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�� Arthritis

Intra-articular injection of human 
umbilical cord mesenchymal stem 
cells ameliorates monosodium 
iodoacetate-induced osteoarthritis in 
rats by inhibiting cartilage degradation 
and inflammation

Aims
This study aimed to investigate whether human umbilical cord mesenchymal stem cells 
(UC-MSCs) can prevent articular cartilage degradation and explore the underlying mech-
anisms in a rat osteoarthritis (OA) model induced by monosodium iodoacetate (MIA).

Methods
Human UC-MSCs were characterized by their phenotype and multilineage differentiation 
potential. Two weeks after MIA induction in rats, human UC-MSCs were intra-articularly 
injected once a week for three weeks. The therapeutic effect of human UC-MSCs was eval-
uated by haematoxylin and eosin, toluidine blue, Safranin-O/Fast green staining, and 
Mankin scores. Markers of joint cartilage injury and pro- and anti-inflammatory markers 
were detected by immunohistochemistry.

Results
Histopathological analysis showed that intra-articular injection of human UC-MSCs sig-
nificantly inhibited the progression of OA, as demonstrated by reduced cartilage degra-
dation, increased Safranin-O staining, and lower Mankin scores. Immunohistochemistry 
showed that human UC-MSC treatment down-regulated the expression of matrix metal-
loproteinase-13 (MMP13) and a disintegrin and metalloproteinase with thrombospondin 
motifs 5 (ADAMTS-5), and enhanced the expression of type II collagen and ki67 in the ar-
ticular cartilage. Furthermore, human UC-MSCs significantly decreased the expression of 
interleukin (IL)-1β and tumour necrosis factor-α (TNF-α), while increasing TNF-α-induced 
protein 6 and IL-1 receptor antagonist.

Conclusion
Our results demonstrated that human UC-MSCs ameliorate MIA-induced OA by preventing carti-
lage degradation, restoring the proliferation of chondrocytes, and inhibiting the inflammatory re-
sponse, which implies that human UC-MSCs may be a promising strategy for the treatment of OA.
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Article focus
�� This study investigated the role of human 

umbilical cord mesenchymal stem cells 
(UC-MSCs) in the treatment for osteoar-
thritis (OA) and explored the underlying 
mechanisms.

Key messages
�� Intra-articular injection of human 

UC-MSCs ameliorate OA and prevent the 
degradation of articular cartilage in the 
MIA-induced OA rat injury models.
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�� Human UC-MSCs down-regulated the expression 
of MIA-induced cartilage-degrading enzymes and 
restored the proliferation of the injured chondrocytes.
�� Human UC-MSCs attenuated the MIA-induced inflam-

matory response and enhanced the expression of 
anti-inflammatory factors, tumour necrosis factor-α-
induced protein 6 (TSG-6) and interleukin-1 receptor 
antagonist (IL-1RA).

Strengths and limitations
�� Our findings highlight a promising therapeutic 

strategy for OA via intra-articular injection of human 
UC-MSCs.
�� The exact molecular mechanisms by which human 

UC-MSCs inhibit inflammation and alleviate OA need 
to be further studied.

Introduction
Osteoarthritis (OA) is defined as a chronic degenera-
tive and inflammatory joint disorder, involving mainly 
the weight-bearing joints, such as the knees and hips. 
Currently, there are no curative therapeutic approaches 
for OA, especially for severe OA treatment. Several cell-
based therapies, such as autologous chondrocyte implan-
tation, osteochondral transplantation, and autologous 
perichondrial and periosteal grafts have been applied in 
an attempt to restore the injured joint surface. Although 
some improvements in function and pain relief have been 
observed, these therapies can only temporarily alleviate 
symptoms,1-3 therefore stem cell-based therapies have 
attracted increased attention.

Mesenchymal stem cells (MSCs) possess multipo-
tency including osteogenic and chondrogenic differenti-
ation.4 Recent studies have demonstrated the beneficial 
therapeutic effects of MSCs for bone and joint diseases, 
which include stimulating native cells to proliferate and 
regenerate tissue and immunomodulation,5 as well as 
paracrine6 and anti-inflammatory activities.7 In animal 
experimental models8,9 and early clinical studies,10,11 stem 
cell therapy with MSCs derived from bone marrow (BM-
MSCs) and adipose tissue (AD-MSCs) improved func-
tion and pain of the injured joint, and reduced cartilage 
defects without adverse events.

