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Abstract: Purpose: The effect of resveratrol on subchondral bone in osteoarthritis was explored by constructing a 
mouse model of osteoarthritis and giving resveratrol as intervention. Methods: The degree of proteoglycan loss in 
articular cartilage was assessed by safranine fast green staining. The expressions of Lubricin and Aggrecan, COLX, 
and MMP-13, the co-expression of CD31 and Endomucin, and the expression of angiogenesis-related factors were 
determined by immunohistochemistry. TRAP stain and immunostaining were used to assess abnormal subchondral 
bone resorption and bone formation. Angiography was employed to analyze the effect of resveratrol on the prolifera-
tion of subchondral bone vessels. Results: Resveratrol inhibited cartilage thickening and the increase of COLX and 
MMP-13 expression, delayed the loss of proteoglycan, Lubricin, and Aggrecan, and inhibited osteoclast differentia-
tion by up-regulating osteoprotegerin (OPG) and down-regulating the expression of RANKL. Angiography showed 
that resveratrol can reduce the abnormally elevated number and volume of blood vessels in the subchondral bone. 
Immunostaining showed that resveratrol inhibited CD31hiEmcnhi angiogenesis and high expression of VEGFA and 
Angiopoietin-1. Conclusion: Resveratrol inhibits osteoclast differentiation and reduces active bone resorption by 
regulating the OPG/RANKL/RANK pathway, and inhibits the abnormal proliferation of CD31hiEmcnhi blood vessels by 
downregulating the expression of VEGFA and Angiopoiein-1, thereby eliminating the pathologic coupling mechanism 
of osteogenesis and vascularization, and delaying the progression of osteoarthritis.
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Introduction

Osteoarthritis is a chronic joint disease caused 
by a variety of factors. The pathologic charac-
teristics are mainly the degenerative changes 
of articular cartilage and secondary bone 
hyperplasia around the joints, which mostly 
involve the joints with heavy loads and abun-
dant movement, such as knee joints and hips 
joints, spine and other parts. Hand joints are 
also one of the most common foci of osteoar-
thritis. The main clinical manifestations are 
chronic joint pain, morning stiffness, joint swell-
ing, weakness, and dysfunction. Osteoarthritis 
can have primary and secondary pathogenic 
factors. The cause of primary osteoarthritis is 
not fully understood. Its occurrence and devel-
opment are a long-term, chronic, and gradual 
pathologic process. It is generally believed to 
be caused by the interaction of a variety of 
pathogenic factors, including mechanical and 
biologic factors. Among them, age is the main 

high-risk factor. Others include cartilage nutri-
tion and metabolic abnormalities, biomechani-
cal stress balance disorders, biochemical 
changes, abnormal degradation of cartilage 
matrix by enzymes, cumulative minor traumas, 
obesity, and increased joint load. The incidence 
in women is relatively higher, and it increases 
significantly after menopause, which may be 
related to estrogen receptors in articular carti-
lage. Studies have found that in osteoarthritis 
patients with high fat and low muscle, the 
severity of the disease is linearly related to BMI. 
In female patients, regardless of body weight, 
there is a correlation between knee joints and 
low muscle content [1-3].

The osteoprotegerin (OPG) OPG/RANKL/RANK 
signaling pathway is a key regulator of the activ-
ity and function of osteoclasts. Under normal 
stress, RANK ligand (RANKL), secreted in large 
quantities by osteoblasts, osteocytes, and 
chondrocytes, combines with RANK on the 
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osteoclast precursor cell membrane, so that 
TRAF6 in the cytoplasm gathers on the cyto-
plasmic side of RANK and activates it, then  
it activates NF-κB and the MAPK (p38, ERK, 
JNK) signaling pathways. OPG secreted by 
osteoblasts acts as an inducible ligand of 
RANKL and prevents osteoclast precursor  
cell differentiation by combining with RANKL. 
When the NF-κB and MAPK signaling path- 
ways are activated, the relevant molecules of 
each pathway enter the nucleus through phos-
phoric acid to connect to specific gene sites, 
perform transcription and translation proce-
dures, and promote the transformation of 
osteoclast precursor cells into mature osteo-
clasts [4, 5]. Mature osteoclasts cling to the 
surface of the subchondral bone plate and tra-
becular bone, and dissolve the bone matrix by 
releasing catabolic enzymes and acid pro- 
ducts, thereby releasing potential TGF-β. The 
activated TGF-β induces bone marrow mesen-
chymal stem cells to migrate to bone resorption 
sites and differentiate into osteogenic precur-
sor cells, which ultimately balances the resorp-
tion and formation of subchondral bone [6, 7]. 
In osteoarthritis, the large amounts of RANKL 
secreted by the above-mentioned cells com-
bine with RANK to promote the over-differentia-
tion of osteoclast precursor cells into mature 
osteoclasts, which continuously erode the sub-
chondral bone matrix and release a large 
amount of potential TGF-β. This in turn pro-
motes the migration and differentiation of 
MSCs into osteogenic precursor cells, and final-
ly forms abnormal bone islands in the subchon-
dral medullary cavity, causing the destruction 
of the subchondral bone microstructure, and 
simultaneously changing the distribution of 
joint stress, which ultimately leads to cartilage 
degeneration and damage [8, 9]. In addition, a 
large number of activated osteoclast precursor 
cells can abnormally secrete platelet-derived 
growth factor-BB (PDGF-BB) cytokines, pro-
mote the occurrence of abnormal vasculariza-
tion of subchondral bone, and constitute the 
pathologic coupling mechanism of abnormal 
blood vessel formation and ectopic bone for-
mation, eventually leading to subchondral bone 
sclerosis and cystic changes [10].

