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Abstract
Background

This study evaluated the effects of the stromal vascular fraction (SVF) and adipose-derived stem cells
(ADSCs) on cartilage injury in an osteoarthritis (OA) rat model.

Methods

Sodium iodoacetate (3 mg/50 μL) was used to induce OA in the left knee joint of rats. On day 14 after OA
induction, 50 μL of SVF (5 × 106 cells), ADSCs (1 × 106 cells), or 0.9% normal saline (NS) was injected
into the left knee-joint cavity of each group.

Results

A macroscopic view of the articular cartilage revealed a damaged, concave, and in�amed appearance in
the NS group. Histological sections revealed that the cartilage in the NS group was uneven and thin and
had hyperchromatic cell in�ltration. Notably, the conditions of articular cartilages improved on day 7 after
the SVF and ADSC treatments. Furthermore, the cartilage surface had recovered to nearly normal and
appeared smooth and bright on day 14 in the SVF and ADSC groups, and a thick cartilage layer was
observed on histology. Additionally, the white blood cell counts in the SVF and ADSC groups were higher
than those in the NS group on day 14. Plasma IL-1β levels on days 7 and 14 were reduced in the SVF and
ADSC groups.

Conclusion

These results indicated that both SVF and ADSC treatments may assist in articular cartilage regeneration
after cartilage injury. Cell therapy may bene�t patients with OA. However, clinical trials with humans are
required before the application of SVF and ADSC treatments in patients with OA. 

Background
Osteoarthritis (OA) is a common degenerative disorder of the articular cartilage in orthopedic elderly
patients with a poor self-healing function of the knee articular cartilage, which is prone to progressive
defects and dysfunction after injury [1]. In addition, lack of effective repair function of the articular
cartilage may contribute to some degenerative diseases of the knee, such as OA [1]. Signs and symptoms
of OA include joint pain , stiffness,  and joint swelling [2]. In OA, in�ammation can occur locally or
systemically, within the synovium, or with in�ammatory agents circulating in the blood [1, 3]. Cytokines
such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α are elevated in OA patients [1, 3]. The
OA treatment usually involves a combination of therapies, such as medications, physical therapy, and
even surgery [4, 5]. However, arti�cial materials used in surgical treatment may have a limited validity
period. Additionally, surgical procedures are complex and invasive, with high risk and varying prognosis
[5]. Thus, new treatment development is warranted. Stem cells provide a rich source of cells that have a
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therapeutic potential in OA treatment for reducing after-injury progression of OA [6]. Bone marrow-derived
mesenchymal stem cells (BMSCs), adipose-derived stem cells (ADSCs), and synovium-derived stem cells
possess the potential for cartilage formation [6]. The stromal-vascular fraction (SVF) can be extracted
from fat tissue, which contains multiple cell types, including ADSCs, adipose precursor cells, �broblasts,
smooth muscle cells, and endothelial progenitor cells [7–9]. Recently, the application of BMSC, ADSC, and
SVF for treating OA of the knee articular cartilage has become a hot research topic in preclinical or
clinical trials and has been well established [10]. However, the therapeutic potential of the SVF for OA in
comparison with that of ADSCs remains unclear. Considering in vivo treatment, the SVF and ADSCs have
their own e�cacy and drawbacks. SVF treatment is advantageous because the SVF has various cell
types. Moreover, autologous SVF preparation may be easier than autologous ADSC preparation because
in typical preparations, autologous ADSCs are puri�ed from the SVF [9,11,12]. Although ADSCs can be
manufactured from a single cell line using modern cell manufacturing techniques, a case implant with
the ADSC line has not yet been developed for use in clinical practice. ADSC treatment is advantageous
because cell purity is higher in ADSCs than in the SVF. However, autologous ADSC differentiation is
complicated and time-consuming. In this study, a rat model of sodium iodoacetate-induced OA was
employed to compare the tissue repair effects of intra-articular injections of the SVF and ADSCs. 

