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Bone-marrow mesenchymal stem cells reduce rat intestinal 
ischemia-reperfusion injury, ZO-1 downregulation and tight 
junction disruption via  a TNF-α-regulated mechanism
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Abstract
AIM: To investigate the effect of bone-marrow mesen-
chymal stem cells (BM MSCs) on the intestinal mucosa 
barrier in ischemia/reperfusion (I/R) injury.

METHODS: BM MSCs were isolated from male 
Sprague-Dawley rats by density gradient centrifugation, 
cultured, and analyzed by flow cytometry. I/R injury 
was induced by occlusion of the superior mesenteric 
artery for 30 min. Rats were treated with saline, BM 
MSCs (via  intramucosal injection) or tumor necrosis 
factor (TNF)-α blocking antibodies (via  the tail vein). 
I/R injury was assessed using transmission electron mi-
croscopy, hematoxylin and eosin (HE) staining, immu-
nohistochemistry, western blotting and enzyme linked 
immunosorbent assay.

RESULTS: Intestinal permeability increased, tight junc-
tions (TJs) were disrupted, and zona occludens 1 (ZO-1) 
was downregulated after I/R injury. BM MSCs reduced 
intestinal mucosal barrier destruction, ZO-1 downregu-
lation, and TJ disruption. The morphological abnormali-
ties after intestinal I/R injury positively correlated with 
serum TNF-α levels. Administration of anti-TNF-α IgG 
or anti-TNF-α receptor 1 antibodies attenuated the in-
testinal ultrastructural changes, ZO-1 downregulation, 
and TJ disruption.

CONCLUSION: Altered serum TNF-α levels play an im-
portant role in the ability of BM MSCs to protect against 
intestinal I/R injury.

© 2013 Baishideng. All rights reserved.
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Core tip: Intestinal ischemia/reperfusion (I/R) injury is 
clinically important. Bone-marrow mesenchymal stem 
cells (BM MSCs) can protect against I/R injury; howev-
er, the mechanism is unclear. This study demonstrates 
that submucosal infusion of BM MSCs decreased intes-
tinal permeability and preserved intestinal mechanical 
barrier function after I/R injury in rats, via  a mechanism 
linked to reduced serum tumor necrosis factor (TNF)-α 
levels and increased expression of the intestinal tight 
junction protein zona occludens 1. Altered serum TNF-α 
levels play an important role in the ability of BM MSCs 
to protect against intestinal I/R injury.
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INTRODUCTION
Digestive organ transplantation and other abdominal 
surgical procedures can result in different degrees of  
intestinal ischemia/reperfusion (I/R) injury, which can 
delay patient recovery and lead to systemic organ failure. 
Therefore, intestinal I/R injury is an important clinical 
issue. The small intestine is composed of  labile cells that 
are easily injured by I/R; however, the mechanisms re-
sponsible for intestinal I/R injury are unclear. Previous 
studies have reported that the serum level of  tumor ne-
crosis factor (TNF)-α is elevated in patients with severe 
intestinal I/R injury[1]. TNF-α is a cytokine with broad-
spectrum physiological and pathological responsive-
ness, which is primarily secreted by monokaryons and 
macrophages. In addition to participating in the humoral 
and cellular immune responses, TNF-α also plays an 
important role in diseases such as severe hepatitis, septic 
shock and inflammatory bowel disease[2-6]; however, it is 
not known whether TNF-α affects the intestinal barrier 
function during I/R injury. 

Bone-marrow mesenchymal stem cells (BM MSCs) 
are fibroblast-like, pluripotent adult stem cells. BM MSCs 
can adhere to plastic and grow readily in the laboratory. 
BM MSCs give rise to mesoderm cells[7,8], and have been 
reported to differentiate into all three germ cell lines[9], 
liver and neural cells[10,11], which have potential to be 
used for the treatment of  various diseases. Allogeneic 
MSCs were transplanted into primates via an intravenous 
route and distributed to the gastrointestinal tract where 
they proliferated[12]. MSCs have also been shown to have 
immunomodulatory capabilities due to the secretion of  
several growth factors[13,14]. BM MSCs reduce intestinal 
I/R injury in rats[15]. Studies in I/R rodent models have 
demonstrated that MSCs can beneficially produce para-
crine growth factors and anti-inflammatory cytokines[16]. 
It should be noted that MSCs respond to TNF-α, but 
do not produce TNF-α[17].

The intestinal mucosa is the physical and metabolic 
barrier against toxins and pathogens in the gut lumen. 
Tight junctions (TJs) are the main structures respon-
sible for restricting the paracellular movement of  com-
pounds across the intestinal mucosa. Structurally, TJs 
are composed of  cytoplasmic proteins, including the 
zona occludens proteins, ZO-1-3[18,19] and two distinct 
transmembrane proteins, occludin and claudin[20,21], 
which are linked to the actin-based cytoskeleton[22]. TJs 
function as occlusion barriers by maintaining cellular 
polarity and homeostasis, and by regulating the perme-
ability of  paracellular spaces in the epithelium[23]. ZO-1, 
a member of  the membrane-associated guanylate kinase 
family of  proteins, acts as a scaffold for the organization 

of  transmembrane TJ proteins, and also recruits various 
signaling molecules and the actin cytoskeleton to TJs[24]. 
Although previous studies have provided an insight 
into the molecular structure of  TJs, much less is known 
about TJ functionality under physiological or patho-
physiological conditions. Few studies have described the 
intestinal mucosa ultrastructure or changes in TJs during 
I/R injury. 

