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Inflammatory bowel disease (namely, colitis) severely impairs human health. Isoleucine is reported to regulate immune function (such as the production of immunoreactive substances). The aim of this study was to investigate whether l-isoleucine administration might alleviate dextran sulfate sodium (DSS)-induced colitis in rats. In the in vitro trial, IEC-18 cells were treated by 4 mmol/L l-isoleucine for 12 h, which relieved the decrease of cell viability that was induced by TNF-α (10 ng/ml) challenge for 24 h (P <0.05). Then, in the in vivo experiment, a total of 44 Wistar rats were allotted into 2 groups that were fed l-isoleucine-supplemented diet and control diet for 35 d. From 15 to 35 d, half of the rats in the 2 groups drank the 4% DSS-adding water. Average daily gain, average daily feed intake and feed conversion of rats were impaired by DSS challenge (P <0.05). Drinking the DSS-supplementing water also increased disease activity index (DAI) and serum urea nitrogen level (P <0.05), shortened colonic length (P <0.05), impaired colonic enterocyte apoptosis, cell cycle, and the ZO-1 mRNA expression (P <0.05), increased the ratio of CD11c-, CD64-, and CD169-positive cells in colon (P <0.05), and induced extensive ulcer, infiltration of inflammatory cells, and collagenous fiber hyperplasia in colon. However, dietary l-isoleucine supplementation attenuated the negative effect of DSS challenge on growth performance (P <0.05), DAI (P <0.05), colonic length and enterocyte apoptosis (P <0.05), and dysfunction of colonic histology, and downregulated the ratio of CD11c-, CD64-, and CD169-positive cells, pro-inflammation cytokines and the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05). These results suggest that supplementing l-isoleucine in diet improved the DSS-induced growth stunting and colonic damage in rats, which could be associated with the downregulation of inflammation via regulating TLR4/MyD88/NF-κB pathway in colon.
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Introduction

Gut functions and integrity play a vital role for health and growth in humans and animals (1). Inflammatory bowel disease (IBD), especially colitis, is a kind of chronic non-specific disease, which is derived from intestinal epithelium erosion and inflammatory invasion. However, with recurrent and persistent features, IBD impairs the life quality of patients (2). Researchers have already obtained some IBD models, namely, cell models (i.e., tumor necrosis factor (TNF)-α induction), and rodent models [i.e., oral gavage of dextran sulfate sodium (DSS)] (3, 4). Recent studies have illustrated that some nutritional ways (such as essential oils, probiotics) may improve the inflammation in IBD models (5–7).

Isoleucine, known as one of branched chain amino acids, is important for some physiological functions of humans and animals (8–11). Through reviewing the previous studies, it is found that isoleucine is important to maintain immunity in the in vivo and in vitro trials, which is involved into the regulation of immune organs, immune cells, and immunoreactive substances (such as immunoglobulins, cytokines, and host defense peptides) (12). Our recent study also showed that l-isoleucine administration could relieve rotavirus infection via affecting immune response, namely, the mRNA expression and concentration of inflammation-related cytokines in the ileal mucosa of weaned piglets (13). Thus, l-isoleucine administration could regulate the inflammatory response, and be used to control and cure DSS-induced colitis. However, there were no related studies.

Toll-like receptor 4/myeloid differentiation primary response gene 88/nuclear factor-kappa B (TLR4/MyD88/NF-κB) pathway would be stimulated in IBD models, which could further increase the generation of pro-inflammatory cytokines in colon (14, 15). In our recent study, l-isoleucine administration could regulate the mRNA expression of TLR3, NF-κB, and inflammatory cytokines in the ileal mucosa of rotavirus-infected piglets (13). Thus, the aim of this study was to verify the hypothesis that dietary l-isoleucine supplementation might alleviate gut damage and inflammation in the rats with DSS-induced colitis, and preliminarily analyze the possible mechanism in this process.



Materials and Methods


Cell Culture Experiment


Cell Culture

The IEC-18 cell line (rat ileal epithelial cells) was purchased from iCell Bioscience Inc. (Shanghai, China). IEC-18 cells were cultured with DMEM medium (Gibco Laboratories Life Technologies Inc., Grand Island, NY) with 10% fetal bovine serum (Gibco Laboratories Life Technologies Inc., Grand Island, NY), 0.1 U/ml insulin (iCell Bioscience Inc., Shanghai, China), and 1% antibiotics (Penicillin-Streptomycin Solution; Gibco Laboratories Life Technologies Inc., Grand Island, NY) at 37°C in 5% CO2.