Human umbilical cord mesenchymal stem cells (UC-
MSCs) have become popular for MSC-based therapy 
because they are easy to obtain and have high expan-
sion capacity and low immunogenicity.12,13 In compar-
ison to BM-MSCs, UC-MSCs were shown to possess the 
gene expression profile more similar to embryonic stem 
(ES) cells,14 and have higher potential and efficiency of 
multilineage differentiation and a different secretome 
with a variety of trophic factors, growth factors, and cyto-
kines.12,13 Multiple animal models have been used to test 
the therapeutic effects of UC-MSCs on different diseases.13 
It was also reported that UC-MSCs have a better capacity 
to stimulate chondrocyte regeneration than BM-MSCs.15 

However, the potential mechanisms of UC-MSCs for the 
treatment of OA are not completely understood.

Although the surgically induced OA models and osteo-
chondral injury models can be used as models for OA, 
the selection of appropriate models in preclinical studies 
should be specified and relevant to the clinical scenario.16 
Intra-articular injection of monosodium iodoacetate 
(MIA) is widely employed to induce OA-like lesions in the 
knee.17,18 The histological changes in the articular carti-
lage induced by MIA resemble those induced by human 
OA. It has not yet been clarified if UC-MSC transplanta-
tion assists in recovery from cartilage damage in MIA-
induced OA.

In the present study, we have applied a rat knee OA 
model by intra-articular injection of MIA and evaluated 
the therapeutic effects of human UC-MSCs in amelio-
rating MIA-induced OA in rats, and explored the under-
lying mechanisms.

Methods
Isolation and expansion of human UC-MSCs.  Written in-
formed consent was obtained from the participants 
before the umbilical cord collection. Detailed methods 
for human UC-MSCs isolation and expansion have been 
reported previously with modifications.19 The primary 
human UC-MSCs were harvested when the cell con-
fluence reached 80% and then expanded by regular 
subculture. The human UC-MSCs at passage 5 (P5) 
were harvested as working cells and used in this study. 
An ARRIVE checklist is included in the Supplementary 
Material to show that the ARRIVE guidelines were ad-
hered to in this study.
Characterization of human UC-MSCs for phenotype 
and multilineage potential.  At P5, the UC-MSCs were 
characterized by flow cytometry using the following 
fluorescently labelled antibodies (BioLegend, USA): 
anti-human CD73 (cat. No. 344016), CD90 (cat. no. 
328110), CD105 (cat. no. 323204), CD34 (cat. no. 
343604), CD44 (cat. no. 103007), CD45 (cat. no. 
304008), CD19 (cat. no. 302208), and HLA-DR (cat. 
no. 307606) antibodies as described previously.20 Cell 
phenotype was determined using a flow cytometer 
(Beckman Coulter, USA). For multipotent differenti-
ation potential, human UC-MSCs were maintained in 
adipogenic (cat. no. A10070), chondrogenic (cat. no. 
A10071), and osteogenic (cat. no. A10072) differenti-
ation media, respectively, following the manufactur-
er’s instruction (Gibco, USA). Successful inductions of 
adipogenesis, osteogenesis, and chondrogenesis were 
confirmed by staining with Oil Red O, Alizarin Red, and 
Alcian Blue (Gibco), and the expressions of specific dif-
ferentiation genes were also detected by quantitative 
real-time polymerase chain reaction (qRT-PCR).
Monosodium iodoacetate-induced osteoarthritis mod-
el.  Male Wistar rats (180 g to 200 g; Charles Service, 
China) were housed in a pathogen-free facility with 
standard conditions of temperature 24°C, 12 hours 
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Fig. 1

