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Abstract. Interactions between intestinal neuroendocrine 
peptides/amines and the immune system appear to have an 
important role in the pathophysiology of inflammatory bowel 
disease (IBD). The present study investigated the effects of 
activator protein (AP)‑1 and nuclear factor (NF)‑κB inhibitors 
on inflammation‑induced alterations in enteroendocrine cells. 
A total of 48 male Wistar rats were divided into the following 
four groups (n=12  rats/group): Control, trinitrobenzene 
sulfonic acid (TNBS)‑induced colitis only (TNBS group), 
TNBS‑induced colitis with 3‑[(dodecylthiocarbonyl)‑methy
l]‑glutarimide (DTCM‑G) treatment (DTCM‑G group), and 
TNBS‑induced colitis with dehydroxymethylepoxyquinomicin 
(DHMEQ) treatment (DHMEQ group). A total of 3  days 
following administration of TNBS, the rats were treated as 
follows: The control and TNBS groups received 0.5 ml vehicle 
(0.5% carboxymethyl cellulose; CMC), respectively; the 
DTCM‑G group received DTCM‑G (20 mg/kg body weight) 
in 0.5% CMC; and the DHMEQ group received DHMEQ 
(15 mg/kg body weight) in 0.5% CMC. All injections were 
performed intraperitoneally twice daily for 5 days. The rats 
were sacrificed, and tissue samples obtained from the colon 
were examined histopathologically and immunohistochemi-
cally. Inflammation was evaluated using a scoring system. In 
addition, the sections were immunostained for chromogranin A 
(CgA), serotonin, peptide YY (PYY), oxyntomodulin, pancre-
atic polypeptide (PP) and somatostatin, and immunostaining 
was quantified using image‑analysis software. The density of 
cells expressing CgA, PYY and PP was significantly lower in 

the TNBS group compared with in the control group, whereas 
the density of cells expressing serotonin, oxyntomodulin and 
somatostatin was significantly higher in the TNBS group 
compared with in the control group. None of the endocrine 
cell types differed significantly between the control group and 
either the DTCM‑G or DHMEQ groups. All of the colonic 
endocrine cell types were affected in rats with TNBS‑induced 
colitis. The expression density of these endocrine cell types 
was restored to control levels following treatment with AP‑1 
or NF‑κB inhibitors. These results indicated that the immune 
system and enteroendocrine cells interact in IBD.

Introduction

It has previously been suggested that interactions between 
intestinal neuroendocrine peptides/amines and the immune 
system have a significant role in the pathophysiology of 
inflammatory bowel disease (IBD) (1‑12). Understanding this 
role may shed light on the etiology of IBD and lead to potential 
therapeutic strategies for the treatment of IBD, involving the 
use of agonists or antagonists to these peptides/amines.

Abnormalities in the enteroendocrine cells of patients with 
IBD and in animal models of human IBD have previously 
been reported (6,10,11,13‑29). Some of the alterations observed 
in enteroendocrine cells are similar in ulcerative colitis (UC), 
Crohn's disease (CD) and microscopic colitis (MC), including 
an increased density of cells expressing serotonin, whereas 
others differ between these three diseases. A recent study 
involving an animal model of human CD, namely trinitro-
benzene sulfonic acid (TNBS)‑induced colitis, demonstrated 
that abnormalities in enteroendocrine cells were strongly 
correlated with changes in immune cells (30). These observa-
tions support the presence of interactions between intestinal 
hormones and the immune system, as represented by immune 
cells in IBD (1‑12).

3‑[(Dodecylthiocarbonyl)‑methyl]‑glutarimide (DTCM‑G) 
is an inhibitor of activator protein (AP)‑1, which has been 
reported to exhibit potent anti‑inflammatory activity in animal 
experiments  (31,32). Dehydroxymethylepoxyquinomicin 
(DHMEQ) is a novel inhibitor of nuclear factor (NF)‑κB with 
a low molecular weight (33,34). Similar to DTCM‑G, DHMEQ 
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has been reported to exert potent anti‑inflammatory effects 
in experimental animal models of human IBD (32,35). The 
aim of the present study was to identify the effects of these 
two novel anti‑inflammatory agents on inflammation‑induced 
alterations to enteroendocrine cells.

