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Abstract

The intra-articular injection of adipose-derived stem cells (ASCs) is a novel potential therapy for patients with osteoarthritis (OA). However, the effi-
cacy of ASCs from different regions of the body remains unknown. This study investigated whether ASCs from subcutaneous or visceral adipose tis-
sue provide the same improvement of OA. Mouse and human subcutaneous and visceral adipose tissue were excised for ASC isolation. Morphology,
proliferation, surface markers and adipocyte differentiation of subcutaneous ASCs (S-ASCs) and visceral ASCs (V-ASCs) were analysed. A surgically
induced rat model of OA was established, and 4 weeks after the operation, S-ASCs, V-ASCs or phosphate-buffered saline (PBS, control) were
injected into the articular cavity. Histology, immunohistochemistry and gene expression analyses were performed 6 weeks after ASC injection. The
ability of ASCs to differentiate into chondrocytes was assessed by in vitro chondrogenesis, and the immunosuppressive activity of ASCs was evalu-
ated by co-culturing with macrophages. The proliferation of V-ASCs was significantly greater than that of S-ASCs, but S-ASCs had the greater adi-
pogenic capacity than V-ASCs. In addition, the infracted cartilage treated with S-ASCs showed significantly greater improvement than cartilage
treated with PBS or V-ASCs. Moreover, S-ASCs showed better chondrogenic potential and immunosuppression in vitro. Subcutaneous adipose tis-
sue is an effective cell source for cell therapy of OA as it promotes stem cell differentiation into chondrocytes and inhibits immunological reactions.
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Introduction

0A is a common form of chronic degenerative joint disease that is
slowly induced in the bone, synovium and muscle by several pro-
cesses including progressive cartilage deterioration, subchondral
bone remodelling, loss of joint space, marginal osteophytosis and
loss of joint function [1, 2]. Current treatment options for articular
injury, for instance, physical therapy and anti-inflammatory drugs,
aim to remedy the symptoms, but they do little to treat the underlying
causes [3]. When symptomatic medical treatments fail, patients usu-
ally resort to receiving autologous chondrocyte implantation (ACI)
and total knee arthroplasty (TKA) [4, 5]. ACI can repair cartilage, but
often leads to insufficient results due to the poor self-renewal
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potential of chondrocytes [5]. TKA is a surgical procedure in which
the dysfunctional joint surface is replaced with an orthopaedic pros-
thesis [4]. Both ACI and TKA surgeries carry relatively high morbidity
and mortality rates. In recent years, researchers have focused on less
invasive treatments to repair full-thickness articular cartilage, such as
the use of mesenchymal stem cells (MSCs).

MSCs are multipotent progenitor cells that were originally identi-
fied within the bone marrow in 1967 [6, 7]. They have been applied
for the treatment of OA in clinical trials because of their regeneration
potential and anti-inflammatory effects [8]. The first reported use of
bone marrow stem cells (BMSCs) to repair cartilage damage in
humans was in 1998 [9]. Subsequently, researchers have found that
the use of BMSCs is an effective and safe way of treating cartilage
defects in most cases [10]. However, the low stem cell yield requiring
long expansion time in vitro, pain and possible morbidities during
bone marrow aspiration restrict their use in clinical therapy. ASCs
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are thought to be more suitable in clinical application because of
the high stem cell yield from lipoaspirates, faster cell proliferation
and less discomfort and morbidities during the harvesting proce-
dure. In addition, these adult stem cells are capable of differentiat-
ing into multiple cell types and thus are useful in regenerative
medicine. In 2001 and 2002, Zuk et al. [11, 12] isolated ASCs from
human adipose tissue and showed that they have multipotential
capacity. The clinical use of ASCs was demonstrated in a case
study reported by Pak in 2011 [13], in which intra-articular injec-
tion of autologous ASCs (approximately 100 g adipose tissue) from
the abdomen with platelet-rich plasma, hyaluronic acid and dexam-
ethasone was used to treat OA. In 2012, Koh and Choi [14] used
ASCs obtained from the knee fat pad (approximately 20 g) and
found that less than 2 million ASCs could cause cartilage regenera-
tion. Therefore, adipose tissue from different regions of the body
may contain different numbers of stem cells.

