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Osteoarthritis is a chronic and irreversible disease of the locomotor system

which is closely associated with advancing age. Pain and limited mobility

frequently affect the quality of life in middle-aged and older adults. With a

global population of more than 350 million, osteoarthritis is becoming a health

threat alongside cancer and cardiovascular disease. It is challenging to find

effective treatments to promote cartilage repair and slow down disease

progression. Metformin is the first-line drug for patients with type

2 diabetes, and current perspectives suggest that it cannot only lower

glucose but also has anti-inflammatory and anti-aging properties.

Experimental studies applying metformin for the treatment of osteoarthritis

have received much attention in recent years. In our review, we first presented

the history of metformin and the current status of osteoarthritis, followed by a

brief review of themechanism that metformin acts, involving AMPK-dependent

and non-dependent pathways. Moreover, we concluded that metformin may

be beneficial in the treatment of osteoarthritis by inhibiting inflammation,

modulating autophagy, antagonizing oxidative stress, and reducing pain

levels. Finally, we analyzed the relevant evidence from animal and human

studies. The potential of metformin for the treatment of osteoarthritis

deserves to be further explored.
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Introduction

Metformin (C4H11N5) is a widely known oral hypoglycemic agent in the biguanide

category. It is derived from galegine, a natural product from the plant Galega officinalis

(Thomas and Gregg, 2017). Metformin has been in clinical use for more than 60 years

since it was first introduced in 1957. In the 1960s, studies found that phenformin, one of

the biguanide drugs, increased the risk of cardiovascular death and lactic acidosis, which

led to questions about the clinical application of metformin (Keller and Berger, 1983).

However, long-term findings confirmed the glucose-lowering effects and cardiovascular

benefits of metformin ((UKPDS) Group, 1998). In 1994, the FDA approved metformin

for the treatment of patients with type 2 diabetes (Alušík and Paluch, 2015). Nowadays, it

has been widely used in clinical practice, and its glucose-lowering mechanism involves

inhibition of hepatic gluconeogenesis, promotion of glucose uptake and utilization by
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peripheral tissues (muscle and fat), inhibition of glucose uptake

by intestinal wall cells, improvement of insulin sensitivity, and

increase of glucagon-like peptide-1 (GLP-1) level, etc. (Rena

et al., 2017; Foretz et al., 2019; He, 2020). New insights

suggest that metformin is not only hypoglycemic in the

endocrine system, but also protective in cardiovascular

diseases, skeletal muscular diseases, reproductive diseases,

cancer, and aging (Romero et al., 2017; Lv and Guo, 2020).

As the global population ages in the 21st century,

osteoarthritis (OA) is becoming a major threat to human

health. Epidemiological research has shown that the global

population of people with osteoarthritis has exceeded

350 million (Safiri et al., 2020), and it is expected that the

prevalence of osteoarthritis in people over 45 years of age may

increase to 29.5% by 2032 (Hunter and Bierma-Zeinstra, 2019).

Osteoarthritis is a degenerative joint disease characterized by

pain, joint stiffness, and joint dysfunction. The pathology

commonly involves degeneration and loss of articular

cartilage, formation of bony redundancies at the joint edges,

and reactive subchondral bone proliferation. The incidence and

severity of the disease are often closely related to aging (Loeser

et al., 2016). In addition, increased joint loading related to

obesity, joint wear due to uncoordinated exercise, lack of

muscle support caused by lack of exercise, joint damage

linked to infection and inflammation, age-related loss of bone

density, and changes in sex hormone levels may all be closely

associated with the development of the disease (Palazzo et al.,

2016). In the early stages of the disease, patients may be

asymptomatic or may only show pain and minor functional

impairment, but as the disease progresses, disability and other

negative consequences may occur, which will seriously affect the

quality of life of patients. Bone and joint diseases are becoming a

health threat alongside cardiovascular diseases and cancer.

However, despite many efforts, there is still a lack of effective

treatment for osteoarthritis, and the main objective of treatment

is to reduce pain and slow down disease progression (Taruc-Uy

and Lynch, 2013). AMPK, an AMP-activated protein kinase, is an

evolutionarily highly conserved cellular energy regulator that

consists of a heterotrimeric structure of catalytic subunit α and

regulatory subunits β and γ. Research evidence suggests that

AMPK activity in chondrocytes is critical for maintaining joint

homeostasis and that downregulation of AMPK activity is

associated with the progression of osteoarthritis (Petursson

et al., 2013; Zhao et al., 2014; Zhou et al., 2017). Moreover,

AMPK may be a new therapeutic target for pain, and its

regulation may be effective in treating chronic pain-related

diseases (Asiedu et al., 2016). The activation of AMPK by

metformin does not result from direct action, but rather

through inhibition of complex I of the mitochondrial

respiratory chain, which leads to an increase in the AMP

levels. The new findings demonstrate that metformin can also

activate AMPK independently via the lysosomal pathway (Agius

et al., 2020). Given the role of AMPK in pain signaling,

chondrocyte metabolism, and the fact that metformin is a

potent AMPK activator, metformin may be a promising drug

for preventing and slowing the progression of osteoarthritis.

