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Abstract
AIM
To investigate the modulatory effect of recombinant-expressed vasoactive intestinal peptide (VIP) analogue (rVIPa) on trinitrobenzene sulfonic acid (TNBS)-induced colitis in rats. 

METHODS
Forty-eight rats were randomized into six groups: normal control group (Control), model control group (TNBS), ethanol treatment group (ETOH), and VIP treatment groups with different dosage (rVIPa1nmol, rVIPa2nmol, rVIPa4nmol). Diarrhea and bloody stool were observed. Colonic damage was evaluated histologically. The levels of tumor necrosis factor- (TNF-), interleukin-10 (IL-10), myeloperoxidase (MPO) and en​dotoxin in colonic tissue and serum were determined by enzyme-linked immunosorbent assay (ELISA). The expression of occludin, ZO-1, Toll-like receptor 4 (TLR4), and nuclear factor-kappa B p65 (NF-B p65), IB, and p-IB were detected by Western blot. 

RESULTS
Administration with 2 nmol rVIPa prevented TNBS-induced necrosis, hyperemia, swelling, inflammation, etc., pathologic changes observed in the inner surface of colon in experimental rats. Moreover, rVIPa significantly decreased colonic TNF- level (P < 0.001), MPO activity (P < 0.001) and serum endotoxin level (P < 0.01), and remarkably increased colonic IL-10 content (P < 0.001) in rats with TNBS-induced colitis. Furthermore, compared to the TNBS-induced colitis group, 2 nmol rVIPa treatment up-regulated the levels of occludin (P < 0.05) and ZO-1 (P < 0.05), NF-B p65 (P < 0.01) and IB (P < 0.001), and down-regulated the levels of TLR4. 

CONCLUSION
rVIPa ameliorates TNBS-induced colonic injury and inflammation and effectively protected the intestinal mucosal barrier function in rats. The mechanism may be related to TLR4/NF-B-mediated signaling pathway. rVIPa could be used as a new alternative therapy for intestinal inflammatory disorders.
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Core tip: Vasoactive intestinal peptide (VIP) is a neuropeptide with potent anti-inflammatory activities. Recombinant VIP analogue (rVIPa with amino acid sequence “HSKAVFTKNYTRLRKQMAVKKYLNSILN”) with higher antimicrobial activity and stability than natural peptide was produced by an effective and low-cost production method. The current study first indicated that rVIPa could alleviated TNBS-induced colitis via TLR4/NF-B-mediated signaling pathway. In summary, these results suggest a protective role and anti-inflammatory effect of rVIPa in inflammatory bowel disease and indicate that rVIPa has therapeutic potential for intestinal inflammatory disorders. The study contributes to identify and produce novel anti-inflammatory agents from human innate host defense mechanisms in the process of biological evolution.
INTRODUCTION
Crohn’s disease (CD) belonging to a type of inflam​matory bowel disease (IBD), is a group of chronic and relapsing intestinal inflammatory disorders[1]. A proportion of patients with CD given the currently available medical therapies remains incurable[2]. CD causes transmural inflammation of the gastrointestinal wall. Furthermore, prolonged inflammation of the intestinal tract affects the patients’ quality of life and increases the risk of colorectal cancer development[3]. Rapid increase of multidrug-resistant pathogenic microorganisms makes it urgent to research and develop promising and alternative anti-inflammatory molecules. Endogenous bioactive peptides with re​markably structural and functional diversity represent an emerging and potential anti-inflammatory agents[3,4].

Vasoactive intestinal peptide (VIP) is considered a paradigm as an endogenous neuroendocrine-immune mediator with therapeutic potential for a variety of inflammatory disorders such as IBD[5-7]. Previous studies indicated that VIP exerts a lines of important modulatory effects in intestinal pathophysiology, including CD[8-10]. VIP can inhibit the neurodegeneration induced by the loss of neurons, which may be mediated by glial cells through the production of neurotrophic factors and the inhibition of proinflammatory mediators[11]. VIP is also recognized to belong to host defense peptides[12,13]. Furthermore, VIP is a small and linear peptide. VIP as an endogenous hormone, can exhibit efficient ad​justment effect for a low dose. These advantages suggest that VIP possesses a promising potential for developing as a novel and safe anti-inflammatory agent. 

