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TRANSLATIONAL SCIENCE

Metformin limits osteoarthritis development and
progression through activation of AMPK signalling
Jun Li," Bin Zhang,” Wei-Xiao Liu,* Ke Lu,® Haobo Pan,’ Tingyu Wang,* Chun-do Oh,’

Dan Yi,' Jian Huang
Ru Liu-Bryan,® Shiging Feng,? Di Chen

ABSTRACT

Objectives In this study, we aim to determine the
effect of metformin on osteoarthritis (OA) development
and progression.

Methods Destabilisation of the medial meniscus
(DMM) surgery was performed in 10-week-old wild type
and AMP-activated protein kinase (AMPK)ou1 knockout
(KO) mice. Metformin (4 mg/day in drinking water) was
given, commencing either 2 weeks before or 2 weeks
after DMM surgery. Mice were sacrificed 6 and 12 weeks
after DMM surgery. OA phenotype was analysed by
micro-computerised tomography (UCT), histology

and pain-related behaviour tests. AMPKat1 (catalytic
alpha subunit of AMPK) expression was examined

by immunohistochemistry and immunofluorescence
analyses. The OA phenotype was also determined by pCT
and MRI in non-human primates.

Results Metformin upregulated phosphorylated and
total AMPK expression in articular cartilage tissue. Mild
and more severe cartilage degeneration was observed
at 6 and 12 weeks after DMM surgery, evidenced by
markedly increased Osteoarthritis Research Society
International scores, as well as reduced cartilage

areas. The administration of metformin, commencing
either before or after DMM surgery, caused significant
reduction in cartilage degradation. Prominent synovial
hyperplasia and osteophyte formation were observed

at both 6 and 12 weeks after DMM surgery; these were
significantly inhibited by treatment with metformin either
before or after DMM surgery. The protective effects of
metformin on OA development were not observed in
AMPKao1 KO mice, suggesting that the chondroprotective
effect of metformin is mediated by AMPK signalling.

In addition, we demonstrated that treatment with
metformin could also protect from OA progression in a
partial medial meniscectomy animal model in non-
human primates.

Conclusions The present study suggests that
metformin, administered shortly after joint injury, can
limit OA development and progression in injury-induced
OA animal models.
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INTRODUCTION

Metformin is the first-line medication for the
treatment of type 2 diabetes' and the fourth-most
prescribed medication in the USA in 2016 (https://
www. medicinenet.com/top_drugs_prescribed
in_the_us/views.htm). Evidence suggests that
metformin is generally well tolerated and seems
to also be beneficial for a number of age-related
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Key messages

What is already known about this subject?

» Metformin is the first-line medication for the
treatment of type 2 diabetes.

» Metformin has been shown to activate AMP-
activated protein kinase (AMPK).

» Osteoarthritis (OA) phenotype induced by
destabilisation of the medial meniscus was
accelerated in AMPKo1 (catalytic alpha subunit
of AMPK) knockout (KO) mice.

What does this study add?

» Metformin had chondroprotective effect to
decelerate OA development and progression.

» Metformin enhanced AMPK expression and
phosphorylation in articular chondrocytes in
mice.

» Metformin lost its chondroprotective effect
on OA development in AMPKa1 KO mice,
suggesting that the chondroprotective effect of
metformin is mediated by AMPK signalling.

» Metformin had chondroprotective effect on OA
development in non-human primates.

How might this impact on clinical practice or

future developments?

» This study suggests that metformin may be used
in clinics to treat patients with OA.

diseases.” > Metformin could influence metabolic
and cellular processes, such as inflammation, oxida-
tive damage, diminished autophagy, cell senescence
and apoptosis.*”