In this study, we used a rat model of  intestinal I/R 
injury to investigate the effect of  BM MSCs on intestinal 
mucosa ultrastructure, with an emphasis on the mecha-
nisms of  intestinal barrier dysfunction.

MATERIALS AND METHODS
Animals and I/R injury model 
Male Sprague-Dawley rats (180-200 g) were obtained 
from the Military Medical Science Academy of  China 
People’s Liberation Army (PLA; Beijing, China), housed 
at a constant temperature and humidity, and provided 
with food and water ad libitum. All animal experimental 
procedures were approved by the Ethics Committee of  
the Military Medical Science Academy of  the PLA be-
fore commencement of  the study. 

One-hundred and eight male rats were fasted for 12 h 
with free access to water before surgery and randomly 
assigned to five experimental groups. The operative pro-
cedures were performed using standard sterile technique 
under general anesthesia using 5% chloral hydrate (10 
mL/kg). All rats were subjected to laparotomy using a 
midline incision that was approximately 3 cm, and the 
principal branches of  the superior mesenteric artery 
(SMA) were identified. In the Sham group, the SMA was 
isolated using blunt dissection, without clamping the 
vessel. In the BM MSCs + I/R injury group, the SMA 
was occluded for 30 min using an atraumatic microvas-
cular clamp. Immediately after the clamp was released, 1 
× 107 male rat BM MSCs suspended in 0.5 mL serum-
free Dulbecco’s Modified Eagle’s Medium (DMEM) 
were injected into the intestinal submucosa at five differ-
ent locations. Animals in the normal saline (NS) + I/R 
injury group underwent I/R followed by the injection of  
0.5 mL normal saline into the intestinal submucosa at 10 
different locations. The anti-TNF-α + I/R injury group 
and the anti-TNF-αR1-IgG + I/R injury group were ad-
ministered with anti-TNF-α IgG (1000 µg per rat; Unit-
ed States Biological, Swampscott, MA, United States) 
or anti-TNF-α R1 antibody (1000 µg per rat; R and D 
Systems, Minneapolis, MN, United States), respectively. 
Injections were given via the tail vein after induction of  
I/R injury.

The abdomen was closed and the animals were al-
lowed to recover with free access to tap water and stan-
dard pellet rat chow. Rats in the I/R injury, BMSCs + 
I/R injury and Sham groups were euthanized at 2, 6, 24, 
72 and 144 h after I/R injury (n = 6 at each time point). 
Rats in the anti-TNF-α IgG + I/R and anti-TNF-α R1 
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antibody + I/R injury groups were euthanized at 6 h af-
ter I/R injury (n = 6 each). Blood samples and approxi-
mately 5 cm of  the ileum were collected from each rat. 
The plasma was separated by centrifugation and stored 
at -80 ℃ until analysis. The intestinal 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 Sprague-Dawley rats (100-120 g). Red blood cells 
were lysed using 0.1 mol/L NH4Cl, and the remaining 
cells were washed, resuspended, and cultured for 4 wk in 
DMEM/F12 (Gibco, Carlsbad, CA, United States) con-
taining 100 U/mL penicillin, 100 mg/mL streptomycin, 
and 15% fetal bovine serum. BM MSCs were cultured in 
an incubator at 37 ℃, 5% CO2 with saturated humidity. 
The medium was changed every 72 h. 

When the third-passage cells reached 80% conflu-
ence, the cells were trypsinized, washed, centrifuged, and 
resuspended at 1 × 107 cells/mL in phosphate-buffered 
saline (PBS). BM MSCs were stained using antibodies 
against CD29, CD90, RT1A, CD45 and RT1B (Biole-
gend, San Diego, CA, United States) and CD34 (Santa 
Cruz Biotechnology, Santa Cruz, CA, United States). 
They were analyzed by flow cytometry (FACSCalibur; 
BD, Alaska, MN, United States). The proportion of  
CD29-, CD90- and RT1A-positive cells, and CD34-, 

CD45- and RT1B-negative cells was > 98% (Figure 1A). 
BM MSCs were also confirmed as plastic-adherent cells 
with a spindle-shaped morphology under standard cul-
ture conditions by microscopy (Figure 1B). The purity 
of  BM MSCs was > 95%.

Detection of donor BM MSCs in recipient intestines
BM MSCs (1 × 107 cells) were incubated with 3.5 µg/
mL 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indoctricarbo-
cyanine lodide (DIR) in 10 mL PBS containing 0.5% 
ethanol for 30 min at 37 ℃, and washed twice with PBS. 
Sprague-Dawley rats weighing 180-200 g were anesthe-
tized using 5% chloral hydrate, subjected to a midline 
laparotomy, and 1 × 107 labeled BM MSCs suspended in 
1 mL PBS were injected into the intestinal submucosa at 
five different points. At 2, 6, 24, 72 and 144 h later, lu-
ciferin was injected abdominally using a 25-gauge needle 
and, 7-8 min later, the animals were anesthetized and 
imaged using a high-sensitivity optical molecular imaging 
and high-resolution digital X-ray system (IVIS Lumina 
II, Alameda, CA, United States). 