In humans and animals, there are two main types of white adipose
tissue (WAT): subcutaneous (SC) and visceral (VS) adipose tissue,
which differ in their pathophysiological properties including insulin
sensitivity, adipokine secretion, lipolysis and development of inflam-
mation [15]. ASCs from SC and VS depots have intrinsic differences
in vitro such as proliferation and differentiation potentials [16]. ASCs
derived from SC fat easily differentiate into mature adipocytes,
whereas VS derived from ASCs differentiate poorly in response to a
standard induction cocktail [17]. Many studies have suggested that
S-ASCs could be a stem cell source for treating knee OA [18, 19].
However, recently, VS adipose tissue has drawn a great deal of atten-
tion with regard to its differences from SC adipose tissue. In 2009,
Baglioni and colleagues [20] successfully isolated a population of
adult stem cells from the omental adipose tissue of human patients.
Subsequently, several studies have shown that S-ASCs and visceral
ASCs (V-ASCs) have differences in gene expression, adiponectin
release and insulin signalling [20-22]. However, researchers found
that both SC and VS adipose tissues are equally effective cell sources
for the treatment of heart failure [23]. These observations led us to
investigate whether S-ASCs and V-ASCs are equally effective in
improving OA.

Mouse and human SC and VS adipose tissue were excised for iso-
lation of ASCs. Morphology, proliferation, surface markers and adipo-
cyte differentiation of S-ASCs and V-ASCs were analysed. A surgically
induced rat model of OA was established, and 4 weeks after the oper-
ation, S-ASCs, V-ASCs and PBS, control were injected into the articu-
lar cavity. Histology, immunohistochemistry (IHC) and gene
expression analyses were performed 6 weeks after ASC injection. In
addition, the ability of ASCs to differentiate into chondrocytes was
assessed and the immunosuppressive activity of ASCs was evaluated
by co-culturing with macrophages. The proliferation of V-ASCs was
significantly greater than that of S-ASCs, but S-ASCs had the greater
adipogenic capacity than V-ASCs. In addition, infarcted cartilage trea-
ted with S-ASCs had significantly greater improvement than cartilage
treated with PBS or V-ASCs. Moreover, S-ASCs showed better chon-
drogenic potential and immunosuppression in vitro. In conclusion, SC
adipose tissue is an effective cell source for cell therapy of OA as it
promotes stem cell differentiation into chondrocytes and inhibits
immunological reactions.
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Materials and methods

Animals

Animal handling and experimental procedures were performed following
approval from the Institute of Health Sciences Institutional Animal Care
and Use Committee. The 8-week-old Sprague Dawley rats (200 g) were
randomized into four groups (n = 10 rats per group): sham group, OA
group, S-ASC treatment group and V-ASC treatment group. OA was
induced by medial collateral ligament (MCL) transection and medial
meniscal tear of the right knee joints. Briefly, the animals were anes-
thetized, and surgery was performed to transect the MCL. The medial
meniscus was cut across the full thickness to induce joint destabiliza-
tion of the right knee (OA group). Sham animals underwent the same
surgical procedure, but without ligament transection or meniscal tear.
After surgery, each rat was given penicillin once a day for the first
3 days. For stem cell treatment, S-ASCs or V-ASCs (4 x 10° cells/rat)
were directly injected into the intra-articular space of the knee joints of
recipient rats 4 weeks after surgery. The rats were euthanized 10 weeks
after surgery, and knee joint samples were collected and fixed in 4%
paraformaldehyde overnight, followed by a decalcifying step in 4%
EDTA for at least 1 month. Fluid was changed every 2 days and embed-
ded in paraffin. Sections (4 um thick) of the medial compartment of the
knee joint were processed for haematoxylin and eosin staining, safranin
0 staining and I[HC.

Isolation and culture of ASCs

S-ASCs and V-ASCs were obtained from 3-month-old and 10-month-
old male mice according to standard procedures. S-ASCs and V-ASCs
were also obtained from healthy volunteers. The age range of the sub-
jects was 23-49 years. Briefly, stem cells were prepared from WAT by
incubating in a solution containing 0.075% collagenase (Sigma-Aldrich,
St. Louis, Missouri, USA) for 40 min. followed by centrifugation at
200 g for 5 min. The freshly isolated cells were plated in F12 medium
supplemented with glutamax, penicillin/streptomycin and 10% foetal
bovine serum (FBS, Gibco, Grand Island, NY, USA.) and maintained in
a 5% CO, atmosphere. The study protocol was reviewed and approved
by the Ethics Committee of Fudan University, and subjects provided
written, informed consent following the committee’s instructions. The
study was conducted according to the principles of the Declaration of
Helsinki.