Characterization of human umbilical cord mesenchymal stem cells (UC-MSCs). Isolated primary UC-MSCs were cultured to passage 5, and then characterized 
for their surface markers and multipotent differentiation capacity. A typical expression pattern of surface markers for mesenchymal stem cells (MSCs) was 
determined by flow cytometry with high positive expression of CD105, CD90, CD73 (> 98%), and negative expression of CD19, CD34, CD14, CD45, and 
human leucocyte antigen-DR (HLA-DR) (< 0.3% positive). Multiple differentiation capacity of UC-MSCs was determined with different induction media as 
described in Methods. The phenotypes of induced differentiation were visualized by staining with Oil Red O for adipogenesis (scale bars = 50 μm), Alizarin 
Red for osteogenesis, and Alcian blue for chondrogenesis (scale bars = 100 μm) as indicated, respectively. After induction, a significant enhanced expression 
of adipogenic, osteogenic, and chondrogenic genes was detected by quantitative real-time polymerase chain reaction (*p < 0.05, **p < 0.01 vs control). 
Adipoblast related genes were as follows: FABP4, fatty-acid-binding protein 4; PPARγ, peroxisome proliferation-activated receptor γ; C/EBP-α, CCAAT/enhancer-
binding proteins α; Pref-1, preadipocyte factor 1; LPL, lipoprteinlipase. Osteoblast related genes were as follows: BGLAP, bone gamma carboxyglutamate 
protein; SP7, Sp7 transcription factor; Runx2, runt-related transcription factor-2; OPN, secreted phosphoprotein 1; ALP, alkaline phosphatase. Chondrocyte 
related genes were as follows: ACAN, aggrecan; MIA, melanoma inhibitory activity; COL1A2, collagen type I α 2 chain; COL2A1, collagen type II α 1 chain; 
COL10A1, collagen type X α 1 chain. mRNA, messenger RNA.

light/dark cycle, and food and water ad libitum. The 
animals were anaesthetized with intraperitoneal injec-
tion of 1% sodium pentobarbital. After that, an OA rat 

model was induced by intra-articular injection of 1.0 
mg/50 μl MIA (Sigma-Aldrich, USA) into the right knee 
cavity under aseptic conditions. Rats were randomly 
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Fig. 2

Schematic diagram of the experimental procedure. HA, hyaluronic acid; i.a., intra-articular injection; MIA, monoiodoacetate; MSCs, mesenchymal stem cells; 
OA, osteoarthritis; UC-MSCs, human umbilical cord mesenchymal stem cells.

divided into four groups (n = 7 per group): 1) normal 
group; 2) OA group (saline, 50 μl); 3) OA+ UC-MSCs 
(2.5 × 105 cells/50 μl) group; and 4) OA+HA (hyaluronic 
acid, 0.5 mg/50 μl) group. All treatments were started 
at two weeks after MIA injection by intra-articular in-
jection, once a week for three times under anaesthesia. 
Two weeks after the last treatment, all rats were killed 
with 1% sodium pentobarbital, some knees were col-
lected for further histological analysis, and chondro-
cytes of the other knees were isolated according to a 
previously described method.21 Cartilage slices were 
harvested from the knee joints of Wistar rats (n = 3 to 
4), cut into small pieces, and immediately frozen in liq-
uid nitrogen for qRT-PCR and enzyme-linked immuno-
sorbent assay (ELISA) analysis.
Histological analysis and immunohistochemistry.  The 
joints collected for histology were fixed in 4% para-
formaldehyde, decalcified in ethylenediaminetetraacet-
ic acid (EDTA) solution (0.25 mol/l, pH 7.4), and em-
bedded in paraffin. Haematoxylin and eosin (H&E), 
Toluidine blue, and Safranin-O/Fast green staining were 
conducted with 6 μm-thick tissue sections. The sever-
ity of OA in different groups was assessed using the 
Mankin Histological-Histochemical Grading System21,22 
by three independent investigators (including WR and 
YQZ) in a blinded fashion. The evaluation parameters 
were as follows: 1) cartilage structure (0 to 5); 2) chon-
drocytes (0 to 4); 3) Safranin-O/Fast green staining (0 
to 5); and 4) tidemark integrity (0 to 1), with higher 
total scores out of 15 indicating a higher grade of OA. 

