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Somatostatin regulates tight junction proteins
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Abstract: Tight junction plays a critical role in intestinal defence. The alteration and perturbation of tight junction
proteins could induce intestine barrier damage, and lead to the malabsorption of electrolytes and water. Previous
studies had showed that colonic infection and inflammation could lead to the alteration of tight junction function,
and somatostatin could protect intestinal epithelia. Thus, this study could explore that whether somatostatin could
regulate tight junction in colitis mice. Colitis mice with diarrhea were induced by Citrobacter rodentium (CR) and
Dextran sulfate sodium (DSS). In CR infected model, cladudin-1 and claudin-3 expression significantly decreased
compared with the control mice (P < 0.05); after octreotide treatment, claudin-1 and claudin-3 expression signifi-
cantly increased compared with untreated CR infected mice (P < 0.05). In DSS colitis model, occludin and claudin-3
expression significantly decreased compared with the control mice (P < 0.05); and octreotide treatment could only
significantly upregulate claudin-3 expression compared with untreated DSS colitis mice (P < 0.05). To testify our
results in vivo, we repeated the models in caco-2 cells by exposed with enteropathogenic Escherichia coli (E. Coli)
and Tumor necrosis factor o (TNF-«). The results in vitro were consistent with in vivo study. The results suggested
that somatostatin play a role in intestinal barrier protection by modulating tight junction proteins expression.
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Introduction

Tight junctions are located apically in the inter-
cellular junctions, and they contribute to main-
taining homeostasis in the intestinal lumen.
Multiple proteins that form the tight junction
have been identified, including transmembrane
proteins of occludin family, claudin family, zona
occludens (Z0s), the junction adhesion mole-
cules (JAMs), and the Coxsackievirus and
Adenovirus Receptor (CAR) proteins [1].
Abundant studies have documented the crucial
position of tight junction in protecting the intes-
tine from toxic substances [2, 3]. Decrease in
tight junction protein expression could result in
the alteration or disruption of the intestinal bar-
rier, which contributes to infection, diarrhea,
pyemia, and sepsis. Previous studies have
demonstrated that occludin, claudins, ZOs and
other tight junction proteins were disrupted in
inflammatory bowel diseases (IBD), irritable
bowl syndrome (IBS), and infectious diarrhea
[4-14]. Thus the integrity of epithelial barrier

should be preserved to prevent electrolyte loss
and toxin penetration.

Somatostatin, a neuropeptide found in D cells,
which are distributed throughout the intestinal
tract, functions as a neurotransmitter and a
hormone [15]. Studies have shown that soma-
tostatin stimulates Na* and CI- absorption,
reduces water and electrolyte secretion, and
inhibits intestinal mobility [16]. Octreotide, a
somatostatin analog, has been used to treat
diarrhea for decades [17]. Furthermore, soma-
tostatin had also been shown to stimulate the
expression of claudin-4 in human keratinocytes
and protect epithelial tight junctions in rats with
acute necrotizing pancreatitis. Thus somatosta-
tin likely modulates tight junction proteins [18,
19].

In the present study, we explored the effect of
somatostatin on tight junction in colitis mice
induced by bacterial infection and by intestinal
inflammation. Our results suggested that soma-
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tostatin could regulate claudin-1 and claudin-3
protein expression in the colon of colitis mice.

Materials and methods
Bacterial strains

E. coli 0127:K63 (EPEC) was purchased from
China National Research Institute of Food &
Fermentation Industries (Beijing, China).
Citrobacter rodentium (CR) was purchased
from ATCC (Manassas, VA, USA). Both bacteria
were grown in LB media at 37°C overnight. CR
culture was centrifuged at 1600 g for 5 min,
and the bacteria were resuspended in sterile
phosphate-buffered saline (PBS) at final con-
centration of 2.5x108 cfu/ml before use. EPEC
culture was centrifuged at 10,000 rpm for 3
min, and the bacteria were suspended in cell
culture medium at final concentration of 1x108
cfu/ml before use.