Metformin has been shown to activate AMP-
activated protein kinase (AMPK), a master regulator
of energy balance and metabolism. Dysregulation
of AMPK is linked to multiple age-related diseases
including diabetes, atherosclerosis, cardiovascular
disease, cancer, neurodegenerative diseases and
osteoarthritis (OA).>'* Reduced AMPK activity,
assessed by phosphorylation of a specific threonine
in the catalytic alpha subunit of AMPK (AMPKo:1),
is observed in both human and mouse knee OA carti-
lage.'>™* Decreased phosphorylation of AMPKo1
is also seen in chondrocytes after biomechanical
injury or in response to interleukin-1f (IL-1B) and
tumour necrosis factor-o. (TNF-0)."* The adminis-
tration of metformin could reverse these catabolic
responses.'® " These findings suggest that sustained
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AMPK activity in chondrocytes may be important for cartilage
homeostasis. Indeed, it has been shown that AMPKo1 deficiency
in chondrocytes accelerates development of both injury-induced
and age-related spontaneous OA in mice."?

Patients with diabetes are nearly twice as likely to have
arthritis, indicating a diabetes-arthritis connection.’®  Diabetes
can damage joints, a condition called diabetic arthropathy."
Joint pain may be a response to an illness, injury or arthritis.
AMPK has been identified as a novel target for pain treat-
ment and metformin has been shown to decrease sensitivity to
mechanical and thermal allodynia.?®*!

OA is the most common form of arthritis and the leading
cause of chronic disability among elderly people. According to
estimates published in 2015, up to 240 million people around
the world suffer from OA.** Symptomatic knee OA occurs in
10% of men and in 13% of women aged 60 years or older.”
The number of people affected with symptomatic OA is likely
to increase because of the ageing of the population and the
obesity epidemic.’ Given the role of AMPK in OA and pain
and metformin being an AMPK activator,'* 2 *' in the present
studies, we investigated the effects of metformin on prevention
and treatment of OA both structurally and functionally in an OA
mouse model induced by destabilisation of the medial meniscus
(DMM). We also determined whether metformin limits OA
development and progression through activation of AMPK
signalling using AMPKo1 knockout (KO) mice. To further deter-
mine the therapeutic effect of metformin in OA pathogenesis in
large animals, we performed a pilot experiment testing the effect
of metformin on OA treatment in a partial medial meniscectomy
(PMM) model using a non-human primate. Our findings demon-
strated that metformin possesses chondroprotective effects on
OA development and progression in rodents and in non-human
primates through activation of AMPK signalling. Our studies
suggest that metformin may be used in clinical interventions of
OA disease.

MATERIALS AND METHODS
See online supplementary materials and methods.

RESULTS

Metformin limited OA development and delayed OA
progression in the mouse DMM model

To examine the effect of metformin on OA development and
progression, we performed DMM surgery in 10-week-old male
C57 wild-type (WT) mice with or without metformin admin-
istration commencing either 2 weeks before (limit or preven-
tion) or 2 weeks after (delay or treatment) DMM surgery (see
online supplementary figure S1A). We carried out histological
analyses to assess knee joint damage including articular cartilage
degradation, synovial tissue hyperplasia and osteophyte forma-
tion 6 and 12 weeks after DMM surgery. As expected, cartilage
degeneration was mild at 6 weeks and became more severe at
12 weeks after DMM surgery, evidenced by markedly increased
Osteoarthritis Research Society International (OARSI) scores
(figure 1A,B,G), as well as reduced cartilage areas, quantified by
histomorphometrical analysis of the Alcian blue stained articular
cartilage areas. The administration of metformin (4 mg/day in
drinking water, until the animals were sacrificed), commencing
either 2 weeks before or 2 weeks after DMM surgery, caused
partial but significant reduction in cartilage degradation
(figure 1C,H). Prominent synovial hyperplasia (figure 1D,I) and
osteophyte formation (figure 1E,FJ,K) analysed by synovitis
score and osteophyte size and maturity were observed at both 6