Histological measurement of intestinal mucosal injury
Serial 2-cm samples were taken from the terminal ileum 
and fixed with 10% neutral formalin. Tissues were pro-
cessed, embedded, and stained with hematoxylin and 
eosin. Three paraffin sections were prepared from each 
tissue sample. Two pathologists who were blinded to the 
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Figure 1  Morphology of bone-marrow mesenchymal stem cells in vitro, and in vivo cell tracing of bone-marrow mesenchymal stem cells colonization in 
rat intestine. A: First-passage bone-marrow mesenchymal stem cells (BM MSCs); B: Third-passage BM MSCs (× 200); C: Homing of fluorescently labeled BM MSCs 
(B16-F10-Luc-G5) to the rat intestine 6 h after transplantation; D: After the intestine was removed and washed repeatedly, fluorescently labeled BM MSCs were still 
observed, confirming the cells homed to the intestine and survived. 
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ated goat anti-rabbit IgG (1:300 in PBS; Histostain-Plus 
kit, Zymed Laboratories, South San Francisco, CA, Unit-
ed States) for 2 h at room temperature, rinsed in PBS, 
rinsed in distilled water, then the staining was developed 
using 3,3’-diaminobenzidine and the sections were coun-
terstained using hematoxylin. 

Western blotting of tissue ZO-1 content 
Intestinal tissue samples were homogenized in lysis buf-
fer [20 mmol/L Tris-HCl (pH 7.5), 1% Triton × 100, 
0.2 mol/L NaCl, 2 mmol/L EDTA, 2 mmol/L EGTA, 
1 mol/L DTT and 2 mol/L aprotinin]. The protein 
samples (50 µg) were electrophoresed on 8% SDS-
PAGE gels, transferred to nitrocellulose membranes, 
blocked with non-fat dried milk in TBS containing 
0.05% Tween-20 (TTBS) for 1 h at room temperature, 
and incubated with a rabbit anti-mouse polyclonal ZO-1 
antibody (1:400; Santa Cruz Biotechnology) at 4 ℃ over-
night. After three washes in TTBS, the membranes were 
incubated with alkaline-phosphatase-labeled goat anti-
rabbit IgG (1:2000; Santa Cruz Biotechnology) for 2 h 
at room temperature. The bands were visualized using 
α-dianisidine and β-naphthyl acid phosphate (Sigma, St 
Louis, MO, United States).

Statistical analysis
SPSS version 10.0 (SPSS, Chicago, IL, United States) was 
used for the statistical analysis. Normally distributed data 
were shown as the mean ± SD. Different groups of  data 
were compared by analysis of  variance (ANOVA). The 
degree of  relationship between TNF-α and the Chiu 
risk score was evaluated by a bivariate correlation. The 
results was statistically significant when P < 0.05, and 
was highly significant when P < 0.01.

RESULTS
Culture of BM MSCs 
The cells were confirmed as BM MSCs based on their 
spindle-shaped morphology, adherence to plastic (Figure 

source of  the slides analyzed. The degree of  histopatho-
logical changes was graded semiquantitatively using the 
histological injury scale previously described by Chiu et 
al[25], as follows: 0, normal mucosal villi; 1, development 
of  a subepithelial space, usually at the apex of  the villi 
with capillary congestion; 2, extension of  the subepi-
thelial space with moderate lifting of  the epithelial layer 
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 lamina propria; and 5, degradation and 
disintegration of  the lamina propria, hemorrhage, and 
ulceration. A minimum of  six randomly chosen fields 
from each rat were evaluated and averaged to determine 
the degree of  mucosal damage.

Serum D-lactate, diamine oxidase and TNF-α assay 
The serum levels of  TNF-α, D-lactate and diamine oxi-
dase (DAO) were determined using enzyme linked im-
munosorbent assay kits (R and D Systems) according to 
the manufacturer’s protocol. 

Detection and observation of intestinal mucosal 
ultrastructure 
Ultrathin (70-nm) intestinal sections were prepared using 
standard techniques and examined using a transmission 
electron microscope (Hitachi H-600, Tokyo, Japan). 

