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A B S T R A C T   

Sepsis is defined as a dysregulated host response to infection that can result in organ dysfunction 
and high mortality, which needs more effective treatment urgently. Pancreas is one of the most 
vulnerable organs in sepsis, resulting in sepsis-associated pancreatic injury, which is a fatal 
complication of sepsis. The aim of this study was to investigate the effect of combination of fasudil 
and SR1001 on sepsis-associated pancreatic injury and to explore the underlying mechanisms. 
The model of sepsis-associated pancreatic injury was induced by cecal ligation and puncture. 
Pancreatic injury was evaluated by HE staining, histopathological scores and amylase activity. 
The frequency of Th17 cells was analyzed by flow cytometry. Serum IL-17 level was determined 
by ELISA. Protein levels of RORγt, p-STAT3, GEF-H1, RhoA and ROCK1 were determined by 
Western blot. The apoptosis of pancreatic cells was examined by TUNEL analysis and 
Hoechst33342/PI staining. Compared to the sham group, the model group showed significant 
pathological injury including edema, hyperemia, vacuolization and necrosis. After treatment with 
fasudil, model mice showed an obvious reduction of Th17 cells and IL-17. SR1001 significantly 
reduced the expressions of GEF-H1, RhoA and ROCK1 in the model mice. The combination 
treatment with fasudil and SR1001 significantly inhibited the differentiation of Th17 cells, ex
pressions of IL-17, GEF-H1, RhoA and ROCK1, which were more effective than each mono- 
treatment. In addition, our data revealed a remarkable decrease of apoptosis in pancreatic 
acinar cells culturing with fasudil or SR1001, which was further inhibited by their combination 
culture. Lipopolysaccharide remarkably upregulated the differentiation of Th17 cells in vitro, 
which could be significantly downregulated by fasudil or SR1001, and further downregulated by 
their combination treatment. Taken together, the combination of fasudil with SR1001 has a 
synergistic effect on protecting against sepsis-associated pancreatic injury in C57BL/6 mice.   
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Fig. 1. Fasudil alleviated pancreatic injury and inhibited the differentiation of Th17 cells in CLP-induced sepsis model. (a) Experimental protocol of 
the study. (b) The histopathological scores of pancreatic injury. (c) Amylase activity in the serum was determined. (d) Representative HE patho
logical staining of pancreatic tissues section (orginal magnification × 400). (e) Apoptotic cells were examined by TUNEL analysis. (f) Immuno
histochemistry analysis of RORγt in the pancreatic tissues. (g) Apoptotic cells were quantified by histogram (high power fields at × 400 
magnification). (h) Relative expression level of RORγt was analyzed by histogram. (i) Percentage of Th17 cells in the spleen. (j) Percentage of Th17 
cells was analyzed by histogram. (k) Serum IL-17 was analyzed by ELISA. (l) Expression of p-STAT3 in the spleen analyzed by Western blot. (m) (n) 
Expressions of p-STAT3 and RORγt in the pancreatic tissues analyzed by Western blot. (o) Quantitative analysis of p-STAT3 in the spleen. (p) (q) 
Quantitative analysis of p-STAT3 and RORγt in the pancreatic tissues. Values were means ± SD, n = no. of animals. **P < 0.01, #P < 0.05. 
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1. Introduction 

Sepsis is a life-threatening clinical syndrome resulting from systemic inflammation to infection that can progress to multi-organ 
dysfunction syndrome with a high mortality rate [1]. Sepsis affects more than 48 million people annually, leading to the death of 
approximately 11 million people across the world. Currently there is no specific treatment for sepsis. Lethal outcome is depending 
under several factors, such as infectious agent, site of infections, severity of sepsis and organ dysfunction. No organ is exempt from 
sepsis-induced dysfunction. Sustained, uncontrolled inflammatory activity triggers a sequence of systemic mechanisms that tend to 
affect organ and hemodynamic stability. The pathogenesis of sepsis seems to be complex, involving metabolic dysfunction, epigenetic 
reprogramming, immune dysfunction, intestinal barrier failure, coagulation abnormalities, neuroendocrine disorders, and many other 
scientific issues [2]. Due to the inadequacy of diagnostic markers and treatment strategies, the treatment for sepsis may be a huge 
challenge. 

Although the most common dysfunction in patients with sepsis is kidney, liver and lung [3–5], the pancreas is also vulnerable to 

Fig. 1. (continued). 
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injury and dysfunction in patients and animal models of sepsis [6]. Pancreatic injury was found to be an important pathological change 
in sepsis, which is an important cause of mortality of patients with sepsis. Our group also indicated that pancreatic injury was common 
in critically ill children, which positively correlated with severity of the disease and the prognosis [7]. Therefore, the inhibition of 
pancreatic injury is the key to treat sepsis and improve the prognosis of sepsis. 

