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High-fat diet induces bone marrow inflammation and osteoarthritis phenotype in
knee joint, but the underlying mechanisms is unknown. Here, we report that high-
fat diet induces aberrant bone formation and cartilage degeneration in knee joint.
Mechanistically, a high-fat diet increases the number of macrophages and the
secretion of prostaglandins in subchondral bone, promoting bone formation.
Metformin treatment is able to decrease the number of macrophages and also the
level of prostaglandins induced by high-fat diet in subchondral bone. Importantly,
metformin rescues aberrant bone formation and cartilage lesions by decreasing
the number of osteoprogenitors and type-H vessels, which also results in relief of
osteoarthritis pain response. Thus, we demonstrate prostaglandins secreted by
macrophages may be a key reason for high-fat diet induced aberrant bone
formation and metformin is a promising therapy for high-fat diet induced
osteoarthritis.
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Introduction

Osteoarthritis is a common joint disease and one of the leading causes of pain response
and disability in general population (Conaghan et al., 2019; Hunter and Bierma-Zeinstra,
2019). However, little is known about prevention and intervention of early-stage
osteoarthritis due to complex etiology and limited understanding of potential
mechanisms (Martel-Pelletier et al., 2016). As a result, there is no disease-modifying
drug for this disease (Block, 2014; Conaghan et al., 2019). It has been noted that trauma
played an important role in the development of cartilage damage. However, previous
reports showed only about 12% diagnosed osteoarthritis cases belonged to post-
traumatic osteoarthritis, suggesting involvement of other factors in the development of
osteoarthritis (Su et al., 2022).

Recently, metabolic diseases were found to be vital contributors in osteoarthritis
development (Collins et al., 2018; Misra et al., 2019; Mohajer et al., 2021).
Metabolic syndrome is a cluster of conditions including high blood pressure, high
blood sugar, excess body fat around the waist, and abnormal cholesterol levels
(Furuta et al., 2023; Kassi et al., 2011). Studies have found that people with metabolic
syndrome were more likely to have knee osteoarthritis than those without the metabolic
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condition (Liu et al., 2020; Puenpatom and Victor, 2009).
Interestingly, although metabolic syndrome can cause obesity
which will directly accelerate the “wear and tear” process of
articular cartilage, patients with metabolic syndrome also have a
higher risk of developing osteoarthritis in non-weight-bearing
joints such as hands, suggesting that metabolic syndrome
related osteoarthritis is not only caused by increased body
weight but also changed bone metabolism microenvironment
(Mohajer et al., 2021; Sanchez-Santos et al., 2019). Some studies
have reported the link between metabolic syndrome and
osteoarthritis could be due to chronic inflammation and
metabolic dysfunction of bone marrow cells (Batushansky et al.,
2022; Courties et al., 2017). Specifically, a high-fat diet was shown
to increase the number of osteoclasts and shift the fate of BMSCs
from osteoblast toward adipocyte lineage, contributing to
increased bone marrow adiposity (Montalvany-Antonucci et al.,
2018). Studies also found high fat det could increase the expression
of plasma inflammatory factors, as well as infiltration of
aggravative inflammatory cells (e.g., CD11+ T macrophages) in
adipose tissue, promoting an inflammatory bone marrow
microenvironment (Qiao et al., 2021).