Flow cytometry

The stromal vascular fraction (SVF) from the WAT of 3-month-old mice
was isolated as described above and resuspended in PBS with 0.5%
FBS. The PE-anti mouse CD34 antibody (BioLegend, San Diego, CA,
USA) was used and antibody incubations were performed on ice for
45 min., after which the cells were washed and resuspended in PBS
with 2% paraformaldehyde for analysis. The samples were analysed on
a BD Accuri C6 flow cytometer, and 5-ethynyl-2’-deoxyuridine (EdU)
incorporation was analysed using the Alexa Fluor-647EdU Flow Kit (Life
Technologies, Carlsbad, California, USA.) according to the manufac-
turer’s protocol.
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Adipocyte differentiation assays

The freshly isolated cells were plated in F12 medium supplemented with
glutamax, penicillin/streptomycin and 10% FBS (Gibco) and maintained
in a 5% €02 atmosphere. The cells were allowed to grow to confluence
and then were maintained at confluence for 2 days without changing
the medium prior to treatment with a differentiation cocktail (5 g/ml
insulin, 1 M dexamethasone, 0.5 mM IBMX [a phosphodiesterase inhi-
bitor], 1 M rosiglitazone for 48 hrs, then 5 g/ml insulin and 1 M rosigli-
tazone for 48 h). After exposure to the differentiation cocktail for
4 days, the cells were maintained in F12 medium with 10% FBS until
harvesting on day 8. For staining, the cells were fixed in 4% formalde-
hyde in PBS for 15 min., rinsed with water, stained with Oil Red O for
1 hr and then rinsed with water again.

Aggregate chondrogenesis model

ASCs were centrifuged into cell aggregates and induced along the
chondrogenic lineage. Cells were suspended to a concentration of
1 x 107 cells/ml, seeding 5 pl droplets of cell solution in the centre
of the six-well plates. After cultivating the micromass cultures for
2 hrs under high humidity conditions, warmed chondrogenesis media
were added to the culture vessels and incubated at 37°C with 5%
CO0,. Then, the supernatant was aspirated and replaced with chondro-
genic inductive medium (CIM) consisting of F12/DMEM (containing L-
glutamine and sodium pyruvate), 1% Ab/Am cocktail, 1% ITS+Premix
(Life Technologies), 40 pg/ml proline, 100 nM dexamethasone, 50 pg/
ml ascorbic acid-2-phosphate (Sigma-Aldrich) and 10 ng/ml rhTGF-B1
(Peprotech). Media were changed every other day, and aggregates
were collected at various time-points for analysis, as described
below.

IHC

IHC was performed according to the Vectastain Elite ABC kit protocols
(Vector Laboratories, Burlingame, CA, USA), and antibody staining was
visualized with the enhanced DAB kit (Vector Laboratories). The brown
reaction product was quantified using Image-Pro Plus software.

RNA extraction

Complementary DNA synthesized from total RNA was analysed in a
Sequence Detector (Q5; Bio-Rad, Hercules, California, USA) with speci-
fic primers and SYBR Green PCR Master reagents (ABI). The relative
abundance of mRNA was calculated with 185 mRNA as the invariant
control. The primers were derived from Primer Bank (http://pga.mgh.ha
rvard.edu/primer bank/), and the primer sequences are reported in
Table S1.

Antibodies and immunoblotting

The total protein extractions were homogenized in lysis buffer and
loaded onto a gel for electrophoresis. Then, the proteins were trans-
ferred onto nitrocellulose membranes that were subsequently
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immunoblotted with specific antibodies against Sox9 (Santa Cruz
Biotechnology, Delaware Ave, CA, USA.) and actin (Sigma-Aldrich).

Statistical analysis

All of the results were presented as mean =+ standard error of the mean
(S.E.M.). Student’s t-test was used for the statistical analyses, and P
values less than 0.05 were considered statistically significant.

