9.07-14.7) 0618
1L-10, day 3

(pg/mL) 1291 (9.21-18.08) 16.58 (11.74-25.26) 0.19 16.58 (10.37-20.81) 12.13 (9.51-6.11) 0.248
1L-6, day 1(pg/mL) 12.08 (7.7-15.72) 18.47 (16.46-24.9) 0.004 16.46 (12.31-23.11) 11.27 (7.09-17.25) 0.088
IL-6, day 3 (pg/mL) 11.04 (8.26-21.92) 23.44 (13.48-42.28) 0.06 26.56 (12.93-78.73) 10.79 (7.26-13.48) 0.005
1L-4, day 1 (pg/mL) 9.43 (6.82-12.47) 124 (11.15-16.72) 0.009 11.77 (9.22-12.89) 9.43 (8.02-15.19) 0.655
1L-4, day 3 (pg/mL) 5.66 (5.03-10.52) 16.49 (13.01-22.64) 0.001 13.98 (5.61-17.03) 5.84 (5.28-9.44) 0.042
IL-2, day 1 (pg/mL) 9.27 (7.27-10.92) 10.79 (8.76-11.29) 0.157 9.52 (8.63-13.1) 9.53 (7.26-10.86) 0351
1L-2, day 3 (pg/mL) 8.11 (7.29-9.25) 8.05 (7.2-9.62) 0.701 8.05 (6.9-9.52) 8.11 (7.7-8.84) 0713
TEAG, day 1

(mmol/L) 1.66 (1.47-1.89) 1.67 (1.38-1.88) 0.751 1.71 (1.47-2.03) 1.56 (1.39-1.83) 0.27
TEAC, day 3

(mmol/L) 2.05 (1.97-2.18) 2.062 (1.96-2.17) 0.947 2.09 (1.96-2.19) 2,02 (1.93-2.17) 0.753
TBARS, day 1

(mmol/m L) 3.72 (1.82-4.82) 3.1 (1.96-4.83) 0.937 4.15 (2.62-5.3) 2.64 (1.66-3.86) 0.055
TBARS, day 3

(mmol/m L) 1.95 (1.37-3.07) 1.99 (1.85-3.54) 0.208 2.33 (1.85-3.57) 1.80 (1.32-2.28) 0.01
GSH, day 1

(umol/mL) 35 (34-36) 36 (35-37) 0.801 36 (35-37) 35 (34-36) 0.372
GSH, day 3

(umol/mL) 38 (37-39) 35(34-37) 0.025 37 (34-38) 38(37-39) 0.338
Catalase, day 1 (U/

mg protein) 0.052 (0.031-0.063) 0.034 (0.025-0.043) 0.04 0.042 (0.03-0.056) 0.041 (0.022-0.061) 0.906
Catalase, day 3 (U/

mg protein) 0.043 (0.025-0.053) 0.028(0.021-0.036) 0.04 0.035 (0.025-0.047) 0.035 (0.018-0.051) 0.906
NO, day 1 (uM/

mg protein) 67.2 (57.85-83.3) 83.8 (80.2-95.1) 0.005 825 (64-92.2) 72 (61.5-83.6) 0.222
NO, day 3 (uM/

mg protein) 45.36 (39.49-56.28) 56.56 (54.13-64.19) 0.005 55.69 (43.2-62.23) 48.6 (41.513- 56.43) 0.222

*The bold values show the Bonferroni method (p=0.0021). LOS - length of stay in hospital.
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Unadjusted model Adjusted model*

Univariate o Multivariate Univariate o Multivariate

HR clos% Vvalue | g ciosy HR cl95% Value pp  cio5y

1L-17 A, day 1 each point up, mean
19.71 pg/mL 1.03 1.02-1.05 <0.001 103 1.04-1.06 0.022 1.05 1.01-1.07 0.012 121 1.02-1.46 0.048

1L-4, day 1 each point up, mean 11.89
pg/mL 1139 105122 0001 092 081-1.05 0218 125 105148 0010 103  099-107  0.102

