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Abstract
AIM: To investigate the potential therapeutic effects of 
mesenchymal stem cells (MSCs) in inflammatory bowel 
disease (IBD), we transplanted MSCs into an experi-
mental model of IBD.

METHODS: A rectal enema of trinitrobenzene sulfonic 
acid (TNBS) (100 mg/kg body weight) was adminis-
tered to female BALB/c mice. Bone marrow mesen-
chymal stem cells (BMSCs) were derived from male 
green fluorescent protein (GFP) transgenic mice and 
were transplanted intravenously into the experimental 
animals after disease onset. Clinical activity scores and 
histological changes were evaluated. GFP and Sex de-
termining region Y gene (SRY) expression were used 
for cell tracking. Ki67 positive cells and Lgr5-expressing 
cells were determined to measure proliferative activ-
ity. Inflammatory response was determined by mea-

suring the levels of different inflammatory mediators 
in the colon and serum. The inflammatory cytokines 
included tumor necrosis factor-α (TNF-α), interferon-γ 
(IFN-γ), interleukin-2 (IL-2), IL-6, IL-17, IL-4, IL-10, 
and transforming growth factor (TGF-β). Master regu-
lators of Th1 cells (T-box expressed in T cells, T-bet), 
Th17 cells (retinoid related orphan receptor gamma(t), 
RORγt), Th2 cells (GATA family of transcription factors 
3, GATA3) and regulatory T cells (forkhead box P3, 
Foxp3) were also determined. 

RESULTS: Systemic infusion of GFP-BMSCs amelio-
rated the clinical and histopathologic severity of colitis, 
including body weight loss, diarrhea and inflammation, 
and increased survival (P  < 0.05). The cell tracking 
study showed that MSCs homed to the injured colon. 
MSCs promoted proliferation of intestinal epithelial cells 
and differentiation of intestinal stem cells (P  < 0.01). 
This therapeutic effect was mainly mediated by down-
regulation of both Th1-Th17-driven autoimmune and 
inflammatory responses (IL-2, TNF-α, IFN-γ, T-bet; 
IL-6, IL-17, RORγt), and by up-regulation of Th2 ac-
tivities (IL-4, IL-10, GATA-3) (P  < 0.05). MSCs also 
induced activated CD4+CD25+Foxp3+ regulatory T cells 
(TGF-β, IL-10, Foxp3) with a suppressive capacity on 
Th1-Th17 effecter responses and promoted Th2 differ-
entiation in vivo  (P  < 0.05).

CONCLUSION: MSCs are key regulators of immune 
and inflammatory responses and may be an attractive 
candidate for cell-based therapy of IBD.

© 2013 Baishideng. All rights reserved.

Key words: Mesenchymal stem cells; Transplantation; 
Inflammatory bowel disease; Inflammatory response; 
Immunomodulation; Trinitrobenzene sulfonic acid coli-
tis; Therapy
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fied: (1) The differentiation of intestinal stem cells in 
injured gut was determined by detecting Lgr5+ cells; 
(2) Th1-Th2-Th17-Tregs-related inflammatory and im-
mune cytokine expressions in serum and local intestinal 
tissues were determined; (3) A Th2 shift and correction 
of the imbalanced Th17/Tregs were found; (4) Master 
regulators of Th1, Th2, Th17 and Tregs were detected 
in bone marrow mesenchymal stem cells -treated trini-
trobenzene sulfonic acid-induced colitis; and (5) The 
passways of Th1-T-bet, Th2-GATA family of transcrip-
tion factors 3, Th17-retinoid related orphan receptor 
gamma(t) and Tregs-Foxp3 which serve as important 
immunoregulators in the correction of immune disorders 
and enhance the healing of injured intestinal mucosa 
were identified.
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INTRODUCTION
Inflammatory bowel diseases (IBD) are comprised of  
Crohn’s disease (CD), ulcerative colitis (UC) and in-
determinate colitis, and are found mainly in Western 
countries[1]. Recent studies indicated that enhanced ab-
normalities of  the immune system, normal gut flora 
and environmental influences may play central roles in 
these diseases[2,3]. Conventional therapy for IBD includes 
corticosteroids, 5-aminosalicylates, 6-mercaptopurine, 
sulfasalazine, antimicrobial therapy, immunosuppressive 
agents and monoclonal antibodies (mAbs)[4]. Surgery 
is indicated for complications and failure of  medical 
treatment[5]. Although the above therapies are effective 
for maintaining remission, they also have many side ef-
fects[6,7]. Several studies have reported that the transplan-
tation of  mesenchymal stem cells (MSCs) could temper 
IBD both in clinical trials and in animal models, which 
indicated that MSCs may be a promising therapeutic op-
tion for IBD[8-12]. However, the molecular mechanisms of  
this effect are still unclear.

Trinitrobenzene sulfonic acid (TNBS)-induced colitis 
(CD-like) is a well-established animal model for studying 
IBD. The model is well characterized by inflammatory 
cell infiltration accompanied by heightened Th1-Th17 
response both systematically and locally in the gut mu-
cosa[13]. T-lymphocytes secrete cytokines (cytokines can 
be both regulators and effectors) which can be divided 
into Th1 (characterized by secretion of  [tumor necrosis 
factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-2 
(IL-2)], Th17 (characterized by secretion of  IL-17), Th2 
(characterized by secretion of  IL-4 and IL-10), and regu-
latory T cells [Tregs, characterized by expression of  fork-
head box P3 (Foxp3) and CD25][14]. These T cells can be 
identified by the expression of  specific transcription fac-

tors, T-bet for Th1, GATA family of  transcription factors 
3 (GATA3) for Th2, FoxP3 for Tregs, and retinoid re-
lated orphan receptor gamma(t) (RORγt) for Th17 cells, 
respectively[15]. In this study, we used the TNBS-induced 
colitis animal model to investigate the therapeutic role of  
MSCs in CD-like diseases.

