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Abstract
The stromal-vascular fraction (SVF), comprising heterogeneous cell populations and adipose-derived stromal cells (ADSCs), 
has therapeutic potential against osteoarthritis (OA); however, the underlying mechanism remains elusive. This study aimed 
to investigate the therapeutic effects of heterogeneous cells in rabbit SVF on rabbit chondrocytes. Rabbit SVF and ADSCs 
were autografted into knees at OA onset. The SVF (1 ×  105) and low-dose ADSCs (lADSC; 1 ×  104) groups adjusted for their 
stromal cell content were compared. Animals were euthanized 8 and 12 weeks after OA onset for macroscopic and histologi-
cal analyses of OA progression and synovitis. Immunohistochemical and real-time polymerase chain reaction assessments 
were conducted. In vitro, immune-fluorescent double staining was performed for SVF to stain macrophages with F4/80, 
CD86(M1), and CD163(M2). OA progression was markedly suppressed, and synovitis was reduced in the SVF groups 
(OARSI histological score 8 W: 6.8 ± 0.75 vs. 3.8 ± 0.75, p = 0.001; 12 W: 8.8 ± 0.4 vs. 5.4 ± 0.49, p = 0.0002). The SVF 
groups had higher expression of collagen II and SOX9 in cartilage and TGF-β and IL-10 in the synovium, lower expression 
of MMP-13, and lower macrophage M1/M2 ratio than the lADSC groups. Immunofluorescent double staining revealed a 
markedly higher number of M2 than that of M1 macrophages in the SVF. The therapeutic effects of SVF on chondrocytes 
were superior than those of lADSCs, with enhanced anabolic and inhibited catabolic factors. Heterogeneous cells, mainly 
M2 macrophages in the SVF, enhanced growth factor secretion and chondrocyte-protective cytokines, thus benefiting chon-
drocytes and knee joint homeostasis. Overall, the SVF is a safe, relatively simple, and a useful treatment option for OA.
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Introduction

Recent years have witnessed progressive advances in the 
treatment of osteoarthritis (OA) owing to the advent of 
relatively new therapies that directly repair damaged tissue 
through the intra-articular injection of mesenchymal stro-
mal/stem cells (MSCs) [1]. MSCs have therapeutic effects by 
suppressing inflammatory and immune-mediated responses 
through their paracrine effects on the host microenvironment 

and polarizing tissue-resident macrophages to an alterna-
tively activated (M2) state. The significance of this exist-
ing paradigm is that the stem/progenitor function of MSC 
is independent of paracrine function and is not essential 
for anti-inflammatory or immunosuppressive function [2]. 
Therefore, in this study, we used the term “stromal cell” 
instead of “stem cell”. Adipose-derived stromal cells 
(ADSCs) are easily harvested from the adipose tissue in 
large quantities [3]. The therapeutic efficacy of ADSCs, as 
well as the potential of cell differentiation in adipogenesis, 
osteogenesis, chondrogenesis, and myogenesis, is compa-
rable to that of bone marrow-derived mesenchymal stromal 
cells (BMSCs) against nerve injury and diabetic ulcers in 
animal models [3–6]. Therefore, the application of ADSCs 
in regenerative medicine has gained increased interest as an 
adjunctive therapy and showed promising results.
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In addition, recent preclinical and clinical trials have 
reported the potential of the adipose-derived stromal-vas-
cular fraction (SVF), comprising a heterogenous cell popula-
tion in treating knee OA [7, 8]. SVF is obtained by digesting 
adipose tissues mechanically or enzymatically without the 
need for culturing, thus facilitating a one-step surgical pro-
cess for regenerative treatment [9]. Additionally, SVF has 
been reported to be as effective as ADSCs in basic research 
studies [8–12]. Furthermore, the paracrine effects of SVF 
and ADSCs on chondrocytes determine their inhibitory 
effect on the development of OA [13, 14]. Moreover, recent 
systematic reviews and meta-analyses in clinical practice 
reported that SVF is a safe and useful treatment for OA, as 
it improved pain, functionality, and anatomy; however, small 
number of studies were conducted with different conditions 
[15–18]. However, the mechanisms underlying the effects of 
SVF on chondrocytes remain unclear.

SVF comprises heterogeneous cells, including ADSCs, 
macrophages, pericytes, fibroblasts, blood cells, endothelial 
cells, smooth muscle cells, and their progenitor cells [8]. 
The proportion of ADSCs in SVF varies widely, with values 
ranging from less than 1% to more than 16% [19]. There-
fore, the therapeutic effects of SVF may be attributed to 
the functions of different cellular populations; however, the 
mechanisms of the paracrine effects of these heterogeneous 
cell populations on chondrocytes need to be explored [9, 20].

Among the heterogeneous cells in SVF, macrophages 
have received attention as a potential OA therapeutic target 
[21, 22]. Macrophages polarize into inflammation-induced 
(M1) or anti-inflammatory (M2) phenotypes. In particular, 
M2 macrophages induce the production of chondrogenic 
cytokines, including transforming growth factor (TGF)-β 
and interleukin (IL)-10, and play important roles in wound 
healing [23, 24]. The chondroprotective effect of IL-10 is 
mediated by the downregulation of inflammatory cytokines 
and chondrocyte apoptosis [25, 26]. Furthermore, articular 
chondrocytes secrete TGF-β and IL-10, and the expression 
of their respective receptor chains has been demonstrated 
[27, 28]. Macrophages comprise approximately 20% of SVF 
[29], and most macrophages in SVF belong to the M2 phe-
notype [30, 31]. Therefore, M2 macrophages are speculated 
to play an important role in determining the therapeutic 
potential of SVF on chondrocytes. However, there is a lim-
ited number of studies reporting on the paracrine effects 
of SVF or its macrophages on chondrocytes [32, 33]; these 
studies noted macrophage polarization and migration within 
the knee joint after intra-articular administration of SVF. 
However, they did not focus on macrophages as heterologous 
cells contained in SVF.