Results

Characteristics of ASCs from SC and VS adipose
tissue

Following initial isolation and expansion, homogeneous ASCs growing
in a monolayer with a spindle-shaped morphology were observed
after culture for 2 days. ASCs isolated from both SC and VS adipose
tissue exhibited typical fibroblast-like spindle morphology (Fig. 1A).
In addition, both cell types displayed positive staining for the mes-
enchymal surface marker CD34; however, the expression of CD34 in
V-ASCs was higher than that in S-ASCs (Fig. 1B). This suggests that
the two types of ASCs share common morphological, but different
biological properties. The two types of ASCs presented with strong
proliferation capacity in vitro. The ASCs reached 80-90% confluence
2 days after initial seeding for the first passage. To assess their prolif-
eration rate, EdU incorporation and CCK-8 assays were performed.
The results revealed that the proliferation capacity of V-ASCs was
stronger than that of S-ASCs (Fig. 1C and D). To further investigate
the adipocyte differentiation capacity of ASCs derived from SC or VS
adipose tissue, cells were cultured in adipogenic differentiation media
and adipogenesis was observed by staining with Oil Red 0. S-ASCs
showed higher adipogenic ability compared to V-ASCs (Fig. 1E).
These results indicate that S-ASCs are less capable of proliferation,
but are more able to differentiate into mature adipocytes.

Intra-articular injection of S-ASCs inhibit OA
progression

Studies have shown that the intra-articular injection of autologous
ASCs from SC adipose tissue or infrapatellar fat into the osteoarthritic
knee improved function and pain of the knee joint in humans [14, 18,
19], suggesting that ASCs from different regions of the body may all
have cartilage repair functions. To evaluate the therapeutic efficacy of
S-ASCs and V-ASCs, we administered intra-articular injections of S-
ASCs and V-ASCs into a surgically induced OA rat model to compare
their effects. Gross morphology demonstrated alleviated osteophyte
and fibrous tissue formation in the tibia cartilage upon S-ASC treat-
ment, compared to treatment with PBS or V-ASCs (Fig. 2A). Histolog-
ical analysis of control rats showed fibrotic tissue and damaged
cartilage surface, whereas rats treated with S-ASCs had a smooth car-
tilage surface as well as distribution of lacunae and chondrocytes.
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Figure 1 Characterization of stem cells from SC adipose tissue and VS adipose tissue. (A) Morphology of cultured S-ASCs and V-ASCs in passage
P2 from 10-month-old WT C57 mice. Scale bar = 200 um; (B) flow cytometric analysis of CD34* stem cells in the SVF of the inguinal adipose tis-
sue (SC) and gonadal adipose tissue (VS) from 10-month-old WT C57 mice; (C) primary ASCs were incubated with EdU (10 pM) for 24 hrs and
EdU+ cells were analysed by flow cytometry; (D)the CCK-8 assay was performed to compare cell proliferation; (E) Oil Red O staining of adipocytes

differentiated from S-ASCs and V-ASCs on day 8. Scale bar = 100 um. *P < 0.05, **P < 0.01.

Additionally, immunostaining of Acan and Collagen type-Il alpha (Col2A1)
showed enhanced expression in the cartilage upon S-ASC treatment
(Fig. 2B). The expression levels of several chondrogenesis-related
markers, including Col2A1, Sox9 and Aggrecan, were evaluated by
real-time PCR (qPCR), and the results showed that the mRNA expres-
sion of these genes was higher in the S-ASC treatment group than in
the OA and V-ASC treatment groups (Fig. 2C). Taken together, these
in vivo data demonstrate that compared to V-ASCs, S-ASC treatment
delayed cartilage degradation in the rat model of OA.

Chondrogenic gene expression and cartilage
phenotype differentiation of S-ASCs and V-ASCs
in vitro

MSCs are able to directly promote tissue repair, in part because of
their biodiverse functionalities [24-26]. The micromass culture sys-
tem is a classical model used to investigate chondrogenesis
in vitro. We used Alcian blue to confirm the upregulation of Sox9

in micromass cultures (Fig. 3A and B). The chondrogenic differenti-
ation capability of S-ASCs was greater than that of V-ASCs, as
shown by Alcian blue staining and the micromass diameter
(Fig. 3C and D). Western blot analyses showed that Sox9 protein
expression was higher in S-ASCs than in V-ASCs (Fig. 3E). The
gene expression profile of the three cartilage markers (Col2A1,
SOX9 and aggrecan) was quantified by qPCR, and the results
showed that their levels were higher in S-ASCs than in V-ASCs
(Fig. 3F). This phenomenon suggests that S-ASCs have pluripotent
differential potential, but are unevenly distributed and prone to
chondrogenesis.