However, due to several shortcomings such as instability, low efficient and expensive production methods[14,15], VIP has not obtained widely application at present. Therefore, in order to promote the de​velopment and application of VIP, choosing the VIP analogue with high stability and anti-inflammatory activity and establishing an effective, low-cost production strategy are very urgent. Previous research indicate that molecular modification of VIP enhances its antimicrobial activity and stability compared with the nature VIP[16]. For the effective and low-cost production method, recently, different recombinant expression strategies have been conducted to produce unique antimicrobial peptides such as fusion partner-mediated Escherichia coli expression system[17-19]. 

In our previous study, we obtained a kind of VIP analogue with an enhanced antimicrobial potency, no-hemolysis, and high stability through the rational design and scanning, and established an effective and low-cost genetic engineering production technology. However, it remains to be elucidated whether molecular modification and recombinant expression affect its natural anti-inflammatory activities or not. Therefore, the current study was conducted to investigate its anti-inflammatory activity, and the possible mechanism of VIP analogue produced by recombinant expression after rational design. The study contributes to better understanding of colitis and leads to advancement in novel treatment design. 

MATERIALS AND METHODS
rVIPa and other reagents

rVIPa with amino acid sequence “HSKAVFTK​NYTRLRKQMAVKKYLNSILN” was prepared in our laboratory based on the recombinant expression and molecular modification of natural VIP. Moreover, its quality and purity were identified by high-performance liquid chromatography (HPLC) and electrospray ionization mass spectrometry (ESI-MS). The 2, 4, 6-trinitrobenzene sulfonic acid (TNBS) was purchased from Sigma Chemical Co. (St.Louis, MO, United States). ELISA kits for tumor necrosis factor- (TNF-), interleukin-10 (IL-10), and myeloperoxidase (MPO) were purchased from R&D Systems (Minneapolis, MN, United States). Primary antibodies against ZO-1, occludin, TLR4, p-IB, IB, NF-B p65 and β-actin, and peroxidase-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, United States). Total superoxide dismutase (T-SOD) activity assay kit was purchased from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China). Bicinchoninic acid (BCA) protein assay kit was from Solarbio Life Sciences Co. (Beijing, China).

Experimental Animals

This experiment was approved by the Institutional Animal Care and Use Committee of the Northwestern Polytechnical University (permit Number: 2016014) and was conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals. Forty-eight adult male Sprague-Dawley (SD) rats (200 ± 20 g) were purchased from the Experimental Animal Center of Xi’an Jiaotong University. During the whole experimental period, rats were maintained in the Animal Experimental Center of Northwestern Polytechnical University at room temperature of 25 ℃, relative humidity of 50% and a 12 h light and dark cycle.
Induction of experimental colitis and administration of rVIPa

In the experiment, healthy male SD rats were assigned randomly to six groups: Normal control group saline and phosphate buffer solution (PBS), model group TNBS and PBS, positive control group (50% ETOH and PBS), and rVIPa groups (TNBS and rVIPa of 1 nmol, 2 nmol, and 4 nmol), with eight rats in each group. Colon colitis was induced rectally by TNBS, as in the following description[20]. First, TNBS was dissolved in 50% ethanol while all experimental rats fasted for 24 h. Then, SD rats from the TNBS-induced model groups were anesthetized and administered with 20 mg (in 250 l of 50% ethanol) of TNBS via a 15-cm (diameter 2.0 mm) length of rubber infusion tube advanced 8 cm in the anus. The rats were seized by the tail for duration of 30s to ensure uniform contact with colonic mucosa. Following the same protocol, positive control animals were given 250 l 50% ethanol. Controls were given the same volume of normal saline. Rats from the rVIPa treatment groups were given 500 l rVIPa with concentration of 1 nmol, 2 nmol, or 4 nmol intraperitoneally (i.p.) every other day after TNBS induction of colitis until the end. Non-rVIPa-treated rats were administered the same volume of PBS. The period of animal experiment lasted 9 d. The animals’ weight, diarrhea, and rectal bleeding were observed and recorded daily.

Histological assessment of colon pathomorphology damage

The rats were anesthetized with ether and the abdomen was opened. The entire colon was immediately removed and the total length was measured. Then the colon was split longitudinally, and gently washed with normal saline. Histologicals assessment of colonic damage was according to the following scoring criteria: 0, no ulcer and no inflammation; 1, no ulcer and local hyperemia; 2, ulcer and no inflammation; 3, ulceration and inflammation at only one site; 4, ulceration and inflammation at two or more sites; 5, area of ulceration extending more than 0.5 cm. 

