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Abstract

Background: Impairment of the blood-brain barrier (BBB) in severe acute pancreatitis (SAP) could result in life-
threatening pancreatic encephalopathy. Interleukin-10 (IL-10) is a classical cytokine that is well-known for its strong
immunoregulatory and anti-inflammatory abilities. However, whether and how IL-10 protects the BBB in SAP are still
unclear.

Methods: This study includes in vivo experiments using a SAP rat model and in vitro experiments using an in vitro
BBB model consisting of a monolayer of brain microvascular endothelial cells (BMECs). The study groups are divided
into the control, SAP (in vivo)/TNF-a (in vitro), IL-10 treatment, IL-10 + signal transducer and activator of transcription 3
(STAT3) inhibitor S31-201 treatment groups. Pancreatic pathological scores, serum amylase, serum TNF-a levels and BBB
permeability by Evan’s blue assay in SAP rat models were evaluated. BMEC apoptosis in SAP rats or induced by TNF-ain
vitro was detected by terminal-deoxynucleotidy! transferase-mediated nick end labeling (TUNEL) and flow cytometry,

immunohistochemistry and immunofluorescence.

separately. Expression levels of claudin-5 and proteins involved in the STAT3 signaling pathway were measured by
Western blotting. Location and changes of junctional structure of claudin-5 on BMECs were assessed by

Results: In vivo, IL-10 alleviated the severity of inflammation, attenuated the increased BBB permeability in SAP rat models
by reducing BMEC apoptosis via the STAT3 pathway and ameliorated the down-regulation of claudin-5 expression in
BMECs; in vitro, IL-10 improved BBB integrity against TNF-a by attenuating BMEC apoptosis via the STAT3 pathway, the
impairment of tight junction structure and the down-regulation of claudin-5 expression in BMECs.

Conclusions: IL-10 improves BBB properties in SAP by attenuating the down-regulation of claudin-5 expression and the
impairment of tight junctions and by STAT3 pathway-mediated anti-apoptotic effects on BMECs.
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Background

Severe acute pancreatitis (SAP) is a critical acute abdom-
inal disease characterized by an acute onset and a rapid
progression, with a mortality rate up to 10-25% [1].
Pancreatic encephalopathy is a serious complication in
SAP and is associated with a mortality rate of 67% [2].
Though the pathogenesis is unclear, a close relationship
between pancreatic encephalopathy and impairment of
the blood-brain barrier (BBB) is commonly accepted.
Published reports have demonstrated increased BBB
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permeability in SAP [3]. Consequently, improving the
barrier properties of the BBB against inflammation is of
great significance in preventing and treating pancreatic
encephalopathy in the clinical setting.

The BBB is mainly composed of brain microvascular
endothelial cells (BMECs), astrocytes and pericytes [4].
BMECs and peri-cellular tight junctions are basic and
functional characteristics of the BBB. Severe inflamma-
tion has been shown to induce BMEC apoptosis, and
impairment of peri-cellular tight junctions result in BBB
dysfunction [5]. Hence, attenuating BMEC apoptosis and
the deterioration of tight junctions is beneficial for
stabilizing the BBB. As a classical anti-inflammatory
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cytokine, interleukin-10 (IL-10) suppresses local and sys-
tematic inflammation and exhibits immunoregulatory
and anti-apoptotic abilities [6]. A previous study showed
that IL-10 reduced brain endothelial cell apoptosis in
bacteremia [7]. However, whether IL-10 alleviates BMEC
apoptosis and the impairment of peri-cellular tight junc-
tions in SAP remains unclear.

The signal transducer and activator of transcription 3
(STATS3) signaling pathway is widely known to be involved
in inflammatory and anti-inflammatory responses, tumor
progression and cell autophagy [8]. The STAT3 pathway
mediates the inflammatory response when activated by IL-6,
but it mediates the anti-inflammatory response when
activated by IL-10 [9]. STATS3 is phosphorylated and translo-
cated to the nucleus to modulate downstream target protein
expression following activation of the STAT3 pathway.
Phosphorylated STAT3 (p-STAT3) has been reported to
reduce endothelial cell apoptosis in mouse atherosclerosis
models [10] but increase heme-induced endothelial cell
apoptosis by up-regulating the target gene matrix metallo-
proteinase 3 in another study [11]. Based on the hypothesis
that IL-10 reduces BMEC apoptosis in SAP, whether the
STATS3 pathway is involved in anti-apoptotic effects remains
unclear.

In the present study, we established a SAP rat model as
well as an in vitro BBB model by exposure to TNF-q; then,
we evaluated the effects of IL-10 and STAT3 inhibitor (S3I-
201) administration. We found that IL-10 attenuated BMEC
apoptosis, the impairment of peri-cellular tight junctions
and the down-regulation of the tight junction protein
claudin-5 under inflammatory conditions. Meanwhile, we
found that IL-10 induced anti-apoptotic effects via the
STAT3 pathway by decreasing Bcl-2-associated X (Bax)
expression while increasing B-cell lymphoma 2 (Bcl-2)
expression in BMECs.

Methods

Ethics

All animal experiments were approved by the Experi-
mental Animal Committee of Fujian Medical University
and performed strictly according to the guidelines of the
National Institutes of Health (NIH Publications No. 80—
23, revised in 1996). All animals received humane care
and were fed under standard conditions.

