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Abstract. Although enteral nutrition therapy for inflammatory 
bowel disease has been confirmed to be an effective treatment 
method, the exact mechanism responsible for the effects of 
enteral nutrition remains unclear. The aim of the present study 
was to investigate the protective effect of exclusive enteral 
nutrition (EEN) against colitis, and to elucidate the potential 
mechanisms by inhibiting p65 activation via regulating the 
p38/mitogen‑ and stress‑activated protein kinase‑1 (MSK1) 
pathway. Experiments were performed by establishing dextran 
sulfate sodium (DSS)‑mice colitis and picrylsulfonic acid 
solution (TNBS)‑induced rat colitis, and the results demon-
strated that EEN treatment attenuated body weight loss, colon 
length shortening and colonic pathological damage caused by 
colitis. EEN also inhibited inflammatory cells infiltration and 
decreased myeloperoxidase and inducible nitric oxide synthase 
activities. Furthermore, EEN significantly reduced the produc-
tion of pro‑inflammatory mediators in serum and the colon. 
Mechanically, EEN suppressed activation of p65 by inhibiting 
the p38/MSK1 pathway. In conclusion, the present study demon-
strated that EEN attenuated DSS‑ and TNBS‑induced colitis by 
inhibiting p65 activation via regulating the p38/MSK1 pathway, 
thus suggesting that EEN is effective in the treatment of colitis.

Introduction

Ulcerative colitis (UC) is a multifactorial chronic inflamma-
tory bowel disease (1,2). Although the pathophysiology of UC 

remains to be elucidated, experimental and clinical evidence 
suggests that chronic intestinal inflammation may be caused 
by dysfunction of the immune system (3). Excessive activation 
of the immune system results in persistent overproduction of 
inflammatory mediators, further recruitment and activation of 
immune cells, which exacerbates inflammatory responses (4). 
Therefore, regulating the secretion of inflammatory cytokines 
is vital to the improvement of intestinal inflammation.

During the pathogenesis of UC, a variety of inflammatory 
cytokines and chemokines are released and activate associated 
signaling pathways, such as tumor necrosis factor‑α (TNF‑α), 
interleukin (IL)‑1β, IL‑6 and IL‑17, which activate inflamma-
tory responses (5). The production of inflammatory mediators 
is regulated by a variety of transcription factors. Among these 
transcription factors, nuclear factor (NF)‑κB serves a crucial 
role in regulating gene expression that encode cytokines, 
chemokines and other mediators associated with inflamma-
tory responses (6‑8).

The transcriptional activity of the transcription factor 
NF‑κB can be regulated at multiple levels: The transcriptional 
activity of NF‑κB is activated by degradation of IκBs, whereas 
the nuclear transcription potential of p65 is further regulated 
by post‑translational modifications, such as phosphorylation, 
ubiquitination or acetylation  (9). Notable, phosphorylation 
of p65 at Ser276, Ser529, and or Ser536 is essential for the 
promotion of gene expression (10). It has been demonstrated 
that phosphorylation of Ser276 is critical for transactivation 
of p65  (11). Phosphorylation at Ser276 p65 promotes the 
formation of stable complexes with coactivator CBP/p300 
to enhance promoter function  (10,12,13). Previous reports 
have demonstrated that mitogen‑ and stress‑activated protein 
kinase‑1 (MSK1), as a nuclear kinase, phosphorylated p65 
at Ser276 and then promoted transcription of NF‑κB target 
genes (10,14). Furthermore, the activity of MSK1 is regulated 
by p38 and extracellular signal‑regulated kinase (ERK); 
MSK1 is directly activated by mitogen‑activated protein 
kinase (MAPK) and stress‑activated protein kinase/p38, and 
may mediate activation of cAMP response element‑binding 
protein (15). In addition, the regulation of inducible nitric 
oxide synthase (iNOS) expression is also associated with 
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NF‑κB, which may be activated by complex kinase pathways 
including MSK1 (16,17).

UC can cause the body decreased food intake and nutrient 
absorption, and accelerated nutrient loss, which may result in 
malnutrition (18). It has previously been demonstrated that 
enteral nutrition can not only improve nutritional status, but 
also promotes mucosal remodeling and regulation of immune 
function (19). At present, various enteral nutrition formulae 
have been used in the treatment of inflammatory bowel disease 
(IBD), and the protective mechanism of intestinal mucosa has 
been previously studied (20,21). In the present study, the effects 
of exclusive enteral nutrition (EEN) on UC were examined and 
its possible mechanism was explored.