Measurement of MPO and T-SOD activity in serum and colon tissue
After the experimental rats were anesthetized with isoflurane, blood samples were collected by cardiac puncture and used for preparing serum according to general method. Then, 20 mg colon tissue was homogenized in 200 l ice-cold RIPA lysate with 2 l PMSF with a tissue homogenizer. The supernatant of homogenates was collected by centrifuging with 10000 g at 4 ℃ for 5 min. All samples of serum and supernatant of colon homogenates were stored at -80 ℃ until further analysis. MPO and SOD activities were determined by corresponding assay kits. The absorbance was measured by using a microplate reader (Synergy2, BioTek Instruments, Inc., Winooski, VT, United States) at 450 nm. 

Determination of Cytokine level and endotoxin in serum and colon tissue

TNF-, IL-10, and endotoxin level in serum and colon tissue were measured by specific rat ELISA assay kits according to the manufacturer’s instructions, respectively. 
Expression of occludin, TLRs and NF-κB analyzed by Western blot 

Supernatant of colon was prepared according to the following method. Protein concentration in the supernatant was measured by BCA kit. Approximately 40 g protein from each sample was loaded to the 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane. After being blocked for 2 h in Tris-buffered saline/Tween 20 (TBST, 2 mmol/L Tris-HCl, pH 7.6, 13.7 mmol/L NaCl, and 0.1% Tween 20) containing 5% skimmed milk, membrane were incubated with primary antibodies TLR4 (1:500), ZO-1 (1:1000), occludin (1:1000), p-IB (1:1000), NF-B p65 (1:1000), IB (1:1000), and -actin (1:500) at 4 ℃ overnight. Subsequently, the membrane was incubated with the secondary antibody. The immu​noreactive protein bands were visualized using a Clarity Western ECL substrate kit (BioRad, CA, United States) with HRP-conjugated secondary antibody for film-based imaging. Denditometry analysis of protein bands from scanned-ray films were performed using Scion Image software (Scion Corp., Frederick, MD, United States). The values were normalized against the intensity of -actin. 

Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) and by using Student’s t test (SPSS 19.0, Chicago, IL, United States). All data are shown as mean ± standard error of mean (SEM), and differences were considered to be significant at P < 0.05. 

RESULTS
Body weight and other symptoms of experimental rats

The experimental scheme of induction of colitis and administration of rVIPa is shown in Figure 1A. During the whole period, the activity, diet, stool traits, and body weight of each group of rats were observed. TNBS-treated-alone colitis rats exhibited bradykinesia, reduced food intake, profound and sustained body weight loss, and diarrhea. Moreover, compared to the normal control and vehicle-treated rats, the feces from TNBS-treat-colitis rats contained blood and mucus. Conversely, moderate concentration of rVIPa (2 nmol) significantly ameliorated the TNBS-induced physiopathological effects and improved the TNBS-induced body weight loss in contrast with the untreated group or other concentrations of rVIPa-treated groups (as shown in Figure 1B). 

Histological assessments

As shown in Figure 2A, histological examination de​monstrated a regular morphology on normal rats. Compared to the normal control or ethanol-treated controls, the macroscopic assessment of colon tissue exhibited superficial bleeding and erosion, necrosis, hyperemia, and inflammation in the mucosa. Treatment with 2 nmol or 4 nmol rVIPa effectively relieved the pathological symptoms and prevented the hyperemia and inflammation in the experimental rats’colon (Figure 2B). Moreover, 2 nmol rVIPa inhibited TNBS-induced decrease of colon length (Figure 2C). 

MPO and T-SOD activity in serum and colon tissue

As shown in Figure 3, the current results showed that compared with the normal control and ethanol-treated control rats, colon TNBS treatment significantly increased the activity of MPO. However, 2 nmol rVIPa treatment significantly inhibited the TNBS-induced increase of MPO activity in colon tissue. At the same time, we examined the T-SOD activity in serum and colon tissue. The results showed that compared with the normal control and ethanol-treated rats, administration with TNBS significantly reduced the T-SOD activity in serum and colon tissue. In contrast, 2 nmol rVIPa treatment obviously relieved the TNBS-induced increase of the T-SOD activity in serum and colon tissue. 

