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Abstract. The present study aimed to investigate whether 
dihydroartemisinin (DHA) alleviates osteoarthritis (OA) in 
a mouse model of OA. Ten‑week‑old female C57BL/6j mice 
were used to establish OA models by anterior cruciate ligament 
transection (ACLT) and ovariectomized (OVX). DHA was 
then used to treat the OA in the ACLT and OVX mice. Safranin 
O‑fast green staining and Osteoarthritis Research Society 
International (OARSI)‑modified Mankin scores were used to 
grade articular cartilage degeneration. Expression of metal‑
loproteinase‑13 (MMP‑13) and vascular endothelial growth 
factor (VEGF) in the articular cartilage and leukemia inhibi‑
tory factor (LIF), sclerostin, and β‑catenin in the subchondral 
bone were analyzed by immunohistochemistry. Expression of 
RANKL and CD31 were detected by immunofluorescence. 
Micro‑computed tomography was used to ascertain altera‑
tions in the microarchitecture of the subchondral bone. The 
results demonstrated that DHA decreased MMP‑13 and VEGF 
expression in the articular cartilage. DHA decreased OARSI 
scores and reduced articular cartilage degeneration. In addi‑
tion, DHA reduced abnormal subchondral bone remodeling, as 
demonstrated by a reduction in trabecular separation (Tb.Sp), 
increased bone volume fractions (BV/TV), as well as bone 
mineral densities (BMD) compared with the ACLT+vehicle 
group and the OVX+vehicle group. Furthermore, DHA 
decreased the inhibition of sclerostin through reduction of LIF 
secretion by osteoclasts and, hence, attenuated aberrant bone 
remodeling and inhibited angiogenesis in subchondral bone, 
further reducing the progression of OA. The present study 
demonstrated that DHA attenuated OA by inhibiting abnormal 
bone remodeling and angiogenesis in subchondral bone, which 
may be a potential therapeutic target for this disease.

Introduction

Osteoarthritis is the most common degenerative joint disease, 
causing pain and dysfunction in numerous joints (1). Due to its 
complex pathogenesis, there is currently no effective treatment 
for osteoarthritis (OA) (1). Therefore, a better understanding of 
the pathogenesis of OA would be of great significance to aid in 
its early prevention and treatment.

The subchondral bone is located below the articular carti‑
lage, which plays a significant role in disease pathogenesis (2). 
Changes in the microstructure of the subchondral bone can be 
observed earlier than damage to the articular cartilage (3,4). 
Under physiological conditions, bone remodeling maintains 
bone tissue integrity through the coupling of osteoclast‑medi‑
ated resorption and osteoblast‑mediated formation of bone (5). 
Abnormal bone remodeling causes microstructural destruction 
of the subchondral bone, altering its mechanical properties (6). 
Additionally, articular cartilage does not withstand shear 
stress during joint movement, degenerating as a result (2,7). 
Increased subchondral bone remodeling is characterized by 
increased bone loss, decreased bone density, and deteriora‑
tion of its microstructure, which leads to articular cartilage 
degeneration (8). Bone resorption due to osteoclasts has been 
demonstrated to significantly increase in anterior cruciate 
ligament transection (ACLT) and ovariectomized (OVX) 
models of OA. A reduction in articular cartilage degeneration 
can be observed when osteoclast‑mediated bone resorption is 
inhibited using alendronate (9,10). In OVX mice, estrogen defi‑
ciency causes osteoclast‑mediated bone resorption, increased 
subchondral bone remodeling, and deterioration of the 
subchondral bone microstructure, resulting in degeneration of 
the articular cartilage, which establishes an osteoporosis‑asso‑
ciated OA mouse model induced by ovariectomy (9,11,12). 
These studies suggest that abnormal subchondral bone remod‑
eling destroys subchondral bone microstructure, inducing 
degeneration of the articular cartilage.

Sclerostin, a potent inhibitor of the Wnt/β‑catenin pathway, 
is secreted by osteocytes and inhibits osteoblast‑mediated bone 
formation (13,14). As OA develops, concentrations of sclerostin 
in the subchondral bone gradually decrease, activating the 
Wnt/β‑catenian pathway that promotes bone formation and 
accelerates cartilage degradation  (15). Previous studies 
have suggested that mechanical stress leads to a decrease in 
sclerostin in subchondral bone, however, the mechanism by 
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which sclerostin levels decline in the subchondral bone remains 
entirely unclear (16‑18). LIF is secreted by osteoclasts and acts 
between bone resorption and formation as a regulator of bone 
remodelling (19). Studies on osteoporosis have demonstrated 
that osteoclasts oversecrete LIF, inhibiting the expression 
of sclerostin and, thus, promoting abnormal bone formation 
and mediating abnormal bone remodelling (20). Inhibition of 
osteoclastogenesis can reduce the secretion of LIF, thereby 
reducing abnormal bone remodeling in osteoporosis  (20). 
However, the role of LIF in the abnormal remodeling of the 
subchondral bone during OA remains unclear.

Abnormal angiogenesis of the subchondral bone is an 
important pathological feature that leads to abnormal bone 
remodeling in OA (21). In a mouse model of OA established 
by ACLT and OVX, the vascular endothelial progenitor cell 
marker CD31 was significantly increased in the subchondral 
bone (12,22‑24) and the expression of the catabolic factors, 
MMP‑13 and VEGF were also significantly increased, 
resulting in the articular cartilage being severely damaged. 
Inhibition of the abnormal angiogenesis of the subchondral 
bone alleviates articular cartilage degeneration (22‑24).

