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Abstract

AIM: To explore the protective effect of bone marrow
mesenchymal stem cells (BM MSCs) in the small intes-
tinal mucosal barrier following heterotopic intestinal
transplantation (HIT) in a rat model.

METHODS: BM MSCs were isolated from male Lewis
rats by density gradient centrifugation, cultured, and
analyzed by flow cytometry. The HIT models were
divided into a non-rejection group, saline-treated re-
jection group (via penile vein), and BM MSC-treated
group (via penile vein). Intestinal mucosal barrier
injury was estimated by diamine oxidase (DAQO) and
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D-lactic acid (D-LA) expression levels. Tumor necrosis
factor-a (TNF-a), interferon-y (INF-y), interleukin-10
(IL-10), and transforming growth factor-p (TGF-B)
were detected by enzyme-linked immunosorbent as-
say. Ultrastructural change of tight junctions (TJs) was
observed under transmission electron microscope.
Expression levels of the TJ proteins occludin and zona
occludens (Z0)-1, affected by the inflammatory fac-
tors, were measured using real-time polymerase chain
reaction and Western blotting.

RESULTS: The pathological score at each time point
after surgery indicated significantly less serious injury
in the BM MSCs-treated group than in the rejection
group (P < 0.05). In the former, graft levels of DAO
and D-LA were reduced, and TNF-a and INF-y pro-
duction was inhibited (at day 7: 10.6473 + 0.0710
vs 17.2128 £ 0.4991, P < 0.05; 545.1506 = 31.9416
vs 810.2637 + 25.1175, P < 0.05). IL-10 and TGF-B
production was increased greatly (at day 7: 125.7773
+ 4.7719 vs 80.3756 + 2.5866, P < 0.05; 234.5273 +
9.3980 vs 545.1506 = 31.9416, P < 0.05). There was
increased expression of occludin and ZO-1 protein (at
day 7: 0.2674 + 0.0128 vs 0.1352 + 0.0142, P < 0.05;
at day 5: 0.7189 + 0.0289 vs 0.4556 + 0.0242, P <
0.05) and mRNA (at day 7: 0.3860 = 0.0254 vs 0.1673
+ 0.0369, P < 0.05; at day 5: 0.5727 £ 0.0419 vs
0.3598 + 0.0242, P < 0.05).

CONCLUSION: BM MSCs can improve intestinal bar-
rier permeability, repair TJs, and increase occludin
and ZO-1 protein expression. With altered cytokine
levels, they can protect the intestinal mucosa after
transplantation.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Rejection and sepsis after small intestinal
transplantation (SITx) is a serious and common com-
plication. The small intestinal mucosal barrier plays
an important role in the progression of postoperative
complications. This study demonstrated that in rats,
implantation of recipient-derived bone marrow mes-
enchymal stem cells decreased intestinal permeability
and preserved intestinal mucosal barrier function after
SITx via a mechanism linked to the balance between
graft inflammatory cytokine levels and increased ex-
pression of the intestinal tight junction proteins occlu-
din and zona occludens-1.
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INTRODUCTION

Small intestinal transplantation (SITx) has become the
definitive treatment for patients with end-stage intestinal
failure who cannot tolerate parenteral nutrition'”. How-
ever, SITx is difficult due to the strong expression of
histocompatibility antigens, large numbers of resident
leukocytes, and micro-organism colonization. Rejection
and sepsis following SI'Tx is a serious and common com-
plication that affects both patient and graft survival”.

Bone marrow mesenchymal stem cells (BM MSCs)
are pluripotent adult stem cells. BM MSCs give rise to
mesoderm cells™ and differentiate into osteoblasts,
chondrocytes, adipocytes, myocytes, and liver and neural
cells””, which have potential for use in treating various
diseases. Allogeneic MSCs that were transplanted into
primates vz an intravenous route and distributed to the
gastrointestinal tract proliferated[s]. Due to the secre-
tion of several growth factors, BM MSCs also exhibit
immunomodulatory capabilities”"”. BM MSCs reduce
intestinal ischemia-reperfusion (I/R) injury in rats!"
and contribute to significant prolongation of composite
tissue allotransplant survival'” and promotion of graft
revascularization!”.