Immunohistochemical detection of ZO-1 in frozen tissue 
sections
Frozen intestinal tissue sections (5 µm) were fixed on glass 
slides by incubation in acetone for 10 min at 4 ℃, and 
then incubated with 3% H2O2 for 20 min at room tem-
perature, blocked in goat serum for 30 min at 37 ℃, and 
then indirectly immunolabeled with a rabbit anti-mouse 
polyclonal ZO-1 antibody (1:50; Santa Cruz Biotechnol-
ogy) using an ABC kit at 4 ℃ overnight (Takara, Dalian, 
China), according to the manufacturer’s instructions. For 
the negative controls, the primary antibody was replaced 
with PBS. The sections were then incubated in biotinyl-

104

103

102

101

100

CD
29

 P
E

100       101        102       103      104

                 CD34 FITC

3.28.002

104

103

102

101

100
CD

90
 F

IT
C

100       101        102       103      104

                   CD45 PE

3.28-01.001

104

103

102

101

100

An
ti-

ra
t 

RT
1A

 P
E

100       101        102       103      104

            Anti-rat RT1B FITC

4.07.004

Figure 2  Flow cytometric analysis of third-passage bone-marrow mesenchymal stem cells. A: The proportion of CD29-positive and CD34-negative cells was 
approximately 96%; B: The proportion of CD90-positive and CD450-negative was approximately 98%; C: The proportion of RT1A-positive and RT1B-negative cells 
was > 98%. 
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1A and 1B), ability to differentiate hepatocytes in vitro 
(data not shown), and flow cytometry results (Figure 2). 
Most of  the third-passage adherent cells were positive 
for CD90, CD29 and RT1A, and negative for the MSC 
markers, CD45, CD34 and RT1B. Furthermore, over the 
first three passages, the percentage of  CD90+ and CD45- 
cells rapidly increased from 80% to > 98% (Figure 2), 
which was in agreement with a previous study[26]. 

Confirmation of donor-derived BM MSCs
Labeled BM MSCs homing to the intestine were visible 
2, 6, 24, 72 and 144 h after transplantation (Figure 1C). 
After the intestine was washed repeatedly with PBS, the 
labeled BM MSCs were still visible (Figure 1D), which 
indicated that the transplanted BM MSCs could home to 

the intestine and survive long term.

Histopathological examination
The histopathological findings showed intact villi with 
no epithelial disruption in the Sham groups. In the NS + 
I/R injury group, massive destruction of  the villi and in-
flammatory cell infiltration into the lamina propria were 
evident. In contrast, intestinal samples in the BM MSCs 
+ I/R injury group (BM MSCs group) had significantly 
less damage in the small intestine. Major pathological 
changes observed were slight hyperemia, edema, and in-
flammatory cell infiltration in the mucosa and submuco-
sa, with most of  the intestinal villi intact (Figures 3 and 
4). Chiu’s grade scores of  the three groups are shown in 
Table 1.
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Figure 3  Histopathology of ileum sections at different time points after intestinal ischemia/reperfusion injury (hematoxylin and eosin, × 200). A: Sham 
group; the intestine showed normal villous architecture and glands, with no vascular congestion; B: In the ischemia/reperfusion (I/R) injury 2 h group, the degree of 
intestinal mucosa injury was marked with massive epithelial lifting down the sides of the villi and ulceration at the villous tips; C: At 6 h, there was intestinal mucosa 
degradation and disintegration of the lamina propria, hemorrhage, and ulceration; D: At 24 h, the damaged mucosa showed denuded villi with dilated capillaries and 
increased cellularity of the lamina propria; E: In the I/R injury group at 72 h, there was massive epithelial lifting down the sides of the villi and ulceration at the villous 
tips; F: However, at 144 h, the damaged mucosa had recovered. 
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Serum D-lactate and DAO
The levels of  D-lactate and DAO significantly increased, 
reaching a peak at 6 h in the NS + I/R injury and BM 
MSCs + I/R injury groups, compared to the Sham 
group. This confirmed that I/R injury increased intesti-
nal permeability. 

The serum D-lactate and DAO levels in the NS + 
I/R injury group increased more than twofold compared 
to the Sham group at 2, 6 and 24 h after I/R (P < 0.01). 
However, the serum DAO levels in the BM MSCs + I/R 
injury group were significantly lower than in the NS + I/R 
group at 2, 6 and 24 h, and the serum D-lactate levels 
in the BM MSCs + I/R injury group were significantly 

lower than in the NS + I/R group at 6 and 24 h. At 6 h, 
the serum D-lactate and DAO levels in the anti-TNF-α 
+ I/R injury and anti-TNF-αR-IgG + I/R injury groups 
were lower than in the NS + I/R injury group (P < 0.01; 
Table 2). At 72 and 144 h, the serum DAO levels in 
the NS + I/R and BM MSCs + I/R injury groups had 
reduced, but remained higher than in the Sham group, 
whereas D-lactate levels were not significantly different 
in the NS + I/R, BM MSCs + I/R and Sham groups at 
144 h.

These data indicate that serum DAO is a more sensi-
tive marker of  intestinal permeability than D-lactate, and 
also that the administration BM MSCs or TNF-α block-

DC
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Figure 4  Histopathology of ileum sections of different groups at 6 h after ischemia/reperfusion injury (hematoxylin and eosin, × 100). A: In the ischemia/re-
perfusion (I/R) injury group there was marked intestinal mucosa injury at 6 h, with intestinal mucosa degradation and disintegration of the lamina propria, hemorrhage, 
and ulceration. B: In the bone-marrow mesenchymal stem cells + I/R injury group at 6 h, the damaged mucosa had recovered and there was extension of the subepi-
thelial space with moderate lifting of the epithelial layer from the lamina propria, massive epithelial lifting down the sides of the villi, and ulceration at the villous tips. C 
and D: In the anti-tumor necrosis factor (TNF)-α + I/R injury group and the anti-TNF-αR1-IgG + I/R injury group at 6 h, the damaged mucosa had almost recovered to 
resemble that in the Sham control group. 