Artemisinin, a well‑known antimalarial drug, is 
a sesquiterpene lactone isolated from Artemisia  (25). 
Dihydroartemisinin (DHA) is a semisynthetic derivative of 
artemisinin that has fewer side effects (26). DHA reduces bone 
loss by inhibiting receptor activator of nuclear factor κB ligand 
(RANKL)‑induced osteoclastogenesis in OVX mice and in 
a wear particle‑induced mouse osteolysis model (27,28). In 
addition, DHA has been revealed to have an antiangiogenic 
effect (27,28). However, the role of DHA in the abnormal bone 
remodeling and angiogenesis of OA remains unclear. The aim 
of this study was to investigate the potential role of DHA in 
alleviating abnormal subchondral bone remodeling and angio‑
genesis in order to reduce articular cartilage degeneration in a 
mouse model of OA.

Materials and methods

Ethics statement. All procedures and protocols were 
approved by the Scientific Research Ethics Committee 
of the General Hospital of Ningxia Medical University 
(protocol no. 2016‑147). All experiments were performed in 
accordance with the principles and guidelines of the National 
Institutes of Health Guide for Care and Use of Laboratory 
Animals.

Animals. A total of 120 female C57BL/6j mice (weight, 
19‑20 g), ten weeks old, were used in the present study. All mice 
were housed at a constant temperature (25˚C), at 55% humidity 
on a 12‑h light/dark cycle with free access to food and water. 
The mice were anesthetized with pentobarbital sodium salt 
(60 mg/kg) by intraperitoneal injection. The schematic of the 
experimental protocol is listed in Fig. 1.

Sixty mice were randomly divided into 3 groups: A 
sham‑operated group (n=20), ACLT+vehicle group (n=20), and 
ACLT+DHA group (n=20). Surgery was performed on the right 
knees of each mouse as previously described (29). In the two 
ACLT groups, the right knee joint capsule was exposed using 
a medial parapatellar approach and then the anterior cruciate 
ligament was transected with micro‑scissors, prior to closing 

the joint capsule and skin. The same procedure was performed 
in the sham‑operated group with the exception of the transec‑
tion of the ACL. The ACLT+DHA group was treated with 
DHA (product no. D7439; Sigma‑Aldrich; Merck KGaA) by 
intraperitoneal injection (1 mg/kg/2 days) from the first post‑
operative day until sacrifice (Fig. 1A). Flow displacement rate 
of CO2 used for euthanasia was 30%. Mouse euthanasia was 
confirmed, including lack of pulse, breathing, corneal reflex, 
and response to firm toe pinch. DHA was prepared according 
to the literature (30), and the method was as follows: 25 mg 
of DHA was weighed in a precision electronic balance, and 
dissolved in 1 ml of prepared DMSO, and then diluted in 
99 ml sterile PBS solution to prepare 1 mg/kg DHA. The sham 
and vehicle treatment groups were administered solvent as a 
vehicle, using the same dose, frequency and duration as the 
DHA group.

Sixty mice were randomly divided into 3  groups: 
A sham‑operated group (n=20), OVX+vehicle group (n=20), 
and OVX+DHA group (n=20). According to the literature, 
the mice were operated from the abdominal cavity through 
the back to remove the bilateral ovaries (12,31). The same 
procedure was performed in the sham‑operated group, except 
that the bilateral ovaries were only removed. The OVX+DHA 
group was treated with DHA from the first day after operation 
(1 mg/kg/2 days) until sacrifice (Fig. 1B). Ovietectomy was 
performed under anaesthesia. The mice were anesthetized 
with pentobarbital sodium salt (60 mg/kg) by intraperitoneal 
injection. The method of euthanasia and the configuration of 
DHA were the same as those of the ACLT mice. The sham 
operation and carrier groups used the same dose, frequency, 
and duration as the DHA group. Ten mice were separately 
euthanized at 4 or 8 weeks after surgery in each group by 
carbon dioxide inhalation, followed immediate harvesting of 
the right knees for subsequent analysis.

Histology. Harvested knees were fixed in 4% paraformalde‑
hyde for 24 h at 4˚C then decalcified in 10% EDTA (pH 7.4) for 
3 weeks prior to embedding in paraffin. The medial compart‑
ment of the knee joints were cut into 4‑µm‑thick sections 
along the sagittal plane and stained with safranin O‑fast green 
at 25˚C in the laboratory. Deparaffinization of the slides was 
performed in xylene two times for 10 min, followed by hydra‑
tion in 100% alcohol twice for 5 min, 95% alcohol for 2 min 
and 80% alcohol for 2 min. Hematoxylin was added to slides 
for 3 min prior to hydrating the slides gently in running water 
for 10 min. Slides were then stained with 0.2% Fast Green 
(product no. F7252; Sigma‑Aldrich; Merck KGaA) for 3 min, 
and then subjected to 1% acetic acid for 5 sec, 0.1% Safranin O 
(product no. S8884; Sigma‑Aldrich; Merck KGaA) for 3 min. 
Slides were hydrated in 95% alcohol for 5 sec, 100% alcohol 
twice for 15 sec, followed by 2 changes in xylene prior to 
cover‑slipping the slides. Regions from three slides per 
mouse were imaged by light microscopy at a magnification 
of x100 and three fields per region were randomly selected 
per slide. The Osteoarthritis Research Society International 
(OARSI)‑modified Mankin score was used to perform a histo‑
pathological grade assessment of the cartilage.