The intestinal mucosa is the physical, chemical, im-
munological, and biological barrier against toxins and
pathogens in the gut lumen. The intestinal mucosal bar-
rier is composed of mucosal fluid, microvilli, epithelial
mucosal cell tight junctions (T]s), and other special
structures. TJs are the most important structures in the
intestinal mucosal barrier. They are composed of mul-
tiple proteins, including transmembrane proteins such
as occludin, tricellulin, claudins, and junctional adhesion
molecule (JAM). The intracellular portions of these
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transmembrane proteins interact with cytoplasmic pe-
ripheral membrane proteins, including zona occludens
(ZO)-1, -2, and -3""*" and two distinct transmembrane
12 which are linked to

. 23 . .
the actin-based cytoskeleton[ ], TJs function as occlusion

proteins: occludin and claudin®

barriers by maintaining cellular polarity and homeostasis
and by regulating paracellular space permeability in the
epithelium®. Occludin and ZO-1 proteins play crucial
roles in 'T] assembly and maintenance™ ", In this study,
we established a heterotopic intestinal transplantation
(HIT) model in rats to explore the protective effect of
BM MSC transplantation in the small intestinal mucosal
barrier and the possible mechanisms thereof.

MATERIALS AND METHODS

Animals and rat HIT models

Seventy-six inbred specific pathogen-free Brown Norway
(BN) and 30 Lewis (LEW) male rats weighing 200-220
g were used as donors in the homologous and isologous
experimental groups, respectively. One hundred and
six LEW male rats weighing approximately 220-250 g
were used as recipients. Additionally, 25 male LEW rats
weighing 100-120 g were used for BM MSC extraction.
All animals wetre purchased from the Chinese Academy
of Military Medical Sciences (Beijing, China). The use
of animals and animal experimental procedures in this
study was approved by the Ethics Committee of the
Chinese Academy of Military Medical Sciences.

All rats were fasted for 12 h with free access to water
before surgery and randomly assigned to a non-rejection
group (A, LEW-LEW, » = 30); saline-treated rejection
group (B, BN-LEW, via penile vein, # = 43); and BM
MSC-treated group (C, BN-LEW, »ia penile vein, # =
33). The operations were performed using standard stet-
ile technique under general anesthesia with 5% chloral

hydrate (50 mL/kg).

Donor operation

The small intestine was visualized »ia a pubis-xiphoid
midline incision. The small intestine was retracted to the
left and packed in saline-moistened gauze. All tributary
branches of the mesenteric artery and vein were visual-
ized, ligated with 5-0 silk, and divided. The small intes-
tine itself was cut just distal to the duodenum and proxi-
mal from the cecum. The mesenteric artery was freed
from the surrounding tissue by dissecting the colon. The
tissue connecting the small intestine to the colon was
dissected. Lactated Ringer’s solution (5 mlL) containing
125 U heparin was then administered systemically to the
donor animal before the graft was removed from the do-
nor and placed in cold lactated Ringer’s solution (0-4 C)
after being flushed vz the mesenteric artery with the
same solution. Grafts were perfused with cold saline at
low pressure.

Recipient operation
The abdomen was opened, and the small intestine of
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the recipient packed in saline-moistened gauze inside the
abdominal cavity, and retracted to the left. The aorta was
freed distal to the left renal artery. An oval aperture was
cut in the occluded part of the aorta, and an end-to-side
anastomosis with the graft aorta attached to the mesen-
teric artery was created. In the same fashion, an anas-
tomosis was created between the recipient portal vein
and the donor postcaval vein. For both anastomoses, a
continuous 10-0 silk suture was done under X 20 mag-
nification. The proximal end of the donor small bowel
was anastomosed to the stoma on the abdominal wall.
Saline (1 mL, 0.9%) or culture media (1 mL) containing
5 x 10° BM MSCs was injected zia the penile vein. The
abdomen was closed and the animals were allowed to
recover with free access to tap water and standard pellet
rat chow. Only for surviving animals, HIT was included
in the analysis. After transplantation, all animals were
cuthanized at 1, 3, 5, 7 and 10 d. The graft was removed
from each animal and stored at -80 C until analysis. In-
testine samples were fixed for histopathological analysis
and transmission electron microscopy.