and 12 weeks after DMM surgery; both were significantly inhib-
ited by treatment with metformin either before or after DMM
surgery. Results of micro-computerised tomography (uCT) anal-
ysis also showed that significantly increased osteophyte forma-
tion was observed in mice 6 and 12weeks after DMM surgery
(figure 1L,M) and this effect was significantly inhibited by treat-
ment with metformin administered commencing either before
or after DMM surgery (figure 1L,M). Considering OA progres-
sion during the 6 to 12 weeks period after DMM surgery, we
found that in terms of the OARSI score, cartilage area and syno-
vitis score, the progression rates were similar with or without
metformin treatment in WT mice (see online supplementary
figure S1B-D). However, in terms of osteophyte size and osteo-
phyte maturity, the progression rates were significantly reduced
after metformin treatment in WT mice (see online supplemen-
tary figure S1E,F). We also analysed changes in subchondral bone
mass and found that subchondral bone mass was significantly
increased 6 and 12weeks after DMM surgery in WT mice (see
online supplementary figure S1L) and metformin had no signif-
icant effect on DMM-induced subchondral bone mass increase
(see online supplementary figure S1L). These results suggest that
metformin can limit OA development and delay OA progression
in the injury-induced OA mouse model, administered shortly
after joint injury.

Metformin induced AMPK phosphorylation and expression
Because metformin is a known AMPK activator,”* we exam-
ined, using immunohistochemistry (IHC) analysis, whether
metformin upregulates the phosphorylation and expression of
AMPKoa1 in articular cartilage tissue. We found that metformin,
either given before or after DMM surgery, significantly increased
phosphorylated AMPKal expression in articular chondrocytes
of knee cartilage at both 6 and 12weeks after DMM surgery
(figure 2A,B). Notably, metformin also increased total AMPKo1
expression in articular chondrocytes at the 6-week time point
when it was given before or after DMM surgery (figure 2A,C).

AMPK mediated chondroprotective effect of metformin

Next, we performed an in vitro study to determine the
effect of metformin on TNF-o. and IL-1B-induced catabolic
response. We found that expression of Mwmp3, Mmpl3,
Adamts4 and AdamtsS5 was significantly upregulated by
TNF-o (figure 3A-D) and IL-1B (figure 3E-H) in primary
murine articular chondrocytes derived from WT mice. The
addition of metformin significantly inhibited TNF-o. and
IL-1B-induced Mmp13 expression (figure 3B,F) and IL-1B-in-
duced Mmp3 expression (figure 3E). In addition, metformin
inhibited TNF-o-induced Adamts4 expression (figure 3C) and
TNF-o- and IL-1B-induced AdamisS expression (figure 3D,H)
in WT chondrocytes. We also examined effects of metformin
on expression of TNF-o- and IL-1B-induced chondrocyte
catabolic marker genes in articular chondrocytes derived from
AMPKo1” mice. Metformin had no significant effects on
expression of TNF-o and IL-1B-induced chondrocyte marker
genes in articular chondrocytes derived from AMPKo17 mice
(figure 3A-H). These findings suggest that metformin is a
potent drug inhibiting catabolic responses caused by inflamma-
tory cytokines. In addition to catabolic genes, we also exam-
ined expression of anabolic genes. We found that metformin
upregulated expression of Col2al, aggrecan, Sox9 and IGF-1
in articular chondrocytes of WT mice (figure 3I-L, N-Q). In
contrast, metformin had no significant effect on Bmp7 expres-
sion (figure 3M,R). Metformin also reversed the inhibitory
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Metformin limited osteoarthritis (OA) development and delayed OA progression in the mouse destabilisation of the medial meniscus

(DMM) model. (A) Representative histology images of osteoarthritic knee joints, that were collected 6 and 12 weeks after DMM surgery. Yellow
arrowheads indicate articular cartilage degradation, green arrowheads indicate osteophytes and red arrowheads indicate synovial hyperplasia. n=7;
scale bar: 200 um. (B, G) The severity of OA-like phenotype was analysed by grading histological sections in medial femoral condyles (MFCs) and
the medial tibial plateau (MTP) using the Osteoarthritis Research Society International (OARSI) score system. (C, H) The articular cartilage areas of
MFCs and MTPs were quantified by tracing the Alcian blue positive stained areas using the OsteoMeasure system. (D, I) The degree of synovitis was
semi-quantified by the number of synovial lining layers. (E, F, J, K) Osteophytes were semi-quantified by evaluating the osteophyte formation score
consisting of two domains, size (E, F) and maturity (J, K). n=7. (L, M) The osteophyte formation was analysed by micro-computerised tomography in
mice with or without metformin treatment 6 and 12 weeks after DMM surgery. The volume of calcified meniscus and synovial tissue was quantified.
n=6; scale bar: 1 mm. Statistical analysis was conducted using two-way analysis of variance followed by the Tukey-Kramer test. * p<0.05, * p<0.01,
compared between sham and DMM groups; *p<0.05, **p<0.01, ***p<0.001, compared between groups with or without metformin treatment in