Therefore, this study primarily aimed to investigate the 
therapeutic effects of heterologous cells, including mac-
rophages present in rabbit SVFs, on rabbit chondrocytes by 
comparing them to a control group and an ADSC group 

adjusted for ADSC content. The secondary objective was to 
investigate the mechanisms underlying the paracrine effects 
of SVF on chondrocytes compared to ADSCs. Our research 
question is “Is SVF more effective in promoting cartilage 
anabolism and inhibiting catabolism in a rabbit OA model 
compared to lADSCs containing the same amount of stem 
cells?” We hypothesized that treatment with SVF, in addi-
tion to the effect of ADSCs, promotes M2 polarization of 
macrophages in the synovium through the effect of M2 
macrophages in heterologous cells and suppresses cartilage 
degeneration by promoting cartilage anabolism and inhibit-
ing catabolism through the paracrine effect.

Materials and Methods

In Vivo Experiments

Establishment of Rabbit OA Model

Skeletally mature male New Zealand white rabbits (age: 6 
months, body weight: 3.4 ± 0.2 kg) were used in this experi-
ment. This study was approved by our institutional animal 
management and use committee. OA was surgically induced 
by anterior cruciate ligament (ACL) transection (ACLT) fol-
lowing the procedures described in previous studies [34, 35]. 
In the ACLT procedure, a 2 cm skin incision was made, 
and the ACL was exposed using the medial parapatellar 
approach. For optimal ACL visualization, the patella was 
moved laterally, and the knee was fully flexed. The tissue 
fragments between the upper and lower ligament stumps 
were removed as much as possible to prevent spontaneous 
ligament reattachment. To confirm that the ACL was com-
pletely transected, a gentle ACL test was performed. The 
joints were washed using sterile saline and closed. Surgi-
cal procedures were performed under sterile conditions and 
general anesthesia with isoflurane inhalation. Postopera-
tive ACLT rabbits were allowed unrestricted cage activity. 
Rabbits were carefully observed for complications, such as 
infections. Rabbit OA models were established 8 weeks after 
ACLT following previous studies [34, 36]. Rabbits were 
euthanized at the onset of OA and at 8 and 12 weeks after 
onset of OA via intravenous injection of sodium pentobarbi-
tal to obtain knee-joint specimens. The study design is sum-
marized in Supplementary Information 1. The independent 
variable was treatments of lADSC, hADSC, or SVF, while 
the dependent variable was their effect on OA progression.

Preparing SVF and ADSCs

SVF was isolated following the protocol described in a 
previous study [3, 37]. Rabbit adipose tissue (1.5 g) was 
collected from the adipose tissue pouch in the interscapular 
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region along the dorsal line, which extends approximately 
5 cm from the skull to the cranium. The obtained adipose 
tissue was washed using phosphate-buffered saline (PBS; 
Wako, Osaka, Japan) and shredded for 5 min. Afterward, 
collagenase D (Roche, Basel, Switzerland) was dissolved 
in 20 mL PBS (final concentration of 0.12%) and was 
added to the adipose tissue; digestion was then carried out 
in an incubator at 37 °C for 45 min. The mixture was infil-
trated every 15 min during the digestion period. As soon 
as the reaction was complete, 20 mL Dulbecco’s modified 
Eagle’s Medium (DMEM; Sigma-Aldrich, St Louis, MO, 
USA) was added to stop collagenase activity and filtered 
using a cell strainer (BD Falcon™, Aichi, Japan). The 
resulting filtrate was centrifuged at 1,300 rpm for 6 min at 
25 °C, the supernatant was removed, and the cell popula-
tions in the pellet were counted under a microscope.

SVF pellets were then seeded at a density of 5 ×  104 
cells/cm2 in tissue culture plates in DMEM complete 
medium supplemented with 10% fetal bovine serum 
(FBS), 100 units/mL penicillin (Sigma-Aldrich), and 
100 µg/mL streptomycin (Sigma-Aldrich) in a humidified 
atmosphere of 5% CO2 and 95% air. According to previ-
ous reports, after culturing for 1 week, the cells were col-
lected with trypsin-EDTA, centrifuged at 1,300 rpm for 
6 min, and washed twice with PBS to obtain ADSCs [3, 
38]. Cell populations in the pellets were counted using 
a microscope.

Cell counts of 1 ×  105 SVFs and 1 ×  105 and 1 ×  104 
ADSCs were prepared under sterile conditions in 1 mL 
rabbit serum albumin (RSA, 4%; Sigma-Aldrich) in a 1 
mL syringe. The rabbits were divided into four groups 
and injected with 1 ×  105 SVFs (SVF group), 1 ×  105 
ADSCs (high-dose ADSC; hADSC group), 1 ×  104 
ADSCs (low-dose ADSC; lADSC group), and 1 mL 
4% RSA (control group). As SVF contains heterogene-
ous cells in addition to ADSCs, its therapeutic effect is 
thought to be mainly due to the synergistic effect of the 
functions of ADSCs and other cell populations [19, 39]. 
Therefore, based on previous reports [19] and the results 
of the colony-forming unit-fibroblast (CFU-F) assay 
(described later), in this study, the SVF/ADSC ratio was 
set at 10% and included an amount of ADSCs equiva-
lent to that in the SVF and lADSC groups to determine 
the therapeutic potential of the heterogeneous cells in 
SVFs. To prevent articular cartilage damage, a needle 
was inserted into the knee joint, specifically behind the 
lateral edge of the patella at the femur-tibia junction, for 
sample injection into the joint capsule. This procedure 
was performed 8 weeks after ACL resection when the 
subject transitioned into an OA model. Subsequently, 
the knee was bent, and the rabbit was held in the same 
position for several minutes. Comparisons were made 
between the control, lADSC, hADSC, and SVF groups.