Metformin is a widely recognized medication for type 2 diabetes
that has been shown to have various other health benefits beyond
glycemic control (Kulkarni et al., 2020; Mohammed et al., 2021).
Recently, there has been growing interest in the potential of
metformin in the management of osteoarthritis (Li D. et al.,
2022; Li et al., 2020). Inflammation plays a significant role in the
pathogenesis of osteoarthritis. Studies have reported that metformin
may reduce the production of pro-inflammatory cytokines, such as
interleukin-1β and tumor necrosis factor-α, which are known to play
a crucial role in the development of osteoarthritis (Li D. et al., 2022;
Li et al., 2020; Terkeltaub et al., 2011). Furthermore, metformin has
been shown to inhibit the activation of nuclear factor kappa B, a
transcription factor that regulates the expression of various pro-
inflammatory genes (Hattori et al., 2006; Isoda et al., 2006). Recent
studies have suggested that metformin may also have
chondroprotective effects that could promote cartilage
regeneration (Li D. et al., 2022; Li et al., 2020). In vitro studies
have reported that metformin promotes the proliferation and
survival of chondrocytes, the cells responsible for producing and
maintaining cartilage (Wang C. et al., 2019; Xing et al., 2022).
Moreover, metformin has been shown to downregulate the
expression of ADAMTS5 and MMP1, two genes that are
responsible for the degradation of cartilage (Schadler et al., 2021).
Pain is the most common symptom associated with osteoarthritis,
and it can have a significant impact on the quality of life of affected
individuals (Conaghan et al., 2019). Of note, metformin has been
shown to have analgesic effects that could potentially benefit patients
with osteoarthritis (Li Z. et al., 2022; Na et al., 2021). Animal studies
have reported that metformin reduces pain sensitivity in response to
noxious stimuli (Li et al., 2020). Moreover, metformin has been
shown to activate the adenosine monophosphate-activated protein
kinase (AMPK) pathway, which is involved in pain modulation (Li
et al., 2020). Despite the progress in the use of metformin in
traumatic OA, few studies explored the use of metformin in
metabolic syndrome related osteoarthritis. Whether metformin
also reduces inflammation and pain response in metabolic
osteoarthritis is unknown.

In this study, we characterized the joint phenotype of high-
fat diet induced metabolic syndrome induced osteoarthritis
and found that metformin was able to inhibit high-fat diet
stimulated prostaglandins production and reverse aberrant
bone formation in subchondral bone. In conclusion, our data
showed metformin could emerge as a potential therapeutic option
for the management of metabolic syndrome related osteoarthritis.
Its anti-inflammatory effects, chondroprotective properties,
and analgesic effects suggest that it could be a useful adjunct
to current treatments for osteoarthritis. However, further studies
are needed to fully understand the mechanisms of action of
metformin in osteoarthritis and to determine its efficacy and safety
in clinical trials.

FIGURE 1
Evaluation of cartilage and subchondral bone phenotype in HFD-
treated mice. Three-month-old C57BL/6 mice were fed a chow-food
diet (CFD) or a high-fat diet (HFD) for 0.5, 1, 3, or 5 months. n = 6mice
per group. (A–G) Representative image of three-dimensional
micro-computed tomography (μCT) images (A) and quantitative
analysis of structural parameters of knee joint subchondral bone: bone
volume/tissue volume (BV/TV, %) (B), trabecular number (Tb.N, mm−1)
(C) trabecular thickness (Tb.Th, mm) (D), trabecular bone separation
(Tb. Sp, mm) (E), trabecular pattern factor (Tb. Pf, mm−1) (F), and
subchondral bone plate thickness (SBP. Th, mm) (G). (H, I) Safranin
O-fast green staining of the tibia subchondral bone medial
compartment (sagittal view) (H) and calculation of Osteoarthritis
Research Society International (OARSI) scores (I). All data are shown as
means ± standard deviations. *p < 0.05. Statistical significance was
determined by unpaired, two-tailed Student’s t-test.
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Results

Evaluation of cartilage and subchondral
bone phenotype in HFD-treated mice

Previous studies have reported conflict results regarding
knee joint osteoarthritis development in high-fat diet (HFD)
condition (Brunner et al., 2012; Sansone et al., 2019).
To evaluate whether HFD can induce OA phenotype, we
first investigated the subchondral bone and cartilage phenotype
at different timepoints during HFD treatment. Micro-CT analysis
showed a dramatic increase in subchondral bone mass
starting from 0.5Mo in HFD-treated group as evidenced by
increased bone volume (BV)/tissue volume (TV) ratio,