Cell Viability Assay

The viability of IEC-18 cells was measured with the Cell Counting Kit-8 (CCK8; Beyotime, Jiangmen, China) according to the manufacturer’s instructions. In brief, IEC-18 cells were seeded in 96-well plates at 1.0 × 104 cells/well. Following 20 h culture, the varying concentrations (0, 2, 4, 8, and 16 mmol/L) of l-isoleucine or the varying concentrations (0, 5, 10, and 20 ng/ml) of TNF-α were added to the cells (n = 10 or 12). At 12 and/or 24 h after l-isoleucine and TNF-α treatment, CCK8 solution was added and incubated for 2 h. Cell viability was determined with BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT) at an absorbance of 450 nm. Through these, the suitable treating-dose and -time of l-isoleucine or TNF-α were obtained.

Then, we measured whether l-isoleucine treatment could influence the effect of TNF-α on cell viability. Briefly, IEC-18 cells were seeded in 96-well plates at 1.0 × 104 cells/well. Following 20 h culture, 0 or suitable dose of l-isoleucine were supplemented to the cells for suitable treating-time (n = 16). The media were removed. Cells were washed three times with PBS and incubated with free-serum and free-antibiotics media containing 0 or suitable dose of TNF-α for 24 h (n = 8). CCK8 solution was added and incubated for 2 h. Cell viability was measured with BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT) at an absorbance of 450 nm.



Animal Experiment


Animals, Diets, and Experimental Design

The trial protocol was approved by the Animal Care Advisory Committee of Sichuan Agricultural University. All operations were carried out at the Experimental Farm of Sichuan Agricultural University with Regulations on Animal Welfare and Animal Testing. A total of 44 male Wistar rats weaned at 21 d were from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China). All rats were individually housed in a temperature-controlled room (21–23°C) on a 12L:12D photoperiod, and had food and water ad libitum.

A non-purified rodent diet based on maize, soybean meal, wheat flour, and fishmeal was purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China), which met the Chinese National Standard (GB14924.3-2010). Either 1.00% (w/w) l-isoleucine or 0.68% (w/w) l-alanine (isonitrogenous control) was supplemented to the non-purified rodent diet. Feed mixture was executed by the Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China). In this non-purified rodent diet, the nutritional levels were crude protein (20%, w/w), Ca (1.36%, w/w), and total P (1.02%, w/w).

After 3 d of acclimatization, according to body weight, 44 Wistar rats were allotted into 2 groups: one fed with the l-isoleucine-supplemented diet or one fed with the l-alanine-supplemented (isonitrogenous control) diet (n = 22) for 35 d. From 15 to 35 d, half of the rats in the 2 groups drank the ultrapure water with 4.0% (w/v) DSS (40,000 mol wt; Herbon International Co., Ltd., Heyuan, China) while the others drank the ultrapure water. Via measuring feed intake in each day and body weight per 3 days, average daily gain (ADG), average daily feed intake (ADFI), and feed conversion (F/G) of all rats were calculated.




Evaluation of Colitis

The colitis of rats was evaluated as described previously (16). Briefly, body weight per 3 days, daily hemoccult or presence of gross blood, and daily stool consistency were measured in all rats, and then the disease activity index (DAI) was determined by an investigator blinded to the protocol by scoring changes in weight, hemoccult positivity or gross bleeding, and stool consistency. The method of scoring is shown in Supplemental Table 1.



Sample Collection

On the 36th day, after weighing, all rats were anesthetized with sodium pentobarbital, and the abdomen was exposed. Blood of all rats were collected from abdominal aorta. Serum samples were made by centrifuging blood at 3,500×g for 10 min, and stored at −20°C. Then, the colons of all the rats were quickly isolated, and its length was measured. Four rats were randomly chosen in each group, and segments of colon (about 5 cm) were collected, placed into ice-cold PBS solution, and used to determine cell cycle and apoptosis. In the other rats, segments of colon (about 1 cm) were fixed in 4% paraformaldehyde. The residual colons of all the rats were immediately frozen in liquid nitrogen and stored at −80°C until measurement.