Chondrogenic gene expression and cartilage
phenotype differentiation from human S-ASCs
and V-ASCs in vitro

To determine whether human S-ASCs are more effective than V-ASCs
in treating OA, we isolated primary S-ASCs and V-ASCs from the

Figure 2 Effects of S-ASCs and V-ASCs in the rat model of OA. OA was created in the right knee of Sprague Dawley rats. ASC-treated cartilage was
compared to OA rat models treated with PBS. (A) Representative gross morphologies; (B) staining results of haematoxylin and eosin, safranin O
and IHC for type-Il collagen; (C) articular cartilage from the right knee in the four treatment groups was used for qPCR analysis to determine the
relative mRNA expression of the indicated chondrocyte-related markers (n = 6). *P < 0.05, **P < 0.01.
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Figure 3 Chondrogenesis of stem cells from SC adipose tissue and VS adipose tissue in micromass cultures. (A and B) S-ASCs in micromass cul-
tures were treated with chondrogenic media at different times. Cultures were stained with Alcian blue (A) and Western blot analysis of the lysates
(40 ng) (B) (C-F) the chondrogenesis capabilities of S-ASCs and V-ASCs were evaluated by Alcian blue staining (C); diameter of the micromass;
(D) (n=4), Western blot analysis of lysates (40 ng); (E) and relative mRNA expression of the indicated chondrocyte-related markers (F) (n = 3)

with non-differentiated or differentiated medium on day 21. *P < 0.05, **P < 0.01, ***P < 0.001.

same patient undergoing gastrointestinal operation. These two types
of ASCs displayed the same fibroblast-like morphology (Fig. 4A). The
results of the EdU incorporation assay showed that V-ASCs had
higher proliferation ability compared to S-ASCs, which was consistent
with the findings in mouse (Fig. 4B). After adipocyte cocktail treat-
ment, il Red O staining of S-ASCs showed higher adipogenic ability
compared with that of V-ASCs (Fig. 4C). To compare their ability to
treat OA, in vitro chondrogenesis was assessed by histological stain-
ing with Alcian blue (Fig. 4D) and the micromass diameter was mea-
sured (Fig. 4E). The results showed that S-ASCs had a twofold while
V-ASCs had a 1.2-fold wider diameter than non-chondrogenesis
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media. Additionally, gPCR and Western blot analyses showed
increased expression of chondrocyte-specific markers (col2al, sox9,
aggrecan) from S-ASCs (Fig. 4F and G).

Anti-inflammatory effects of S-ASCs in a
lipopolysaccharide-induced inflammatory model

In addition to the potential for ASCs to differentiate into chondro-
cytes, their ability to promote tissue regeneration and tissue
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Figure 4 Chondrogenic gene expression and cartilage phenotype differentiation of human S-ASCs and V-ASCs in vitro.(R) Morphology of cultured
human abdominal S-ASCs and V-ASCs in passage P2. Scale bar = 200 um; (B) primary ASCs were incubated with EdU (10 uM) for 24 hrs and
EdU+ cells were analysed by flow cytometry; (C) Qil Red O staining of adipocytes differentiated from S-ASCs and V-ASCs on day 8. Scale
bar = 100 um (D-G). The chondrogenesis capabilities of human S-ASCs and V-ASCs were evaluated by Alcian blue staining (D), diameter of the
micromass (e) (n = 4), Western blot analysis of lysates (40 pg) (F) and relative mRNA expression of the indicated chondrocyte-related markers (G)
(n = 3) with non-differentiated or differentiated medium on day 21. *P < 0.05, **P < 0.01, ***P < 0.001.

repair may also depend on their paracrine effects through
immune-suppressing lymphocytes, thereby preventing over-inflam-
mation [27-29]. To examine the effects of ASCs on the expres-
sion levels of inflammatory genes, ASC-conditioned medium
(ACM) was used to treat murine RAW 264.7 macrophage cells.
The cells were pretreated with lipopolysaccharide (LPS) for
24 hrs, followed by incubation with ACM from the indicated stem
cells for 24 hrs. Treatment of cells with LPS alone induced TNF-
a, IL-6 and iNOS expressions. However, S-ASC ACM from mice

© 2017 The Authors.

(Fig. 5A) and humans (Fig. 5B) significantly decreased the expres-
sion levels of these genes, whereas V-ASC ACM induced expres-
sion.