Materials and methods

Reagents and antibodies. Dextran sulfate sodium (DSS; 
molecular weight 36‑50 kDa) was obtained from MP 
Biomedicals, LLC (Santa Ana, CA, USA). Picrylsulfonic 
acid solution (TNBS) was obtained from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany). DAPI was purchased 
from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). Paraformaldehyde was purchased from Yonghua 
Chemical Technology (Jiangsu) Co., Ltd. (Changshu, China). 
Triton X‑100 was purchased from Beyotime Institute of 
Biotechnology (Haimen, China). Bovine serum albumin (BSA) 
was purchased from Roche Diagnostics (Basel, Switzerland). 
Radioimmunoprecipitation assay lysis buffer was purchased 
from Beyotime Institute of Biotechnology.

Myeloperoxidase (MPO) activity assay kit was purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). iNOS assay kit was purchased from Beyotime Institute 
of Biotechnology. ELISA kits for mouse IL‑1β (EK0394), 
IL‑6 (EK0411), TNF‑α (EK0527) and IL‑17 (EK0431) were 
purchased from Boster Biological Technology (Pleasanton, 
CA, USA).

Primary antibodies against phosphorylated (p)‑p65 
(Ser276; sc‑101749; 1:1,000), p65 (sc‑109, 1:2,000), p‑ERK1/2 
(Thr177/Thr160; sc‑23759‑R; 1:1,000), p‑c‑Jun N‑terminal 
kinase (JNK; G‑7; sc‑6254; 1:1,000), JNK (sc‑7345; 1:2,000), 
p‑p38 (Thr180; sc‑101758; 1:1,000), p38 (sc‑81621; 1:2,000) 
and β‑actin (sc‑47778; 1:2,000) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA), and antibodies against 
ERK1/2 (9102s; 1:2,000), p‑MSK1 (Thr581; 9595; 1:1,000) and 
MSK1 (3489; 1:2,000) were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). IRDye 800‑conjugated 
secondary antibodies (anti‑mouse, 072‑07‑18‑06, 1:2,000; 
anti‑rabbit, 072‑07‑15‑06, 1:2,000) were obtained from 
Rockland Immunochemicals, Inc. (Pottstown, PA, USA). 
Fluorescein isothiocyanate (FITC)‑anti‑cluster of differ-
entiation (CD)11b antibodies (11‑0113‑42) were purchased 
from eBioscience; Thermo Fisher Scientific, Inc. EEN was 
composed of 92% Ensure, which was purchased from Abbott 
Pharmaceutical Co. Ltd. (Lake Bluff, IL, USA); 6% dietary 
fiber, which was obtained from Hebei Vilof Agritech Co., Ltd. 
(Beijing, China); and 2% cod liver oil, which was obtained 
from Blackmores (Warriewood, Australia).

Animals. A total of 48 female 6‑8 week old C57BL/6 mice, 
weighing 18‑22 g, and 56 female 6‑8 week old Sprague‑Dawley 

rats, weighing 230‑240  g, were supplied by Shanghai 
Laboratory Animal Center, China Academy of Sciences 
(Shanghai, China). Experimental protocols were performed in 
accordance with National Institutes of Health regulations and 
approved by the Institutional Animal Care and Use Committee 
(Shanghai Institute of Biochemistry and Cell Biology, Chinese 
Academy of Sciences, Shanghai, China). Throughout the 
acclimatization and study periods, all animals had access to 
food and water ad libitum and were maintained on in 12‑h 
light/dark cycle at 21±2˚C with a relative humidity of 45±10%.

DSS colitis. Colitis was induced by administration of DSS 
in drinking water. Mice were randomly assigned to normal, 
DSS‑treated and EEN (12.5, 25, 50 or 100%)‑treated groups 
(n=8/group; Table I). Mice received either drinking regular 
water (control) or 3% (w/v) DSS drinking water (model) for 
7 days, and thereafter were provided regular water for 3 days. 
EEN was administered intragastrically from day 1‑10 (22).