Animals

Clean adult male Sprague-Dawley rats weighing 200-250 g
were purchased from Shanghai SLAC Laboratory Animal
Co. Ltd. (China). The rats were raised in rooms with a 12-h
light/dark cycle at 25 °C for at least 1 week. A total of 32
rats were randomly divided into the control group, SAP
group, SAP+IL-10 treatment group and SAP+IL-10 + S3I-
201 treatment group (n =8 per each group). All the rats
were sacrificed 12 h later for sample collection.
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Establishment of a SAP rat model

SAP rat models were established via retrograde injection of
5% sodium taurocholate as previously described [12, 13].
The rats were fasted 12 h before the procedure but were
allowed to drink water. A 10% chloral hydrate solution
(3 ml/kg body weight, Bio Basic, Canada) was injected into
the abdominal cavity as anesthesia. Laparostomy was
performed through a 1-1.5-cm incision in the midline of
the upper abdomen. Then, 5% sodium taurocholate (Inalco
Spa, Milano, Italy) was injected into the biliopancreatic duct
at 1 ml/kg body weight using a 0.45-mm diameter polyethyl-
ene catheter attached to a microinfusion pump at a speed of
0.04 ml/min. The catheter was removed 10 min later, and
the abdomen was closed with sutures. In the control group,
the duodenum and pancreas were maneuvered without the
injection into the biliopancreatic duct. All the procedures
were performed under aseptic conditions. The rats received
4 mL/100 g body weight of normal saline every 6 h by
subcutaneous injection in the back.

Pancreatitic pathological scores

After fixing in 10% formalin solution for more than
24 h, the collected body of pancreases were embedded
in paraffin and sectioned at 4-pum thickness followed by
staining with hematoxylin and eosin (H&E). Pathological
changes in the pancreas were evaluated with the patho-
logical score system [14] under a light microscope (Carl
Zeiss, Germany).

Serum amylase analysis and enzyme-linked immunosorb-

ent assay (ELISA)

Collected blood samples were centrifuged at 3000 x g at 4 °
C for 10 min, and the acquired serum was stored at — 80 °C
before analysis. Serum amylase was detected using Olympus
AV2700 automated clinical biochemistry analysis equipment
(Olympus, Tokyo, Japan). Serum levels of TNF-a were
detected using a rat ELISA kit (R&D Systems, USA) accord-
ing to the manufacturer’s instructions.

Evan’s blue assay

The Evan’s blue assay was performed to evaluate BBB per-
meability in SAP rats as described in a previous study [15].
A 2% Evan’s blue solution (5 mL/kg body weight, Sigma,
USA) was injected via the femoral vein 1 h before sacrificing
the rats. The rats were perfused with cold phosphate
buffered saline (PBS) to clear the Evan’s blue solution from
the vessels. Then, 300 mg of brain tissue was incubated in
1 mL of dicarboamide and homogenized by an ultrasonic
cell disruptor. Then, another 3 mL of dicarboamide was
added and the samples were incubated at 37 °C for 48 h and
then centrifuged at 300xg for 5 min. The acquired
supernatants were detected using a SpectraMax M5e Multi-
Mode Microplate Reader (Molecular Devices, USA)
(absorbance at 620 nm).
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Western blot assay

Western blot assays were performed to evaluate Claudin-
5, p-STAT3, STAT3, Bax and Bcl-2 expression levels in
the brain of SAP rats and in in vitro BBB models. Brain
tissue was homogenized on ice, and BMECs on the Trans-
well insert were scraped and then added to ice-cold RIPA
lysis buffer (Beyotime, China) containing 1 mM PMSF
(Beyotime). The supernatants were preserved after centri-
fugation at 14,000xg at 4 °C for 10 min, and their protein
concentrations were measured with a bicinchoninic acid
(BCA) assay kit (Beyotime). Approximately 50 pg of total
protein was separated by SDS PAGE using a proper
concentration of SDS and transferred to nitrocellulose
(NC) membranes. The membranes were blocked with 5%
skim milk for 1 h and then incubated with the following
primary antibodies at 4 °C overnight: mouse anti-claudin-
5 (1:500, Catalog No. 35-2500, Invitrogen, USA), rabbit
anti-p-STAT3 (1:1000, Catalog No.9145, Cell Signaling
Technology, USA), rabbit anti-STAT3 (1:1000, Catalog
No.12640, Cell Signaling Technology), rabbit anti-Bcl-2
(1:1000, Catalog No.ab59348, Abcam, USA), rabbit anti-
Bax (1:1000, Catalog No.2772, Cell Signaling Technology),
and mouse anti-B-actin (1:1000, Catalog No.HC201-02,
Transgen, China). Afterwards, the membranes were
incubated with corresponding secondary antibodies: goat
anti-mouse IgG-HRP and goat anti-rabbit IgG-HRP anti-
bodies (1:5000, Cell Signaling Technology) at room
temperature for 2 h. The immunoglobulins were then
detected with a ChemiDocTM MP imaging system (Bio-
Rad, USA) using the enhanced chemiluminescence (ECL)
technique. The western blot (WB) results were analyzed
using Image] software (version 1.48u).

Immunohistochemistry

Immunohistochemistry was carried out to assess the
expression of claudin-5 in the brain of SAP rats. Brain
samples were fixed in 4% paraformaldehyde for over
24 h, embedded and sectioned at 5-um thickness. After
dewaxing, rehydration and antigen retrieval, the sections
were preincubated with 3% hydrogen peroxide to inacti-
vate endogenous peroxidase and blocked with 5% bovine
serum albumin (BSA, Sigma) for 1 h. The sections were
then incubated with a mouse anti-claudin-5 (1:50, Invi-
trogen) primary antibody at 4 °C overnight followed by a
secondary antibody (1:100; Abcam) at 37 °C for 30 min.
Peroxidase activity was revealed by 3-diaminobenzidine
(DAB). After staining with hematoxylin, the sections
were dehydrated in an alcohol gradient, cleared with
xylene and coverslipped.

Terminal-deoxynucleotidyl transferase-mediated nick end
labeling (TUNEL) assay

TUNEL assay was performed to evaluate BMEC apop-
tosis in the brain of SAP rats using a TUNEL staining

Page 3 of 12

kit (POD, Roche, USA). After dewaxing, rehydration and
inactivation of endogenous peroxidase, the sections were
incubated with TUNEL reaction mixture at 37 °C for
60 min. The nuclei were stained with DAPI (1:1000,
Sigma). TUNEL-positive and DAPI-positive cells were
counted under a fluorescence microscope (Carl Zeiss).