The Analysis of Serum Urea Nitrogen and Free Amino Acids

Serum urea nitrogen level was measured with an assay kit from the Nanjing Jiancheng Biochemistry Institute (Nanjing, China) according to the manufacturer’s instructions. The concentrations of serum free amino acids were analyzed by ion-exchange chromatography with physiological fluid analysis conditions (L-8900 AA Analyzer, Hitachi, Japan) as described previously.



Colonic Enterocyte Apoptosis Assay

Colonic epithelial cells were immediately separated from colons of each rats, and ground to form the cell suspension that was filtered through a 300-mesh nylon screen. After washing cells twice with ice-cold PBS, cells were suspended in PBS at 1 × 106 cells/ml. Then, 100 µl cell suspension were transferred into 5 ml culture tubes, and 5 µl Annexin V-FITC (Invitrogen Life Technologies, Inc., Carlsbad, CA) and 10 µl propidium iodide (PI; Invitrogen Life Technologies, Inc., Carlsbad, CA) were added. The cell suspension was gently vortexed and incubated at room temperature for 15 min in the dark. Lastly, 400 µl of Annexin V binding buffer (Invitrogen Life Technologies, Inc., Carlsbad, CA) was added in each tube, and the apoptotic cells were determined with CytoFlex flow cytometer (Beckman Coulter, Inc., Brea, CA).



Colonic Enterocyte Cell Cycle Assay

After cell suspension was made in colon, 1 ml cell suspension was transferred into 5 ml culture tubes, and 1 ml PBS was added. The cell suspension was centrifuged at 300×g for 5 min. Cells were re-suspended with 2 ml ice-cold ethanol (70%), and incubated at 4°C for 15 min. Following centrifuging at 300×g for 5 min, the supernatant was abandoned, and 400 µl PBS was added. Then, 50 µl PI (BD Pharmingen, San Jose, CA) and 50 µl RNase (BD Pharmingen, San Jose, CA) were added into cell suspension, and the cell suspension was incubated at 4°C for 30 min. Finally, cell cycle distributions were analyzed with CytoFlex flow cytometer (Beckman Coulter, Inc., Brea, CA).



Histopathology of Colon

In histopathological assay, colon segments fixed in 4% paraformaldehyde were embedded in paraffin. The consecutive sections (5 µm) were stained by using Masson’s trichrome (MT) and hematoxylin–eosin (H&E). Then, the histopathological changes in colon were observed at 40× magnification with an Olympus CK 40 microscope.



Colonic Immunohistochemistry Analysis

After being fixed in 4% paraformaldehyde, colon segments were embedded in paraffin. The sections (2 µm) were deparaffinized and hydrated, and pre-treated with 3% H2O2 at room temperature for 15 min, and then heated in 10 mmol/L citrate buffer (pH 6.0) for 3 min. After washing with PBST three times, the sections were blocked with 10% goat serum at room temperature for 60 min. Then, the sections were incubated overnight at 4°C with 1:200 dilution of rabbit anti-CD11c antibody (Biorbyt, Cambridge, UK), anti-CD64 antibody (Abcam, Cambridge, MA) or anti-CD169 antibody (Biorbyt, Cambridge, UK). Then, the sections were rinsed with PBST three times, and incubated with biotinylated goat anti-rabbit IgG secondary antibody (Beijing Zhongshan Golden Bridge Biotechnology CO., Ltd., Beijing, China) at room temperature for 30 min. After rinsing three times with PBST, the sections were incubated with avidin-HRP at room temperature for 30 min. The sections were washed 5 times with PBST, and immunodetected by using 3,3’-diaminobenzidine (DAB). Finally, all sections were counterstained with hematoxylin and mounted in neutral resin, and observed at 40× magnification with an Olympus CK 40 microscope. The ratio of positive cells containing CD11c, CD64, and CD169 was analyzed by using Image-Pro® Plus (v 6.0, Media Cybemetics Inc., MD).