Isolation and characterization of BM MSCs

BM MSCs were isolated from the femur and tibia of male
LEW rats (100-120 g). Red blood cells were lysed us-
ing 0.1 mol/L NH4Cl; the remaining cells were washed,
resuspended, and cultured for 4 wk in DMEM/F12
(Gibco, Catlsbad, CA, United States) containing 100 U/
mL penicillin, 100 mg/mL streptomycin, and 15% fetal
bovine serum. BM MSCs were cultured in an incubator
at 37 C in 5% CO: with saturated humidity. The me-
dium was changed every 72 h. When the third-passage
cells reached 80% confluence, cells were trypsinized,
washed, centrifuged, and resuspended at 1 X 10’/mL in
phosphate-buffered saline.

BM MSCs were stained using antibodies against
CD29, CDY0, RT1A, CD45, RT1B (Biol.egend, San Di-
ego, CA, United States), and CD34 (Santa Cruz Biotech-
nology, Santa Cruz, CA, United States), and analyzed by
flow cytometry (FACSCalibur; BD Biosciences, Alaska,
MN, United States). The proportion of CD29, CD90,
and RT1A-positive cells and CD34, CD45, and RT1B
negative cells was > 98%. BM MSCs were also con-
firmed as spindle-shaped, plastic-adherent cells under
standard culture conditions by microscopy. The purity
of BM MSCs was > 95% (Figure 1).

Diagnosis and evaluation of rejection

A pathologist blinded to the source analyzed the slides.
The degree of histopathological changes was graded
semiquantitatively using the histological injury scale de-
scribed by Chiu ez 2/*”: 0: normal mucosal villi; 1: devel-
opment of a subepithelial space, usually at the villi apex,
with capillary congestion; 2: extension of the subepithe-
lial space with moderate epithelial lifting from the lamina
propria; 3: massive epithelial lifting down the sides of
the villi and ulceration at the villous tips; 4: denuded villi
with dilated capillaries and increased cellularity of the
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lamina propria; and 5: degradation and disintegration
of the lamina propria, hemorrhage, and ulceration. The
summation of six randomly chosen fields from each rat
was evaluated and averaged to determine the degree of
mucosal injury.

Enzyme-linked immunosorbent assay

The graft levels of diamine oxidase (DAO), D-lactic acid
(D-LA), tumor necrosis factor-a. (TNF-a), interferon-y
(INF-y), interleukin-10 (IL-10), and transforming growth
factor-f3 (TGF-B) were determined using the kits from
R&D Systems, Minneapolis, MN, United States, accord-
ing to the manufacturer’s protocol.

Detection and observation of intestinal mucosal
ultrastructure

Ultrathin (70-nm) sections were prepared using standard
techniques and examined under a transmission electron
microscope (Hitachi H-600, Tokyo, Japan).

Western blotting of tissue occludin and ZO-1

Intestinal tissue samples were homogenized and lysed
in buffer [50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L
NaCl, 100 pg/mL phenylmethylsulfonyl fluoride, 1%
Triton X-100] for 30 min on ice. Then, 50 ug protein
samples were boiled for 5 min in sample buffer, sepa-
rated by 10% and 8% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and transferred onto nitrocel-
lulose membranes. Nonspecific reactivity was blocked
using 5% non-fat dry milk in TBST [10 mmol/L Ttis-
HCI (pH 7.5), 150 mmol/L NaCl, 0.05% Tween-20]
for 1 h at room temperature. The membrane was then
incubated with a rabbit anti-rat polyclonal occludin and
Z20-1 antibody (1:500; Santa Cruz Biotechnology) at
4 °C overnight. After three washes in TBST, the mem-
branes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:2000; Santa Cruz
Biotechnology) for 2 h at room temperature. Reactive
protein was detected using an ECL chemiluminescence
system (Boster, Wuhan, China).