Discussion

Adipose tissue has recently drawn a great deal of attention from the
stem cell research community. This may be attributed to its two
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Figure 5 Effects of supernatant from S-ASCs and V-ASCs on TNF-o, IL-6 and iNOS expressions in LPS-induced RAW 264.7 cells.RAW 264.7 macro-
phages were stimulated with LPS and cultured with supernatant from S-ASCs and V-ASCs for 24 hrs. (A) Relative mRNA expression of the indicated
pro-inflammatory cytokines in RAW 264.7 cells treated with F12/DMEM or supernatant from mouse S-ASCs and V-ASCs was determined by qPCR
(n = 3); (B) relative mRNA expression of the indicated pro-inflammatory cytokines in RAW 264.7 cells treated with F12/DMEM or supernatant from
human S-ASCs and V-ASCs was determined by qPCR (n = 3). *P < 0.05, **P < 0.01.

major characteristics. First, adipose tissue is abundant in most nor-
mal and obese patients with OA who need stem cell therapy. In addi-
tion, thousands of people spend a significant amount of money to
remove adipose tissue for medical and cosmetic causes each year,
indicating that harvesting of adipose tissue for the collection of stem
cells is likely accepted by the majority of the population. Second, the
frequency of ASCs in adipose tissue is higher than that in bone mar-
row-derived MSCs. In adipose tissue, 1-10% of nucleated cells are
considered to be adipose tissue-derived stem cells (ADSCs), whereas
only 0.0001-0.01% of nucleated cells in the bone marrow are stem
cells [11]. Thus, a sufficient number of stem cells may be acquired
from adipose tissue. All of these factors suggest that adipose tissue
may become an alternative source of MSCs. Using cell lineage analy-
sis, researchers have found a major ontogenetic difference between
VS and SC WAT, and mesothelium is a source of VS adipocytes [30].

Several studies have shown that transplantation of S-ASCs leads
to regeneration of cartilage in animals and humans; however, most of
these studies only focused on S-ASCs, whereas the therapeutic
capacity of ASCs from other adipose deposits, such as VS deposits,
has not been addressed. Therefore, this study was designed to deter-
mine whether V-ASCs could differentiate into mature chondrocytes
and repair cartilage and improve knee function in OA. We found that
intra-articular injection of V-ASCs did not significantly regenerate
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articular cartilage. However, regeneration of hyaline-like articular car-
tilage after injection of S-ASCs was clearly demonstrated in this study
by IHC, histology and gene expression analysis of cartilage-related
markers. MSCs stimulate chondrocytes to proliferate and synthesize
extracellular matrix, induce anti-inflammatory cytokine production
and possess immunomodulatory properties. Macrophages treated
with ACM from S-ASCs significantly decreased the levels of pro-
inflammatory-related genes. The cells were pretreated with LPS for
24 hrs, followed by incubation with ACM from the indicated stem
cells for 24 hrs. Treatment of cells with LPS alone induced TNF-a, IL-
6 and iNOS expressions. However, S-ASC ACM from mice and
humans significantly decreased the expression levels of these genes,
whereas V-ASC ACM induced expression. Thus, S-ASCs are more
immune-suppressive.

A 2016 report by Pak et al. [13] was the first study to demon-
strate the possibility that ADSCs may regenerate cartilage in patients.
Koh and Choi [14] used adipose SVF derived from approximately
19 g adipose tissue obtained from the knee fat pad while performing
arthroscopic lavage. In addition to finding the optimal cell source for
cartilage repair, it is also important to be able to predict chondrogenic
outcome from a given cell population. Cell surface markers represent
the easiest solution, as flow cytometry-based assays are repro-
ducible, automated and highly objective. Recently, it was
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demonstrated that SC and VS ASCs (S-ASC and V-ASC) express same
surface markers (CD31~ CD34~, CD45 CD73*, CD90* and CD105%)
and have differentiation potentials, S-ASCs had higher capacity to
proliferate and to differentiate into adipogenic lineage than V-ASCs
[31]. Although the MSC markers, CD29, CD34 and Sca-1, are avail-
able for this purpose, no well-characterized pre-chondrocyte markers
have been identified. In this study, we found that V-ASCs had more
CD34* cells than S-ASCs, which is consistent with the high prolifera-
tive ability of V-ASCs. However, in vitro chondrogenesis can be used
to monitor the ability of ASCs to be effective in the treatment of OA.
In our experiments, S-ASCs differentiated into chondrocytes in vitro,
and expressed higher levels of chondrocyte-related genes, compared
to V-ASCs. These data provide functional and immunosuppression
evidence for the usefulness of S-ASCs in cartilage repair in OA. There-
fore, in vitro chondrogenesis and related genes can be tested to
choose the optimal cell source for treating OA.