Molecular mechanisms of metformin
action

Metformin can act through AMPK-dependent and AMPK-

independent pathways, mainly involving inhibition of

mitochondrial respiration, lysosomal-related pathways, and

inhibition of expression of gluconeogenesis-related enzymes

(Rena et al., 2017; Agius et al., 2020). Metformin specifically

inhibits complex I of the mitochondrial respiratory chain, leading

to an increase in the AMP: ATP/ADP: ATP ratio in cells.

Changes in the NAD+: NADH ratio may also result from the

inhibition of the mitochondrial respiratory chain and contribute

to the effects of metformin (Alshawi and Agius, 2019). AMPK is a

heterotrimer composed of three subunits, α, β, and γ, and each

subunit is divided intomultiple domains. Activation of AMPK by

AMP is caused by a complementary mechanism (antagonized by

ATP). AMP can directly bind to AMPK and exert an effect in the

following ways: 1) increasing the rate at which

LKB1 phosphorylates Thr172; 2) decreasing the rate at which

protein phosphatases dephosphorylate Thr172 and 3) binding to

theγ subunit of AMPK (allosterically activated) (Fyffe et al.,

2018). Hawley et al. found that metformin did not activate

AMPK in mutant cells that were insensitive to AMP changes

but capable of expressing AMPK, which supported the idea that

metformin could work through increasing cellular AMP (Hawley

et al., 2010). However, subsequent studies have added that

metformin can activate AMPK through the lysosomal

pathway and not just by inhibiting the mitochondrial

respiratory chain. LKB1 in hepatocytes can be co-transported

to the lysosomal surface by the scaffolding protein Axin and thus

play a role in AMPK activation (Agius et al., 2020). In a recent

study in mammalian liver primary cells, AMPK was activated

after drug administration without significant changes in the ATP,

AMP, and ADP ratios. This suggests that low doses of metformin

(5 μM) can activate AMPK independent of AMP. This study

proposes that metformin inhibits the ATP6AP1 protein of the

lysosomal V-ATPase complex by binding to progerin-enhancing

factor-2 (PEN2), which in turn mediates lysosomal activation of

AMPK, inhibition of mTOR (Ma et al., 2022). Furthermore,

metformin may act through an AMPK-independent pathway. It

has been proposed that metformin can inhibit hepatic

gluconeogenesis in a manner independent of LKB1 and

AMPK, and the same inhibition of glucose production by

metformin was observed in mouse hepatocytes lacking the

catalytic subunit of AMPK (Foretz et al., 2010). AMP might

have an additional AMPK-independent effect and a possible

mechanism to explain the above phenomenon is that elevated

AMP reduces the production of c-AMP and inhibits the
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expression of gluconeogenesis-related enzymes such as fructose-

1,6-bisphosphatase (Miller et al., 2013; Rena et al., 2017).

Additionally, the mechanism of action of metformin is related

to the dosage (He and Wondisford, 2015). High concentrations

of metformin (~5 mM) inhibited respiratory chain complex

1 and subsequently led to an increase in the AMP/ATP ratio.

However, low concentrations may not be sufficient to increase

the AMP/ATP and ADP/ATP ratios but can suppress dibutyryl-

cAMP-stimulated gluconeogenic gene expression (Maiuri et al.,

2007). Overall, drug dose and cell type may lead to metformin

acting through different mechanisms. Whether other pathways

might mediate the action of metformin remains to be further

investigated in the future.

Mechanism of metformin action in
osteoarthritis

Osteoarthritis is an age-related degenerative joint disease

with pathological features including cartilage damage, bone

fragmentation, osteophytes, and synovitis. Since cartilage is a

non-neurovascular tissue, the target of pharmacological

treatment may be the subchondral bone. Abnormal changes

in subchondral bone in osteoarthritis are closely associated

with both articular pain and articular cartilage degeneration.

Long-term chronic inflammatory stimulation, disruption of

oxidative and antioxidant balance, and decreased autophagy

induce apoptosis of chondrocytes, but these three do not exist

independently of each other. Inflammatory storms induce ROS

production, and in addition oxidative stress may cause an

increased inflammatory response and decreased cellular

autophagy, such that the cellular vicious cycle exacerbates the

progression of the osteoarthritic disease (Liu-Bryan and

Terkeltaub, 2015; Loeser et al., 2016). AMPK, as a central

regulator of cellular metabolism, is a key protein involved in

the transduction of multiple signaling pathways. Activation of

AMPK can not only suppress inflammation, antagonize oxidative

stress and regulate autophagy, but also inhibit the transmission of

pain signals (Salminen and Kaarniranta, 2012). Metformin, as an

AMPK activator, may inhibit chondrocyte apoptosis and

improve pain and other related symptoms through multiple

mechanisms (As shown in Figure 1).