Methods 

Establishment and grouping of mouse model 
of osteoarthritis

10-week-old C57BL/6J mice were obtained. 
The anterior cruciate ligament was cut off by 

micro-scissor under direct microscopy. After 
the anterior drawer test, it was obvious that the 
proximal tibia was displaced relative to the dis-
tal femur, suggesting the anterior cruciate liga-
ment was completely severed. The patella was 
reset, the joint capsule, medial femoral muscle, 
subcutaneous fat layer and connective tissue 
were sutured with absorbable sutures, and  
the skin was sutured with non-absorbable 
sutures. Experimental groups are as follows: A, 
the Sham operation group, in which the mice 
were given normal saline intraperitoneal injec-
tion for 60 days. B, the Model group, in which 
the mice were given normal saline intraperito-
neal injection for 60 days, and the anterior cru-
ciate ligament dissection was combined with 
placebo. C, the resveratrol group, in which the 
mice were given intraperitoneal injection of 50 
mg/kg resveratrol for 60 days, and anterior cru-
ciate ligament dissection was combined with 
resveratrol. The procedures for the care and 
use of animals have been approved by the 
Ethics Committee of the First Affiliated Hospital 
of Tianjin University of Traditional Chinese 
Medicine, and all applicable institutions and 
government regulations regarding the ethical 
use of animals have been complied with.

Safranin solid green dyeing 

According to the instructions, sectioning, de- 
waxing and gradient ethanol hydration, stain- 
ing with hematoxylin, fast green, safranine O 
dyeing, and dehydration were performed. Vi- 
trification, mounting, and microscopy were 
conducted.

TRAP stain

The procedures were performed according to 
instructions: sectioning, deparaffinization and 
gradient ethanol hydration, TRAP staining, 
hematoxylin staining, color separation, dehy-
dration, vitrification, mounting, and image col-
lection under an optical microscope. 

Immunohistochemical staining

According to the instructions, the following  
procedures were conducted: sectioning, de- 
waxing and gradient ethanol hydration, wash-
ing, endogenous peroxidase inactivation, anti-
gen retrieval, serum blocking, secondary anti-
body incubation, color development, hema- 
toxylin staining, color separation, reverse blue, 
gradient ethanol dehydration, vitrification, mo- 
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unting, and picture collection under optical 
microscope. 

Micro-CT scan

Micro-CT scans were used to analyze the mi- 
crovascular changes in the subchondral bone 
of each group of mice at 60 days posto- 
peratively. The 3D reconstruction of angiogra-
phy was completed with CT Vol v2.0. The vessel 
volume (VV) and vessel number (VN) were 
analyzed. 

Statistical analysis 

The experimental data was analyzed using 
SPSS 17.0. The histogram was constructed 
using GraphPad Prism 7.0. The descriptive sta-
tistics are expressed in the form of mean ± 
standard deviation. The data were compared 
by one-way analysis of variance (one-way 
ANOVA). The corresponding test method was 
chosen according to the test result of the ho- 
mogeneity of variance between the two gro- 
ups. If the variance was uniform, the LSD  
method was chosen; if the variance was not 
uniform, the Dunnett’s T3 method was applied. 
The χ² test was used to compare the count 
data. P < 0.05 was considered a significant 
difference. 