The osteogenic potential of adipocytes derived from the VS tissue
was significantly higher than those from SC adipose tissues, but the
cell proliferation rate was lower than of the latter. It may be due
mainly to the histological characteristics of adipose tissues and to the
differences of ASC stem cell niches in different VS and SC locations.
Different relationships with the superficial fascia and in fat lobule dis-
tribution among retinacula are known to affect the vascular supply
and the viability and stemness of ASCs isolated from different SC
depots. Different VS locations display significant biological diversities.
The better the blood supply, the more the bone cells will be able to
get. The number of fibroblasts will significantly affect the differentia-
tion function of stem cells. Mixing of the stem cells derived from bone
marrow and dermal fibroblasts reduced the osteogenic potential of
stem cells [32]. Compared with SC adipose tissue, the VS adipose tis-
sue contains more blood supply and less fibre wrapped, which may
lead to the different osteogenic potential of V-ASCs and S-ASCs.

In conclusion, this study showed that CD34-positive cells with a
high proliferation rate could be readily isolated from both SC and VS
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adipose tissue. However, the data from our in vivo and vitro experi-
ments show that only SC adipose tissue appears to be a good source
of MSCs for the treatment of OA. These findings may facilitate the
exploration of stem cell therapy in subjects with OA. Further studies
are needed to establish the criteria for protocols outlining how to
induce chondrogenic differentiation in vitro which may predict effi-
cacy in vivo.

Acknowledgements

We thank C.L. Wang, X.L. Zhang and K.R. Dai from The Key Laboratory of
Stem Cell Biology, Institute of Health Sciences, Chinese Academy of Sciences
(Shanghai, China), for assistance with OA induction in animal models and stem
cell chondrogenesis in vitro.

Funding

This study was supported by the Shanghai Zhangjiang Stem Cell
Research Project (Grant No. ZJ2014-ZD-002).

Conflict of interest

None declared.

Supporting information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Table S1. Primers for real-time qPCR used in this study.

1.

Lawrence RC, Felson DT, Helmick CG,
ef al. Estimates of the prevalence of arthritis

Welch T, Mandelbaum B, Tom M. Autolo-
gous chondrocyte implantation: past, pre-

and applied bone regeneration. Clin Orthop
Relat Res. 1998; 355: S247-56.

and other rheumatic conditions in the United sent, and future. Sports Med Arthrosc. 2016;  10.  Filardo G, Madry H, Jelic M, ef al. Mes-
States. Part II. Arthritis Rheum. 2008; 58: 24: 85-91. enchymal stem cells for the treatment of
26-35. Hellman 8, Grate HE. Haematopoietic cartilage lesions: from preclinical findings to
2. Dillon CF, Rasch EK, Gu Q, et al. Prevalence stem cells: evidence for competing clinical application in orthopaedics. Knee
of knee osteoarthritis in the United States: proliferative demands. Nature. 1967; 216: Surg Sports Traumatol Arthrosc. 2013; 21:
arthritis data from the Third National Health 65-6. 1717-29.
and Nutrition Examination Survey 1991-94. Moffatt DJ, Rosse C, Yoffey JM. Identity of 11.  Yiou R, Mahrouf-Yorgov M, Trebeau C,
J Rheumatol. 2006; 33: 2271-9. the haemopoietic stem cell. Lancet. 1967; 2: et al. Delivery of human mesenchymal adi-
3. Meneses SRF, Goode AP, Nelson AE, et al. 547-8. pose-derived stem cells restores multiple
Clinical algorithms to aid osteoarthritis Mamidi MK, Das AK, Zakaria Z, et al. Mes- urological dysfunctions in a rat model mim-
guideline dissemination. Osteoarthritis Carti- enchymal stromal cells for cartilage repair in icking radical prostatectomy damages
lage. 2016; 24: 1487-99. osteoarthritis. Osteoarthritis Cartilage. 2016; through tissue-specific paracrine mecha-
4. Middleton S, Toms A. Allergy in total knee 24:1307-16. nisms. Stem Cells. 2016; 34: 392-404.
arthroplasty: a review of the facts. Bone Bruder SP, Jaiswal N, Ricalton NS, ef al. 12. Zuk PA, Zhu M, Mizuno H, ef al. Multilin-

Joint J. 2016; 98-B: 437-41.

© 2017 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

Mesenchymal stem cells in osteobiology

eage cells from human adipose tissue:

2161



2162

implications for cell-based therapies. Tissue
Eng. 2001; 7: 211-28.