Animals

Six to eight weeks old female C57BL/6 mice
were purchased from Animal Experiment
Center of West China Hospital (Sichuan
University, Chengdu, China). Mice were main-
tained in specific pathogen-free facility for at
least four days before starting experiments. To
induce diarrhea via bacterial infection, mice
were gavaged with CR (5x107 cfu in 0.2 ml
PBS). Thirteen days after gavage, treatment
groups were administrated with octreotide at
dose of 50 pg/kg body weight three times a day
for three days. Sixteen days after gavage, mice
were euthanized and colonic tissues were col-
lected for western blot detecting and histologi-
cal assay. To induce diarrhea via intestinal
inflammation, mice were fed with 3% DSS water
for seven days. On the eighth day, treatment
groups were administrated with octreotide at
dose of 50 pg/kg body weight three times a day
for three days. On the eleventh day, mice were
euthanized and colonic tissues were collected.
Diarrheal symptoms were assessed every other
day. Diarrheal score was recorded based on
fecal shape, color and hardness. Diarrheal
score higher than 2.0 is considered to have
diarrheal symptom according to previously
established standards [20]. The experiments
were repeated in three groups with three mice
in each group. The experiments were repeated
in three groups with three mice in each group.
All  experiments were approved by the

2154

Institutional Animal Care and Use Committee of
Sichuan University (Chengdu, China).

Cell cultures

Caco-2 cells were kindly provided by West
China School of Pharmacy (Sichuan University,
Chengdu, China). Cells were cultured in 75 mm?
flask at 37°C in 95% air -5% CO,. MEM-NEAA
medium containing 50 U/ml penicillin, 50 ug/
ml streptomycin, and 20% fetal bovine serum
was used for cell culture. Cell culture-related
products were purchased from Hyclone
(Thermal scientific; USA). For the EPEC infection
study, 1x108 cfu bacteria (in 10 ml antibiotic-
free MEM-NEAA medium) were incubated with
Caco-2 cells for 1 hour. Then added 1 yM soma-
tostatin to coincubate for 1 hour. Cells were
washed with PBS three times to remove unat-
tached bacteria. For the TNF-a study, Caco-2
cells were incubated with 100 ng/ml TNF-a for
18 hours before adding 1 yM somatostatin.
Cells were exposed to somatostatin for 1 hour
before harvest.

Protein isolation and western blot

Total protein was prepared from colonic tissues
and Caco-2 cells using cell lyses buffer for
Western and IP kit (Beyotime; Beijing, China)
following manufacturer’s instruction. The fol-
lowing antibody dilutions were used for Western
detection: 1:1000 dilution for occludin (Santa
cruz; USA); 1:200 dilution for claudin-1
(Invitrogen; USA); 1:2500 for claudin-3
(Invitrogen; USA); detection in tissue; 1:500
dilution for claudin-3 (Invitrogen; USA) detec-
tion in cells; and 1:1000 dilution for GAPDH
antibody (Good Here; Hangzhou, China).
Western blot detection and protein expression
quantity were performed using previously
described methods [15].

Colonic histology observation and claudin-3
staining in DSS-colitis mice

Colonic tissue was collected from mice and
sectioned for hematoxylin-eosin (H&E) stain
and claudin-3 immunohistochemical (IHC)
assay. Briefly, colonic tissues were fixed in 10%
formalin, and embedded in paraffin. For H&E
stain, tissues were stained with hematoxylin
and eosin; for claudin-3 IHC assay, deparaf-
finized tissues were treated with 0.3% (v/v)
hydrogen peroxide in 60% (v/v) methanol for 30
min to quench endogenous peroxidase. After
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Figure 1. Diarrhea scores and somatostatin assay in CR infected mice and DSS colitis mice. Mice were infected with
CR or fed with DSS water before octreotide treatment. Diarrhea scores were recorded and somatostatin was mea-
sured. CT: control group; CR: CR infected group; DSS: DSS colitis group; Oct: Octreotide. Data are presented as mean
+ SE from three groups of mice (3 mice/group). *p < 0.05 for treatment mice (Oct) vs. CR mice (CR) or DSS mice
(DSS); #p < 0.05 for CR mice (CR) and DSS mice vs. control mice (CT). A: Diarrheal score in CR infected mice. B: Diar-
rheal score in DSS colitis mice. C: Somatostatin levels in the proximal colon. D: Somatostatin level in the distal colon.

three washes with TBS, tissue sections were
incubated with anti claudin-3 antibody (1:400)
overnight. Then tissue sections were incubated
with HRP-conjugated anti-rabbit IgG (Bioss;
Beijing, China) and detected by DAB (Bioss;
Beijing, China). All sections were viewed under
microscope.