Immunohistochemistry was performed following a 
standard protocol. Briefly, tissue sections were regu-
larly deparaffinized and rehydrated. The antigen was 
retrieved with citric acid buffer (pH 6.0) microwave an-
tigen retrieval for 15 minutes. After blocking with hy-
drogen peroxide and serum, the tissue sections were 
incubated with the following antibodies (Bioss, USA): 
ADAMTS-5 (1:200), MMP13 (1:200), type II collagen 
(1:200), IL-1β (1:100), tumour necrosis factor-α-in-
duced protein 6 (TSG-6) (1:100); and ki67 (1:500, 
Abcam, USA), TNF-α (1:200, Proteintech, USA), anti-
human nuclei antibody MAB1281 (1:100, Millipore, 
USA), and interleukin-1 receptor antagonist (IL-1RA) 
(1:100, ABclonal, China) overnight at 4°C. Horseradish 
peroxidase-labelled secondary antibody was incubat-
ed at 37°C for 60 minutes. The colour was developed 
by applying 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB) (DakoCytomation, USA) and the sections 
were counterstained with haematoxylin. The positively 
stained cells were counted from three high magnifica-
tion fields per slide, and the mean ratio of positive cells 
over total cells counted was calculated from three rats 
per group for statistical analysis.
Quantitative real-time polymerase chain reaction.  Total 
RNA was extracted from the cells or cartilage of rat 
knees using TRIzol (Life Technologies, USA). First strand 
complementary DNA (cDNA) was synthesized using 
PrimeScript RT Kit (TaKaRa, China), and used as a tem-
plate to determine the expression of specific genes (ad-
ipocytes, osteoblasts, and chondrocyte-related genes) 
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Fig. 3

Human umbilical cord mesenchymal stem cell (UC-MSC) but not hyaluronic acid (HA) treatment attenuated monosodium iodoacetate (MIA)-induced 
osteoarthritis (OA). Haematoxylin and eosin (H&E) staining shows a loss of chondrocytes, uneven surface and/or fissures/cracks formation, and volume 
reduction of articular cartilage in the MIA-induced OA rats. Toluidine blue and Safranin-O/Fast green staining demonstrate a significant reduction of 
glycosaminoglycans (GAGs) and proteoglucan (PG), respectively, in the OA articular cartilage. The pictures shown are representative of each group (scale 
bars = 50 μm). The severity of OA was assessed using the Mankin score system by three independent blinded investigators (including WR and YQZ). Data 
shown are mean and standard deviation from three rats/group. **p < 0.01. ns, no significance.

with the indicated primers (Supplementary Table i) us-
ing SYBR Green reagent (Thermo Fisher Scientific, USA) 
in qRT-PCR. All the primers were optimized for one 
thermocycler protocol. The cycling parameters: PCR 
reaction was carried out on 50 ng of cDNA samples us-
ing 0.5 μmol/l of each primer and 5 μl 2× SYBR Green 

PCR Master Mix. The following conditions were used: 
95°C for ten minutes; 40 cycles at 95°C for ten seconds; 
60°C for ten seconds, and 72°C for 30 seconds in a BIO-
RAD CFX Connect (Bio-Rad, USA), and analyzed with 
the Bio-Rad CFX Manager software (ver. 3.2.2; Bio-Rad). 
Relative expression of the target gene was normalized to 
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Fig. 4

Human umbilical cord mesenchymal stem cells (UC-MSCs) down-regulated monosodium iodoacetate (MIA)-induced matrix metalloproteinase-13 (MMP13) 
and a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) expression. Immunohistochemical staining was performed for the 
expression of MMP13, ADAMTS-5, and anti-human nuclei in the articular cartilage; the pictures shown are representative staining in each group. The 
percentage of positive stained cells (in brown colour) for both MMP13 and ADAMTS-5 was calculated, respectively. Data shown are mean and standard 
deviation from three rats/group. **p < 0.01 versus normal group, #p < 0.05, ##p < 0.01 versus UCMSC-treated groups. OA, osteoarthritis.

endogenous glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) using the 2−ΔΔCT comparative method.21,23

Enzyme-linked immunosorbent assay.  The articular car-
tilage tissues were homogenized for protein extraction. 
The interleukin-1β (IL-1β) and tumour necrosis fac-
tor-α (TNF-α) expressions were determined using ELISA 
kits (Mlbio, China) according to the manufacturer’s 
instruction.
Statistical analysis.  All quantitative data were present-
ed as mean and standard deviation by GraphPad Prism 
5 (GraphPad Software, USA). Statistical analysis was 
performed using SPSS v19.0 (IBM, USA). Data for mor-
phological and histological scores were analyzed by 
independent-samples t-test. The difference was consid-
ered as statistically significant when p < 0.05.