IL-4, day 3 each point up, mean 14.96

pg/mL 1.046  1.02-1.06 <0.001 1.05 1.01-1.08 0.06 1.07 0.99-1.15 0.10 - - -
GSH, day 3 each point up, mean 0.001- 0.001-

0.036 pmol/mL 0002 0005 | <0.001 - = —— 0003 0.007 0016 - = -
NO, day 1 mean 75.36 yM/mg prot 107 102-L11 0002 | 107 102112 005 | 103 | 097-L1 | 0327 = = -

*Adjusted model: We included as a main cofactor, presence of comorbidity and age less than 1 year old. HR, hazard ratio. CI, confidential interval. GSH, glutathione reductase. NO, Nitrite. IL 6
day 1 and day 3, and NO day 3. did not meet the proportional hazards requirement for Cox regression and therefore was discarded from the regression. The bold values expressing significance
level were set at two-sided p <0.05. We excluded GSH to multivariate regression since the confidential interval was lower than zero, in unadjusted and adjusted model, GSH day 3 mean 0.036
pmol/mL HR 0.002, C195%0.001-0.005, p<0.001 and HR 0.003, C195%0.001-0.007, p=0.016, respectively.
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Characteristics Survivors Non-survi-
(n=25) vors (n=16)
IL-17A, day 1 (pg/mL) 59 23.74 (18.67- 4426) = <0.001
(4.75-13.32)
IL-17A, day 3 (pg/mL) 958 29.73 (1653-48.7) | <0.001
(7.37- 15.25)
IEN-y, day 1 (pg/mL) 8.78 11.36 (9.65-12.73) 0.054
(8.24- 11.29)
IFN-y, day 3 (pg/mL) 8.49 8.04 (6.74-8.36) 0.118
(8.26-9.05)
TNF-0, day 1 (pg/mL) 8.82 (647-9.7) | 11.42 (10.36-15.85) 0.004
TNF-0, day 3 (pg/mL) 8.44 10.23 (7.31-11.85) 0.19
(6.73-10.44)
IL-10, day 1 (pg/mL) 111 14.15 (11.59-19.2) 0.006
(8.01-12.25)
IL-10, day 3 (pg/mL) 1224 1549 (11.2-19.92) 0356
(9.99-17.61)
IL-6, day 1 (pg/mL) 10.93 1823 (15.83-24.23) 0.001
(7.09-15.99)
IL-6, day 3 (pg/mL) 1082 28.31 0.002
(7.26-17.29) (14.35-119.08)
IL-4, day 1 (pg/mL) 9.11 (7- 11.77) | 12.76 (11.83-16.39) 0.001
IL-4, day 3 (pg/mL) 561 1529 (13.5-23.85) | <0.001
(5.02-9.08)
IL-2, day 1 (pg/mL) 9.17 1091 (9.21-13.18) 0.01
(7.26-10.25)
IL-2, day 3 (pg/mL) 8.17 (7.2-8.84) 8.04 (7.12-10.16) 0.873
TEAC, day 1 (mmol/L) 1.59 1.74 (1.48-2.06) 0.285
(1.39-1.84)
TEAC 3, day 3 (mmol/L) 2.07 1.98 (1.74- 2.17) 0.153
(1.98-2.19)
Malondialdehyde, day 1 2.9 (1.95-4.63) 4 (1.68-5.27) 0.415
(mmol/m L)
Malondialdehyde, day 3 1.85 231 (1.93-3.53) 0.025
(mmol/m L) (1.33-2.62)
Glutathione, day 1 42 (31-45) 43 (33-46) 0.378
(umol/mL)
Glutathione, day 3 44 (42-45) 33 (31-38) <0.001
(umol/mL)
Catalase, day 1 (U/ 0.056 0.031 (0.021-0.042) 0.007
mg protein) (0.033- 0.061)
Catalase, day 3 (U/ 0.042 0.025 (0.017-0.035) 0.007
mg protein) (0.028-0.051)
Nitrite, day 1 (uM/ 69.4 $8.8 (83.1-96.7) <0.001
mg protein) (61.5-81.2)
Nitrite, day 3 (uM/ 468 59.9 (56.1-65.3) <0.001
mg protein) (41.5-54.8)

