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Introduction

 Degenerative joint disease (DJD) or osteoarthritis (OA) is the 
most common form of arthritis characterized by progressive de-
terioration of cartilage resulting in damage to underlying bone, 
loss of mobility and pain. It remains a great challenge to enhance 
the regeneration potential of hyaline cartilage tissue because of 
its avascularity and low cellular mitotic activity.1,2 Tissue degen-
eration activities initiated after major injury or due to age-related 
processes override the generally limited self-renewal capacity of 
cartilage.3 Recent investigations have focused on studying mesen-
chymal stem cells (MSCs) for cartilage tissue engineering.3 Our 
understanding of the biology of stem cells reveals that these cell 
populations play a critical role in homeostasis and repair of tissues. 
MSCs have the capacity to develop into various cells including 
chondrocytes, osteoblasts, and myocytes.4,5 Although MSCs have 
typically been derived from bone marrow, it has become clear that 
they may be isolated from various tissues, including skeletal mus-
cle, fat, and synovial membrane.5,6 Recent evidence suggests that 

adipose tissues can be a good candidate for isolation of MSCs. It 
has been shown that adipose-derived stem cells (ASCs) express 
the potential to differentiate into multiple tissue lineages such as 
osteogenic and chondrogenic phenotypes.5–7 

In this study we investigated the regenerative potential of sub-
cutaneous ASCs in a rabbit model of OA. Scaffold-free ASCs ob-
tained from subcutaneous adipose tissue were injected intra-artic-
ularly and the therapeutic outcome of this strategy was evaluated.

Materials and Methods

Animals
Adult New Zealand white rabbits that weighed 2.5–3.5 kg and 

had closed epiphyses were used in this study. Animals were ob-
tained from the Laboratory Animal Department at Razi Vaccine 
and Serum Research Institute (Tehran, Iran). The Research Animal 
Care and Use Committee of the School of Veterinary Medicine at 
Shiraz University, Shiraz Iran approved this study.

Isolation and culture of adipose-derived stem cells (ASCs) 
A sterile surgical procedure was used to obtain subcutaneous adi-

pose tissue from an adult New Zealand white rabbit that weighed 
2.8 kg. Tissues were washed three to four times with phosphate 
buffered saline (PBS), minced in small pieces and digested with 
0.2% collagenase type I at 37�C on a shaker for 2 hr. The resul-
tant soup was centrifuged and the pellet that contained adherent 
stromal cells was carefully placed on Ficoll solution (Biosera) 
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and centrifuged again. The second layer, stromal vascular frac-
tion (SVF), was transferred into a tube and washed with PBS. The 
SVF pellet was resuspended in DMEM culture medium (Gibco) 
that contained 10% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Biosera). Non-adherent cells were discarded after 
culture for 24 hr. The adherent cells were cultured by changing the 
medium every four days and harvested at passage 3 after approxi-
mately 30 days of culture.

Surgical induction of OA
We performed anterior cruciate ligament transection (ACLT) on 

20 adult New Zealand white rabbits. Under anesthesia induced by 
intramuscular administration of 50 mg/kg of ketamine (Alfasan; 
Woerden, Holland) and 10 mg/kg of xylazine (Rompun, Bayer 
AG, Leverkusen), the left leg was shaved, disinfected, and a para-
medial surgical approach used. The patella was dislocated later-
ally and the knee placed in full �exion, after which the ACL was 
exposed and the ligament cut. The joint capsule and subcutane-
ous tissue were closed using a 4–0 polydioxanone suture (PDS*II, 

Ethicon, Inc.). The skin was closed with 2–0 silk (Supa, Iran). 
We performed arthrotomy on the right knees of the rabbits, but 
not transection of the ACL. During the �rst 3 days after surgery, 
rabbits received analgesic (Flunixin, Razak Laboratories, Tehran, 
Iran) and antibiotic (penicillin, Zakaria Laboratory, Tabriz, Iran). 
All animals were individually maintained in separate cages and 
allowed to be freely active for 12 weeks.

Transplantation of ASCs
After 12 weeks, rabbits were randomly divided into the follow-

ing three groups according to the subsequent intra-articular injec-
tions which they received. Rabbits in the cell-treated group (10 
rabbits) were injected intra-articularly in the ACLT knee with ap-
proximately 1 × 106 cells suspended in 1 mL of medium. Rabbits in 
the control group (10 rabbits) were injected on the same schedule 
with 1 mL of medium without cells. The sham-operated group (8 
rabbits) received no treatment. Intra-articular injections were per-
formed under sterile conditions into the medial compartment of 
the operated joints. All rabbits were returned to their cages and al-

Group Cases
(n) Radiological score* Radiological score*

12 weeks 16 weeks       12 weeks     20 weeks                            
ACLT  5 3 3 3 3

3 4 3 4
3 4 2 4
2 3 3 4
3 4 2 3

ASCs-treated    5 2 2 3 1
3 3 3 1
3 1 2 2
3 2 4 1
4 3 3 2

Sham-operated 4 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

ACLT = anterior cruciate ligament transected group treated with medium (without cells); ASCs-treated = adipose-derived stem cell-treated group; Sham-
operated = sham operated group. *Based on the grading system proposed by Kellgren et al.,8 OA has been divided into �ve grades: 0 (none), 1 (doubtful), 2 
(minimal), 3 (moderate), and 4 (severe).  