TNBS colitis. Following fasting for 8‑12 h, rats were anesthe-
tized with sodium pentobarbital (50 mg/kg, intraperitoneal; 
Beijing Ouhe Technology Co., Ltd., Beijing, China), and then a 
flexible catheter was inserted into the colon (3.5 cm proximal to 
the anus). To induce colitis, TNBS (2 mg in 100 µl 40% ethanol 
solution) was slowly administered. To assure the distribution 
of TNBS within the entire colon, rats were held upside down 
in a vertical position for 1 min and returned to their cages. The 
control group, received 100 µl 40% ethanol alone through the 
same technique. Rats were then given ad libitum access to food 
and water. EEN (12.5, 25, 50 or 100%) groups were treated via 
gavage (n=8/group; Table I) (22). Body weight changes were 
recorded once daily.

Macroscopic assessment and histological analysis of colonic 
lesions. Following DSS‑ and TNBS‑induced colitis, animals 
were sacrificed, colons were removed, opened longitudinally 
and washed with PBS. The colon weights and lengths were 
measured and the ratio of weight:length was calculated 
for each group. Colonic tissue samples were fixed in 10% 
neutral‑buffered formalin at room temperature for 24 h, and 
routinely embedded in paraffin and processed. Hematoxylin 
and eosin (H&E) staining was performed to clarify whether 
there was a difference in erosion of the lamina propria 
mucosa, disappearance of glandular epithelium and increased 
inflammatory cell infiltration compared among groups. 
The experiment was performed as follows: i) Samples were 
dewaxed and rehydrated in a descending alcohol series and 
washed in PBS; ii) hematoxylin staining at room temperature 
for 10 min; iii) washed with PBS for ~10 min; iv) washed with 
distilled water; v) 95% ethanol dehydration for 5 sec; vi) eosin 
staining at room temperature for 30 sec; vii) 95% ethanol 
dehydration for 2 min; viii) repeat step vii; ix) xylene soak at 
room temperature for 5 min x) repeat step ix; xi) slides were 
mounted and evaluated (original magnification, x400) with 
fluorescent microscopy. Histological analysis was performed 
as previously described (23).

Immunofluorescence and immunohistochemistry of colon 
tissues. CD11b‑positive cell infiltration analysis was 
performed on paraffin‑embedded colon tissue sections. 
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Briefly, the sections were deparaffinized at 60˚C for 40 min, 
placed in xylene for dewaxing for 10 min, rehydrated in a 
descending alcohol series and washed in PBS. Following treat-
ment with 3% hydrogen peroxide, blocking with 3% bovine 
serum albumin (BSA) at room temperature for 20 min, the 
sections were incubated for 1 h at room temperature with 
FITC‑anti‑CD11b antibodies (1:100). The slides were then 
counter‑stained with DAPI for 30 min at room temperature. 
The reaction was stopped by thorough washing in water for 
5 min. Images (original magnification, x400) were acquired by 
confocal laser‑scanning microscope (Olympus Corporation, 
Tokyo, Japan). Settings for image acquisition were identical for 
control and experimental tissues.

The expressions of IL‑1β, IL‑6, TNF‑α, p‑p38 (Thr180) 
and p‑p65 (Ser276) of the colonic tissues was assessed as 
described in a previous study (24).

MPO activity and inos activity in colon tissue of rat colitis 
model. The colon tissues of rats were collected, accurately 
weighed, cut with ophthalmic scissors, homogenized using 
a homogenizer, transferred to an EP tube and centrifuged at 
600 x g at 4˚C for 5 min, and the cells were collected and 
tested for MPO activity and iNOS activity. MPO activity and 
iNOS activity kits were used according to the manufacturers' 
protocols.

Cytokine quantification by enzyme‑linked immunoassay. 
Colons from mice in each group were homogenated with radio-
immunoprecipitation assay lysis buffer to extract total protein. 
The homogenate was centrifuged at 12,000 x g at 4˚C for 
15 min. The amount of total extracted protein was determined 
using a bicinchoninic acid protein assay kit (Thermo Fisher 
Scientific, Inc.). Following blood collection, static agglutina-

tion at room temperature for 2 h, samples were centrifuged at 
900 x g for 10 min, and the upper serum was stored at ‑80˚C. 
The amounts of IL‑1β, IL‑6, TNF‑α and IL‑17 in serum and 
colon homogenate were measured with ELISA kits according 
to the manufacturers' protocols.