Somatostatin detection

Colonic tissue was collected from mice for
somatostatin  radioimmunoassay. Samples
were sent to Beijing DORUN International
Technology Co. Ltd. (Beijing, China) for the
assays.

Statistical analysis

ANOVA-Tukey test was used for comparison
among three groups. Student’s t-test was used
for comparison between two groups. Data were
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presented as mean * SE. P-values < 0.05 was
considered significant.

Results

Octreotide treatment improves diarrheal symp-
toms in CR mice and in DSS colitis mice

To observe the loss of electrolyte and water in
colitis mice, we detected the diarrhea scores of
two models. In CR-infected mice, diarrhea
started on day 7 with diarrheal score of 2.4 +
0.24 and reached a plateau after day 9 with
diarrheal score of 3.0 + 0.00. After ad-
ministration of octreotide for three days (day
13 through day 15), octreotide-treated
CR-infected mice had a lower diarrheal score
than untreated CR-infected mice (2.2 + 0.2 in
octreotide-treated group vs. 3.2 + 0.2 in
untreated group, n = 3, P < 0.05) (Figure 1A).

Int J Clin Exp Pathol 2014;7(5):2153-2162
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Figure 2. Effect of octreotide on claudin-1 and claudin-3 expression in CR infected mice. Colonic tissues were col-
lected from control mice (CT), CR infected mice (CR) and octreotide treated mice (CR+Oct). Tissue lysate was used
to detect claudin-1 and claudin-3 expression by western blot. Data are presented as mean + SE from 3 groups of
mice (3 mice/group). *p < 0.05 for CR mice (CR) vs. control mice (CT) and octreotide treated mice (Oct). A: The ratio
of optical density of claudin-1 over GAPDH in the proximal colon. B: The ratio of optical density of claudin-1 over
GAPDH in the distal colon. C: The ratio of optical density of claudin-3 over GAPDH in the proximal colon. D: The ratio
of optical density of claudin-3 over GAPDH in the distal colon.

level was decreased in CR-infected mice and
DSS mice. In the proximal colon, somatostatin

In DSS mice, diarrhea started on the fifth day
with diarrheal score of 2.2 + 0.1 and worsened

through 10 days of the experiment even after
DSS water was replaced with normal water.
After administration of octreotide for three days
(day 8 through day 10), octreotide-treated DSS
mice had a lower diarrheal score than untreat-
ed DSS mice (1.7 £ 0.78 in octreotide-treated
group vs. 3.6 £ 0.16 in untreated group to, n =
3, P < 0.05) (Figure 1B).

Further study of somatostatin level by radioim-
munoassay showed that colonic somatostatin
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level was reduced from 3.64 + 0.4 pg/mg in
control mice to 1.31 + 0.2 pg/ml in CR-infected
mice and from 3.63 + 0.4 pg/mg in control
mice to 2.23 + 0.23 pg/mg in DSS mice (n = 3,
P < 0.05) (Figure 1C). In the distal colon, soma-
tostatin level was reduced from 3.4 + 0.4 pg/
mg in control mice to 1.08 £ 0.21 pg/mg in
CR-infected mice and from 3.80 + 0.4 pg/mg in
control mice to 2.30 + 0.40 pg/ml in DSS mice
(n =3, P<0.05) (Figure 1D).

