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Abstract

Objective: Vascular endothelial growth factor (VEGF) is elevated in joint fluids from patients 

diagnosed with osteoarthritis (OA). VEGF is known to contribute to vascular tidemark invasion 

and osteophyte formation, which are classic features of advanced OA. Among the factors that may 

drive VEGF accumulation in diseased joints, stromal cell-derived factor-1α (SDF-1α) is a likely 

culprit, as it is enriched in synovial fluids from osteoarthritic joints and is a potent inducer of 

VEGF expression. Chondrogenic progenitor cells (CPCs) that overexpress SDF-1α are abundant 

in osteoarthritic cartilage, implicating them in elevating synovial SDF-1α levels. Here we 

conducted a series of experiments to determine the potential for CPCs to stimulate VEGF 

expression via autocrine and paracrine mechanisms.

Design: Immunohistochemistry, immunoblotting, and PCR were used to evaluate the effects of 

SDF-1α on VEGF expression in CPCs and chondrocytes, and the effects of CPC-conditioned 

medium on chondrocytes. An SDF-1α receptor antagonist and inhibitors of mitogen-activated 

protein kinases (MAPKs) were used to probe the pathway linking SDF-1 with VEGF expression in 

CPCs.
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Results: SDF-1α and CPC-conditioned medium stimulated VEGF expression in chondrocytes. 

In both chondrocytes and CPCs, SDF-1α stimulated increased VEGF expression via CXCR4, a 

cell-surface SDF-1α receptor. This response in CPCs is dependent on p38 MAPK activation, but 

not on ERK or JNK activation.

Conclusions: By secreting SDF-1α, CPCs stimulate VEGF expression in nearby cells. The co-

expression of SDF-1 and CXCR4 in CPCs indicates they are capable of self-sustained VEGF 

overexpression. Confirmation that this contributes to OA awaits in vivo studies.
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INTRODUCTION:

Osteoarthritis is characterized by slowly progressive degeneration of articular cartilage with 

joint-space narrowing, subchondral bone alteration, synovitis and osteophyte formation [1, 

2]. Recent studies have shed light on the abnormalities of angiogenesis and cartilage 

metabolism during the development of OA, and confirmed that a variety of cytokines and 

chemokines are involved in the progression of the disease [3, 4].

Angiogenesis is the growth of new capillaries from pre-existing blood vessels. Abnormal 

blood vessel formation at the cartilage-subchondral bone interface may contribute to the 

progression of OA [5]. Osteochondral angiogenesis is accompanied by the generation of 

sensory and sympathetic nerves, suggesting a role in joint pain [6]. During osteophyte 

formation, blood vessels also penetrate newly formed cartilage at the joint margins [6, 7]. 

Vascular endothelial growth factor (VEGF) is a major regulator of vasculogenesis and 

angiogenesis plays a vital role in tissue regeneration [8]. VEGF can dramatically affect 

chondrocytic proliferation, apoptosis and metabolism, and induces the release of 

metalloproteinases (MMPs) and other mediators that contribute to cartilage matrix 

degradation [9–11]. Hashimoto et al. found that hypertrophic chondrocytes in osteophytes 

also expressed VEGF, which indicated that VEGF plays a role in angiogenesis during 

osteophyte formation [12]. More recently, it was reported that VEGF levels in the knee 

synovial fluid of OA patients was ten-fold higher than that in paired plasma, and VEGF 

levels in plasma and synovial fluid were both positively correlated with radiographic severity 

of knee OA [13].

Stromal cell-derived factor 1α (SDF-1α) is an 8-kDa chemokine isolated from bone marrow 

stromal cells. SDF-1α acts by binding to its cell-surface receptor, CXCR4, a 7 

transmembrane G-protein coupled receptor. The interaction of SDF-1α and CXCR4 not only 

plays an important role in catabolic processes in cartilage through releasing MMPs and 

interleukin-6 (IL-6), but also regulates the proliferative activity of chondrocytes [14–18]. In 

addition, in normal human CD34+ cells, megakaryoblasts and acute leukemia cells, SDF-1α 
can stimulate production of VEGF through binding to CXCR4 [19, 20]. SDF-1α was shown 

to be dramatically increased in the synovial fluids from OA patients, suggesting that 

SDF-1α may be involved in the progression of OA [21].