Analysis of Cytokine Concentrations in Colon

The colons (about 100 mg) were added into ice-cold PBS, shattered at 4°C, and centrifuged at 5,000×g for 15 min at 4°C. Then, the supernatants were collected. The levels of interleukin-1β (IL-1β), IL-4, IL-10, IL-17, and IL-35 in colon were measured with ELISA kits from Shanghai Xinle Co., Ltd. (Shanghai, China).



The mRNA Expression of Some Genes in Colon

Total RNA in colon was extracted with TRIZOL reagent [TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China] according to the manufacturer’s instructions. The RNA level was determined with DU 640 UV spectrophotometer detection (Beckman Coulter Inc., Fullerton, CA), and OD260:OD280 ratio was 1.8–2.0. The RNA quality in colonic samples was evaluated with 1% agarose gel electrophoresis. Then, in all samples, the cDNA was synthesized by using RT Reagents [TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China] according to the manufacturer’s instructions. The gene primers of this study, listed in Supplemental Table 2, were purchased from TaKaRa Biotechnology (Dalian) Co., Ltd (Dalian, China). The mRNA expression of zonula occluden 1 (ZO-1), mucin 2 (MUC2), Claudin-1, TLR4, MyD88, and NF-κB in colon was determined by real-time quantitative PCR with SYBR Premix Ex Taq reagents (TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China) and CFX-96 Real-Time PCR Detection System (Bio-Rad Laboratories, Richmond, CA) as described previously (17). To correct the variance in the amount of RNA input of reaction, β-actin was used as the reference gene. Then, the relative mRNA expression of target genes was acquired with the previous method (18).



Statistical Analysis

Statistical analyses were performed with SPSS 20.0 (Statistical Product and Service Solutions, Inc., USA). (i) Cell-culture trial. Data were analyzed by using one-way ANOVA, followed by Duncan’s Multiple Range test. (ii) Animal trial. The growth performance data of rats before DSS challenge, and the DAI data were analyzed with the unpaired t-test. The other data were analyzed as a 2 × 2 factorial with the general linear model procedures. The model factors included the effect of l-isoleucine administration, DSS challenge and their interaction. All data were indicated as means with their SEs. The P-value less than 0.05 was considered statistical significance while the P-value less than 0.10 was deemed a statistical tendency.




Results


The Effect of l-Isoleucine and/or TNF-α on Cell Viability in IEC-18 Cells

IEC-18 cells were exposed to different levels (0, 2, 4, 8, and 16 mmol/L) of l-isoleucine for 12 and 24 h, and exposed to different concentrations (0, 5, 10, and 20 ng/ml) of TNF-α for 24 h. During 12 h, the IEC-18 cell viability was increased by 4 and 8 mmol/L of l-isoleucine, and 4 mmol/L l-isoleucine treatment improved 26.17% viability (P <0.05, Figure 1A). After 24 h incubation, 2, 4, and 16 mmol/L l-isoleucine decreased the IEC-18 cell viability (P <0.05, Figure 1A). The dose and duration of l-isoleucine exposure were 4 mmol/L and 12 h, respectively. Following 24 h exposure, 5, 10, and 20 ng/ml of TNF-α reduced the IEC-18 cell viability (P <0.05, Figure 1B). The dose of TNF-α exposure was 10 ng/ml. As shown in Figure 1C, the viability of IEC-18 cells was also decreased by TNF-α exposure, but after 4 mmol/L l-isoleucine treatment for 12 h, the reduction of IEC-18 cell viability induced by TNF-α challenge was relieved (P <0.05).




Figure 1 | The effect of l-isoleucine and/or TNF-α on cell viability in IEC-18 cells. (A) The dosage and duration of l-isoleucine treatment in IEC-18 cells (n = 10 or 12). (B) The dosage of TNF-α treatment in IEC-18 cells (n = 12). (C) L-isoleucine treatment relieved the negative effect of TNF-α on cell viability in IEC-18 cells (n = 8). Values are means ± SE. Values with different letters are significantly different (P <0.05), #, * Compared with 0 mmol/L i isoleucine or 0 ng/mL TNF-a in the
same duration, values mean significant difference (P < 0.05).