Immunohistochemistry and immunofluorescence. Standard 
immunostaining was conducted in the present study. Sagittal 
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sections that had been paraffin‑embedded were incubated 
overnight at 4˚C with primary antibodies against matrix 
metalloproteinase‑13 (MMP‑13) (1:100; product code 
ab39012; Abcam), vascular endothelial growth factor A 
(VEGFA) (1:100; product code ab52917; Abcam), leukemia 
inhibitory factor (LIF) (1:100; cat. no. AB‑449‑NA; R&D 
Systems, Inc.), sclerostin (1:50; product code ab63097; 
Abcam), β‑catenin (1:100; cat. no. 51067‑2‑AP; ProteinTech 
Group, Inc.), RANKL (1:100; product code ab216484; 
Abcam) and CD31 (1:25; product code ab28364; Abcam). 
For immunohistochemical staining, sections were processed 
using a two‑step IHC detection reagent (ZSGB‑Bio; OriGene 
Technologies, Inc.). Briefly, sections were incubated with 
reaction enhancement solution (reagent 1) for 20 min at 37˚C 
and then with enhanced enzyme‑labeled goat anti‑rabbit IgG 
polymer (reagent 2) for 40 min at 37˚C. The sections were then 
developed using 3,3'‑diaminobenzidine (DAB) (ZSGB‑Bio; 
OriGene Technologies, Inc.), followed by counterstaining 
with hematoxylin (ZSGB‑Bio; OriGene Technologies, Inc.). 
For immunofluorescence staining, sections were incubated 
with Alexa Fluor® 488 goat anti‑rabbit secondary antibody 
(1:500; product code ab150077; Abcam) for 1 h at 37˚C in the 
dark. Regions from three slides per mouse were imaged by 
fluorescence microscopy at a magnification of x400 and three 
fields per region were randomly selected per slide. Image‑Pro 
Plus 6.0 (Media Cybernetics, Inc.) was used to count chondro‑
cytes within the entire tibial articular cartilage and all cells 
within the entire tibial subchondral bone which exhibited posi‑
tive staining for each antibody.

Micro‑computed tomography (CT) analysis. Harvested knee 
joints were dissected free of soft tissue, fixed overnight in 
70% ethanol at 4˚C and analyzed by micro‑CT (SkyScan 1176; 
Bruker micro‑CT) at a resolution of 9 µm/pixel. The micro‑CT 
scans were acquired over an exposure time of 900 ms, a voltage 
of 50 kV and a current of 500 µA. Images were reconstructed 
by NRecon version 1.1.11 (Bruker micro‑CT) and analyzed 
by CTAn, v1.15 (SkyScan1176 in vivo micro‑CT; Bruker). A 
sagittal view of the entire medial compartment of the tibial 
subchondral bone was used for 3D histomorphometric anal‑
ysis, with bone volume/tissue volume (BV/TV, %), trabecular 

separation (Tb.Sp), and BMD extracted for performing 
comparisons.

Statistical analysis. Data were analyzed using one‑way and 
two‑way factorial design analyses of the variations followed 
by Student‑Newman‑Keuls and Bonferroni post hoc tests. Data 
are presented as the means ± SD. For OARSI scores, data were 
analyzed using Kruskal‑Wallis test followed by Dunn's test. 
P<0.05 was considered to indicate a statistically significant 
difference. GraphPad Prism 5 software (GraphPad Software, 
Inc.) was used for statistical analysis.

Results

DHA preserves articular cartilage in ACLT mice. Safranin 
O‑fast green staining indicated that there was significant loss 
of proteoglycans, with OARSI scores increasing significantly 
in the ACLT+vehicle group relative to the sham‑operated 
group at 4‑ and 8‑weeks following surgery (Fig. 2A and D). 
Similarly, results of immunohistochemical staining demon‑
strated that the expression of MMP‑13 (Fig. 2B and E) and 
VEGF (Fig.  2C and  F) was significantly increased after 
4 and 8 weeks. Administration of DHA resulted in retention 
of proteoglycans and OARSI scores that were improved in the 
ACLT+DHA group compared with the ACLT+vehicle group 
after 4 and 8 weeks (Fig. 2A and D). Aberrantly expressed 
MMP‑13 (Fig. 2B and E) and VEGF (Fig. 2C and F) were 
recovered in the ACLT+DHA group compared with the 
ACLT+vehicle group at both 4‑ and 8‑weeks following surgery.

DHA restores the microarchitecture of the subchondral 
bone in ACLT mice. Abnormal bone remodeling destroys the 
microstructure of subchondral bone which results in articular 
cartilage degeneration (21). It was investigated whether DHA 
was able to protect articular cartilage by preserving the micro‑
structure of subchondral bone. The tibial subchondral bone 
structure of the tibia was analyzed by micro‑CT. The results 
demonstrated that DHA improved the subchondral bone micro‑
structure (Fig. 3A). BV/TV (Fig. 3B) and BMD (Fig. 3D) were 
significantly decreased in the ACLT+vehicle group compared 
with the sham‑operated group at both 4‑ and 8‑weeks but DHA 

Figure 1. Schematic of the experimental protocol. (A) Schematic of the experimental protocol of ACLT mice. (B) Schematic of the experimental protocol of 
OVX mice. ACLT, anterior cruciate ligament transection; OVX, ovariectomized.
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abrogated these changes (ACLT+DHA group) relative to the 
ACLT+vehicle group 4‑weeks after surgery (Fig. 3B and D). The 
Tb.Sp was significantly increased in the ACLT+vehicle group 
relative to the sham‑operated group at both 4‑ and 8‑weeks 
(Fig. 3C). DHA recovered these changes (ACLT+DHA group) 
compared with the ACLT+vehicle group 4‑weeks after surgery 
(Fig.  3C). Collectively, these data indicated that systemic 
administration of DHA inhibited abnormal bone remodeling 
and restored the subchondral bone microstructure.