trabecular bone thickness (Tb.Th) and bone plate thickness
(SBP.Th) in the medial part of the subchondral bone region,
suggesting HFD induced rapid bone formation in the
subchondral bone area (Figures 1A–G). A continued decrease in
subchondral bone trabecular number was also observed, possibly
because of disappearance of bone marrow cavities (Figure 1C).
SOFG staining showed a mild cartilage degeneration starting at
3Mo and apparent thinning of the cartilage layer at 5Mo, resulting
in higher scores at the above timepoints in OARSI scoring (Figures
1H, I). These results demonstrated HFD could induce a rapid
subchondral bone change but rather mild cartilage degeneration in
knee joint, suggesting that HFD could serve as a metabolic OA
model that has different phenotypes compared to post-traumatic
OA (PTOA) or rheumatoid arthritis (RA).

FIGURE 2
Metformin reduces PGs level and cellular senescence in subchondral bone in mice treated with HFD. Three-month-old C57BL/6 mice were fed a
standard chow-food diet (CFD), HFD, or HFD with metformin (HFD + Met) for 3 months. n = 6 mice per group. (A–D) Relative protein concentrations of
PGE2 level (A), PGD2 level (B), PGJ2 level (C), and TXA2 level (D) in subchondral bone of mice treated with CFD, HFD, or HFD + Met. (E)
Immunofluorescence staining of knee joint tissue sections with antibody against COX-2 (red) and PGE2 (green). (F, G) RNA was isolated from
harvested tibial plateau andmRNA levels ofCdkn2a andCdkn1aweremeasured by qRT-PCR analysis. All data are shown asmeans ± standard deviations.
*p < 0.05. Statistical significance was determined by one-way ANOVA.
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Metformin reduces PGs level and cellular
senescence in subchondral bone in mice
treated with HFD

Several studies showed that prostaglandin production was
the key reason for OA development and OA pain. To elucidate
whether prostaglandins were also elevated in HFD induced
metabolic OA, we examined the expression of prostaglandins in
subchondral bone of HFD-treated mice. We selected 3-month as
timepoint based on our previous finding that OARSI scores were
evident starting from 3-month. Notably, we found a significant
increase of 4 primary prostaglandins: PGE2, PGD2, PGJ2 and
TXA2 in subchondral bone extract of HFD-treated mice (Figures
2A–D). Immunostaining further confirmed a colocalization
and significant increase in COX-2 and PGE2 in the subchondral
bone in HFD-treated mice (Figure 2E). As a previous study indicated
HFD-induced senescent cells could also be an important source
of PGE2 production, we also examined whether metformin
was able to reduce senescence burden in tibia joint tissue (Su
et al., 2022). Intriguingly, we found although HFD could
significantly increase p16 and p21 expression in harvested tibial

plateau, metformin could reduce the expression to almost base level,
suggesting that metformin could also inhibit COX2-PGE2
production though inhibition of senescent cells (Figures 2F,G).

Metformin reduces the number of COX-2+

macrophages in subchondral bone

Since HFD model can induce metabolic syndromes which can be
treated with drugs targeting metabolism, for example, metformin, we
tested if metformin was also able to reverse prostaglandin production in
HFD-induced metabolic OA. Co-treatment of metformin with HFD for
3 months significantly reduced the level of PGE2, PGD2, PGJ2 and
TXA2 in subchondral bone region (Figures 2A–D), which was also
validated by immunostaining of COX-2 and PGE2(Figure 2E). Previous
reports have showed thatmonocyte-macrophage lineage cells were one of
the main sources of prostaglandins in bone marrow (Hayes et al., 1992).
To explore the potential source of elevated prostaglandins inHFD-treated
subchondral bone, we conducted co-staining of F4/80 and COX-2. The
result demonstrated 70.80% ± 10.47% COX-2-positive cells were F4/80-
positive cells, suggesting elevated prostaglandins were mainly produced

