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Abstract
BACKGROUND
Patients with sepsis are at high risk for acute gastrointestinal injury (AGI), but the diagnosis and treatment of AGI due to sepsis are unsatisfactory. Heparanase (HPA) plays an important role in septic AGI (S-AGI), but its specific mechanism is not completely understood, and few clinical reports are available.

AIM
To explore the effect and mechanism of HPA inhibition in S-AGI patients.

METHODS
[bookmark: _Hlk144227139]In our prospective clinical trial, 48 patients with S-AGI were randomly assigned to a control group to receive conventional treatment, whereas 47 patients were randomly assigned to an intervention group to receive conventional treatment combined with low molecular weight heparin. AGI grade, sequential organ failure assessment score, acute physiology and chronic health evaluation II score, D-dimer, activated partial thromboplastin time (APTT), anti-Xa factor, interleukin-6, tumour necrosis factor-α, HPA, syndecan-1 (SDC-1), LC3B (autophagy marker), intestinal fatty acid binding protein, D-lactate, motilin, gastrin, CD4/CD8, length of intensive care unit (ICU) stay, length of hospital stay and 28-d survival on the 1st, 3rd and 7th d after treatment were compared. Correlations between HPA and AGI grading as well as LC3B were compared. Receiver operator characteristic (ROC) curves were generated to evaluate the diagnostic value of HPA, intestinal fatty acid binding protein and D-lactate in S-AGI.

RESULTS
Serum HPA and SCD-1 levels were significantly reduced in the intervention group compared with the control group (P < 0.05). In addition, intestinal fatty acid-binding protein, D-lactate, AGI grade, motilin, and gastrin levels and sequential organ failure assessment score were significantly decreased (P < 0.05) in the intervention group. However, LC3B, APTT, anti-Xa factor, and CD4/CD8 were significantly increased (P < 0.05) in the intervention group. No significant differences in interleukin-6, tumour necrosis factor-α, d-dimer, acute physiology and chronic health evaluation II score, length of ICU stay, length of hospital stay, or 28-d survival were noted between the two groups (P > 0.05). Correlation analysis revealed a significant negative correlation between HPA and LC3B and a significant positive correlation between HPA and AGI grade. ROC curve analysis showed that HPA had higher specificity and sensitivity in diagnosis of S-AGI.

CONCLUSION
HPA has great potential as a diagnostic marker for S-AGI. Inhibition of HPA activity reduces SDC-1 shedding and alleviates S-AGI symptoms. The inhibitory effect of HPA in gastrointestinal protection may be achieved by enhanced autophagy.
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Core Tip: Heparanase (HPA) plays an important role in the occurrence and development of septic acute gastrointestinal injury (S-AGI). Our experimental results show that HPA has great potential as a diagnostic marker for S-AGI. Inhibition of HPA activity reduces syndecan-1 shedding, reduces inflammatory response, improves coagulation and immune function, and alleviates S-AGI symptoms. The inhibitory effect of HPA on gastrointestinal protection may be achieved by increasing the level of autophagy.