DHA inhibits abnormal bone remodeling in the subchondral 
bone in ACLT mice. Immunohistochemistry and immuno‑
fluorescence were performed to investigate whether systemic 
DHA was able to inhibit abnormal bone remodeling and 
angiogenesis in subchondral bone 4‑weeks after surgery. 
RANKL‑immunostained sections demonstrated a significant 
increase in the number of cells positive for RANKL in the 
ACLT+vehicle group relative to the sham‑operated group 
(Fig. 4A and E). Administration of DHA significantly reduced 

Figure 2. DHA preserves the articular cartilage in ACLT mice. (A) Histological analysis of articular cartilage using safranin O‑fast green staining of sagittal 
sections of the medial compartment of the tibia. Scale bar, 200 µm. (B, C, E and F) Measurement of matrix (B and E) MMP‑13 and (C and F) VEGF expres‑
sion by immunohistochemical staining and quantitative analysis. Scale bar, 100 µm. (D) OARSI‑modified Mankin score of articular cartilage at various 
time‑points. Sham, sham‑operated group; Vehicle, ACLT+vehicle group; DHA, ACLT+DHA group. n=10 per group. **P<0.01 and ***P<0.001, compared with 
the the sham‑operated group. ##P<0.01 and ###P<0.001, compared with the ACLT + vehicle group. DHA, dihydroartemisinin; ACLT, anterior cruciate ligament 
transection; MMP‑13, metalloproteinase‑13; VEGF, vascular endothelial growth factor; OARSI, Osteoarthritis Research Society International.

Figure 3. DHA restores the microarchitecture of the subchondral bone of ACLT mice. (A) 3D micro‑CT reconstruction of sagittal views of the medial compartment 
of tibial subchondral bone at different time‑points after sham or ACLT surgery. Scale bar, 500 µm. (B and D) Quantitative micro‑CT analyses of the microarchitec‑
ture of tibial subchondral bone: (B) BV/TV (%), (C) Tb.Sp and (D) BMD. Sham, sham‑operated group; Vehicle, ACLT+vehicle group; DHA, ACLT+DHA group. 
n=6 per group. *P<0.05, **P<0.01 and ***P<0.001, compared with the sham‑operated group. ##P<0.01, compared with the vehicle group. DHA, dihydroartemisinin; 
ACLT, anterior cruciate ligament transection; micro‑CT, micro‑computed tomography; BV/TV, bone volume/tissue volume; Tb.Sp, trabecular separation; BMD, 
bone mineral density.
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this increased number relative to the ACLT+vehicle group 
(Fig. 4A and E). To investigate whether osteoclasts altered 
the expression of sclerostin in osteocytes, sclerostin expres‑
sion was measured by immunohistochemistry. The results 
demonstrated a significant decrease in sclerostin expression in 
the ACLT+vehicle group relative to the sham‑operated group 
(Fig. 4B and F). Treatment with DHA significantly increased 
sclerostin expression relative to the ACLT+vehicle group 
(Fig. 4B and F). The expression of β‑catenin in osteoblasts was 
assessed by immunohistochemistry and a significant increase 
was observed in the ACLT+vehicle group compared with the 
sham‑operated group (Fig. 4C and G). Administration of DHA 
significantly reduced β‑catenin expression compared with the 
ACLT+vehicle group (Fig. 4C and G).

It was also investigated whether DHA inhibited the exces‑
sive expression of LIF, which is secreted by osteoclasts in the 

subchondral bone, using immunohistochemistry 4‑weeks after 
surgery. The results demonstrated that a significant increase 
in LIF expression was observed in the ACLT+vehicle group 
compared with the sham‑operated group (Fig. 4D and H). 
DHA significantly reduced this expression relative to the 
ACLT+vehicle group (Fig. 4D and H).

These results indicated that DHA inhibited the excessive 
expression of LIF secreted by osteoclasts in ACLT mice, thus 
reducing inhibition of sclerostin and preventing subchondral 
bone remodeling, thereby restoring the subchondral bone 
microstructure and inhibiting articular cartilage degeneration.

DHA inhibits abnormal angiogenesis in the subchondral 
bone in ACLT mice. Abnormal angiogenesis in the subchon‑
dral bone is a pathological feature of OA (32). An angiogenic 
marker, CD31‑positive endothelial progenitor cells (33), was 

Figure 4. DHA inhibits abnormal bone remodeling in the subchondral bone of ACLT mice. (A and E) Immunofluorescence staining and quantification of the 
expression of RANKL (green) in tibial subchondral bone. Cell nuclei were stained blue using DAPI. Scale bar, 50 µm. (B‑D and F‑H) Immunohistochemical 
staining and quantification of the expression of (B and F) sclerostin, (C and G) β‑catenin and (D and H) LIF in tibial subchondral bone. Scale bar, 50 µm. Sham, 
sham‑operated group; Vehicle, ACLT+vehicle group; DHA, ACLT+DHA group. n=10 per group. **P<0.01 and ***P<0.001, compared with the sham‑operated 
group. #P<0.05 and ##P<0.01, compared with the vehicle group. DHA, dihydroartemisinin; ACLT, anterior cruciate ligament transection; RANKL, receptor 
activator of nuclear factor κB ligand; LIF, leukemia inhibitory factor.
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assessed using immunofluorescence. The results indicated 
that its number significantly increased in the ACLT+vehicle 
group relative to the sham‑operated group (Fig. 5) and that the 
number was reduced in the ACLT+DHA group compared with 
the ACLT+vehicle group (Fig. 5).