CFU-F Assay

SVF at 2 ×  103 cells/cm2 were seeded in tissue culture plates 
containing DMEM supplemented with 10% FBS, 100 µg/
mL streptomycin, 5 ng/mL fibroblast growth factor-2 (FGF-
2; R&D Systems, Minneapolis, MN, USA), and 100 units/
mL penicillin. The medium was replaced every 2–3 days to 
eliminate nonadherent cells. The cells were grown for 10–14 
days, and the adherent cells were obtained from the cultures 
(n = 5). Once colonies were formed, the cells were stained 
with 0.5% crystal violet in methanol (Kanto Chemical Co., 
Ltd., Tokyo, Japan) for 10 min after removing the medium. 
Colonies comprised from more than 40 cells were sorted and 
counted under a microscope, and the number of colonies was 
normalized to that of the seeded cells [40].

Macroscopic Analysis

Macroscopic photographs were acquired using a Nikon 
D3000 camera (Nikon, Tokyo, Japan). Cartilage lesions 
of the rabbits were classified following the Osteoarthritis 
Research Society International (OARSI) OA Cartilage His-
topathologic Assessment System and scored as reported in 
previous studies (n = 6) [41]. Two separate examiners (AK, 
YK) then performed a blind evaluation of each, and the aver-
age score was considered final.

Histological Analysis

For histological analysis, the femoral joint specimens from 
the four groups of rabbits were placed in 10% neutral buff-
ered formalin (n = 5). The specimens were then decalci-
fied using 4% ethylenediaminetetraacetic acid at room 
temperature (20–25℃) for 3 weeks. Specimens were then 
embedded with paraffin and cut into sagittal sections to 
generate thin sections of approximately 8 μm. The general 
morphology and proteoglycan content of cartilage tissue 
were assessed by safranin-O/fast green (Sigma-Aldrich) 
staining. Hematoxylin & eosin (H&E) staining was also 
performed to evaluate synovitis. Histological sections 
were visualized under a BZ-X700 microscope (Keyence, 
Osaka, Japan), evaluated by two separate examiners (AK, 
YK) in a blinded fashion, and quantified according to the 
OA Cartilage Histopathologic Assessment System of the 
OARSI [41]. The synovium was scored for synovitis using 
the modified OARSI score [41, 42].

Immunohistochemistry

Immunohistochemical examinations of the four groups 
were performed after deparaffinization (n = 5). To block 
endogenous peroxidase activity, the sections were incu-
bated with 3% hydrogen peroxide (Wako Pure Chemicals, 
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Osaka, Japan) for 30 min. Knee cartilage was evaluated 
using collagen type II (Collagen II) (1:25; Novus Bio-
logical, Littleton, CO, USA), SRY box (SOX)-9 (1:50; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 
matrix metalloproteinase (MMP)-13 (1:25; Thermo Fisher 
Scientific, Waltham, MA, USA) mouse monoclonal anti-
bodies. Knee synovium was evaluated using CD86 (M1 
macrophage marker) (1:50; Abcam, Tokyo, Japan) and 
CD163 (M2 macrophage marker) (1:50; Abcam). All 
antibody dilutions were prepared in PBS; after overnight 
incubation with primary antibodies at 4 °C, the sections 
were stained with horseradish peroxidase-conjugated anti-
mouse immunoglobulin G antibody (N-Histofine Simple 
Stain MAXPO; Nichirei Bioscience, Tokyo, Japan) and 
incubated at room temperature for 30 min. Signals were 
detected using 3,3′-diaminobenzidine (Histofine Simple 
Stain DAB solution; Nichirei Bioscience) and generated 
as a brown reaction product.

Semi-quantitative immunohistochemistry analysis was 
performed using six microscopic fields of view (×100 mag-
nification) on the anterior, central, and posterior regions of 
cartilage tissue. For complete protein expression evaluation, 
a semi-quantitative method of assigning immunohistochemi-
cal values as a percentage of positive regions (collagen II) 
or positive cells (SOX-9 and MMP-13) was employed with 
a maximum value of 100%. The M1/M2 (CD86/163) ratio 
was used to evaluate macrophage counts in the synovium. 
The average of the gray values normalized by the number of 
nuclei was estimated to determine the expression levels, as 
described in a previous study [43]. Analyses were performed 
by two investigators (KA and YK) in a blinded manner.