Many recent studies have demonstrated that bone 
marrow mesenchymal stem cells (BMSCs) were seen in 
injured intestinal mucosa. These cells may repopulate 
and differentiate into intestinal stem cells (ISCs)[16]. ISCs 
are the progenitors of  various functional intestinal cell 
types, including intestinal epithelial cells (IECs), intersti-
tial cells, endothelial cells, vascular smooth muscle cells, 
and ill-defined inflammatory cells[17,18]. Lgr5 gene product 
can be used as a specific marker for identifying these 
ISCs[19,20]. However, it is not clear which factors from the 
transplanted BMSCs promote the repopulation of  cells 
in recipient intestinal tissues. Several experiments have 
shown that MSCs can release soluble factors (cytokines, 
chemokines, and growth factors) that result in cell cycle 
arrest in pro-inflammatory lymphocytes and induce T cell 
apoptosis[21]. Reports also indicated that the regenerative, 
immunomodulatory, and anti-inflammatory effects of  
MSCs may provide a potential remedy for autoimmune 
diseases, such as focal cerebral ischemia, multiple sclero-
sis (MS), systemic sclerosis (SSc), type Ⅰ diabetes and ju-
venile idiopathic arthritis[22-24]. However, there have been 
few reports regarding the roles of  MSCs in IBD as well 
as the molecular mechanisms of  MSCs in alleviating IBD. 

In this study, we focused on the trafficking of  trans-
planted GFP-BMSCs into diseased colon tissues and on 
their immune modulating effects in TNBS-induced coli-
tis. We investigated the inhibitory effect of  BMSCs on 
Th1 and Th17 mediated inflammatory response. We also 
examined the enhancement of  anti-inflammatory im-
mune activities of  Th2 and Tregs by BMSCs in an animal 
model of  TNBS-induced colitis. 

MATERIALS AND METHODS
Animals
Male Green fluorescent protein (GFP) transgenic mice 
[TgN (β-act-EGFP) Osb; 2-3 wk] on a C57BL/6 back-
ground were kindly provided by the Molecular Biology 
Laboratory of  Chinese PLA General Hospital. Female 
BABL/c mice (6-8 wk) were purchased from the Labora-
tory Animal Center of  the Academy of  Military Medical 
Sciences of  China (Beijing). All studies were performed 
under approval of  the Ethics Committee of  the Animal 
Facility of  Chinese PLA General Hospital and were in 
agreement with the Guidance suggestion of  caring for 
laboratory animals[25]. Mice were group-housed under 
controlled temperature (25 ℃) and a 12-h light/dark 
cycle, fed standard mouse chow and tap water and main-
tained for 2 wk in our animal facilities before the start of  
the experiments.

Establishment of TNBS model 
Colitis was induced in female BABL/c mice (6-8 wk, 
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18-22 g) using 2,4,6-trinitrobenzene sulfonic acid 
(2,4,6-TNBS; Sigma-Aldrich, Deisenhofen, Germany) in 
50% ethanol[26]. Then 0.1 mL of  TNBS (100 mg/kg body 
weight) was administered via a vinyl catheter positioned 
2.5 cm from the anus. To ensure distribution of  TNBS 
within the entire colon and rectum, mice were held in a 
vertical position for 2 min after instillation of  the TNBS 
enema. The control group was administered 0.1 mL of  
50% ethanol.

Culture and identification of putative BMSCs 
Isolation, culture, and expansion of  BMSCs: Male 
GFP-mice (2-3 wk) were sacrificed by cervical disloca-
tion and their femurs and tibia were carefully flushed 
with Dulbecco’s modified Eagle’s medium-low glucose 
(DMEM-LG; HyClone Lab, Inc. Logan, UT) using a 
0.45-mm syringe needle until the bones become pale. 
The released cells were discarded and the bones were 
dissected into fragments of  1-3 mm3 and digested with 
collagenase Ⅱ (Sigma) for 1-2 h in a shaking incubator at 
37 ℃ and a shaking speed of  200 rpm. The collagenase 
was removed by dilution with DMEM-LG containing 
10% heat inactivated fetal bovine serum (FBS; Gibco-
Invitrogen, Carlsbad, CA). In addition, the digested bone 
fragments were washed by centrifuging twice for 5 min at 
1000 rpm and then cultivated in a 60 mm dish (Corning 
International, Tokyo, Japan) with DMEM-LG contain-
ing 10% FBS and penicillin/streptomycin (100 U/mL 
and 100 g/mL; Sigma, St. Louis, MO) at 37 ℃ in a 5% 
CO2 humidified incubator. To isolate putative MSCs, 
after 72 h of  culture, nonadherent cells and tissue debris 
were removed with phosphate-buffered saline (PBS, Hy-
Clone), and adherent cells were maintained. On reaching 
70%-80% confluence, these adherent cells were replanted 
using 0.25% (wt/v) trypsin/0.02% (wt/v) EDTA (Gibco) 
for 2-3 min. The medium was changed every 2-3 d[27].

Flow cytometric analysis: The cultured MSCs were re-
trieved by trypsin-EDTA digestion. Cell aliquots (1 × 106) 
were washed with cold PBS and resuspended in 100 µL 
of  PBS per EP tube and stained with FITC-conjugated 
anti-mouse CD45 (Becton Dickinson), or PE-conjugated 
anti-mouse CD11b (eBioScience, San Diego, CA) and 
CD90.2 (eBioScience) at a concentration of  2 µg/mL 
at 4 ℃ for 30 min. One tube of  unstained cells was pre-
pared as a control for the antibodies. Cells were examined 
using a Becton Dickinson Fluorescence Activated Cell 
Sorting (BD FACScalibur) cytometer (Becton Dickinson, 
San Jose, CA, USA) and analyzed using a FACS Vantage 
cytometer and CellQuest software (BD).