mice with DMM surgery. Met, metformin; WT, wild type.

effects of TNF-o on expressions of Col2al, aggrecan, Sox9,
IGF-1 and Bmp7 (figure 3I-M). In addition, except upregu-
lation of IGF-1 expression (figure 3L,Q), metformin had no
significant effects on other anabolic genes in AMPKo/17" mice.
These results suggest that metformin exerts its chondroprotec-
tive effect not only by inhibition of catabolic genes but also by
upregulation of anabolic genes through an AMPK-dependent
mechanism. IHC results further demonstrated that expression
of MMP13, AdamtsS and Col-X proteins was upregulated in
mice performed with DMM surgery (see online supplemen-
tary figure 3S). The administration of metformin, commencing
either before or after DMM surgery, could significantly inhibit
MMP13, Adamts5 and Col-X expression (see online supple-
mentary figure 3S) in WT mice. However, no significant
attenuation effect of metformin on MMP13, Adamts5 and
Col-X expression in AMPKal”™ mice was seen (see online

supplementary figure 3S). We also examined the effect of
metformin on AMPK phosphorylation in human articular
chondrocytes and found that metformin significantly upregu-
lated AMPK phosphorylation within 16 hours time period (see
online supplementary figure S2A). TNF-o and IL-1f inhibited
AMPK phosphorylation and these inhibitory effects could
be reversed by treatment with metformin (see online supple-
mentary figure S2B). In addition, IL-1B-induced nitric oxide
release could be inhibited by metformin in a dose-dependent
manner in articular chondrocytes derived from WT mice; this
effect was abolished in articular chondrocytes derived from
AMPKo1” mice (see online supplementary figure S2C). In our
previous studies, we have shown that expressions of phosphor-
ylated and total AMPKa1 are reduced in both primary chon-
drocytes isolated from knee joint tissues of OA patients (by
Western blot analysis) and articular cartilage tissues collected
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Figure 2 Metformin induced AMP-activated protein kinase (AMPK) phosphorylation and expression. (A) Knee joint sections from sham,
destabilisation of the medial meniscus (DMM) surgery (6 or 12 weeks after DMM surgery) or treatment with or without metformin were analysed for
AMPK expression using immunohistochemistry methods. Results showed that expression of both phosphorylated AMPKo: (pPAMPKor) (upper panel)
and total AMPKao (catalyticalpha subunit of AMPK) (lower panel) was upregulated by the treatment with metformin. The cells present in the non-
calcified regions of femoral and tibial cartilage were subjected to further analysis. (B, C) Cells with positive staining for pAMPKo: and total AMPKa
were quantified (n=3). Statistical analysis was conducted using two-way analysis of variance followed by the Tukey-Kramer test. * p<0.01, compared
between sham and DMM groups; *p<0.05, compared between groups with or without metformin treatment in mice with DMM surgery. Met,

metformin; NC, negative control; WT,wild type.