Results

The effect of resveratrol on articular cartilage 
in mice

Safranin and fast green staining result revealed 
that the proteoglycan in the Model group was 
obviously lost, the number of cartilage cells 
was reduced, the cells were in a hypertrophic 
pathologic state, and fibrous cracks appear- 
ed on the cartilage layer. Under the intervention 
of resveratrol, the loss of cartilage proteogly-

can components was alleviated, the number of 
cells increased, mast cells and fibrous fissures 
were reduced, and the structure of cartilage 
was relatively complete, indicating that resvera-
trol prevented the loss of proteoglycans in car-
tilage, preserved the complete structure of 
articular cartilage, and delayed cartilage degen-
eration during osteoarthritis, as shown in Figure 
1.

Resveratrol maintains the metabolic balance 
of cartilage

Articular cartilage is always in a dynamic bal-
ance of synthesis and catabolism. In the course 
of osteoarthritis, cartilage degenerates. The 
expression of factors involved in catabolism, 
such as MMP-13 and COLX, increases, while 
the expression of factors involved in anabolism, 
such as Lubricin and Aggrecan, decreases. In 
this study, the expressions of Lubricin, 
Aggrecan, MMP-13, and COLX in articular carti-
lage were evaluated by immunohistochemical 
staining 60 days after the anterior cruciate liga-
ment was cut. The experimental results showed 
that, compared with the Sham group, the 
expressions of Lubricin and Aggrecan were 
down-regulated in the Model group, while the 
expressions of MMP-13 and COLX were up-reg-
ulated. Under the intervention of resveratrol, 
the high expression of MMP-13 and COLX was 
significantly inhibited, while the low expression 
of Lubricin and Aggrecan was significantly 
improved, as shown in Figure 2.

Resveratrol reconstructs the normal coupling 
mechanism of osteoclasts and osteogenesis in 
subchondral bone

TRAP staining results showed that, at 60 days 
after surgery, compared with the Sham group, 
TRAP+ osteoclasts in the Model group were sig-
nificantly increased. However, under the inter-

Figure 1. Protective effect of resveratrol on articular cartilage, scale: 1:400 mm (×400). 
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vention of resveratrol, compared with the 
Model group, TRAP+ osteoclasts were signifi-
cantly reduced. The results of immunohisto-
chemical staining showed that, compared with 
Sham at 60 days postoperatively, osterix+ 
osteoblasts in the Model group were signifi-
cantly increased, and the cells were transferred 
from the bone surface to the marrow cavity. 
Under the intervention of resveratrol, compared 
with the Model group, osterix+ osteoblasts 
were significantly reduced and mostly attached 
to the bone surface. The above experimental 
results showed that resveratrol maintains the 
normal microstructure by reconstructing the 
normal bone coupling mechanism of the sub-
chondral bone, and then restores the shock 
absorption and support function of the sub-
chondral bone, thereby protecting the articular 
cartilage covering it.

VEGFA is a heparin-binding growth factor  
specific for vascular endothelial cells. It stimu-
lates vascular endothelial cells to sprout and 
promote growth in the early stage of neovascu-

larization by binding to the VEGFR-2 recep- 
tor. The formation of new blood vessels pro-
vides favorable conditions for the migration of 
MSCs and the transport of inflammatory fac-
tors. Therefore, inhibiting the expression of 
VEGFA can effectively prevent the occurren- 
ce and development of abnormal vascular 
proliferation. 

In the experiment, immunohistochemical stain-
ing was used to evaluate the expression of 
VEGFA in subchondral bone 60 days after sur-
gery and the inhibitory effect of resveratrol  
on this factor. The results showed that, com-
pared to the Sham group, the VEGFA expres-
sion in the Model group was significantly higher. 
However, under the intervention of resveratrol, 
the expression of VEGFA was significantly 
reduced, suggesting resveratrol prevents the 
initial stage of angiogenesis by inhibiting the 
expression of VEGFA. 

Angiopoietin-1 (Ang-1) is a family of secreted 
growth factors that can enhance the circumfer-

Figure 2. Resveratrol maintains the metabolic balance of cartilage, scale: 1:200 mm (×200). 
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ential proliferation of vascular endothelial cells 
and induce a unique pattern of vasodilation, 
which is mainly responsible for the stabiliza- 
tion and remodeling of new blood vessels. In 
the experiment, immunohistochemical staining 
was used to evaluate the expression level of 
Ang-1 in subchondral bone 60 days after  
surgery and the inhibitory effect of resvera- 
trol on this factor. The results showed that, 
under the intervention of resveratrol, the ex- 
pression of Ang-1 was significantly decreased, 
indicating that resveratrol inhibits the later 
remodeling and stabilization of microvessels by 
inhibiting the abnormal expression of Ang-1, 

thereby effectively inhibiting vascular prolifera-
tion (Figure 3). 