Differentiation of  BMSCs: The potential of  BMSCs to 
differentiate into osteogenic and adipogenic lineages has 
been examined[27,28]. For osteogenesis, the isolated cells 
(passage 3) were plated in osteogenic conditioned medi-
um supplemented with 10 mmol/L β-glycerol phosphate 
(Sigma), 50 µg/mL ascorbate-2-phosphate (Sigma) and 
10 nmol/L dexamethasone (Sigma). The culture medium 
was changed every 3 d for 3 wk. Alizarin red staining was 

used to examine the culture mineralization. For staining, 
the cultures were first fixed using 4% paraformaldehyde 
for 20 min and then subjected to alizarin red solution at 
37 ℃ for 30 min.

For adipogenesis, the cultured cells (passage 3) were 
incubated in adipogenic medium supplemented with 100 
µmol/L indomethacin (Sigma), 1 µmol/L dexametha-
sone (Sigma), and 0.5 mmol/L 1-methyl-3-isobutylxanth 
(Sigma). The culture medium was changed every 3 d for 
8 d. At the end of  this period, the cells were then fixed 
in 4%paraformaldehyde for 1 h and stained with Oil Red 
(Sigma) for 1-2 h at room temperature. 

Identification of fluorescence distribution in intestinal 
mucosa
GFP-BMSCs were harvested from male GFP-mice as 
described above. Then 1 × 106 cells in 100 µL PBS were 
transplanted on the indicated day via the tail vein on the 
second day after TNBS administration, while control 
mice received 100 µL PBS without BMSCs. In addi-
tion, the mice were killed on day 1, 2, 3, 5, 7 and 9 and 
their colons were washed with PBS. The colonic tissues 
were embedded in Tissue-Tek OCT compound (Sakura 
Finechemical Co., Tokyo, Japan) and circumferential sec-
tions 3 µm thick were prepared for fluorescent micros-
copy examination (Olympus, Tokyo, Japan). Paraffin-em-
bedded tissue slides were stained with hematoxylin and 
eosin (HE) to assess the intensity of  colitis. Additional 
specimens were frozen in liquid nitrogen for further use.

Isolation of  DNA and detection of  Y chromosomal 
DNA by polymerase chain reaction: DNA was isolat-
ed from snap-frozen colon specimens using the QIAamp 
DNA mini kit (Qiagen, CA) and Wizard DNA purifica-
tion resin (Promega, Madison, WI). Polymerase chain 
reaction (PCR) was used to investigate the transplanted 
male donor cells using primers specific for the sex-deter-
mining region of  the mouse Y-chromosome (Sry). The 
male group acts as a positive control, while the female 
group acted as a negative control. PCR amplification 
was performed as described below. The reaction mixture 
included 2 µL of  genomic DNA, 2 µL Taq DNA poly-
merase (Takara, Japan), 5 µL of  each oligonucleotide 
primer, 1 µL of  a 20 mmol/L solution of  each dNTP, 
5 µL of  10 × PCR buffer, and 5 µL of  25 mmol/L 
MgCl2 in a final volume of  25 µL. The primer sequences 
used were as follows: mouse Sry gene, 5’-GGTGTG-
GTCCCGTGGTGAGAG-3’ and 5’-ATGGCATGT-
GGGTTCCTGTCC-3’. PCR was performed in a thermal 
cycler (PerkinElmer Cetus) for 35 cycles of  denaturation 
(9 ℃, 20 s), annealing (64 ℃, 20 s), and extension (72 ℃, 
20 s). The product was analyzed by electrophoresis on a 
2% agarose gel followed by ethidium bromide staining.

Assessment of inflammation and colitis severity
Clinical activity score of  colitis: Mice were observed 
daily for weight, water/food consumption, morbidity, 
stool consistency, piloerection, and the presence of  rectal 
bleeding. The clinical activity score of  colitis was calculat-
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Quantification of  Th1/Th2/Th17 cytokines by FACS: 
The BD Cytometric Bead Array Mouse Th1/Th2/Th17 
Cytokine Kit (Becton Dickinson, San Jose, CA) was used 
to quantify TNF-α, IFN-γ, IL-2, IL-4, IL-6, IL-10 and 
IL-17A secretions in murine peripheral blood and colon 
proteins according to the manufacturer’s instructions us-
ing the BD FACScalibur cytometer (Becton Dickinson). 
Fifty microliters of  supernatant were collected at each of  
the time points indicated above. Data were acquired on a 
FACS ARIA and samples were analyzed using FCAP Ar-
ray Software (BD Biosciences).

RNA extraction and real-time PCR: RNA was extracted 
from colon (100 mg) using the Total RNA Kit Ⅱ (Qiagen) 
following the manufacturer’s instructions. The quantity 
of  extracted RNA was evaluated using the Nanodrop 
ND1000 (Thermofisher Scientific). Complementary 
DNA (cDNA) was created using DNase Ⅰ/RNase-free 
(EN0521, Fermentas). Single intra-exon gene-specific 
primers listed in Table 1 were generated using Primer 
Express Software (Perkin Elmer Applied Biosystems). 
Applied Biosystems PRISM® 7300 (Applied Biosystems) 
and SYBR green fluorescent dye were used to detect 
amplification under the following amplification condi-
tions: (1) 1 warm-up cycle for 2 min at 50 ℃; (2) 1 pre-
amplification cycle for 10 min at 95 ℃, 40 amplification 
cycles for 30 s at 95 ℃ and for 31 s at 60 ℃; and (3) end-
amplification cycle for 15 s at 95 ℃, 30 s at 60 ℃ and 15 s 
at 95 ℃. Quantitative PCR crossing threshold (Ct) values 
were obtained during the exponential amplification phase 
using SDS 2.3 Software (Applied Biosystems).