INTRODUCTION
Sepsis, a life-threatening condition caused by the host’s dysfunctional response to infection, is a common condition in the intensive care unit (ICU) and is associated with acute organ dysfunction and a high risk of death[1]. Sepsis has become an important public health problem worldwide due to its extremely high prevalence and mortality[2-4]. The intestine is one of the organs most vulnerable to dysfunction caused by sepsis[5]. It has been reported that sepsis causes acute gastrointestinal injury (AGI) in more than 90% of patients[6] and that gastrointestinal function is an important determinant of outcome in ICU patients[7]. Thus, AGI is the central link of sepsis. During sepsis, increased cytokine levels lead to increased intestinal mucosal permeability, in which activated myosin light streptokinase increases paracellular permeability and leads to contraction or opening of tight junctions in the apical region. Increased intestinal permeability subsequently leads to increased systemic inflammation through a positive feedback loop, forming a vicious cycle[8,9]. Treatment of septic AGI (S-AGI) currently consists mainly of prevention and correction of intestinal flora disorders, administration of intestinal mototropic agents, and early restoration of intestinal nutrition. However, these treatments do not necessarily have satisfactory therapeutic results[10]. Therefore, it is of great significance to explore treatment for S-AGI.
Heparanase (HPA) is the only enzyme in the body that can degrade heparin/heparin sulfate. HPA exists in lysosomes in the form of protonase and is widely activated in the context of tumours, inflammation, injury, hypertrophic lesions and immune reactions[11,12]. HPA degrades the heparin sulfate side chain of heparan sulfate proteoglycan (HSPG) and destroys the extracellular matrix and basement membrane, thereby damaging the structural integrity of cells[13]. In addition, HPA exhibits nonenzymatic functions, including cell signaling, adhesion, and differentiation[14]. HPA plays an important role in sepsis. A recent study demonstrated that HPA expression increases during sepsis and is associated with mortality[15]. In our previous review, we reasonably hypothesized that HPA is involved in the occurrence and development of S-AGI[16]. However, the mechanism is unclear, especially in clinical practice, and needs further investigation.
Low molecular weight heparin (LMWH) derived from common heparin is widely used due to its excellent efficacy, good predictability, low risk of bleeding, and reduced number of side effects[17]. With deepening of research, LMWH has been used in other applications in addition to anticoagulation as an anti-inflammatory, anti-fibrosis, antitumour, or antiviral agent[18-20]. These actions are all achieved by inhibiting HPA. As an inhibitor of HPA, LMWH is widely used in sepsis and inflammatory bowel disease[21,22]. Therefore, LMWH was selected as the intervention drug for the intervention group. In this study, we aimed to explore whether the gastrointestinal symptoms of S-AGI patients improve after HPA suppression and whether indicators of inflammation, coagulation, immunity, and survival status improve. The possible mechanism was also explored.

MATERIALS AND METHODS
Patients
This study was a prospective double-blind randomized controlled trial approved by the Ethics Committee of the First Hospital of Lanzhou University. The ethics number is LDYYLL2022-270. S-AGI patients in the ICU of the First Hospital of Lanzhou University were selected from March 2022 to February 2023. The flow chart is presented in Figure 1, and 95 patients were finally included in the study.
Inclusion criteria: (1) Age ≥ 18 years old, sex unrestricted; (2) Patient meets the diagnostic criteria for sepsis 3.0 [positive or suspected infection with Sequential Organ Failure Assessment (SOFA) ≥ 2 points][1]; (3) Patient meets the AGI diagnostic criteria [(ESICM) 2012 recommendation AGI severity rating][6]; and (4) Informed consent signed by the patient or his or her family.
Exclusion criteria: (1) Combined with underlying gastrointestinal diseases (tumour, tuberculosis, inflammatory diseases, etc.); (2) Gastrointestinal surgery; (3) Patients with terminal disease expected to die within 24 h; (4) Patients with neurogenic shock, cerebrovascular accident, or craniocerebral trauma; and (5) Patients with definite haemorrhagic disease.

Groups and treatment
Patients who met the inclusion criteria were randomly assigned to the control group or the intervention group by hierarchical randomization generated by SAS statistical software. A letter for each random number was prepared in duplicate in a blind manner and sealed. At the time of statistical analysis, the blinding was exposed twice, the first blinding involved dividing the patients into groups, and the specific drugs in each group were determined at the second blinding. However, if the patient’s condition recurred or haemodynamic instability affected the patient’s prognosis during the study, it was terminated, and the blinding was urgently removed.
The control group included 48 patients who received conventional treatment; 47 patients in the intervention group were treated with LMWH in addition to conventional treatment. The control group received special intensive care as needed, including oxygen or mechanical ventilation, antimicrobial therapy, vasopressor administration, fluid resuscitation, blood glucose control, nutritional support, analgesia, sedation, or renal replacement therapy. The control group did not receive heparin as the standard of care for S-AGI patients. In the intervention group, patients were administered LMWH sodium (4000 U qd, subcutaneous injection) for 7 consecutive days in addition to receiving standard treatment as described above. The control group was given the same dose of saline (subcutaneous injection) for 7 consecutive days.