Suppression of inflammation

The osteochondral unit is a structural and functional unit

composed of articular cartilage, subchondral bone, and calcified

cartilage that together play an important part in the disease

progression of osteoarthritis (Goldring and Goldring, 2016). It is

important to note that osteoarthritis is a total joint disease in

which any component of the osteochondral unit, not just the

articular cartilage, is affected. The balance between anti-

inflammation and pro-inflammation plays an important role

in maintaining the normal metabolism of synovial tissue, and

patients with osteoarthritis in pathological states often show

FIGURE 1
Potential mechanisms of metformin in the treatment of osteoarthritis.
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increased levels of T helper cells (TH17) and reduced numbers of

T regulatory cells (Treg) (Moradi et al., 2014; Li et al., 2016). In

the cellular microenvironment involved in osteoarthritis,

cytokines, chemokines and other components secreted by

various cells such as synovial cells, chondrocytes, osteoblasts,

osteoclasts, and leukocytes together form a complex

inflammatory network (Rogoveanu et al., 2018). Chronic low-

grade inflammation mediated by the interaction of the innate

immune system and inflammatory mediators has a central

function in osteoarthritis (Robinson et al., 2016). The

investigators compared the immunological features of early

and late osteoarthritis and found a significant increase in

monocyte infiltration and expression of inflammatory

mediators in early synovial tissue (Benito et al., 2005). Thus,

synovitis may exist before the structural changes that appear on

imaging. Synovitis may drive the development of osteoarthritis

(Sokolove and Lepus, 2013). Elevated levels of inflammatory

mediators may promote the production and activation of other

enzymes such as matrix metalloproteinases (MMPs) family, a

disintegrin and metalloproteinase (ADAM), and a disintegrin

andmetalloproteinase with thrombospondin motifs (ADAMTS),

which can destroy articular cartilage structures by degrading

chondrocytes and extracellular matrix (Chevalier et al., 2013;

Liu-Bryan and Terkeltaub, 2015; Alonso et al., 2020).

Inflammatory mediators (e.g., IL-1β) induce downstream

effectors such as NO, phospholipase A2 (PLA2),

Prostaglandin E2 (PGE2), and reactive oxygen species (ROS),

causing vasodilation, joint pain, and cartilage damage

(Wojdasiewicz et al., 2014; Bolduc et al., 2019). Evidence from

animal studies suggests that TNF-α and IL-6 promote increased

sensitivity of injury receptors to mechanical stimuli in rats

(Brenn et al., 2007; Richter et al., 2010). Inhibition of TNF-α
can significantly relieve pain, which supports the idea that

inflammatory mediators are involved in inducing joint pain

(Boettger et al., 2008). In addition, synovial macrophages

appear to play a role in bone formation (van Lent et al.,

2004). Thus, inflammatory factors are involved in the

regulation of multiple pathological features of osteoarthritis.

Metformin, as an AMPK activator, can inhibit inflammatory

responses by acting directly or indirectly on several signaling

pathways (mTOR/STAT (Kim et al., 2018), sirt1/NF-κβ (Zhang

et al., 2020), Dicerase (Luo et al., 2020), and HDAC5/KLF2 (Tian

et al., 2019), etc.). Zhang et al. (2020) found that metformin

attenuated IL-1β-induced articular cartilage damage by

modulating the AMPK/NF-κβ signaling pathway. Similarly, in

another MIA-induced osteoarthritis rat model, the expression of

IL-1β and IL-17 in synovial tissue was significantly decreased in

the metformin-treated group compared with the control group

(Na et al., 2021). Given the anti-inflammatory capacity of

metformin and the large release of inflammatory mediators in

the early stages of osteoarthritis that drive disease progression, we

propose that early application of metformin may delay the

structural destruction of osteoarthritis.

Regulation of autophagy

The balance between autophagy and apoptosis plays an

important role in the development and progression of

osteoarthritis, which is usually characterized by an increase in the

level of apoptosis and a decrease in the level of autophagy under

pathological conditions (Musumeci et al., 2015; Feng et al., 2020a).