from OA patients (by IHC), compared with normal primary
knee chondrocytes and normal knee cartilage, respectively."
We then went on to test the effects of metformin on OA
development in AMPKo1” mice. We found that AMPKo1”
mice administered metformin still exhibited the OA pheno-
type to an extent similar to that of WT mice not administered
metformin. This was demonstrated by analysing histolog-
ical changes (figure 4A) and changes in OARSI scores
(figure 4B,G), cartilage area (figure 4C,H), synovitis score
(figure 4D,I), osteophyte size (figure 4E,]) and osteophyte
maturity (figure 4F,K). Results of uCT analysis showed that
significant osteophyte formation was observed 6 and 12 weeks
after DMM surgery in AMPKa1”™ mice (figure 4L,M). Treat-
ment with metformin, commencing either before or after
DMM surgery, had no significant effect on inhibition of osteo-
phyte formation in AMPKa17" mice (figure 4L,M). Consid-
ering the OA progression rate, all parameters reflecting OA
progression, including OARSI scores, cartilage areas, synovitis

score, osteophyte size and osteophyte maturity, had no signif-
icant changes in AMPKa1” mice (see online supplementary
figure S1G-K). In addition, we found that subchondral bone
mass was significantly increased 6 and 12 weeks after DMM
surgery in AMPKo1”" mice (see online supplementary figure
S1M). Metformin had no significant effect on DMM-induced
subchondral bone mass increase (see online supplementary
figure SIM). These results suggest that the chondroprotective
effect of metformin was mediated by AMPK.

Metformin attenuated OA pain

We then performed a series of tests to determine if metformin
lowers OA pain sensitivity. The results of von Frey tests
showed that significantly reduced paw withdrawal response
thresholds were observed after DMM surgery in mice without
metformin treatment in WT mice (figure 5A,B). The admin-
istration of metformin (4 mg/day in drinking water, until the
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Figure 3 AMP-activated protein kinase (AMPK) mediated chondroprotective effect of metformin. (A—H) Murine articular chondrocytes were
treated with metformin (2 mg) and then incubated with tumour necrosis factor-o. (TNF-o; 100 ng/mL) (A-D) or interleukin-1f3 (IL-13; 10 ng/mL) (E-H)
for 6 hours. Expression of Mmp3, Mmp13, Adamts4 and Adamts5 mRNAs were analysed by real-time polymerase chain reaction (PCR) (n=3). ()
Immunohistochemistry (IHC) assays were performed using histological sections collected from mice with sham operation or destabilisation of the
medial meniscus (DMM) surgery with metformin treatment. Expression of MMP13, Adamts5 and Col-X was examined (n=3). AMPKc.1,catalytic alpha
subunit of AMPK; KO, knockout; Met, metformin; mRNA, messenger RNA; WT, wild type.

animals were sacrificed), commencing either 2 weeks before or
2 weeks after DMM surgery, could significantly increase paw
withdrawal response threshold, reflecting reduced pain sensi-
tivity in WT mice (figure SA,B). In contrast, metformin had
no significant effect on reversing paw withdrawal response
threshold and reducing pain sensitivity in AMPKo1”" mice
(figure 5C,D). We also tested spontaneous activity of the
mice in response to DMM surgery and metformin treatment
using the Laboratory Animal Behaviour Observation, Regis-
tration and Analysis System (LABORAS). We found that travel
distance (figure SE,F), average walking speed (figure 5LJ),
rearing frequency (figure SM,N) and rearing duration (see
online supplementary figure SR,S) were significantly decreased
6 weeks after DMM surgery without metformin treatment.
Treatment with metformin, commencing either before or after
DMM surgery, could significantly reverse reduced spontaneous
activity caused by DMM surgery (figure SE,FLJ,M,N,R,S),
indicating that in addition to the inhibition of mechanically-
induced pain sensitivity, metformin could also reverse reduced
spontaneous activity observed in mice with DMM surgery. In
contrast, treatment with metformin had no significant effect
on reduced spontaneous activity caused by DMM surgery

in AMPKo1”" mice (figure 5G,H,K,L,2,Q). These results are
consistent with those of von Frey tests.