Western blotting analysis for Foxp3, T-bet, GATA-3, 
TGF-β3 (III) and ROR gamma (t)
Total proteins (100 µg) were added to lysis buffer con-
taining protease inhibitors (Sigma; St. Louis, MO) and 
boiled at 95 ℃ for 5 min. The proteins were then rou-
tinely processed for Western blotting. Briefly, the proteins 
were respectively separated on 10% SDS polyacrylamide 
gels and blotted onto nitrocellulose membranes which 

ed independently by two blinded investigators using the 
disease activity index (DAI)[13]. The length of  the colon, 
which was measured from the cecum to the anus, served 
as an indirect marker of  the intensity of  inflammation.

Histological scoring of  the colon: The sections were 
HE stained and were used to assess colonic damage mi-
croscopically. The criteria were graded as follows: 0 point 
= no ulcer, no inflammation; 1 point = no ulcer, local 
hyperemia; 2 points = ulceration without hyperemia; 3 
points = ulceration and inflammation at one site only; 4 
points = two or more sites of  ulceration and inflamma-
tion; and 5 points = ulceration extending more than 2 cm.

Immunohistochemistry for Ki67 and Lgr5: The slides 
of  4 µm colon sections were incubated with a rabbit anti-
mouse primary antibody to Ki67 (1:500, ab66155, Abcam, 
) or a rabbit anti-human primary antibody to Lgr5 (1:400, 
LS-A1236, MBL International Co., Woburn, MA) in PBS 
at 4  ℃ overnight. After 3 washes in PBS, the sections 
were incubated with a goat anti-rabbit secondary antibody 
(1:1000, Beijing Zhongshan Biotechnology, Beijing, China) 
at 37 ℃ for 30 min. Finally, the sections were visualized 
by incubating in 3,3’-diaminobenzidine tetrahydrochloride 
with 0.05% H2O2 (Liquid DAB + Substrate Chromogen 
System; Dako) for 3 min to induce a color reaction. The 
expression and localization of  Ki67 and Lgr5 were ex-
amined under a light microscope (Olympus, Japan), and a 
brown color indicated a positive result.

Images were acquired using a digital camera connect-
ed to a light microscope (both from Olympus, Tokyo, 
Japan). Five immunostained sections (1280 × 960 pix-
els/per section) were selected from each image (× 200, 3 
mice per group) for analysis. Ki-67 positivity and mean 
optical density of  Lgr5 (mean optical density = total opti-
cal density/area) that best discriminated staining from the 
background was obtained using the NIH Image J 1.36b 
imaging software (NIH, Bethesda, MD). For immuno-
histochemistry analysis, immunostained sections were 
evaluated by two investigators following the principle of  
“blinded’’.

Table 1  Sequence of gene-specific primers used for real-time polymerase chain reaction analysis

mRNA target Forward primer sequences 5’→3’ Reverse primer sequences 5’→3’ bp

Actin CGTTGACATCCGTAAAGACC CTAGGAGCCAGAGCAGTAATC 111
IL-2 TGAGTGCCAATTCGATGATGAG TTATTGAGGGCTTGTTGAGATGAT   91
IL-4 CAGCAACGAAGAACACCACAG CGAAAAGCCCGAAAGAGTC 148
IL-6 AATTTCCTCTGGTCTTCTGG ACTCTGGCTTTGTCTTTCTTGTT   93
IL-10 AGTGGAGCAGGTGAAGAGTGATTT CTATGCAGTTGATGAAGATGTC   92
IL-17A GAGAGCTGCCCCTTCACTTTCA GGCTGCCTGGCGGACAAT   87
IFN-γ TGGTGACATGAAAATCCTG TTGCTGTTGCTGAAGAAG 141
TNF-α AGTTCCCAAATGGCCTCCCT ACTTGGTGGTTTGCTACGAC 115
GATA3 AGGTGCATGACGCGCTGGAG GGAGTGGCTGAAGGGAGAG 107
Foxp3 GAAGAATGCCATCCGCCACAA TGCTCCCTTCTCGCTCTCCA   70
TGF-β TGCCCTCTACAACCAACACAAC GCAGGAGCGCACAATCAT 142
T-bet ACCTCTTCTATCCAACCAGTATCC GAGGTGTCCCCAGCCAGTA 104
RORγt GAAGGCAAATACGGTGGTGTGG GCTGAGGAAGTGGGAAAAGTC   90

IL: Interleukin; IFN: Interferon; TNF: Tumor necrosis factor; GATA3: GATA family of transcription factors 3; Foxp3: Forkhead box P3; TGF: Transforming 
growth factor; T-bet: T-box expressed in T cells; RORγt: Retinoid related orphan receptor gamma(t). 
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were incubated in PBST-milk (PBS buffer containing 
0.1% Tween-20 and 5% milk), followed by primary anti-
bodies (1 h) for mouse FoxP3 (1:400 dilution, PM024S, 
MBL International Co., Woburn, MA); T-bet (1:250 dilu-
tion, 14-5825, eBioscience, San Diego, CA); GATA-3 
(1:250 dilution, 14-9966, eBioscience); transforming 
growth factor (TGF-β3) (III) (1:1000 dilution, sc-83, Bio-
technology, Santa Cruz, CA); ROR gamma(t) (1:250 dilu-
tion, 14-6981, eBioscience). Loading controls were ob-
tained using a goat anti-rabbit antibody (1:3000, CoWin 
Biotech Co., Beijing, China). Blots were then washed with 
PBST 3 times (10 min each) and subsequently incubated 
(1 h) with actin antibody (1:3000, Biotechnology, Santa 
Cruz, CA) diluted in PBST milk. Each Western blot was 
repeated at least twice. Bands were detected after expo-
sure to Hyperfilm-MP (1:10000, Amersham International 
PLC, Buckinghamshire, United Kingdom). The bands 
were then detected with scanning densitometry using a 
Desaga Cab UVIS scanner and Desaga ProViDoc soft-
ware (Desaga, Wiesloch, Germany).