Under normal conditions, autophagy can act as an intracellular

homeostatic mechanism to degrade damaged proteins and

dysfunctional organelles for the cell’s metabolic requirements and

renewal (Caramés et al., 2012). In the disease progression of

osteoarthritis, autophagy is likely to present as a protective

mechanism to maintain chondrocyte homeostasis, but aging and

stimulation of the environment to which the cells are exposed (e.g.,

proinflammatory cytokines) may lead to a decrease in the

autophagic clearance capacity of the cells, tipping the balance in

favor of chondrocyte apoptosis (Maiuri et al., 2007). Therefore, the

activation of autophagy to antagonize apoptosis is of great interest in

the treatment of osteoarthritis (Caramés et al., 2012; Chen et al.,

2018; Wang et al., 2019a). Treatment with rapamycin was found to

significantly reduce the severity of osteoarthritis by a mechanism at

least partially attributed to the activation of autophagy (Caramés

et al., 2012). Both AMPK and mTOR are important components of

autophagy initiation. mTOR is a major negative regulator of

autophagy and is commonly overexpressed in human, mouse,

and dog osteoarthritic chondrocytes. mTOR upregulation is

associated with inhibition of autophagic signaling in articular

cartilage, while mTOR-specific ablation may regulate

chondrocytes by activating autophagy through the ULK1/AMPK

signaling pathway homeostasis (Zhang et al., 2015). AMPK is not

only an energy sensor for cells but also activates key kinases that

induce autophagy (Herzig and Shaw, 2018). Up-regulated AMPK

levels inhibit mTOR and ultimately promote autophagy (Alers et al.,

2012). Intra-articular injection of resveratrol has been proven to

delay articular chondrocyte degeneration in mice by inducing

autophagy through the AMPK/mTOR signaling pathway (Qin

et al., 2017). Therefore, it appears that metformin, as an AMPK

activator, may also exert chondroprotective effects by regulating

autophagy. Metformin treatment was found to dose-dependently

enhance AMPK and inhibit mTORC1 in chondrocytes, and an

upregulation of autophagymarker expression (LC3) was observed in

the treated group (Feng et al., 2020b). Another recent study

suggested that the AMPKα2-SIRT1 signaling pathway may

mediate the autophagy-enhancing effects of metformin in

chondrocytes, in which silencing AMPKα2 but not

AMPKα1 decreased the expression of autophagy-associated

proteins (Wang et al., 2020). Mitochondrial autophagy is a type

of cellular autophagy, which is the process of selective removal of

excess, senescent, or damaged mitochondria, and the PINK1/Parkin

pathway is the classical method for activating mitochondrial

autophagy (Onishi et al., 2021). Mitochondria in osteoarthritic

chondrocytes often exhibit oxidative-antioxidative imbalance,

disruption of calcium homeostasis, and decreased energy supply
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due to exposure to numerous damaging factors (Farnaghi et al.,

2017; Wei et al., 2017). While the traditional view is that AMPK

enhances cellular autophagy and thus promotes the clearance of

damaged organelles, new studies suggest that AMPK may directly

regulate the initiation of mitochondrial autophagy by a mechanism

involving phosphorylation of Ser495 of PINK1 by AMPKα2 (Wang

et al., 2018a). Additionally, AMPK activates SIRT3, which is

localized downstream in mitochondria, to maintain the integrity

and function of mitochondrial DNA (Chen et al., 2018). Metformin

can upregulate sirt3 expression levels by mechanisms that might

include activation by AMPK and in an AMPK-independent

manner. Wang et al. (2019a) found that metformin could exert

chondroprotective effects in the treatment of osteoarthritis by

activating the sirt3/PINK1/Parkin signaling pathway. Enhancing

the autophagy level by enhancing AMPK and thus resetting the

balance between autophagy and apoptosis in chondrocytes is a

worthwhile direction for future research related to osteoarthritis

treatment.

Resistance to oxidative stress damage

Oxidative stress is usually a state in which the oxidative and

antioxidant balance in the body is disrupted and a large

accumulation of oxidative products, as well as a reduced capacity

of the antioxidant system, can cause tissue damage. Oxidative stress

accelerates the progression of osteoarthritis through multiple

pathways including the promotion of chondrocyte apoptosis,

matrix degradation, and inhibition of autophagy (Portal-Núñez

et al., 2016). Low concentrations of ROS in chondrocytes under

physiological conditions can participate in cellular signaling and play

a role in maintaining metabolic homeostasis. However, excessive

accumulation of ROS not only plays a synergistic role in

chondrocyte apoptosis induced by inflammatory factors but also

activates matrix catabolic factors that can disrupt cartilage integrity.

Dysfunction of the antioxidant system is also not negligible, and

research evidence suggests that deficiency or dysfunction of

antioxidant enzymes such as catalase, SOD, and peroxide

oxidoreductase is associated with the development of

osteoarthritis (Zhuang et al., 2018; Gu et al., 2019; Nandi et al.,

2019). In the pathogenesis of osteoarthritis, NF-κβ (Hu et al., 2019),
Nrf-2 (Gao et al., 2019), sirt1 (Feng et al., 2019), and the forkhead

box transcription factor (FOXO) (Akasaki et al., 2014) may be

involved in the transduction of oxidative stress-related signaling

pathways. AMPKas a balancer of cellularmetabolic homeostasis can

be a target for osteoarthritis therapy by interlinking with the above-

mentioned signaling molecules (Jeon, 2016). The antioxidant effect

of metformin as an AMPK activator in osteoarthritic models has

been demonstrated in a small number of studies (Dawood et al.,

2020). Metformin treatment protected against articular cartilage

damage secondary to type 2 diabetes in the study by Dawood et al.