Because metformin possesses a protective effect against
DMM-induced OA pain, we examined whether metformin
affects phosphorylation and expression of AMPKa1 in dorsal
root ganglia (DRG) using immunofluorescence (IF) staining.
We found that expressions of pAMPKa1 and total AMPKal
were significantly reduced 6 and 12weeks after DMM
surgery (figure 6A-C). Treatment with metformin upregu-
lated pAMPKo1 and total AMPKal expression in DRG cells
after DMM surgery (figure 6A-C). AMPKal expression was
mainly detected in the cell membrane (figure 6A). We then
analysed expression of a pain-related marker downstream of
AMPK, transient receptor potential ankyrin 1 (TRPA1), and
found that TRPA1 expression was significantly upregulated 6
and 12 weeks after DMM surgery (figure 6D). Treatment with
metformin, commencing either before or after DMM surgery,
significantly inhibited TRPA1 expression in DRG tissues
(figure 6D). In addition, we also analysed expressions of a
series of pain-related marker genes in articular chondrocytes
isolated from 4-day-old WT and AMPKo1” mice. We found
that TNF-o. and IL-1p significantly upregulated pain-related
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marker genes, such as MCP-1, CCR2, NGF, TNF-o in both WT
and AMPKo17" mice (see online supplementary figure S3A—]).
Treatment with metformin significantly inhibited expressions
of these marker genes induced by TNF-o and IL-1B in WT
chondrocytes but not in AMPKa1-deficient chondrocytes (see
online supplementary figure S3A-]). These results suggest that
metformin may upregulate AMPKal expression and phos-
phorylation and further inhibit pain-related signals in DRG
and cartilage tissues.

Metformin alleviated OA development in non-human
primates

To further investigate the role of metformin in large animals, we
determined the effect of metformin on OA development in non-
human primates. We performed PMM surgery on male rhesus

macaques with 8.5 to 11.4 years of age which were treated with
vehicle (n=4) or metformin (n=35) 1 month after PMM surgery
(see online supplementary figure S4). The PMM surgery was
performed on the left knee joint and a sham operation was
performed on the right knee joint (figure 7A). OA-like lesions
were observed in rhesus macaques 7 months after PMM surgery
at the macroscopic level (figure 7B). The semi-quantification
score of cartilage damage for femoral and tibial condyles
showed that the treatment with metformin significantly allevi-
ated the cartilage lesions (figure 7C). uCT analysis showed that
subchondral bone mass was significantly increased in the rhesus
macaques 7 months after PMM surgery (figure 7D). In contrast,
subchondral bone mass was significantly reduced by treatment
with metformin in the rhesus macaques 7 months after PMM
surgery (figure 7D,E). MRI analysis showed that treatment with
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Figure 5 Metformin attenuated osteoarthritis pain. (A, B) Metformin (4 mg/kg/day in drinking water, until the animals were sacrificed) was
administered 2 weeks before (limit group) or after (delay group) destabilisation of the medial meniscus (DMM) surgery. Mechanical sensitivity

was measured using von Frey filaments biweekly after DMM surgery. n=10. Statistical analysis was conducted using two-way analysis of variance
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metformin protected against cartilage loss, demonstrated by
higher cartilage thickness observed in metformin treated rhesus
macaques 3 and 7 months after PMM surgery (figure 7F,G).
Results of pain-related behaviour test also showed that the dura-
tion of standing and walking was significantly increased by treat-
ment with metformin 7 months after PMM surgery (figure 7H).
Because metformin inhibits OA development in non-human
primates, these findings suggest that metformin may be used to
treat patients with OA disease.

DISCUSSION

We have made several key observations in the studies presented
here. (1) We found that metformin, administered shortly after
joint injury, limits OA development and delays OA progres-
sion. Metformin also relieves OA-associated pain sensitivity
in mice. (2) We found that metformin upregulates AMPKo:1
expression and that metformin lost its chondroprotective effect