Table 1  Grade of intestinal mucosal injury after intestinal ischemia/reperfusion in the different groups

Group Chiu’s score

2 h 6 h 24 h 72 h 144 h

Sham group  0.5 ± 0.8  0.5 ± 0.5  0.7 ± 0.8 0.3 ± 0.8 0.7 ± 0.8
NS + I/R injury 18.0 ± 3.9b 27.8 ± 2.3b 23.7 ± 5.2b 19.0 ± 3.8b 11.0 ± 3.0b

BM MSCs + I/R injury   13.7 ± 3.3b,d   15.2 ± 2.9b,d   13.7 ± 1.5b,d     8.3 ± 2.3b,d     5.8 ± 2.6b,d

Anti-TNF-α + I/R injury    6.5 ± 1.2d,f

Anti-TNF-αR1-IgG + I/R injury    7.7 ± 1.2d,f

All values are mean ± SD (n = 6, three paraffin sections were prepared from each tissue sample. Two pathologists who were blinded to the source of the 
slides analyzed each slide); bP < 0.01 vs the Sham group, dP < 0.01 vs the saline (NS) + ischemia/reperfusion (I/R) injury group, fP < 0.01 vs bone-marrow 
mesenchymal stem cells (BM MSCs) + I/R injury group. TNF-a: Tumor necrosis factor-a.
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ade reduced the permeability of  the small intestine and 
accelerated the recovery of  intestinal barrier function 
after I/R injury in rats. 

Ultrastructural characteristics of the intestinal mucosa 
Compared to the Sham group, we observed obvious ul-
trastructural changes in the intestinal mucosa after I/R 
injury in the rats from the NS + I/R group. Epithelial 
cell microvilli were sparsely distributed, disarranged 
and distorted, and the epithelial cells were swollen or 
shrunken. The mitochondrial matrices were swollen, 
cristae were broken, and numerous TJs were disrupted. 

There was no disruption of  TJs in the BM MSCs + I/R 
injury group, and only swelling of  the epithelial cells was 
observed. The ultrastructural pathological changes in the 
groups treated with anti-TNF-α and anti-TNF-αR-IgG 
were also less severe than in the NS + I/R injury group 
(Figure 5). 

Expression of ZO-1 protein 
Immunohistochemical analysis revealed strong ZO-1 
expression in the intestinal tissue of  the Sham group. In 
the intestinal tissue of  the NS + I/R injury group, ZO-1 
was expressed at low levels 2 h after injury, slightly in-

Table 2  Serum levels of diamine oxidase and D-lactate in a rat model of ischemia/reperfusion injury

Group DAO (IU/mL) D-lactate (µg/mL)

2 h 6 h 24 h 72 h 144 h 2 h 6 h 24 h 72 h 144 h

Sham group 2.08 ± 0.16 2.08 ± 0.75 2.03 ± 0.46 1.95 ± 0.36 2.24 ± 0.62  5.11 ± 0.24     5.30 ± 0.0.44  5.38 ± 0.45 5.46 ± 0.42 5.54 ± 0.69
NS + I/R injury 11.04 ± 0.59b 14.58 ± 2.01b  7.36 ± 1.28b  5.12 ± 0.66b  3.91 ± 0.59b 14.73 ± 1.37b 17.85 ± 1.86b 12.73 ± 0.56b 8.22 ± 1.78 6.54 ± 1.04
BM MSCs + I/R injury     8.16 ± 0.71b,d   11.36 ± 1.89b,d    5.04 ± 1.04b,d  4.93 ± 0.69b  3.55 ± 0.59a 12.62 ± 2.24b   13.40 ± 1.53a,b      9.80 ± 1.20bd   6.82 ± 0.80b 6.44 ± 0.83
Anti-TNF-α + I/R injury -   7.99 ± 1.70d - - - - 12.77 ± 1.44d - - -
Anti-TNF-αR1-IgG + 
I/R injury

-   7.83 ± 1.28d - - - - 12.16 ± 1.47d - - -

All values are mean ± SD (n = 6). aP < 0.05, bP < 0.01 vs Sham group; dP < 0.01 vs the saline (NS) + ischemia/reperfusion (I/R) injury group. 
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Figure 5  Bone-marrow mesenchymal stem cells and tumor necrosis factor-α blockade prevent ultrastructural pathological damage after intestinal isch-
emia/reperfusion injury. Transmission electron microscopy of the rat intestine after ischemia/reperfusion (I/R) injury. A: Epithelial cells and tight junctions (TJs) (arrows) 
were intact in the Sham group, × 30000; B: At 2 h after I/R injury, epithelial cells were swollen and shrunken, microvilli and organelles were normal, and TJs (arrows) 
were disrupted in the saline (NS) + I/R injury group, × 25000; C: At 6 h after I/R injury in the NS + I/R injury group, some microvilli were loose, TJs (arrows) were dis-
rupted, and organelles were swollen with reduced electron density, × 30000; D: At 6 h after I/R injury and administration of bone-marrow mesenchymal stem cells, the 
microvilli and mitochondria of the endothelial cells were almost normal and TJs (arrows) were not disrupted, × 30000; E and F: TJs (arrows) between endothelial cells 
were intact 6 h after I/R injury in rats that received anti-tumor necrosis factor (TNF)-α IgG + I/R antibody (E, × 25000) or anti-TNF-α R1 antibody; (F, × 30000) before 
I/R injury.
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creased at 6 and 24 h, and by 72 h, ZO-1-positive signals 
were detected throughout the entire intestine (Figure 6). 
Western blot analysis confirmed that ZO-1 expression 
decreased more significantly in the NS + I/R group 
than the BM MSCs + I/R injury group, particularly at 6 
h (Figure 7). Consistent with the immunohistochemical 
results, western blotting indicated that ZO-1 expression 
was significantly higher in the BM MSCs + I/R injury 
group and the two antibody-treated groups at 6 h than 
in the NS + I/R injury group (Figure 8). 