Int J Clin Exp Pathol 2014;7(5):2153-2162
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Figure 3. Effect of octreotide on occludin and claudin-3 expression in DSS colitis mice. Colonic tissues were col-
lected from control mice (CT), DSS mice (DSS) and octrotide treated mice (DSS+0Oct). Tissue lysate was used to
detect occludin and claudin-3 expression by western blot. Tissue lysate was used to detect occludin and claudin-3
expression by western blot. Data are presented as mean + SE from 3 groups of mice (3 mice/group). #p < 0.05 for
DSS mice (DSS) and octreotide mice (Oct) vs. control mice; *p < 0.05 for DSS mice (DSS) vs. control mice (CT) and
octreotide treated mice (Oct). A: The ratio of optical density of occludin over GAPDH in the proximal colon. B: The
ratio of optical density of occludin over GAPDH in the distal colon. C: The ratio of optical density of claudin-3 over
GAPDH in the proximal colon. D: The ratio of optical density of claudin-3 over GAPDH in the proximal colon.

Somatostatin increases claudin-1 and clau-
din-3 expression in CR-infected mice

Western blot detection showed that CR infec-
tion had no effect on occludin expression in the
proximal or the distal colon (data not shown).
Interestingly, claudin-1  expression  was
decreased in CR-infected mice in the proximal
and the distal colon (0.42 + 0.02 in CR-infected
vs. 0.49 + 0.02 in control mice in the proximal
colon; 0.44 + 0.02 in CR-infected mice vs. 0.51
+ 0.06 in control mice in the distal colon; n = 3,
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P < 0.05). After three days of octreotide treat-
ment, claudin-1 protein expression in the colon
was restored in treatment group compared with
CR-infected mice (0.52 + 0.02 in octreotide-
treated group vs. 0.42 + 0.02 in untreated
group in the proximal colon; 0.58 * 0.1 in
octreotide-treated group vs. 0.44 + 0.02 in
untreated group in the distal colon; n = 3, P <
0.05) (Figure 2A and 2B).

Compared to control mice, claudin-3 expres-
sion was also decreased in CR-infected mice

Int J Clin Exp Pathol 2014;7(5):2153-2162
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Figure 4. Immunohistochemical assay of claudin-3 in mucosal epithelium in DSS colitis mice. Histological observa-
tion of colonic tissues from control mice (CT), DSS mice (DSS) and octrotide treated mice (Oct). Tissues were used
for histological assay. A: H&E stain of mice colon tissues. B: Immunohistochemical staining shows Claudin-3 in yel-
low. While Claudin-3 is decreased in DSS mice colon, treatment with Oct restored Claudin-3 expression.

(0.28 + 0.05 in CR-infected mice vs. 0.42 +
0.05 in control mice in the proximal colon; 0.19
+ 0.06 in CR-infected mice vs. 0.53 + 0.1 in
control mice in the distal colon; n = 3, P < 0.05).
Similar to claudin-1, octreotide treatment also
increased claudin-3 expression in treatment
group compared with CR group (0.52 + 0.07 in
octreotide-treated group vs. 0.28 + 0.05 in
untreated group in the proximal colon; 0.42 +
0.03 in octreotide-treated group vs. 0.19 *
0.06 in untreated group in the distal colon; n =
3, P < 0.05) (Figure 2C and 2D).

Somatostatin increases claudin-3 expression
in DSS mice

Western blot detection showed that DSS colitis
has no effect on claudin-1 expression in mice
(data not shown). But occludin expression was
significantly reduced in DSS colitis mice (0.37 +
0.02 in DSS mice vs. 0.67 + 0.1 in control mice
in the proximal colon; 0.54 + 0.02 in DSS mice
vs. 0.78 £+ 0.05 in control mice in the distal
colon; n = 3, P < 0.05). After three days of
octreotide treatment, occludin protein expres-
sion in the colon was not restored in treatment
group (0.3 £ 0.04 in octreotide-treated group
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vs. 0.37 £ 0.02 in untreated group in the proxi-
mal colon; 0.5 + 0.03 in octreotide-treated
group vs. 0.54 + 0.02 in untreated group in the
distal colon; n = 3, P > 0.05) (Figure 3A and
3B).

