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Bone marrow-derived mesenchymal stem cell  
transplantation ameliorates oxidative stress  
and restores intestinal mucosal permeability  
in chemically induced colitis in mice
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Abstract: Background: Ulcerative colitis (UC) can be viewed as an autoimmune disease. Bone marrow-derived mes-
enchymal stem cells (MSCs) with its regenerative, cellular multi-lineage and immunomodulatory abilities can influ-
ence the repair of damaged tissues in UC. This study investigated the effects of MSCs transplantation on the mice 
intestinal barrier in response to oxidative stress injury. Methods: Colitis was induced by daily consecutive adminis-
tration of 5% dextran sulfate sodium (DSS) solution for 7 days. Male murine MSCs were isolated and transplanted 
into female mice via injection in the tail vein. Serum and colon specimens were collected at 12 h, 24 h, 3 d, 7 d and 
14 d after injection. Serum levels of D-lactate (D-LAC), diamine oxidase (DAO), colonic levels of malondialdehyde 
(MDA) and superoxide dismutase (SOD) were quantified. The SRY protein of the male sex determinant gene expres-
sion and E-cadherin were also ascertained intracellularly. Results: Three days after receiving male MSCs transplan-
tation, SRY protein expression was detected. The quantity increased on successive days. Serum levels of D-LAC and 
DAO, colonic MDA and SOD normalized in a shorter time period compared to controls (p<0.05). Not surprisingly, 
histological regeneration of tissue and E-cadherin expression in the colon of MSCs transplanted mice also occurred 
in a shorter time period than controls. Conclusions: Transplanted MSCs restored mucosal permeability, and mini-
mized oxidative stress related injury. 
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Introduction

Ulcerative Colitis (UC) is an inflammatory dis-
ease in colonorectum of undefined etiology and 
mechanism. The annual onset of UC varies 
from 1.2 to 20.3 per 100,000 with the highest 
prevalence found in in Europe and North 
America: 7.6 to 246.0 per 100,000 [1, 2]. The 
onset of UC is likely to be multifactorial, e.g. 
immune dysregulation, environmental factors, 
hereditary susceptibility, etc [3, 4]. Pathophy- 
siologically, alterations in the mucosal perme-
ability of the intestinal barrier results in bowel 
bacteria invasion and endotoxin exposure. This 
in turn activates the innate immune system. 
The consequent release and persistence of 
proinflammatory cytokines and chemokines 
lead to chronic inflammation. Severe UC may 
induce complications such as intestinal bleed-

ing, toxic megacolon, intestinal epithelial dys-
plasia and colonic carcinogenesis [5]. 

A variety of drugs are used to treat UC including 
5-aminosalicylic acid, immunosuppressants, 
monoclonal antibodies, and glucocorticoids, 
each with different mechanisms of action and 
these decrease the levels of proinflammatory 
cytokines. However, the long term administra-
tion of these agents is accompanied by adverse 
effects [6]. 

Stem cell transplantation therapy for inflamma-
tory bowel diseases (IBD) was first attempted in 
1993 based on the observation that bone mar-
row transplantation improved Crohn’s disease 
[7]. Subsequent studies have demonstrated 
the utility of stem cells from bone marrow in 
regenerating damaged mucosa in the gastroin-
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testinal tract [8-14]. Bone marrow-derived mes-
enchymal stem cells (MSCs) are generally less 
immunogenic [15] but does influence the activ-
ity of proinflammatory cytokines and chemo-
kines [16]. Thus, MSCs transplantation may 
hold therapeutic potential for UC. 

Oxidative stress has been implicated to be 
involved in the pathogenesis of UC [17]. 
Previous reports have demonstrated that local 
or systemic administration of MSCs is able to 
restore the damaged intestinal permeability in 
rats [18-20]. This may be a consequence of 
reducing the production of pro-inflammatory 
cytokines and ameliorating the clinical and 
pathological alterations in mice [21]. In the cur-
rent study, the reduction of oxidative stress and 
recovery of the intestinal permeability/intesti-
nal barrier regeneration by administration of 
MSCs in dextran sulfate sodium (DSS)-induced 
colitic mice are investigated. 