Immunofluorescence results

Resveratrol inhibits osteoclast differentiation 
by regulating the OPG/RANKL/RANK pathway: 
The OPG/RANKL/RANK signaling pathway pl- 
ays a decisive role in the process of osteoclast 
differentiation. The combination of RANKL and 
RANK aggregates and activates TRAF6 in the 
cytoplasm, which in turn activates the NF-κB 
and MAPK signaling pathways, and promot- 
es the differentiation of osteoclast precursor 

Figure 3. Resveratrol reconstructs subchondral bone osteoclasts, osteogenesis, and the expressions of VEGFA and 
angiopoietin-1 (Ang-1), scale: Trap: 1:100 mm, osterix 1:200 mm, VEGFA: 1:200 mm, Ang-1: 1:200 mm (Trap ×100, 
osterix ×200, VEGFA ×200, Ang-1 ×200). 
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cells. However, OPG, as an inducible ligand of 
RANKL, prevents osteoclast precursor cell dif-
ferentiation through combining with RANKL. In 
the experiment, immunofluorescence staining 
was used to evaluate the inhibitory effect of 
resveratrol on the differentiation of osteoclast 
precursor cells 60 days after surgery. The re- 
sults of immunofluorescence staining showed 
that, compared with Sham, the expression of 
OPG in the Model group was decreased while 
the expressions of RANKL and TRAF6 were 
increased. However, under the intervention of 
resveratrol, the expression of OPG was in- 
creased and the expressions of RANKL and 
TRAF6 were decreased in comparison with the 
Model group (Figure 4).

Effect of resveratrol on the angiogenesis of 
CD31hi Endomucinhi in subchondral bone: Th- 
ere are a large number of ectopic new bone 
islands in the subchondral bone of osteoarthri-
tis. It is still unclear whether the formation of 
these bone islands has a coupling mechanism 
with H-type blood vessels and whether resvera-
trol has an inhibitory effect on the blood ves-
sels. In the experiment, immunofluorescence 

staining was used to evaluate the expression of 
H-type blood vessels at 60 days postoperative-
ly and the inhibitory effect of resveratrol on 
H-type blood vessels. The results showed that, 
compared with the Sham group, the angiogen-
esis of CD31hi Endomucinhi in the Model group 
was significantly increased, and the interven-
tion of resveratrol significantly inhibited its 
pathologic changes. This suggests that resve-
ratrol can inhibit the abnormal proliferation of 
the blood vessels, and at the same time inhibit 
osteoclast differentiation and maturation by 
regulating the OPG/RANKL/RANK signaling 
pathway, thereby inhibiting the release of TGF-β 
and preventing it from inducing MSC to differ-
entiate into vascular precursor cells (Figure 5).

The effect of resveratrol on the abnormal prolif-
eration of microvessels in the subchondral 
bone: Angiography was performed 60 days 
postoperatively. Three-dimensional images of 
subchondral bone micro-vessels were con-
structed through micro-CT scanning. The vol-
ume and number of hyperplastic blood vessels 
were analyzed. The results showed that, com-
pared with the Sham group, the vascular net-

Figure 4. Effect of resveratrol on the expressions of OPG, RANKL, and TRAF6 in subchondral bones, 1:200 mm 
(×200). 
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work in the Model group was denser and the 
blood vessel diameter was longer. However, in 
the resveratrol group, the blood vessels were 
sparse, and the diameter of the tube was short-
er, which tended to be similar to the Sham 
group, and the volume and number of blood 
vessels increased significantly. Under the inter-
vention of resveratrol, compared with the 
Model group, the volume and number of blood 
vessels were significantly reduced, as shown in 
Figure 6.

Discussion

Normal bone remodeling is a necessary condi-
tion for maintaining the dynamic balance of 
bone tissue, and is regulated by the mutual 
adjustment of osteoblasts and osteoclasts in 
time and space. Active bone resorption caused 
by the activation of osteoclasts is a hot spot in 
the study of various bone diseases, such as 
osteoporosis, rheumatoid arthritis, and bone 
tumors. Recently, its role in the pathogenesis of 
early osteoarthritis has attracted attention 
[11]. 

At present, the temporal relationship between 
cartilage and subchondral bone in the patho-

genesis of early osteoarthritis has become  
the focus of scholars. Some scholars believe 
that cartilage inflammation and mechanical 
stress are the direct causes of cartilage 
destruction. On this basis, the mechanical load 
transmitted to the subchondral bone changes, 
which in turn causes abnormal bone remodel-
ing and vascularization of the subchondral 
bone [12]. However, other scholars believe  
that, due to the changes in stress load, the sub-
chondral bone is the first to undergo abnormal 
bone remodeling, resulting in ectopic new bone 
in the marrow cavity and accompanying vascu-
lar proliferation. When the stress acts on the 
cartilage again, the subchondral bone is unable 
to absorb and cushion the shock, so that the 
stress load acting on the cartilage rises sharply, 
which ultimately leads to cartilage damage 
[13]. 