Table 1. Summary of osteoarthritis (OA) scores at 12, 16, and 20 weeks.  

Figure 1. X-ray (lateral view) of sti�e joint in a control group rabbit at 12 
weeks (A) and 20 weeks after surgery (B). Severe arthritic changes includ-
ing large osteophyte (black arrow) and deformity of articular surface are 
visible, especially at 20 weeks.

Figure 2. Radiographs (lateral view) of sti�e joint in a rabbit from the 
ASCs-treated group at 12 weeks (A) and 20 weeks (B) after surgery. Ra-
diological signs of osteoarthritis (OA) including subchondral bone sclero-
sis, osteophytosis and deformities of the bone ends are evident in the 12th 
week. These features clearly decreased at 20 weeks.
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lowed unrestricted cage activity until sacri�ced. Animals were eu-
thanized at 16 weeks (5 rabbits in each group) and at 20 weeks (5 
rabbits in each group) after surgery. For the sham group, samples 
were randomly taken from the untreated right knees of the rab-
bits in both groups: two from the cell-treated group and two from 
the control group at weeks 16 and 20 after surgery. Animals were 
sacri�ced by an intravenous lethal dose of thiopentone (Nesdonal; 
Specia Rhône-Poulenc, Paris, France).

Radiological evaluation
Anteroposterior and lateral radiographs of the knee joints were 

obtained at weeks 12, 16, and 20 after surgery. Radiographs were 
performed in the Department of Diagnostic Radiology at the 
School of Veterinary Medicine, Shiraz University. The X-ray de-
vice used had the following characteristics: Toshiba DC.12m Ja-
pan, 42 kV, 250 mA, 32 ms, and 80 cm �lm-focus distance. The 
radiographs were scored according to a grading system proposed 
previously by Kellgren et al.8 This system was based on radiologi-
cal features that included narrowing of the joint space, presence of 
osteophytes, sclerosis of the subchondral bone, and deformity of 
the bone ends. According to the results of the radiographs, we clas-
si�ed OA into �ve grades of: 0 (none), 1 (doubtful), 2 (minimal), 
3 (moderate), and 4 (severe). The radiographs were scored by two 
independent readers blinded to all data regarding the rabbits.

Histological examination
After rabbits were sacri�ced, their joint surfaces were grossly ex-

amined. Distal femurs and proximal tibias were excised, with the 
knee joints intact. After �xation and decalci�cation, the specimens 
were cut into four pieces. All pieces were embedded in paraf�n, 
microtomed for 5 �L thickness and stained with hematoxylin and 
eosin, toluidine blue, and Safranin-O. Twelve slices for the distal 
femora and 12 slices for the proximal tibia plateau were analyzed. 
The severity of OA was graded as described by Mankin et al.9 In 
this system, a higher score indicates more severe damage.

Statistical analysis 
All data were presented as mean ± SD. Statistical analysis was 

performed using SPSS software version 15. The Kruskal-Wallis 
test was used to test for signi�cant differences among groups and 

pairwise comparison was performed using the Mann-Whi tney test 
with Bonferroni correction. Differences were considered signi�-
cant at P < 0.016.

Results

Radiographic findings
The data in Table 1 show radiological results at weeks 12, 16, 

and 20 after surgery. At 12 weeks after surgery OA changes that 
included marginal osteophytes, narrowing of the joint space, and 
subchondral bone sclerosis were observed in all joints subjected to 
ACLT. After 16 weeks, the OA score reduced slightly in three of 
the �ve cell-treated groups. The remaining two cell-treated joints 
remained unchanged compared with 12 weeks. In the control 
group, the OA score progressed during the follow-up period. 

At 20 weeks in the ASC-treated group, the radiological score for 
OA clearly decreased compared with the results from 12 weeks. 
However, the scores for the control knees increased (Figures 1A, 
1B, 2A, and 2B). 

Gross findings
In the control group all knees exhibited typical changes of OA 

with marginal osteophytes, erosion and �brillation of the articu-
lar cartilage, particularly in the medial femoral condyles. There 
were more extensive lesions noted at 20 weeks compared with 16 
weeks. In the cell-treated group, the articular cartilage exhibited a 
good gross appearance particularly at 20 weeks. Articular cartilage 
in the sham operated group was grossly normal with a glistening, 
consistent, and smooth surface.