Wang et al. Page 2

Osteoarthritis Cartilage. Author manuscript; available in PMC 2019 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We showed previously that chondrogenic progenitor cells (CPCs), migrate and proliferate in 

response to cartilage injuries and others have shown that CPCs can be found migrating on 

damaged cartilage surfaces in osteoarthritic joints [22–25]. CPCs responding to cartilage 

injuries express SDF-1α and multiple cytokines at higher levels than chondrocytes [25, 26]. 

Although the role of SDF-1α in VEGF expression has been studied in some cell types, the 

signaling pathway for SDF-1α in VEGF production in CPCs has not been extensively 

studied. Based on these findings, we hypothesized that CPCs have the potential to contribute 

to intra-articular VEGF. We tested this by characterizing the expression of SDF-1α and 

VEGF by CPCs. To determine if SDF-1α secreted by CPCs was bioactive we measured 

VEGF expression in chondrocytes cultured in CPC-conditioned medium, with or without 

AMD3100, an SDF-1α receptor antagonist. Finally, to determine which intracellular kinases 

were involved in mediating the effects of SDF-1α on VEGF expression, we performed 

phosphoprotein analysis on CPCs exposed to SDF-1α, and SDF-1α with MAPK inhibitors.

MATERIALS AND METHODS:

Materials

SDF-1α, AMD3100, PD98059 (inhibitor of ERK1/2), SB203580 (inhibitor of p38) and 

SP600125 (inhibitor of JNK) were all purchased from Sigma Aldrich (St. Louis, MO). Anti-

bovine rabbit polyclonal antibody specific for VEGF was purchased from Santa Cruz 

Biotechnology (Dallas, TX). Rabbit anti-bovine total and phosphorylated P38, ERK1/2, 

JNK antibodies and HRP-conjugated goat anti-rabbit IgG were purchased from Cell 

Signaling Technology (Danvers, MA). Biotinylated anti-rabbit IgG (H+L) antibody was 

purchased from Vector Laboratories (Burlingame, CA).

Cartilage harvest

25mm×25mm Cartilage explants were harvested from tibia plateau of healthy stifle bovine 

joints (Bud’s Custom Meats, Riverside, IA). The explants were then cultured in culture 

medium (Dulbecco’s modified Eagle’s medium (DMEM) with nutrient mixture F12 (1:1) 

containing 10% fetal bovine serum, 50 μg/ml L-ascorbate, 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 2.5 μg/ml Fungizone) at 37˚C with 5% CO2.

Chondrogenic Progenitor Cells (CPCs) isolation and culture

After two days of equilibration, bovine explants were scratched using by 30 gauge sterile 

needles to create X-shaped matrix tears of 0.5 mm in depth. After seven days post-injury, 

explants were treated with 0.25% Trypsin-EDTA (GIBCO, NY) for 10 mins to detach 

migrating CPCs from the surface. CPCs were collected by centrifuging at 300 G for 5mins, 

and seeded in T-225 flasks (Corning, NY) (6.3×106 cells per flask). CPCs of the first 

passage were cultured in 12-well culture plates (0.1×106 cells per well). After two days 

culture and 24 hrs of serum starvation, cells were treated with SDF-1α (20 ng/ml, 50 ng/ml 

and 100 ng/ml) with or without pretreated with AMD3100 (200 ng/ml) for 2hrs and then 

incubated in incubator at 37°C, 5% CO2, 5% O2 for 24 hrs. To examine the downstream 

signaling pathways involved in SDF-1α treatment, CPCs were pretreated with multiple 

inhibitors (PD98059, inhibitor of ERK1/2; SB203580, inhibitor of p38; and SP600125, 
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inhibitor of JNK, the concentration of all the three inhibitors is 10μM) for 1 hr before 

SDF-1α (100 ng/ml) treatment.