RT-PCR

For RT-PCR analysis, knee joint specimens were collected 
from the control, lADSC, hADSC, and SVF groups; knee 
joint cartilage tissue and synovial membrane were harvested. 
Articular cartilage was obtained by exposing the femoro-tib-
ial joint and scraping off the surrounding articular cartilage 
causing OA using a scalpel. Total RNA was extracted from 
chondrocytes and synovium using the Trizol®LS reagent 
(Thermo Fisher Scientific) and the RNeasy® Mini Kit (Qia-
gen, Valencia, CA, USA) and reverse transcribed using the 
High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA). RT-PCR amplification 
of cDNA was performed in duplicate on an Applied Bio-
systems 7500 RT-PCR system (Thermo Fisher Scientific). 
Primers used in the RT-PCR (Table 1) were synthesized by 
Thermo Fisher Scientific Inc. The mRNA expression levels 
in chondrocytes and synovium in the four groups were eval-
uated using RT-PCR and compared to the glyceraldehyde 
3-phosphate dehydrogenase levels (n = 6).

In Vitro Experiments

Pellet Co-Culture

Isolation and culture of primary cultured chondrocytes were 
performed using knee articular cartilage tissue harvested 
from a rabbit OA model 8 weeks after the ACLT. Surgeries 
were performed under sterile conditions and general anes-
thesia. After harvesting, the joints were washed with sterile 
saline and closed. Subsequently, sliced thin cartilage tissue 
was stripped, diced, and digested in DMEM containing 0.2% 
collagenase D for 2 h 30 min. A nylon filter (70 mm) was 
used to remove undigested cartilage. Subsequently, the pel-
let was harvested by removing the supernatant after centri-
fuging at 1,200 rpm for 5 min at 25 °C. The chondrocyte 
pellets were resuspended in DMEM, including 10% FBS 
supplemented with 100 units/mL penicillin, 100 mg/mL 
streptomycin solution, and 0.1 mM dexamethasone (Sigma-
Aldrich). The chondrocytes were then incubated at 37 °C in 
a humidified atmosphere of 5%  CO2/95% air. Chondrocytes 
were grown in a monolayer and passaged when confluence 
was reached— the chondrocyte cells after two passages were 
used for the assay. Additionally, a separate co-culture sys-
tem was used to confirm the paracrine effects of SVF and 
lADSCs on chondrocytes. SVF and ADSCs were isolated 
from rabbits whose cartilages had previously been har-
vested. Chondrocyte pellets (1 ×  105 cells) were converted 
to a chondrogenic medium by adding DMEM containing 
15% FBS, 100 U/mL penicillin, and 100 mg/mL streptomy-
cin. The medium was converted to a chondrogenic medium 
by adding DMEM containing 0.1 mM dexamethasone, 0.4 
mM proline (Sigma-Aldrich), 1% insulin-transferrin-sodium 
selenite (Sigma-Aldrich), 50 mM ascorbic acid-2-phosphate 

Table 1  Gene-specific primer sequences used for real-time PCR

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; collagen II, 
collagen type II; MMP-13, matrix metalloproteinase-13; SOX-9, SRY 
box-9; TGF-β, transforming growth factor-β; IL-10, interleukin-10

Gene Primer sequences

GAPDH Forward: 5′-CTC TGC TCC TCC TGT TCG AC-3′
Reverse: 5′-GCG CCC AAT ACG ACC AAA TC-3′

Collagen II Forward: 5′-TGG ACG ATC AGG CGA AAC C-3′
Reverse: 5′-GCT GCG GAT GCT CTC AAT CT-3′

MMP-13 Forward: 5′-ACT GAG AGG CTC CGA GAA ATG-3′
Reverse: 5′-GAA CCC CGC ATC TTG GCT T-3′

SOX-9 Forward: 5′-AAG CTC TGG AGA CTT CTG AACG-3′
Reverse: 5′-CGT TCT TCA CCG ACT TCC TCC-3′

TGF-β Forward: 5′-CAG CAA CAA TTC  CTG GCG ATA-3′
Reverse: 5′-AAG GCG AAA GCC  CTC AATTT-3′

IL-10 Forward: 5′-GGC TGA GGC TGC GAC AAT -3′
Reverse: 5′-TGC CTT GCT CTT GTT TTC ACA-3′
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(Sigma-Aldrich), and 500 ng/mL osteogenic protein-6 
(Sigma-Aldrich). Chondrocyte aliquots were centrifuged 
at 1,200 rpm for 5 min into pellets and were collected at 
the bottom of a 15 mL tube. Pellets and SVF (1 ×  105 cells) 
or lADSC (1 ×  104 cells) were separated in sterile culture 
plate inserts (Millicell; Millipore, Burlington, MA, USA). 
A control group was established with no cells in membrane 
plates and only OA chondrocytes in 15 mL tubes. To clearly 
confirm the therapeutic effect of heterologous cells con-
tained in SVF, in vitro experiments and comparison with 
lADSC containing the same amount of stromal cells were 
performed; consequently, the hADSC group was excluded. 
Pellets were incubated at 37 °C under 5%  CO2; the medium 
was changed every 2–3 days (n = 5). After 3 weeks, pellet 
sizes were evaluated and stained using safranin-O.

Enzyme-Linked Immunosorbent Assay (ELISA)

After 48 h of pellet co-culture, supernatants from the first 
exchange were collected. The concentrations of growth fac-
tors and cytokines released in control, lADSC, and SVF 
groups were determined following the manufacturer’s pro-
tocol provided along with sandwich ELISA kits (TGF-β: 
LifeSpan Biosciences, Seattle, USA; IL-10: Novus Bio-
logicals, Colorado, USA). IL-10 was five-fold concentrated 
using Amicon Ultra® centrifugal filters (Merck, Darmstadt, 
Germany) and measured (n = 5). Results were normalized to 
the amount of DNA in the control group.