Cell culture of BMECs

Primary BMECs were extracted with a previously described
method [16]. A clean 1-month-old Sprague-Dawley rat was
anesthetized and decapitated under aseptic conditions. The
brain was placed into ice-cold PBS, and the brain cortices
were preserved after the meninges were removed. Minced
gray matter was digested with 15 mg/ml DNase I (Sigma)
and 1 mg/ml collagenase type 2 (Worthington, USA) in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
USA) at 37 °C for 1.5 h. The acquired pellet was then centri-
fuged (1000xg, 4 °C) in 20% BSA for 20 min. The obtained
capillaries were then seeded onto six-well plates precoated
with 0.1 mg/ml collagen IV/fibronectin (Sigma) and incu-
bated at 37 °C with 5% CO2/95% air. The BMEC culture
medium contained 20% fetal bovine serum (Gibco, USA),
5 pg/ml insulin (Sigma), 100 pg/ml heparin (Sigma), 1 ng/
ml basic fibroblast growth factor (PeproTech, USA) and 1%
penicillin/streptomycin (HyClone) in DMEM. Puromycin
(4 mg/L, Sigma) [17] was administered to eliminate the con-
taminating cells in cultured BMECs and was removed 2 days
later. BMECs at 80-90% confluence were passaged with
0.125% EDTA-trypsin (Gibco). First-passage BMECs were
used for the subsequent experiments.

Immunofluorescence staining

Immunofluorescence staining was carried out to identify
BMECs and to observe the changes in peri-cellular tight
junctions and claudin-5 expression. After the BMECs were
fixed in 4% paraformaldehyde and then permeabilized with
0.5% Triton X-100 (Sigma) for 15 min, the BMECs were
blocked with 5% BSA for 30 min followed by incubation
with primary antibodies: rabbit anti-von Willebrand factor
(VWEF) antibody (1:100, Catalog No. ab6994, Abcam) and
mouse anti-claudin-5 antibody (1:50, Invitrogen) at 4 °C
overnight. The appropriate secondary antibodies, Alexa
Fluor 488-conjugated goat-anti-rabbit or goat-anti-mouse
(1:1000, Life Technologies), were then incubated with
BMECs at room temperature for 60 min. Nuclei were
stained with DAPI (1:1000, Sigma) for 10 min. Cells were
observed under a ZEISS LSM 780 confocal microscope
(Carl Zeiss, Germany).

Construction of an in vitro BBB model

First-passage BMECs were incubated at a density of
1.5 x 10° cells/ml on Transwell inserts (1.12 cm?, 0.4-pm
pore size, Corning 3460, USA) precoated with 0.1 mg/
ml collagen IV/fibronectin (Sigma). The culture medium
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was changed every 2-3 days. The monolayer in vitro
BBB model was established 7 days later for further re-
search. The constructed BBB models were divided into
the control group, TNF-a group, TNF-a + IL-10 treat-
ment group and TNF-a+IL-10+ S3I-201 treatment
group (n = 3 per group).

Transendothelial electrical resistance (TEER) assay

The TEER (Q x cm2) of the constructed in vitro BBB
models was measured to evaluate integrity using a
Millicell-ERS electrical resistance system (MER500002,
Millipore, USA). Coated cell-free inserts were used as
blank groups.

Flow cytometry analysis

Flow cytometry was used to detect TNF-a-induced BMEC
apoptosis. According to the manufacturer’s instructions,
BMECs were incubated in 100 pl of incubation buffer with
5 pl of Annexin-V-FITC (Dojindo, Japan) and 5 pl of pro-
pidium iodide (PI) protected from light at room
temperature for 15 min. Then, the 400 pl of additional in-
cubation buffer was added to the samples and analyzed by
flow cytometry analysis (FACS, Beckton Dickinson, USA).

Drug treatment
IL-10 (PeproTech) was administered to SAP rats at
10 pg/kg body weight through the femoral vein at 0 h
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and to the constructed BBB models at 20 ng/ml 24 h be-
fore TNF-a treatment. S3I-201(Calbiochem, USA) was
administered to SAP rats at 5 mg/kg body weight 2 h be-
fore the experiment via an intraperitoneal injection and
to the constructed BBB models at 100 uM 24 h before
IL-10 treatment. TNF-a (20 ng/ml, PeproTech) was ad-
ministered to the constructed in vitro BBB models for
12 h.

Statistical analyses

Data were analyzed with the statistical software SPSS 19.0
and Graph Pad Prism 6.0 and presented as the mean + SE
(standard error). All measurements were repeated at least
three independent times. t-tests were used to evaluate the
differences between groups. A probability (p) value < 0.05
was considered statistically significant.

Results

In vivo experiments

IL-10 alleviated the severity of inflammation and the
increased BBB permeability in SAP rats

All rats successfully underwent SAP model establishment,
and saponification spots were observed on the mesentery
and omentum when the rats were sacrificed. As indicated
in Fig. 1a, hematoxylin-eosin staining of the pancreas did
not reveal significant pathological changes in the control
group. The pancreases of the SAP group exhibited notable
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pancreatic edema, hemorrhage and necrosis as well as in-
flammatory cell infiltration. Milder impairment of the
pancreas was observed in the IL-10 treatment group than
in the SAP group. Both a significantly higher pancreatic
pathological score (Fig. 1b) and a significantly higher
serum amylase level (Fig. 1c) were observed in the SAP
group than in the control group, thus indicating the suc-
cessful establishment of a SAP rat model. In line with
published reports [18], the serum TNF-« level (Fig. 1d)
was elevated in the SAP group compared to the control
group. Meanwhile, a remarkably higher value of Evan’s
blue (Fig. 1e) was observed in the SAP group than in the
control group, indicating increased BBB permeability.
Additionally, the pancreatic pathological score, serum
amylase level, serum TNF-a level and Evan’s blue value
were decreased in IL-10-treated SAP rats compared to
untreated SAP rats. Taken together, it was inferred that
IL-10 reduced the severity of inflammation and the in-
creased BBB permeability in SAP rats.