It has been reported that Ras homolog gene family member A (RhoA)/Rho-kinase (ROCK) signaling pathway is likely to play a 
significant role in sepsis. The ROCK family, consisting of ROCK1 and ROCK2, plays a key role in a wide range of fundamental cellular 
functions. ROCK1 is mainly expressed in pancreas, kidney tissues and cardiomyocyte, and ROCK2 is mainly expressed in nervous 
tissues [8,9]. Previous studies have indicated that the expression of RhoA/ROCK pathway were upregulated in lung vascular leak and 
impair cardiac function of sepsis. Unfractionated heparin attenuated lipopolysaccharide (LPS)-induced lung vascular leak by inhibiting 
the activated RhoA/ROCK pathway. Cardioprotection in sepsis by RhoA/ROCK inhibition may be related to changes in actin cyto
skeleton reorganization and mitochondrial homeostasis. Improvement of LPS-induced cardiac dysfunction by fasudil was attributed to 
inhibition of RhoA/ROCK-dependent Drp 1 phosphorylation and activation of autophagic processes [10,11]. In addition, our recent 
study showed that RhoA/ROCK pathway was involved in pancreatic injury of sepsis, which could be inhibited by baicalin [12]. These 
data demonstrated the importance of RhoA/ROCK pathway in organ dysfunction and provided the novel mechanism that were also 
likely to influence the progress and severity of the sepsis. 

In sepsis, alterations in immune cells such as T lymphocytes, B lymphocytes and natural killer cells are largely responsible for the 
increased mortality and poor prognosis [13]. Th17 cells are important pro-inflammatory cell and the foremost players in inflammatory 
diseases. IL-17 is a proinflammatory cytokine and plays essential roles in adaptive and innate immune responses. A previous research 
found that Th17 cells proportion was elevated in septic patients, which was correlated with higher inflammation level, increased 
disease severity and worse prognosis in septic patients [14]. Moreover, Th17 cells in peripheral blood was significantly increased in 
septic patients with acute lung injury and that may be used as a potential biomarker for diagnosis of acute lung injury of sepsis [15]. 
Our study also suggested the significant increments of Th17 cells and its associated cytokines IL-17 in peripheral blood, spleen and 
pancreatic tissue in sepsis-associated pancreatic injury (SPI) model, and baicalin evidently reduced Th17/IL-17 and ameliorated 
pancreatic injury [12]. These reports supported that immune cell was important for sepsis and provided novel insight into the 
mechanism involved in the initiation and progress of sepsis. 

A series of studies have shown the association between RhoA/ROCK pathway and Th17/IL-17. Rho-GTPases (which include Rho 
subfamilies) proteins are key regulators of T-lymphocyte development, differentiation, migration, and activation [16]. One of the early 
lines of evidence demonstrated that IL-17 activated RhoA/ROCK leading to endothelial dysfunction and hypertension [17]. These data 
may indicate the interplay of RhoA/ROCK pathway and Th17/IL-17. 

Based on the important role of RhoA/ROCK pathway and Th17/IL-17 axis in sepsis, this study is designed to evaluate whether the 
combination of SR1001 (a novel effect of Th17 cells inhibitor) and fasudil (a RhoA/ROCK pathway inhibitor) could ameliorate SPI. 
Furthermore, we also assessed whether the combination treatment of SR1001 and fasudil was more effective than each mono- 
treatment, and the underlying mechanisms of SR1001 and fasudil regulating Th17/IL-17 axis and RhoA/ROCK pathway. Thus, this 
study aimed to provide more evidence and a potential therapeutic strategy for SPI. 