DHA preserves the articular cartilage in OVX mice. Safranin 
O‑fast green staining indicated that there was significant loss 
of proteoglycans, with OARSI scores significantly increasing 
in the OVX+vehicle group relative to the sham‑operated group 
at 8‑weeks following surgery (Fig. 6A and D), but not 4‑weeks. 

Figure 5. DHA inhibits abnormal angiogenesis in the subchondral bone of ACLT mice. (A and B) Immunofluorescence staining and quantification of the 
expression of CD31 (green) in tibial subchondral bone. Cell nuclei were stained blue using DAPI. Scale bar, 50 µm. Sham, sham‑operated group; Vehicle, 
ACLT+vehicle group; DHA, ACLT+DHA group. n=10 per group. **P<0.01, compared with the sham‑operated group. #P<0.05, compared with the vehicle group. 
DHA, dihydroartemisinin; ACLT, anterior cruciate ligament transection.

Figure 6. DHA preserves articular cartilage in OVX mice. (A) Histological analysis of articular cartilage using safranin O‑fast green staining of sagittal 
sections of the medial compartment of the tibia. Scale bar, 200 µm. (B, C, E and F) Measurement of matrix (B and E) MMP‑13 and (C and F) VEGF expres‑
sion by immunohistochemical staining and quantitative analysis. Scale bar, 100 µm. (D) OARSI‑modified Mankin score of articular cartilage at various 
time‑points. Sham, sham‑operated group; Vehicle, OVX+vehicle group; DHA, OVX+DHA group. n=10 per group. **P<0.01 and ***P<0.001, compared with the 
sham‑operated group. ##P<0.01 and ###P<0.001, compared with the OVX+vehicle group. DHA, dihydroartemisinin; OVX, ovariectomized; MMP‑13, metal‑
loproteinase‑13; VEGF, vascular endothelial growth factor; OARSI, Osteoarthritis Research Society International.
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Figure 7. DHA restores the microarchitecture of the subchondral bone in OVX mice. (A) 3D micro‑CT reconstruction of sagittal views of the medial 
compartment of tibial subchondral bone at different time‑points after sham or OVX surgery. Scale bar, 500 µm. (B‑D) Quantitative micro‑CT analyses of 
the microarchitecture of tibial subchondral bone: (B) BV/TV (%), (C) Tb.Sp and (D) BMD. Sham, sham‑operated group; Vehicle, OVX+vehicle group; DHA, 
OVX+DHA group. n=6 per group. **P<0.01 and ***P<0.001, compared with the sham‑operated group. #P<0.05 and ##P<0.01, compared with the vehicle group. 
DHA, dihydroartemisinin; OVX, ovariectomized; micro‑CT, micro‑computed tomography; BV/TV, bone volume/tissue volume; Tb.Sp, trabecular separation; 
BMD, bone mineral density.

Figure 8. DHA inhibits abnormal bone remodeling in the subchondral bone of OVX mice. (A and E) Immunofluorescence staining and quantification of the 
expression of RANKL (green) in tibial subchondral bone. Cell nuclei were stained blue using DAPI. Scale bar, 50 µm. (B‑D and F‑H) Immunohistochemical 
staining and quantification of the expression of (B and F) sclerostin, (C and G) β‑catenin and (D and H) LIF in tibial subchondral bone. Scale bar, 50 µm. Sham, 
sham‑operated group. Vehicle, OVX+vehicle group. DHA, OVX+DHA group. n=10 per group. **P<0.01 and ***P<0.001, compared with the sham‑operated 
group. #P<0.05 and ##P<0.01 and ###P<0.001 compared with the vehicle group. DHA, dihydroartemisinin; OVX, ovariectomized; RANKL, receptor activator 
of nuclear factor κB ligand; LIF, leukemia inhibitory factor.
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Similarly, the results of the immunohistochemical staining 
demonstrated that the expression of MMP‑13 (Fig. 6B and E) 
and VEGF (Fig.  6C  and  F) significantly increased after 
8‑weeks, but not 4‑weeks. Administration of DHA resulted 
in retention of proteoglycans and OARSI scores that were 
improved in the OVX+DHA group compared with the 
OVX+vehicle group after 8‑weeks (Fig. 6A and D). Aberrantly 
expressed MMP‑13 (Fig. 6B and E) and VEGF (Fig. 6C and F) 
were recovered in the OVX+DHA group compared with the 
OVX+vehicle group at 8‑weeks following surgery.

DHA restores the microarchitecture of the subchondral bone 
in OVX mice. Abnormal bone remodeling destroys the micro‑
structure of the subchondral bone which results in articular 
cartilage degeneration (21). It was investigated whether DHA 
was able to protect the articular cartilage by preserving the 
microstructure of the subchondral bone. The tibial subchon‑
dral bone structure of the tibia was analyzed by micro‑CT. 
The mouse OA model established by OVX, was established 
8‑weeks after surgery, but not 4‑weeks. The OVX mice were 
also euthanized after 4 weeks but model establishment was 
not successful at that time‑point. Therefore, the micro‑CT 
result only contains 8‑week results. The results demonstrated 
that DHA improved the subchondral bone microstructure 
(Fig. 7A). BV/TV (Fig. 7B) and BMD (Fig. 7D) significantly 
decreased in the OVX+vehicle group compared with the 
sham‑operated group at 8‑weeks, but DHA abrogated these 
changes (OVX+DHA group) relative to the OVX+vehicle 
group 8‑weeks after surgery (Fig.  7B and D ). The Tb.Sp 
significantly increased in the OVX+vehicle group relative 
to the sham‑operated group at 8‑weeks (Fig.  7C). DHA 
recovered these changes (OVX+DHA group) compared with 
the OVX+vehicle group 8‑weeks after surgery (Fig.  7C). 
Collectively, these data indicated that systemic administration 

of DHA inhibited abnormal bone remodeling and restored 
subchondral bone microstructure.