Materials And Methods
Animals

A total of 30 healthy adult male Sprague-Dawley rats (age: 8–10 weeks, weight: 300–350 g) were
purchased from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). The rats were housed in standard cages in a
humidity- and temperature-controlled room (humidity: 55% ± 15%; temperature: 22°C ± 1°C) with 12-hour
light–dark cycles and received standard amounts of food and water. This study protocol was approved
by the Institutional Animal Care and Use Committee (IACUC) of Tzu Chi University (No: 106009). All
experiments were performed in accordance with relevant guidelines and regulations of IACUC.

Isolation of SVF

Approximately 10 g of the fat tissue was obtained from the adipose tissue surrounding the rat kidneys.
The adipose tissue was cut into small pieces and washed in phosphate buffered saline (PBS) and was
digested using 0.2% collagenase I (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 40 min with gentle
shaking at 10-min intervals. The cell suspension was centrifuged at 700 × g for 10 min at 4°C. The
supernatant was discarded, and the pellet was resuspended in PBS, and �ltered through a 70-μm cell
strainer (Corning Inc., Corning, NY, USA). The suspension was then centrifuged at 700 × g for 8 min at
4°C. The SVF pellet was resuspended in 1 mL normal saline and was ready to use. The total cell count in
this SVF suspension was 1 × 108 cells. Each rat was intra-articularly injected with 5 × 106 cells/50 μL of
SVF.
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Differentiation of ADSCs

The ADSC differentiation method was modi�ed from previous research [13]. Approximately 10 g of fat
tissue was obtained from adipose tissue surrounding the rat kidneys. The SVF pellet was isolated and
resuspended in 10 mL Dulbecco’s modi�ed Eagle’s medium/nutrient mixture F-12 (DMEM-F12; Sigma-
Aldrich) containing 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA) and 10% fetal bovine serum
(Sigma-Aldrich). The cells were seeded in T75 �asks with an initial concentration of 1 × 106 cells/�ask
and incubated at 37°C under 5% CO2. The medium was changed every 3 days, and the cell growth was
observed under an inverted microscope every day. When the cells achieved approximately 70%–80%
con�uence, the cells were detached with 0.05% trypsin-EDTA (Gibco) and passaged in T75 �asks at a
concentration of 1 × 105 cells/�ask. Cells at the third passage were used for the experiment. The cell
suspension was centrifuged at 700 × g for 10 min at 4°C, and the ADSC pellet was resuspended in 1 mL
NS and was ready to use. The ADSCs used for rat intra-articular injection were freshly prepared without
cryopreservation. Ten microliters of the cell suspension was stained with trypan blue (Gibco) to count the
total cell number by using a cell counter slide (Hausser Scienti�c, Horsham, PA, USA) under a
microscope. Each rat was intra-articularly injected with 1 × 106 cells/50 μL of ADSC.

OA rat model and treatment 

The OA rat model was induced by an intra-articular injection of sodium iodoacetate [14, 15]. The rats were
randomly divided into three treatment groups: OA-NS, OA-SVF, and OA-ADSC. A single sodium iodoacetate
(Sigma-Aldrich) injection of 3 mg/50 μL was administered to the intra-articular cavity of the left knee to
construct the OA rat model. All groups underwent OA induction and were treated 14 days after induction.
The rats were administered intra-articular injections of 50 μL of NS (OA-NS group, as a control group), 50
μL of SVF (5 × 106 cells; OA-SVF group), and 50 μL of ADSCs (1 × 106 cells; OA-ADSC group) on day 14
after OA induction. Their right knees without any treatment were considered as the normal knee joints.