*The bold values show the Bonferroni method (p=0.0021).
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Correlation with

BALF differential the BALF-CD44

cell counts

R-value
DLCO —-0.26352 <0.0001
vC —-0.1603 0.009
Total BALF cells 0.12036 0.0638
BALF macrophages (%) 0.36908 <0.0001
BALF macrophages (total number) 0.42683 <0.0001
BALF lymphocytes (%) —0.40988 <0.0001
BALF lymphocytes (total number) —-0.25721 <0.0001
BALF neutrophils (%) 0.04409 0.4984
BALF neutrophils (total number) 0.10641 0.1015
BALF eosinophils (%) 0.1369 0.0352
BALF eosinophils (total number) 0.15939 0.0138
BALF CD3+ T cells (%) —0.20642 0.0013
V BALF CD3+ T cells (total number) —-0.25726 <0.0001
BALF CD4+ T-helper cells (%) —-0.15787 0.0146
BALF CD4+ T-helper cells |
(total number) —0.29654 <0.0001
BALF CD8+ T-cytotoxic cells (%) 0.13685 0.0345
BALF CD8+ T-cytotoxic cells
(total number) —0.15724 0.0152
BALF CD4/CDS8 ratio —0.14405 0.026
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Source Mean diameter (nm Mode diameter (nm Concentration
IPF-BALF 120 87.3 14.33E+8/mL

IPF-BALF-activated MRC-5 supernatant 147 116.7 9.2E+9/mL

Exosomes in BALF from IPF patients (N = 4) and from conditioned supernatants of the BALF-activated MRC-5 cells (N = 3) measured by means of the Nanopore 150 (range: 60-640 nm).
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Analysis of maximum likelihood estimates

Parameter Estimate Standard E Pr > ChiSq
Model 1 CD44 pg/mL 0.000036 5.38E-06 43.6412 <0.0001
Model 2 (adjusting for confounders) CD44 pg/mL 0.000046 7.22E-06 41.2662 <0.0001

Age 0.00106 0.000157 45.7175 <0.0001

Smoking status =0.022 0.2155 0.0104 0.9187

Model 1 represents the logit model of the CD#4 effect on binary variable fibrotic versus inflammatory process. Model 2 represents the logit model of the CD44 effect on binary variable fibrotic/
inflammatory process after controlling for the effects of confounders (age and smoking).
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Total lung Left lung Right lung

Volume (L) Volume (L) Volume (L)
Lung parenchyma 6.6 100 34 99 32 100
Lung consolidation 0.0 <1 0.0 <1 0.0 <1
Emphysema 05 8 02 6 03 10
Ground-glass opacity 03 14 0.1 3 02 5
Honeycombing 12 18 0.6 17 0.6 20
Reticular pattern 02 3 0.1 2 0.1 4
Others 0.5 8 0.2 7 0.3 8
Unremarkable 38 58 22 64 1.6 52
Pleural cavity ‘ 0.0 <1 0.0 1 0.0 <1
Pleural effusion 0.0 <1 0.0 <1 0.0 <1
Pneumothorax 0.0 <1 0.0 1 0.0 <1
Total potential lung volume 6.6 100 34 100 32 100

The data correspond to the representative IPF patient’s lungs shown in Figure 4.
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HRCT patterns