(2020). This may be due to the inhibition of hyperglycemia,

oxidative stress, and inflammation by metformin (Dawood et al.,

2020). In another study, SIRT3 expression was decreased in a model

of osteoarthritis and correlated with ROS production, and

metformin treatment exerted a chondroprotective effect by

promoting SIRT3 expression (Wang et al., 2019a).

Reduction of pain levels

Pain is a common clinicalmanifestation of osteoarthritis and the

main reason for seeking medical attention. The NSAIDs currently

used clinically are effective, however, we have to be concerned about

the possible adverse effects of long-term use (van Walsem et al.,

2015). The development of new pain relief methods to help patients

with osteoarthritis is the focus of future research, andAMPKmay be

a new target for pain treatment, as its activation may play a role in

pain management by inhibiting pain-related signaling and reducing

nociceptive neuron sensitivity (Price et al., 2016). The transient

receptor potential (TRPs) family of ion channels are primary

receptors of pain injury and are capable of sensing different

stimuli from internal and external contexts to mediate pain

signaling. Trpv1 and Trpa1 are widely recognized molecular

sensors involved in injury perception and heat sensitivity and

play a key role in the propagation of pain and the transition

from acute to chronic pain (Spicarova et al., 2014; Choi et al.,

2016; Vandewauw et al., 2018; Hao et al., 2019). The analgesic effects

of metformin have now been demonstrated in several experiments,

including injury models, chronic nerve injury models, chronic

inflammation models, and postoperative pain models (Kiałka

et al., 2017; Augusto et al., 2019; Li et al., 2020a; Das et al.,

2020). An experimental animal study of osteoarthritis revealed

that metformin treatment decreased dorsal root ganglion (DRG)

pain sensitivity in mice through upregulation of

AMPKα1 expression (Li et al., 2020b). Similarly, a study by Li

et al. (2020a) suggested that either intra-articular or intragastric

application of metformin resulted in improvements in pain-related

behaviors. Increased excitability of peripheral sensory neurons in

DRG is closely associated with the onset of pain hypersensitivity, and

the analgesic effect of metformin is at least partially attributed to the

inhibition of membrane-associated TRPA1 expression and TRPA1-

mediated calcium inward flow in DRG (Wang et al., 2018b). In

addition, in the central nervous system AMPK regulates the

neuropeptide calcitonin gene-related peptide (CGRP), a

transmitter that initiates and maintains neuropathic pain.

Blocking AMPK-CGRP pathway signaling causes increased

neuropathic pain sensitivity (Guo et al., 2019). In a sodium

iodoacetate (MIA)-induced OA rat model, metformin treatment

reduced the expression of the pain-related mediator CGRP in the

dorsal root ganglion (DRG) but had no significant effect on the

expression of TRPV1 (Na et al., 2021). However, the role of

TRPV1 in pain treatment still deserves attention, and studies in a

rat model of bone cancer pain have found that metformin treatment

can provide strong relief of mechanical abnormal pain by

downregulating TRPV1 expression (Qian et al., 2021).
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TABLE 1 The therapeutic role of metformin in osteoarthritis.

Type of
study

Research subjects Models Metformin dosage Year References Effects

In vivo 10-week-old male
C57 wild-type (WT) mice

DMM 205 mg/kg per day; Before or
2 weeks after surgery

2020 Li et al. (2020b) Inhibition of cartilage degeneration,
osteophyte formation, and pain
signaling through activation of
AMPKα1

Male rhesus macaques
with 8.5–11.4 years of age

Partial medial
meniscectomy (PMM)

51.7 mg/kg per day; 1month
after PMM surgery

In vivo Eight-week-old C57bl/
6 mice

DMM A stock solution of metformin
(1.65 g/ml) was diluted in PBS
(1:100) and injected intra-knee
every three days for eight weeks

2020 Wang et al.
(2020)

Activation of AMPKα2/
SIRT1 pathway and thus promotion of
chondrocyte autophagy

In vitro Murine chondrocytes IL-1β (10 ng/ml)-
induced chondrocyte
injury

Metformin (1 mM) was
administrated one hour before
the stimulation of IL-1β

In vitro Mouse articular
chondrocytes

IL-1β (0, 0.3 1, 3, 10 and
30 ng/ml)

Metformin (0–2 mM) 2019 Wang et al.
(2019a)