Effect of I/R injury on serum TNF-α levels 
Compared to the Sham group, the serum TNF-α levels 
increased significantly, peaking at 6 h, in the NS + I/R 
injury group. The serum level of  TNF-α was significant-

ly lower in the BM MSCs+ I/R injury group at 6 and 24 
h than the NS + I/R injury group (P < 0.05, Table 3). 
The morphological abnormalities after intestinal I/R in-
jury were positively correlated with serum TNF-α levels 
(Table 4).

DISCUSSION
I/R injury to the gut is a common event in a variety of  
clinical conditions, such as trauma, burn injuries, sep-
tic shock, heart and aortic surgery, and liver and small 
bowel transplantation[27,28]. Intestinal I/R results in ede-
ma, apoptosis, necrosis of  epithelial cells, disruption of  
mucosal integrity and small intestine function, which in 
turn increases mucosal and vascular permeability, bacte-

DC

BA

FE

Figure 6  Bone-marrow mesenchymal stem cells and tumor necrosis factor-α blockade attenuate zona occludens 1 downregulation after intestinal isch-
emia/reperfusion injury. The mucosal tissue sections after ischemia/reperfusion (I/R) injury were immunohistochemically labeled for zona occludens 1 (ZO-1) (brown) 
and counterstained with hematoxylin (blue). A: Sham group; B and C: In the normal saline + I/R injury group, decreased ZO-1 staining (arrows) was observed in the 
epithelial cells 2 h (B) and 6 h (C) after I/R; D-F: ZO-1 was not obviously affected in the bone-marrow mesenchymal stem cells + I/R injury group (D), anti-tumor necro-
sis factor (TNF)-α + I/R injury group (E), or anti-TNF-α R1 antibody + I/R injury group (F) at 6 h; original magnification, × 400. 
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rial translocation, as well as the risk of  systemic inflam-
mation response syndrome, multiple organ dysfunction 
and death[29,30]. Until recently, no effective treatments 
existed for intestinal I/R injury. Research has suggested 
that BM MSCs could possibly play a role in the treat-
ment of  I/R injury in the heart, kidney and brain[31-33]; 
however, studies of  the effects of  BM MSCs in intestinal 
disorders are scarce. In the current study, the therapeutic 
potential of  BM MSCs was evaluated in an experimental 
rat model of  I/R injury, which led to disruption of  in-
testinal mechanical barrier function. The results of  this 
study suggest that BM MSCs can effectively reduce both 
the intestinal permeability and pathological damage as-
sociated with I/R injury. BM MSCs have the potential 
for multidirectional differentiation. They participate in 
colonic mucosal regeneration[34]. In this study, intestinal 
I/R injury lead to necrosis and the loss of  a large num-
ber of  intestinal epithelial cells. BM MSCs could reduce 
I/R injury and protect the intestine. 

Stem cell homing processes are thought to play a 
crucial role in the success of  cell therapy for organ func-
tion disorders. Intravenous or intra-arterial infusions 
of  BM MSCs often result in the entrapment of  the ad-
ministered cells in organ capillary beds, especially in the 
lung and the liver[35]. The transplantation of  BM MSCs 
by intravenous or intra-arterial routes usually results in a 
low engraftment rate; therefore, increasing the number 
of  MSCs within the injured area would improve the ef-
ficacy of  cell therapy. Zhang et al[36] used gene-modified 
MSCs to enhance the homing rate of  BM MSCs to the 

irradiated intestine by 20% using an intravenous delivery 
route. However, using viral vectors to transfect MSCs 
may decrease the viability of  MSCs. In this study, we 
directly injected MSCs into the wall of  the intestine af-
ter I/R injury, which significantly increased the homing 
of  MSCs into the I/R damaged intestinal mucosa. This 
indicated that the direct injection of  BM MSCs into the 
intestine may provide a better method to enhance the 
homing rate.