Immunohistochemical Staining of Macrophages

Fresh SVF (1 ×  105 cells) and ADSCs (1 ×  105 cells) were 
washed with PBS for 5 min and treated with 0.3%  H2O2 
and methanol for 20 min. Cells were treated with 5% nor-
mal goat serum prepared in PBS and 0.3% Triton X-100 
(blocking buffer) for 1 h at 37 °C. Immunohistochemistry 
was performed with anti-F4/80 (1:200; Synaptic Systems, 
Göttingen, Germany) and anti-CD86 (1:200; Abcam, Tokyo, 
Japan) antibodies. In addition, double staining with anti-
F4/80 and anti-CD163 antibodies (1:200, Abcam, Tokyo, 
Japan) was performed. F4/80 was used as pan-macrophage, 
CD86 as M1 macrophage phenotype, and CD163 as M2 
macrophage phenotype marker. After incubation with pri-
mary antibodies for 1 h at room temperature, samples were 
incubated with Alexa Fluor® 488-conjugated donkey anti-
rat IgG (1:1000; Bethyl Laboratories, Montgomery, AL, 
USA) or Alexa Fluor® 594-conjugated goat anti-mouse 
(1:1000; A90-131D4, Bethyl Laboratories) for 2 h at room 
temperature. Cells were finally counterstained with DAPI 
(Thermo Fisher Scientific), and fluorescent signals were 
captured using fluorescence microscopy. The percentage 
of CD163-positive cells compared to CD86-positive cells 
among F4/80-positive cells was also evaluated. Cell counts 

were examined by two blinded observers (KA and YK) in 
five fields of view. The average percentage of CD86- and 
CD163-positive cells relative to F4/80-positive cells was 
calculated (n = 5).

Statistical Analysis

Statistical analysis was performed using Statistical Pack-
age for the Social Sciences (SPSS) software (version 16.0, 
IBM Corp., Armonk, NY, USA). Results are presented as 
the mean ± standard deviation (SD). The chi-square test or 
one-way analysis of variance followed by a posteriori Tuk-
ey’s test was performed to compare the results between the 
groups. Statistical significance was set at p < 0.05.

Results

In Vivo Experiments

SVF Suppressed OA Progression More Effectively Compared 
to ADSC Adjusted to the Same Amount of Stromal Cells

In macroscopic analysis, control group demonstrated severe 
progression of cartilage erosion during twelve weeks after 
OA onset. lADSC group showed moderate progression of 
macroscopic cartilage fibrillation at eight and twelve weeks 
after OA onset, with lower OARSI score compared to control 
groups. However, cartilages treated with SVF showed mild 
macroscopic progression of cartilage degeneration compared 
to IADSC group with lower OARSI score at 8 and 12 weeks 
post OA onset. Besides, the OARSI score in the hADSC and 
SVF groups did not differ significantly (Fig. 1a).

In histological evaluation, articular cartilage at 8 and 
12 weeks showed the same trend as macroscopic evalua-
tion. Importantly, histological findings in the control group 
showed the progression of OA changes, including the loss of 
proteoglycans and chondrocyte density in the superficial and 
intermediate layers of the cartilage layer. The lADSC group 
also showed a progression of OA changes, including the 
loss of proteoglycans in the intermediate zone and the loss 
of chondrocyte density in the midzone, with lower OARSI 
score compared to control groups, although to a lesser 
extent. However, hADSCs and SVF prevented the develop-
ment of OA with retention of cartilage matrix. The OARSI 
scores in lADSC, hADSC, and SVF groups were markedly 
lower than those in the control group at both 8 and 12 weeks 
after OA onset. Moreover, the OARSI scores were consider-
ably lower in the SVF group than those in the lADSC group; 
however, no significant differences were observed between 
the OARSI scores in the hADSC and SVF groups (Fig. 1b). 
In the synovium, the control group showed synovitis with 
lymphocytic infiltration and multilayering. In contrast, the 
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lADSC group showed synovitis with mild multilayering, and 
the hADSC and SVF groups showed only mild synovitis. 
The modified OARSI scores for synovitis were also consid-
erably lower in the lADSC, hADSC, and SVF groups than in 
the control group at 8 weeks after the onset of OA. In addi-
tion, the score was considerably lower in the SVF group than 
in the lADSC group at 8 weeks after the onset of OA, but 
the modified OARSI scores in the hADSC and SVF groups 
did not show significant differences (Fig. 1c).

SVF Promoted Cartilage Anabolism and Inhibited Cartilage 
Catabolism

In immunohistochemical analysis, lADSC, hADSC and SVF 
treatments showed evidence of a chondroprotective effect, 

with the control group scoring markedly higher than the con-
trol group at 8 and 12 weeks in the immunohistochemical 
staining of collagen II after the onset of OA. They promoted 
the expression of large amounts of collagen II in cartilage 
tissues compared to the control group. In addition, a remark-
ably greater positive area was detected in the SVF group than 
in the lADSC group. In contrast, no significant differences 
were observed in the positive areas between the hADSC and 
SVF groups (Fig. 2a). At 8 and 12 weeks after OA onset, 
lADSC, hADSC and SVF groups promoted higher SOX9 
expression in cartilage tissue than in the control group, with 
the control group showing a marked reduction in chondro-
protection in the immunohistochemical staining. In addition, 
a considerably higher percentage of positive regions were 
detected in the SVF group than in the lADSC group. No 