Growth Performance and DAI in Rats

During the first two weeks, dietary l-isoleucine supplementation increased ADG (P <0.05), and decreased F/G (P <0.05), but did not affect ADFI and DAI (P >0.05) in rats (Table 1 and Figure 2). From 15 to 35 d, DSS challenge impaired growth performance (P <0.05) and increased DAI (P <0.05), and supplementing l-isoleucine in diet improved ADG (P <0.05), ADFI (P = 0.07) and F/G (P <0.05) in rats (Table 1 and Figure 2). Additionally, in the DSS-challenge rats, l-isoleucine administration alleviated the negative effect of DSS infusion on growth performance (Table 1), and delayed the DSS-induced DAI (Figure 2).


Table 1 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on growth performance of rats.






Figure 2 | The effect of l-isoleucine administration on disease activity index (DAI) in the normal and DSS-challenge rats. DSS−, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet. Values are means ± SE (n = 11). *Compared with the group of CON DSS−, values mean significant difference (P < 0.05). #Compared with the group of ILE DSS+, values mean significant difference (P < 0.05).





The Serum Levels of Free Amino Acids and Urea Nitrogen in Rats

DSS challenge increased serum levels of serine (P <0.05), glutamate (P <0.05), glycine (P <0.05), alanine (P <0.05), arginine (P <0.05), and urea nitrogen (P = 0.08), and decreased serum valine level (P <0.05) in rats (Table 2). Dietary l-isoleucine supplementation enhanced serum concentrations of threonine (P <0.05), isoleucine (P <0.05), lysine (P = 0.06) and arginine (P <0.05), and reduced serum glutamate (P <0.05), valine (P <0.05), and urea nitrogen (P <0.05) levels in rats (Table 2). Moreover, in the DSS-challenge rats, l-isoleucine administration attenuated the effect of DSS challenge on serum glutamate and urea nitrogen levels, and further enhanced serum arginine concentration (P <0.05, Table 2).


Table 2 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS Challenge on serum levels of free amino acids and urea nitrogen in rats.





Colonic Length and Histopathology

Colonic length in rats was shortened by DSS challenge (P <0.05, Table 3, Figure 3). Dietary l-isoleucine supplementation relieved the negative effect of DSS challenge on colonic length in the DSS-challenge rats (P <0.05, Table 3 and Figure 3). There were no pathological changes in the non-challenge rats (Figure 4). In the colon of DSS-challenge rats fed l-alanine-supplemented diet, epithelial structure was damaged, mucous layer had the extensive ulcer and sizable infiltration of lymphocytes and neutrophilic granulocytes, muscular layer also had infiltration of lymphocytes and neutrophilic granulocytes, and there were the extensive hyperplasia of collagenous fiber (Figure 4). In the colon of DSS-challenge rats fed with l-isoleucine-supplemented diet, epithelial structure was normal, mucous layer was basically integral, but mucous layer had infiltration of some lymphocytes and neutrophilic granulocytes, and there was the weak hyperplasia of collagenous fiber (Figure 4).


Table 3 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on colon length and the mRNA expression of barrier-related genes of colon in rats.






Figure 3 | The effect of l-isoleucine administration on colon length in the normal and DSS-challenge rats. DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.






Figure 4 | The colonic histopathology in the normal and DSS-challenge rats. (A) Colon stained with hematoxylin–eosin (H&E); (B) Colon stained with Masson’s trichrome (MT). DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.





The mRNA Expression of Barrier-Related Genes in Colon

As shown in Table 3, the mRNA expression of ZO-1 was decreased by DSS challenge (P <0.05), but dietary l-isoleucine supplementation increased the ZO-1 mRNA expression in the colon of rats (P <0.05). In the DSS-challenge rats, l-isoleucine administration could improve the ZO-1 and Claudin-1 mRNA expression of colon (P <0.05, Table 3).



Enterocyte Apoptosis and Cell Cycle in Colon

DSS challenge increased the early-stage, late-stage and total apoptotic cell percentages, enhanced the ratio of G0/G1 phase cells, and decreased the proportion of S phase cells in the colonic epithelium of rats (P <0.05, Tables 4, 5, and Supplementary Figures 1, 2). Dietary l-isoleucine supplementation reduced late-stage and total apoptotic cell percentages, and the proportion of G0/G1 phase cells, but elevated the ratio of S phase cells in the colonic epithelium of rats (P <0.05, Tables 4, 5, and Supplementary Figures 1 and 2). Furthermore, in the DSS-challenge rats, supplementing l-isoleucine in diet relieved the effect of DSS challenge on the late-stage and total apoptotic cell percentages in the colonic epithelium of rats (P <0.05, Table 4 and Supplementary Figure 1).