Isolation of peritoneal macrophages. Peritoneal macrophages 
were obtained from the peritoneal cavity of mice by injection 
of PBS. Cells were washed twice in PBS and suspended in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS, 10,000 U/ml penicillin and 10 mg/ml 
streptomycin. The macrophages suspended in culture medium 
were cultured in 24‑well microplates for 40 min at 37˚C in 
a moist atmosphere of 5% CO2. Non‑adherent cells were 
removed by washing the plate twice with PBS. The adherent 
macrophages were used for western blot analysis.

Western blot analysis. After whole cell lysates were prepared. 
Western blot analysis was prepared as described previ-
ously (23). Protein samples (40 µg) were separated by 10% 
SDS‑PAGE and transferred onto nitrocellulose membranes. 
The membranes were blocked with 1% BSA at 37˚C for 1 h 
and incubated with primary antibodies overnight at 4˚C, 
followed by IRDye800‑conjugated secondary antibody for 
1 h at 37˚C. Immunoreactive protein was detected with an 
Odyssey Scanning System (Odyssey Application Software 
version 3.0.30; LI‑COR Biosciences, Lincoln, NE, USA).

Statistical analysis. Data were obtained from at least three 
independent experiments and are presented as the mean ± stan-
dard deviation. Differences between the groups were assessed 
by one‑way analysis of variance and Dunnett's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

EEN attenuates DSS‑induced colitis symptoms. In the present 
study, DSS‑induced colitis was used in mice, a well‑established 
preclinical model, exhibiting many phenotypic features of 
relevance to human UC (25). In general, DSS‑induced colitis 
is characterized by a marked body weight loss. The present 
results demonstrated that DSS‑treated mice exhibited marked 
body weight loss, whereas EEN groups were significantly 
different from the DSS model group (Fig. 1A). DSS‑induced 
colitis causes colonic shortening in mice (26). Compared with 
DSS‑treated mice, colonic shortening was significantly attenu-
ated in EEN‑treated mice (Fig. 1B and C). In addition, EEN 
ameliorated DSS‑induced gain of spleen weight (Fig. 1D). 
These results suggested that EEN successfully attenuated 
DSS‑induced colon inflammatory symptoms.

EERN decreases pro‑inflammatory cytokines production 
in the serum and colon of DSS‑induced mice. In general, 
DSS‑induced colitis is characterized by high levels of cyto-
kine production  (27). To assess the effect of EEN on the 
inflammatory status of DSS‑induced colitis, the levels of 
pro‑inflammatory cytokines were examined. The expression 
of IL‑1β, IL‑6, TNF‑α and IL‑17 was increased significantly 
in the serum of DSS‑induced colitis mice, compared with 

Table I. Composition of EEN (g/100 g).

	 EEN
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Component	 12.5%	 25%	 50%	 100%

Protein	 1.8	 3.6	 7.3	 14.5
Fat	 1.8	 3.6	 7.3	 14.5
Linoleic acid	 1.0	 2.0	 4.0	 7.9
Carbohydrate	 7.0	 14.0	 28.0	 56
Dietary fiber	 0.7	 1.5	 2.9	 5.8
Fish oil	 0.3	 0.5	 1.0	 2

EEN also contains vitamin mixture and mineral mixture. In 100  g 
100% EEN, the vitamin mixture contained the following: Vitamin A, 
0.351  mg; cholecalciferol, 2.375  µg; tocopherol, 7.148  mg; phyto-
nadione, 18 µg; vitamin C, 68 mg; folic acid, 200 µg; vitamin B1, 
0.72 mg; vitamin B2, 0.8 mg; vitamin B6, 1 mg; vitamin B12, 3.1 mg; 
niacin, 10  mg; pantothenic acid, 5  mg; biotin, 150  µg; choline, 
136  mg. In 100  g 100% EEN, the mineral mixture contained the 
following: Potassium, 670 mg; sodium, 360 mg; chlorine, 610 mg; 
calcium, 230  mg; phosphorus, 230  mg; magnesium, 90  mg; iron, 
4.37 mg; zinc, 5.4 mg; manganese, 1.2 mg; cuprum, 0.52 mg; iodine, 
34 µg; selenium, 20 µg; chromium, 20 µg; molybdenum, 38 µg. EEN, 
exclusive enteral nutrition.
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controls. However, EEN significantly inhibited the elevated 
levels of these cytokines (Fig. 2A). In addition, the expression 
of IL‑1β, IL‑6, TNF‑α and IL‑17 was also measured in colon 
homogenates. EEN significantly inhibited the expression of 
IL‑1β, IL‑6, TNF‑α and IL‑17 in DSS‑induced colitis mice 
(Fig. 2B). Furthermore, EEN ameliorated the increased number 
of IL‑1β‑, IL‑6‑ and TNF‑α‑positive cells in colonic mucosa 
of DSS‑induced mice (Fig. 2C). These results suggested that 
EEN inhibited pro‑inflammatory cytokines production in the 
serum and colon of DSS‑induced mice.