Results
Characterization of human UC-MSCs.  The cell sur-
face markers of human UC-MSCs were characterized 
by flow cytometry, which showed a positive expres-
sion (> 98%) of CD105, CD90, CD73, and negative 

expression (< 0.3%) of CD19, CD14, CD45, CD34, and 
human leucocyte antigen-DR (HLA-DR). The multilin-
eage differentiation of human UC-MSCs was induced 
by adopting different induction media, and the adipo-
genic, osteogenic, and chondrogenic differentiations 
were demonstrated by positive staining with Oil Red O 
for the accumulation of lipid droplets, Alizarin Red for 
calcium deposition, and Alcian Blue for glycosamino-
glycan (GAG) synthesis, respectively. More evidence 
was obtained by qRT-PCR for the expressions of adi-
pogenic, osteogenic, and chondrogenic genes, which 
were significantly enhanced after designated induction 
(Figure 1).
Human UC-MSC treatment ameliorated MIA-induced OA 
and inhibited the degradation of articular cartilage.  To 
assess the therapeutic effects, human UC-MSCs were 
directly transplanted into the articular cavity of rats two 
weeks after the establishment of MIA-induced OA. The 
same volume of saline or hyaluronic acid (HA) was inject-
ed as control (Figure 2).
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Fig. 5

Human umbilical cord mesenchymal stem cells (UC-MSCs) promoted matrix synthesis and chondrocyte proliferation in monosodium iodoacetate (MIA)-
induced osteoarthritis (OA) cartilage. The articular cartilage was immunostained for the expression of collagen II and ki67. The percentage of positive cells 
(in brown colour) for both collagen II and ki67 was calculated, respectively. Data shown are mean and standard deviation from three rats/group. **p < 0.01 
versus normal group, ##p < 0.01 versus UC-MSC-treated groups.

Intra-articular injection of MIA-induced typical OA 
damages in the rat knee joint. Safranin-O staining of 
the cartilage matrix after two weeks of MIA injection 
showed that the surfaces of the articular cartilage were 
rough with higher Mankin scores (Supplementary Figure 
a). Compared with the normal rats, the injured artic-
ular cartilages of OA rats showed rough surface and/or 
formation of fissures/cracks, reduction of chondrocytes, 
and cartilage volume. Toluidine blue and Safranin-O 
staining demonstrated a significant reduction of GAGs 
and proteoglycan (PG), respectively (Figure 3).

After human UC-MSC treatment, we observed a signif-
icant improvement in joint damage caused by MIA: 
fissures/cracks had disappeared, the cartilage surface 
was almost normal, and the chondrocytes and cartilage 
volume also were increased; compared to the saline-
treated OA group, the expression of matrix components, 
GAG, and PG was enhanced. Mankin score assessment 
for OA severity was conducted. Mankin score confirmed 
that human UC-MSC treatment significantly attenuated 
the severity of MIA-induced OA. In HA treated group, 
however, no improvement of MIA-induced OA was 
observed (Figure 3).
Human UC-MSCs down-regulated the expression 
of MIA-induced cartilage-degrading enzymes and 
restored the proliferation of the injured carti-
lage.  Immunohistochemical staining results showed 
significantly higher expressions of ADAMTS-5 and 

MMP13 in MIA-induced OA articular cartilage that is 
significantly down-regulated after treatment with hu-
man UC-MSCs (Figure 4, Supplementary Figures b and 
c; p < 0.05). The human nucleus signal was positive 
in the field of articular cartilage in UC-MSC treatment 
group, whereas it was negative in normal and OA 
groups (Figure 4, Supplementary Figure d; p < 0.05). 
These results indicate that UC-MSCs directly engrafted 
into the cartilage and the injected cells could be tracked 
after two weeks by immunohistochemical staining. We 
further detected the expression of type II collagen and 
ki67 to determine whether human UC-MSCs can induce 
the proliferation of the injured chondrocytes. MIA in-
jection led to a clear low expression of type II collagen, 
a hyaline cartilage-specific matrix protein, and ki67, a 
cell proliferation marker, indicating a reduced matrix 
synthesis and low proliferation rate of chondrocytes in 
the injured cartilage. In contrast, human UC-MSC treat-
ment recovers the expression of type II collagen and 
ki67 significantly (Figure  5, Supplementary Figures e 
and f; p < 0.01).
Human UC-MSCs attenuated MIA-induced inflammatory 
response and enhanced the expression of anti-inflam-
matory factors, TSG-6 and IL-1RA.  Inflammatory re-
sponse plays a critical role in the pathogenesis of the 
disease. The levels of local pro-inflammatory and anti-
inflammatory cytokines were determined by immunos-
taining, qRT-PCR, and ELISA. In MIA-induced OA group, 
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Fig. 6