Real-time PCR detection of occludin and ZO-1 mRNA
RNA was isolated with TRIzol (TakaRa, Japan). Reverse
transcription (RT) to complementary DNA was per-
formed with 12 ug RNA by Moloney murine leukemia
virus-RT at a final volume of 10 pl according to the
manufacturer’s instructions. The reaction volume was in-
creased to 20 pl. and the dilutions used in the reactions
were always performed in accordance with the -Actin
content. Product specificity was determined using 2%
agarose gel electrophoresis. The sequences of the prim-
ers used are listed in Table 1.

Statistical analysis

SPSS version 13.0 (SPSS, Chicago, 1L, United States)
was used for statistical analysis. Values reported are the
mean * SD. Different groups of data were compared by
analysis of variance. P < 0.05 was considered statistically
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Figure 1 Morphology and flow cytometry results of Lewis-derived bone marrow mesenchymal stem cells. A: First-passage bone marrow mesenchymal stem
cells (BM MSCs); B: Second-passage BM MSCs; C: Third-passage BM MSCs (x 200 magnification); D: The proportion of CD90" and CD450" cells was approximately
95.48%; E: The proportion of CD29" and CD34" cells was approximately 99.82%; F: The proportion of RT1A" and RT1B' cells was approximately 99.87%.

Table 1 Sequences of primers for occludin, zona occludens-1, and B-actin

Tested gene product Primer sequences Fragment

Occludin Upstream 5-CCTGTTTAGTTAGGTGAAG-3’ 156 bp
Downstream 5-TTCCTGAGAAGGGTTATG-3'

Z0O-1 Upstream 5-GGGGGATTTATAACTTGGG-3' 321 bp
Downstream 5 -CTGGTTGGATGTCTGTGG-3’

B-Actin Upstream 5-GCGTGACATTAAAGAGAAGCTG-3 500 bp
Downstream 5-AGAAGCATTTGCGGTGCAC-3’

ZO-1: Zona occludens-1.

significant.

RESULTS

BM MSC extraction

Cells were confirmed as BM MSCs based on their spin-
dle-shaped morphology, adherence to plastic, and flow
cytometry results (Figure 1). Most of the third-passage
adherent cells were CD90, CD29’, and RT1A-positive
and negative for the MSC markers CD45, CD34, and
RT1B. Furthermore, the percentage of CD90" and
CD45" cells rapidly increased from 80% to > 98% over
the first three passages.

General condition of the rats, graft histopathology, and
grade of intestinal mucosal injury after HIT

Following small intestinal transplantation, all rats in
group A survived for 10 d; in group B, two rats died
by day 5, four rats died by day 7 and six rats died by
day 10; and in group C, one rat died by day 7 and two
rats died by day 10. The 10-d death rate was 0 (0/30),
30.23% (13/43), 9.09% (3/33) in groups A, B, and C,
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respectively. We observed no significant abnormal activi-
ties; the rats were only slightly sluggish 1 d after surgery.
Subsequently, they became frequently irritable, and
there was an abnormal increase in secretions from the
nose and mouth, reddened ears, and liquid stools at 3 d
after surgery. On day 5, there were obvious pathologi-
cal symptoms of severe rejection, relative sluggishness,
weight loss, liquid stools, and abdominal mass; physical
examination revealed a macerated peristomal site with
surrounding erythema, induration, and serosanguineous
drainage. The condition of the rats worsened over time
(Figure 2). The general condition improved at each time

point in group C, and the pathological scores were miti-
gated (Table 2).