EEN‑attenuates colon injury in DSS‑induced colitis mice. 
Subsequently, a pathological analysis of the colon tissue was 
performed to assess the effect of EEN on colon injury. H&E 
staining demonstrated that DSS group exhibited marked 
erosion of the lamina propria mucosa, disappearance of glan-
dular epithelium and increased inflammatory cell infiltration 
compared with the normal group. Notably, EEN inhibited the 
infiltration of inflammatory cells and preserved intact colonic 
structure, with no marked ulceration (Fig. 3A). In addition, 
EEN significantly inhibited MPO and iNOS activities in 
DSS‑induced mice (Fig. 3B and C). It has previously been 
demonstrated that CD11b is the surface antigen of many 
leukocytes, including monocytes, neutrophils, natural killer 

cells, granulocytes and macrophages (28). The accumulation 
of large amounts of CD11b‑positive inflammatory cells was 
observed in the lesion site of colonic mucosa of DSS‑induced 
mice. However, EEN reduced the number of infiltrating 
CD11b‑positive inflammatory cells in colon tissues (Fig. 3D). 
These results suggested that EEN could successfully amelio-
rate colon injury in DSS‑induced colitis.

EEN attenuates TNBS‑induced colitis symptoms and colon 
injury. To further investigate the effect of EEN on colitis, 
colitis was induced in rat with TNBS. Similar to the DSS 
model, the TNBS‑induced mice exhibited weight loss, and 
EEN groups were significantly different from the DSS model 
group (Fig. 4A). TNBS‑induced rats exhibited shortening of the 
colon, whereas EEN ameliorated the shortening of the colon in 
TNBS‑induced colitis rat (Fig. 4B). EEN also reduced colonic 
weight vs. length ratio in TNBS‑induced colitis rats (Fig. 4C). 
The pathological analysis of colon tissue demonstrated that 
the mucosa layer was severely injured and a large number of 
inflammatory cells infiltrated in TNBS‑induced colon tissue. 
However, EEN inhibited the infiltration of inflammatory cells 
and maintained the integrity of the colonic tissue structure 
(Fig. 4D). In addition, EEN significantly inhibited MPO an 
iNOS activities in TNBS‑induced rats (Fig. 4E and F). These 

Figure 1. EEN attenuated DSS‑induced colitis. (A) Weight loss was detected in DSS‑treated mice colons following treatment of EEN. (B) Macroscopic appear-
ances of colon as observed in each group of mice (n=8/group). (C) The length of colons was measured in each group of mice. (D) Spleen weight changes during 
the colitis process. Data were obtained from at least three independent experiments and are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. 
normal group; #P<0.05, ##P<0.01 vs. DSS. EEN, exclusive enteral nutrition; DSS, dextran sulfate sodium.
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findings indicated that EEN ameliorated colitis symptoms and 
colon tissue injury in TNBS‑induced colitis rat.

EEN decreases pro‑inflammatory cytokine production in 
the serum and colon of TNBS‑induced rats. As presented 
in Fig. 5A, the expression of IL‑1β, IL‑6, TNF‑α and IL‑17 
was increased significantly in the serum of TNBS‑induced 

colitis rats, whereas EEN significantly inhibited the elevated 
levels of these cytokines. In colon tissue homogenates, EEN 
also significantly reduced the production of IL‑1β, IL‑6, 
TNF‑α and IL‑17 in TNBS‑induced colitis rats (Fig. 5B). 
Furthermore, EEN markedly decreased the number of IL‑1β‑, 
IL‑6‑ and TNF‑α‑positive cells in colonic mucosa tissues of 
TNBS‑induced rats (Fig. 5C). These data demonstrated that 

Figure 2. EEN reduced pro‑inflammatory cytokine production in DSS‑colitis mice. The production of inflammation‑related cytokines IL‑1β, IL‑6, TNF‑α 
and IL‑17 in (A) serum and (B) colonic homogenate was determined in triplicate via ELISA. (C) The expressions of IL‑1β, IL‑6 and TNF‑α were detected by 
immunohistochemistry in colonic tissues (original magnification, x400). Data were obtained from at least three independent experiments and are presented 
as the mean ± standard deviation. **P<0.01 vs. normal group; #P<0.05, ##P<0.01 vs. DSS. EEN, exclusive enteral nutrition; DSS, dextran sulfate sodium; 
IL, interleukin; TNF, tumor necrosis factor.
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EEN suppressed pro‑inflammatory cytokines production in 
the serum and colon of TNBS‑induced rats.