The intestinal mucosal barrier is composed of  muco-
sal fluid, microvilli, epithelial mucosal cell TJs, and other 
special structures. TJs are the most important structures 
in the mucosal barrier. The mechanisms responsible 
for intestinal I/R injury include cytotoxic effects and 
alterations in the structure of  the intestinal mucosa[15]. 
However, few studies have examined the intestinal mu-
cosa and TJ ultrastructure during I/R injury, and the 
role and mechanism of  action of  BM MSCs in intestinal 
I/R injury are unclear. In the present study, we found 
that severe intestinal mucosal damage occurred 2, 6 and 
24 h after I/R injury. The morphological alterations to 
the intestinal mucosa included the shedding of  epithelial 
cells, fracturing of  villi, fusion of  adjacent villi, mucosal 
atrophy and edema. Disruption of  TJs between entero-
cytes, and damage to the mitochondria and endoplasm 
were also observed. Although damage to the intestinal 
mucosa plays a significant role in the permeability of  the 
intestine, the mechanisms which cause this damage are 
poorly characterized. Moreover, we observed that the 
intestinal permeability increased 2, 6 and 24 h after I/R 
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Figure 7  Bone-marrow mesenchymal stem cells attenuate zona oc-
cludens 1 downregulation after intestinal ischemia/reperfusion injury. 
Representative western blots and quantification of zona occludens 1 (ZO-1) 
protein expression in the intestinal mucosa. ZO-1 expression was significantly 
lower in the saline (NS) + ischemia/reperfusion (I/R) injury group than the bone-
marrow mesenchymal stem cells (BM MSCs) + I/R injury group at 6 h (25.35 ± 
4.58% vs 42.32 ± 1.26%; P < 0.01). Actin was used as a loading control. Values 
are shown as the mean ± SD (n = 3 rats per group); bP < 0.01 BM MSCs +I/R 
injury group vs the NS + I/R injury group [one-way ANOVA followed by the least 
significant difference (LSD) test].

Figure 8  Bone-marrow mesenchymal stem cells and tumor necrosis 
factor-α blockade attenuate zona occludens 1 downregulation after intes-
tinal ischemia/reperfusion injury. Representative western blots and quantifi-
cation of zona occludens 1 (ZO-1) protein expression in the intestinal mucosa. 
Actin was used as a loading control. Values are the mean ± SD (n = 3 rats per 
group); bP < 0.01 vs Sham group; dP < 0.01 vs the saline (NS) + ischemia/re-
perfusion (I/R) injury group (one-way analysis of variance followed by the LSD 
test). BM MSCs: Bone-marrow mesenchymal stem cells; Anti-TNF: Anti-tumor 
necrosis factor.
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injury, with simultaneous disruption in TJ integrity. Ad-
ditionally, the administration of  BM MSCs significantly 
attenuated the histological damage due to I/R injury 
(Figure 4) and reduced intestinal permeability (Table 2), 
compared with the NS + I/R injury group. Therefore, 
we hypothesized that changes in intestinal permeability 
may occur due to the disruption of  TJs between intesti-
nal mucosa epithelial cells. 

To understand the mechanism of  TJ disruption, we 
investigated the expression of  ZO-1. ZO-1 was the first 
TJ-related protein to be identified[37], and it connects the 
actin cytoskeleton to the transmembrane occludin pro-
teins[38]. ZO-1 plays a vital role in the maintenance of  
intestinal mucosal barrier integrity and TJs during patho-
logical insults[39]. In this study, ZO-1 expression in the 
intestinal mucosa significantly decreased after I/R injury; 
thus, we concluded that decreased ZO-1 expression lead 
to TJ disruption and possibly increased gut permeability. 

Next, we examined the mechanism of  TJ disruption 
and reduced ZO-1 protein expression during I/R injury. 
We observed that TNF-α increased at 2, 6 and 24 h after 
I/R injury, and correlated with ZO-1 downregulation 
and TJ disruption. The pathophysiological processes 
of  I/R injury in vivo are complex, and it is thought 
that TNF-α may play an important role. Inflammation 
involves the sequential activation of  signaling path-
ways which result in the production of  pro- and anti-
inflammatory mediators during I/R injury. Amongst the 
proinflammatory mediators, the TNF-α and TNF-αR1 
systems play central roles in the physiological regulation 
of  intestinal barrier function[40,41], and both TNF-α and 
interferon (IFN)-γ can induce intestinal epithelial barrier 

dysfunction[42]. Some cytokines can induce endocytosis[43] 
and internalization of  epithelial TJ proteins[44]. In mice 
with fulminant hepatic failure, reduced expression of  oc-
cludin in intestinal epithelial cells was linked to increased 
TNF-α production[4]. TNF-α can also induce an increase 
in Caco-2 cell TJ permeability via nuclear factor-κB 
activation, leading to downregulation of  ZO-1 protein 
expression and altered junctional localization[38,45]. We 
hypothesize that TNF-α acts as an initiator, which can 
induce expression of  other cytokines such as IL-6 and 
IFN-γ, which then initiate and aggravate the develop-
ment of  I/R injury, and disrupt intestinal TJs.