Small intestinal mucosal barrier function changes
following transplantation

At each time point, the graft DAO levels in group B
increased mote than twofold compared to that in group
A (P < 0.05). However, the graft DAO levels in group C
were significantly lower than that in group B at each time
point (P < 0.05) (Table 3).
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Figure 2 Graft histopathology at different time points after heterotopic intestinal transplantation (HE staining, x 200). A: Normal intestine with normal vil-
lous architecture and glands in group A; B: Intestinal mucosa degradation and hemorrhage of the lamina propria, ulceration, decreased ratio of villus height and crypt
height, aggravated lymphocyte infiltration, partial gland epithelial necrosis in group B at day 5 after operation; D: There were decreased intestinal mucosal villi with
mild deformity and interstitial infiltration of inflammatory cells; E: The condition was aggravated 7 d after heterotopic intestinal transplantation, and there was epithelial
degeneration, intestinal wall thinning and necrosis, and interstitial inflammatory cell infiltration in great quantities; C, F: Recovery of the damaged mucosa in group A at

(C) day 5 and (F) day 7.

Table 2 Grade of intestinal mucosal injury following heterotopic intestinal transplantation

Group D1 D3 D5 D7 D 10

A 8.26 £ 0.65 9.37 £0.92 10.36 £ 0.78 12.65 £ 0.65 13.14 £ 0.86
B 174 +1.76 30.64 +3.62° 41.6 +2.27° 67.2+2.57° 81.74 +3.52°
C 1217 +1.17° 24.00 +1.54° 30.17 + 0.41° 41.83 £2.93° 52.33 +1.03°

All values are mean # SD (1 = 6; the summation of six randomly chosen fields from each rat were evaluated and averaged to determine the degree of muco-

sal injury). A: Non-rejection group; B: Rejection group; C: Bone marrow mesenchymal stem cells therapy group. “P < 0.05 vs group A; °P < 0.05 vs group B.

Ultrastructural characteristics of the intestinal mucosa
and TJs

In group A, the epithelial cells and T]Js remained intact.
By contrast, there was T] and villi disruption, loose mi-
crovilli, and swollen organelles with decreased electron
density in group B at 5 d after surgery. At the same time
point, the TJs and endothelial cell mitochondria and mi-
crovilli in group C remained undisrupted (Figure 3).

Expression of occludin and ZO-1 protein following HIT
Occludin and ZO-1 expression decreased more signifi-
cantly in group B than in group A; however, occludin
and ZO-1 expression was significantly higher in group C
than in group B (Figure 4).

Expression of occludin and ZO-1 mRNA following HIT
The expression of occludin and ZO-1 mRNA decreased
more significantly in group B than in group A. Occludin
and ZO-1 mRNA expression was significantly higher in
group C than in group B (Figure 5).

Graft TNF-c, IFN-y, IL-10, and TGF- levels
Compared to group B, graft TNF-q, IFN-y, 1L-10, and
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TGF-f levels were decreased significantly at day 7 in
group A (P < 0.05); graft TNF-o and IFN-y levels were
decreased significantly and graft IL-10 and TGF-f3 levels
were increased significantly at day 7 in group C (P < 0.05)

(Figure 6).

DISCUSSION

Although the HIT model does not represent the physi-
ological state of small intestinal function, it is used for
investigating immunological reactions such as rejec-
tion. Additionally, the survival rate of the HIT model is
higher and it involves a simple techniquem]. In this study,
we explored the mechanism of intestinal mucosal bar-
rier protection following HIT in rats through BM MSC
implantation. In injured tissues, BM MSC transmigration
across the endothelium is a useful tool for cellular ther-
apy. MSCs develop tight cell-cell contacts and integrate
into the endothelial wall of the capillary vessel™. Based
on its simplicity and safety, saline or BM MSCs were in-
jected zia the penile vein postoperatively.
Postoperatively, the general condition of the rats
worsened over time. At the same time, the grade of
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Figure 3 Ultrastructural characteristics of intestinal mucosa and tight junctions following heterotopic intestinal transplantation (magnification x 30000).
A: Epithelial cells and tight junctions (TJs) (arrows) were intact in group A; B: Intestinal microvilli and TJs (arrows) were disrupted, and some microvilli were loose; C:
Organelles were swollen with reduced electron density at day 5 after transplantation in group B; D: Microvilli and mitochondria of the endothelial cells were almost
normal and TJs (arrow) were not disrupted at day 5 after transplantation in group C.