IL-10 attenuated the down-regulation of claudin-5 in the
brain of SAP rats

To explore the mechanisms underlying the IL-10-
mediated alleviation of increased brain permeability in
SAP rats, we evaluated claudin-5 expression by WB and
immunohistochemistry. Immunohistochemistry (Fig. 2A)
showed high expression levels of claudin-5 in control
BMECs. Expression of claudin-5 decreased remarkedly
in the SAP group compared to the control group. Mean-
while, IL-10 attenuated the decreased expression of
claudin-5 in the SAP group. The WB results (Fig. 2B
were in accordance with the immunohistochemistry
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results, showing a noticeable decrease in claudin-5
expression in the SAP group compared with the control
group, whereas IL-10 treatment alleviated the decrease
in claudin-5 expression. Accordingly, IL-10 attenuated
the down-regulation of claudin-5 in the brain of SAP
rats, which remarkedly ameliorated brain permeability.

IL-10 reduced BMEC apoptosis in SAP rats by the down-
regulation of Bax and up-regulation of Bcl-2 expression via
the STAT3 pathway

To ascertain whether IL-10 attenuates BMEC apoptosis
in SAP rats and whether the STAT3 pathway is involved,
we administered the STAT3 inhibitor S31-201. TUNEL
staining (Fig. 3A) did not reveal apoptotic cells in the
control group, while the SAP group exhibited numerous
apoptotic BMECs and a few apoptotic glial cells. Re-
markable fewer apoptotic BMECs and glial cells were
found in either the IL-10 or IL-10 + S3I-201 treatment
group than in the SAP group, with the IL-10 treatment
group exhibiting the lowest values. The results of
TUNEL staining showed that IL-10 attenuated BMEC
apoptosis in SAP rats, thereby exhibiting anti-apoptotic
effects, while S3I-201 partly reversed the effects. These
results indicated that the STAT3 pathway was involved
in the IL-10-induced anti-apoptotic effects.

To explore the molecular mechanisms underlying the
IL-10-mediated anti-apoptotic effects on BMECs, we de-
tected the expression of downstream STAT3 pathway
proteins, including p-STAT3, STAT3, Bax and Bcl-2.
WB results (Fig. 3B) showed that p-STAT3 expression
was not increased in the SAP group but was increased
in the SAP+IL-10 group, indicating that IL-10 activated

A Control SAP SAP+IL-10
& . < i % 74
0 (] ! R 5 : ‘
p e ’ ’ W™k
B .,/“_1"/7“\» Y,
/\:‘-'—' "4 /v y \'/4, = &
Laeenie: /:) g H0
— e 0 (
B a b ;
Claudin-5|- — —— |24KD Tg
IL-10 - - + 3
Control SAP
Fig. 2 IL-10 attenuated the down-regulation of claudin-5 in the brain of SAP rats. A. Immunohistochemistry of claudin-5 in SAP rat brains (x 400).
Control groups exhibit high expression of claudin-5 in BMECs (i). Expression of claudin-5 decreased remarkably in the SAP group compared to the
control group (ii). IL-10 attenuated the decreased expression of claudin-5 observed in the SAP group (iii). B. Representative WB images showing
claudin-5 expression in SAP rat brains (a). WB analysis of claudin-5 expression (n=28, b). * p < 0.01 (t-test), versus the control group, # p < 0.05 (t-
test), versus the SAP group
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the STAT3 pathway, which was partly inhibited by S31-201.
Bax expression was up-regulated and Bcl-2 expression was
down-regulated in the SAP group compared to the control
group. IL-10 reversed the up-regulation of Bax expression
and down-regulation of Bcl-2 expression in the SAP group,
while S3I-201 partly inhibited the effects of IL-10. Com-
bined with the results of TUNEL staining, we showed that
up-regulation of Bax expression and down-regulation of
Bcl-2 expression were possible apoptotic mechanisms of

BMECs in SAP. Therefore, IL-10 attenuates BMEC apop-
tosis via the STAT3 pathway by down-regulating the expres-
sion of Bax while up-regulating the expression of Bcl-2.

In vitro experiments

Identification of rat BMECs and evaluation of the integrity
of constructed in vitro BBB models

To further ascertain the effects of IL-10 on BMECs
under inflammatory conditions and the mechanisms, we
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established in vitro BBB models with a monolayer of
BMEC:s. Fig. 4A shows a monolayer of non-overlapping,
elongated and tightly apposed BMECs. Immunofluores-
cence staining (Fig. 4B) with a specific endothelial marker,
vWE, determined that the purity of puromycin-purified
BMECs was approximately 99%, which is in line with the
reported data [19]. The TEER value of the in vitro BBB
model was 145.0 + 5.6 Q x cm?, which is similar to that in
published data [20, 21], indicating the successful establish-
ment of an in vitro BBB model.

IL-10 alleviated the TNF-a-induced breakdown of the in
vitro BBB model by maintaining its integrity

To verify whether IL-10 maintains the integrity of the
BBB following TNF-a treatment, we measured the TEER,
which is a parameter of BBB integrity. The results of the
TEER assay (Fig. 5) showed that TNF-a decreased the
TEER value of in vitro BBB models while IL-10 and IL-10
+S31-201 effectively attenuated the decrease in TEER
value, with the IL-10 treatment group exhibiting the high-
est TEER value. The results indicate that IL-10 maintains
the integrity of the in vitro BBB model following TNF-a
treatment and that the STAT3 pathway is involved in
mediating the protective effects.

IL-10 attenuated the TNF-a-induced down-regulation of
claudin-5 and impairment of tight junctions in BMECs

To elucidate the underlying mechanisms of IL-10 in main-
taining the integrity of the BBB against TNF-« treatment,
we detected changes in claudin-5 expression and the junc-
tional structure by WB and immunofluorescence staining,
respectively. Immunofluorescence staining (Fig. 6A) demon-
strated that the peri-cellular tight junctions in the control
group were continuous, linear and smooth between BMECs.
Meanwhile, the tight junctions were severely disrupted
following TNF-« treatment, and IL-10 noticeably alleviated
this deterioration. The WB results (Fig. 6B) show that TNF-
a down-regulated claudin-5 expression in BMECs, which
was partly reversed by IL-10. The down-regulation of
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claudin-5 expression was in accordance with the deterior-
ation of tight junctions. The experimental results thus
indicate that IL-10 alleviates the TNF-a-induced down-
regulation of claudin-5 and impairment of tight junctions
among BMECs and contributes to the maintenance of BBB
integrity.