Research indicators and outcome measurement
Baseline data, such as age, sex, body mass index, source of infection, indicators of infection, AGI grade, SOFA score, and Acute Physiology And Chronic Health Evaluation II (APACHE II) score, of all patients were collected at admission. Gastrointestinal functional status was observed at 1, 3 and 7 d after treatment. Specifically, AGI grading assessment, SOFA score, APACHE II score, D-dimer, activated partial thromboplastin time (APTT), and anti-Xa factor coagulation index data were collected. Serum interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α), HPA, syndecan-1 (SDC-1), LC3B, intestinal fatty acid binding protein (IFABP), D-lactate, motilin and gastrin levels were measured by enzyme-linked immunosorbent assay (ELISA). CD4 and CD8 T cells were detected by flow cytometry. The length of ICU stay and length of hospital stay were assessed, as was survival status at 28 d of all patients.

ELISA
Serum samples were diluted at an appropriate ratio, and the standard working solution was configured according to the kit instructions (Elabscience, Shanghai, China). Standard, blank and sample wells were established. Then, 100 μL of standard, standard and sample diluent and serum samples to be tested were added and incubated at 37 °C for 90 min. The biotinylated antibody working solution, enzyme binding working solution, substrate solution and termination solution were added successively. After the reaction was terminated, the optical density (OD value) of each well was immediately measured based on an enzyme label at 450 nm.

Flow cytometry
FITC-labelled (the reagents were purchased from Boster, Wuhan, China) mouse anti-human CD3 antibody (2 μL), APC-labelled mouse anti-human CD4 antibody (1 μL), and PerCP/Cy5.5 mouse anti-CD8B monoclonal antibody (1 μL) were placed into flow cytometry test tubes. One hundred microlitres of whole peripheral blood was obtained and incubated at room temperature for 15 min after shaking and mixing. Then, 500 μL of haemolysin, 200 μL of phosphate buffered saline and 100 μL of fully mixed microspheres were added, and the specimens were assessed by flow cytometry. Cells were analysed by Kaluza Analysis software to obtain CD4 and CD8 T-cell counts.

Statistical analysis
Normally distributed data are expressed as the mean ± standard deviation (SD) and were compared with a t test. Nonnormally distributed data are expressed as the median (interquartile range) and were compared using the Mann-Whitney U test. Counting data were tested using χ2 tests. The Kolmogorov-Smirnov test was used to test the normal distribution of data. To take into account the repeated nature of the variables, analysis of variance for repeated measurements of the general linear model was implemented. Correlations were analysed using the Pearson method. The Kaplan-Meier method was used to generate a survival curve within 28 d after inclusion. The diagnostic value of HPA was evaluated by receiver operator characteristic (ROC) curve analysis. Graphs were generated using GraphPad Prism 8.0.2 software (SYSTAT, United States), and P < 0.05 was considered statistically significant.

RESULTS
[bookmark: _Hlk144222661]A total of 130 patients were screened during the trial (Figure 1). Regarding loss to follow-up, 7 patients were transferred to hospitals for treatment or contact was lost after discharge and could not be followed up. In total, 95 patients with S-AGI were finally included. Of these patients, 48 were randomly assigned to the control group and 47 to the intervention group. The baseline data and clinical parameters of the patients at admission are presented in Table 1. The mean age of the control group was 59.90 ± 18.81 years old, and 68.75% were male. The mean age of patients in the intervention group was 60.98 ± 14.10 years old, and 70.21% were male. In the control group, 9 patients (18.75%) were classified as having AGI grade I, 13 patients (27.08%) as having AGI grade II, 20 patients (41.67%) as having AGI grade III, and 6 patients (12.50%) as having AGI grade IV. In the intervention group, 8 cases (17.02%), 10 cases (21.28%), 22 cases (46.81%) and 7 cases (14.89%) were classified as AGI grades I, II, III and IV, respectively. No significant differences in serum white blood cell counts or procalcitonin, HPA and SDC-1 levels were noted between the two groups (P > 0.05). Overall, the two groups were well balanced in terms of baseline characteristics.