EEN suppresses phosphorylation of p65 at Ser276 via 
inhibition of p38/MSK1 pathway in DSS‑colitis mice and 
TNBS‑colitis rat. The production of pro‑inflammatory cyto-
kines is regulated by a variety of transcription factors, in which 
NF‑κB serves an important role in regulating inflammatory 
responses. To elucidate the anti‑inflammation mechanism of 
EEN, the effect of EEN on the activation of p65 in peritoneal 
macrophages of DSS‑colitis mice was examined. Notably, 
EEN downregulated p‑p65 expression in peritoneal macro-
phages (Fig. 6A and B). Furthermore, detection of p‑MSK1 
expression, a kinase phosphorylated p65 at Ser276, revealed 
that EEN was able to downregulate phosphorylation of MSK1 
(Fig.  6A and B). Previous studies have demonstrated that 
phosphorylation of MSK1 is regulated by the MAPK signaling 

pathway (29‑31). Therefore, the effect of EEN on the MAPK 
signaling pathway was then examined. As presented in Fig. 6C 
and D, EEN downregulated phosphorylation of p38 without 
significantly affecting phosphorylation of ERK and JNK in 
peritoneal macrophages of DSS‑colitis mice.

Then, the expression of related proteins was examined 
in colon tissue of DSS‑ and TNBS‑induced colitis models. 
EEN downregulated phosphorylation of p38, MSK1 and p65 
expression in colon tissue of DSS‑induced colitis mice and 
TNBS‑induced colitis rats (Fig. 7A‑D). Immunohistochemical 
results demonstrated that EEN decreased the number of p‑p38‑ 
and p‑p65‑positive cells in colonic tissues of DSS‑induced 
colitis mice and TNBS‑induced colitis rats (Fig. 7E and F). 
These findings suggest that EEN exerted the anti‑inflammation 
effect by suppressing phosphorylation of p65 at Ser276 via 
inhibition of p38/MSK1 pathway in DSS‑induced colitis mice 
and TNBS‑induced colitis rat.

Figure 3. EEN protected against DSS‑induced colon damage in mice. (A) Serial sections of colon tissues were stained with H&E (original magnification, x400). 
(B) MPO and (C) iNOS activities in the colonic tissues were detected. (D) Sections of colon tissue were immunostained with DAPI (blue) and fluorescein 
isothiocyanate‑anti‑CD11b antibodies (green) and observed via confocal laser‑scanning microscope. Data were obtained from at least three independent 
experiments and are presented as the mean ± standard deviation. **P<0.01 vs. normal group; #P<0.05, ##P<0.01 vs. DSS. EEN, exclusive enteral nutrition; DSS, 
dextran sulfate sodium; H&E, hematoxylin and eosin; MPO, myeloperoxidase; iNOS, inducible nitric oxide synthase; CD, cluster of differentiation.
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Discussion

UC is a prevalent inflammatory bowel disease in North 
America and Europe. The annual number of novel 
occurrences is 1‑20 people per 100,000, with a total occur-
rence of 5‑500 per 100,000 affected worldwide  (32). At 

present, in developing countries, the incidence of UC is 
increasing (33,34). There are many clinical treatments for 
UC, including corticosteroids, sulfasalazine, classic immu-
nosuppressive agents, and antibiotics. However, the majority 
of these drugs have limitations in wide clinical applications 
for their serious side effects (35,36). Therefore, there is an 

Figure 4. EEN attenuated TNBS‑induced colitis and colon damage. (A) Weight loss was detected in TNBS‑treated rat colons following treatment of EEN. 
(B) Macroscopic appearances of colons as observed in each group of rats. (C) The colon weight/length was measured in each group of rats (n=8/group). 
(D) Serial sections of colon tissues were stained with H&E (original magnification, x400). (E) MPO and (F) iNOS activities in the colonic tissues were 
detected. Data were obtained from at least three independent experiments and are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. normal 
group; #P<0.05, ##P<0.01 vs. TNBS. EEN, exclusive enteral nutrition; TNBS, picrylsulfonic acid; H&E, hematoxylin and eosin; MPO, myeloperoxidase; iNOS, 
inducible nitric oxide synthase.
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urgent need to develop novel drugs with minor side effects. 
The integrity of the epithelial structure is a key factor in 
preventing colon bacteria from migrating to the colon wall. 
Enteral nutrition from the circulating blood to colonic epithe-
lial cell membrane is critical for structural integrity of the 
colonic epithelium, because nutrients serve an important role 
in the differentiation, proliferation and mucosal healing of 
colon epithelial cells (37).