2. Materials and methods 

2.1. Mice and treatment 

A total of 88 male C57BL/6 mice weighing 23–26 g (8–10 weeks of age) were purchased from Hunan Silaikejingda Laboratory 
Animal Co. Ltd., Changsha, China. All animal studies were performed in accordance with the policy of Chinese Association of Lab
oratory Animal Science. All procedures were approved by the Ethics Committee of Hunan Children’s Hospital (NO.KYSQ2021-194). 
This animal study consists of three parts as follows (Fig. 1a). Twenty-four mice were randomly divided into three groups (n = 8): sham 
group, model group, and model + SR1001 group. Another 24 mice were randomly divided into three groups (n = 8): sham group, 
model group, and model + fasudil group. The model of sepsis-associated pancreatic injury induced by cecal ligation and puncture 
(CLP) was established according to our previous report [12]. Following CLP surgery, mice in model group were intraperitoneally 
injected 2 ml/kg normal saline daily. Mice in model + fasudil group were intraperitoneally injected 30 mg/kg fasudil (Manufacturer: 
Sigma-Aldrich, batch No.: CDS021620, diluted with normal saline by 2 ml/kg) daily [18,19]. Mice in model + SR1001 group were 
intraperitoneally injected 25 mg/kg SR1001 (Manufacturer: Abcam, batch No.: ab141462, diluted with normal saline by 2 ml/kg) 
daily. Mice in sham group were received the same dose of normal saline as model group daily. Fasudil and SR1001 doses were similar 
to those used in previous literature [20–22]. The remaining forty mice were randomly assigned into other five groups (n = 8): sham 
group, model group, model + SR1001 group, model + fasudil group, and model + SR1001+fasudil group. The mice models were 
established as mentioned above. Mice in sham group and model group were intraperitoneally injected 2 ml/kg normal saline daily. 
Mice in model + fasudil group and model + SR1001 group were intraperitoneally injected 30 mg/kg fasudil and 25 mg/kg SR1001 
daily, respectively. Mice in model + SR1001+fasudil group were received 30 mg/kg fasudil and 25 mg/kg SR1001 daily. This animal 
experiment lasted for three days. Three days later, all the mice were anesthetized using sodium pentobarbital and killed for blood 
samples, spleen and pancreatic tissues. 

2.2. Histopathological analysis 

The pancreatic tissues were fixed with formalin for 24 h, which were embedded in paraffin and sectioned at about 5-μm for each 
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group. Slides were stained with hematoxylin and eosin (H&E) according to manufacturer’s protocol. At least 10 randomly selected 
microscopic fields were evaluated in each tissue by two experienced investigators who were blinded as to the study. Pancreatic his
tological injury was assessed according to the method described previously [6]. 

2.3. Amylase activity measurement 

All blood samples were collected. The severity of pancreatic injury was evaluated by serum amylase activity, which was measured 
by using a commercial kit (Sigma-Aldrich) [6]. Levels of amylase were determined in accordance with the manufacturer’s protocols. 

2.4. Flow cytometric analysis 

The flow cytometric analysis was performed as the previous report [23]. Briefly, individual cell suspensions of splenocytes of 
experimental mice and CD4+T cells cultured in vitro were prepared. These individual cells were pre-cultured with PMA (50 ng/ml, 
Sigma-Aldrich), ionomycin (1 mg/ml, Sigma-Aldrich) and Brefeldin A (0.5 mg/ml, Sigma-Aldrich) for 5 h. Afterward, these cells were 
stained with FITC-anti-CD4 (eBioscience, USA), APC-anti-CD3 (eBioscience, USA) and PE-anti-IL-17 (eBioscience, USA) antibodies. The 
T cells labeled CD3+CD4+IL-17+ represent Th17 cell, which were analyzed by flow cytometer (FC500, Beckman, USA) and FlowJo 
7.6.1 software (Tree Star, USA). 

2.5. ELISA 

The concentration of IL-17 in serum was measured by using commercially murine enzyme-linked immunosorbent assay (ELISA) 
kits in accordance with the manufacturer’s protocols (R&D, USA). All assays were analyzed in triplicate. 

2.6. Western blot analysis 

Proteins were extracted from spleen [for detection of phosphorylated signal transducer and activator of transcription 3 (p-STAT3)], 
pancreatic tissues [for detection of guanine nucleotide exchange factor-H1 (GEF-H1), RhoA, ROCK1, p-STAT3, retinoic acid receptor- 
related orphan receptor γt (RORγt)], CD4+T cells cultured in vitro (for detection of RhoA) and pancreatic acinar AR42J cells (for 
detection of RhoA) by using a protein extraction buffer kit according to manufacturer’s protocol. BCA protein assay kit was used to 
evaluate the protein concentration. Western blot was performed as described previously using primary antibodies for p-STAT3 
(ab76315, Abcam, 1:500) antibody, RORγt (ab207082, Abcam, 1:500) antibody, RhoA (ab187027, Abcam, 1:500) antibody, GEF-H1 
(ab155785, Abcam, 1:1000) antibody, ROCK1 (ab134181, Abcam, 1:500) antibody. A chemiluminescence substrate kit (Millipore, 
WBLUR0100) was used for chemiluminescent signals detection. Membranes were imaged and quantified by densitometry with image 
software ChemiDoc XRS + system (Bio-Rad Co,. USA). 