After the transplantation of  BM MSCs, the serum 
TNF-α level significantly decreased, the damaged mu-
cosa recovered, ZO-1 expression increased and intestinal 
permeability significantly improved. TNF-α is known 
to inhibit the expression of  ZO-1[44], and if  the TJs 
are damaged, intestinal barrier dysfunction will occur. 
Research has confirmed that BM MSCs can inhibit the 
generation of  TNF-α in dendritic cells in vitro[46,47], and 
therefore we hypothesized that BM MSCs could repair 
intestinal I/R injury by inhibiting the release of  TNF-α. 
In order to further study the role of  TNF-α, we used 
anti-TNF-α and anti-TNFR antibodies. The TNF-α 
antibody neutralizes TNF-α, whereas the anti-TNFR 
antibody blocks the binding of  TNF-α to the TNF-α 
receptor. TNF-α blockade significantly decreased the 
severity of  I/R injury, which indicates that TNF-α is an 
important mediator of  intestinal mucosa damage dur-
ing I/R injury. These findings suggest that I/R injury 
increases TNF-α, leading to downregulation of  ZO-1 
protein expression, whereas BM MSCs can inhibit pro-

Table 3  Serum levels of tumor necrosis factor-α in a rat model of ischemia/reperfusion injury

Group Tumor necrosis factor-α (pg/mL) 

2 h 6 h 24 h 72 h 144 h

Sham group 87.07 ± 6.47 84.45 ± 4.18 87.60 ± 6.25  83.91 ± 6.67  86.54 ± 5.62
NS + I/R injury  226.32 ± 11.94b  332.95 ± 49.03d  221.80 ± 16.06d 180.87 ± 8.63b 134.84 ± 7.18b

BM MSCs + I/R injury  214.21 ± 17.77b    236.76 ± 20.66b,d  190.39 ± 4.24a,d 177.00 ± 2.52b   91.67 ± 3.84b

All values are mean ± SD (n = 6). bP < 0.01 vs Sham group; dP < 0.01 vs the saline (NS) + ischemia/reperfusion (I/R) injury group. BM MSCs: Bone-marrow 
mesenchymal stem cells. 

Table 4  Serum levels of tumor necrosis factor-α and intestinal mucosal injury grade after intestinal ischemia/reperfusion

Group TNF-α (pg/mL) Chiu’s grade scores

2 h 6 h 24 h 72 h 144 h 2 h 6 h 24 h 72 h 144 h

Saline + I/R injury group 243.27 290.41 210.51 186.58 132.55 19 28 18 14 10
212.21 286.35 241.42 189.44 125.39 14 27 21 14 8
221.76 283.66 203.19 174.82 137.45 17 30 17 13 10
235.42 295.87 210.37 175.76 129.57 18 28 19 13 9
229.54 345.78 226.96 189.26 145.57 18 29 20 14 12
215.74 395.61 238.32 169.34 138.51 15 30 21 12 10

Spearman 0.947 0.931 0.961 0.971 0.956
P 0.004 0.011 0.002 0.001 0.003

The degree of relationship between tumor necrosis factor (TNF)-α and the Chiu risk score was evaluated by bivariate correlation. The 
results were statistically significant when P < 0.05, and was highly significant when P < 0.01. I/R: Ischemia/reperfusion. 
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duction of  TNF-α, leading to increased expression of  
ZO-1 and reduced intestinal mucosa damage. These ef-
fects were observed over a relatively short observation 
period, and long-term studies are required to elucidate if  
TNF-α exerts long-lasting effects during I/R injury.

In summary, this study demonstrates that the sub-
mucosal infusion of  BM MSCs decreased intestinal 
permeability and preserved intestinal mechanical barrier 
function after I/R injury in rats, in a mechanism linked 
to reduced serum TNF-α levels and the increased ex-
pression of  the intestinal TJ protein ZO-1. Future stud-
ies using exogenous or autologous BM MSCs to prevent 
or modulate intestinal I/R injuries are required to assess 
the clinical potential of  BM MSCs. The mechanisms by 
which BM MSCs and TNF-α blockade protect against 
I/R-induced disruption of  intestinal barrier function re-
main to be further investigated.

Disruption of  the intestinal mucosa and the con-
sequent increase in permeability after I/R injury may 
be due to reduced levels of  the TJ-associated protein, 
ZO-1. BM MSCs restored the epithelial structure, pro-
moted the recovery of  intestinal permeability, increased 
ZO-1 protein expression and protected against intestinal 
I/R injury. TNF-α plays an important role in the ability 
of  BM MSCs to protect against intestinal I/R injury, as 
the epithelial structure remained normal, and changes 
in intestinal permeability and ZO-1 protein expression 
were reduced when rats were treated with anti-TNF-α 
IgG antibody or anti-TNF-α R1 antibodies before I/R 
injury. This study confirms that high levels of  TNF-α 
damage TJs and downregulate ZO-1 protein expression 
in vivo. The mechanism of  TNF-α-induced change dur-
ing I/R injury is complex and requires further study. 

COMMENTS
Background
Digestive organ transplantation and other abdominal surgical procedures can 
result in different degrees of intestinal ischemia/reperfusion (I/R) injury, which 
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tinal I/R injury is an important clinical issue. Bone-marrow mesenchymal stem 
cells (BM MSCs) can protect against I/R injury; however, the mechanism is 
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structure of tight junctions (TJs), much less is known about TJ functionality 
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investigate the effect of BM MSCs on the intestinal mucosa ultrastructure, with 
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