TNF-α, IL-10, and endotoxin level in serum and colon tissue

As shown in Figure 4, the levels of TNF- and endotoxin in the serum and colon of TNBS-treated group were apparently higher than those in the normal control and vehicle groups. However, the level of anti-inflammatory factor IL-10 in the serum and colon of TNBS-treated model rats was significantly lower than that in the normal control and vehicle groups. Conversely, compared with the TNBS-treated group, 2 nmol and 4 nmol rVIPa treatment reduced the level of TNF- and endotoxin, and increased the level of IL-10 in the serum and colon. 
The expression levels of tight junction protein

The results of intestinal tight junction (TJ) protein-occludin and ZO-1 expression levels determined by Western blot analysis were shown in Figure 5 and demonstrated that compared with the normal control rats, occludin and ZO-1 expression were decreased in the TNBS-treated rats. Conversely, 2 nnol rVIPa inhibited the above effect. However, relatively low and high concentrations of rVIPa did not exhibit protective effects on the intestinal barrier function damage. 

Expression of TLRs/NF-κB signaling pathway

As shown in Figure 6, compared with the control rats, the protein level of TLR4 in TNBS-induced colitis was increased. However, 2 nmol rVIPa treatment significantly down-regulated the level of TLR4 during the TNBS-induced colitis. NF-B is an important regulator of inflammation-related gene expression. Moreover, compared with the normal control, TNBS treatment significantly down-regulated NF-B p65 and IB expression levels, and up-regulated the expression level of p-IB in colon tissue. NF-B p65 and IB expression levels in the rVIPa treatment groups were higher than those in the model group, which suggested that rVIPs may exhibit anti-inflammatory efficiency via TLRs/ NF-B signaling pathway. 

DISCUSSION
IBD mainly includes CD and ulcerative colitis (UC), which affect quality of life for patients, and even give rise to the risk of enteric cancers. The lack of effective prevention and therapeutic measures are largely due to the pathogenesis of IBD, which is poorly understood. VIP is a neuroimmunopeptide concerned with homeostasis and health. Considerable lines of data suggested that VIP may be a potential candidate which can be developed to treat inflammatory diseases including CD[5-7]. Moreover, the VIP-receptor plays a key role in the modulatory effect of VIP on IBD[5].

As a neuroendocrine mediator, VIP possesses a wide range of biological functions. However, some disadvantages limit its practical application. Therefore, in our previous research, we designed a VIP analogue, via amino residue substitution (Asp3Lys3, Asp8Lys8), with safety, favorable stability and improved antimicrobial activities, and established a green, efficient and low-cost production technology via E. coli-recombinant expression system[21]. However, it remains to be elucidated whether the molecular modification and recombinant generation affect its anti-inflammatory activity or not. TNBS-induced colitis shows the similar pathological features to the human CD[22,23]. Therefore, an experimental acute CD model usually established by intrarectal administration of TNBS in mice or rats. In the current study, we investigated the role of rVIPa in TNBS-induced colitis. The results indicated that 2 nmol rVIPa effectively relieved body weight loss, pathological symptoms and prevented hyperemia and inflammation in the colon tissue in the experimental rat model of colitis. This study first verified the the beneficial effect of rVIPa on colitis via in vivo experiment. Notably, high concentration of rVIPa exhibited reduced anti-inflammatory effects. Therefore, as for rVIPa derived from an endogenous neurotransmitter belonging to the hormone family, dose is very crucial. In the treatment of IBD, the benefical effect of rVIPa on the damaged colon may be associated with its anti-inflammatory, antibacterial and immune-modulatory activities. In the TNBS-induced colitis rats, increase of TNF- and endotoxin level and MPO activity, and decrease of IL-10 level and T-SOD activity were observed in the serum and colon tissue. Conversely, treatment with proper dose of rVIPa significantly suppressed the UC development and inflammatory response. VIP restores immune tolerance by down-regulation of the inflammatory response and by induction of regulatory T cells[15]. VIP protects against bacterial pathogen EPEC-induced epithelial barrier disruption and colitis, which may be associated with the inhibition of PKCε activation by VIP[24]. Previous research indicate that exogenous VIP alleviates symptoms of histopathology of TNBS-induced colitis, which may be related to the decrease of the inflammatory and T helper cell type 1 (Th1)-driven autoimmune components[25]. Impaired goblet cell development and obviously intestinal barrier dysfunction were observed in VIP knockout (KO) (VIP KO) mice[26]. Moreover, VIPKO enhanced the susceptibility of mice to DNBS and DSS-induced colitis. However, VIP-treated VIPKO mice restores the phenotype and effectively protects against DSS-colitis[7]. However, other research suggests that deficient in VIP reduces the pathology caused by TNBS-induced colitis in mice[27]. The role of VIP in colitis need further investigate. 