Activation of SIRT3-mediated
PINK1/Parkin-dependent mitophagy

In vivo Six-week-old male Wistar
rats

3 mg monosodium
iodoacetate (MIA)

Ad-hMSCs were stimulated
with metformin (1 mM) for
48 h, and then injected into rats

2019 Park et al.
(2019)

Enhancement of immunomodulatory
properties and migratory capacity of
MSCs, thereby reducing chondrocyte
apoptosis and pain

In vivo 10-week-old male
C57BL/6 mice

DMM Intragastric group: metformin
(200 mg/kg) was given 3 days
after the surgery; once daily for
8 weeks; Intraarticular group:
metformin (0.1 mmol/kg) was
injected into the knee joint
cavity 3 days after the surgery;
twice a week for 8 weeks

2020 Li et al. (2020a) Inhibition of catabolism and
reduction of pain behavior

In vitro Mouse primary
chondrocytes

IL-1β (10 ng/ml)-
induced chondrocyte
injury

Metformin (1, 10, and 20 mM)

In vivo 8-week-old male C57BL/
6 mice

DMM 100 mg/kg/d or 200 mg/kg/d
metformin received by oral
forcible feeding

2020 Feng et al.
(2020b)

Regulation of AMPK/mTOR signaling
pathway and thus effective mitigation
of chondrocyte apoptosis and
senescence

In vitro Primary articular
chondrocytes

IL-1β (10 ng/ml)-
induced chondrocyte
injury

Metformin (5 mM/L) for 24 h

In vivo Albino male rats T2DM induced OA
model

The rats started metformin
(200 mg/kg body weight)
treatment 14 days before
diabetic induction and
continued on metformin until
the end of the experiment at
week 12

2020 Dawood et al.
(2020)

Anti-inflammation and inhibition of
oxidative stress, thereby preventing
and alleviating severe damage to the
ultrastructure of articular cartilage

In vitro The murine
ATDC5 chondrocyte cell
line

L-1β (10 ng/ml)-
induced chondrocyte
injury

Metformin (1 mM) for 24 h 2020 Zhang et al.
(2020)

Regulation of the AMPK/NF-κβ
pathway thereby promoting
extracellular matrix (ECM) metabolic
homeostasis, suppressing
inflammatory responses, and
promoting cell proliferation

(Continued on following page)
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Beneficial evidence for the
application of metformin in
osteoarthritis

Osteoarthritis is a disease of the locomotor system closely related

to aging and can affect any joint in the body, with joints of the knee,

hand, hip, and spine being more common. Under normal

circumstances, articular cartilage is located between the contact

surfaces of two bones and acts as a cushion to protect the bones

during movement. However, articular cartilage has a “lifespan,” and

poor exercise habits and poor metabolic environment may

accelerate the degeneration of articular cartilage. Epidemiological

studies have found a 54% prevalence of osteoarthritis in patients

with type 2 diabetes mellitus (T2DM) (Na et al., 2019). High glucose

levels not only promote chondrocyte catabolic gene expression and

inhibit the differentiation of MSCs() into chondrocytes, but also

accelerate the damage of cartilage structures (Rosa et al., 2011; Tsai

et al., 2013). Metformin has received a lot of attention from

researchers for its role in osteoarthritis models. Our summary of

the current research evidence is presented in Table 1.

Animal

In a model of osteoarthritis secondary to diabetes, metformin

prevented and delayed the progression of osteoarthritis by

inhibiting inflammation and oxidative stress damage (Dawood

et al., 2020). One question that deserves to be explored is whether

TABLE 1 (Continued) The therapeutic role of metformin in osteoarthritis.

Type of
study

Research subjects Models Metformin dosage Year References Effects

In vivo 8-week-old C57BL/
6 male mice

DMM 200 mg/kg for 4 or 8 weeks 2022 Yan et al.
(2022)

Inhibition of NLRP3 inflammasome
activation to reduce cartilage
degradation, subchondral bone
remodeling, and chondrocyte
scorching

In vivo Seven-week-old male
Wistar rats

MIA Metformin (100 mg/kg) was
orally administered using an
oral gavage needle for 14 days

2021 Na et al. (2021) Modulation of pain mediators and
autophagy-lysosome pathways to
show analgesic properties and
chondroprotection

In vitro Human articular
chondrocytes

Patients undergoing
replacement
arthroplasty or joint
replacement surgery

Metformin (1 mM) for 24 h

In vitro Human articular
chondrocytes

Female patients with
end-stage knee OA

1 mM metformin and
incubated for 48 h

2020 Schadler et al.
(2021)

Reduced expression of catabolic genes

Prospective
cohort study

Human In obese people with
knee osteoarthritis

Administration of metformin 2019 Wang et al.
(2019b)

Inhibition of cartilage volume loss and
reduction in risk of total joint
replacement