IL-10 ameliorated TNF-a-induced BMEC apoptosis by down-
regulating Bax and up-regulating Bcl-2 expression via the
STAT3 pathway

To verify the anti-apoptotic effect of IL-10 on BMECs
and the involvement of the STAT3 pathway in the in
vivo experiments, we detected TNF-a-induced BMEC
apoptosis by flow cytometry and the expression of
downstream proteins in the STAT3 pathway by WB.
Flow cytometry data (Fig. 7A) showed that TNF-a
significantly increased BMEC apoptosis, whereas IL-10
noticeably reduced this increase in BMEC apoptosis. In
addition, S3I-201 partially reversed the IL-10-mediated
anti-apoptotic effect.

WB results (Fig. 7B) showed low expression levels of p-
STAT?3 in both the control and TNF-a treatment groups. A
significantly higher level of p-STAT3 expression was
observed in the IL-10 treatment group than in the control
group, indicating STAT3 pathway activation. Meanwhile,
S31-201 markedly decreased p-STAT3 expression by inhibit-
ing STAT3 phosphorylation, and TNF-« significantly
increased Bax expression and decreased Bcl-2 expression,
thus resulting in BMEC apoptosis. IL-10 noticeably reversed
this expression tendency, eliciting anti-apoptotic effects,
which were attenuated by S31-201. In summary, in line with
the in vivo experiments, IL-10 alleviated TNF-a-induced
BMEC apoptosis via the STAT3 pathway by down-
regulating Bax expression and up-regulating Bcl-2
expression.

Discussion
SAP is a classical acute critical inflammatory disease with
cascade reactions and often results in organ dysfunction.

Fig. 4 Morphology and identification of rat BMECs. a Typical morphology of BMECs; scale bar represents 50 um. b Immunofluorescence of anti-
VWF (green) on BMECs; the nuclei were stained with DAPI (blue). Scale bar represents 20 um

20pm
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Fig. 5 IL-10 alleviated the TNF-a-induced decrease of TEER in BBB
models. The control group was set as the calibrator, representing
100%. & p < 0.001 (t-test), versus the control group, * p < 0.05 (t-test),
versus the TNF-a treatment group, # p < 0.01 (t-test), versus the TNF-
a+ IL-10 treatment group

SAP accompanied with brain dysfunction is defined as
pancreatic encephalopathy, which usually has psycho-
somatic manifestations and a high mortality rate. There
are many hypotheses surrounding the underlying patho-
genesis of pancreatic encephalopathy; however, it is widely
accepted that impairment of the BBB greatly contributes
to brain dysfunction [22-24]. Previous studies have re-
vealed that inflammation induces BMEC apoptosis and
the deterioration of tight junctions, thereby increasing
BBB permeability [25]. Consequently, protecting BMECs
and peri-cellular tight junctions from inflammation is sim-
ultaneously beneficial for the maintenance of BBB stability
and prevention of pancreatic encephalopathy.

IL-10 has been extensively studied due to its great im-
munoregulatory and anti-inflammatory abilities. Pub-
lished reports show that IL-10 attenuates the
inflammatory response and decreases TNF-a secretion
in acute pancreatitis [26, 27]. It was verified in our study
that IL-10 alleviates the severity of inflammation in SAP
by decreasing the pancreatic pathological score as well
as serum amylase and TNF-a secretion. Furthermore,
IL-10 protects the BBB from increased permeability in
SAP rats, as confirmed by the Evan’s blue assay and
TEER measurements. The IL-10-induced decrease in
TNEF-a secretion might be helpful in stabilizing the BBB,
as TNF-a has been reported to increase BBB permeabil-
ity in acute pancreatitis [28]. To further explore the pro-
tective effects of IL-10 on the BBB under inflammatory
conditions and the underlying mechanisms, we con-
ducted a series of experiments to analyze the changes in
BMECs and peri-cellular tight junctions. Additionally, in
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vitro BBB models consisting of a monolayer of BMECs
were constructed to further confirm the results of the in
vivo experiments.

Claudin-5 is a key component of tight junction pro-
teins and is mainly expressed on BMECs in the brain.
Claudin-5 controls BBB permeability and integrity, and
its expression level is more than 100-fold that of other
claudins [29]. Previous studies have demonstrated that
claudin-5 expression is down-regulated [30, 31] and that
junctional structure is deteriorated [32] under inflamma-
tory conditions, which were also observed in our study.
Meanwhile, we found that IL-10 attenuated the TNF-
induced down-regulation of claudin-5 and impairment
of tight junctions. The mechanisms remain unclear, but
possible explanations include the following: IL-10 de-
creased TNF-a secretion; IL-10 attenuated TNF-a-
induced BMEC apoptosis, thus implying enhanced tran-
scription and translation of claudin-5; and IL-10 down-
regulated TNF-a receptor expression or inhibited the
binding of TNF-a with its receptor.

BMECs are the functional parts of the BBB, and im-
paired BMECs lead to BBB dysfunction. Inflammation,
hypoxia, hemorrhage and pharmaceutical agents have
been shown to induce BMEC apoptosis, especially in-
flammation [33-36]. In animal experiments, we ob-
served plentiful BMEC apoptosis and some glial cell
apoptosis in the brain of SAP rats at 12 h. However,
fewer BMECs and no glial cells were apoptotic in SAP
rats treated with IL-10. This result may be attributed to
the anti-apoptotic effects of IL-10 on BMECs and the
protective effects of IL-10 on tight junctions, which help
maintain BBB integrity and protect glial cells from in-
flammatory cytokines via an indirect anti-apoptotic ef-
fect. To confirm the anti-apoptotic effects of IL-10 on
BMECs and the potential mechanisms in the in vivo ex-
periments, we administered TNF-a to BBB models to in-
duce inflammation. We found that IL-10 remarkedly
attenuated the TNF-a-induced BMEC apoptosis, junc-
tional discontinuity and down-regulation of claudin-5
expression. The experimental results further confirm
that IL-10 maintains BBB integrity under inflammatory
situations.