Table 3 Levels of graft diamine oxidase and D-lactic acid following heterotopic intestinal transplantation

Group D1 D3 D5 D7 D 10
DAO (U/mL) A 10.15+1.10 12.86 +£1.35 15.76 +£1.33 18.55 +£1.77 21.83+1.21
B 22.36 +2.82° 34.74 +5.59" 4454 +2.77° 51.61 +1.70° 68.02 +2.46"
C 18.69 +2.17° 29.79 +2.49° 36.15 £ 3.98° 40.13 +1.21° 59.87 +4.34°
D-LA (g/L) A 412+0.53 6.13 £ 0.57 8.62 +1.67 10.78 £0.72 11.67 £1.56
B 6.32 +0.46° 8.65 £ 0.62° 10.46 +0.98" 12.74 +0.68" 17.74 +1.75"
C 3.08 +£0.32° 4.08 +0.30° 5.031 +0.18" 7.25+0.51° 12.81+0.47°

All values are mean + SD (1 = 6). A: Non-rejection group; B: Rejection group; C: Bone marrow mesenchymal stem cells therapy group. °P < 0.05 vs group A;
P < 0.05 vs group B. DAO: Diamine oxidase; D-LA: D-lactic acid.
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Figure 4 Occludin and zona occludens-1 protein expression after heterotopic intestinal transplantation. Occludin and zona occludens (ZO)-1 protein expres-
sion was significantly lower in group B than in group A (°P < 0.05 vs group B at day 5: 0.2082 + 0.0582 vs 0.5477 + 0.0284; °P < 0.05 vs group B at day 7: 0.3415 +
0.0128 vs 0.6387 + 0.046). Occludin and ZO-1 protein expression was significantly higher in group C than in group B (*P < 0.05 vs group B at day 7: 0.2674 + 0.0128
vs 0.1352 + 0.0142; °P < 0.05 vs group B at day 5: 0.7189 + 0.0289 vs 0.4556 + 0.0242). A: Group A (non-rejection); B: Group B (rejection); C: Group C (bone mar-
row mesenchymal stem cells therapy). -actin was used as the loading control. Values shown are the mean + SD.

Roishidenge ~ WJG | www.wjgnet.com 7447 June 21, 2014 | Volume 20 | Issue 23 |



Zhang W et a/. BM MSCs and intestinal mucosal barrier

1.0r a a a a a a

10r a a a a a a

0.8+ 0.8+

0.6 0.6

0.4 0.4

0.2 ﬂ 0.2 ﬂ
00 D ad D D D DDA 00 D ad D D DDA DA
IV R R P g IO R g P g

Occludin mRNA expression
(occuludin/p-actin %)
Z0-1 mRNA expression

(ZO-1/p-actin %)

Figure 5 Occludin and zona occludens-1 mRNA expression after heterotopic intestinal transplantation. Occludin and zona occludens (ZO)-1 mRNA expres-
sion was significantly lower in group B than in group A (*P < 0.05 vs group B at day 5: 0.3135 + 0.0168 vs 0.7011 + 0.0128; °P < 0.05 vs group B at day 7: 0.2101 +
0.0279 vs 0.5345 + 0.0136). Occludin and ZO-1 mRNA expression was significantly higher in group C than in group B at day 5 (°P < 0.05 vs group B at day 7: 0.3860
+0.0254 vs 0.1673 £ 0.0369; °P < 0.05 vs group B at day 5: 0.5727 + 0.0419 vs 0.3598 + 0.0242). A: Group A (non-rejection); B: Group B (rejection); C: Group C (bone
marrow mesenchymal stem cells therapy). -actin was used as the loading control. Values shown are the mean + SD.