Retrospective,
matched-cohort
study

Human In osteoarthritis patients
with T2DM

combination of COX-2
inhibitors and metformin
therapy

2018 Lu et al. (2018) Combination therapy resulted in
lower rates of joint replacement
surgery

Randomized
double-blind
study

Human In patients who have
symptomatic and
radiologic evidence of
painful OA of the knee

metformin (1000 mg/day) +
meloxicam (15 mg/day)

2014 Mohammed
et al. (2014)

As an adjuvant to better promote the
analgesic and anti-inflammatory
effects of NSAIDs

Electronic health
record cohort
study

Human In patients with T2DM Administration of metformin 2017 Barnett et al.
(2017)

No significant association between
metformin treatment and the
development of osteoarthritis in
diabetic patients
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the protective effect of metformin on osteoarthritis is limited to

diabetic individuals. Metformin is also protective in the medial

meniscus instability (DMM) or monosodium iodoacetate (MIA)-

induced osteoarthritis model in mice. Metformin treatment delays

chondrocyte senescence and thus contributes to the treatment of

osteoarthritis (Feng et al., 2020b). Similarly, a study by Wang et al.

(2020) found that joint cavity injection of metformin inhibited

chondrocyte apoptosis and extracellular matrix degradation

through activation of autophagy. Additionally, the inhibition of

NLRP3 inflammasome activation, reduction of cartilage

degradation, and subchondral bone remodeling was also

demonstrated in the study (Yan et al., 2022). In a DMM-

induced osteoarthritis model, metformin inhibited articular

cartilage degeneration, synovial tissue proliferation, osteophyte

formation, and pain-related signaling through upregulation of

AMPKα1 expression. The accelerated disease progression in

AMPKα1 knockout mice suggested that AMPKα1 may have a

protective role, and metformin amplified this effect. Moreover, the

investigators explored the effects of metformin in non-human

primates, rhesus monkeys, and the higher cartilage thickness and

prolonged standing and walking time supported metformin as a

disease-modifying agent for OA (Li et al., 2020b). The study

investigated whether the protective effects of metformin differed

depending on the mode of administration and found that

metformin was chondroprotective whether applied intra-

gastrically or intra-articularly (respectively, compared to the

control group) (Li et al., 2020a). However, there are no studies

comparing which administration method is more effective. The

expression levels of cartilage matrix-degrading enzymes (MMP-

13 and MMP-3) were inversely correlated with metformin

concentration compared to the control group, and the degree of

cartilagematrix degradation in OA improved significantly with the

increasing number of metformin applications (Feng et al., 2020b).

In a model of MIA-induced osteoarthritis, metformin exerted

chondroprotective effects by modulating pain mediators and

promoting autophagy, and the study also found that the

combination of metformin and celecoxib was more effective

(Na et al., 2021). Besides, in vitro culture of mouse

chondrocytes revealed that metformin treatment (1 mM) not

only activated the AMPK/NF-κβ signaling pathway to promote

cell-matrix metabolic homeostasis, inhibit the inflammatory

response and chondrocyte apoptosis (Zhang et al., 2020), but

also regulated AMPKα2/sirt1 signaling pathway to activate

autophagy (Wang et al., 2020). In another study metformin

(0–2 mM) upregulated mitochondrial autophagy by activating

SIRT3 (Wang et al., 2019a). Among the common current

treatments for osteoarthritis long-term oral analgesics may

exacerbate gastric mucosal damage, the effects of intra-articular

hyaluronic acid injections are uncertain (Rosen et al., 2016), and

late joint replacement surgery may pose other physical challenges

for older adults (Snell et al., 2021). The repair of the articular

cartilage remains an unresolved challenge, and stem cell therapy is

gaining attention as an emerging tool for researchers. However,

current data from basic and clinical trials have found limited

efficacy of intra-articular MSC (Mesenchymal Stem Cell)

injections for the treatment of osteoarthritis (Davatchi et al.,

2011; Farrell et al., 2016). Interestingly, Park et al. (2019) found

that metformin-treated MSCs effectively inhibited cartilage

degeneration and exerted analgesic properties, which may be

attributed to the enhanced immunomodulatory properties and

migration ability ofMSCs by metformin.Most of the above studies

were performed in vivo or in vitro in mice, and the results of the

animal studies suggest that the chondroprotective effect of

metformin is not limited to osteoarthritis secondary to diabetes,

but is also effective in models of DMM or MIA-induced

osteoarthritis. The mode of administration encompassed both

intragastric and intra-articular cavities and the therapeutic effect

was correlated with concentration and number of applications. In

conclusion, the evidence from these animal studies supports

metformin as a promising drug for the treatment of osteoarthritis.