in AMPKo1 KO mice; this suggests that the chondroprotective
effect of metformin is mediated by activation of AMPK signal-
ling. (3) To determine the role of metformin in large animals,
we performed a pilot experiment using non-human primates.
We found that metformin also possesses a chondroprotective
effect in non-human primates. In addition, we also analysed the
OA progression rates during 6 to 12 weeks period after DMM
surgery. We found that, during this period, the progression rates
of some OA features, including OARSI score, cartilage area and
synovitis score, were not significantly changed after metformin
administration; in contrast, the progression rates of some other
OA features, including osteophyte size and osteophyte matu-
rity were significantly reduced after metformin administration.
Our findings suggest that metformin may be used clinically to
treat patients with OA and that selective OA symptoms may
be improved after metformin administration shortly after joint
injury.
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Figure 6 Metformin upregulated AMP-activated protein kinase (AMPK) expression in the dorsal root ganglia (DRG). (A) Immunofluorescence
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surgery; expression of pAMPKot1 and total AMPKco:1 was examined by IF staining. (B, C) Results of quantification analysis demonstrated that AMPKo:1
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pAMPKo.1 and total AMPK o1 protein levels in DRG tissues (n=3). Statistical analysis was conducted using two-way analysis of variance followed

by the Tukey-Kramer test. p<0.01, compared between sham and DMM groups; *p<0.05, **p<0.01, compared between groups with or without
metformin treatment in mice with DMM surgery. pAMPK,phosphorylated AMPK; t-AMPK, total AMPK; TRPA1, transient receptor potentialankyrin 1;

WT, wild type.

OA is the most common form of arthritis and the leading
cause of chronic disability among older people. More than 50%
of people over the age of 65 years have radiological evidence
of OA, with approximately 10% of men and 18% of women
suffering symptomatic OA.” In a population-based cohort study,
the lifetime risk of symptomatic knee OA was 45%.* There
is currently no medication available to cure OA disease or to
decelerate OA progression; thus disease-modifying OA drugs are
urgently needed to not only alleviate pain and improve function,
but also to delay the structural progression of the disease. None
of drugs currently being tested in Phase II and Phase III clinical
trials for OA treatment are aimed at targeting AMPK signalling;

thus, a drug, such as metformin, acting on activation of AMPK
signalling, represents a novel class of drugs to treat OA disease.

AMPK signalling has been suggested to be involved in OA
development®” and AMPK deficiency in chondrocytes acceler-
ates the progression of OA induced by DMM surgery or ageing
in adult mice.'”> However, opposite results have also been
reported, showing that no significant difference in OA devel-
opment was observed in chondrocyte-specific AMPKal KO
mice.?® It has also been reported that activation of AMPK signal-
ling negatively regulates chondrocyte differentiation.”” In the
present studies, we found that the knee joint phenotype induced
by DMM surgery in AMPKol KO mice was not significantly
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Figure 7 Metformin alleviates partial medial meniscectomy (PMM)-induced osteoarthritis (OA) development in non-human primates. (A) The PMM
surgery was performed on the left knee joint and the sham operation was performed on the right knee joint in rhesus macaques with 8.5 to 11.4
years of age. (B, C) Cartilage damage was observed in rhesus macaques 7 months after the PMM surgery. The administration of metformin inhibited
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different from that of WT mice; however, metformin has protec-
tive effect on OA progression in WT mice, but not in AMPKa1
KO mice. These results suggest that normal levels of AMPKa1
may not be required for maintaining joint tissue homeostasis and
that metformin does play a chondroprotective effect through
activation of AMPK signalling. The AMPKo.1 KO mice used in
our study are AMPKo1 global KO mice, but not chondrocyte-
specific KO mice reported in previous studies.'**® In addition to
mature chondrocytes, AMPKa1 gene was also deleted in mesen-
chymal progenitor cells in AMPKal global KO mice so both
mesenchymal progenitor cells and mature chondrocytes may
contribute to the observations that deletion of AMPKa1 blocks
the chondroprotective effect of metformin in the current studies.

AMPK exists as a heterotrimeric complex composed of a cata-
lytic o subunit and regulatory B and vy subunits. Binding of AMP
to the y subunit allosterically activates the complex, making it a
more attractive substrate for phosphorylation on Thr172 in the

activation loop of the o subunit by its major upstream AMPK
kinase, liver kinase B1 (LKB1).*® The activity of AMPK and
its upstream regulator LKB1 is reduced in cartilage from aged
mice and mice with OA, as well as in bovine chondrocytes after
dynamic compression-induced biomechanical injury.>!