LMWH effectively inhibits serum HPA and SDC-1 in S-AGI patients
The serum HPA concentration in the control group was significantly higher than that in the intervention group on the 3rd and 7th d of treatment (Figure 2A) (P < 0.05). Serum SDC-1 also showed a difference between the two groups on the 7th d of treatment (Figure 2B) (P < 0.05). The above data indicate that serum HPA and SDC-1 levels were effectively inhibited in S-AGI patients in the intervention group.

HPA inhibition improves gastrointestinal function in S-AGI patients
AGI ratings were assessed on the 1st, 3rd and 7th d after treatment (Figure 3A). The AGI grades of both groups decreased and were significantly lower in the intervention group than in the control group on the 7th d (P < 0.05). As shown in Table 2, the number of AGI II, III and IV patients in the intervention group was significantly lower after 7 d of treatment than after 1 and 3 d of treatment. In addition, the number of AGI II, III and IV patients were significantly lower in the intervention group than in the control group. IFABP and D-lactate are intestinal barrier biomarkers. Figures 3B and C shows that serum IFABP and D-lactate concentrations on the 7th d were significantly lower than those on the 1st d, with the concentrations in the intervention group being significantly lower than those in the control group (P < 0.05). Motilin and gastrin are indicators of gastrointestinal motility. As shown in Figures 3D and E, motilin and gastrin levels increased significantly in the intervention group after 7 d of treatment (P < 0.05). All the above data indicate that inhibition of HPA significantly improved gastrointestinal function, the intestinal barrier and gastrointestinal dynamics in S-AGI patients.
As shown in Figure 3F, we plotted ROC curves for HPA, IFABP and D-lactate and calculated their AUC values. IFABP and D-lactate are biomarkers of septic AGI, but the AUC for HPA of 0.9241 (95% confidence interval: 0.8690-0.9707) was the largest of the three. The sensitivity and specificity of HPA were 93.68% and 82.54%, respectively, and compared with the sensitivity of D-lactate (82.11% and 79.37%) and the sensitivity of IFABP (91.58% and 58.73%), HPA was still highest. These results indicate that HPA has better diagnostic efficacy in S-AGI. Overall, HPA exhibits great potential as a biomarker for S-AGI.

HPA inhibition induces anticoagulant effects and enhances immune function
Figure 4 shows the inflammation, coagulation and immune indices of the two groups after treatment. As illustrated in Figures 4A and B, IL-6 and TNF-α serum levels decreased significantly on the 7th d of treatment compared with on the 1st d (P < 0.05). Despite the lack of a significant difference between the two groups, levels of inflammatory cytokines in the intervention group were reduced. After 7 d of treatment, APTT and anti-Xa factor levels in the two groups increased significantly compared with those on the 1st d of treatment (P < 0.05), whereas D-dimer levels decreased significantly (P < 0.05). APTT and anti-Xa factor levels increased significantly in the intervention group compared with the control group (P < 0.05) (Figures 4C-E). The anticoagulation effect in the intervention group was better than that in the control group. As shown in Figure 4F, the intervention group exhibited significantly more CD4/CD8 cells than the control group (P < 0.05). In conclusion, compared with the control group, the intervention group exhibited better anticoagulant effects and immune enhancement effects.

HPA inhibition improves gastrointestinal function in S-AGI patients through modulation of autophagy
To explore the possible mechanism by which HPA inhibition improves gastrointestinal symptoms in S-AGI patients, autophagy was assessed (Figure 5). The LC3B level of the intervention group was significantly higher than that of the control group (P < 0.05). As shown in Table 3, a significant negative correlation was noted between HPA and LC3B and a significant positive correlation between HPA and AGI grade. Thus, the decrease in serum HPA and SDC-1 is critical for S-AGI patients, and HPA correlates significantly with autophagy and gastrointestinal functional status.