Table 4 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on enterocyte apoptosis in colon of rats (%).




Table 5 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on cell cycle in colon of rats (%).





Inflammation-Related Markers in Colon

DSS challenge elevated the ratio of positive cells containing CD11c, CD64, and CD169 (P <0.05), but l-isoleucine administration reduced the ratio of positive cells containing CD11c (P <0.05), CD64 (P <0.05), and CD169 (P = 0.08) in the colonic mucosa of rats (Table 6 and Figure 5). Moreover, in the DSS-challenge rats, supplementing l-isoleucine in diet relieved the DSS-induced enhancement of the ratio of CD11c-, CD64-, and CD169-positive cells in the colonic mucosa of rats (P <0.05, Table 6 and Figure 5).


Table 6 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on the ratio of positive cells containing CD11c, CD64 and CD169 in the colon of rats.






Figure 5 | The effect of l-isoleucine administration on the positive cells containing CD11c (A), CD64 (B), and CD169 (C) in the colonic mucosa of normal and DSS-challenge rats. DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.





The Level of Cytokines in Colon

The effect of DSS challenge and/or l-isoleucine administration on the level of cytokines in the colon of rats is shown in Table 7. DSS challenge increased the levels of IL-1β and IL-17, and decreased the IL-35 concentration in the colon of rats (P <0.05). L-isoleucine administration reduced the IL-1β and IL-17 concentrations, and enhanced the level of IL-4 in the colon of rats (P <0.05). In addition, the effect of DSS challenge on the levels of IL-1β, IL-4, and IL-17 in the colon of rats could be alleviated by dietary l-isoleucine supplementation (P <0.05).


Table 7 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on cytokine levels in colon of rats (ng/mg protein).





The mRNA Expression of TLR4, MyD88, and NF-κB in Colon

DSS challenge stimulated the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05, Table 8). Dietary l-isoleucine supplementation inhibited the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05, Table 8). In the colon of DSS-challenge rats, the upregulation of TLR4, MyD88, and NF-κB mRNA expression was also relieved by l-isoleucine administration (P <0.05, Table 8).


Table 8 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on the relative expression of inflammation-related genes in colon of rats.






Discussion

Isoleucine, known as one of branched chain amino acids, has many physiological functions, especially immunity (8, 9, 12). Many previous studies have also shown that isoleucine administration may regulate the generation of immunoreactive substances (such as cytokines) (12). We also found that l-isoleucine administration could influence the mRNA expression and concentration of inflammation-related cytokines of ileal mucosa in weaned piglets (13). In this study, l-isoleucine treatment alleviated the negative effect of TNF-α on cell viability in IEC-18 cells, and then dietary l-isoleucine supplementation also improved growth performance, and decreased DAI, colon damage and inflammation in the DSS-challenge rats. This was the main finding of our study.

IBD, especially colitis, is one of typical digestive-tract diseases that influence human health (2). This makes IBD be a focus of clinical researches. Oral infusion of DSS in rodent models may establish colitis, which leads to the decrease of growth, the increase of DAI (namely, diarrhea and stool containing blood), the damage of colon, the dysfunction of colonic morphology, and inflammation in colon (3, 4, 16). In the present study, drinking the DSS-supplemented (4%) water also induced the similar symptom, and upregulated some inflammatory markers in rats. Therefore, it is proposed that DSS-induced colitis model was successfully set up.