Statistical analysis
Data are represented as mean ± SD. Statistical compari-
sons between experimental groups were performed with 
one-way ANOVA using SPSS 17.0 software. P < 0.05 was 
considered statistically significant.

RESULTS
Characterization of the putative GFP-BMSCs
The bone marrow-derived GFP-BMSCs were obtained 
by cultivation of  collagenase Ⅱ digested bone fragments. 
At 72 h after initial culture, fibroblast-like cells were 

observed to migrate out from the bone fragments and 
adhere to the dish (Figure 1A). Some fibroblast colonies 
were observed after removing nonadherent cells and 
tissue debris when changing the culture medium. After 
5 consecutive passages, the cell population started to 
demonstrate clustering and a radial pattern maintaining 
strong GFP expression (Figure 1B). The differentiation 
assays showed that these cells could differentiate into os-
teoblasts and adipocytes. For osteogenic differentiation, 
alizarin red staining was used after 21 d of  culture and 
mineralized nodules were formed after induction (Figure 
1C). For adipogenic differentiation, fat red particles were 
seen following Oil-red-O-staining after 8 d of  culture 
(Figure 1D). Flow cytometry showed that these cells were 
homogenously positive for the mesenchymal marker 
CD90, but negative for hematopoietic markers CD11b 
and CD45 (Figure 1E-H). 

Transplanted GFP-BMSCs migrated into the inflamed 
colon in TNBS-induced colitis
The transplanted GFP-BMSCs were found to be local-
ized in the inflamed colon. Green fluorescence was 
mainly observed in the lamina propria, near the bottom 
of  crypts 48 h after GFP-BMSCs transplantation (Figure 
2A). No GFP-labeled MSCs were observed in non-in-
flamed tissues. Sry gene was detected in the TNBS-MSC-
female group and the male-control group, but not in the 
TNBS-PBS-female group on day 9 (Figure 2B).

Clinical and mucosa healing of TNBS-induced colitis 
TNBS instillation in 50% ethanol led to a substantial 
wasting disease caused by severe diarrhea, weight loss, 
decreased water/food consumption, piloerection and the 
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presence of  rectal bleeding with about 55% mortality 
(Figure 3E). BMSCs significantly reduced colitis intensity 
in acute TNBS-induced colitis compared with the TNBS-
PBS group assessed by DAI scores (Figure 3F). In the 
TNBS-MSC group, weight loss was improved from day 3 
(-1.60 ± 0.45 g vs day 2 -4.71 ± 1.42 g, P < 0.05), but not 
in the TNBS-PBS group from day 5 (-4.40 ± 0.76 g vs day 
3 -8.78 ± 1.08 g, P < 0.01) (Figure 3D). In the TNBS-
MSC group, bloody stools decreased and became solid, 
while food and water intake also improved. We assessed 
the colon length in these 3 groups on day 0, 1, 2, 3, 5, 7 
and 9. On days 3-7, macroscopic findings in the colon in 
the TNBS-PBS group included severe shortening, and 
wine-colored tissue with bloody stools compared to the 
TNBS-MSC group (Figure 3B). On day 3, a significant 
difference in colon length was observed between the TN-
BS-MSC group and TNBS-PBS group (11.05 ± 0.31 cm 
vs 7.43 ± 0.33 cm, P < 0.01) (Figure 3A and G). This sig-
nificant difference was also seen in the TNBS-PBS group 
compared with the control group (7.43 ± 0.33 cm vs 11.68 
± 1.01 cm, P < 0.01) (Figure 3A and G).

In addition, histological changes in TNBS-induced 
colitis were mainly observed in the colon-rectum with se-
verity progressively less towards the proximal site. In the 
TNBS-MSC group, the histological colitis score signifi-
cantly decreased compared with the TNBS-PBS group 
on day 3 (3.00 ± 0.82 vs 8.75 ± 0.96, P < 0.01) (Figure 
3C and H). BMSCs treatment reduced the extent of  the 
inflamed area in the intestine. Compared with the TNBS-
PBS group, TNBS-MSC reduced TNBS-induced crypt 
damage and infiltration of  inflammatory cells composed 
mainly of  neutrophils and macrophages (Figure 3H).

Expression of Ki67 and Lgr5 in colon tissues
To determine whether administration of  BMSCs could 
promote proliferation and differentiation of  intestinal 

epithelial cells into ISCs, the expression of  Ki67 (one 
of  the markers of  cell proliferation) and Lgr5 (one of  
the markers of  ISCs), were examined by immunohisto-
chemistry. Four days after transplantation of  BMSCs, the 
expression of  Ki67 and Lgr5 in damaged colonic tissues 
increased significantly compared with TNBS-PBS (Ki67: 
12.09% ± 3.95% vs 8.33% ± 3.1%, P < 0.01; Lgr5: 52.54 
± 14.77 × 103 vs 30.00 ± 8.08 × 103) (Figure 4).

BMSCs corrected the imbalance in T cell disorders 
in mice with TNBS-induced colitis. Since BMSCs are 
known to have in vitro immunosuppressive and anti-
inflammatory properties[29], we investigated the potential 
therapeutic effects of  BMSCs in an in vivo experimental 
model of  IBD induced by TNBS. In TNBS-induced coli-
tis, Th1-Th17 cells were activated to promote an exagger-
ated macrophage and neutrophil infiltration, giving rise to 
a prolonged severe transmural inflamed intestinal mucosa 
and immune response, characterized by the production 
of  inflammatory cytokines and their transcription fac-
tors[30]. BMSCs can rapidly reduce inflammation by affect-
ing the differentiation of  T cells, such as promoting Th2 
cells and enhancing regulatory T cell functions. 