Blood sample analysis

Blood samples (1 mL) were collected on days 7 and 14 after the treatments. The white blood cell (WBC)
counts in the blood samples were measured using the Urit 2900 Vet Plus hematology analyzer (Diamond
Diagnostics Inc., MA, USA). The blood samples were then centrifuged at 800 × g for 10 min at 4°C. The
plasma samples were stored at −20°C for later measurement of cytokine concentration. In�ammatory
cytokine IL-1β levels were measured using the rat IL-1β ELISA kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. The optical density of each reaction was determined using
the Dynex MRX II microplate reader (Chantilly, VA, USA) at 450 nm, which was converted into
concentration using a standard curve. The results were expressed as pg/mL.

Macroscopic and histological analysis of knee cartilage

Bones and cartilages of the left and right knees were obtained on days 7 and 14 after the treatments.
Cartilages of the patellar surface, lateral and medial condyles, and tibial plateau were photographed
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using a digital camera (Nikon D70, Tokyo, Japan). The bone samples were �xed with 4% buffered
formaldehyde, decalci�ed with a decalcifying solution, dehydrated, cleared using ethanol series to xylene,
and embedded in para�n. The para�n blocks were cut into 5-μm tissue sections and mounted on
microscopic slides for staining. The sample slides were stained with hematoxylin and eosin (H&E) for
general morphology investigation and stained with safranin O for cartilage evaluation.
Immunohistochemistry (IHC) was performed to assess the type I collagen (COL-1) and type II collagen
(COL-2) in the tissues. After dehydration, the sections on the slides were covered with coverslips and were
examined microscopically. The IHC staining techniques were modi�ed from previous research [16]. 

Statistical analysis

Statistical analyses were performed using one-way analysis of variance followed by the Scheffe method
with IBM SPSS software version 22 (SPSS Inc., IBM, Chicago, IL, USA). All data are presented as mean ±
standard error of the mean; P values less than 0.05 were considered statistically signi�cant. 

Results
Sodium iodoacetate-induced OA rat model

After the induction of OA with intra-articular injection of sodium iodoacetate, the patellar surface, lateral
and medial condyles, and tibial plateau were observed on days 7, 10, and 14. Macroscopic analysis
revealed that the normal articular cartilage surface was smooth and bright, whereas the sodium
iodoacetate-injected cartilage was damaged, concave, and in�amed on day 14 (Fig. 1A). A thick layer of
the cartilage was observed in the normal articular cartilage samples on histological analysis, whereas the
sodium iodoacetate-injected cartilages were uneven, thin, and in�ltrated with hyperchromatic cells on day
14 (Fig. 1B). Plasma IL-1β levels increased after OA induction (Fig. 1C). IL-1β is a pro-in�ammatory
cytokine produced by joint tissues in patients or animals with OA [1, 17]. These results indicated that the
OA rat model was well established on day 14 after administration of sodium iodoacetate injection. 

Macroscopic view of knee articular cartilage after treatment. 

The sodium iodoacetate-induced OA rats were treated with NS, SVF, or ADSC intra-articular injection.
Figure 2 indicates that on day 7 after the treatments, the cartilages of the patellar surface, lateral and
medial condyles, and tibial plateau of the NS control group were severely damaged, concave, and
in�amed. However, the cartilages of the patellar surface presented no signs of OA in all rats, whereas the
cartilages of the condyles and the tibial plateau were slightly damaged and in�amed in the SVF and
ADSC treatment groups (Fig. 2). On day 14 after the treatments, the damage and in�ammation were
worse than those on day 7 in the NS group, wherein the articular cartilages of the patellar surface, lateral
and medial condyles, and tibial plateau were even more dilapidated. Importantly, no obvious appearance
of OA was observed through the cartilages of the patellar surface, lateral and medial condyles, and tibial
plateau in the SVF and ADSC treatment groups, which recovered similar to the normal articular cartilage
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(Fig. 2). These results suggested that SVF and ADSC treatments may contribute to cartilage repair and
regeneration in OA. 

Histological observations of articular cartilage after SVF/ADSC treatment. 