Correlation with
BALF-CD44

R-value

P-value

HRCT % of anomalies 0.2777 0.0275
HRCT ground-glass opacity 0.3103 0.0133
HRCT reticular pattern 0.324 0.0096
HRCT honeycombing 0.2646 0.0361
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Diagnoses HP SRC OP ILD
Total BALF cells (cells/uL; median [IQR]) 127 [123] 331 [232) 103 [88] 217 [149] 140 [95]
Macrophages (%; median [IQR]) 79 [16] 30 (32 64 [30] 43 [29 66 [17]
Macrophages (total number; median [IQR]) 92 [109] 82 [51 61 [46] 91 [70 81 [52
Neutrophils (%; median [IQR]) 10 [9] 5[7] 3[5] 6 (9] 14 [13
Neutrophils (total number; median [IQR]) 10 [22] 13 [23 4 [6] 10 [13 20 [28]
Eosinophils (%; median [IQR]) 2[5 1[2] 1[1] 3 (5] 3[4]
Eosinophils (total number; median [IQR]) 3 (10 3(7) 0[1] 5[13] 3(7]
Lymphocytes (%; median [IQR] 8 [6 61 [32] 31 [30] 43 29 15 [15
Lymphocytes (total number; median [IQR]) 11 [10] 205 [236] 36 [47] 83 [90 20 [31
CD3 (total number; median [IQR]) 909 188 [223] 34 [44] 77 (85 15 [27]
CD4 (total number; median [IQR]) 5[3 78 [134] 26 [43] 25 [39. 9 [10]
CD8 (total number; median [IQR]) 3 [4] 66 [158] 5(8] 34 [50 7171
CD4/CD8 (median [IQR]) 1[2 1[2] 5 (5] 0.5 [0.7] 21[1)
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Protein names Gene names log, (IPF/CT] ExoCarta Vesiclepedia
Protein $100-A4 S100A4 9.2 % b
C-X-C motif chemokine; interleukin-8 CXCL8 73 + =
interleukin-6 IL6 44 = +
Tyrosine-protein kinase HCK HCK 37 + +
Midkine MDK 24 + *
Thrombospondin-2 THBS2 18 + +
5’-Nucleotidase NT5E 14 + +
Protein-lysine 6-oxidase Lox 12 - +
CD44 antigen CD44 11 + +
Connective tissue growth factor CTGF 08 =] +