2.7. Immunohistochemistry 

The paraffin-embedded pancreatic tissues were sectioned about 5 μm for immunohistochemistry. Briefly, paraffin sections were 
dewaxed and incubated with 3% H2O2 to block endogenous peroxidase activity. After the sections were incubated with 10% goat 
serum, they were added with primary antibodies at 4 ◦C overnight: RhoA (ab187026, Abcam, 1:200) antibody, RORγt (ab207082, 
Abcam, 1:200) antibody. Subsequently, the sections were incubated with secondary antibody at 1:2000 dilution. DAB was used as 
chromogenic substrate to incubate for immunohistochemical staining, and then the slides were dehydrated, sealed and viewed by an 
Olympus microscope (Olympus AG, Zurich, Switzerland). The positive cells were counted at high-power field ( × 400 magnification). 

2.8. Isolation and culture of CD4+ T cells 

Splenocytes were harvested and distributed into 96-well plates as described previously [24]. CD4+T cells were isolated using 
immunomagnetic beads (MACS beads, USA) and examined by the flow cytometry for purity. The purified CD4+T cells were added IL-6 
(20 ng/ml), TGF-β (1 ng/ml), anti–IFN–γ (10 μg/ml) and anti-IL-4 (5 mg/ml) for inducing Th17 differentiation. This CD4+ T cells study 
consists of five groups as follows. (1) CD4+T cells group, (2) CD4+T cells + LPS group in which CD4+ T cells were cultured in the 
presence of LPS (10 μg/ml), (3) CD4+T cells + LPS + fasudil group in which CD4+ T cells were cultured in the presence of LPS (10 
μg/ml) and fasudil (15 μg/ml), (4) CD4+T cells + LPS + SR1001 group in which CD4+ T cells were cultured in the presence of LPS (10 
μg/ml) and SR1001 (15 μg/ml). (5) CD4+T cells + LPS + fasudil + SR1001 group in which CD4+ T cells were cultured in the presence 
of LPS (10 μg/ml), fasudil (15 μg/ml) and SR1001 (15 μg/ml). Each well was inoculated 106/ml of cells and fostered for 24 h. 

2.9. Experiment protocols of pancreatic acinar AR42J cells 

Pancreatic acinar AR42J cells (Procell, Wuhan, China) were maintained in Ham’s F12 medium and plated in 6-well cluster dishes at 
a density of 1 × 105 cells/ml and incubated in a humidified incubator with 5% CO2 and 95% atmospheric air at 37 ◦C. This AR42J cells 
study consists of six groups as follows. (1) AR42J cells group, (2) AR42J cells + CD4+T cells (Th17 polarization, 106/ml), (3) AR42J 
cells + CD4+T cells (Th17 polarization, 106/ml) + LPS (10 μg/ml), (4) AR42J cells + CD4+T cells (Th17 polarization, 106/ml) + LPS 
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(10 μg/ml) + SR1001 (15 μg/ml) group, (5) AR42J cells + CD4+T cells (Th17 polarization, 106/ml) + LPS (10 μg/ml) + fasudil (15 μg/ 
ml) group, (6) AR42J cells + CD4+T cells (Th17 polarization, 106/ml) + LPS (10 μg/ml) + SR1001 (15 μg/ml) + fasudil (15 μg/ml) 
group. AR42J cells in each group were fostered for 24 h. 

2.10. Hoechst33342/PI staining of cell apoptosis 

Cell apoptosis assay of AR42J cells was performed as described previously [25]. In short, dispersed AR42J cells were fixed with 4% 
formaldehyde solution for 15 min and stained with Hoechst33342 and propidium iodide for 15 min under indoor temperature. After 
rinsing PBS, the cells were examined analyzed it utilizing a fluorescence microscope. The red fluorescence-positive cells were 
calculated as the percentage of apoptotic cells. 

2.11. Statistical analysis 

All statistical analyses and data processing were accomplished using SPSS 26.0 software. The measurement data were expressed as 
mean ± standard deviation. Comparisons between three or more groups were evaluated by One-way analysis of variance (ANOVA) 

Fig. 2. SR1001 alleviated pancreatic injury and inhibited the differentiation of Th17 cells in CLP-induced sepsis model. (a) Representative HE 
pathological staining of pancreatic tissues section (orginal magnification × 400). (b) The histopathological scores of pancreatic injury. (c) Amylase 
activity in the serum was determined. (d) Apoptotic cells were examined by TUNEL analysis. (e) Immunohistochemistry analysis of RhoA in the 
pancreatic tissues. (f) Apoptotic cells were quantified by histogram (high power fields at × 400 magnification). (g) Relative expression level of RhoA 
was analyzed by histogram. (h) Expressions of GEF-H1, RhoA and ROCK1 in the pancreatic tissues analyzed by Western blot. (i) (j) (k) Quantitative 
analysis of GEF-H1, RhoA and ROCK1 in the pancreatic tissues. Values were means ± SD, n = no. of animals. **P < 0.01, #P < 0.05, ##P < 0.01. 
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and the Student’s t-test was selected for two group comparisons. All results were repeated three times. P < 0.05 was considered 
statistically significant. 