O 5| | O 5| |
25’aa a a a a a a a a 1200768 a a a a aa aa
I R e ool T T o

E 5] 2 800
2 g 600
s 100 <
L £ 400
z 2
5- 200
0 0
1 10 1 3
t(d) t(d)
200F 0O A = B ®m C 300+ O A B B ®H c
a a a a a a
a a a a o
_ 150 —— s -
E E 2001
S )]
g 100+ S
E F
o 100 -
= 50| =
0 0
1 3 10 3 5
f(d) t(d)

Figure 6 Graft tumor necrosis factor-., interferon-y, interleukin-10, and transforming growth factor-p levels. Graft tumor necrosis factor-o. (TNF-a.),
interferon-y (INF-y), interleukin-10 (IL-10), and transforming growth factor-B (TGF-p) levels in group B were significantly decreased compared to that in group A at
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130.8756 + 3.3428 vs 109.9878 + 9.7968, P < 0.05). Graft TNF-o. and IFN-y levels in group C were significantly decreased compared to that in group B at day 7 (10.6473
+0.0710 vs 17.2128 + 0.4991, P < 0.05; 545.1506 + 31.9416 vs 810.2637 + 25.1175, P < 0.05); graft IL-10 and TGF-B levels in group C were significantly increased
compared to that in group B at day 7 (125.7773 £ 4.7719 vs 80.3756 + 2.5866, P < 0.05; 234.5273 + 9.3980 vs 545.1506 + 31.9416, P < 0.05). A: Group A (non-
rejection); B: Group B (rejection); C: Group C (BM MSC therapy). All values are mean + SD (n = 6). P < 0.05 vs group B.

histopathological changes increased. The graft levels of
DAO and D-LA increased with the rejection reaction,
indicating impaired intestinal barrier function. DAO and
D-LA are sensitive markers of intestinal permeability""
Furthermore, we observed disrupted intestinal microvilli
and TJs, some loose microvilli, and swollen organelles
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with reduced electron density (Figure 3). However, the
clinical symptoms improved after the BM MSC injection.
The DAO and D-LA levels in group C also decreased
more significantly than that in group B.

TJs are multi-protein complexes composed of trans-
membrane proteins, peripheral membrane (scaffolding)
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proteins, and regulatory molecules that include kinases.
The most important transmembrane protein is occludin,
which defines several aspects of T] permeability. Pe-
ripheral membrane proteins such as ZO-1 and ZO-2 are
crucial to T] assembly and maintenance, partly because
these proteins contain multiple domains for interaction
with other proteins such as claudins, occludin, and ac-
tin™, Occludin and ZO-1 expression decreased more
significantly in group B than in group A, particularly
at 5 and 7 d; however, occludin and ZO-1 protein and
mRNA expression was significantly higher in group C
than in group B, particularly at days 7 and 5 (Figures 4
and 5), and was consistent with the ultrastructural chang-
es. Based on the above results, we concluded that BM
MSCs can protect the intestinal mucosal barrier, improve
T] permeability, repair T] ultrastructure, and promote
occludin and ZO-1 protein and mRNA expression.