Human

The protective potential of metformin in osteoarthritis is also

supported by results from human clinical studies. Data from an

in vitro culture study of human cells found that metformin

treatment suppressed the expression of catabolic-related genes

and the results of this study supported that metformin still had

a regulatory effect on chondrocytes in patients with advanced

osteoarthritis (Schadler et al., 2021). Similarly, another study

cultured articular chondrocytes from patients undergoing

arthroplasty or phalangeal surgery and found that metformin

promoted the expression of autophagic lysosomal markers (Na

et al., 2021). A prospective cohort study enrolling 818 obese

patients with knee osteoarthritis found that metformin use was

associated with reduced knee cartilage volume over 4 years and a

reduced risk of total knee replacement over 6 years (Wang et al.,

2019b). Another study from Taiwanese patients with type

2 diabetes found that combined treatment with metformin and

COX-2 inhibitors was able to reduce the rate of joint replacement

surgery by 25% over 10 years compared to COX-2 inhibitors alone.

Metformin synergistically inhibited the release of pro-

inflammatory cytokines (Lu et al., 2018). Moreover, a

randomized, double-blind clinical trial identified the ability of

adjuvant metformin treatment to increase the analgesic and anti-

inflammatory effects of meloxicam (Mohammed et al., 2014).

However, not all studies have reached consistent conclusions,

and Barnett et al. suggested that metformin treatment was not

significantly associated with the development of osteoarthritis in

diabetic patients. Possible influencing factors are the incomplete

consideration of confounding factors and the lack of accuracy of

diagnostic methods for OA. In addition, focusing only on whether

metformin is applied in diabetic patients without investigating the

specific dose and duration of use may also have an impact on the

conclusions (Barnett et al., 2017). Current clinical studies from
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humans are mostly limited to diabetic patients, probably because

the effects of metformin are still limited to lowering blood glucose,

and it is difficult to evaluate the effects of metformin in healthy

populations for the prevention of osteoarthritis. In recent years,

metformin has become an anti-cancer and anti-aging drug, and the

US Food and Drug Administration (FDA) has approved the first

clinical trial study of metformin in non-diabetic individuals

(Targeting Ageing with Metformin, TAME) in 2015, but the

results of the study have not been updated yet (Barzilai et al.,

2016). More high-quality studies exploring the relationship

between metformin and osteoarthritis are needed in the future.

Potential side effects of metformin

Digestive disorders (such as nausea, vomiting, diarrhea,

upset stomach, etc.) are the most common side effects of

metformin, but these are often transient and mild

(Bouchoucha et al., 2011). In addition, the effect of

metformin on gastrointestinal function may lead to vitamin

B12 deficiency due to poor digestion and absorption of vitamin

B12. A cross-sectional study found a significant correlation

between metformin at ≥1,500 mg/d and vitamin B12 deficiency

(Kim et al., 2019). Lower vitamin B12 levels may be associated

with neuropathy, microangiopathy, and cardiovascular disease

(Lin et al., 2012; Vinik et al., 2013; Fotiou et al., 2014), but the

current view is that VitB12 deficiency triggered by metformin is

usually not severe. Metformin-associated lactic acidosis is rare

but dangerous, with a mortality rate of up to 50%, and can be

triggered by excessive drug doses and abnormal liver and

kidney function (DeFronzo et al., 2016). Therefore, the

dosage of metformin should be reduced as appropriate in

people with renal impairment. Since its approval by the US

Food and Drug Administration (FDA) in 1995, the maximum

daily dose of metformin for the treatment of type 2 diabetes

should not exceed 2,000 mg. Considering the side effects of

metformin and the possible individual differences, metformin

treatment should take into account the age, physical condition,

liver and kidney function, and gastrointestinal function of the

individual.

Conclusion and perspectives

In summary, evidence for chondroprotection by metformin

has been reported from animal and clinical studies, where animal

studies were not limited to osteoarthritis models secondary to

diabetes, but metformin also showed protective effects in DMM

and MIA-induced osteoarthritis. This may suggest that

metformin exerts its chondroprotective benefits through other

pathways than just lowering blood glucose. It is important to note

that osteoarthritis is a disease in which multiple factors come

together. People with diabetes or metabolic abnormalities are at

increased risk of developing osteoarthritis, but healthy

individuals also experience degeneration of joint cartilage with

age. The search for effective treatments is of clinical importance.

Our review identified metformin as a promising drug for the

treatment of osteoarthritis by reviewing recent studies, which

could play a role in suppressing inflammation, regulating

autophagy, antagonizing oxidative stress, and reducing pain

levels by activating AMPK and thus regulating the

transduction of downstream signaling molecules. However,

generally speaking, the data available in this area are scarce

and most of the studies are on mice. More high-quality

studies are needed in the future to further explore the

possibilities of metformin in the treatment of osteoarthritis.

Metformin has a long way to go in the clinical management

of osteoarthritis, but it is worth acknowledging that it is indeed a

promising drug.
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