In our in vitro studies, we found that metformin upregulated
pAMPKao1 expression within a short period of time, but not the
total AMPKa1 protein. In contrast, we found that metformin
significantly upregulated total AMPKo.1 expression in articular
chondrocytes and in DRG cells. This difference may be due to
the duration of treatment. In vivo treatment with metformin
was 6 and 12 weeks. The long-term effect of metformin on the
upregulation of total AMPKo1 may also contribute to the effect
of metformin on OA treatment. In addition to the treatment
duration, the endogenous AMPK levels may also affect the effec-
tiveness of metformin treatment. OA is a heterogeneous disease.
Metformin may be specifically effective for OA patients with low
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AMPK levels. In the future, we may further stratify OA patients
into two groups with high and low AMPK levels to further deter-
mine the effectiveness of metformin on OA pathogenesis.

In this study, we also found that metformin is an effective drug
to relieve OA pain. Pain is the most common reason that OA
patients seek medical attention and is frequently a symptom of
underlying joint injury. AMPK activation plays an important role
in blocking pain sensitivity.’> * Pain hypersensitivity resulting
from injury or disease is often paralleled by increased excit-
ability of peripheral sensory neurons in the DRG."> The TRPA1
channel is a widely recognised chemical and thermal sensor that
plays vital roles in pain transduction.* Metformin, as an AMPK
activator, inhibited TRPA1 activity in DRG neurons by inhib-
iting membrane-associated TRPA1 expression and metformin
also inhibited TRPA1-mediated calcium influx.* These findings
suggest that AMPK is a key regulator of TRPA1 channels and
that metformin may inhibit pain sensitivity through activation
of AMPK signalling in DRGs. In the present studies, we found
that treatment with metformin significantly upregulated phos-
phorylated and total AMPKa1 expression in DRG tissues and
also inhibited the increased pain sensitivity caused by DMM
surgery. These findings suggest that metformin may inhibit
pain-mediating calcium channel activities through activation of
AMPK signalling in DRG tissues. From our limited time-course
studies, it seems that pain relieving effect of metformin may be
related to its chondroprotective effect on DMM-induced OA
pathology.

The current study has several limitations. First, our study
suggests that metformin could be used clinically for young
patients shortly after their joint injury to limit OA development
and progression. However, one critical question that we could
not address in this study is whether metformin is able to delay
OA progression when OA is fully developed. Our long-term goal
is to perform a longitudinal study to investigate the effect of
metformin on OA progression and OA associated pain when
OA is fully developed; for example, 8 and 12 weeks after DMM
surgery. Second, to further determine the role of metformin in
OA treatment, we tested effects of metformin in non-human
primates. Although a positive effect of metformin on OA treat-
ment has been obtained using non-human primates in the pilot
study, one limitation of this study is that animal numbers were
relatively small. The effect of metformin on large animals needs
to be further investigated. Third, in the presented studies,
we have used young, healthy and male mice and male rhesus
macaques for OA studies, to further determine the chondropro-
tective effects of metformin, we will test the effects of metformin
on female mice, on ageing-associated OA models and on obese
mice. These studies will provide full spectrum of chondroprotec-
tive effects of metformin.

Our studies suggest that metformin may be used clinically to
treat young patients shortly after their joint injury. In human
clinical studies, metformin application has been demonstrated to
have a beneficial effect on long-term knee joint outcomes in those
with knee OA and obesity.*® In contrast, a retrospective cohort
study was conducted using information of 3217 patients with
type 2 diabetes in the UK. Patients had recorded type 2 diabetes
and treatment with metformin. The outcome was the record
of OA during follow-up. The results demonstrated that treat-
ment with metformin had no significant effect on OA progres-
sion.” This discrepancy could be the result of different dosages
and treatment durations that were administered. Randomised
controlled clinical trials are needed to determine whether
metformin could be used as a potential disease-modifying drug
for knee OA with or without the obese phenotype.
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