FIGURE 3
Metformin reduces the number of COX-2+ macrophages in subchondral bone. Three-month-old C57BL/6 mice were fed a standard chow-food
diet (CFD), HFD, or HFDwith metformin (HFD +Met) for 3 months. n = 6mice per group. (A, B) Immunofluorescence double staining of COX-2 (red) and
F4/80 (green) in (A) and quantification of the number of F4/80+COX-2+ cells in subchondral bone sections in (B). (C–F) Immunofluorescence staining of
F4/80(green), iNOS(red), and CD206 (purple) in (C), quantification of the number of F4/80+ cells in subchondral bone sections in (D), quantification
of the number of iNOS+ cells in subchondral bone sections in (E), and quantification of the number of CD206+ cells in subchondral bone sections in (F). All
data are shown as means ± standard deviations. *p < 0.05. Statistical significance was determined by one-way ANOVA.
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by macrophages (Figures 3A, B). However, the number of F4/80 and
COX-2 double-positive cells decreased dramatically upon metformin
treatment, suggesting metformin was able to inhibit prostaglandin
production in macrophages. Immunostaining of macrophage markers
showed that metformin could reduce the toal number of macrophages as
showed by decreased F4/80-positive cells (Figures 3C, D). Moreover,
metformin was able to inhibit the specific M1-type macrophages

(iNOS+) but not M2-type macrophages (CD206+), indicating
metformin prevented generation of the pro-inflammatory
environment in subchondral bone in HFD-treated mice (Figures
3C, E, F).

Metformin improves HFD-induced
metabolic syndrome related osteoarthritis

Based on above findings, we further investigated whethermetformin
was able to reverseHFD-inducedOAphenotype. In accordancewith our
previous results, 3-month HFD treatment significantly increased bone
volume in subchondral bone. However, this phenotype was alleviated by
metformin treatment as evidenced by reduced BV/TV, Tb.Th and
SBP.Th (Figures 4A–G), which is consistent with OARSI score
(Figures 4H,I). Of note, metformin could only partially rescue the

FIGURE 4
Blocking PGs improves HFD-induced metabolic OA. Three-
month-old C57BL/6 mice were fed a standard chow-food diet (CFD),
HFD, or HFDwithmetformin (HFD +Met) for 3 months. n = 6mice per
group. (A–H) Representative image of three-dimensional micro-
computed tomography (μCT) images (A) and quantitative analysis of
structural parameters of knee joint subchondral bone: bone volume/
tissue volume (BV/TV, %) (B), trabecular number (Tb.N, mm–1) (C)
trabecular thickness (Tb.Th, mm) (D), trabecular bone separation (Tb.
Sp, mm) (E), trabecular pattern factor (Tb. Pf, mm−1) (F), and
subchondral bone plate thickness (SBP. Th, mm) (G). (H, I) Safranin
O-fast green staining of the tibia subchondral bone medial
compartment (sagittal view) (H) and calculation of Osteoarthritis
Research Society International (OARSI) scores (I). All data are shown as
means ± standard deviations. *p < 0.05. Statistical significance was
determined by onE-way ANOVA.

FIGURE 5
Metformin rescues aberrant vessel and bone formation in HFD-
treated mice. Three-month-old C57BL/6 mice were fed a standard
chow-food diet (CFD), HFD, or HFD with metformin (HFD + Met) for
3 months. n = 6 mice per group. (A–C) Immunofluorescence
staining of knee joint tissue sections with antibody against Osterix
(OSX, red) and osteocalcin (OCN, green) (A), quantification of the
number of OCN+ cells in subchondral bone sections in (B), and
quantification of the number of OCN+ cells in subchondral bone
sections in (C). (D–E) Immunofluorescence double staining of knee
joint tissue sectionswith antibody against endomucin (EMCN, red) and
CD31 (green) (A) and quantification of the fluorescence intensity of
EMCN+ CD31+area in subchondral bone sections in (E). All data are
shown as means ± standard deviations. *p < 0.05. Statistical
significance was determined by one-way ANOVA.
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effect of HFD on subchondral bone, suggesting that other mechanisms
also function in the HFD-induced OA development.