Bone remodeling is a process of bone damage 
and repair. Osteoclasts remove the damaged 
bone tissue and replace it with osteoblasts. In 
the normal bone remodeling process, the acti-
vation of osteoclasts induced by RANKL is the 
most important first step in bone remodeling. 
These osteoclasts are derived from early or late 

Figure 5. The effect of resveratrol on the expressions of CD31 and Endimucin in subchondral bone, 1:200 mm 
(×200).
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peripheral blood precursor cells adjacent to  
the bone surface in the bone marrow cavity. 
After it is positioned on the surface of the dam-
aged bone tissue, it begins to perform an oste-
olysis procedure, and degrades bone tissue by 
secreting osteolytic enzymes and acidic metab-
olites. Subsequently, the osteolytic lacuna is 
filled by osteoblasts through osteogenesis to 
maintain the dynamic balance of bone struc-
ture and morphology [14, 15]. The vascular net-
work in the subchondral bone is composed of 
endothelial cells and pericytes, like other capil-
laries. In the process of blood vessel germina-
tion, cell migration and proliferation, blood ves-
sel maturation, and the interconnection of 
newly formed blood vessels, endothelial cells 
and pericytes interact delicately, forming a 
highly branched pipe network system, which 
makes fluid and nutrients, gases, hormones, 
and circulating cells that can be transported in 
vertebrates [16]. In the course of osteoarthri-
tis, the abnormally activated signal transduc-
tion pathway consumes a lot of nutrients and 
energy. Therefore, new blood vessels are 
required to continuously provide sufficient 
nutrients and remove metabolic waste. At the 
same time, the remodeling and proliferation of 
blood vessels provide more a convenient envi-
ronment for MSC migration. Thus, inhibiting the 
vascular proliferation and remodeling of sub-
chondral bone can be regarded as a therapeu-
tic target to improve the process of osteoarthri-
tis [17, 18].

In the subchondral bone of osteoarthritis, the 
capillaries are stimulated by abnormal mechan-
ical stress, and the molecular balance between 
promoting and inhibiting angiogenesis is bro-
ken, tending to promote angiogenesis mole-
cules. This pathologic change of angiogenesis 
can stimulate the surrounding cells to express 
a variety of angiogenic factors, including VEGFA, 
platelet-derived growth factors (PDGFs), hemo-

lytic phosphate (LPA), and angiopoietins (Angs) 
[19]. VEGF and Angs can activate matrix degrad-
ing enzymes, including plasminogen activators 
(PAs) and matrix metalloproteinases (MMPs), to 
relax the matrix and allow endothelial cells to 
migrate and germinate. In osteoarthritis sub-
chondral bone, MSC migration and angiogene-
sis are coupled with bone formation, and this 
specific micro-vessel is an H-type blood vessel. 
CD31 and Endomucin are highly expressed in 
this blood vessel [20, 21].

Conclusions

It was found that, after the anterior cruciate 
ligament was cut in adult male C57BL/6J mice, 
a large number of osteoclasts and active bone 
resorption were seen in the subchondral bone. 
At the same time, a large number of osteogenic 
precursor cells appeared in the medullary cavi-
ty and ectopic new bone islands. Resveratrol 
could effectively inhibit osteoclasts and osteo-
genic precursor cells, thereby restoring the nor-
mal bone remodeling mechanism and main-
taining the stability of the subchondral bone 
microstructure. The OPG/RANKL/RANK signal-
ing pathway is a key pathway for osteoclast pre-
cursor cell differentiation and maturation. Re- 
sveratrol can regulate this pathway and inhibit 
the mature differentiation and function of 
osteoclast precursor cells. Endomucinhi blood 
vessels are coupled with osteogenic precursor 
cells to promote the formation of ectopic bone 
islands in subchondral bone. Resveratrol not 
only effectively reduces the volume and num-
ber of CD31hi Endomucinhi blood vessels, but 
also reduces the expression of CD31 and 
Endomucin, thereby interrupting the pathologic 
coupling mechanism of abnormal vasculariza-
tion and ectopic bone formation in the sub-
chondral bone and maintaining the microscopic 
stability. The undecided structure ensures the 

Figure 6. The effect of resveratrol on changes in subchondral bone vessels, 1:1000 mm (×1000).
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normal stress distribution of the articular 
cartilage.
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