Materials and methods

Rats. A total of 48 male Wistar rats (Hannover GALAS™; 
Taconic Europe A/S, Lille Skensved, Denmark) with a mean 
body weight of 202  g (range, 166‑249  g) were housed in 
Macrolon III cages with ad libitum access to food and water. 
The rats were fed a standard diet (B&K Universal, Nittedal, 
Norway) and were maintained at a temperature of 20‑22˚C, a 
relative humidity of 50‑60%, and under a 12/12‑h light/dark 
cycle. The rats were allowed to acclimate in the animal house 
for at least 7 days prior to experimentation, and were divided 
into the following four groups (n=12  rats/group): Control, 
TNBS‑induced colitis only (TNBS group), TNBS‑induced 
colitis with DTCM‑G treatment (DTCM‑G group), and 
TNBS‑induced colitis with DHMEQ treatment (DHMEQ 
group).

The present study was performed in accordance with the 
Directive for the Protection of Vertebrate Animals used for 
Experimental and other Scientific Purposes (86/609/EEC), in 
compliance with the Helsinki Declaration. The local ethical 
committee for experimental animals at the University of 
Bergen (Bergen, Norway) approved the protocols used in the 
present study.

Induction of colitis using TNBS. TNBS‑colitis was induced 
in the TNBS, DTCM‑G and DHMEQ groups as previously 
described (36). The dose of TNBS chosen in the present study 
induces severe inflammation in rats (36). Briefly, after a 24 h 
fast, a single dose of TNBS (Sigma‑Aldrich Produktions 
GmbH, Steinheim, Germany) was administered to the colon 
of each rat (25 mg/animal in 50% ethanol solution; 0.5 ml/rat), 
followed by 2 ml of air, at 8 cm from the anal margin via an 
8.5‑cm‑long, 2.5‑mm‑diameter round‑tipped Teflon feeding 
tube (AngTheo, Lidingö, Sweden). The rats were anesthetized 
by isoflurane inhalation (Merck Pharmaceuticals, Kenilworth, 
NJ, USA) during the procedure. The animals were kept prone 
with their hind legs raised for 2‑3 min following administration 
of TNBS. The rats were supervised until recovery and were 
subsequently monitored several times daily. The control group 
received the same treatment as the TNBS group, except that 
0.9% saline was introduced into the colon instead of TNBS.

DTCM‑G and DHMEQ treatments. A total of 3  days 
following administration of TNBS, the rats were treated as 
follows: The control and TNBS groups received 0.5 ml vehicle 
( 0.5% carboxymethyl cellulose; CMC), respectively; the 
DTCM‑G group received DTCM‑G (20 mg/kg body weight) 
in 0.5% CMC; and the DHMEQ group received DHMEQ 
(15 mg/kg body weight) in 0.5% CMC. All injections were 
performed intraperitoneally twice daily for 5  days. The 
doses of DTCM‑G and DHMEQ used here were the same as 
those earlier reported to ameliorate TNBS‑induced colitis in 
rats (32). The synthesis of DTCM‑G and DHMEQ is described 
in previous studies (31,37‑41). The rats were checked twice 

daily, and any animals exhibiting signs of pain were given a 
subcutaneous injection of 1 ml 0.3‑g/ml Temgesic solution 
(Merck Pharmaceuticals).

At the end of the experiments, the rats were sacrificed by 
CO2 inhalation and a post‑mortem laparotomy was carried 
out. Tissue samples obtained from the colon were examined 
histopathologically and immunohistochemically.

Histopathological and immunohistochemical examinations. 
The colonic tissues were fixed in 4% buffered paraformal-
dehyde overnight, embedded in paraffin, and cut into 5‑µm 
sections. The sections were routinely stained with hema-
toxylin and eosin in the pathology laboratory. Inflammation 
was evaluated using the scoring system as described by 
Hunter et al (42), in which the total score was calculated as the 
summation of four parameter scores: Inflammatory infiltration 
(0‑3), the number of gut walls engaged (0‑3), damage to the 
mucosal architecture (0‑3) and edema (0 or 1). The total score 
of this scale ranged between 0 and 10.