H&E staining revealed that the surfaces of condyle and tibial plateau were rough, the cartilage layer was
thin, and more hyperchromatic cells were observed in OA-induced tissues (Fig. 3). On days 7 and 14 after
SVF/ADSC treatment, a thick layer of cartilage without irregular surface was observed, which was
recovered similar to that of the normal cartilage (Fig. 3). These results suggested that both SVF and
ADSC treatments may contribute to cartilage regeneration in OA. 

Safranin O staining was also used to observe the cartilages in this study. The results indicated that the
amount of articular cartilage in NS group was less than that in ADSC treatment group both at the joint
and cement lines (Fig 4A, 4C, 4D, 4F). The amount of articular cartilage in SVF group was also less than
that in ADSC treatment group at the joint but approximately the same at the cement line (Fig 4A, 4B, 4D,
4E). The SVF group had more calci�ed cartilage at the joint compared with the other two groups and also
had the densest bone marrow of all the groups (Fig 4). 

Blood sample analysis of OA rat model after treatment. 

Blood samples (1 mL) were collected on days 7 and 14 after the treatments. WBC counts in the blood
samples and in�ammatory cytokine IL-1β levels were measured. The WBC counts were as follows: on day
14 after OA induction, 10.83 ± 0.75 × 109/L; on day 14 after the NS treatment, 8.82 ± 1.57 × 109/L; on day
14 after the SVF treatment, 11.3 ± 1.64 × 109/L; and on day 14 after the ADSC treatment, 12.32 ± 1.18 ×
109/L (Fig. 5A). The average plasma IL-1β level on day 14 after the induction of OA was 793.33 pg/mL.
However, the plasma IL-1β levels on day 7 after the treatments (Fig. 5B) were as follows: the SVF group,
87.55 pg/mL; the ADSC group, 79.67 pg/mL; and the NS group, 714.88 pg/mL. Notably, the plasma IL-1β
levels on day 14 after the SVF and ADSC treatments reduced to 75.42 pg/mL and 40.2 pg/mL,
respectively (Fig. 5B). These results suggested that SVF and ADSC treatments can cause remission of the
in�ammatory response. 

IHC analysis

In this study, type I collagen (COL-1) and type II collagen (COL-2) were stained using IHC. The IHC results
indicated that the NS group had the highest percentage of COL-1 and COL-2 positive cells both at the joint
area and cement line, and the positive cell percentages were approximately 8% and 18.72% for COL-1 and
41.8% and 36.26% for COL-2, respectively (Fig. 6C, 6F, 6I, 6L). The percentages of the SVF group were
8.84% and 8.49% for COL-2 positive cells, respectively, (Fig. 6H and 6K), which were lower than those in
the ADSC group (12.76% and 10.75% for COL-2 positive cells, respectively) (Fig. 6G, 6J). The differences
in COL-1 positive cell percentages between the SVF group and ADSC group were minuscule (within 1%;
5.53% versus 4.1% and 2.26% versus 2.98%, respectively; Fig. 6A, 6B, 6D, 6E).
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Discussion
In this study, the sodium iodoacetate-induced OA rat model was �rst well established (Fig. 1) and then
was used for comparing the therapeutic effects of the SVF and ADSCs on OA. The results revealed that
both the SVF and ADSCs possess a therapeutic potential for cartilage regeneration. After SVF or ADSC
treatment, an improvement was observed on day 7, and less tissue damage was noted during histological
examination–close to full recovery–on day 14 (Figs. 2 and 3). The tissue damage was more severe in the
NS control group on days 7 and 14 after the treatment than in the SVF and ADSC groups (Figs. 2 and 3).
These results demonstrated that both the SVF and ADSCs possess similar therapeutic potential for
treating OA.