Transplanted MSCs affect immune responses 
systemically in IBD models
Cytokines are principal mediators of  the systemic and lo-
cal immune responses in immunological or inflammatory 
diseases. We examined the expression levels of  7 cyto-
kines: IL-2, TNF-α, IFN-γ, IL-4, IL-10, IL-6, and IL-17. 
In acute TNBS-induced colitis, the level of  proinflamma-
tory cytokines (including IL-2, TNF-α, IFN-γ, IL-6, and 
IL-17) increased significantly (P < 0.01) when compared 
to the control group (Figure 5A-C, E and F). Following 
the transplantation of  MSCs, the level of  proinflamma-
tory cytokines decreased significantly (P < 0.01), while 
the level of  IL-4 and IL-10 increased (P < 0.05) when 
compared to the TNBS-PBS group (Figure 5A-G).

BMSCs inhibit the differentiation of Th1 cells in the gut 
in TNBS-induced colitis 
The differentiation of  Th1 lymphocytes is known to 
be associated with a specific transcription factor, T-bet, 
which is a key component regulating the expression of  
Th1 cytokines[31]. The up-regulation of  Th1 activities in 
TNBS-induced colitis and the reduction of  Th1 activities 
after BMSCs transplantation were further confirmed by 
the analysis of  T-bet expression using both real-time PCR 
and Western blotting (Figure 6D and H). In addition, we 
analyzed the expression of  IL-2, IFN-γ, and TNF-α by 
real-time PCR. There was an increase in Th1 activities in 
acute TNBS-induced colitis (vs the control group) and a 
decrease in Th1 activities after treatment with BMSCs (vs 
the TNBS-PBS group) (Figure 6A-C). FACS analysis of  
IL-2, IFN-γ and TNF-α proteins (days 1-9) also showed 
the same trend. In the TNBS-PBS group, IL-2, IFN-γ 
and TNF-α expressions were significantly up-regulated 
(vs the control group, IL-2: 4.37 ± 0.27 pg/mL vs 2.30 ± 
0.03 pg/mL, P < 0.01; IFN-γ: 4.82 ± 0.11 pg/mL vs 3.64 
± 0.39 pg/mL, P < 0.01; TNF-α 32.45 ± 3.52 pg/mL vs 

TNBS-MSC                        TNBS-PBS                 Male control

Figure 2  Localization of transplanted green fluorescent protein-bone mar-
row mesenchymal stem cells. A: Fluorescence in the lamina propria of colon 
using fluorescence microscopy (× 100); B: Sry gene expression (1188 bp)in the 
colons of 3 groups by polymerase chain reaction. TNBS-MSC: Trinitrobenzene 
sulfonic acid-mesenchymal stem cells; TNBS-PBS: Trinitrobenzene sulfonic 
acid-phosphate-buffered saline. 
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13.91 ± 0.94 pg/mL, P < 0.01). However, BMSCs treat-
ment led to a distinct reduction in the above factors (vs 
the TNBS-PBS group, IL-2:2.37 ± 0.20 pg/mL vs 2.87 ± 
0.25 pg/mL, P < 0.05; IFN-γ: 3.71 ± 0.17 pg/mL vs 4.44 
± 0.07 pg/mL, P < 0.01; TNF-α: 13.12 ± 1.76 pg/mL vs 
19.45 ± 0.82 pg/mL, P < 0.01) (Figure 6E-G).

BMSCs promote Th2 differentiation in the gut in TNBS-
induced colitis 
A possible role for BMSCs in promoting the Th2 subset 
was investigated by analyzing IL-4 and IL-10 production 
as well as the Th2 lineage transcription factor GATA3. 
There was no significant change in GATA3 (day 3) ex-
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pression in the TNBS-PBS group, however, GATA3 
expression was increased in the TNBS-MSC group con-
firmed by either real-time PCR or Western blotting (Figure 
7C and F). IL-4 and IL-10 were also up-regulated at both 
the mRNA and protein levels in the TNBS-MSC group, 
while no significant changes were observed in TNBS-
induced colitis (Figure 7A and B). The expression of  
IL-4 and IL-10 at the protein level (days 1-9) was further 
determined by FACS analysis and showed a similar pat-
tern to that of  the mRNAs. In the TNBS-MSC group, 
IL-4 and IL-10 were up-regulated (vs the TNBS-PBS 
group, IL-4: 2.15 ± 0.16 pg/mL vs 1.90 ± 0.15 pg/mL, P 
< 0.05; IL-10: 25.93 ± 0.63 pg/mL vs 19.09 ± 2.85 pg/
mL P < 0.01). There were no significant changes in IL-4 
and IL-10 in the TNBS-PBS group (vs the control group, 

P > 0.05) (Figure 7D and E).

BMSCs inhibit Th17 cell differentiation in the gut of mice 
with TNBS-induced colitis 
Th17 cell differentiation requires at least two cytokine sig-
nals that transmit through the RORγt and Smad-depen-
dent signaling pathways[32]. Real-time PCR and Western 
blot results of  RORγt expression at day 7 revealed that 
BMSCs clearly inhibited the differentiation of  pathogenic 
Th17 effector cells (Figure 8C and F). In this study, the 
expressions of  IL-6 and IL-17 were significantly up-reg-
ulated in the TNBS-PBS group, but were down-regulated 
in the TNBS-MSC group shown by real-time PCR (Figure 
8A and B). The protein expressions of  IL-6 and IL-17 
(days 1-9) were further determined by FACS and the re-
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sults showed the same trend as their mRNA expressions. 
In the TNBS-PBS group, IL-6 and IL-17A expressions 
were significantly up-regulated (vs the control group, IL-6: 
14.52 ± 0.96 pg/mL vs 3.80 ± 0.52 pg/mL, P < 0.01; IL-
17A: 4.97 ± 0.19 pg/mL vs 3.61 ± 0.29 pg/mL, P < 0.01). 
However, BMSCs treatment led to a distinct reduction in 
the above factors (vs the TNBS-PBS group, IL-6: 4.22 ± 
0.40 pg/mL vs 7.50 ± 0.51 pg/mL, P < 0.05; IL-17A: 2.87 
± 0.21 pg/mL vs 4.54 ± 0.14 pg/mL, P < 0.01) (Figure 
8D and E). 