Chondrocyte isolation

After isolation of CPCs, the cartilage was shaved off and cut into smaller pieces. Then the 

cartilage tissue was digested in 0.3% protease (Sigma) and 0.3% collagenase (Sigma) 

dissolved in serum-free media for 16 hrs. The next day, centrifuged the digestion media at 

2000rpm for 10mins and resuspended with culture media and seeded the cells into T-225 

flasks (Corning, NY) (6.3×106 cells per flask).

Immunohistochemical staining for VEGF

6 mm diameter osteochondral plugs without subchondral bone were harvested from bovine 

tibia plateaus of healthy stifle joints using biopsy punches, and then incubated in culture 

medium. Following two days in culture, osteochondral plugs were treated with 100 ng/ml 

SDF-1α with or without pretreatment of AMD3100 (200 ng/ml for 2 hrs). After 24 hrs 

incubation, osteochondral plugs were coated with TFM Tissue Freezing Medium (Electron 

Microscopy Sciences, Hatfield, PA) and stored at −20°C for future usage. Five micron 

sections were cut with a Reichert-Jung microtome for immunohistochemical staining. 

Sections were fixed in 10% neutral buffered formalin for 30 seconds, and treated with 0.3% 

hydrogen peroxide for 15 mins to block endogenous peroxidase. They were also treated with 

10% normal goat serum 1% BSA in TBST for 40 mins to reduce non-specific binding. 

Sections were then treated with rabbit anti-bovine VEGF (1:50) overnight at 4°C. On the 

following day, they were incubated with biotinylated secondary antibody for 30 mins. 

Sections were treated with Elite ABC reagent (Vector Laboratories), followed by emersion 

for 5 mins in diaminobenzidine (DAB) substrate for development.

Gene expression analysis

CPCs were treated with SDF-1 for 24 hrs with or without 2 hr-pretreatment of 200 ng/ml 

AMD3100. To determine the effect of MAPK inhibitor on SDF-1 stimulated VEGF 

expression, CPCs were also treated with 50 ng/ml SDF-1 for 24 hrs with or without 1 hr-

pretreatment of 10 μM MAPK inhibitor (SB203580, PD98059, SP600125). Total RNA was 

extracted with the combination for Trizol Reagent (Life Technologies) and RNeasy Mini Kit 

(QIAGEN, Valencia, CA), according to the manufacturer’s instructions. Real time PCR 

analysis was carried out using TaqMan reverse transcription reagents and SYBR green PCR 

Master Mix (Applied Biosystems). Custom specific primers were purchased from Integrated 

DNA Technologies (Coralville, IA) (Table 1). β-actin was used as an internal reference gene. 

Relative quantitative method (2-ΔΔCT) was used to calculate the relative expression levels of 

VEGF among different groups.

Western blot analysis

For VEGF protein expression and kinase activation studies, CPCs were plated on 6-well 

plates and treated with SDF-1α for different concentration and time intervals (0, 5 mins, 15 

mins, 30 mins, 1 hr, 2 hrs). In addition, groups of chondrocytes were stimulated with CPC 

conditioned media (0, 20%, 40%, 60% and 80%) for 24 hrs with or without AMD3100 (200 
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ng/ml for 2 hrs) were also prepared. All the cultured cells were lysed for 20 mins with cold 

lysis buffer: 10 mM Tris-base, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% 

Triton X-1α00, 0.1% sodium deoxycholate, 50 mM NaF, 1 mM ethyleneglycol bis 

tetraacetic acid (EGTA), 1 mM glycerol phosphate, 1 mM Na3VO4, 10 μg/ml aprotinin, 10 

μg/ml leupeptin, 1 mM ethylenediaminetetraacetic acid (EDTA), 2.5 mM sodium 

pyrophosphate decahydrate with 1:100 fold dilution of protease inhibitor cocktail III. Equal 

volume and weight of the protein was applied per lane, and electrophoresis was then 

performed under denaturing conditions on a 10% SDS gel, and transferred to a nitrocellulose 

membrane at 4°C overnight. The blots were blocked with 5% BSA in TBST for 1 hr at room 

temperature and the probed with rabbit anti-bovine antibodies against VEGF (1:200), total 

phosphorylated P38 (1:1000), ERK1/2 (1:1000), JNK (1:1000) and β-actin (1:2000) 

antibodies at 4°C overnight. After three washes, the blots were subsequently incubated with 

a HRP-conjugated goat anti-rabbit IgG secondary antibody (1:10000) for 1 hr at room 

temperature. The blots were visualized by Super Signal Chemiluminescent Substrate kit. 