Hundreds of millions of gut microbes parasites in the 
intestine (38). Under normal conditions, intestinal microor-
ganisms and the host exist in a state of balance (39). Intestinal 
microorganisms activate the body's immune response when 
the homeostasis of microorganisms and the host is destroyed, 
ultimately contributing to the development of IBD  (40). 
Dietary fiber in EEN can be used by gut microbes to produce 
short‑chain fatty acids that enhance the intestinal barrier and 

Figure 5. EEN reduced pro‑inflammatory cytokines production in TNBS‑colitis mice. The production of inflammation‑related cytokines IL‑1β, IL‑6, TNF‑α 
and IL‑17 in (A) serum and (B) colonic homogenate was determined by ELISA in triplicate. (C) The expression of IL‑1β, IL‑6 and TNF‑α was detected by 
immunohistochemistry (original magnification, x400) in colonic tissues. Data were obtained from at least three independent experiments and are presented 
as the mean ± standard deviation. **P<0.01 vs. normal group; #P<0.05, ##P<0.01 vs. TNBS. EEN, exclusive enteral nutrition; TNBS, picrylsulfonic acid; 
IL, interleukin; TNF, tumor necrosis factor.
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thus reduce the damage done to the body by the inflammatory 
response (41). In the present study, the effect of EEN on the 
body itself was evaluated.

The DSS‑induced colitis model mimics human inflamma-
tory bowel disease appropriately (42); therefore, this model 
was used to investigate the effect of EEN on colitis. In the 
present study, EEN attenuated colitis injury and inflammatory 
symptoms induced by DSS, such as weight loss, shortening 
of colon length and colonic tissue damage. In addition, EEN 
reduced MPO activity, an index of inflammation damage, 
which was a marker of neutrophil infiltration (43). The release 
of NO was modulated by iNOS activity, which damaged the 
intestinal mucosa and submucosa cells (44). The present study 
demonstrated that EEN also reduced iNOS activity in colonic 
tissue. Furthermore, EEN inhibits infiltration of inflammatory 
cells by decreasing CD11b‑positive cell count. More impor-
tantly, EEN reduced the production of pro‑inflammatory 
cytokines in serum and colon tissue, including IL‑1β, IL‑6, 
TNF‑α and IL‑17 (45). Comprehensive results demonstrated 
that EEN can alleviate DSS‑induced colitis in mice. The 
DSS‑induced colitis mouse model was established by letting 

mice freely drink water containing dissolved DSS. Therefore, 
the change of water intake in mice directly affected the level of 
DSS‑induced colitis. In order to evaluate the protective effect 
of EEN on colitis in a comprehensive and systematic way, the 
effect of EEN on TNBS‑induced colitis was also examined. 
In TNBS‑induced colitis rats, EEN alleviated colitis injury 
and inflammatory symptoms and inhibited production of 
pro‑inflammatory cytokines. To further investigate the 
mechanism of EEN, the activity of NF‑κB was examined 
in peritoneal macrophages of DSS mice. Western blotting 
results demonstrated that EEN downregulated expression 
of p‑p65 at Ser276. Further experiments demonstrated that 
EEN suppressed phosphorylation of p65 at Ser276 via inhibi-
tion of the p38/MSK1 pathway. Furthermore, this result was 
verified in colonic tissue of DSS‑ and TNBS‑induced colitis 
models. In conclusion, EEN alleviated colitis by preventing 
phosphorylation of p65 at Ser276 via inhibition of p38/MSK1 
pathway.