Metformin rescues aberrant vessel and bone
formation in HFD-treated mice

Previous studies showed angiogenesis played a vital role in OA
development (Su et al., 2020). We examined whether metformin
reduced aberrant bone formation by decreasing osteoblasts and
blood vessels. Immunofluorescence staining showed while HFD
treatment caused significant increase in both Osterix (OSX)+

osteoblast progenitors and Osteocalcin (OCN)+ mature osteoblasts,
metformin co-treatment reduced the number of OSX+ osteo-
progenitors to base level comparable to CFD group (Figures 5A, B).
The number of OCN+ mature osteoblasts was also reduced by
metformin co-treatment (Figure 5C). We also detected the number
of type H vessels, the bone-formation related blood vessel, in
subchondral bone in HFD treated mice. 3-month HFD treatment
increased EMCN+CD31+ type H vessels in subchondral bone, whereas
metforminmarkedly reduced this angiogenesis process (Figures 5D, E).

Metformin rescues HFD induced OA pain

We finally investigated pain response using multiple behavior
tests.We first monitored basic spontaneous physical activity including

distance traveled, maximum speed of movement and active time per
24 h to reflect potential overall effect of joint pain on mice. We found
3-month HFD treatment significantly reduced these parameters as
compared to CFD treated mice (Figures 6A–C). The mechanical
hyperalgesia of the hind paw is also increased in HFD-treated mice
relative to CFD-treated mice as measured by von Frey analysis,
suggesting increased pain response induced by HFD-induced OA.
Of note, metformin co-treatment in mice showed significant
improvement in spontaneous activity and mechanical hyperalgesia
(Figures 6D, E). These results suggest metformin was able to attenuate
HFD induced OA phenotype and related pain response.

Discussion

Osteoarthritis remains one of the leading causes of disability and joint
pain among middle-aged and old people (Sun et al., 2021). It was
estimated that approximately 10% of men and 18% of women had
symptomatic OA, which significantly decreased their quality of life (Allen
et al., 2022). However, due to the complex causes of disease onset, there is
no disease-modifying drug for this disease (Block, 2014; Conaghan et al.,
2019). Current animal models of osteoarthritis mainly focused on
pathological changes in traumatic conditions such as ACLT or DMM.
Whereas the phenotype changes in subchondral bone and cartilage in
nontraumatic osteoarthritis were poorly documented. In our study, we
found that high-fat diet treatment could induce rapid bone formation in
subchondral bone. But the osteoarthritis phenotype, of note cartilage

FIGURE 6
Metformin rescues HFD induced OA pain. (A–C) Parameters of voluntary wheel running for mice which were fed a standard chow-food diet (CFD),
HFD, or HFD with metformin (HFD + Met): distance traveled (A), mean speed (B), and active time (C); n = 5 mice per group. (D–E) Parameters of von fray
test for mice which were fed a standard chow-food diet (CFD), HFD, or HFD with metformin (HFD + Met): paw withdraw frequency (PWF) at 0.7 mN
stimulation (D) and PWF at 3.9 mN stimulation (E). All data are shown as means ± standard deviations. *p < 0.05. Statistical significance was
determined by one-way ANOVA.
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degeneration, only occurred after a long-term high-fat diet treatment
(>3Mo).Moreover, the cartilage changes in high-fat diet treatment group
also appears mild compared with in traumatic models, as we observed
loss of collagen content and over-hypertrophy of some chondrocytes
rather than severe erosion of cartilage surface (Jeon et al., 2017). These
phenotypes of metabolic syndrome related osteoarthritis is distinct from
the phenotypes of traumatic models (Cui et al., 2016; Zhen et al., 2013;
Zhu et al., 2019). Specifically, traumatic model will induce early bone loss
and later uneven bone formation in bone marrow of subchondral bone,
which leads to subsequent cartilage erosion (Zhen et al., 2013). However,
in high-fat diet model, aberrant bone formation was found distributed
rather evenly in bone marrow of subchondral bone (Su et al., 2022). This
may explain the mild nature of cartilage degeneration in this model since
the mechanical property of the subchondral bone-cartilage unit is still
intact to some extent. A thickened subchondral bone may not serve as a
good cushion for the cartilage layer as in wild-type mice and cause
cartilage degeneration gradually. However, given that high-fat diet also
has systematic effect like glucose level, fatty acids metabolism and
inflammation, which could affect synovial fluid and thus chondrocyte
metabolism, it still remains unclear whether the long-term cartilage
damage is due to subchondral bone changes or direct effect on
chondrocytes (Gross et al., 2014; Xie and Chen, 2019).