Supplementing l-isoleucine in diet may increase growth performance of some livestock and fish (such as pigs, laying hens, and juvenile Jian carp) (19–23). Our recent study also showed that l-isoleucine administration improved growth in the normal and RV-infected piglets (13). In the current study, dietary l-isoleucine supplementation ameliorated ADG and F/G ratio of rats before DSS challenge, and also attenuated the negative effect on ADFI, ADG and F/G ratio under the condition of DSS challenge. Besides, l-isoleucine administration assuaged the increasing serum urea nitrogen level that was induced by drinking the DSS-supplemented water. Urea nitrogen in blood is usually considered as an indirect marker for protein metabolism in the whole body (24, 25). These illustrated that DSS challenge impaired protein metabolism in rats, which could be improved by dietary l-isoleucine supplementation. Thus, supplementing l-isoleucine in diet increasing growth performance of rats was potentially associated with the enhancement of protein metabolism in whole body.

Amino acids, especially some functional amino acids, play an important role in maintaining physiological functions. Glutamate may be the energy source of gut epithelial cells, which maintains the gut health (26). Arginine can relieve the inflammation in the whole body (27). In our study, l-isoleucine administration decreased serum glutamate level, and increased serum arginine level in the DSS-challenge rats. These illustrated that dietary l-isoleucine supplementation could promote the energy consumption of gut and the generation of anti-inflammatory substance, and then improve gut health and inflammatory reaction.

The colitis embodies colonic damage, which is the main reason that DSS challenge induces the decrease of growth and health (2). In this study, l-isoleucine administration, to some extent, alleviated the DSS-induced dysfunction in colon, namely, the increase of colon length, the increasing integration of epithelial structure and mucous layer, the reducing infiltration of some lymphocytes and neutrophilic granulocytes in mucous layer, and the weak hyperplasia of collagenous fiber. Moreover, we also found that supplementing l-isoleucine in diet could improve the ZO-1 and Claudin-1 mRNA expression in the colon of DSS-challenge rats, which is similar with the results of piglets in our previous study (28). Therefore, dietary l-isoleucine supplementation improving growth of DSS-challenge rats could be also derived from the decrease of colonic damage.

The cell death from apoptosis and cell proliferation play an important role for the integration of intestinal mucosa structure (29, 30). To further analyze the possible mechanism of l-isoleucine regulating colonic mucosa structure, we measured cell apoptosis and cell cycle in the colonic mucosa of rats. In this study, drinking the DSS-supplemented water aggravated the percentage of apoptotic cells (namely, early-stage, late-stage and total apoptotic cells) and impaired the ratio of G0/G1 and S phase cells in the colonic mucosa of rats, while l-isoleucine administration only assuaged the increasing percentage of late-stage and total apoptotic cells, and did not affect the percentage of early-stage apoptotic cells and cell cycle in the colonic mucosa of DSS-challenge rats. These illustrated that dietary l-isoleucine supplementation improving DSS-induced colonic damage could mainly be related to the relief of upregulating late-stage apoptosis in the colonic mucosa of rats.

Inflammation is one of the reasons that affect cell death (such as apoptosis) (31, 32). Thus, dietary l-isoleucine supplementation relieving cell apoptosis could be due to the decrease of DSS-induced inflammation.

CD11c, known as the specific marker in dendritic cells, is a transmembrane glycoprotein, and is relative with some immune reaction (namely, inflammation) (33). CD64 is the receptor of immunoglobulin G in dendritic cells, monocytes and macrophages, and plays an important role for the production of inflammatory cytokines (34). CD169 exists in the surface of some specific macrophage subgroups, and is beneficial for macrophage recognition, and then regulates inflammatory reaction (35). In this study, l-isoleucine administration downregulated the increasing ratio of positive cells containing CD11c, CD64, and CD169 in the colon of DSS-challenge rats, which was consistent with the results of histopathology in colon.

T helper cells (Th cells, namely, Th1, Th2, and Th17 cells) and regulatory T cells (Treg cells) are the special subset of T cells, and the balance of Th1/Th2 and Th17/Treg plays a critical role for regulating inflammation (36). Their imbalance will be induced in colitis. The subset of T cells can generate pro-inflammatory cytokines (i.e., IL-1β, and IL-17) and anti-inflammatory cytokines (i.e., IL-4, IL-10, and IL-35) (36). In this study, l-isoleucine administration alleviated the effect of DSS challenge on IL-1β, IL-4, and IL-17 levels in the colon of rats. Our recent study has also shown that supplementing l-isoleucine in diet could regulate the production of some inflammation-related cytokines (such as IL-1β, IL-10, and TNF-α) in the ileum of RV-infected piglets (13). There was the different efficiency of l-isoleucine regulating cytokines between the results of two experiments, which could be due to the difference of trial models. Based on the above analysis of inflammatory markers and cytokines, it was proposed that dietary l-isoleucine supplementation might inhibit the DSS-induced inflammation, and then improve cell apoptosis in the colon of rats.