The blot images were analyzed using Quantity One software.

Statistical Analysis

For western blots, we calculated the relative optical density by Quantity One (version 4.62). 

And the quantity graphs of western blot results were obtained through comparing the 

relative value of the target protein to β-actin. For immunohistochemical quantitative 

comparisons, data of each group were obtained from more than 6 visual fields. All 

quantitative data are presented as mean with 95% confidence interval (95% CI). Statistical 

tests were performed using SPSS software version 21 (SPSS, Sigma Stat). One-way analysis 

of variance (ANOVA) was used for mean comparisons. P values less than 0.05 were deemed 

to indicate a statistically significant difference. Each data point represents 3 independent 

experiments performed with different batches of cells and tissue.

RESULTS

Immunohistochemical staining for VEGF

The role of CXCR4 in SDF-1α-induced VEGF expression in articular cartilage was 

determined by immunohistochemical staining for VEGF in osteochondral explants that were 

exposed to SDF-1α with or without pre-treatment with AMD3100, an SDF-1α receptor 

antagonist. Integrated optical density was applied to quantify the results. This analysis 

showed that SDF-1α significantly increased VEGF expression in cartilage (Fig.1 A, B, D-

G), especially in the superficial zone (Fig.1 A, B, H). AMD3100 strongly suppressed VEGF 

induction by SDF-1α (Fig.1 B, C, D-G), implicating CXCR4 in the response pathway.

Western blot for VEGF

CPCs were treated with SDF-1α (20 ng/ml, 50 ng/ml and 100 ng/ml) with or without 

pretreatment with AMD3100 (200 ng/ml) for 2 hrs. Western blot results showed that 

SDF-1α increased VEGF protein expression relative to untreated controls by 1.72-, 1.54-, 

and 1.61-fold in cells treated with 20, 50, and 100 ng/ml SDF-1α, respectively. The 

increases were statistically significant (p = 0.045, 0.011 and 0.005 respectively) (Fig.2 A and 

B). AMD3100 reduced SDF-1α-induced VEGF expression by 34% in the 20 ng/ml group, 
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55% in the 50 ng/ml SDF-1α group, and 79% in the 100 ng/ml SDF-1α group. These effects 

were highly significant (p = 0.013, 0.001, and 0.001 for 20, 50, and 100 ng/ml respectively). 

(Fig.2 A and C).

RT-PCR for VEGF

Bovine CPCs were treated with SDF-1α (20 ng/ml, 50 ng/ml and 100 ng/ml) for 24 hrs, RT-

PCR indicated that SDF-1α at 50 ng/ml increased mRNA of VEGF expression 1.96-fold (p 
= 0.004) (Fig.3 A), The CXCR4-specific chemical inhibitor AMD3100 antagonized 

SDF-1α-induced VEGF mRNA expression (relative fold change: 1.30 vs 1.96, p = 0.045) 

(Fig.3 A). Although all three kinase inhibitors tended to reduce the SDF-1α response, the 

effect was only significant for the p38 inhibitor SB203580, which reduced VEGF expression 

in SDF-1α-treated cultures by 43% ( p = 0.041) (Fig.3 B).

Effect of SDF-1α on mitogen-activated protein kinases (MAPK) signaling pathway in 
chondrogenic progenitor cells

The levels of total and phosphorylated p38, ERK and JNK were measured by western blot 

analysis to determine which MAPK signaling pathway was activated by SDF-1α, The 

relative absorbance ratio of p-p38 to t-p38 in the cells treated with SDF-1α for 5min was 

2.21 (Fig.4 A), while for the cells treated with SDF-1α for 15min, the relative ratio was 