The COX2-PGE2 axis has been proved to be a vital pathway in
bone homeostasis (Chen et al., 2019; Raisz, 1999). In long bone,
COX2-PGE2 expression stimulates osteogenesis process through
MAPK pathway or Wnt pathway and thus promotes fracture
healing (Liedert et al., 2010; Minamizaki et al., 2009). Interestingly,
in vitro study confirmed that mechanical load could increase
COX2 expression in bone marrow and promoted bone formation,
suggesting COX-2 level was regulated by both metabolic and
mechanical factors (Liedert et al., 2010). In recent studies, the
COX2-PGE2 axis was proved to play a central role in bone
interoception which mediated sensing of bone volume by CNS
system (Lv et al., 2022). It is well recognized that the subchondral
bone is an important part of the weight bearing unit of joint. Various
studies have demonstrated COX2-PGE2 axis could modulate the
structure of subchondral bone during the onset of different types
of OA (Su et al., 2022; Tu et al., 2019). In our study, we found that
COX-2-PGE2 axis was also activated in metabolic syndrome related
osteoarthritis, indicating high-fat diet elicited a inflammatory local
microenvironment in subchondral bone, which may explain the
aberrant bone formation at this site. As metformin was proved to
diminish inflammation in metabolic diseases, we also tested if
metformin was able to decrease COX-2-PGE2 expression in
subchondral bone. We found metformin could reduce the
production of major forms of prostaglandins such as PGE2, PGJ2,
PGD2 and TXA2. Of note, as we found increased macrophages in
high-fat diet treatments, the number of macrophages, especially
M1 type macrophages, decreased greatly. Previous study indicated
that prostaglandins could also originate from senescent pre-osteoclast
and that co-treatment of selective COX-2 inhibitor celecoxib could
delay OA progression (Su et al., 2022). In our study, we also found
metformin could reduce senescence as well as prostaglandins
production induced by high-fat diet. These results highlighted the
potential of metformin as a disease-modifying drug that could benefit
in different aspects of metabolic syndrome. Interestingly, the
inhibition of prostaglandins is also associated with decreased
number of osteoblasts and type H vessels, which resulted in

improved subchondral bone and cartilage phenotype. These results
highlighted the potential of metformin in osteoarthritis treatment.

Pain is one of themain symptoms ofOAandwas often regarded as an
important protective signal that warned the body of existing acute tissue
injury and inflammation (Groenewald et al., 2022). OA pain was defined
as a dull, chronic, and intermittent pain that could significantly limit daily
activity and even harm mental health of the patients (Song et al., 2018).
Several important pathways such as cGRP, NGF, TrkA, CCL2, and Wnt/
β-catenin signaling pathwaywere all proved tomediateOApain (Yu et al.,
2022). Metformin was long proved to inhibit pain in metabolic syndrome
due to its function in inhibiting inflammation (Baeza-Flores et al., 2020;Na
et al., 2021). In this study,we also found thatmetformin is an effective drug
to relieve pain in metabolic syndrome related osteoarthritis. Pain response
is one of the most common reasons osteoarthritis patients seek medical
care and can significantly affect the quality of life of the patients. Previous
reports have shown metformin could inhibit pain transduction by
reducing TRPA1 activity in DRG neurons and also TRPA1-mediated
calcium influx (Li et al., 2020). In traumatic DMM osteoarthritis model,
metformin was found to upregulate phosphorylated and total
AMPKα1 expression in DRG tissues and inhibited pain sensitivity (Li
et al., 2020). In our study, we for the first time demonstrated the
chondroprotective effect of metformin on high-fat diet induced
metabolic syndrome related osteoarthritis. Metformin was also able to
encourage daily activity and relieve pain response inmicewithhigh-fat diet
induced osteoarthritis.