Human umbilical cord mesenchymal stem cells (UC-MSCs) inhibited inflammatory response in monosodium iodoacetate-induced osteoarthritis (OA) 
cartilage. The expressions of interleukin (IL)-1β and tumour necrosis factor-α (TNF-α) in the articular cartilage were analyzed by immunostaining and 
quantified as a) the percentage of positive cells, which was further confirmed by b) quantitative real-time polymerase chain reaction and enzyme-linked 
immunosorbent assay. Data represent mean and standard deviation. **p < 0.01 versus normal group, #p < 0.05, ##p < 0.01 versus OA group. mRNA, 
messenger RNA.

both IL-1β and TNF-α immunostaining in chondrocytes 
in the cartilage were significantly enhanced, which 
were reserved almost back to normal control in human 
UC-MSCs treated group (Figure  6a, Supplementary 
Figures g and h; p < 0.01); the enhancement of IL-
1β and TNF-α was further confirmed by qRT-PCR and 
ELISA (Figure  6b). In addition, both immunostaining 
(Figure  7a, Supplementary Figures i and j; p < 0.01) 
and qRT-PCR (Figure 7b; p < 0.01) showed that human 
UC-MSC therapy led to significantly increased expres-
sion of anti-inflammatory factors TSG-6 and IL-1RA in 

the articular chondrocytes isolated from knees of rats 
(Supplementary Figure k).

Discussion
In this study, we demonstrated that: 1) intra-articular 
injection of human UC-MSCs significantly amelio-
rates OA damages in a MIA-induced rat OA model; 
2) human UC-MSCs protected the articular cartilage 
from OA damage by down-regulating the expression 
of cartilage-degrading enzymes and preventing the 
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Fig. 7

Human umbilical cord mesenchymal stem cells (UC-MSCs) enhanced the 
expression of tumour necrosis factor-α-induced protein 6 (TSG-6) and 
interleukin-1 receptor antagonist (IL-1RA) in monosodium iodoacetate (MIA)-
induced osteoarthritis (OA) cartilage. a) The expression of TSG-6 and IL-1RA 
in the articular cartilage was determined by immunostaining and analyzed 
with the percentage of positive cells. b) The expression of TSG-6 and IL-1RA 
was further confirmed by quantitative real-time polymerase chain reaction. 
Data represent mean and standard deviation. **p < 0.01 versus normal 
group, ##p < 0.01 versus OA group. mRNA, messenger RNA.

cartilage degeneration; and 3) human UC-MSCs alle-
viated inflammatory response by inhibiting the expres-
sion of pro-inflammatory cytokines and promoting the 
expression of anti-inflammatory factors, which was crit-
ical for the therapeutic effect of human UC-MSCs on 
OA. These findings implied a clinical potential of human 
UC-MSCs as a promising strategy for OA treatment.

Although UC-MSCs may have a superior chondro-
genesis capacity compared to MSCs from other tissues, 
relatively fewer in vivo studies have been done to assess 
the therapeutic effect of UC-MSCs on OA in animal 
models. In this study, a clear therapeutic effect of 
human UC-MSCs was observed in a MIA-mediated rat 
knee OA model, while little effect was achieved by HA 
treatment. In an attempt to achieve a better therapeutic 
effect, multiple intra-articular injections of human 
UC-MSCs were applied in this study, which was well 
tolerated by all animals tested. This result may imply 
a proper dose and regimen for the clinical treatment 
of OA with human UC-MSCs. It should be noted that 
the lack of an additional cell type (e.g. fibroblasts or 
BM-MSCs) to compare with the UC-MSCs is a limitation 
of this study.