HPA inhibition partially improves the severity score of S-AGI patients but does not shorten the length of hospital stay or improve the survival status
Within 7 d of ICU treatment, the APACHE II score and SOFA score of the two groups had significantly decreased compared to those before ICU treatment (P < 0.05), and the SOFA score of the intervention group was significantly lower than that of the control group on the 7th d (P < 0.05). However, APACHE II scores did not significantly differ between the two groups (Figures 6A and B). Figures 6C and D shows the length of ICU stay and the length of hospital stay. Although no significant difference was noted between the control group and the intervention group, both stays were shorter in the intervention group. The 28-d survival curve presented in Figure 6E demonstrates no significant difference between the two groups (P > 0.05). These results indicated that HPA inhibition improves the clinical severity score of patients but does not significantly improve the length of hospital stay or survival rate.

DISCUSSION
S-AGI is easily missed clinically. Complex assessment of AGI grading is not based on specific symptoms but rather includes subjective assessment of the overall development of the patient’s disease. The ideal approach is to replace this grading system with one or two biomarkers[23]. Therefore, it is important to explore potential biomarkers and effective therapeutic agents for S-AGI. In this study, we selected LMWH as an intervention drug to reduce HPA levels (Figure 2). Our results indicate that HPA inhibition significantly improved the gastrointestinal functional status of S-AGI patients, reduced the AGI score, improved the intestinal mucosal barrier and gastrointestinal dynamics of patients (Figure 3 and Table 2), and contributed to their early recovery. Regarding the specific mechanism of LMWH in treatment of S-AGI, we hypothesized that LMWH inhibits HPA, protects the glycocalyx, and alleviates damage to the intestinal barrier, thus improving symptoms. This activity is not related to the direct anticoagulant properties of LMWH. Similarly, Tang et al[24] reported that heparin prevents caspase-11-dependent coagulation activation and reduces mortality in sepsis, regardless of its direct anticoagulant properties.
The glycocalyx is a complex, negatively charged gel layer on one side of the lumen of endothelial cells. During sepsis, the glycocalyx becomes degraded through activation of various enzymes and/or release of reactive oxygen species[25,26]. A degraded glycocalyx induces white blood cell binding and extravasation as well as platelet recruitment, resulting in increased inflammation and increased risk of thrombosis. In addition, loss of calyx can lead to capillary leakage, which leads to oedema and reduced blood volume throughout the body. Together with thrombosis, these effects lead to tissue hydroperitoneum and organ failure[27,28]. Thus, protection of glycocalyx integrity and the intestinal barrier is essential for treatment of S-AGI. SDC-1 is a biomarker for the glycocalyx and is a transmembrane HSPG that is expressed primarily by intestinal epithelial cells; this protein is strongly associated with inflammatory processes and the integrity of the intestinal mucosa[18]. A recent meta-analysis showed that SDC-1 levels may be a useful predictor of sepsis-related complications and mortality[29]. Therefore, SDC-1 plays a crucial role in S-AGI. HPA is closely related to SDC-1, which degrades the heparin sulfate side chain of HSPG[13], accelerates shedding of SDC-1 from endothelial cells, and increases serum SDC-1 concentrations. LMWH inhibits HPA activity and prevents endothelial cell injury[28]. Therefore, our intervention results also revealed high HPA and SDC-1 levels in the context of decreased S-AGI after treatment. As HPA was significantly inhibited after conventional treatment combined with LMWH treatment, the concentrations of HPA and SDC-1 decreased more significantly (Figures 2A and B). This finding is consistent with previously reported conclusions[15,30].