Fibroblasts were treated with either IPF-BALF (IPF) or PBS (CTR) diluted in media for 24 h, washed, and cultivated for the next 24 h in media only. Then, the conditioned media were collected
and centrifuged, and the supernatants were proteomically analysed by mass spectrometry. The difference in protein quantity between IPF and CTR samples was calculated as a log,-transformed
ratio of mean LFQ intensities. Fibroblast-specific expression and exosomal origin were assigned to the quantified proteins by using the PanglaoDB database and the ExoCarta and Vesiclepedia
databases, respectively. Fibroblast-specific proteins with a log, mean IPF/mean CTR greater than 0.8 and a Student’s t-test q-value lower than 0.005 are shown.
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Exposure utcome No.of SNP OR(95% CI)
IgD+ CD38dim AC Heart failure 2 101 (1.00-1.02) 0.016058368
IgD+ AC Heart failure 14 101 (1.00-1.03) 0037777331
on gD+ CD24+ Heart failure 20 102 (1.00-1.04) 0.02161675
on IgD- CD38dim Heart failure 4 1.04 (1.00-1.09) 0027552271
CD19 on IgD+ CD3S- unsw mem Heart failure 2 101 (1.00-1.02) 0.04815258
BAFF-R on IgD- CD38- Heart failure 19 102 (1.00-1.03) 0041740718
CD20 on B cell Heart failure 2 1.03 (1.00-1.05) 0031658149
BAFF-R on unsw mem Heart failure 2 101 (1.00-1.03) 0.038088456
CDIlc on CD62L+ myeloid DC Heart failure 26 0.98 (0.96-0.99) 0.009556911
HLA DR on plasmacytoid DC Heart failure 27 1.02(1.00-1.03) 0021851139
DCAC Heart failure 2 1.03 (1.01-1.06) 0.009507088
CD62L- plasmacytoid DC AC Heart failure £ 0,97 (0.95-1.00) 0.018426367
CD62L- CDS6+ myeloid DC %DC Heart failure 18 102 (1.00-1.04) 0023902134
TDCD4+ AC Heart failure n 0.96(0.93-0.99) 0022342814
CD3 on CM CD4+ Heart failure £ 1.02(1.00-1.03) 0.030257561
PDL-1 on CD14- CDI6+ monocyte Heart failure 19 0.98(0.97-1.00) 0.040551763
CD64 on CD14+ CDI6- monocyte Heart failure 37 0.99(0.98-1.00) 0.048424418
CD45 on CD33br HLA DR+ CD14- Heart failure 18 1.04 (1.01-1.06) 0.004652702
Gr MDSC AC Heart failure 2 1.02(1.00-1.05) 0.03118096
HLADR on CD33- HLA DR+ Heart failure 15 1.02(1.00-1.04) 003331692
B cell %lymphocyte Heart failure 34 1.02 (1.00-1.04) 0.038180325
CD3 on HLA DR+ CD4+ Heart failure 26 0.95 (0.96-1.00) 0.030719699
CD4S on B cell Heart failure 16 1.02 (1.00-1.03) 0.040175084
CD45 on CDI4+ monocyte Heart failure 17 0.98 (0.95-1.00) 0.031886059
HLADR on HLA DR+ CD4+ Heart failure 21 0.97 (0.94-1.00) 0.041255958
CDSbr and CDSdim %leukocyte Heart failure 14 0.95(0.91-0.99) 0.010433873
HLA DR+ NK %NK Heart failure £ 0.97(0.95-1.00) 0022457528
CD3 on CD28+ DN (CD4-CDS-) Heart failure 16 0.98 (0.96-1.00) 0017421529
Resting Treg % CD4 Treg Heart failure 31 0.98 (0.97-0.99) 0.001063164
CD127 on CD4SRA+ CD4+ Heart failure 23 1.03 (1.00-1.05) 0.016041358
CD25hi CDASRA- CD4 not Treg AC Heart failure 20 1.01(1.00-1.02) 0.030201842
CD39 on CD39+ activated Treg Heart failure 23 1.02 (1.00-1.04) 0.045384921
CD25hi CDASRA+ CD4 not Treg %CD4+ Heart failure 35 0.99(0.98-1.00) 0.013975283
CD28 on secreting Treg Heart failure 17 1.02 (1.00-1.03) 0.032235463
CD25hi CDASRA+ CD4 not Treg %T cell Heart failure 30 0.99(0.98-1.00) 0015133915
Resting Treg %CD4 Heart failure 34 0.98 (0.97-0.99) 0.000325693
CD28 on CD39+ activated Treg Heart failure 20 0.98 (0.96-1.00) 0025911726
CD39+ CDSbr %CDSbr Heart failure 23 1.02(1.00-1.03) 0023783484
CD4SRA on CD39+ resting Treg Heart failure 9 0.97 (0.94-1.00) 0025734842
CDI27- CDSbr AC Heart failure 14 1.03 (1.00-1.06) 0.041530067

50.98.00.0:
Hazard Ratio(95%CI)

2.01.06.08
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Gene Description Chromosome logFC P.Value Change
ADIPOQ Adiponectin, C1Q And Collagen Domain Containing 3 -2.825 1.82x107° DOWN

IL21R Interleukin 21 Receptor 16 1.662 4.29x1077 UP
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Diagnoses IP il SRC OP CTD-ILD

Number of subjects 46 58 123 14 16

‘ Age (mean([SD]) 68[8] 49(14] 46[13] 60[14] 60[12]
Sex: female/male (%) 61/39 33/67 46/54 57/43 63/37
Smokers/ex-smokers/non-smokers (%) 9/52/39 4/30/66 11/18/71 0/7/93 13/33/54
Inflammatory/fibrotic (%) 66/34 44/56

DLCO (%; median [IQR]) 50 [21] 66 (23] 85 (20] 69.5(29] 73 [21]






OPS/images/fimmu.2024.1479458/fimmu-15-1479458-g001.jpg
Fibroblasts

BALF
4@ Fibroblast treatment
—

Retrospective Fibroblast
BALF analysis secretion
(ELISA)

Intensity

Secretome apil
1 analysis FNASE
G f f

miz

MS/MS Supernatants





OPS/images/fimmu.2024.1479458/fimmu-15-1479458-g002.jpg
The MRC-5 human lung fibroblasts - microscopy
PBS-treated (CTR) BALF-treated (IPF)