DHA inhibits abnormal bone remodeling in subchondral 
bone in OVX mice. Immunohistochemistry and immuno‑
fluorescence were performed to investigate whether systemic 
DHA was able to inhibit abnormal bone remodeling and 
angiogenesis in the subchondral bone 8‑weeks after surgery. 
RANKL‑immunostained sections demonstrated a significant 
increase in the number of cells positive for RANKL in the 
OVX+vehicle group relative to the sham‑operated group 
(Fig. 8A and E). Administration of DHA significantly reduced 
that increased number relative to the OVX+vehicle group 
(Fig. 8A and E). To investigate whether osteoclasts altered 
the expression of sclerostin in osteocytes, sclerostin expres‑
sion was assessed by immunohistochemistry. The results 
demonstrated a significant decrease in sclerostin expression 
in the OVX+vehicle group relative to the sham‑operated group 
(Fig. 8B and F). Treatment with DHA significantly increased 
sclerostin expression relative to the OVX+vehicle group 
(Fig. 8B and F). The expression of β‑catenin in osteoblasts was 
assessed by immunohistochemistry and a significant increase 
was observed in the OVX+vehicle group compared with the 
sham‑operated group (Fig. 8C and G). Administration of DHA 
significantly reduced β‑catenin expression compared with the 
OVX+vehicle group (Fig. 8C and G).

It was investigated whether DHA inhibited excessive 
expression of LIF secreted by osteoclasts in the subchondral 
bone using immunohistochemistry 8‑weeks after surgery. 
The results demonstrated that a significant increase in LIF 
expression was observed in the OVX+vehicle group compared 
with sham‑operated group (Fig. 8D and H). DHA significantly 
reduced this expression relative to the OVX+vehicle group 
(Fig. 8D and H).

Figure 9. DHA inhibits abnormal angiogenesis in the subchondral bone of OVX mice. (A and B) Immunofluorescence staining and quantification of the expres‑
sion of CD31 (green) in tibial subchondral bone. Cell nuclei were stained blue using DAPI. Scale bar, 50 µm. Sham, sham‑operated group; Vehicle, OVX+vehicle 
group; DHA, OVX+DHA group. n=10 per group. ***P<0.001, compared with the sham‑operated group. ##P<0.01, compared with the vehicle group.
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The results indicated that DHA inhibited excessive 
expression of LIF secreted by osteoclasts in OVX mice, thus 
reducing inhibition of sclerostin and preventing subchondral 
bone remodeling, thereby restoring the subchondral bone 
microstructure and inhibiting articular cartilage degeneration.

DHA inhibits abnormal angiogenesis in subchondral bone in 
OVX mice. Abnormal angiogenesis in subchondral bone is a 
pathological feature of OA (32). The number of CD31‑positive 
endothelial progenitor cells were assessed using immuno‑
fluorescence. The results indicated that compared with the 
sham‑operated group, their numbers significantly increased 
in the OVX+vehicle group (Fig. 9) and that compared with 
the OVX+vehicle group, their numbers were decreased in the 
OVX+DHA group (Fig. 9).

Discussion

OA is the most common degenerative joint disease and 
possesses a complex pathogenesis. Abnormal bone remod‑
eling and angiogenesis in the subchondral bone destroys 
the subchondral bone microstructure and leads to articular 
cartilage degeneration (22,23). The present study revealed that 
DHA decreased the inhibition of sclerostin by reducing the 
LIF secretion of osteoclasts and, hence, attenuated aberrant 
bone remodeling and inhibited angiogenesis in subchondral 
bone, thereby preserving the subchondral bone microstructure 
and attenuating articular cartilage degeneration.

The microstructural integrity of the subchondral bone 
is especially important for the protection of articular carti‑
lage (2). Studies have revealed that microstructural changes in 
subchondral bone may precede the degeneration in articular 
cartilage in OA (3,4). The integrity of the bone microstructure 
is maintained through the coupling of bone remodeling, which 
includes the temporal and spatial balance of bone resorption 
and formation. This in turn involves resorption of the bone 
matrix by osteoclasts, normally replaced by new bone matrix 
by osteoblasts (34). Abnormal bone remodeling can disrupt 
the homeostatic balance of the bone and destroy the integrity 
of the bone microstructure (35). At present, the mechanisms 
that balance bone resorption and formation resulting in bone 
remodeling remain unclear.