The sections were also immunostained and visual-
ized using the ultraView Universal DAB Detection kit 
(version 1.02.0018; Ventana Medical Systems, Inc., Basel, 
Switzerland) and the BenchMark Ultra IHC/ISH staining 
module (Ventana Medical Systems, Inc.). The sections were 
incubated with one of the following primary antibodies for 
32 min at 37˚C: Monoclonal mouse antibody raised against 
the N‑terminal of purified chromogranin A (CgA; no. M869; 
Dako, Glostrup, Denmark), monoclonal mouse anti‑serotonin 
(no. M0758; Dako), polyclonal rabbit anti‑porcine peptide YY 
(PYY; no. PYY 11A; Alpha Diagnostic International, San 
Antonio, TX, USA), polyclonal rabbit anti‑synthetic‑human 
pancreatic polypeptide (PP; no. #114; Diagnostic Biosystems 
Inc., Pleasanton, CA, USA), polyclonal rabbit anti‑porcine 
oxyntomodulin ‘glicentin/glucagon’ (no.  BP508; Acris 
Antibodies GmbH, Herford, Germany), and polyclonal rabbit 
anti‑synthetic‑human somatostatin (no. A566; Dako); these 
antibodies were used at dilutions of 1:1,000, 1:1,500, 1:1,000, 
1:800, 1:400 and 1:200, respectively.

Quantification of endocrine cells. The endocrine cells 
were quantified using image‑analysis software (version 1.7, 
cellSens; Olympus Corporation, Tokyo, Japan). The number 
of endocrine cells in the epithelium was counted manually 
in each field by pointing and clicking the computer mouse. 
The area of the epithelial cells was determined by manually 
drawing an enclosed region using the computer mouse. Cell 
counting was conducted in ten randomly chosen microscopic 
fields, as observed using a 40x objective, for which each field 
represented a tissue area of 0.035 mm2. The data are presented 
as the numbers of endocrine cells per square millimeter of 
epithelium, and measurements were made by the same person 
(M.E‑S.), who was not aware of the identities of the slides.

Statistical analysis. Differences between the control, TNBS, 
DTCM‑G and DHMEQ groups were analyzed using the 
Kruskal‑Wallis nonparametric test followed by Dunn's 
post‑hoc test. Data are presented as the mean ± standard error 
of the mean. Statistical analysis was conducted using Prism 6 
(GraphPad Software, Inc., La Jolla, CA, USA) and P<0.05 was 
considered to indicate a statistically significant difference.
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Results

Body weight and mortality. The initial body weight did not 
differ between the control, TNBS, DTCM‑G and DHMEQ 
groups (P=0.08); however, there were differences in reduc-
tions in body weight at the end of the experiment (P<0.0001): 
0.0±0.0, 21.5±1.1, 1.7±0.6 and 1.6±0.8%, respectively. Multiple 
comparisons indicated that the body weight reductions differed 
significantly between the TNBS group, and the DTCM‑G and 
DHMEQ groups (P<0.001). Three animals succumbed in the 
TNBS group: Two due to spontaneous mortality and one was 
sacrificed due to animal welfare reasons. There were no cases 
of mortality in the other three groups.

Histopathological and immunohistochemical examinations. 
The histopathological inflammation scores were 6.6±0.9, 
2.0±1.0 and 2.2±0.6 in the TNBS, DTCM‑G and DHMEQ 
groups, respectively (Fig. 1). Multiple comparisons revealed 
a statistically significant difference between the three groups 
(P=0.002). The scores differed between the TNBS group, 
and the DTCM‑G and DHMEQ groups (P=0.03 and P=0.01, 
respectively).

Cells expressing CgA, serotonin, PYY, oxyntomodulin, PP 
and somatostatin were detected in all colonic tissues from all 
of the groups. The endocrine cells were predominantly located 
at the crypts of Lieberkühn. These cells were flask‑shaped and 
occasionally contained a long basal cytoplasmic process, often 
known as a ‘neuropod’ (43‑46) (Figs. 2 and 3).

Quantification of endocrine cells. Results of the quantification 
of the various types of endocrine cells in all four experimental 
groups are presented in Fig. 4.

CgA‑expressing cells. The density of cells expressing CgA was 
121±20.4, 59.8±30.7, 106.6±12.2 and 118.4±18.0 cells/mm2 
epithelium in the control, TNBS, DTCM‑G and DHMEQ 
groups, respectively. The Kruskal‑Wallis test revealed a signif-
icant difference among the four experimental groups (P=0.01). 
The density of cells expressing CgA was significantly lower in 
the TNBS group compared with in the control group (P=0.01); 
however, there was no significant difference between the 
control, DTCM‑G and DHMEQ groups.

Serotonin‑expressing cells. The density of cells expressing sero-
tonin was 40.7±5.5, 59.9±7.7, 39.2±5.2 and 35.3±4.7 cells/mm2 
epithelium in the control, TNBS, DTCM‑G and DHMEQ 
groups, respectively. The Kruskal‑Wallis test revealed a 
significant difference among the four experimental groups 
(P=0.002). The density of cells expressing serotonin was 
higher in the TNBS group compared with in the control 
group (P=0.003); however, there was no significant difference 
between the control, DTCM‑G, and DHMEQ groups.