BMSCs enhance regulatory T cell functions
The suppressor cytokines IL-10 and TGF-β are also pro-
duced by CD4+Foxp3+ Tregs which are involved in the 
control of  colitis as indicated in recent investigations[10,33]. 
BMSCs significantly up-regulated IL-10 as well as TGF-β 
levels (P < 0.01, Figure 7B, E, Figure 9A and C). The 
expression of  Foxp3 also increased in the TNBS-MSC 
group when compared to the TNBS-PBS group (P < 0.01, 
Figure 9B and D). However, the production of  IL-10, 
TGF-β and Foxp3 using real-time PCR and Western 
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blotting showed no changes in the TNBS-MSC group 
compared with the control group (P > 0.05, Figure 7B 
and E and Figure 9A-D). 

DISCUSSION
Kashyap et al[34] reported a patient with non-Hodgkin 
lymphoma and CD who was maintained for more than 
7 years in clinical remission after autologous hematopoi-

etic stem cell transplantation. Since then, more and more 
studies have focused on the use of  stem cell therapy in 
IBD. The results from our study were consistent with 
previous reports, which demonstrated that intravenously 
transplanted BMSCs may home to injured intestinal tis-
sues, promote intestinal cell regeneration, ameliorate the 
inflammatory symptoms in an experimental IBD mouse 
model and increase survival[35,36]. However, our study also 
identified the following: (1) We showed the differentia-
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tion of  ISCs in injured gut by detecting Lgr5 positive 
cells; (2) We examined the expression levels of  Th1-Th2-
Th17-Tregs-related inflammatory and regulatory cyto-
kines in peripheral blood and in local intestinal tissues; (3) 
We found a Th2 shift and subsequent correction of  im-
balanced Th17/Tregs; (4) Master regulators of  Th1, Th2, 
Th17 and Tregs were detected in BMSCs-treated TNBS-
induced colitis; and (5) We showed that the signaling 
pathways of  Th1/T-bet, Th2/GATA-3, Th17/RORγt 
and Tregs/Foxp3 may serve as important immunoregula-
tors in the correction of  immune disorders and can en-
hance the healing of  injured intestinal mucosa.

In our study, we established a mouse model of  TN-
BS-induced colitis and transplanted BMSCs into the mice. 
On day 1, 2, 3, 5, 7 and 9 after transplantation, the mice 
were sacrificed. Moreover, 48 h after BMSCs transplan-
tation, we found that a small proportion of  the infused 
BMSCs had homed to the inflammatory or injured tissues 
by observing GFP and detecting Sry gene (only located 
on the Y chromosome). In addition, we investigated the 
role BMSCs played in TNBS-induced colitis at differ-
ent time points by assessing the expression of  factors, 
pathological changes, and clinical symptoms. We found 
that BMSCs had a strong therapeutic effect on TNBS-
induced colitis. We also detected the expression of  Ki67 
(one of  the markers of  cell proliferation) and Lgr5 (an 

intestinal stem cell marker) using immunohistochemistry. 
The significantly increased expression of  Ki67 and Lgr5 
after BMSCs transplantation suggests that these BMSCs 
in recipient colonic tissues may have trans-differentiated 
into ISCs. Taken together, we showed that there are two 
possible therapeutic mechanisms of  BMSCs treatment. 
First, some of  these BMSCs could directly differentiate 
into pluripotent stem cells, such as ISCs. Second, MSCs 
could secrete cytokines or chemokines to influence the 
imbalanced intestinal micro-environment and stimulate 
the tissue-specific ISCs to proliferate. However, these ex-
perimental findings might be an indirect consequence of  
the general improvement in tissue regeneration of  acute 
colitis mediated by BMSCs and the detailed mechanism 
involved requires further clarification.

The mechanism could be as follows: First, when BM-
SCs were intravenously transplanted into the experimen-
tal animal model, they first circulated around the whole 
body through blood circulation. During this process, 
BMSCs secrete related cytokines to activate the systemic 
immune system. Second, these BMSCs migrated, scatter 
implanted and survived within the injured gut mucosa 
and subsequently reversed the imbalance in Th1/Th2/
Th17/Tregs, which is important in maintaining the intes-
tinal mucosa microenvironment.

In IBD, the ratio of  pro-inflammatory (IL-2, TNF-α, 
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IFN-γ, IL-6 and IL-17) and anti-inflammatory cytokines 
(IL-4 and IL-10) are imbalanced systematically. In our 
study, we found that intravenously transplanted MSCs 
were able to modulate the release and/or expression of  
pro-inflammatory cytokines in the serum by effectively 
inducing remission and promoting the release and/or 
expression of  anti-inflammatory cytokines in the serum 
to balance inappropriate immune system disorders sys-
temically. These appropriate responses would finally slow 
down and/or reverse the natural course of  the disease 
and even prevent complications such as fistulae and 
colorectal cancer. 

Little work has been carried out on how BMSCs 
display their immune regulatory and anti-inflammatory 
properties in damaged colonic tissues. According to pre-
vious investigations, BMSCs can efficiently suppress the 
proliferative response of  T cells in vitro[37,38]. Our study 
showed that the complex immune-modulating effects of  
GFP-BMSCs may result from the differential down-reg-
ulation of  proinflammatory signaling of  Th1 and Th17 
lymphocytes as assessed by analysis of  IL-2, TNF-α, 
IFN-γ (Th1-related) and IL-6, IL-17 (Th17-related), and 
the up-regulation of  anti-inflammatory signaling of  Th2 
activities with IL-4 and IL-10. This also led to a moder-
ate induction of  induced/activated regulatory T cells 
(IL-10, TGF-β), which may influence Th1 and Th17 cell 
function. Naive T helper cells (Th0) can be induced to 
differentiate into Th1, Th2, Th17 and regulatory (Treg) 
phenotypes based on the mode of  stimulation, antigen 
concentration, co-stimulation and cytokine milieu[39]. 
These factors exert their functions by cross-regulating 
one another and are selectively expressed in the corre-
sponding cell populations[31,40]. Our experiments showed 
that when MSCs migrated into the inflamed colon, they 
began to produce cytokines, chemokines, growth factors 
and adhesion molecules by themselves or promoted in-
testinal lymphocytes to regulate the inappropriate inflam-
matory responses.