The most commonly used surgical method of inducing 
OA is ACLT. In this method, the ACL is transected with 
micro‑scissors, which causes joint destabilization. The ante‑
rior drawer test with the joint flexed is used to confirm that 
transection of the ligament has occurred. The ACLT leads to 
the increase of joint mechanical stress. The increased load on 
the posterior tibial plateau leads to the destruction of cartilage 
and subchondral bone, which leads to OA (29,36). Osteoclasts 
are the sole cells that resorb bone matrix, through dissolution 
by the secretion of acids and proteases. RANKL is a key 
factor in osteoclastogenesis (37). The secretion of RANKL by 
osteoblast precursors following abnormal mechanical stimula‑
tion results in its binding to RANK on osteoclast precursors, 
inducing osteoclastogenesis that mediates bone resorption (22). 
The prevalence of OA in postmenopausal women is higher 
than that in men. Ovariectomy significantly reduced the 
production of estrogen in mice, resulting in increased bone 
resorption mediated by subchondral bone osteoclasts, 

resulting in increased subchondral bone loss and bone micro‑
structure deterioration, thereby promoting articular cartilage 
degeneration and inducing osteoarthritis (31,38). Osteoporosis 
(OP) is characterized by increased bone loss, deterioration 
of bone microarchitecture and an increased risk of fragility 
fractures  (39). The pathogenesis of OA has not been fully 
elucidated. OA is considered a whole‑joint disease in which all 
components are involved, with the subchondral bone, which is 
located below the articular cartilage, playing a significant role 
in disease pathogenesis (40). In the subchondral bone of OA, 
osteoclast‑mediated bone resorption increases bone loss, and 
its microstructure deteriorates, which leads to articular carti‑
lage degeneration (41). Excessive bone resorption, which is a 
hallmark of postmenopausal OP, also occurs at the early stage 
in the development of OA (42). They both have increased bone 
remodeling, increased osteoclast‑mediated bone resorption, 
and deterioration of bone microstructure in OVX mice. The 
present study demonstrated that the expression of RANKL 
significantly increased in the ACLT+vehicle and OVX+vehicle 
group compared with the sham‑operated group. This indicates 
that RANKL‑induced osteoclastogenesis is significantly 
enhanced in ACLT mice. Consistent with previous studies, the 
present results revealed that DHA reduced bone resorption by 
inhibiting RANKL‑mediated osteoclastogenesis.

The Wnt/β‑catenin signaling pathway is considered the 
most important pathway that regulates bone homeostasis (43). 
Activation of the Wnt/β‑catenin pathway promotes differ‑
entiation of bone marrow mesenchymal stem cells into 
osteoblasts, promoting osteoblast proliferation and matura‑
tion, inhibiting osteoblast apoptosis, and thereby promoting 
osteoblast‑mediated bone formation (44). Sclerostin, encoded 
by the SOST gene, is secreted by osteocytes and binds to 
LDL receptor‑related protein (LRP) 5/6  (13,45). It is an 
antagonist of the Wnt/β‑catenin signalling (13). Sclerostin 
inhibits osteoblast‑mediated bone formation by binding to 
LRP5/6 on osteoblasts (45). Previous studies have revealed 
that SOST knockout (KO) mice and postmenopausal osteo‑
porotic rats treated with sclerostin antibodies exhibited a 
significant increase in bone volume, bone formation, and the 
number of osteoblasts on the surface of their bones (46). As 
OA progresses, sclerostin expression significantly decreases, 
causing β‑catenin expression to significantly increase in the 
subchondral bone leading to gradually worsening articular 
cartilage degeneration in humans  (47). The present study 
demonstrated that compared with the sham‑operated group, 
sclerostin expression in osteocytes significantly decreased and 
β‑catenin expression in osteoblasts significantly increased 
in the subchondral bone in the ACLT+vehicle group. This 
indicated that decreased expression of sclerostin in the 
subchondral bone caused abnormal remodeling that destroyed 
its microstructural integrity in ACLT mice. After OVX, OP 
caused by oestrogen revealed an increase in bone remodeling, 
specifically osteoclast‑mediated enhancement of bone resorp‑
tion, and osteoblast‑mediated bone formation was relatively 
weakened  (9). In OVX‑induced OP‑related osteoarthritis, 
subchondral bone remodeling increases, characterized by 
increased bone loss, decreased bone mass, decreased bone 
density, and deteriorated bone microarchitecture  (9,12,31). 
The present study also demonstrated that compared with 
the sham‑operated group, sclerostin expression significantly 
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decreased in osteocytes, and β‑catenin expression also signifi‑
cantly increased in osteoblasts in the subchondral bone in the 
OVX+vehicle group. This indicated that the decreased expres‑
sion of sclerostin in the subchondral bone of OP‑induced 
mouse OA caused abnormal bone formation and abnormality 
of the subchondral bone remodeling, which destroyed the 
microstructural integrity of the subchondral bone.