2.06. The expression levels of p-p38 between blank, SDF-1α treated for 5min and SDF-1α 
treated for 15min were identified to be significantly different (p = 0.025 and 0.033, 

respectively; Fig.4 A). The relative mean absorbance ratio of p-ERK1/2 over t-ERK1/2 in 

the SDF-1α treated for 5min, 15min and 30min were 9.85, 7.46 and 5.48, respectively, 

significant differences were observed between these three groups and the untreated group (p 
= 0.002, 0.008 and 0.048, respectively) (Fig. 4 B). Similarly, p-JNK to t-JNK was low in 

control group, increased progressively from 5min after SDF-1α treatment, peaked at 30min, 

and then declined gradually. Relative value of p-JNK to t-JNK of CPC after treated with 

SDF-1α 5min, 15 min and 30min were 2.06, 2.57 and 2.78, respectively, along with 

significant differences with untreated group (p=0.025, 0.001 and 0.001, respectively) (Fig.4 

C). These results indicated that the above proteins were activated following SDF-1α 
treatment for 5min, and that activation was sustained for up to 30 min

Effects of CPC conditioned media on chondrocyte VEGF expression

Chondrocytes were cultured in media containing varying proportions of CPC-conditioned 

media (20%, 40%, 60%, and 80%). Half of the cultures were treated with AMD3100. VEGF 

expression was assessed by western blot analysis of chondrocyte extracts (Fig. 5). The 

analysis revealed that CPC-conditioned media had dose-dependent stimulatory effects on 

chondrocyte VEGF expression, and that AMD3100 pretreatment completely suppressed this 

response. At higher doses of conditioned media (>40%), VEGF expression was driven below 

baseline.

DISCUSSION

We hypothesized that CPCs, which are known to be present in significant numbers in 

damaged and degenerating cartilage, may contribute significantly to the pathogenic 
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accumulation of VEGF in joints. We found that CPCs simultaneously over-expressed VEGF 

and SDF-1α, and that medium conditioned by CPCs stimulated VEGF expression in 

chondrocytes. CPCs responded to SDF-1α with increased VEGF synthesis, an effect that 

depended on CXCR4 and p38 activation. The latter observations suggest that persistent 

overexpression of VEGF by CPCs may be supported by sustained autocrine/paracrine 

stimulation of the SDF-1α pathway. Taken as a whole these findings support the possibility 

that CPCs may help to drive the increase in VEGF seen in fluids from injured and 

osteoarthritic joints.

Immunohistochemical staining showed that SDF-1α increased VEGF expression in normal 

cartilage, especially in the superficial zone, a finding that was consistent with a previously 

published study [27]. Furthermore, RT-PCR and western blot analysis showed that SDF-1α 
up-regulated VEGF expression in isolated CPCs, indicating that CPCs and superficial 

chondrocytes both contribute to the pool of VEGF in joint fluids. As expected, AMD3100, 

an SDF-1α antagonist that blocks the activation of the CXCR4 receptor, inhibited the 

SDF-1α-stimulated increase in VEGF expression by both cell types [17, 28].

Downstream signaling kinases activated by SDF-1α-CXCR4 binding in other cell types 

include p38, JNK, and ERK MAPKs, and PI3K. These in turn have been shown to up-

regulate the expression of VEGF, MMPs, and IL-8, which all play significant roles in OA 

progression [20]. Phospho-specific immunoblots confirmed that SDF-1α treatment activated 

all 3 MAPKs in CPCs, but VEGF expression was substantially blocked only by a p38-

specific inhibitor, and not by ERK- and JNK-specific inhibitors. These findings suggest that 

other factors that activate p38, including pro-inflammatory cytokines, may synergize with 

SDF-1α in stimulating VEGF expression.

Conditioned medium from CPCs stimulated a dose-dependent increase in VEGF expression 

by chondrocytes, an effect that was completely blocked by AMD3100. These results 

confirmed that SDF-1α was the main VEGF-inducing factor in conditioned medium, and 

was present in sufficient quantities to promote chondrocyte VEGF expression. These data 

support the hypothesis that CPCs elicit VEGF expression in other cell types primarily via 

SDF-1α secretion. However, we cannot rule-out the possibility that other factors secreted by 

CPCs influenced the results.