3. Results 

3.1. Fasudil alleviated pancreatic injury and inhibited the differentiation of Th17 cells 

To evaluate the effect of fasudil on pancreatic injury in mice induced by CLP, HE staining was performed and we found the sig
nificant pathological injury in the model group including edema, hyperemia, vacuolization and necrosis compared to the sham group, 
while fasudil could obviously alleviate the pancreatic injury. The apoptosis of pancreatic cell was examined by the Tunel method. 
Quantitative analysis demonstrated that the number of apoptotic cells was higher in the model group compared to the sham group, and 
fasudil reduced the apoptosis of pancreatic cells (Fig. 1b, d, e, g). In addition, amylase activity was dramatically increased in the model 

Fig. 3. Combination of Fasudil and SR1001 alleviated pancreatic injury in CLP-induced sepsis model. (a) Representative HE pathological staining of 
pancreatic tissues section (orginal magnification × 400). (b) The histopathological scores of pancreatic injury. (c) Amylase activity in the serum was 
determined. (d) Apoptotic cells were examined by TUNEL analysis. (e) Apoptotic cells were quantified by histogram (high power fields at × 400 
magnification). (f) Immunohistochemistry analysis of RORγt in the pancreatic tissues. (g) Relative expression level of RORγt was analyzed by 
histogram. (h) Immunohistochemistry analysis of RhoA in the pancreatic tissues. (i) Relative expression level of RhoA was analyzed by histogram. 
Values were means ± SD, n = no. of animals. **P < 0.01, #P < 0.05, ##P < 0.01. 

Fig. 4. Combination of Fasudil and SR1001 inhibited the differentiation of Th17 cells and expressions of RORγt and RhoA. (a) Percentage of Th17 
cells in the spleen. (b) Expression of p-STAT3 in the spleen analyzed by Western blot. (c) Expression of RORγt in the spleen analyzed by Western 
blot. (d) (e) Expressions of p-STAT3, GEF-H1, RhoA and ROCK1 in the pancreatic tissues analyzed by Western blot. (f) Percentage of Th17 cells was 
analyzed by histogram. (g) Serum IL-17 was analyzed by ELISA. (h) Quantitative analysis of p-STAT3 in the spleen. (i) (j) (k) (l) (m) Quantitative 
analysis of p-STAT3, RORγt, GEF-H1, RhoA and ROCK1 in the pancreatic tissues. Values were means ± SD, n = no. of animals. **P < 0.01, #P <
0.05, ##P < 0.01. 
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group, which could be inhibited by fasudil (Fig. 1c). Then, we detected the percentage of Th17 cells in spleen by flow cytometry and 
expression of IL-17 in serum by ELISA. The results showed that percentage of Th17 cells and expression of IL-17 increased significantly 
compared to those of control group, while fasudil treatment decreased the percentage of Th17 cells and expression of IL-17 in model 
mice (Fig. 1i, j, k). STAT3 is a key transcription factor of Th17 cells and RORγt is the crucial control gene in development and function 
of Th17 cells. Consistent with the change of Th17 cells, the expressions of p-STAT3 and RORγt were significantly increased in the 
model group, and fasudil inhibited the expressions of p-STAT3 and RORγt (Fig. 1f, h, l-q). These results suggested that fasudil alle
viated pancreatic injury and inhibited the differentiation of Th17 cells in mice induced by CLP. 

3.2. Effect of SR1001 on pancreatic injury and expression of RhoA/ROCK1 pathway 

To investigate the effect of SR1001 on CLP-induced model mice, SR1001 was injected into mice and pancreatic injury was assessed. 
It was shown that pancreatic injury induced by CLP could be prevented by SR1001 treatment. Further analysis indicated that SR1001 
inhibited the apoptosis of pancreatic cells and reduced the amylase activity (Fig. 2a–d, f). To explore the effect of SR1001 on RhoA, 
expression of RhoA was detected by immunohistochemistry and Western blot. The results showed that expression of RhoA was 
increased in the model group, while could be reversed by SR1001 treatment. GEF-H1 is a RhoA specific guanine nucleotide exchange 
factor, which leading to RhoA activation. ROCK1 is a downstream effector of RhoA. We also found that the expressions of GEF-H1 and 
ROCK1 were significantly increased in the model group, which could be inhibited by SR1001 treatment (Fig. 2e, g, h-k). These results 
suggested that the protective role of SR1001 on pancreatic injury induced by CLP might be mediated by the RhoA/ROCK1 pathway. 