Our correlation analysis revealed a significant positive correlation between HPA and AGI levels, with AGI levels decreasing significantly after LMWH inhibited HPA (Tables 2 and 3). Additionally, ROC curve analysis suggested that HPA may serve as a biomarker for S-AGI given that HPA is more specific and sensitive than IFABP and D-lactate (Figure 3F). In conclusion, our results indicate that the gastrointestinal symptoms of S-AGI patients are improved and AGI scores are reduced after HPA inhibition. HPA is expected to serve as a diagnostic biomarker for S-AGI.
In sepsis, extensive cross-talk occurs between inflammatory and clotting pathways, accompanied by overactivity and immunosuppression of the inflammatory and clotting responses, which interferes with microcirculation perfusion and leads to organ failure[31,32]. Patients with S-AGI also exhibit excessive inflammation, hypercoagulability, and immunosuppression, and these conditions improve after treatment, as shown in Figure 4. Unfortunately, there was no significant difference in inflammation between the two groups. HPA activates macrophages, leading to secretion of monocyte chemoattractant protein-1, TNF-α, and IL-1β, independent of heparin sulfate degradation activity[33], and these cytokines appear to be elevated in coronavirus disease 2019 patients[34]. It is worth mentioning that LMWH targets factor Xa to play an anticoagulant role and exhibits high anti-Xa activity[35]; hence, the anticoagulant effect in the intervention group was significantly better than that in the control group. In addition, according to the LMWH dose in our treatment plan, no associated bleeding risk was noted during patient treatment, indicating that LMWH is safe and effective. In this study, we found that CD4/CD8 levels in the intervention group were significantly increased. Therefore, HPA inhibition inhibits hypercoagulability and improves immune function in S-AGI patients.
To further investigate the possible mechanism by which HPA is reduced to improve S-AGI, we measured changes in serum LC3B levels in patients during treatment. The intervention results showed that the LC3B level was increased in the intervention group after treatment, with a significant negative correlation noted between HPA and LC3B (Figure 5, Table 3). LC3B is a marker of autophagy. Autophagy is the process by which bacteria and viruses that have escaped from phagosomes or damaged mitochondria are enclosed in vesicles, which fuse with lysosomes to form autophagosomes, followed by degradation of the contents[36]. In the early stage of sepsis, autophagy occurs in the heart, brain, lung, liver, kidney and other important organs and plays a protective role in the body. With the progression of sepsis, the body enters a period of continuous immunosuppression, and autophagy activity decreases[37]. This finding is consistent with our results. However, the results for LC3B are only indirect evidence and cannot directly show that HPA correlates completely with autophagy. Therefore, we hypothesize that HPA might aggravate S-AGI by inhibiting autophagy, and we are performing further basic experiments to test this hypothesis. LMWH inhibits HPA, thus enhancing the level of autophagy and playing a protective role in the gastrointestinal tract.
Although HPA inhibition offers many advantages, it did not significantly reduce the length of hospital stay or increase the 28-d survival rate of S-AGI patients (Figure 6). We hypothesize that the reason may be the complex aetiology of ICU patients, critical conditions, mixed interference factors during treatment, and/or the small study sample. Thus, the intervention group did not achieve our expected effect.
Finally, our experiment has some limitations: (1) Given our single-centre design and small sample size, the results may not be generalizable, and the conclusion needs to be confirmed by large-scale clinical prospective trials; (2) LMWH is not a specific HPA inhibitor, but a safe and effective specific HPA inhibitor is currently not available in clinical practice. Therefore, further development of new drugs is needed; and (3) Inhibition of HPA may enhance the level of autophagy and thus protect the gastrointestinal tract in sepsis, and this mechanism needs to be verified by basic experiments.