In clinical study, metformin was demonstrated to benefit long-
term knee joint outcomes in patients with knee OA and obesity
(Wang Y. et al., 2019). COX-2-PGE2 axis is one of the key
mechanisms mediating joint destruction and pain response.
Recent studies indicated COX-2 inhibitors such as celecoxib
could be used to relief pain associated with arthritis and modify
disease progression (Su et al., 2022). However, long-term use of COX
inhibitor is accompanied by increased risk of GI and cardiovascular
events, which may not benefit the overall wellbeing of the patients in
a long run (Marsico et al., 2017; Stiller and Hjemdahl, 2022).
Moreover, in middle-aged or old patients with osteoarthritis,
comorbidities often exist, and different diseases could affect each
other, forming a vicious circle. Considering human body as a whole.
In such circumstances, a drug like metformin, that is, able to
improve cellular metabolism and limit inflammatory response in
different organs may appear as a better solution for these patients
(Campisi et al., 2019). Randomized controlled clinical trials are
needed to determine whether metformin could be used as a potential
disease-modifying drug for metabolic syndrome related OA.

Methods

Animals and treatment

We purchased the 3-month-old male C57/BL6 wild-type mice
strain from the Model Animal Research Center of Southern Medical
University (Guangzhou, China). The general condition of the mice
was carefully evaluated and monitored by veterinary examination.
All animals were maintained in the animal facility of the Nanfang
Hospital, Southern Medical University. The experimental protocol
was reviewed and approved by the Nanfang Hospital Animal Ethic
Committee (NFYY-2021-1037).
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For high-fat diet treatment, mice were placed on a high-fat diet
(HFD, 21% fat, Harlan Laboratories, United States) or a regular chow
diet (CFD) for designated times. For metformin treatment, metformin
(Sigma, 50 mg/kg/d) was diluted in 10% PEG400 and administrated
by 100 μl oral gavage daily. Control mice were fed with vehicle.

Bone sectioning, immunostaining, and
histological evaluation

For staining of frozen sections, mice were humanely sacrificed,
and knee joints were harvested. After decalcification with 0.5 M
EDTA for 2 weeks, bones were immersed in 30% sucrose and 2%
polyvinylpyrrolidone (PVP) solution and dehydrate for at least 24 h.
The bones were embedded in OCT, and sections were collected
for staining. Forty-μm-thick coronal sections were used for
immunofluorescence staining. For immunofluorescence staining,
we incubated the sections with primary antibodies to COX-2
(abcam, ab179800, 1:200), PGE2 (abcam, ab2318, 1:200), F4/80
(Bio-rad, MCA497RT, 1:200), iNOS (Invitrogen, 14-5920-82, 1:
200), CD206 (Bio-rad, MCA2235, 1:200), OSX (abcam, ab22552,
1:300), OCN (Takara, M188, 1:200), EMCN (Santa Cruz, sc-65495,
1:100), CD31 (abcam, FAB3628G, 1:50), overnight at 4°C, and then
incubated with second antibodies as described previously (Liu et al.,
2021). Nuclei were counterstained with DAPI and observed under
an Olympus BX51 microscope.