The anti-apoptotic effects of IL-10 on BMECs under
inflammatory conditions were confirmed by both in vivo
and in vitro experiments; however, the underlying mech-
anisms remain unclear. Previous studies have shown that
IL-10 improves endothelial progenitor cell survival and
function under hypoxic conditions via the STAT3/VEGF
signaling pathway [37]. In addition, IL-10 overexpression
improves endothelial progenitor cell function following
TNEF-a stimulation via the STAT3 pathway [38]. To date,
the IL-10/STAT3 signaling pathway has been reported
to play an important part in tumor progression, chemo-
therapy resistance [39] and the anti-inflammatory
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Fig. 6 IL.-10 attenuated the TNF-a-induced down-regulation of claudin-5 and impairment of tight junctions among BMECs. A. Immunofluorescence staining
of claudin-5 (green) on BMECs; the nuclei were stained with DAPI (blue). Scale bar represents 10 um. Control group showed continuous, linear, smooth peri-
cellular tight junctions between BMECs. Tight junctions were extremely disrupted following TNF-a treatment. IL-10 alleviated the impairment of tight junctions
induced by TNF-a. B. Representative WB images showing claudin-5 protein expression levels in BMECs (a). WB analysis of claudin-5 expression (n =3, b). * p <

005 (t-test), versus the control group, # p < 0.05 (t-test), versus the TNF-a treatment group

response. The STAT3 pathway is activated by the bind-
ing of IL-10 to the IL-10 receptor. Following activation,
STATS3 is phosphorylated, and p-STATS3 is transferred to
the nucleus to modulate target protein expression, in-
cluding Bax and Bcl-2, which are important for cell
apoptosis. Previous studies have demonstrated that Bax
promotes TNF-a-induced endothelial cell apoptosis via
mitochondrial apoptotic signaling pathways, whereas
Bcl-2 exhibits anti-apoptotic ability by stabilizing mito-
chondrial membrane potential [40]. Adding to the exist-
ing findings, we hypothesized that IL-10 might elicit
anti-apoptotic effects on BMECs by activating the
STAT3 pathway and modulating Bax and Bcl-2 expres-
sion. Consistent with previously published reports, we
observed that both SAP and TNF-a treatment signifi-
cantly increased Bax expression and decreased Bcl-2 ex-
pression, resulting in BMEC apoptosis, which was

confirmed by TUNEL staining and flow cytometry. We
also found that exogenous IL-10 indeed activated the
STAT?3 pathway and attenuated the up-regulation of Bax
and down-regulation of Bcl-2 expression, resulting in
anti-apoptotic effects on BMECs under inflammatory
conditions. Administration of the STAT3 inhibitor S3I-
201 partly blocked the IL-10-mediated anti-apoptotic ef-
fects, further confirming the involvement of the STAT3
pathway.

Clinical trials have reported that IL-10 is effective in
treating inflammatory diseases [41], including Crohn’s
disease and rheumatoid arthritis. Further exploration of
the underlying mechanisms of the IL-10 signaling path-
way or the modulation of IL-10 expression might lead to
the development of new therapeutic modalities for in-
flammatory diseases. In the present study, we found that
IL-10 attenuated impairment of the BBB in SAP.
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Fig. 7 IL-10 ameliorated TNF-a-induced BMEC apoptosis via the STAT3 pathway. A. Assessment of BMEC apoptosis by flow cytometry (n = 3).
Apoptotic signals in the Q2 and Q4 quadrants were acquired to evaluate BMEC apoptosis. B. Representative WB images of p-STAT3, STAT3, Bax
and Bcl-2 protein expression in BMECs (a). WB analysis of p-STAT3/STAT3 expression (n =3, b). WB analysis of Bax expression (n =3, ). WB analysis
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* p <005 (t-test), versus the TNF-a treatment group, # p < 0.05 (t-test),

However, many mechanisms remain unclear, including
the underlying mechanisms by which IL-10 attenuates
the down-regulation of claudin-5 expression and
impairment of junctional structure under inflamma-
tory situations. Additional research will be required to
elucidate these mechanisms in the future.

Conclusions

Our study demonstrated that IL-10 attenuated the
severity of inflammation and increased BBB perme-
ability in SAP models as well as stabilized the integ-
rity of in vitro BBB models following TNF-a
treatment. The underlying mechanisms of IL-10 in-
clude the alleviation of down-regulated claudin-5
expression and impaired junctional structure and

the attenuation of BMEC apoptosis via the STAT3
pathway by decreasing Bax expression while
increasing Bcl-2 expression. Our results confirm the
protective effects of IL-10 on BMECs under inflam-
matory conditions and the possible mechanisms,
which provides a novel modality for the prevention
and treatment of pancreatic encephalopathy that
may be tested in prospective clinical trials.

Abbreviations

BBB: Blood-brain barrier; BMECs: Brain microvascular endothelial cells; IL-
10: Interleukin-10; SAP: Severe acute pancreatitis; STAT3: Signal transducers
and activators of transcription 3; TNF-a: Tumor necrosis factor-a

Acknowledgments
The study was supported by Natural Science Foundation of Fujian Province
(No. 2016 J01552), National Key Clinical Specialty Discipline Construction



Lin et al. Journal of Inflammation (2018) 15:4

Program of China, Key Clinical Specialty Discipline Construction Program of
Fujian (No. 2012-649).

Availability of data and materials
The data sets supporting the results of this article are included within the article.

Authors’ contributions

RL and HH conceived and designed the experiments, and checked and revised
the whole manuscript. RL, FC, SW, TT and YP performed the experiments. SW
and YP analyzed the data. RL wrote the manuscript. Al authors read and
approved the manuscript.