CONCLUSION
Our intervention results showed that LMWH inhibits HPA activity in S-AGI, reduces SDC-1 shedding, prevents endothelial cell damage, maintains intestinal epithelial cell integrity and barrier function, actively exerts anticoagulant effects, improves patients’ immune function and gastrointestinal symptoms, and reduces SOFA scores. Mechanistically, HPA inhibition may play a protective role in the gastrointestinal tract by enhancing the level of autophagy. HPA represents a potential biomarker of S-AGI, and HPA inhibitors may also serve as drugs for treatment of S-AGI.

ARTICLE HIGHLIGHTS
Research background
Patients with sepsis are at high risk for acute gastrointestinal injury (AGI), heparanase (HPA) plays an important role in septic AGI (S-AGI), but its specific mechanism is not completely understood, and few clinical reports are available.

Research motivation
This study is to explore the effect and mechanism of HPA inhibition in S-AGI patients.

Research objectives
To prove the role of HPA in S-AGI and search for effective biomarkers and therapeutic targets for the diagnosis of S-AGI.

Research methods
The therapeutic effect of S-AGI patients in control group and low molecular weight heparin group was compared by a prospective double-blind randomized controlled trial. To evaluate the feasibility of HPA as a diagnostic biomarker for S-AGI.

Research results
HPA inhibitors can significantly improve AGI score, gastrointestinal function, coagulation function and immune function in S-AGI patients. The inhibitory effect of HPA in gastrointestinal protection may be achieved by enhanced autophagy.

Research conclusions
HPA has great potential as a diagnostic marker for S-AGI. Inhibition of HPA activity reduces syndecan-1 shedding and alleviates S-AGI symptoms. The inhibitory effect of HPA in gastrointestinal protection may be achieved by enhanced autophagy.

Research perspectives
HPA has great potential as a diagnostic biomarker for S-AGI, and its inhibitor is a good therapeutic drug choice in clinical practice.
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Figure Legends
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Figure 1 Flow diagram of the participant selection. LMWH: Low molecular weight heparin.

[bookmark: _Hlk144223288][image: ]Figure 2 Comparisons of heparanase and syndecan-1 levels between the two groups. A: Heparanase; B: Syndecan-1. aP < 0.05, bP < 0.001. HPA: Heparanase.
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[bookmark: _Hlk144223787][bookmark: _Hlk144223808][bookmark: _Hlk144223823][bookmark: _Hlk144223847][bookmark: _Hlk144223887][bookmark: _Hlk144223661][bookmark: _Hlk144223697][bookmark: _Hlk144223674]Figure 3 Comparisons of acute gastrointestinal injury grades, intestinal fatty acid binding protein, D-lactate, motilin, and gastrin levels between the two groups. Receiver operating characteristic curves of heparanase, D-lactate and intestinal fatty acid binding protein. A: Acute gastrointestinal injury grades; B: Intestinal fatty acid binding protein; C: D-lactate; D: Motilin; E: Gastrin; F: Receiver operating characteristic curves of heparanase, D-lactate and intestinal fatty acid binding protein. aP < 0.05, bP < 0.001. AGI: acute gastrointestinal injury; HPA: Heparanase; IFABP: Intestinal fatty acid binding protein; AUC: Area under the curve.
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[bookmark: _Hlk144225864][bookmark: _Hlk144225893][bookmark: _Hlk144225932][bookmark: _Hlk144225938][bookmark: _Hlk144225949][bookmark: _Hlk144225913]Figure 4 Comparisons of interleukin-6, tumor necrosis factor-α, activated partial thromboplastin time, D-dimer, anti-Xa, and CD4/CD8 levels between the two groups. A: Interleukin-6; B: Tumor necrosis factor-α; C: Activated partial thromboplastin time; D: D-dimer; E: Anti-Xa; F: CD4/CD8. aP < 0.05, bP < 0.001. IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-α; APTT: Activated partial thromboplastin time.
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Figure 5 Comparisons of LC3B levels between the two groups. bP < 0.001.


[image: ]
[bookmark: _Hlk144224313][bookmark: _Hlk144224325][bookmark: _Hlk144224337][bookmark: _Hlk144224431][bookmark: _Hlk144224207][bookmark: _Hlk144226204]Figure 6 Comparisons of Acute Physiology and Chronic Health Evaluation score, Sequential Organ Failure Assessment score, length of intensive care unit stay, length of hospital stay, and survival probability within 28 d between the two groups. A: Acute Physiology and Chronic Health Evaluation score; B: Sequential Organ Failure Assessment score; C: Length of intensive care unit stay; D: Length of hospital stay; E: Survival probability within 28 d. aP < 0.05, bP < 0.001. APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: Sequential Organ Failure Assessment; ICU: Intensive care unit.