Materials and methods

Mice 

A total of 50 female Balb/c mice aged 8 weeks 
and 4 male mice aged 3 weeks were obtained 
from the Experimental Animal Research Center 
of the Chinese Military Medical Academy. All 
the animals were maintained and handled fol-
lowing the National Research Council Guide for 
the care and use of laboratory animals. And the 
experiment was approved by the Laboratory 
Animal Care and Use Committee at the Naval 
General Hospital, China.

Reagents 

DMEM/F12 medium was purchased from 
Thermo (MA, USA). Fetal calf serum was from 
Invitrogen (CA, USA). PE-labelled mouse anti-
bodies against human-CD34, -CD44, -CD45 
and -CD90 were obtained from Biolegend (CA, 
USA). DSS was from MP Biomedicals (OH, USA). 
The ELISA kits for D-lactate (D-LAC) assay and 
diamine oxidase (DAO) assay, kits for malondi-
aldehyde (MDA) assay and superoxide dis-
mutase (SOD) assay were obtained from Sigma-
Aldrich (MO, USA). Rabbit polyclonal antibodies 
against SRY protein and E-cadherin were from 
Santa Cruz (TX, USA). Dexamethasone, ascor-
bic acid-2-phosphate, β-glycerophosphate, aliz-
arin red S, 3-isobutyl-1-methylxanthine, indo-
methacin, and oil red O were purchased from 
Sigma-Aldrich (MO, USA).

Isolation, characterization and culture of bone 
marrow-derived MSCs 

Bone marrow-derived MSCs from male mice 
were isolated by the method described by Song 
et al [22]. Briefly, the tibia and femur of eutha-
nized mice were removed and the cavum ossis 
flushed with culture media. The flushed media 
was then collected and filtered through multi-
layer gauze and centrifuged at 1000 rpm for 5 
minutes. The pellet was resuspended with 
DMEM/F12 medium and cultured at 37°C, 5% 
CO2. Cells were subjected to subculture, when 
the cells achieved 90% confluency. This subcul-
ture was analyzed for surface expression of 
CD34, CD44, CD45 and CD90 by flow cytome-
try. A total of 4 male mice were used for bone 
marrow-derived MSCs isolation. 

The osteogenic and adipogenic differentiation 
potential of the cells were explored by the 
methods of Chen et al [23]. Briefly, 0.01 μmol/L 
dexamethasone, 50 mg/L ascorbic acid-2- 
phosphate, 10 mmol/L β-glycerophosphate, 
10% fetal calf serum, 105 U/L penicillin, 100 
mg/L streptomycin were added into DMEM/F-12 
medium-an osteogenesis medium. Bone mar-
row-derived MSCs cultured at the 3rd passage 
were resuspended, and 1 × 104 cells were 
seeded onto a sterile cover slip. The cover slip 
was placed into a well of a 6-well culture plate 
and cultured with basic medium for 2 days and 
then changed to the osteogenesis medium. The 
medium was changed every 3 days. After 21 
days of culture, the cover slip was recovered, 
washed twice with PBS, fixed with 95% ethanol, 
and stained with 0.1% alizarin red S at 37°C for 
30 minutes to visualize the formation of bone 
nodules. 

The adipogenic medium composed of DMEM/ 
F-12 with 1 μmol/L dexamethasone, 0.5 mmol/ 
L 3-isobutyl-1-methylxanthine, 0.01 mmol/L 
human insulin, 0.01 mmol/L indomethacin, 
10% fetal calf serum, 105 U/L penicillin, and 
100 mg/L streptomycin. The same procedure 
described for osteogenesis was also used for 
adipogenesis except that the cover slip was 
recovered in 14 days, fixed with 50% isopropa-
nol for 1 minute, and stained with oil red O for 
10 minutes. 

Induction of colitis in mice 

Colitis was induced in the animals by consum-
ing 5% DSS solution ad libitum for 7 days [24] in 
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SPSS17.0 software (IBM SPSS Statistics, NY, 
USA) was used for statistical analysis in this 
study. Data were expressed as mean ± stan-
dard deviation. A parametric method for the 
testing of continuous data was used and where 
the p value less than or equal to 0.05, this was 
considered statistically significant. 