Fig. 5. Combination of Fasudil and SR1001 inhibited the apoptosis of pancreatic acinar cells and expression of RhoA in vitro. (a) Apoptotic cells 
were examined by Hoechst33342/PI staining. (b) Expression of RhoA analyzed by Western blot. (c) Apoptotic cells were quantified by histogram 
(high power fields at × 400 magnification). (d) Quantitative analysis of RhoA. (e) Expression of IL-17 was analyzed by ELISA. Values were means ±
SD, n = 6. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01. 
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3.3. Effect of combination with fasudil and SR1001 on pancreatic injury, expression of RhoA/ROCK1 pathway and differentiation of Th17 
cells 

A histological examination showed that significant pathological injury exhibited in the model group compared to sham group. In 
contrast, the treatment with fasudil or SR1001 significantly inhibited the pancreatic injury, which was further inhibited by their 
combination treatment. Also, the treatment with fasudil or SR1001 inhibited the apoptosis of pancreatic cells (Fig. 3a, b, d, e) and 
reduced the amylase activity (Fig. 3c), which was further inhibited by their combination treatment. Furthermore, the combination 
treatment markedly inhibited the Th17 cell differentiation and expression of IL-17 compared with the mono-treatment with fasudil or 
SR1001 (Fig. 4a, f, g). Next, we analyzed the levels of p-STAT3, RORγt, GEF-H1, RhoA and ROCK1 protein expressions in different 
groups. Western blot analysis showed that CLP-induced increment of p-STAT3 (Fig. 4b, d), RORγt (Fig. 3f and g, Fig. 4c, j), GEF-H1 
(Fig. 4e, k), RhoA (Fig. 3h and i, Fig. 4e, l) and ROCK1 (Fig. 4e, m) protein expressions were blocked by fasudil or SR1001, and 
further blocked by their combination treatment. Results from immunohistochemistry indicated that expressions of RORγt and RhoA 
were promoted by CLP while inhibited by fasudil or SR1001, which was further inhibited by their combination treatment. These results 
indicated that the combination with fasudil and SR1001 showed the synergistic effects on pancreatic injury. 

3.4. Effect of combination with fasudil and SR1001 on apoptosis of pancreatic acinar cells in vitro 

In coculture, CD4+ T cells (Th17 polarization) promoted the apoptosis in pancreatic acinar cells, which was further promoted after 
culturing with LPS in vitro (Fig. 5a, c). The results revealed a remarkable decrease of apoptosis in pancreatic acinar cells culturing with 
fasudil or SR1001, which was further inhibited by their combination culture. Further data showed that expressions of RhoA and IL-17 
were promoted by coculture with CD4+ T cells (Th17 polarization) and LPS, the combination culture markedly inhibited the ex
pressions of RhoA and IL-17 compared with the mono-culture with fasudil or SR1001 (Fig. 5b, d, e). These results indicated that the 
synergistic effects of fasudil and SR1001 on reducing the apoptosis of pancreatic acinar cells in vitro. 

3.5. Effect of combination with fasudil and SR1001 on differentiation of Th17 cells in vitro 

To determine the effect of combination with fasudil and SR1001 on the differentiation of Th17 cells in vitro. The coculture systems 

Fig. 6. Combination of Fasudil and SR1001 inhibited the differentiation of Th17 cells and expression of RhoA in vitro. (a) Percentage of Th17 cells 
in vitro. (b) Percentage of Th17 cells was analyzed by histogram. (c) Expression of RhoA analyzed by Western blot. (d) Quantitative analysis of 
RhoA. Values were means ± SD, n = 6. **P < 0.01, #P < 0.05, ##P < 0.01. 
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of CD4+ T cells and LPS treated with fasudil and/or SR1001 in vitro were constructed. In the co-culture system, LPS remarkably 
upregulated the differentiation of Th17 cells, which could be significantly downregulated by fasudil or SR1001, and further down
regulated by their combination treatment (Fig. 6a and b). Further analysis indicated that the expression of RhoA in vitro was promoted 
by LPS while inhibited by fasudil or SR1001, which was further inhibited by their combination treatment (Fig. 6c and d). These data 
further demonstrated that the synergistic effects of fasudil and SR1001 on differentiation of Th17 cells in vitro. 