PYY‑expressing cells. The density of cells expressing PYY 
was 87.3±2.2, 13.9±2.7, 83.6±3.3 and 84.9±2.3 in the control, 
TNBS, DTCM‑G and DHMEQ groups, respectively. The 
Kruskal‑Wallis test revealed a significant difference among 
the four experimental groups (P<0.0001). The density of cells 
expressing PYY was significantly lower in the TNBS group 
compared with in the control group (P<0.001); however, there 
was no significant difference between the control, DTCM‑G 
and DHMEQ groups.

Oxyntomodulin‑expressing cells. The density of cells 
expressing oxyntomodulin in the control, TNBS, DTCM‑G 

Figure 1. Histopathological appearance of the colon in rats in the (A) control, (B) trinitrobenzene sulfonic acid, (C) 3‑[(dodecylthiocarbonyl)‑methyl]‑glu-
tarimide and (D) dehydroxymethylepoxyquinomicin groups.

  A   B

  C   D
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and DHMEQ groups was 44.8±3.6, 73.3±7.9, 49.3±3.9 
and 49.8±3.2  cells/mm2 epithelium, respectively. The 
Kruskal‑Wallis test revealed a statistically significant differ-
ence among the four experimental groups (P=0.006). The 
density of cells expressing oxyntomodulin was significantly 
higher in the TNBS group compared with in the control group 
(P=0.001).

PP‑expressing cells. The density of cells expressing PP in the 
control, TNBS, DTCM‑G and DHMEQ groups was 57.8±3.0, 
34.8±7.2, 68.3±5.2 and 58.1±4.0  cells/mm2 epithelium, 

respectively. The Kruskal‑Wallis test revealed a significant 
difference among the four experimental groups (P=0.002). The 
density of cells expressing PP was significantly lower in the 
TNBS group compared with in the control group (P=0.003); 
however, there was no significant difference between the 
DTCM‑G, DHMEQ and control groups.

Somatostatin‑expressing cells. The density of cells 
expressing somatostatin was 42.9±2.9, 66.0±7.9, 39.9±2.7 and 
42.1±4.4 cells/mm2 epithelium in the control, TNBS, DTCM‑G 
and DHMEQ groups, respectively. The Kruskal‑Wallis test 

Figure 3. Serotonin‑expressing cells in the colon of rats in the (A) control, (B) trinitrobenzene sulfonic acid, (C) 3‑[(dodecylthiocarbonyl)‑methyl]‑glutarimide 
and (D) dehydroxymethylepoxyquinomicin groups.

  A   B

  C   D

Figure 2. Chromogranin A‑expressing cells in the colon of rats in the (A) control, (B) trinitrobenzene sulfonic acid, (C) 3‑[(dodecylthiocarbonyl)‑methyl]‑glu-
tarimide and (D) dehydroxymethylepoxyquinomicin groups.

  A   B

  C   D
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revealed a significant difference among the four experimental 
groups (P=0.002). The density of cells expressing somatostatin 
was significantly higher in the TNBS group compared with 
in the control group (P=0.01); however, there was no signifi-
cant difference between the control, DTCM‑G and DHMEQ 
groups.

Discussion

TNBS‑induced colitis resulted in alterations in the densities 
of all colonic endocrine cells. The density of cells expressing 
CgA, PYY and PP decreased, whereas the density of those 
expressing serotonin, oxyntomodulin and somatostatin 
increased. These changes occurred rapidly, 3 days after the 
induction of inflammation. Explaining the underlying mecha-
nisms requires consideration of the recently published findings, 
which have reported that mature intestinal endocrine cells are 
capable of expressing up to seven hormones (47,48). It may 
be hypothesized that the inflammatory substances produced 
during inflammation, including cytokines, affect the endocrine 
cell expression of certain hormones, thus upregulating the 
expression of some hormones whilst downregulating others. 
The change in the density of particular endocrine cell types 
may therefore depend on switching hormone expression rather 
than changing the actual number of these cells. In support of 
this assumption are L‑cells, which are known to express both 
PYY and oxyntomodulin (49,50). In the present study it seems 

that L‑cells exhibited downregulated expression of PYY, 
whereas the expression of oxyntomodulin was upregulated.