Fig. 1  a Macroscopic analysis 
of femoral condyles. Typical 
specimens at the onset of osteo-
arthritis (OA) (8 weeks after 
ACLT) and 8 and 12 weeks 
after OA onset. The surface of 
the cartilage was stained with 
India ink to confirm fibrosis and 
erosion. Macroscopic OA score 
at 8 weeks and 12 weeks after 
OA onset in each group. b His-
tological analysis of femoral 
condyles. Safranin-O/fast green 
staining of a typical specimen at 
OA onset (8 weeks after ACLT) 
and 8 and 12 weeks after OA 
onset. Scale bar = 100 μm. 
OARSI scores at 8 weeks and 
12 weeks after OA onset in each 
group. c Histological analysis 
of synovium. H&E staining of a 
typical specimen 8 weeks after 
OA onset. Modified OARSI 
synovitis scores at 8 weeks after 
OA onset for each group

(a)

(b)

(c)
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significant difference in positive cell ration was observed 
between the hADSC and SVF groups (Fig. 2b). The expres-
sion of MMP-13 was relatively high in the control group 
compared to that in the other three groups at 8 and 12 weeks. 
Moreover, a considerably lower percentage of positive cells 
was detected in the SVF group than in the lADSC group, 
whereas hADSC and SVF groups did not show significant 
differences in positive cell ratio (Fig. 2c). Furthermore, In 
RT-PCR of chondrocytes, Collagen II and SOX9 expression 
was extensively higher and MMP-13 expression was con-
siderably lower in chondrocytes from the lADSC, hADSC 
and SVF groups than those in chondrocytes from the control 
group at 8 and 12 weeks after OA onset. In addition, col-
lagen II and SOX9 expression was considerably higher and 
MMP-13 expression was lower in the SVF group than in the 

lADSC group. In contrast, no significant differences were 
observed in collagen II, SOX9, and MMP-13 expression 
between the hADSC and SVF groups (Fig. 2d).

SVF Increased M2 Macrophage Polarization in Synovium

Immunohistochemical findings in synovial tissues showed 
that the CD86/CD163 expression ratio (M1/M2 ratio) was 
considerably lower in the lADSC, hADSC and SVF groups 
than that in the control group at 8 weeks post-OA onset, 
indicating increased M2 macrophage infiltration. Moreover, 
the M1/M2 ratio was remarkably lower in the SVF group 
than that in the lADSC group, while no significant difference 
was observed in M1/M2 ratio between the hADSC and SVF 
groups (Fig. 3a). Additionally, in RT-PCR of synovial cells, 

Fig. 2  a Immunohistochemi-
cal analysis of collagen II 
in cartilage. Representative 
samples at 8 and 12 weeks after 
OA onset. Scale bar = 100 mm. 
Percentage of collagen II 
positive areas at 8 weeks and 12 
weeks after OA onset in each 
group. b Immunohistochemical 
analysis of SOX-9 in cartilage. 
Representative samples at 8 
and 12 weeks after OA onset. 
Scale bar = 100 mm. Percentage 
of SOX-9 positive cells at e 8 
weeks and 12 weeks after OA 
onset in each group. c Immu-
nohistochemical analysis of 
MMP-13 in cartilage. Repre-
sentative samples at 8 and 12 
weeks after OA onset. Scale 
bar = 100 mm. Percentage of 
MMP-13 positive cells 8 weeks 
and 12 weeks after OA onset in 
each group. d Real-time PCR 
(RT-PCR) of collagen II, SOX9, 
MMP13. RT-PCR of collagen 
II, SOX9, and MMP13 expres-
sion performed using total RNA 
extracted from rabbit chondro-
cytes 8 and 12 weeks after OA 
onset

(b)

(c)

(a)

(d)
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the expression of TGF-β and IL10 was remarkably higher, 
and MMP-13 was remarkably lower in the lADSC, hADSC 
and SVF groups than in the control group at 8 and 12 weeks 
after OA onset. In addition, the expression of TGF-β and 
IL10 was extensively higher, and that of MMP-13 was exten-
sively lower in the SVF group than in the lADSC group, 
whereas no significant differences were observed between 
the hADSC and SVF groups (Fig. 3b).

In Vitro Experiments

SVF Contained M2 Polalyzed Macrophages, Secreted 
Significantly More Growth and Anti-Inflammatory Factors, 
and Increased Chondrogenesis Compared to lADSC 
Adjusted to the Same Amount of Stromal Cells

Pellet Co-Culture Pellet co-cultures were performed to 
evaluate the proliferation of chondrocytes when cultured in 
the presence of SVF and ADSC paracrine factor (Fig. 4a). 
Pellets from all groups stained positive for safranin-O and 
exhibited a vitreous extracellular matrix containing round 
chondrocytes. Pellet size analysis revealed that the co-cul-
tured chondrocytes formed markedly larger pellets in the 
lADSC and SVF groups than in the control group, with the 
pellet size of the SVF group being markedly larger than that 
of the lADSC group (Fig. 4b).

ELISA in the Co-Culture Medium TGF-β and IL-10 lev-
els between the three groups differed extensively in the 
co-culture medium. They were the highest in the SVF 
group, followed by the lADSC group, and the lowest in the 

control group (TGF-β: Mean ± SD; control:386.3 ± 54.6, 
lADSC:773.0 ± 129.0, SVF:1108.0 ± 147.8, SVF vs. lADSC: 
p = 0.0044, SVF vs. control: p < 0.0001, lADSC vs. con-
trol: p = 0.0015; IL-10: Mean ± SD; control:9.3 ± 1.28, 
lADSC:23.7 ± 3.5, SVF:49.0 ± 4.6, SVF vs. lADSC: 
p < 0.0001, SVF vs. control: p < 0.0001, lADSC vs. control: 
p = 0.0002).