Ethics approval and consent to participate
All animal experimental procedures were approved by the Experimental
Animals Committee of Fujian Medical University.

Consent for publication
We confirm that all the listed authors have approved the publication of this
manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 8 November 2017 Accepted: 21 February 2018
Published online: 27 February 2018

References

1. Swaroop VS, Chari ST, Clain JE. Severe acute pancreatitis. JAMA. 2004,291:2865-8.

2. Jha RK, Ma Q, Sha H, Palikhe M. Protective effect of resveratrol in severe
acute pancreatitis-induced brain injury. Pancreas. 2009;38:947-53.

3. Ding Z Liu J, Lin R, Hou XH. Experimental pancreatitis results in increased
blood-brain barrier permeability in rats: a potential role of MCP-1. J Dig Dis.
2012;13:179-85.

4. Dyrna F, Hanske S, Krueger M, Bechmann I. The blood-brain barrier. J
Neurolmmune Pharmacol. 2013;8:763-73.

5. Lin YL, Chang HC, Chen TL, Chang JH, Chiu WT, Lin JW, Chen RM.
Resveratrol protects against oxidized LDL-induced breakage of the blood-
brain barrier by lessening disruption of tight junctions and apoptotic insults
to mouse cerebrovascular endothelial cells. J Nutr. 2010;140:2187-92.

6. Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA. Anti-inflammatory and pro-
inflammatory roles of TGF-beta, IL-10, and IL-22 in immunity and
autoimmunity. Curr Opin Pharmacol. 2009,9:447-53.

7. Londono D, Carvajal J, Strle K, Kim KS, Cadavid D. IL-10 prevents apoptosis
of brain endothelium during bacteremia. J Immunol. 2011;186:7176-86.

8. Youl,Wang Z Li H, Shou J, Jing Z, Xie J, Sui X, Pan H, Han W. The role of
STAT3 in autophagy. Autophagy. 2015;11:729-39.

9. O'Shea JJ, Murray PJ. Cytokine signaling modules in inflammatory
responses. Immunity. 2008;28:477-87.

10. Zhang Y, Liu Y, Zhang H, Wang M, Zhang J. Mmu-miR-351 attenuates the
survival of cardiac arterial endothelial cells through targeting STAT3 in the
atherosclerotic mice. Biochem Biophys Res Commun. 2015;468:300-5.

11, Liu M, Wilson NO, Hibbert JM, Stiles JK. STAT3 regulates MMP3 in heme-
induced endothelial cell apoptosis. PLoS One. 2013;8:e71366.

12. Schmidt J, Rattner DW, Lewandrowski K, Compton CC, Mandavilli U, Knoefel
WT, Warshaw AL. A better model of acute pancreatitis for evaluating
therapy. Ann Surg. 1992;215:44-56.

13. Perides G, van Acker GJ, Laukkarinen JM, Steer ML. Experimental acute
biliary pancreatitis induced by retrograde infusion of bile acids into the
mouse pancreatic duct. Nat Protoc. 2010;5:335-41.

14.  Zhou X, Xue C. Ghrelin inhibits the development of acute pancreatitis and
nuclear factor kappaB activation in pancreas and liver. Pancreas. 2009;38:752-7.

15. Gu C Wang Y, Li J, Chen J, Yan F, Wu C, Chen G. Rosiglitazone attenuates
early brain injury after experimental subarachnoid hemorrhage in rats. Brain
Res. 2015;1624:199-207.

16. Nakagawa S, Deli MA, Kawaguchi H, Shimizudani T, Shimono T, Kittel A,
Tanaka K, Niwa M. A new blood-brain barrier model using primary rat brain
endothelial cells, pericytes and astrocytes. Neurochem Int. 2009;54:253-63.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 11 of 12

Perriere N, Demeuse P, Garcia E, Regina A, Debray M, Andreux JP,
Couvreur P, Scherrmann JM, Temsamani J, Couraud PO, et al.
Puromycin-based purification of rat brain capillary endothelial cell
cultures. Effect on the expression of blood-brain barrier-specific
properties. J Neurochem. 2005;93:279-89.

Vasseur P, Devaure |, Sellier J, Delwail A, Chagneau-Derrode C, Charier F,
Tougeron D, Tasu JP, Rabeony H, Lecron JC, Silvain C. High plasma levels of
the pro-inflammatory cytokine IL-22 and the anti-inflammatory cytokines IL-
10 and IL-Tra in acute pancreatitis. Pancreatology. 2014;14:465-9.

Calabria AR, Weidenfeller C, Jones AR, de Vries HE, Shusta EV. Puromycin-
purified rat brain microvascular endothelial cell cultures exhibit improved
barrier properties in response to glucocorticoid induction. J Neurochem.
2006,97:922-33.

Alluri H, Grimsley M, Anasooya Shaji C, Varghese KP, Zhang SL, Peddaboina
C, Robinson B, Beeram MR, Huang JH, Tharakan B. Attenuation of blood-
brain barrier breakdown and Hyperpermeability by Calpain inhibition. J Biol
Chem. 2016,291:26958-69.

Deli MA, Abraham CS, Kataoka Y, Niwa M. Permeability studies on in vitro
blood-brain barrier models: physiology, pathology, and pharmacology. Cell
Mol Neurobiol. 2005;25:59-127.

Raraty MG, Murphy JA, McLoughlin E, Smith D, Criddle D, Sutton R. Mechanisms
of acinar cell injury in acute pancreatitis. Scand J Surg. 2005,94:89-96.

Pandol SJ. Acute pancreatitis. Curr Opin Gastroenterol. 2006;22:481-6.

Sha H, Ma Q, Jha RK. Trypsin is the culprit of multiple organ injury with
severe acute pancreatitis. Med Hypotheses. 2009;72:180-2.