Intestinal epithelial cells, as the important com​ponent of intestinal physical barrier, play an key role in resisting harmful substances such as pathogenic microorganism and toxin, etc., and maintaining the intestinal homeostasis[28,29]. The intestinal epithelium barrier can be easily disrupted during gut inflammation such as UC or CD. Recent evidence suggests that it is the crucial pathological feature of IBD that colonic epithelial barrier dysfunction heightens bacterial translocation, and followed by stimulating inflammatory response in the colonic mucosa[30,31]. Moreover, impaired intestinal epithelium permeability contributes to ongoing bowel symptoms in patients with IBD and mucosal healing[32]. In the current study, we found that treatment with rVIPa increased the expression of occludin. Future studies may further reveal the key roles of the intestinal barrier function in the pathophysiology of IBD, which will contribute to explore alternative and targeted therapy methods[33]. 

Inflammatory molecules s have been considered as elementary inducing factors involved in the disruption of the intestinal TJs, and gut permeability and bacterial translocation[34]. TNF- is recognized as one of the important proinflammatory cytokines. Treatment with rVIPa reduced the production of systemic and mucosal inflammatory factors and rescued the T colon injuries caused by TNBS and improved the expression of TJsi. TNF- triggers the increase of intestinal epithelial permeability by disrupting TJs which is related to the MLCK up-regulation[35]. Moreover, NF-B is involved in positively regulating MLCK as the positive upstream regulator[35]. Activation of NF-B plays an important role in the intestinal inflammation[36], which is usually recognized as a central “switch” in the key initial steps of inflammation response. The present study also confirmed the idea. Compared with that of normal rats, up-regulation of NF-B p65 and p-IB, and down-regulation of IB in inflammatory colonic tissue. Administration of rVIPa decreased the expression of NF-B p65 and inhibited the degradation of IB.

VIP regulates the immune response via TLRs sig​naling pathway. VIP modulating TLR has been tested in the mucosal immune system using TNBS-induced colitis[37]. VIP exerts an important role in regulating the balance of proinflammatory and anti-inflammatory factors not only in the colon but also in mesenteric lymph nodes. TLRs mediates the expression regulation of inflammation-related genes in a cascade style[38]. The current study shows that rVIPa treatment inhibites TNBS-induced the up-regulation of TLR4, which suggests that rVIPa could regulate the inflammatory response by modulating TLR expression. The VIP/pituitary adenylate cyclase-activating peptide (PACAP) system is considered a potential candidate applicated to anti-inflamatory therapy as a neuroendocrine-immune mediator. Most data validate the therapeutic effect through the modulation of TLR2 and 4[39]. The protective effect of rVIPa is mediated by the down-regulation of inflammatory cytokines, which may be involved in TLRs/ NF-B /VIP system. 

In summary, the study indicated that the VIP ana​logue produced by recombinant expression signi​ficantly inhibited the progression of colitis, exhibiting a protective effect on the colon, which may be related to the inhibition of proinflammatory cytokines, up-regulated TJ expression, and promotion of anti-inflammatory cytokines via TLRs/NF-B signaling pathway. By modifying the structure of VIP, its anti-inflammatory activity could be further improved. This study provides a simple, low-cost strategy for identifying and producing a novel anti-inflammatory agent from human innate host defense mechanisms in the process of biological evolution.
ARTICLE HIGHLIGHTS 

Research background

Crohn’s disease (CD) is a type of inflammatory bowel disease (IBD) Prolonged inflammation of the intestinal tract affects the patients’ quality of life and increases the risk of colorectal cancer development. Endogenous antimicrobial and immunoregulatory peptides represent an emerging category of therapeutic agents, are gaining considerable interest in the scientific community. VIP is a neuropeptide with potent anti-inflammatory activities. Recombinant expressed VIP analogue with higher antimicrobial activity and stability than natural peptide was produced by an effective and low-cost production method. The results indicated that rVIPa alleviated TNBS-induced colitis via TLR4/NF-κB-mediated signaling pathway. rVIPa could be used as a new alternative therapy for intestinal inflammatory disorders. The study contributes to advancement in novel treatment design. 