For Safranin-O& fast green staining, after fixation and
decalcification as described previously, the samples were
embedded in paraffin, sectioned at 4 μm, followed by Safranin-
O& fast green staining. ImageJ software (NIH, United States) was
used for quantitative analysis. OARSI scores of the joints’ SOFG
staining was performed as described previously (Su et al., 2022).

qRT-PCR

Total RNA for qRT-PCR was harvested from the mice tibial plateau
using RNeasy Mini Kit (QIAGEN) according to the manufacturer’s
protocol as described previously (Liu et al., 2023). cDNA was prepared
with randomprimers using the SuperScript First-Strand Synthesis System
(Invitrogen, United States) and analyzed with SYBR GreenMaster Mix
(QIAGEN) in the thermal cycler. Target-gene expression was normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) messenger
RNA, and relative gene expression was assessed using the 2−ΔΔCT

method. Primers used for qRT-PCR were as follows: Cdkn2a (5′-
GAAAGAGTTCGGGGCGTTG-3′) and (5′-GAGAGCCATCTGGAG
CAGCAT-3′); Cdkn1a (5′-AGAAGGTACTTACGGTGTGGT-3′) and
(5′-GAGAGATTTCCCGAATTGCAGT-3′).

Micro-CT analysis

For all micro-CT analysis, mice knee joints were fixed overnight
in 10% formalin at 4°C, and then scanned at a voltage of 55 kVp, a
current of 181 μA, and a resolution of 9.0 μm per pixel by high-
resolution micro-CT (Bruker MicroCT, Skyscan 1175) (Hu et al.,
2020). We used NRecon image reconstruction software, version 1.6
(Bruker MicroCT), CTAn data-analysis software, version 1.9

(Bruker MicroCT) to reconstruct and analyze the parameters of
the tibia subchondral bone. 10 coronal images of the medial
suchondral bone comartment were selected and used for 3D
reconstruction using CTVol v2.0 (Bruker MicroCT).

Measurement of prostaglandin levels

The concentration of PGE2(R&D systems, KGE004B),
PGD2(Cayman chemical, 512011), PGJ2(Novus biologicals,
NBP2-64614) and TXA2 (LSBio, LS-F28644) were measured
by ELISA assay kits according to manufacter’s instructions.
For sample preparation, mice in different treatment groups
were sacrificed and tibia subchondral bones were removed
carefuly by forceps. The bones were immediately flash-freezed
and crushed in liquid nitrogen. Then RIPA buffer was added to
the samples and the samples were transferred to a 1.5 ml
eppendorff tube. The samples were digested in the tube on a
rotator in cold room (4°C) for 30 min and then centrifuged at
12000 RPM at 4°C for 30 min. The supernatant was collected for
immediate analysis or stored at −80°C.

Behavioral tests

Wheel-running activity was recorded by running wheels
designed for mice cages (model BIO-ACTIVW-M, Bioseb) as
described previously (Ni et al., 2019). Individual mice was placed
in the cage with ad libitum access to food and water and could run
freely. An analyzer was connected to the wheel that could spun both
directions and was able to record themice activity in a cage similar to
the mice’s home cage. Parameters including distance traveled, mean
speed, and active time for 2 days were recorded for each mouse.

The hind paw withdrawal frequency responding to stimulus was
determined by von Frey hairs of 0.7 mN and 3.9 mN (Stoelting,
Wood Dale, IL). Mice were pre-conditioned for the environment for
30 min before testing. Von Frey hairs were applied to the mid-
plantar surface of the mice hind paw which was in contact with the
floor for ten times. The withdrawal frequency of the mice hind paw
was recorded and calculated as the percentage of withdrawal times in
response to ten von frey hair applications.

Statistics

Data are presented as means ± standard errors of the mean. For
multiple comparisons, one-way analysis of variance (ANOVA) with
Bonferroni post hoc test was used. All data were normally distributed
and had similar variation between groups. Statistical analysis was
performed using SAS, version 9.3, software (SAS Institute, NC). P <
0.05 was deemed significant.
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