LIF is a bone remodeling regulatory protein that is 
secreted by osteoclasts and binds to a receptor complex of 
glycoprotein 130 (gp130)/LIF receptor (LIFR) on osteocytes, 
which inhibits sclerostin (48,49). Thus, the inhibitory effect 
of sclerostin on Wnt/β‑catenin in osteoblasts is reduced, 
promoting osteoblast‑mediated bone formation in RANKL 
transgenic mice and OPG‑KO mice compared with wild‑type 
mice (20). Treatment of OPG‑KO mice with anti‑RANKL 
antibody, an anti‑bone resorption agent, was revealed to 
suppress the expression of LIF and increase the expression of 
sclerostin, thereby reducing bone formation via inhibition of 
the Wnt/β‑catenin pathway (20). Specific knockout of gp130 in 
osteocytes was revealed to increase the expression of sclerostin, 
and, thus, inhibit bone formation in mice (50). The aforemen‑
tioned studies demonstrated that the osteoclast‑derived factor 
LIF inhibited the expression of sclerostin in osteocytes and, 
hence, promoted bone formation. The present study demon‑
strated that the expression of LIF in osteoclasts significantly 
increased in the ACLT+vehicle group relative to the sham‑oper‑
ated group. We inhibited osteoclastogenesis by DHA which 
reduced the expression of the osteoclast‑derived factor LIF, 
thereby increasing the expression of sclerostin that inhibits 
abnormal bone formation and remodeling of the subchondral 
bone. Sclerostin is an important factor in bone remodeling, 
and is affected by numerous factors (51,52). Previous studies 
have found that mechanical stimulation inhibit the expression 
of sclerostin (16‑18). Studies on osteoporosis have revealed 
that osteoclasts oversecrete LIF and inhibit the expression 
of sclerostin (20); however, in the subchondral bone of OA, 
its mechanism is unclear. We first established a model of OA 
in mice with ACLT mechanical injury and it was revealed 
that LIF secreted by osteoclasts decreased the expression of 
sclerostin. However, the influence of the increased mechanical 
stress in the ACLT model cannot be completely eliminated. We 
then used the OVX‑induced OP‑related mouse OA model to 
further investigate the effect of LIF secreted by osteoclasts on 
sclerostin. The present study revealed a significant increase in 
the expression of LIF in osteoclasts in the OVX+vehicle group 
compared with that in the sham‑operated group. After treat‑
ment with DHA, the expression of LIF in OVX+DHA group 
was significantly lower than that in OVX+vehicle group. This 
indicated that DHA inhibited osteoclastogenesis to reduce the 
expression of osteoclast‑derived factor LIF, and, therefore, the 
expression of sclerostin was significantly increased. Compared 
with the OVX+vehicle group, DHA significantly decreased 
Tb.Sp and significantly increased BV/TV (%) and BMD in 
the subchondral bone of the OVX+DHA group. Similarly, the 
expression of MMP‑13 and VEGF and the OARSI score in 
the articular cartilage were significantly decreased. This indi‑
cated that DHA reduced the expression of osteoclast‑derived 
factor LIF by inhibiting osteoclastogenesis, thereby reducing 
the inhibition of bone sclerotin by LIF, reducing abnormal 
bone formation, inhibiting the increase of subchondral bone 

remodeling, and retaining the microstructure of the subchon‑
dral bone to slow the degeneration of articular cartilage.

Angiogenesis provides oxygen and nutrients for bone 
formation, which is associated with bone remodeling for bone 
homeostasis (50). However, abnormal angiogenesis is a key 
pathological feature of OA in the subchondral bone. Abnormal 
angiogenesis in subchondral bone increases with increased bone 
remodeling, which leads to abnormal bone formation (22,23). 
CD31, encoded by the platelet endothelial cell adhesion 
molecule (PECAM1) gene, is a specific marker of endothelial 
progenitor cells and is used to assess angiogenesis (32). The 
present study demonstrated that CD31‑positive endothe‑
lial progenitor cells in the subchondral bone significantly 
increased in number in the ACLT+vehicle group. Previous 
studies have also revealed that DHA has anti‑angiogenic 
effects (27,53,54). After treatment with DHA, CD31‑positive 
staining significantly decreased in the ACLT+DHA group rela‑
tive to the ACLT+vehicle group. Previous tudies have revealed 
that in the OA model of OVX rats, the expression of CD31 
in the subchondral bone of the model group was significantly 
increased, and the microstructural destruction of the subchon‑
dral bone similarly with the expression of MMP‑13 in the 
articular cartilage was increased, and the loss of proteoglycan 
was severe (9,12,55). The present study revealed a significant 
increase in the number of CD31‑positively labeled endothelial 
progenitor cells in the subchondral bone of the OVX+vehicle 
group compared with sham‑operated group. However, the 
role of DHA in OVX‑induced abnormal angiogenesis of the 
subchondral bone in OP‑associated OA remains unclear. 
The present experiments revealed that CD31 expression was 
significantly reduced in the OVX+DHA group compared with 
the OVX+vehicle group. These results indicated that DHA 
inhibited abnormal angiogenesis of subchondral bone and 
slowed abnormal bone remodeling.

DHA is an effective drug against malaria, and a 
semi‑synthetic derivative of artemisinin with fewer side 
effects. It performs an important role in inhibiting inflam‑
mation, is anti‑angiogenic, suppresses cancer and is 
anti‑osteoclastogenic (26‑28). DHA suppresses the expression 
of osteoclast marker genes, such as cathepsin K, calcitonin 
receptor and tartrate resistant acid phosphatase (TRACP); 
DHA also inhibits RANKL‑induced osteoclast formation and 
bone resorption, thus reversing the ovariectomized bone loss 
in oestrogen deficient‑induced osteoporosis of OVX mice (27). 
In addition, DHA effectively inhibited osteoclastogenesis and 
prevented breast cancer‑induced osteolysis (28). Abnormal 
bone remodeling and angiogenesis in the subchondral bone 
destroys its microstructure and causes articular cartilage 
degeneration (22,23). The present study revealed that DHA 
reduced the expression of the osteoclast‑derived factor LIF by 
inhibiting osteoclastogenesis, thereby reducing inhibition of 
sclerostin and thus suppressing abnormal subchondral bone 
remodeling. In addition, DHA inhibited angiogenesis resulting 
in less abnormal bone remodeling. Therefore, DHA attenuated 
articular cartilage degeneration by inhibiting abnormal bone 
remodeling and angiogenesis in OA mice.

In conclusion, DHA decreased the inhibition of sclerostin 
by reducing LIF secretion by osteoclasts and thus attenuated 
aberrant bone remodeling and inhibited angiogenesis in the 
subchondral bone, thereby preserving the subchondral bone 
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microstructure and attenuating articular cartilage degen‑
eration. Future studies are required to further verify the 
underlying mechanism of DHA decreasing the inhibition of 
sclerostin by reducing LIF secretion by osteoclasts, such as 
anti‑LIF antibodies.
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