Wiggins-Dohlvik K, Merriman M, Shaji CA, Alluri H, Grimsley M, Davis ML,
Smith RW, Tharakan B. Tumor necrosis factor-alpha disruption of brain
endothelial cell barrier is mediated through matrix metalloproteinase-9. Am
J Surg. 2014;208:954-60. discussion 960

Zhou X, Liu Z, Jang F, Xiang C, Li Y, He Y. Autocrine sonic hedgehog
attenuates inflammation in cerulein-induced acute pancreatitis in mice via
upregulation of IL-10. PLoS One. 2012;7:e44121.

Ho YP, Chiu CT, Sheen IS, Tseng SC, Lai PC, Ho SY, Chen WT, Lin TN, Lin CY.
Tumor necrosis factor-alpha and interleukin-10 contribute to immunoparalysis
in patients with acute pancreatitis. Hum Immunol. 2011;72:18-23.

Farkas G, Marton J, Nagy Z, Mandi Y, Takacs T, Deli MA, Abraham CS.
Experimental acute pancreatitis results in increased blood-brain barrier
permeability in the rat: a potential role for tumor necrosis factor and
interleukin 6. Neurosci Lett. 1998;242:147-50.

Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE. Transmembrane
proteins of the tight junctions at the blood-brain barrier: structural and
functional aspects. Semin Cell Dev Biol. 2015;38:16-25.

Ni C, Wang C, Zhang J, Qu L, Liu X, Lu Y, Yang W, Deng J, Lorenz D, Gao P,
et al. Interferon-gamma safeguards blood-brain barrier during experimental
autoimmune encephalomyelitis. Am J Pathol. 2014;184:3308-20.

Liu WY, Wang ZB, Wang Y, Tong LC, Li Y, Wei X, Luan P, Li L. Increasing the
permeability of the blood-brain barrier in three different models in vivo.
CNS Neurosci Ther. 2015;21:568-74.

Clark PR, Kim RK, Pober JS, Kluger MS. Tumor necrosis factor disrupts
claudin-5 endothelial tight junction barriers in two distinct NF-kappaB-
dependent phases. PLoS One. 2015;10:e0120075.

Dasgupta S, Wang G, Yu RK. Sulfoglucuronosyl paragloboside promotes
endothelial cell apoptosis in inflammation: elucidation of a novel
glycosphingolipid-signaling pathway. J Neurochem. 2011;119:749-59.

Evans J, Ko Y, Mata W, Saquib M, Eldridge J, Cohen-Gadol A, Leaver HA, Wang
S, Rizzo MT. Arachidonic acid induces brain endothelial cell apoptosis via p38-
MAPK and intracellular calcium signaling. Microvasc Res. 2015,98:145-58.

Yan J, Li L, Khatibi NH, Yang L, Wang K, Zhang W, Martin RD, Han J,
Zhang J, Zhou C. Blood-brain barrier disruption following
subarchnoid hemorrhage may be faciliated through PUMA induction
of endothelial cell apoptosis from the endoplasmic reticulum. Exp
Neurol. 2011;230:240-7.

Shao B, Bayraktutan U. Hyperglycaemia promotes human brain
microvascular endothelial cell apoptosis via induction of protein kinase C-ssl
and prooxidant enzyme NADPH oxidase. Redox Biol. 2014;2:694-701.
Krishnamurthy P, Thal M, Verma S, Hoxha E, Lambers E, Ramirez V, Qin G,
Losordo D, Kishore R. Interleukin-10 deficiency impairs bone marrow-
derived endothelial progenitor cell survival and function in ischemic
myocardium. Circ Res. 2011;109:1280-9.

Wang Y, Chen Q, Zhang Z, Jiang F, Meng X, Yan H. Interleukin-10
overexpression improves the function of endothelial progenitor cells



Lin et al. Journal of Inflammation (2018) 15:4

39.

40.

41,

stimulated with TNF-alpha through the activation of the STAT3 signaling
pathway. Int J Mol Med. 2015;35:471-7.

Yang C, He L, He P, Liu Y, Wang W, He Y, Du Y, Gao F. Increased drug
resistance in breast cancer by tumor-associated macrophages through IL-
10/STAT3/bcl-2 signaling pathway. Med Oncol. 2015;32:352.

Feng W, Xu X, Zhao G, Li G, Liu T, Zhao J, Dong R, Wang DW, Tu L. EETs
and CYP2J2 inhibit TNF-alpha-induced apoptosis in pulmonary artery
endothelial cells and TGF-betal-induced migration in pulmonary artery
smooth muscle cells. Int J Mol Med. 2013;32:685-93.

O'Garra A, Barrat FJ, Castro AG, Vicari A, Hawrylowicz C. Strategies for use of
IL-10 or its antagonists in human disease. Immunol Rev. 2008;223:114-31.

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Ethics
	Animals
	Establishment of a SAP rat model
	Pancreatitic pathological scores
	Serum amylase analysis and enzyme-linked immunosorbent assay (ELISA)
	Evan’s blue assay
	Western blot assay
	Immunohistochemistry
	Terminal-deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay
	Cell culture of BMECs
	Immunofluorescence staining
	Construction of an in vitro BBB model
	Transendothelial electrical resistance (TEER) assay
	Flow cytometry analysis
	Drug treatment
	Statistical analyses

	Results
	In vivo experiments
	IL-10 alleviated the severity of inflammation and the increased BBB permeability in SAP rats
	IL-10 attenuated the down-regulation of claudin-5 in the brain of SAP rats
	IL-10 reduced BMEC apoptosis in SAP rats by the down-regulation of Bax and up-regulation of Bcl-2 expression via the STAT3 pathway

	In vitro experiments
	Identification of rat BMECs and evaluation of the integrity of constructed in vitro BBB models
	IL-10 alleviated the TNF-α-induced breakdown of the in vitro BBB model by maintaining its integrity
	IL-10 attenuated the TNF-α-induced down-regulation of claudin-5 and impairment of tight junctions in BMECs
	IL-10 ameliorated TNF-α-induced BMEC apoptosis by down-regulating Bax and up-regulating Bcl-2 expression via the STAT3 pathway


	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