Our results indicate that CPCs are capable of expressing high levels of VEGF themselves, 

and of amplifying VEGF expression in chondrocytes. Although these data do not 

demonstrate that CPCs contribute to the overabundance of VEGF in synovial fluids, they do 

endorse an in vivo investigation of the impact of PCCs on the pathogenesis of OA. Indeed, 

our plan forward is to test CPC inhibitors and activators that we identified in the explant 

model for disease-modifying activity in established animal models of PTOA.
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Figure 1. 
Immunohistochemical staining for VEGF showed significantly increased expression of 

VEGF in the SDF-1α treated group (B, D-G) especially in the superficial zone of the 

cartilage (H), while AMD3100 impaired the SDF-1α-induced expression of VEGF (C, D-G) 

(10×10). P values indicate the statistical differences between groups. (IOD: integrated 

optical density)
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Figure 2. 
Effects of SDF-1α and AMD3100 on VEGF expression by CPCs. Western blot results 

showed that SDF-1α significantly increased VEGF protein expression relative to untreated 

controls, CPCs’ VEGF expression was in the same level when treated with 3 concentrations 

of SDF-1 (20, 50, and 100 ng/ml), around 1.6 fold higher than untreated group (A, B), while 

AMD3100 dramatically reduced SDF-1α-induced VEGF expression (34%, 55%,and 79% 

lower in 20, 50, and 100 ng/ml SDF-1 treated groups, respectively) (A, C). β-actin 

expression was used as an internal loading control. P values indicate the statistical 

differences between groups.
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Figure 3. 
Effects of SDF-1α and AMD3100 on VEGF mRNA levels in CPCs. The RT-PCR results 

indicated that SDF-1α (50 ng/ml) substantially upregulated mRNA expression of VEGF 

comparing to untreated CPCs (1.96 fold higher) and AMD3100 significantly decreased 

VEGF expression in 50 ng/ml group by 34% (A), in addition, p38 inhibitor (SB203580) 

tended to significantly reduce the SDF-1α response while mild decreases were also observed 

in other two groups treated with different kinase inhibitors (PD98059 and SP600125) (B). β-

actin expression was used as an internal loading control. P values indicate the statistical 

differences between groups.
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Figure 4. 
MAPK phosphorylation in CPCs treated with SDF-1α. CPCs were incubated with SDF-1α 
(100 ng/ml) for the indicated times. Blots were probed with antibodies detecting total (t-) or 

phosphorylated (p-) p38, ERK, or JNK. Compared to untreated group, the relative 

absorbance ratios of p-p38 to t-p38 were significantly elevated in groups of 5mins and 

15mins (2.21 and 2.06 fold higher, respectively), no significant differences were found in 

groups treated with longer SDF-1 (A). The relative absorbance ratio of p-ERK to t-ERK was 

peaked at group of 5mins (9.85 fold higher), then gradually decreased for longer time 

periods (7.46 and 5.48 fold higher for 15mins and 30mins, respectively), no significant 
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differences were found in groups of 1hrs and 2hrs (B). An significantly increasing trend of 

relative absorbance ratios of p-JNK to t-JNK was identified in the CPC groups treated with 

SDF-1 for first 30 mins (2.06, 2.57, and 2.78 fold higher for 5mins, 15mins, and 30mins, 

respectively). no significant differences were found in 1hrs and 2hrs groups. β-actin 

expression was used as an internal loading control. P values indicate the statistical 

differences between groups.
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Figure 5. 
CPC-condition media stimulates chondrocyte VEGF expression. In chondrocytes that were 

not treated with AMD3100 (Lanes 1–5), VEGF expression increased as the proportion of 

CPC-conditioned media increased from 0 to 20%. Expression peaked at 40% and declined 

slightly at the highest CPC-CM doses (60%, 80%). In contrast, CPC-CM had no effect on 

VEGF expression in chondrocytes treated with AMD3100 (Lanes 6–10). β-actin expression 

was used as an internal loading control. (CPC-CM: CPC-condition media)
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Table 1.

Primers Sequences for RT-PCR of VEGF

Gene Forward primer Reverse primer

VEGF 5’GCTCAGAGCGGAGAAAGCAT3’ 5’ GCAACGCGAGTCTGTGTTTT3’

β-actin 5’ TCGACACCGCAACCAGTTCGC3’ 5’ CATGCCGGAGCCGTTGTCGA3’
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