BM MSCs do not express costimulatory molecules
and are potent inhibitors of T cell proliferation in mixed
lymphocyte cultures, prolonging allograft survival in
rodent models™ ", BM MSC treatment favors the re-
establishment of cellular homeostasis by both increasing
endogenous proliferation processes and inhibiting the
apoptosis of small intestinal epithelial cells. The effects
of BM MSCs stem from their ability to improve the re-
newal capability of the small intestinal epithelium". BM
MSCs produce growth factors that play a critical role
in healing damaged tissues. Growth factor production
by BM MSCs in response to the wound microenviron-
ment suggests that they might augment wound healing
through the responsive secretion of growth factors that
enhance angiogenesis and promote wound repairm.
TNF-q, can increase intestinal epithelial cell paracellular
permeability®”] reduce expression of the ZO-1 gene
promoter'! and ZO-1 protein®”, and can cause abnor-
mal distribution of ZO-1 protein. TNF-q, can cause T]
relaxation and depolymerization, and exhibits a syner-
gistic effect with IFN—'YM. TGF- can both stimulate
and inhibit cell proliferation by a two-way regulatory
function™. After BM MSC injection, graft TNF-o and
IFN-y levels decreased significantly, and that of graft
TGF-B and IL-10 increased significantly. Therefore,
we inferred that BM MSCs protect and repair damaged
intestinal barrier function following HIT by activating
paracrine I11.-10 and TGF-f, and that 11.-10 and TGF-
exhibit sufficient immunomodulatory capabilities and
protect intestinal epithelial cells and TJs, suppressing
paracrine TNF-o and INF-y.

In conclusion, BM MSCs can protect and repair dam-
aged intestinal mucosal barrier function following HIT,
and cytokines are involved in this effect. The mechanism
of BM MSCs is complex and requires further study.

COMMENTS

Background

Small intestinal transplantation (SITx) has become the definitive treatment for
patients with end-stage intestinal failure who cannot tolerate parenteral nutri-
tion. Even after years of development, however, the rate of postoperative infec-
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tion remains high. According to the Intestinal Transplant Registry, the cause
of death after SITx is 51% within one year and remains 41.7% after one year.
Under physiological conditions, the small intestinal mucosa is a barrier against
toxins and pathogens in the gut lumen. Ischemia-reperfusion (I/R) and rejection
damage of the intestinal mucosa after heterotopic intestinal transplantation (HIT)
easily lead to bacterial translocation and endotoxemia. Bone marrow mesen-
chymal stem cells (BM MSCs) reduce intestinal I/R injury in rats and contribute
to significant prolongation of graft survival. However, the mechanism is unclear.
Although previous studies have provided insight into the molecular structure of
tight junctions (TJs), considerably less is known about their functionality under
physiological or pathophysiological conditions. Few studies have described the
intestinal mucosa ultrastructure or TJ changes after HIT. In this study, the au-
thors used a rat model of HIT to investigate the effect of BM MSCs on intestinal
mucosa ultrastructure, with emphasis on the mechanisms of intestinal barrier
dysfunction.

Research frontiers

In this study, the authors demonstrated that BM MSC implantation decreased
intestinal permeability and preserved intestinal mucosal barrier function after
HIT in rats. The mechanism was linked to reduced tumor necrosis factor-c. and
interferon-y levels, increased interleukin-10 and transforming growth factor-3
levels, and increased protein and mRNA expression of the intestinal TJ proteins
occludin and zona occludens (ZO)-1.

Innovations and breakthroughs

This is believed to be the first study to report that BM MSCs reduce rejection
after HIT, occludin and ZO-1 downregulation, and TJ disruption via a cytokine-
regulated mechanism.

Applications

By understanding how BM MSCs protect the intestinal mucosal barrier, this
study may represent a future strategy for therapy or prevention of rejection and
sepsis after SITx, which is a serious and common complication.

Terminology

TJs are the most important structures in the mucosal barrier. They are com-
posed of multiple proteins, including transmembrane proteins such as occludin,
tricellulin, claudins, and junctional adhesion molecule. The intracellular portions
of these transmembrane proteins interact with cytoplasmic peripheral mem-
brane proteins, including ZO-1, -2, -3, and two distinct transmembrane proteins:
occludin and claudin, which are linked to the actin-based cytoskeleton. TJs
function as occlusion barriers by maintaining cellular polarity and homeostasis
and by regulating paracellular space permeability in the epithelium.

Peer review

This paper demonstrates the impact of BM MSCs on rat small intestine after
HIT. This study will be of interest and the paper is clearly written.
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