DSS colitis also affected claudin-3 expression
in mice. The expression of claudin-3 was
decreased in DSS mice compared with control
mice (0.34 + 0.04 in DSS mice vs. 0.58 +0.04
in control mice in the proximal colon; 0.36 +
0.03 in DSS mice vs. 0.53 + 0.1 in control mice
in the distal colon; n = 3, P < 0.05). After three
days of octreotide treatment, claudin-3 protein
expression was increased from 0.34 + 0.04 in
untreated group to 0.94 + 0.07 in octreotide-
treated group in the proximal colon (n = 3, P <
0.05) and from 0.36 + 0.03 in untreated group
to 0.73 £ 0.1 in octreotide-treated group in the
distal colon (n = 3, P < 0.05) (Figure 3C and
3D).

To verify the results of western blot and detect
Claudin-3 location, we performed histological
assay on colonic tissues. As claudin-3 protein
expression changed in both two models and
up-regulated by octreotide in same pattern, we

Int J Clin Exp Pathol 2014;7(5):2153-2162
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selectively analyzed the claudin-3 proteins in
the colon of DSS colitis mice. H&E stain showed
that DSS disrupted the epithelial layer struc-
ture in the colon, and octreotide treatment par-
tially restored the epithelial layer structure
(Figure 4A). Claudin-3 IHC stain indicated that
Claudin-3 locates between epithelial cells and
reduced in DSS mice, treatment with octreo-
tide restored Claudin-3 expression (Figure 4B).

EPEC+SST

Somatostatin increases claudin-1 and clau-
din-3 in Caco-2 cells

Caco-2 cells were exposed to 1x107 cfu/ml
EPEC for 1 hour or 100 ng/ml TNF-a for 18
hours before they were treated with 1 uM
somatostatin for 1 hour. Total protein was
extracted for Western blot detection. Western
blot showed that the expression of claudin-3
was decreased in both EPEC-infected and TNF-
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Figure 5. Effect of somatostatin on claudin-1 and
claudin-3 expression in Caco-2 cells. Caco-2 cells
were preincubated with 1x107 c¢fu/ml EPEC for
1 hour or 100 ng/ml TNF-a for 18 hours before
adding 1 uM somatostatin. Cell lysate was used
to detect claudin-1 and claudin-3 expression
by western blot. Data are presented as Mean *
SE from 3 separate experiments. *p < 0.05 for
EPEC or TNF-a treated cells vs. control cells and
somatostatin treated cells. A: The ratio of optical
density of claudin-3 over GAPDH in EPEC infected
cells. B: The ratio of optical density of claudin-3
over GAPDH in TNF-« treated cells. C: The ratio of
optical density of claudin-1 over GAPDH in EPEC
infected cells.

a-treated cells (0.73 £ 0.05 in control cells, 0.4
+ 0.06 in EPEC-infected cells, and 0.48 + 0.03
in TNF-« treated cells, n = 3, P < 0.05). After
somatostatin treatment, claudin-3 protein
expression increased in EPEC-infected cells
(0.4 + 0.06 in untreated cells vs. 0.9 £ 0.2 in
treated cells, n = 3, P < 0.05). In cells exposed
to TNF-a, somatostatin similarly increased
claudin-3 protein expression (0.48 + 0.03 in
untreated cells vs. 0.69 + 0.05 in treated cells,
= 3, P < 0.05) (Figure 5A & 5B).

Interestingly, claudin-1 expression in Caco-2
cells was only affected by EPEC treatment and
not by TNF-a treatment. In EPEC-treated Caco-
2 cells, claudin-1 expression was reduced from
0.4 + 0.03 in control cells to 0.22 + 0.03 in
EPEC-infected cells (n = 3, P < 0.05). After
somatostatin treatment, claudin-1 protein

Int J Clin Exp Pathol 2014;7(5):2153-2162
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expression in EPEC-infected cells increased
(0.22 £ 0.03 in untreated cells vs. 0.41 + 0.04
in treated cells, n = 3, P < 0.05) (Figure 5C).