There is the close relationship between the DSS-induced IBD models and the stimulation of TLR4/MyD88/NF-κB pathway that increases the generation of pro-inflammatory cytokines, and the downregulation of this pathway through the different methods which can effectively be used to cure or attenuate the IBD (14, 15). The treatment of l-isoleucine could regulate the NF-κB mRNA expression of tissues and cells (13, 37). Our present study also reported that DSS challenge upregulated the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats while dietary l-isoleucine supplementation effectively inhibited the increasing related-gene mRNA expression that was induced by drinking the DSS-supplementing water. Thus, it was possible that l-isoleucine administration relieving inflammation should be associated with the downregulation of TLR4/MyD88/NF-κB pathway.

In summary, on the basis of l-isoleucine treatment effectively ameliorating the TNF-α-induced inhibition of cell viability in IEC-18 cells, l-isoleucine administration assuaged the negative effect of drinking the DSS-supplementing water on growth performance and colonic health, and reduced, to some extent, the DSS-induced colitis in rats, which could be on account of l-isoleucine treatment relieving the inflammation via regulating the TLR4/MyD88/NF-κB pathway. However, the further mechanisms of isoleucine regulating inflammation also needed to be researched in the future. This current study suggests that l-isoleucine might be utilized as the prevention and/or adjuvant therapy of IBD (especially colitis).
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Supplementary Figure 1 | Scatter diagram of the apoptotic epithelial cells in the colon of normal and DSS-challenge rats. Frames were divided into four quadrants: A-+ represents necrotic cells; A++ represents late-stage apoptotic cells; A– represents normal cells; A+- represents early-stage apoptotic cells. DSS -, drinking the ultrapure water; DSS +, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet

Supplementary Figure 2 | DNA histogram of the cell cycle in the colonic epithelium cells of normal and DSS-challenge rats. The DNA histogram shows the colonic epithelium cell cycle in the G0/G1 phase (first peak), the G2 + M phase (second peak), and the S phase (region between the first and second peak). DSS -, drinking the ultrapure water; DSS +, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet.

Supplementary Figure 3 | Graphic abstract.
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DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet; IL, interieukin.

ab.Cin the same row, values with different letter superscripts mean significant difference (P <0.05).
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DSS- DSS+ P-value
CON ILE CON ILE ILE DSS ILE x DSS

6.13 +0.09 6.50+0.12 <0.05
15.44 + 0.07 15,53 +0.13 0.55

2.53 +0.03 2.400.05 <005

6.40 + 0.14° 7.36 +0.16% 5.28 +0.18° 5.93 +0.24° <0.05 <0.05 0.40
24,59 + 0.07° 24.58 + 0.10* 23.26 + 0.15° 23.66 + 0.08° 0.07 <0.05 0.05

3.86 +0.08° 3.36 + 0.08° 4.44£0.14% 4.04 +0.16° <005 <0.05 0.68

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, I-alanine-supplemented diet; ILE, I-isoleucine-supplemented diiet; ADG, average daily gain; ADFI,
average daily feed intake; F/G, feed conversion.
ab.c.9n the same row, values with different letter superscripts mean significant difference (P <0.05).
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DSS- DSS+ P-value

CON ILE CON ILE ILE DSS ILE x DSS
Go/Gy phase cells 86.54 + 2.28% 71.80 = 4.34° 90.37 + 0.55% 88.50 = 0.16% <0.05 <0.05 <0.05
S phase cells 7.66 + 1.85° 20.48 + 3.65° 417 £051° 5.73 + 0.10° <0.05 <0.05 <0.05
G + M phase cells 581+ 1.14 7.72 £ 0.80 5.46 +0.33 5.77 £ 0.24 017 0.15 0.30

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, I-alanine-supplemented diet; ILE, lisoleucine-supplemented diet.
abln the same row, values with different letter superscripts mean significant difference (P <0.05).