Pak J. Regeneration of human bones in hip
osteonecrosis and human cartilage in knee
osteoarthritis with autologous adipose-tis-
sue-derived stem cells: a case series. J Med
Case Rep. 2011; 5: 296-8.

Koh YG, Choi YJ. Infrapatellar fat pad-
derived mesenchymal stem cell therapy for
knee osteoarthritis. Knee. 2012; 19:
902-7.

Fox CS, Massaro JM, Hoffmann U, ef al.
Abdominal visceral and subcutaneous adi-
pose tissue compartments: association
with metabolic risk factors in the framing-
ham heart study. Circulation. 2007; 116:
39-48.

Macotela Y, Emanuelli B, Mori MA, et al.
Intrinsic differences in adipocyte precursor
cells from different white fat depots. Dia-
betes. 2012; 61: 1691-9.

Vachkova E, Bosnakovski D, Yonkova P,
et al. Adipogenic potential of stem cells
derived from rabbit subcutaneous and vis-
ceral adipose tissue in vitro. In Vitro Cell Dev
Biol Anim. 2016; 52: 829-37.

Pak J, Lee JH, Kartolo WA, et al. Cartilage
regeneration in human with adipose tissue-
derived stem cells: current status in clinical
implications. BioMed Research Int. 2016;
2016: 1-12.

19.

20.

21.

22.

23.

25.

Jo CH, Lee YG, Shin WH, ef al. Intra-articu-
lar injection of mesenchymal stem cells for
the treatment of osteoarthritis of the knee: a
proof-of-concept clinical trial. Stem Cells.
2014; 32: 1254-66.

Takeda K, Sriram S, Chan XH, ef al. Reti-
noic acid mediates visceral-specific adi-
pogenic defects of human adipose-derived
stem cells. Diabetes. 2016; 65: 1164-78.
Cignarelli A, Perrini S, Nigro P, ef al. Long-
acting insulin analog detemir displays reduced
effects on adipocyte differentiation of human
subcutaneous and visceral adipose stem cells.
Nutr Metab Cardiovasc Dis. 2016; 26: 333-44.
Ritter A, Friemel A, Fornoff F, ef al. Charac-
terization of adipose-derived stem cells from
subcutaneous and visceral adipose tissues
and their function in breast cancer cells.
Oncotarget. 2015; 6: 34475-93.

Chi C, Wang F, Xiang B, ef al. Adipose-
derived stem cells from both visceral and
subcutaneous fat deposits significantly
improve contractile function of infarcted rat
hearts. Cell Transplant. 2015; 24: 2337-51.
van Rhee F, Giralt S, Barlogie B. The future
of autologous stem cell transplantation in
myeloma. Blood. 2014; 124: 328-33.

Cheuk DK. Optimal stem cell source for allo-
geneic stem cell transplantation for hemato-
logical malignancies. World J Transplant.
2013; 3: 99-13.

26.

27.

28.

29.

30.

32.

Human Bone Marrow-derived Mesenchy-
mal Stem Cell: a Source for Cell-Based Ther-
apy.

Cao F, Liu T, Xu Y, et al. Culture and prop-
erties of adipose-derived mesenchymal stem
cells: characteristics in vitro and immuno-
suppression in vivo. Int J Clin Exp Pathol.
2015; 8: 7694-709.

Huang YC, Ning H, Shindel AW, et al. The
effect of intracavernous injection of adipose
tissue-derived stem cells on hyperlipidemia-
associated erectile dysfunction in a rat
model. J Sex Med. 2010; 7: 1391-400.

Pak J, Lee JH, Lee SH. Regenerative repair
of damaged meniscus with autologous adi-
pose tissue-derived stem cells. BioMed
Research Int. 2014; 2014: 1-10.

Chau Y, Bandiera R, Serrels A, ef al. Vis-
ceral and subcutaneous fat have different
origins and evidence supports a mesothe-
lial source. Nat Cell Biol. 2014; 16: 367—
75.

Kim B, Lee B, Kim MK, et al. Gene expres-
sion profiles of human subcutaneous and
visceral adipose-derived stem cells. Cell Bio-
chem Funct. 2016; 34: 563-71.

Lennon DP, Haynesworth SE, Arm DM,
et al. Dilution of human mesenchymal stem
cells with dermal fibroblasts and the effects
on in vitro and in vivo osteochondrogenesis.
Dev Dyn. 2000; 219: 50-62.

© 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