4. Discussion 

This study provided strong evidence that combination of fasudil with SR1001 has a synergistic effect on ameliorating SPI. This 
concept is based on the following findings: 1) Fasudil alleviated pancreatic injury and inhibited the differentiation of Th17 cells in mice 
induced by CLP. 2) The protective role of SR1001 on pancreatic injury induced by CLP might be mediated by the RhoA/ROCK1 
pathway. 3) The combination with fasudil and SR1001 showed the synergistic effects on pancreatic injury in vivo and in vitro. 

SPI: Sepsis is a devastating clinical condition and leading cause of death in critically ill patients [26]. Pancreatic injury is 
responsible for higher mortality and poorer outcomes in septic patients [27]. In our study, there were remarkable pancreatic injury 
induced by sepsis, including edema, hyperemia, vacuolization and necrosis, which were observed in the pancreatic tissue by using 
histopathological analysis. Moreover, The level of serum amylase is an important biomarker used to detect pancreatic injury. Our 
recent clinical study also showed that serum amylase level could serve as independent biomarker to predict pancreatic injury in 
critically ill children [28]. In this study, amylase activity was dramatically increased in the model group, which could be inhibited in 
the treatment group. However, the pathogenesis of pancreatic injury in sepsis remains to be further elucidated. 

RhoA/ROCK in SPI: RhoA is one of the most studied members of the Rho-GTPases family, which activates a downstream effector 
ROCK. A recent study by Li and colleagues demonstrated that RhoA/ROCK was a crucial pathway to induce pulmonary endothelial cell 
dysfunction in sepsis, which inhibited by hydrogen treatment [29]. In other published data, RhoA/ROCK pathway also participated in 
sepsis-induced acute lung, kidney injury and intestinal injury of animal models [30,31]. In this current research, we also found the 
expression of RhoA/ROCK1 was significantly increased in the model group, while inhibition of RhoA/ROCK1 pathway could reverse 
pancreatic injury. Thus, these data may indicate a potential therapeutic target for treating sepsis. GEF-H1 is a unique guanine 
nucleotide exchange factor that activates RhoA/ROCK pathway [32]. Our findings indicated that GEF-H1 was promoted in SPI, which 
suggested that the expression of RhoA/ROCK1 was regulated through GEF-H1. 

Th17/IL-17 in SPI: Sepsis is characterized with imbalanced inflammatory reaction and T lymphocyte dysregulation [13,33]. CD4+

T cell dysfunction plays a crucial role in humoral and cellular immune responses in sepsis [34]. It has also been demonstrated that 
abnormal Th17 cell is involved in sepsis-associated acute kidney injury, lung capillary leak, intestinal injury and lung injury [35–38]. 
Interleukin-17 (IL-17) is secreted by the Th17 subset of CD4+ T cell, which exerts potent pro-inflammatory effects [39,40]. Here, we 
presented evidence that Th17/IL-17 significantly increased compared to those of control group, which suggested that Th17/IL-17 
contributed to SPI. The retinoic acid-related orphan nuclear receptor (ROR) belongs to a family of ligand regulated transcription 
factors, which is composed of RORα, RORβ and RORγ. The expression of RORγt has been detected in Th17 cells, and it has been shown 
to play a critical role in differentiation of Th17 cells. It is well known that signal transducer and activator of transcription 3 (STAT3) is a 
key transcription factor to regulate RORγt expression and involved in a variety of cellular biologic functions [41,42]. In the present 
study, consistent with the changes of Th17/IL-17, the expressions of p-STAT3 and RORγt were significantly increased in the model 
group, which be inhibited in the treatment group. Thus, our study demonstrated that Th17 responses in SPI was regulated by phos
phorylation of STAT3. 

Fasudil in SPI: Numerous studies demonstrated RhoA/ROCK pathway-mediated regulation of Th17 cell differentiation and func
tion. For example, Zhang et al. found RhoA regulated airway inflammation of asthma by controlling Th17 cell differentiation [43]. 
Additionally, inhibition of RhoA/ROCK pathway by fasudil ameliorated hepatic fibrosis and downregulated Th17 cells responses [44]. 
Oxymatrine restrained the differentiation of Th17 cells and exhibited the protective effects in acute intestinal inflammation in mice 
model via inhibiting the RhoA/ROCK pathway [45]. Another study also indicated that RhoA deficiency impaired Th17 cell differ
entiation and effector cytokine IL-17 secretion, which alleviated house dust mite-induced allergic airway inflammation [46]. As fasudil 
is selective ROCK inhibitor [47], we further investigated the effect of RhoA/ROCK pathway on Th17 cell response in model. Our data 
revealed that fasudil suppressed Th17 cell response to ameliorate SPI by inhibiting the expression of RhoA-ROCK1 pathway. These 
findings indicated that the RhoA/ROCK pathway was a key regulator of Th17 cell differentiation. 