Research motivation

At present, a proportion of patients with Crohn’s disease could not obtain high efficacy of the available medical therapies. Therefore, it is urgent to develop new anti-inflammatory agents with high efficacy, safety and low cost. The natural biological peptides and their analogues will provide important and significant resources for the development of molecules that can block inflammatory pathways. 

Research objectives

rVIPa with high antimicrobial activity and stability was produced by an effective and low-cost biotechnology. The current study was conducted to investigate the modulatory effect of rVIPa on colon in rats with TNBS-induced colitis. The study contributes to the development of a kind of new and novel therapeutic agent from endogenous bioactive peptides for IBD.

Research methods

The current study investigated the anti-inflammatory activity, and the possible mechanism of rVIPa through establishing acute colitis model in rats administrated of TNBS intrarectally. In addition to the body weight change, histological assessment, MPO and endotoxin analyzed by ELISA, and tight junction proteins levels analyzed by Western Blot, TLR4/NF-κB-mediated signaling pathway were also investigated.

Research results

The current study first find that VIP analogue produced by recombinant expression significantly ameliorates the colon injury and inflammation caused by TNBS in rats, and exhibits a protective effect on colitis. Moreover, administration with rVIPa inhibited proinflammatory cytokines, up-regulated tight junction proteins expression, and promotion of anti-inflammatory cytokines via TLRs/NF-κB signaling pathway. 

Research conclusions

rVIPa alleviated TNBS-induced inflammation and effectively protected the intestinal mucosal barrier function in rats, which may be related to TLR4/NF-κB-mediated signaling pathway. These results suggested that rVIPa could be explored to a new alternative therapy for intestinal inflammatory disorders. 

Research perspectives

By rational design and molecular modification, the antimicrobial and anti-inflammatory activity, and stability for endogenous bioactive peptides could be further improved. This study provides a simple, low-cost strategy for identifying and producing a novel anti-inflammatory agent from human innate host defense mechanisms in the process of biological evolution.
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Figure 1  Administration of rVIPa inhibited the pathogenic effects and body weight loss caused by TNBS. A: The experimental scheme of induction of colitis and administration of rVIPa; B: Body weight of rats between days 1-10. rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TNBS: Trinitrobenzene sulfonic.
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Figure 2  Histological observation and evaluation of colon tissue. A: Visual inspection of TNBS-induced colitis of colon tissue in rats and effect of rVIPa with different concentrations; B: Histologic score; C: Colon length. Data represent mean ± SEM (n = 8). aP < 0.05, eP < 0.001 vs control rats; cP < 0.05, dP < 0.01, fP < 0.001 vs TNBS-induced model rats.
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Figure 3  Myeloperoxidase and total superoxide dismutase activities in serum and colon tissue. Data represent mean ± SEM (n = 8). bP < 0.01, eP < 0.001 vs control rats; dP < 0.01, fP < 0.001 vs TNBS-induced model rats. MPO: Myeloperoxidase; T-SOD: Total superoxide dismutase; rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TNBS: Trinitrobenzene sulfonic.
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Figure 4  TNF-α, IL-10, and endotoxin level in serum and colon tissue. Data represent mean ± SEM (n = 8). bP < 0.01, eP < 0.001 vs Control rats; cP < 0.05, dP < 0.01, and fP < 0.001 vs TNBS-induced model rats. TNF-α: Tumor necrosis factor; IL-10: Interleukin-10; rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TNBS: Trinitrobenzene sulfonic.
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Figure 5  Protein expression level of occludin and ZO-1 in colon. Data represent mean ± SEM (n = 8). bP < 0.01 vs control rats; cP < 0.05 vs TNBS-induced model rats. rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TNBS: Trinitrobenzene sulfonic.
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Figure 6  Effects of rVIPa with different concentration on TLR4/NF-κB signaling proteins expression level in colon tissue. Data represent mean ± SEM (n = 8). bP < 0.01 vs control rats; cP < 0.05 vs TNBS-induced model rats. rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TLR4: Toll-like receptor 4; NF-κB: Nuclear factor of kappa B; rVIPa: Recombinant expressed vasoactive intestinal peptide analogue; TNBS: Trinitrobenzene sulfonic.
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