Histology findings
Articular cartilage in the control group showed varying degrees 

of degenerative changes. Pathological changes of OA that includ-
ed irregularity of the articular surface, super�cial �ssures which 
extended to the middle and deep layers, and loss of proteoglycan 
staining were clearly visible in all joints at 16 and 20 weeks after 
surgery. Obvious hypocellularity was noted, especially at 20 weeks 
(Figures 3C and F). At 16 weeks after surgery cartilage tissue in the 
ASC-treated group showed mild surface irregularity, diffuse hy-
percellularity and clustering with moderate reduction in metachro-

Figure 3. Histopathological evaluation of articular cartilage at 16 (A-C) and 20 (D-F) weeks after surgery (toluidine blue 
staining, magni�cation: 40×). (A, D) Sham operated group with normal cartilage. (B, E) ASCs-treated group. The quality 
of cartilage improves over time in the experiment. The tissue has better structure, thickness, and surface regularity com-
pared to the untreated cartilages. Cartilage matrix consistently well-stained with toluidine blue. (C, F) ACLT group. Tis-
sues clearly show loss of cartilage, with cleft extending to the middle and deep zones, and chondrocyte hypocellularity.
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matic staining (Figure 3B). At 20 weeks, articular cartilage in the 
cell-treated group showed better condition when compared with 
16 weeks (Figure 3E). Articular cartilage in the sham-operated 
group had a normal histological appearance at 16 and 20 weeks 
(Figures 3A and D).

Histological quanti�cation by the Mankin scoring system is 
shown in Figure 4. At 16 weeks after surgery signi�cant differ-
ences were found between the sham (1.25 ± 0.50) and both the 
control (6.4 ± 1.14, P = 0.01) and cell-treated groups (5.2 ± 1.30, 
P = 0.01), however, there was no signi�cant difference between 
the cell-treated and control groups. At 20 weeks after surgery, the 
Mankin score for the ASC-treated group (2.8 ± 0.83) was signi�-
cantly lower than the control group (9.4 ± 1.51, P = 0.008) but 
did not differ signi�cantly from the sham group (1.5 ± 0.57). A 
signi�cant difference was observed between the sham and control 
groups (P = 0.01).

Discussion

OA is the major chronic disease leading to musculoskeletal mor-
bidity and functional loss.10 The etiology of OA is not completely 
understood; however, trauma, age, and genetics have been consid-
ered as risk factors.11 Numerous animal models of OA have been 
used to provide the nearest model comparable to human OA. The 
ACLT model is a surgically induced animal model that has been 
extensively used to study OA and its treatment.12–19 Previous stud-
ies have proven that 8–12 weeks after ACLT, the knee joint shows 
all signs of OA with cartilaginous damage and osteophytes in rab-
bits.12,14,20 

Radiology is one of the most commonly used methods for evalu-
ation of clinical modi�cations in the musculoskeletal system.21 In 
the current study, radiological assessments have also con�rmed 
OA changes that included subchondral bone remodeling, loss of 
joint space, and marginal osteophytosis in all joints subjected to 

ACLT 12 weeks after surgery. 
Conventional therapy for OA includes medication, nutritional 

supplements, and total surgical replacement of damaged carti-
lage.22–27 In recent years following the isolation of MSCs and ac-
cess to a suf�cient quantity of these clinically potential cells for 
regenerative medicine, more options have been added to the treat-
ment of several human chronic degenerative diseases, in particular 
OA.11,28,29

ASCs can be isolated from any organ that has a limited amount of 
adipose tissue, and is easy to be cultured and expanded. Therefore 
obtaining ASCs compared to those derived from bone marrow is a 
less aggressive procedure that is quantitatively advantageous.30–32 
The plasticity of MSCs, particularly those isolated from adipose 
tissue ,bone, cartilage, and even hepatocytes have been shown.5,33

In the present study we used scaffold-free allograft ASCs in a 
rabbit model of OA. Our results indicated that injection of allo-
geneic ASCs were highly tolerated by the recipient rabbits with 
no signs of immunological reaction, which was possibly due to 
the low immunogenicity34 and anti-in�ammatory characteristics 
of ASCs.35 The immunosuppressive effects of ASCs have been 
reported to be mediated through the secretion of soluble factors 
such as interleukin (IL)-10, indoleamine 2,3-dioxygenase (IDO), 
hepatocyte growth factor, TGF-�, prostaglandins, and nitric oxide. 
These characteristics and their differentiation potential introduce 
MSCs as a promising cell-based strategy for tissue engineering in 
autoimmune diseases.36 Here the injection of ASCs have shown 
clear evidence of reduction in the clinical signs of OA, particularly 
at 20 weeks after surgery. Radiological, morphological, and histo-
logical analyses have shown that results progressively improved 
during that time.

It has been demonstrated that synthetic scaffolds may increase the 
capacity of injected MSCs in their clinical applications, however, 
at the same time successful treatment of patients with scaffold-free 
MSCs have been reported in this and other studies.37,38
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Figure 4. Results of histologic quanti�cation according to the Mankin scale. Data are 
based on mean ± SD. *P < 0.016 compared to the sham group. **P < 0.016 compared 
to the OA group.
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In conclusion, this study provides in vivo experimental evidence 
indicating that intra-articular administration of ASCs obtained 
from subcutaneous adipose tissue can improve OA lesions. We 
note that studies with larger numbers of animals conducted over 
longer periods of time can provide more evidence of the effective-
ness of this approach for future strategies for cartilage repair in 
OA. Because adipose tissue is highly abundant and easy to harvest, 
they may be considered a more promising alternative to bone mar-
row as a source of MSCs.39 
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