Results

Surface expression of CD44+CD90+CD34-

CD45- characterized by MSCs 

The surface expression ratio of CD34, CD45, 
CD44, and CD90 in MSCs cells were 0.61%, 
0.28%, 99.42%, and 98.69% respectively [27].

MSC multipotent differentiation potential 

In osteogenic medium, MSCs transformed from 
individual cells to congregated cell clusters 
within 3-4 days. After 3 weeks of culture in 
osteogenic medium, calcified bone nodules, 
stained by alizarin red S were noted in congre-
gated cell clusters . 

In adipogenic medium, tiny lipid droplets were 
present in the cytoplasm of some cells after 7 
days. After 14 days, cytoplasmic lipid droplets 
fused into large lipid vacuoles which were 
observed with oil red O. 

Inflammation activity progresses during colitis 
induction 

During the induction period, DAI scores were 
recorded. The scores were increased over time 
of DSS administration, and were consistent 
with the manifestations of acute colitis, e.g. 
diarrhoea, bloody excrement and body weight 
loss. On days 3, 4, 5, 6, and 7, the scores were 
1.06±0.96 (mean ± SD), 2.48±1.23, 4.32± 
1.43, 7.26±1.62, 8.92±1.01 respectively.

50 female balb/c mice. During this period, 
examination of body weight, stool consistency 
and hematochezia were noted daily. Fecal 
occult blood was determined by tetramethyl 
benzidine testing. The disease activity index 
(DAI) was calculated based on above observa-
tions according to the method of Murano et al 
(Table 1) [25]. After 7 days, half of the mice (25 
mice) received allogenic MSC transplantation 
with the rest (25 mice) serving as controls. 

Allogenic MSC transplantation and sample 
assay 

From male mice, 0.4 ml of a concentration of 
cultured MSCs at 2.5 × 106 cells/ml was inject-
ed into the tail vein of 25 female mice. For con-
trols, 0.4 ml of normal saline was used. Five 
animals in both the treatment and control 
groups were euthanized at 12 h, 24 h, 3 d, 7 d 
and 14 d. Immediately after this procedure, 1 
ml of blood was collected through inferior vena 
cave vein of each mouse and centrifuged to 
obtain serum. The sera were stored at -80°C 
until D-LAC and DAO assays were performed. 

Serum D-LAC and DAO levels, markers of intes-
tinal permeability damage, were tested by 
ELISA according to the manufacturer’s instruc-
tions. MDA and SOD assays were also per-
formed according to the manufacturer’s instruc-
tions. The specimen was a length of app- 
roximately 4 cm of the affected colon located 
approximately 1 cm above the anus as DSS 
induced colitis mainly affects large intestine 
and distal small intestine [26]. These samples 
were washed thoroughly with cold sterile saline 
(4°C). Part of the specimen was homogenized 
and centrifuged and the supernatant collected 
for MDA and SOD assays. MDA is an index of 
lipid oxidation whereas SOD works as an enzy-
matic antioxidant. SRY is a male sex determi-
nant gene and its presence in female tissue 

represents the existence of allogenic cells. 
E-cadherin is considered as a transmem-
brane junctional adhesion molecule in intes-
tinal epithelial cells. The rest of the colonic 
specimen was fixed with 4% buffered formal-
dehyde, embedded in paraffin, sectioned at 
4 μm and stained with hematoxylin-eosin or 
immunohistochemically for SRY protein and 
E-cadherin.

Statistical analysis 

Table 1. Scoring of disease activity index [25]

Score Weight 
loss

Stool  
consistency

Occult/gross  
hematochezia

0 None Normal Normal
1 1-5%
2 5-10% Loose stools Fecal occult blood test (+)
3 10-15%
4 >15% Watery stools Gross hematochezia
Note: DAI was scored by cumulating scores from the 3 categories.
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Figure 1. Immunohistochemical detection of SRY protein expression in murine bowel. A. Positive control in male 
murine bowel. B. Negative control in female murine bowel. C. A dispersed expression was detected in the mucosal 
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Male specific SRY protein expression in female 
murine bowels that receive male MSCs trans-
plantation

SRY protein expression in murine bowel by 
immunohistochemistry is shown in Figure 1. 
Three days after transplantation of allogenic 
MSCs from male mice, SRY protein could be 
detected sparsely in the bowel of female mice. 
By day 7, the expression had increased and 
continued to do so until day 14. This enhanced 
expression was maintained to at least for 21 
days. In control non-MSCs-transplanted colitic 
mice colon, there was no expression (data not 
shown). 