SR1001 in SPI: Interestingly, several previous studies have shown that IL-17 induced the activation of RhoA/ROCK pathway. For 
instance, IL-17 increased airway contractility of severe asthma via activating the RhoA/ROCK pathway [48]. Furthermore, IL-17 
directly upregulated the expression of RhoA/ROCK, which resulted in an induction of the bronchial smooth muscle hyper
responsiveness of asthma [49]. In the study by Chen et al., IL-17 exhibited a proangiogenesis effect on human choroidal endothelial 
cells in vitro by upregulating activated RhoA protein [50]. To further investigate the effect of IL-17 on expression of RhoA/ROCK, the 
model was treated by intraperitoneal injection of SR1001, which could abrogate the development of Th17 cell and secretion of 
cytokine IL-17 [51]. Our findings confirmed for the first time that SR1001 treatment inhibited the expression of RhoA/ROCK and 
alleviated pancreatic injury. These results indicated that IL-17 was an important pro-inflammatory cytokine involved in SPI through 
inducing expression of RhoA/ROCK. This study further confirmed the interplay between RhoA/ROCK and Th17/IL-17 in SPI. 

Combination treatment in SPI: Currently, the etiology of sepsis is not well understood and no effective therapeutic interventions is 
available for sepsis. If not promptly treated, sepsis rapidly progresses and develops septic shock or multiple organ failure [52]. 
Broad-spectrum antibiotics can help control the infection but cannot prevent the cytokine storm and organ damage. Therefore, novel 
therapeutic agents targeting new mechanisms in SPI are urgently needed. Fasudil, the specific RhoA/ROCK inhibitor, which has been 
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extensively explored in numerous studies of sepsis, including sepsis-induced cerebral and cognitive injury, acute lung injury, and acute 
renal injury [53–55]. It is also known that SR1001 specifically inhibits the development of Th17 cells and IL-17 expression [56,57]. 
Recent findings by Wang and colleagues indicated that SR1001 significantly alleviated acute pancreatitis of the mouse model by 
selectively decreased the Th17/IL-17 [58]. Similarly, our data also confirmed the therapeutic effect of SR1001 on SPI. Notably, the 
combination treatment with fasudil and SR1001 has a significant efficacy in SPI, which was more effective than each mono-treatment. 
Fasudil as a clinically approved RhoA/ROCK inhibitor has been investigated in some clinical studies. Fasudil may be a promising 
clinical therapeutic drug for the prevention and treatment of SPI. SR1001 as a novel class of compound has potential utility in the 
treatment of SPI. Our results will pave a novel direction for future clinic studies of combination treatment in SPI. 

Limitations: Several limitations should be mentioned for the current study. First, the CLP-induced mice model might not fully 
represent sepsis in humans. Thus, the effectiveness of the combination treatment should be carefully evaluated in other animal models 
(such as lipopolysaccharide (LPS)-induced sepsis) with different etiologies. However, while LPS model is representative of Gram- 
negative bacteria, the method does not account for the effect of Gram-positive and polymicrobial sepsis, which lacks the infectious 
component found in human sepsis. Moreover, therapies developed based on the promising results obtained using CLP model could be 
difficultly translated to the clinic. Second, we used an animal model intervened with fasudil and SR1001, rather than a gene RhoA or 
IL-17 knockout model. Gene knockout is the complete deletion of genes, while inhibitors only inhibit gene expression. Third, male 
mice were used in our experiment. However, there were sex-specific differences in sepsis model. For example, sex differences of cardiac 
function and intestinal microbiota were found in sepsis model. Sex-specific differences in the outcome of infectious diseases and sepsis 
appear to favor females. Thus, the conditional gene knockout model and model of female mice may be established in the subsequent 
studies. 

5. Conclusions 

Up to now, there are no specific and effective drugs in clinical practice of sepsis. The efficacy of monotherapy is often disappointing 
in practice due to an inadequate anti-inflammatory response, combination therapy is a promising mean to improve therapeutic efficacy 
by exploiting synergistic interactions in different pathways. Taken together, we undertook this study, for the first time, that the 
combination of fasudil with SR1001 has a synergistic effect on ameliorating SPI in C57BL/6 mice. This study identifies the combination 
of fasudil with SR1001 as a treatment for SPI and provides a new therapeutic theory scheme for SPI patients. 
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