Discussion

The intestinal epithelia dysfunction is an impor-
tant contributing factor to intestinal dysfunc-
tion in IBD and bacterial infection. This dysfunc-
tion often involves the tight junction, which is
an important protective barrier in the intestine.
Tight junction structure may be disrupted by
bacterial pathogens [21], and they has been
shown to be impaired in IBD patients [4]. We
have previously shown that somatostatin stim-
ulates NHE8 expression in intestine [15], and
others showed that somatostatin up-regulates
tight junction claudin-4 expression in human
keratinocytes [18]. Therefore, somatostatin
may modulate tight junction function in patho-
logic status.

Reduction of somatostatin levels has been
reported in IBD patients [22]. To explore if the
same pattern exists in mice suffering diarrhea,
we used CR infection and DSS colitis models.
To establish CR infection mouse model, mice
were gavaged with CR bacteria to induce diar-
rhea. Other groups have used gavage to intro-
duce A/E pathogen infection in mice [23, 24].
To establish colonic inflammation, mice were
fed with 3% DSS water for seven days; this is a
widely accepted method to induce acute colitis
in rodents [25]. Our results showed that mice in
both models developed diarrhea and the level
of somatostatin in the colon was significantly
reduced in CR infected mice and in DSS colitis
mice. These observations suggested that
somatostatin level was decreased in diarrheal
conditions.

Tight junction protein alteration has been
reported in IBD patients and mice [4, 26, 27]. In
the current study, we observed tight junction
changes in CR-infected mice and in DSS mice.
In CR-infected mice, expression of claudin-1
and claudin-3 was significantly reduced by
~15% and ~50% respectively. In DSS mice,
expression of occludin and claudin-3 were both
significantly reduced by ~36%. Interestingly,
occludin expression was not altered in
CR-infected mice while claudin-1 expression
was not altered in DSS mice. These observa-
tions suggested that the expressions of tight
junction proteins are not uniformly affected by
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diarrhea states. Because somatostatin level
was decreased in both diarrhea mouse models,
we treated these mice with octreotide, an ana-
log of somatostatin. Octreotide treatment not
only improved diarrhea symptoms but also
stimulated tight junction protein expression in
these mice. In CR-infected mice, octreotide
treatment restored the expression of claudin-1
and claudin-3 to control level. In DSS mice,
octreotide treatment also restored the expres-
sion of claudin-3. Interestingly, octreotide treat-
ment did not restore the expression of occludin
in CR-infected mice or DSS mice, which sug-
gests that the role of somatostatin on tight
junction is protein-specific. In spite of not
affecting occludin, results from CR-infected
mice and DSS mice on expression of claudin
proteins suggest that somatostatin could stim-
ulate colonic tight junction protein expression
in colitis mice.

Previous study has shown that somatostatin is
the main inhibitory peptide in inflammation
[28]. To determine whether the stimulation of
tight junction protein expression is a mecha-
nism of somatostatin’s anti-inflammatory func-
tion, we studied the effect of somatostatin in
cultured intestinal epithelial cells. Because
treating cells with EPEC and TNF-a are estab-
lished models of infection and inflammation,
respectively [29, 30], we studied the effect of
somatostatin on Caco-2 cells exposed to EPEC
and on Caco-2 cells treated with TNF-a. Our cell
culture results mirrored in vivo study results. In
Caco-2 cells, EPEC infection reduced claudin-1
and claudin-3 expression by ~45%, and soma-
tostatin treatment completely restored their
expression. Similarity, claudin-3 expression
was decreased by ~35% after TNF-a treatment,
and somatostatin treatment could restore the
expression level. These results suggested that
the anti-inflammatory effect of somatostatin
acts directly on epithelial cells through altera-
tion of tight junction proteins.

In summary, our study showed that mice colitis
caused by bacterial infection or intestinal
inflammation results in reduced somatostatin
level and altered epithelial tight junction pro-
tein expression. Administration of somatostatin
improved diarrheal symptom in mice and
restored tight junction protein expression in the
intestinal epithelial cells. This is the first study
to show somatostatin directly regulates tight
junction function in the intestinal epithelial
cells.

Int J Clin Exp Pathol 2014;7(5):2153-2162
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