Table 1 Baseline data of septic acute gastrointestinal injury patients
	Variable
	[bookmark: OLE_LINK2][bookmark: OLE_LINK6]Control group (n = 48)
	Intervention group (n = 47)
	P value

	Age, mean (SD), yr
	59.90 (18.81)
	60.98 (14.10)
	0.752

	Sex, male, n (%)
	33 (68.75)
	33 (70.21)
	0.877

	BMI, mean (SD), kg/m2
	22.62 (4.08)
	23.89 (5.10)
	0.788

	MODS, n (%)
	33 (68.75)
	34 (72.34)
	0.701

	Septic shock, n (%)
	32 (66.67)
	31 (65.96)
	0.942

	APACHE II score, median (IQR)
	22 (19, 29)
	23 (19, 35)
	0.966

	SOFA score, median (IQR)
	9 (7,10.75)
	9 (7, 13)
	0.871

	Infection score, n (%)
	
	
	

	Lung
	10 (20.83)
	16 (34.04)
	0.149

	Urinary tract
	2 (4.17)
	1 (2.13)
	0.570

	Intra-abdominal
	14 (29.17)
	16 (34.04)
	0.609

	Central nervous system
	13 (27.08)
	7 (14.89)
	0.145

	Blood/vascular access
	3 (6.25)
	4 (8.51)
	0.673

	Other
	5 (10.42)
	2 (4.26)
	0.250

	Confirmed unknown
	1 (2.08)
	1 (2.13)
	0.988

	Initial AGI grade, n (%)
	
	
	

	I
	9 (18.75)
	8 (17.02)
	0.826

	II
	13 (27.08)
	10 (21.28)
	0.509

	III
	20 (41.67)
	22 (46.81)
	0.614

	IV
	6 (12.50)
	7 (14.89)
	0.734

	WBC, mean (SD), (109/L)
	19.20 (9.91)
	15.92 (9.65)
	0.424

	PCT, mean (SD), (ng/mL)
	10.77 (21.64)
	11.19 (17.58)
	0.919

	HPA, mean (SD), (ng/mL)
	10.10 (0.91)
	9.81 (0.72)
	0.095

	Syndecan-1, mean (SD), (ng/mL)
	31.77 (7.49)
	31.45 (8.29)
	0.845


BMI: Body mass index; MODS: Multiple organ dysfunction syndrome; APACHE II: Acute physiology and chronic health evaluation II; SOFA: Sequential organ failure assessment; AGI: Acute gastrointestinal injury; HPA: Heparanase; WBC: Blood cell count; PCT: Procalcitonin; IQR: Interquartile range.


Table 2 Changes in the acute gastrointestinal injury grades of the patients in the two groups
	
	AGI I, n (%)
	AGI II, n (%)
	AGI III, n (%)
	AGI IV, n (%)

	
	Control group
	Intervention group
	Control group
	Intervention group
	Control group
	Intervention group
	Control group
	Intervention group

	Day 1
	0 (0)
	0 (0)
	6 (12.50)
	6 (12.77)
	29 (60.42)
	29 (61.70)
	13 (27.08)
	12 (25.53)

	Day 3
	0 (0)
	0 (0)
	14 (29.17)
	20 (42.55)
	30 (62.50)
	26 (55.32)
	4 (8.33)
	1 (2.13)

	Day 7
	7 (14.58)
	17 (36.17)
	31 (64.58)
	28 (59.57)
	10 (20.83)
	2 (4.26)
	0 (0)
	0 (0)


[bookmark: _Hlk144221986]AGI: Acute gastrointestinal injury.

Table 3 Correlation between heparanase and LC3B and acute gastrointestinal injury grade in the two groups
	
	Control group
	Intervention group

	
	LC3B (μg/mL)
	AGI grade
	LC3B (μg/mL)
	AGI grade

	HPA (ng/mL)
	Day 1
	r = -0.8394
	P < 0.001
	r = 0.8441
	P < 0.001
	r = -0.8456
	P < 0.001
	r = 0.7106
	P < 0.001

	
	Day 3
	r = -0.9545
	P < 0.001
	r = 0.7670
	P < 0.001
	r = -0.8882
	P < 0.001
	r = 0.8135
	P < 0.001

	
	Day 7
	r = -0.8258
	P < 0.001
	r =0.7657
	P < 0.001
	r = -0.8724
	P < 0.001
	r = 0.7839
	P < 0.001


AGI: Acute gastrointestinal injury; HPA: Heparanase.
[bookmark: _Hlk145404125]
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