Immunohistochemistry of Macrophages in SVF

Macrophages in fresh SVF were labeled with F4/80. The 
number of macrophages in SVF double-stained with F4/80 
and CD163 was higher than those stained with either F4/80 
or CD86. However, in ADSCs, no cells were labeled with 
F4/80, CD86, or CD163. The percentage of CD163-positive 
cells in SVF relative to F4/80-positive cells was markedly 
higher than for CD86-positive cells (Fig. 4c).

Discussion

In the present study, macroscopic, histological, and molecu-
lar analyses were performed in vivo using a rabbit experi-
mental OA model to assess the therapeutic effect of SVF 
and ADSCs on OA. Macroscopic and histological analysis 
revealed that the SVF group was superior to the lADSC 
group in inhibiting OA progression and synovitis and was 
almost equivalent to the hADSC group. In addition, the 
immunohistochemical staining and expression of collagen 
II and SOX9 was the highest in the hADSC and SVF groups, 
followed by the lADSC group, and was the lowest in the 
control group at 8 and 12 weeks post-OA onset. Sox-9, a 

Fig. 3  a Immunohistochemical 
analysis of CD86 and CD163 
in synovial tissue. Representa-
tive samples 8 weeks after OA 
onset. Scale bar = 100 mm. 
CD86/CD163 expression ratio 
(M1/M2 ratio) in each group. 
The sections were counter-
stained with hematoxylin. 
b Real-time PCR (RT-PCR) 
of TGF-β, IL-10 and MMP13 
expression. RT-PCR of TGF-β, 
IL-10, and MMP13 using total 
RNA extracted from rabbit 
synovial cells 8 and 12 weeks 
after OA onset

(a)

(b)



2415Stem Cell Reviews and Reports (2023) 19:2407–2419 

1 3

chondrogenic transcription factor, plays a crucial role in 
increasing chondrogenesis, particularly by activating the 
co-expression of collagen II [44, 45]. Taken together, the 
findings of the previous [14, 46] and the present studies sug-
gest that intra-articularly injected SVF and ADSCs promote 
the secretion of anabolic factors in chondrocytes. In contrast, 
the immunohistochemical staining and mRNA expression 
of MMP-13 was low in the lADSC-, hADSC-, and SVF-
injected knees compared to 4% RSA-injected knees; the 
suppression of its expression was higher in the SVF group 
than in the control and lADSC groups but was comparable 
to that of the hADSC group. MMP-13 has been reported to 
be involved in cartilage damage in OA [47] and is used as 
an indicator of OA treatment efficacy in OA models in vivo 

[38]. In summary, in vivo, the SVF treatment showed con-
siderably increased anabolic and reduced catabolic effects on 
the cartilage compared to the control and lADSC treatments; 
however, these effects of SVF treatment were comparable to 
those of hADSC.

Next, we explored the involvement of macrophage in the 
synovium in the in vivo experimental OA model to under-
stand the underlying mechanism of the OA-alleviating 
effects of SVF and ADSCs on chondrocytes. Recent studies 
suggest that macrophages in the synovium play a key role 
in OA pathogenesis [21, 22, 48]. In vivo, M1 macrophages 
in the synovium aggravate experimental OA, while M2 
macrophages reduce its progression [21, 49]. In particu-
lar, an increased M1/M2 ratio is associated with increased 

Fig. 4  a Separated pellet 
co-culture system. ADSC and 
SVF groups were established 
between each administered cell 
in membrane plates and OA 
chondrocytes in 15 mL tubes. A 
control group was established 
with no cells in membrane 
plates and only OA chondro-
cytes in 15-mL tubes. b Gross 
photographs and safranin-O 
staining of the resulting pellets 
in each group. Pellet size in 
each group. c Representative 
double immunostaining of 
rabbit F4/80 (green) and rabbit 
CD86 (red) in ADSC and SVF 
groups. Scale bar: 20 μm for 
the right panel and 50 μm for 
the other panels. Representa-
tive double immunostaining of 
rabbit F4/80 (green) and rabbit 
CD163 (red) in the two groups. 
Scale bar: 20 μm for the right 
panel and 50 μm for the other 
panel. Comparison of the ratio 
of CD86-positive to CD163-
positive cells in F4/80-positive 
cells by immunohistochemical 
staining

(b)

(a)

(c)
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expression of inflammatory cytokines and has been shown 
to induce OA [50]. In this study, lADSCs, hADSCs, and 
SVF treatments extensively ameliorated synovitis in the 
synovium and reduced the M1/M2 ratio at 8 weeks after 
OA onset compared to control treatment. Previous studies 
reported that ADSCs had an anti-inflammatory effect due to 
the M2 macrophage polarization [51, 52]. The translocation 
of intra-articularly administered SVF to the synovium was 
reported to increase the number of M2-like macrophages in 
the synovium in an OA mouse model [33]. The co-culture 
of macrophages with SVF markedly increased the percent-
age of M2 macrophage-positive markers [33]. In the present 
study, the synovitis, M1/M2 macrophage ratio, and M2 mac-
rophage polarization were markedly improved in the SVF 
group compared to those in the control and lADSC groups. 
Taken together, we inferred that immunomodulation via 
macrophage polarization to the synovium induced by intra-
articular injections of SVF and ADSCs contributes to the 
attenuation of OA in rabbits. In addition, the present study 
also demonstrated that at 8 and 12 weeks post-OA onset, 
expression of TGF-β and IL-10, which are expected to be 
secreted by M2 macrophages, was considerably increased, 
while that of MMP-13, a catabolic factor, was considerably 
suppressed in the synovial cells of lADSC, hADSC, and 
SVF groups compared to those in the synovial cells of the 
control group. These results suggest that the OA-alleviating 
effect of SVF is also attributed to the paracrine effect of M2 
macrophages, which may improve synovial membrane and 
knee joint homeostasis and cartilage protection.