10 um

B BALF-treated MRC-5 human lung fibroblasts - Western blotting
CTR IPF —
60kD - — —— *
- vimentin 3 o
45KkD - (lysates) g
el g ‘- alpha-SMA  § X a = =
(lysates) S 8 2 B [ | %
o -
26 kD - 3z
W e cox-IV N ? ? g o
17kD - (lysates) 5E o
N =
14
S0kD- . cD44 = p
72kD - (lysates) ==

kD -
%0 ' CD44
72kD - (supernatants) Vimentin alpha-SMA CD44  CD44

(lysates) (lysates) (lysates) (supernatants)
C BALF-treated MRC-5 human lung fibroblasts - CD44 ELISA
M IPF [ CTR

D
o
o

A0
o O
o O

BALF protein concentration (pg/mL)
S
o

200
100
0
D
CR ___PF___ E CD44 mRNA
- GM6001 GW4869 c
l . S1
90 kD . . o :
72kD - (supematants) &
CD63 s
35kD - . (supernatants) .gO.
26 kD - %
o

cox-IV
“ (lysates)

o

CTR IPF





OPS/images/fimmu.2024.1479458/fimmu-15-1479458-g003.jpg
CD44 in BALF

B IPF B HP - inflammatory [] CTD-ILD - inflammatory

[]oP

[l SRC [@ HP - fibrotic EJ CTD-ILD - fibrotic
250000

£ 200000

150000

100000

50000

BALF protein concentration (pg/mL)

BALF fractions from the Izon qEV column

exosomal soluble
F8 F9 F10 F11 F12 F13 F14 F15 F16

150 kD - - S R W G
90 kD -

72kD - .. ' 4 @ ! cbas
35KkD - '.“'- - CD63

4

o IPF-BALF exosomes IPF-MRC-5 supernatant exosomes
— 0 6 IPF - dark grey
= ig T IPF 1 E CTR - light grey
~ »
'\8 40 43 IPF 2 E 5
—_— [$]
O 35 - IPF3 £ 4
S 30 8
= W IPF4 =
e 25 c
(o]
220 = g
S5 =
'E C
S 10 8 1
(&) | [=
§° 3 m
8 0 = — O o |
60 100 140 180 220 260 300 340 380 420 80 100 150 200 250 300 350 400 450 500 550 600 650 700

particle diameter (nm) particle diameter (nm)





OPS/images/fimmu.2024.1479458/fimmu-15-1479458-g004.jpg
ROC Curve for Model
Area Under the Curve = 0.8048

1.00

0.75

0.50

Sensitivity

025

Q.00

0.00 0.25 0.50 0.75 1.00
1 - Specificity

Lung consolidation Emphysema Ground-glass opacity Honeycombing

Reticullar pattern Pleural effusion Pneumothorax Lung anomalies






OPS/images/fimmu.2024.1475543/table1.jpg
Total patients (| AKI group (N=85)

Hospital stays 9.5+35 9+3 9.25+4.25 0.811

Male 106 58 48 0.38
Gender

Female 88 51 37 0.176
Age 77.5 75.0 79.0 0.176
Smoking 58 34 24 0.388
Myocardial Infarction (MI) 19 9 10 0.282
Cardiopathy 193 108 85 0.282
NYHA class il 87 59 28