After the therapeutic potential of SVF and ADSC treatments for OA were investigated, further research
was conducted to explore the possible mechanisms involved in SVF and ADSC treatment. Joint pain ,
stiffness, swelling, and in�ammation can occur locally or systemically, leading to the increase in
in�ammatory cytokine levels in OA patients [1–3]. In this study, WBC counts and plasma IL-1β levels were
examined to determine changes in systemic in�ammatory indicators after SVF and ADSC treatments. In
addition, histological analysis through H&E staining was performed to determine the changes in local
in�ammatory responses. The H&E staining results indicated that hyperchromatic cell in�ltration occurred
in the NS group on day 7 after treatment and increased on day 14 (Fig. 3). The observation of
hyperchromatic cell in�ltration on H&E staining indicated an in�ammatory response and an increase in
immune cells in the OA areas [18]. However, no such change was observed in the SVF and ADSC groups
(Fig. 3). 

Results of blood sample analyses revealed no difference in WBC counts between the SVF and ADSC
groups on day 7, whereas the count was higher than that in the NS group (Fig. 5A). Whereas the WBC
count decreased in the NS group on day 14, it slightly increased in the SVF and ADSC groups, without
signi�cant differences between the groups (Fig. 5A). These results indicated that the in�ammatory
responses occurred in the affected area after OA induction, leading to circulatory immune cell in�ltration
to the affected area. Histology and macroscopic evaluations conducted after the SVF and ADSC
treatments indicated that fewer immune cells in�ltrated the affected area, especially the area that had
almost healed on day 14. In addition, in�ammatory cytokine IL-1β levels were measured to investigate the
underlying process. IL-1β is a pro-in�ammatory cytokine produced by joint tissues in patients or animals
with OA [1, 17]. IL-1β also activates both innate and adaptive immunity during the early stages of
in�ammation [19]. IL-1β levels signi�cantly decreased on day 7 after SVF or ADSC treatments (Fig.
5B), which indicated a signi�cant anti-in�ammatory effect on the joint tissues in the early stages after
treatment. These results demonstrated that the SVF or ADSC treatment reduced not only the
accumulation of in�ammatory cells in the OA model but also the amount of in�ammatory cytokine IL-1β
in the blood circulation, and had a regulating effect on immunomodulation.

Under OA stress, chondrocytes are metabolically activated and typically increase the gene expression of
several matrix components, including Col-2, to restore the extracellular matrix (ECM) [20–22]. Type II
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collagen synthesis in OA is primarily localized in the deep zone in both animals and humans [23–25]. In
this study, we employed IHC stain to investigate the effects of ADSC and SVF during OA recovery. The
data indicated that SVF had lower COL-2 expression both in the joint area and cement line (Fig 6).
Research has reported that Prolyl-4-Hydroxylase type II and type II collagen gene expressions are
upregulated in OA [26]. Therefore, we propose that OA chondrocytes reduce COL-2 expression under SVF
treatment.

Figure 6 reports that type I collagen has no visual differences in the SVF and ADSC groups (Fig. 6A, 6B,
6D, 6E). Research has reported that the amount of type II collagen increased, and type I collagen mRNA
was produced during OA progression [27]. Both the SVF and ADSCs had positive effects on OA treatment,
and the SVF outperformed ADSCs because a lower COL-2 level slowed OA progression. In research
investigating the effects of stem cells on OA, Van Pham et al. concluded that the SVF combined with
platelet-rich plasma transplantation were an effective therapy for articular cartilage injury in a mouse
model [28]. Lee et al. demonstrated that ADSCs enhanced cartilage repair and delayed the progression of
OA in a rat model [29]. To our knowledge, no studies have compared the treatment effects of the SVF and
ADSCs in OA animal models. This study compared the therapeutic effects between the SVF and ADSCs
and revealed that the therapeutic effects on both two groups were similar in terms of the regeneration of
damaged cartilage and immunomodulatory effects. 