MSCs transplantation decreases intestinal mu-
cosal permeability and promotes tissue repair

Intestinal inflammation results in an increase in 
mucosal permeability and elevation of serum 
levels of D-LAC and DAO. When inflammation 
dissipated, serum levels of D-LAC and DAO 
returned to normal. MSCs transplantation 
accelerated this recovery process. Mice that 
were MSCs-transplanted normalized serum 
D-LAC and DAO levels within 72 hours while the 
control mice took 7 days (Figure 2). 

Murine colitic pathology of the distal colon con-
sisted of multiple erosive, ulcerative or hemor-
rhagic lesions along with tissue edema and 
vascular congestion and inflammatory cell infil-

tration. In control mice, the resulting DSS injury 
of colonic crypts and infiltration of inflammato-
ry cells into bowel tissue normalized within 7 
days. By contrast in MSCs-transplanted mice, 
recovery was more prompt (Figure 3). Immu- 
nohistochemical staining of E-cadherin in mice 
bowel also showed similar findings. Colitic 
colon had decreased positive staining of 
E-cadherin. The expression of E-cadherin also 
normalized in 7 days after the cessation of 
DSS. Thus, MSCs transplantation is related to 
E-cadherin expression (Figure 4). 

MSCs transplantation reduces markers of 
oxidative stress in colitic tissue

Induction of colitis by DSS resulted in increased 
amounts of MDA and decreased amounts of 
SOD in intestinal tissue. Twelve hours after 
transplantation, MDA levels in intestinal tissue 
reduced and declined steadily until normal lev-
els were reached in 14 days. SOD increased in 
MSCs-transplanted mice and normalized in 14 
days (Figure 5). Differences of between trans-
planted mice and controls in levels of MDA and 
SOD were noted at 12 h, 24 h, 72 h, and 7 d. 

Discussion

MSCs have the potential to differentiate into a 
variety of cell types [28]. Previous studies have 
focused on the use of MSCs in the repair of tis-
sue that are injured by various mechanisms 

and submucosal layers of the bowel of female mice 3 days after receiving MSCs from male mice. D. Colonies were 
detected in the bowel of female mice 7 days after receiving homogeneous MSCs transplants from male mice. E. 
SRY protein expression in the female murine bowel after 14 days of male MSCs transplantation. F. Enhanced SRY 
expression was still noted at day 21 days post transplantation. Magnification is 100 ×.

Figure 2. Serum levels of D-LAC and DAO in mice. MSCs transplantation normalizes serum D-LAC and DAO levels. 
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Figure 3. MSCs transplantation promotes the recovery of bowel tissue injury. Bowel tissue from normal control 
mice showed intact intestinal crypts without inflammatory cell infiltration (A). After induction of colitis, epithelial 
barrier disruption, crypt and gland loss with condensed inflammatory cell infiltration were detected (B). Three days 
after the withdrawal of DSS, partial recovery of collapsed intestinal crypts were present (C), and the mice that were 
MSCs-transplanted showed a recovery in a shorter time frame compared to controls (D). Both control (E) and the 
transplanted mice (F) had similar profiles 7 days after the cessation of the toxin. The sections were stained with H 
& E. Magnification is 100 ×.
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Figure 4. Immunohistochemistry of E-cadherin in murine intestine. Strong positive staining in the intestine of nor-
mal control mice (A). Induction of colitis significantly reduced the E-cadherin expression (B). Three days after MSCs 
transplantation, the E-cadherin expression in murine intestine was enhanced (D) in comparison with the control 
mice (C). Seven days after transplantation, the intestinal E-cadherin expression normalized in both the transplanted 
(E) and the control mice (F). Magnification is 100 ×.
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[29]. The colonization of MSCs in injured sites 
is critical for this repair and thus there is inter-
est in its application in the treatment of IBD 
[30]. 