Comparisons of the findings of the present study with those 
of previous studies reveal both discrepant and consistent results. 
The decreased density of CgA‑expressing cells observed in 
the present study disagrees with previously reported increases 
in CgA‑expressing cells in UC and CD (13,23); however, the 
increased density of serotonin‑expressing colonic cells in 
TNBS‑induced colitis in the present study is in agreement with 
previously published findings in patients with UC, CD and 
MC, and in animal models of colitis (13,15,51‑53). In addition, 
the present observation of a decrease in the density of cells 
expressing PYY disagrees with previous observations in UC 
and interleukin (IL)‑2 gene knockout mice (13,52). Furthermore, 
whereas the increased density of cells expressing oxyntomodulin 
detected in the present study is in concordance with previous 
findings in IL‑2 knockout mice, it disagrees with the findings 
of a previous study, which demonstrated that the density of 
oxyntomodulin‑expressing cells was unchanged in UC (13,52). 
The decreased density of cells expressing PP observed in the 
present study is in concordance with what has previously been 
reported in UC and CD (13). Conversely, the density of cells 
expressing somatostatin has been reported to be decreased in 
the colon of patients with UC and CD, and in animal models of 
induced colitis (28,29,54); however, the present study detected 
an increase in the density of cells expressing somatostatin 
in TNBS‑induced colitis. When considering all of these 

Figure 4. Densities of different colonic endocrine cell types in the control, trinitrobenzene sulfonic acid (TNBS), 3‑[(dodecylthiocarbonyl)‑methyl]‑glutarimide 
(DTCM‑G) and dehydroxymethylepoxyquinomicin (DHMEQ) groups. Immunostaining was conducted to detect (A) chromogranin A, (B) serotonin, (C) pep-
tide YY (PYY), (D) oxyntomodulin, (E) pancreatic polypeptide (PP) and (F) somatostatin. *P<0.05, **P<0.01, ***P<0.001 vs. the controls, as determined by 
Dunn's post‑hoc test. SEM, standard error of the mean.

  A   B   C

  D   E   F
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differences, it should be kept in mind that the type of inflamma-
tion differs between UC, CD and MC, and that animal models 
of colitis are not identical to human UC and CD.

Treatment with either DTCM‑G or DHMEQ for 5 days 
ameliorated TNBS‑induced inflammation, as indicated by the 
reduced histopathological inflammation scores for the treated 
rats. This finding is in concordance with the results of previous 
studies in TNBS‑ and dextran sodium sulfate‑induced colitis 
in rats and mice (3,32,35). In the present study, the attenua-
tion of inflammation was associated with restoration of the 
normal densities of all colonic endocrine cell types to normal 
levels. DTCM‑G affects inflammation by inhibiting AP‑1, 
whereas the anti‑inflammatory effects of DHMEQ are due to 
the inhibition of NF‑κB. The effects of these agents on the 
density of colonic endocrine cells are most likely to be attrib-
uted to their effects on inflammation. Furthermore, it may be 
hypothesized that attenuation of inflammation by treatment 
with anti‑inflammatory agents that reduce the secretion of 
inflammatory substances may result in restoration of normal 
expression levels of hormones in colonic cells.

CgA peptides and serotonin are considered to have proin-
flammatory actions  (54‑66), whereas somatostatin exerts 
anti‑inflammatory effects (4,67‑82). The exact roles of PYY, 
oxyntomodulin and PP in inflammation remain to be eluci-
dated. Serotonin stimulates gastric and intestinal motility, 
modulates visceral sensitivity, and stimulates intestinal 
secretion (83,84), whereas PYY delays gastric emptying and 
mediates the ileal brake. In addition, PYY inhibits gastric 
and pancreatic secretion, and stimulates the absorption of 
water and electrolytes (6,83,85). The increase in serotonin 
and decrease in PYY detected in TNBS‑induced colitis in the 
present study may lead to accelerated gastrointestinal motility 
and an increase in intestinal secretion, giving rise to diarrhea, 
which is the cardinal symptom of colitis.

In conclusion, TNBS‑induced colitis affected the density 
of all colonic endocrine cell types investigated in the present 
study. The observed changes in these densities may have 
been caused by switching the expression from one hormone 
to another, rather than changing the actual number of cells. 
Treatment with anti‑inflammatory agents, AP‑1 and NF‑κB 
inhibitors, restored the density of these endocrine cells to 
normal. These results support the hypothesis that interactions 
between the immune system and enteroendocrine cells have 
a significant role in the pathophysiology of IBD and in the 
development of the clinical symptoms of colitis.
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