Furthermore, we performed in  vitro experiments to 
confirm the findings of our in vivo experiments. Previous 
studies reporting the paracrine effects of SVF and ADSCs 
demonstrated an increase in chondrogenesis in the co-culture 
of chondrocytes with SVF and ADSCs [14, 53], thus con-
firming that SVF and ADSCs can promote the release of 
collagen II and SOX-9 expression in chondrocytes [13]. In 
this study, the separated pellet co-culture had a markedly 
larger pellet size in the SVF group than that in the control 
and lADSC groups. In addition, the levels of TGF-β and 
IL-10, the paracrine factors in ADSCs [54, 55], were higher 
in the SVF group than in the lADSC group, as detected via 
ELISA using the culture medium at the first exchange. These 
results indicate that SVF paracrine factors may be secreted 
not only by ADSCs, but also by other heterogeneous cells 
in SVF. Immunohistochemical staining also confirmed the 
anti-inflammatory phenotype of most macrophages in SVF 
by double staining with F4/80 and CD163. However, cells 
were not stained with F4/80 in the ADSC group, which may 
be attributed to the fact that ADSCs are pure stem cells. 
Macrophages comprise approximately 20% of the SVF [28], 
and approximately 80% of these macrophages were also pos-
itive for F4/80, a pan-macrophage cell surface marker, and 
approximately 70% for the M2 anti-inflammatory marker 

[30, 31]. These results are similar to what we obtained in this 
study. M2 macrophages secrete TGF-β and IL-10, induce 
collagen II expression in chondrocytes, and decrease MMP-
13 expression [56]. Additionally, TGF-β has been reported 
to contribute to chondrocyte regeneration partially through 
the Smad2/3 signaling pathway [57]. Macrophages that have 
acquired the M2 phenotype upregulated the expression of 
anti-inflammatory cytokines, including IL-10 and TGF-β, 
upon coculture with MSCs and ADSCs [58]. In summary, a 
comparison of SVF and lADSCs suggests that the effect of 
SVF may be attributed to its heterogeneous cell composition, 
mainly comprising M2 macrophages, which are responsible 
for the secretion of growth factors and cartilage-protective 
cytokines, such as TGF-β and IL-10, which may contribute 
to the therapeutic effect of SVF on chondrocytes.

In addition, SVF has advantages in clinical use. In terms 
of cell harvesting, both SVF and ADSC have a lower donor 
site morbidity than BMSC [2–7]. Furthermore, SVF is 
obtained by mechanical or enzymatic digestion of adipose 
tissues, without the need for culture, thus making it easier 
and safer to use than ADSCs, which require weeks of cell 
culture [59, 60]. SVF is safe, feasible, and advantageous 
compared to ADSCs because it provides adequate cell num-
bers without culture or multiple passages [61]. Recently, the 
usefulness of intraoperative cell isolation and seeding tech-
niques for creating scaffolds for in situ tissue-engineered 
grafts directly in the operating room has been reported for 
the treatment of bone defects　[62, 63]. These techniques 
may also be applicable to the treatment of OA, and it is pos-
sible that SVF harvested during surgery, encapsulated in the 
scaffold, and implanted in situ in cartilage defects may be 
more effective than intra-articular injection of SVF. How-
ever, in dermatology, limited efficacy of MSCs alone in the 
treatment of diabetic skin ulcers and failure to achieve com-
plete recovery have been reported [64]. A better therapeutic 
effect may be achieved by using adjuvant therapy such as the 
aforementioned scaffold in combination with SVF [62, 63].

Our study had some limitations. First, we adminis-
tered SVF and ADSC in fixed doses via single injection; 
however, the optimal dose in the rabbit model has not yet 
been determined. Second, we used a rabbit OA model 
for this experiment. Because rabbits are quadrupeds, the 
established OA model may not necessarily translate to a 
human model owing to differences in postural and gait 
dynamics between rabbits and humans. Third, although 
the normal lifespan of a New Zealand rabbit is approx-
imately 5 years, the New Zealand rabbits used in this 
study were only 6 months old; thus, they may not cor-
respond to the changes in OA in middle-aged humans. 
Fourth, adding a healthy group as a control group may 
lead to a more accurate judgment of the therapeutic 
effect in each group. Lastly, histological and immuno-
histochemical evaluations in this study were performed 
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primarily using semi-quantitative methods; therefore, 
more objective and accurate quantitative methods should 
be taken into consideration in future research.

Conclusion

Both SVF and hADSCs promoted chondrocyte anabolism 
and inhibited catabolism compared to controls and lADSCs; 
however, no significant differences were observed between 
them. The therapeutic effect of SVF was superior to that of 
lADSCs containing the same amount of stromal cells. Het-
erogeneous cells in SVF, particularly the M2 macrophages, 
promoted the secretion of growth factors and chondrocyte-
protective cytokines, which could have contributed to the 
therapeutic effect of SVF on chondrocytes and maintenance 
of homeostasis in the knee joint. Moreover, the method of 
SVF collection was simpler than that used for ADSCs. Col-
lectively, we concluded that SVF has some advantages over 
ADSC and may be a useful treatment option for OA.
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tary material available at https:// doi. org/ 10. 1007/ s12015- 023- 10589-z.
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