This integrity of intestinal mucosal barrier is 
functionally reflected by the permeability of the 
mucosal barrier [31]. E-cadherin is one of the 
major transmembrane junctional adhesion 
molecules in intestinal epithelial cells and plays 
an important role in maintaining the cellular 
structure of the epithelium as well as the inter-
cellular conjunction [32]. It has been reported 
that the expression of E-cadherin is down-regu-
lated in patients with Crohn’s disease or region-
al intestinal ulcer [33]. The current study 
revealed that although the intestinal expres-
sion of E-cadherin reduced upon the induction 
of colitis by DSS, normalization within 7 days 
upon cessation of the toxin occurred. 
Transplantation of MSCs accelerated the resto-
ration of E-cadherin expression in the injured 
intestine, i.e. promoted repair of the intestinal 
barrier.

D-LAC is a bacterial metabolite produced by 
intestinal flora. The abnormal increase of intes-
tinal permeability allows D-LAC passage 
through the intestinal barrier. As it is not 
degraded by the liver, the elevation of D-LAC 
level in blood represents damage to the intesti-
nal barrier [34]. DAO is an intracellular enzyme 
in the intestinal epithelium of mammals. It is 
released into intestinal lumen as enterocytes’ 
detachment and the dissolution of such cells. 

When intestinal permeability is abnormally 
increased as in damage to the intestinal barri-
er, luminal DAO enters the blood resulting in 
elevated serum DAO level [35, 36]. MSCs trans-
plantation reduced the elevated serum D-LAC 
and DAO levels and restored to normal in 72 h. 
In contrast, it took 7 days to recover these lev-
els to normal in control mice. The results dem-
onstrated that MSCs transplantation does pro-
mote the repair of intestinal barrier. 

A recent study reported that bone marrow 
transplantation was able to ameliorate the 
post-radiation increase in intestinal permeabil-
ity [37]. However, the major component of bone 
marrow is hemopoietic stem cells with the non-
hemopoietic MSCs accounting for a small quan-
tity [38]. MSCs transplantation in DSS-induced 
colitis and busulphan-induced hypoplastic mar-
row rats resulted in restoration of epithelial bar-
rier integrity [20]. The question of whether 
MSCs are the sources of the regenerated intes-
tinal cells is not known. 

Oxidative stress has been implicated as an eti-
ological and triggering factor for IBD [39]. MDA 
has been recognized as a biomarkers of lipid 
oxidation [40]. An increased level of MDA in vivo 
represents excessive oxidative damage in the 
body [41]. SOD is one of the main enzymatic 
antioxidants in vivo. The quantity of this enzyme 
would decrease in response to a severe oxida-
tive stress and its recovery represent recession 
of oxidative stress [42, 43]. These results are 

Figure 5. Alteration of MDA and SOD levels in intestinal tissue of mice after MSCs transplantation. A. MDA level in 
the mice that were MSCs-transplanted reduced in a shorter time period compared to controls. B. SOD level in mice 
that received MSCs transplantation compared to controls were statistically significant. **P<0.01, *P<0.05.
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consonant with previous published studies 
demonstrating that an increased level of MDA 
and a decreased level of SOD were present in 
DSS induced colitis. MSCs transplantation sig-
nificantly reduced MDA and promoted SOD lev-
els suggestive of an antioxidant property of 
MSCs. 

Using the allosome tracing method [44], it was 
found that MSCs can colonize in the injured 
intestine. Putatively, MSCs directly differentiate 
into mucosal epithelium cells. It was demon-
strated that SRY protein, a sex determinant 
gene located in Y chromosome can be detected 
in the bowel of female mice 3, 7 and 14 days 
after receipt of MSCs from male donors con-
firming the ability of MSCs homing in damaged 
intestinal tissue. The possible role of trans-
planted MSCs in non-inflamed intestine, if any, 
is undefined. 

Conclusion

This study demonstrated that MSCs is capable 
of migrating to and homing in the damaged 
bowel tissue in the restoration of the injured tis-
sue. This results in restoring permeability of 
intestinal mucosa and easing oxidative stress. 
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