The original design of MSC-based therapy was to 
replace and regenerate the degraded and damaged 
tissues, including the injured articular cartilage in OA. 
However, the result from the present study showed 
that UC-MSC engraftment and subsequent differenti-
ation into cartilage was rare, even when transplanted 
by intra-articular injection, most likely due to a low 
survival rate of MSCs after in vivo transplantation,24,25 
and implied that tissue regeneration by UC-MSCs does 

contribute to repairment of the cartilage defects, but 
may not constitute the major mechanisms for their 
therapeutic effect. Similar results were observed in 
our study. Hallmark damage of OA is matrix degrada-
tion of articular cartilage due to increased expression 
and activation of cartilage-degrading enzymes, such 
as ADAMTS-526 and MMP13.27,28 It has been shown that 
knockout of either ADAMTS-5 or MMP13 protects the 
animal from OA progression and cartilage erosion.29,30 
In the present study, the expression of ADAMTS-5 and 
MMP13 was higher in the cartilage of MIA-induced 
OA rats, and completely down-regulated by human 
UC-MSC treatment, indicating a protective mechanism 
of human UC-MSCs through manipulating the expres-
sion of cartilage-degrading enzymes. Human UC-MSC 
treatment prevents the cartilage degeneration signifi-
cantly, demonstrated by an increased number of chon-
drocytes with higher expression of type II collagen and 
ki67 in the articular cartilage.

The intensive and sustained inflammatory response is 
one of the most important underlying mechanisms for OA 
pathogenesis, which is the main target for developing novel 
OA therapy.31 Local enhancement of pro-inflammatory 
cytokines in the articular tissues and fluid has been 
observed in OA model animals32 and patients.33,34 MIA 
induces local inflammation from the synovial fluid to the 
membrane of the knee joint, which results in the produc-
tion of inflammatory mediators such as IL-1β and TNF-α. 
These mediators further promote the pathogenesis of OA 
by increasing inflammatory cytokines and matrix metallo-
proteinases in cartilage, which is followed by chondrocyte 
apoptosis and cartilage degradation.35-37 However, one of 
the fundamental properties for the application of MSCs in 
immune and inflammatory diseases is their immunomod-
ulatory and anti-inflammatory capacity.7 In an inflamma-
tory environment, MSCs secrete factors that cause multiple 
anti-inflammatory effects and influence matrix turnover in 
synovium and cartilage.23 We have demonstrated in this 
study that human UC-MSC treatment significantly inhibits 
the inflammatory response in the cartilage of OA rats 
by depressing the expression of pro-inflammatory cyto-
kines, TNF-α and IL-1β, and elevating the production of 
anti-inflammatory factors TSG-6 and IL-1RA. It should be 
noted that the expression of human TSG-6 and IL-1RA was 
undetectable in MIA + UC-MSCs groups. Although there 
is controversy about GAPDH as a reference gene under 
some conditions, the relative levels of gene expression 
were normalized against GAPDH in MIA-induced rat OA 
model and a rabbit OA model.23,38 Moreover, there are few 
human UC-MSCs located in the field of articular cartilage. 
These results suggested that most of anti-inflammatory 
factors (TSG-6 and IL-1RA) were derived from the native 
rat chondrocytes and that UC-MSCs could influence the 
micro-environment via paracrine actions to regulate the 
inflammatory response. These results may identify one of 
the most critical mechanisms for the therapeutic effect of 
human UC-MSCs on OA treatment.
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Multiple intra-articular administrations of human 
UC-MSCs exert a significant therapeutic effect on 
severe OA injury by preventing disease progression and 
promoting an almost complete recovery in structure, 
cellularity, and matrix quality of the injured articular 
cartilage. In addition to in situ engrafting and differenti-
ation, human UC-MSCs exert their therapeutic effect by 
down-regulating the expression of cartilage-degrading 
enzymes, stimulating chondrocyte proliferation, and alle-
viating inflammatory response. While the exact molecular 
mechanisms need further investigation, the results from 
this study suggest beneficial effects of human UC-MSCs 
for OA and offer a potential dosage and regimen for clin-
ical application.

Supplementary material
‍ ‍Supplementary Table i shows the primers used for 

quantitative real-time polymerase chain reaction. 
Supplementary Figures a to j show histological 

evaluation of the articular cartilage and immunohisto-
chemistry, and Supplementary Figure k shows the isola-
tion of chondrocytes from the articular cartilage of Wistar 
rats.
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