0.002

v 107 50 57
Hypertension 154 84 70 0.235
COPD 20 11 9 0.546
CKD ‘ 74 ‘ 32 42 0.003
Cerebrovascular 30 16 14 0.441
Diabetes 70 44 26 0.104
Infection 80 40 40 0.096
Disturbance of consciousness 12 2 10 0.005
Body temperature 36.8 36.8 36.7 0.333
Sphygmus 80 82 78 0432
Breathing rate 18 18 18 0.142
Systolic blood pressure 136.56+26.239 137.41425.466 135.46+27.312 0.405
Diastolic blood pressure 76.5 77 76 0.508
hsCRP > 8 mg/L 7.6 5.02 16.23 <0.001
Lactate > 2.2 mmol/L L9 16 26 < 0.001
P O, <90% 87.75 90 80.5 0.203
Neutrophil/lymphocyte >11 4.6 35 89 < 0.001
PRO 43 16 27 < 0.001
BLD 44 26 18 0.462
¢Tnl > 0.1 ng/ml 0.02 0.02 0.04 0.029
Pro-BNP = 450 pg/ml 3931.55 1347.6 10435.17 < 0.001
D2 polymers (0.1-0.55mg/1) 0.94 0.82 1.29 < 0.001
ALB 337 342 3355 0.202
LDL 177 1.68 1.82 0.076
TC 3.67 3.58 3.75 0.483
PCT 0.3 0.14 0.54 < 0.001
FPG 6.07 593 6.24 0.16
BUN 8.75 79 104 0.025
CRE 103 90.2 116.69 < 0.001
UA 458.55+175.8 447.74£174.9 472.57+117.02 0.743
GFR ml/min 61.39+31.74 68.21+34.49 52.64+25.45 0.004
Serum kalium 3.99+0.65 4.02+0.69 3.95+0.61 027
Serum natrium 139.2+4.85 138.98+4.39 139.49£5.39 0.508
EF < 50 % 46.09£14.93 48.78+14.87 42.66+14.37 0.608
NKI1 antagonist 80 50 30 0.146
Spironolactone 113 70 43 0.117
Loop diuretics 161 92 69 0.015
CCB 79 45 34 0.044
ACEI 41 28 13 0.538
ARB 29 20 9 0.544
Antidiabetic 64 36 28 0.033
Vasoconstrictor 27 7 20 < 0.001
Vasodilators 69 43 26 0.275
Digoxin 96 47 49 0.021
Statins 105 65 40 0.268
Anticoagulation 160 93 67 0376
CRRT 20 1 19 < 0.001

Mechanical ventilation 45 14 31 < 0.001
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General condition OR  95%Cl P
NYHA class (III VS IV) ‘ 2.402 (1.333,4.328) 0.004
CKD (with or without) 235 (1.3,4.249) 0.005
Disturbance of consciousness (with

or without) 7133 (1.519,33.495) 0.013
Breathing rate 1.113 (1.027,1.206) 0.009
Hb 0.981 (0.968,0.993) 0.002
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Ijel‘;';mp hil/lymphocyte 211 (2 11 VS 15455 (6.11,39.093) <0001
PRO (Positive VS negative) 4.746 (2.046,11.008) <0.001
cTnl (> 0.1ng/ml VS < 0.1ng/ml) 212 (1.004,4.479) 0.049
Pro-BNP (> 450 pg/ml VS <450 pg/ml) 4.236 (1.479,12.136) 0.007
D2 polymers (0.1-0.55 mg/l VS other) 0.441 (0.226,0.858) 0.016
ALB (<30 g/l VS 230g/1) 2.102 (1.064,4.151) 0.032
CRE 1.009 (1.004,1.014) 0.001
GFR (< 50 %VS >50%) 0.983 (0.973,0.993) 0.001
EF 2.894 (1.537,5.447) 0.001
Loop diuretics (with or without) 8.25 (1.04,65.431) 0.046
Antidiabetic (with or without) 2274 (1.021,5.061) 0.044
Vasoconstrictor (with or without) 5.952 (2.214,16) <0.001
Digoxin (with or without) 2.04 (1.073,3.877) 0.03
CRRT (with or without) 39.966 = (5.099,313.224) = <0.001
Mechanical ventilation (with or without) 4.658 (2.155,10.065) <0.001
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Coefficient OR 95% CI B

Intercept 032 1.38 (0.06, 25.77) 0832
Lactate (= 2.2 mmol/L VS < 2.2 mmol/L) 1.40 4.06 (150, 11.69) 0.007
Neutrophil/lymphocyte 11 (= 11 VS < 11) 292 18.51 (539, 88.36) <0001
Pro-BNP (= 450 pg/ml VS <450 pg/ml) 254 1274 (2.02, 126.46) 0018

Hb -0.04 0.96 (0.94, 0.99) 0.001
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