In this study, we found significant inhibition of  the 
production of  Th1-cytokines such as IL-2, TNF-α, 
IFN-γ and the Th1-specific transcription factor, T-bet, 
using real-time PCR, FACs and/or Western blotting, sug-
gesting that MSCs can alter the inflammatory process by 
down-regulating Th1-driven autoimmune and inflamma-
tory responses. We also found increased expression of  
IL-4 and GATA-3 using the same methods. In conjunc-
tion with the changes in Th1-cytokines, this showed that 
MSCs may shift the pathways of  differentiation towards 
Th1 and Th2 cells with IL-4 signaling. This is possibly 
due to the fact that T-bet expression inhibits GATA-3 ac-
tivity and Th2 cytokines block the differentiation of  Th1 
cells[41,42]. In this study, the scenarios are very complex. (1) 
The transplanted MSCs had their own effect in secret-
ing cytokines; (2) Endogenous MSCs can have similar 
or different effects; (3) The transplanted or endogenous 
MSCs may migrate to inflamed tissues and recruit Th1/
Th2/Th17/Tregs; (4) The transplanted or endogenous 
MSCs may secrete cytokines/chemokines/growth fac-
tors and exert remote effects; (5) Transplanted or endog-

enous MSCs may affect local ISCs and change the local 
environment; and (6) Transplanted MSCs could recruit 
endogenous MSCs or ISCs to the local colon; and even 
more complex, the combination of  all of  them or some 
of  them.

In addition to suppressive effects on Th1-activated 
immune and inflammatory responses, there is ample 
evidence from our experiments to suggest that MSCs 
also mediate the modulation of  Th17-cytokines such as 
IL-17 and IL-6 to ameliorate TNBS-induced colitis. Our 
data showed high mRNA and protein levels of  IL-17, 
RORγt and IL-6 in colonic tissue, but decreased levels 
in the MSCs-treated group. The reason for this may be 
that Th17 cells, characterized by expression of  IL-17 
(also known as IL-17A), differentiate from naive T helper 
cells in the presence of  IL-6 and TGF-β[43]. RORγt is 
an essential factor for Th17 differentiation[43]. Previous 
experiments showed that TGF-β and IL-6 enhanced 
RORγt mRNA expression in naive T cells, which in turn 
induced IL-17A expression. We also demonstrated that 
the mRNA and protein levels of  IL-10, TGF-β and 
Foxp3 were increased after administration of  MSCs. This 
indicated that MSCs could restore the balance between 
Th17 cells and CD4+CD25+Foxp3+ Treg in the intestinal 
tissues. Foxp3 directly interacts with RORγt to inhibit 
its function, resulting in decreased IL-17 expression[44,45]. 
IL-10 produced by regulatory subsets of  T cells exerts 
a variety of  anti-inflammatory and immunoregulatory 
functions linked with Foxp3 in vivo[46].

In conclusion, we have shown that BMSCs have a 
possible therapeutic effect in Th1- or Th17-driven IBD, 
including (1) homing to and surviving in the injured 
location; (2) exerting an immunoregulatory effect and 
controlling inflammation systematically; (3) accelerat-
ing colon mucosa regeneration; and (4) orchestrating a 
shift from Th1 and Th17 toward Th2 and the enhanced 
activities of  Tregs to suppress local inflammation in co-
lon tissues. Thus, exogenous MSCs transplantation is a 
novel therapeutic strategy for human IBD. However, for 
further clinical application, there are some unresolved 
questions owing to the complexity of  human IBD. These 
include: (1) When is the best time for BMSCs treatment? 
(2) What dosage of  BMSCs should be used to achieve 
optimal therapeutic results with least side effects? and (3) 
Should a combination of  other drugs be used? 
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immunogenicity, immunomodulation and anti-inflammatory activity both in vitro 
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mechanisms involved in these effects are still unclear. Therefore, we trans-
planted MSCs into an experimental model of IBD to investigate their potential 
therapeutic effects in vivo.
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roles of MSCs in IBD and the molecular mechanisms of MSCs in alleviating 
IBD.
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thors found that MSCs resulted in a Th2 shift and correction of the imbalanced 
Th17/Tregs to enhance the healing of injured intestinal mucosa.
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This data will contribute to future research on the immunomodulatory properties 
of MSCs and support a rationale for the clinical application of stem cell therapy 
in IBD.
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T-bet is a T-isolated box gene family of transcription factors, which is selectively 
expressed on Th1 cells. Retinoic acid-related orphan receptor γt (RORγt) is the 
orphan nuclear receptor that regulates the development of Th17 cells. GATA 
family of transcription factors 3 (GATA3) plays a central role in Th2 differentia-
tion. Forkhead box P3 (Foxp3) acts as a master switch governing the develop-
ment and function of CD4+ regulatory T cells.
Peer review
In this manuscript, the authors studied the influence of bone marrow stem cells 
on colitis. This is an interesting study showing the mechanisms by which MSCs 
attenuate colitis. However, the direct contribution of transplanted MSCs in Ki67+ 
proliferation assay and the data showing an increase in interleukin (IL)-4, IL-10, 
tumor growth factor-β and Foxp3 in inflamed tissue is are not expressed in 
transplanted MSCs, but in infiltrating immune cells.
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