Overall, both SVF and ADSC treatments of the OA model demonstrated similar results or results with no
signi�cant difference in terms of cartilage regeneration and immunomodulating effects. The SVF
comprises multiple cell types, including ADSCs, adipose precursor cells, �broblasts, smooth muscle cells,
and endothelial progenitor cells [7–9], whereas autologous ADSCs are a pure cell population isolated
from the autologous SVF [7, 9, 11, 12]. In this study, although the total amount of cells injected into the
knee joint cavity were nearly the same between the two groups, the number of stem cells injected into the
cavity in the ADSC group was considerably higher than that in the SVF group. Although the amount of
stem cells administered to the ADSC group was considerably higher than that to the SVF group, the
therapeutic effects were found to be similar in both the groups. Thus, these results indicated that both the
SVF and ADSCs possess nearly the same therapeutic potential for OA treatment. Notably, both the SVF
and ADSCs are isolated from adipose tissues, but the cell suspension preparation methods for both are
different. Autologous ADSC implantation is still conducted in clinical studies. Type IV hypersensitivity can
be avoided by using autologous ADSC implantation instead of commercial ADSC products in the body.
Autologous ADSCs are pure cell populations isolated from the autologous SVF, and differentiation is a
more complicated and time-consuming process than the preparation of an autologous SVF cell
suspension [9, 11, 12, 30]. Moreover, SVF use is bene�cial because the SVF contains various cell types
[11]. Thus, if no signi�cant differences exist between the SVF and ADSCs for OA treatment, using the SVF
as an autologous cell therapy is in more compliance with medical cost bene�ts [11, 31]. 

Conclusion
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This study investigated whether ADSCs and the SVF improved tissue damage in OA as well as compared
the differences between these treatments. The results indicated that both SVF and ADSC therapies
presented therapeutic potential for cartilage regeneration in OA and that using the SVF for autologous cell
therapy may be more e�cient than using ADSC. Overall, this research provides a prospective suggestion
for cell therapy application strategies for clinical OA patients. However, this study included no modeling
of pain, which is a common symptom of OA in humans. Therefore, this study cannot provide conclusions
on the effects of these treatments on pain in patients with OS. Larger animal trials, human RCTS, and
phase II and III trials must be conducted before SVF and ADSC treatments can be validated and approved
for patients with OA. 

Abbreviations
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derived mesenchymal stem cell; NS: normal saline; PBS: phosphate buffered saline; WBC: white blood
cell; TNF: tumor necrosis factor; IL: interleukin; H&E: hematoxylin and eosin; IHC: immunohistochemistry;
COL-1: type I collagen; COL-2: type II collagen.
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Figure 1

Sodium iodoacetate induced osteoarthritis in rat model. (A) Macroscopic view of articular cartilage of
MIA-induced OA after 7, 10 and 14 days; (B) H&E staining of articular cartilage of MIA-induced OA after
14 days; (C) Plasma IL-1β level of MIA-induced OA after 7, 10 and 14 days. Data are expressed as mean ±
standard error of the mean.
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Figure 2

Macroscopic view of articular cartilage (patellar surface, lateral and medial condyle, tibial plateau) after
NS/SVF/ADSC treatment for 7 and 14 days.
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Figure 3

H&E staining of articular cartilage (patellar surface, lateral and medial condyle, tibial plateau) after
NS/SVF/ADSC treatment for 7 and 14 days.
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Figure 4

The Safranin O staining for evaluating the cartilage. A, B, C: joint area. D, E, F: cement line. Staining with
red area refer to articular cartilage; blue area refer to calci�ed cartilage. Hyperchromatic granules within
the calci�ed cartilage refer to bone marrow.
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Figure 5

Blood analysis of (A) WBC count and (B) plasma IL-1β concentration of OA rat model after
NS/SVF/ADSC treatment for 7 and 14 days. Data are expressed as mean ± standard error of the mean.
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Figure 6

IHC staining for evaluating the COL-1 (A–F) and COL-2 (G–L) in the joint. A, B, C, G, H, I: joint area. D, E, F,
J, K, L: cement line. Staining with brown area refer to COL-1/COL-2 positive cells.