Previously, great efforts have been made to understand how 
NF‑κB is activated by a variety of inducers including bacteria, 
viruses and cytokines (46). The classic IKKβ‑IκBα signaling 

Figure 6. EEN down‑regulated p‑p65 (Ser276) expression by inhibiting the p38/MSK1 signaling pathway in peritoneal macrophages of DSS‑colitis mice. 
(A) Levels of p‑MSK1, MSK1, p‑p65, p65 and β‑actin were assessed by western blotting in peritoneal macrophages of DSS‑colitis mice. (B) Densitometric 
analysis was performed to determine the relative ratios of each protein. (C) Levels of p‑ERK, ERK, p‑JNK, JNK, p‑p38, p38 and β‑actin were assessed by 
western blot in peritoneal macrophages of DSS‑colitis mice. (D) Densitometric analysis was performed to determine the relative ratios of each protein. Data 
were obtained from at least three independent experiments and are presented as the mean ± standard deviation. **P<0.01 vs. normal group; #P<0.05, ##P<0.01 
vs. DSS. EEN, exclusive enteral nutrition; p, phosphorylated; MSK1, mitogen‑ and stress‑activated protein kinase‑1; DSS, dextran sulfate sodium; ERK, 
extracellular signal‑regulated kinase; JNK, c‑Jun N‑terminal kinase.
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pathway is associated with activation of NF‑κB via p65 nuclear 
translocation‑dependent mechanism (47). In addition, the acti-
vation of NF‑κB can also be carried out by post‑translational 
modifications via phosphorylation of p65 at Ser276, Ser529 
or Ser536 (48). Among them, Ser276 phosphorylation of p65 
is very important for the activation of NF‑κB; whether inhib-
iting Ser276 phosphorylation of p65 formation, or mutation 

of Ser276 blocking the ability of p65 to transactivate target 
genes (49). In addition, Ser276 phosphorylation may inhibit 
p65 degradation mediated by ubiquitin ligase SOCS‑1 (10). It 
has previously been demonstrated that protein kinase A (PKA) 
catalytic subunit is associated with Ser276 phosphorylation of 
p65 formation (10). Besides PKA, another report demonstrated 
that p65 was phosphorylated at Ser276 by MSK1 as a nuclear 

Figure 7. EEN suppressed activation of p65 by inhibiting the p38/MSK1 signaling pathway in DSS‑ and TNBS‑colitis mice. (A) Levels of p‑p38, p38, 
p‑MSK1, MSK1, p‑p65, p65 and β‑actin were assessed by western blotting in colonic tissues of DSS‑colitis mice. (B) Densitometric analysis was performed 
to determine the relative ratios of each protein. (C) Levels of p‑p38, p38, p‑MSK1, MSK1, p‑p65, p65 and β‑actin were assessed by western blotting in colonic 
tissues of TNBS‑colitis rats. (D) Densitometric analysis was performed to determine the relative ratios of each protein. The expressions of p‑p38 and p‑p65 
were detected by immunohistochemistry (original magnification, x400) in colonic tissues of (E) DSS‑ and (F) TNBS‑colitis models. Data were obtained from 
at least three independent experiments and are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. normal group; #P<0.05, ##P<0.01 vs. DSS; 
&P<0.05, &&P<0.01 vs. TNBS. EEN, exclusive enteral nutrition; MSK1, mitogen‑ and stress‑activated protein kinase‑1; DSS, dextran sulfate sodium; TNBS, 
picrylsulfonic acid; p, phosphorylated.
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kinase (10). The present study demonstrated that phosphoryla-
tion of MSK1 expression was downregulated following EEN 
treatment. This suggests that EEN attenuated colitis by regula-
tion of p65 activation via acting on MSK1. MSK1 is activated 
by the MAPK/ERK or SAPK2/p38 pathways  (31). In the 
present study, it was demonstrated that p38 was inhibited but 
had no influence on ERK and JNK following EEN treatment. 
These data indicated that the p38/MSK1 pathway is associated 
with inhibition of p65 activation by EEN treatment.

These findings suggest that EEN alleviates DSS‑ and 
TNBS‑induced colitis and illustrate its anti‑inflammatory 
mechanism by inhibiting Ser276 phosphorylation of p65 
via regulating p38/MSK1 pathway. Therefore, EEN may 
be an effective therapy for the treatment UC in humans. 
However, intestinal flora is complex. Inflammatory bowel 
disease is associated with other genetic, environmental, 
microbiological and immune factors. The exact etiology 
and pathogenesis are still unclear. Furthermore, the clinical 
value of EEN requires further investigation with a larger 
clinical sample size, collecting more data and conducting 
an in‑depth study.
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