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Abstract: Osteoarthritis (OA) is the most common skeletal disease and the leading cause of pain and disability in the
aged population (>65 years). However, the underlying factors involved in OA pathogenesis remain elusive which has
resulted in failure to identify disease-modifying OA drugs. Altered metabolism has been shown to be a prominent
pathological change in OA. As a critical bioenergy sensor, AMP-activated protein kinase (AMPK) mediates not only
energy homeostasis but also redox balance in chondrocytes to counter various cell stress. Dysfunction of AMPK
activity has been associated with reduced autophagy, impaired mitochondrial function, excessive reactive oxygen
species generation, and inflammation in joint tissue. These abnormalities ultimately trigger articular cartilage de-
generation, synovial inflammation, and abnormal subchondral bone remodeling. This review focuses on recent
findings describing the central role of AMPK in joint homeostasis and OA development. We also highlight current

advances that target AMPK as a novel therapeutic strategy for OA prevention.
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Introduction
Pathogenesis and development of OA

Osteoarthritis (OA) is the most common skele-
tal disease and is viewed as the leading cause
of joint pain and disability in the aged popula-
tion (>65 years). The prevalence of OA reached
240 million cases around the world in 2015 [1].
The overall burden of OA has become a chal-
lenge to the modern healthcare system as it
results in loss of mobility and severe pain in its
advanced stage. Currently, OA is viewed as a
highly heterogeneous disorder with a number
of different phenotypes, all of which share
distinct underlying pathogeneses and function-
al consequences. Aging, mechanical loading,
obesity, metabolic syndromes, and genetic
mutations appear to increase the risk of OA
development. Prominent features of OA pathol-
ogy involve the whole synovial joint in the form
of cartilage degeneration, subchondral bone
sclerosis, and osteophyte formation which
result in progressive pain and disability of the
joint [2]. Unfortunately, there are no disease-
modifying drugs available to reverse OA pro-

gression due to its elusive etiology and lack of
specific biological markers for early OA-asso-
ciated changes.

The role of metabolic dysfunction in OA

Recently, emerging evidence has shown that
metabolic alterations play a key role in OA
pathogenesis as evidenced by an increased
risk of incidence and severity of OA in patients
with metabolic syndromes such as obesity,
insulin resistance, and hyperlipidemia [3].
Interestingly, obesity was associated with both
weight-bearing joint OA and elevated incidence
of non-weight bearing joint OA (hands and
wrists) which suggests that it not only increases
the risk of OA as a mechanical factor as is con-
ventionally believed, but also as a biological ele-
ment. The biological effect of obesity on OA
development seems to be associated with the
elevated levels of adipokines which have be-
en demonstrated to drive catabolic response
in chondrocytes [4]. Since metabolic stress
appears to be an underlying component in the
pathogenesis of OA, understanding the mecha-
nism and signaling pathway involved would
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yield a novel therapeutic strategy to slow
the destruction of joint tissues and halt func-
tional impairment. AMP-activated protein ki-
nase (AMPK), a master energy sensor, has
been implicated in multiple aging-related dis-
eases correlated with cellular energy imbal-
ance such as type 2 diabetes mellitus, cancer,
cardiovascular disease, Alzheimer’s disease as
well as OA [5]. Additionally, dysfunction of AMPK
is correlated with impaired autophagy, abnor-
mal endoplasmic reticulum (ER) stress, and
increased oxidative stress. Moreover, AMPK
activation has an anti-inflammatory impact on
chondrocytes in response to cellular stress by
modulating the NF-kB pathway [6]. Recently,
the critical roles of AMPK in chondrocyte ener-
gy homeostasis and inflammation regulation
have made it a potential target for OA disease-
modifying drugs. To improve understanding of
how abnormal energy metabolism contributes
to OA development, we highlight new insights
into the roles of the AMPK regulatory network in
joint tissue homeostasis and OA pathogenesis.
An overview of therapeutic approaches by tar-
geting AMPK and its regulatory network are
also discussed.

Structure and molecular regulation of AMPK
Structure of AMPK

AMPK, a serine/threonine-protein kinase, is a
highly conserved energy status sensor that
responds to cellular ATP level changes in
eukaryotic cells. Emerging as a heterotrimeric
complex, AMPK is composed of a catalytic «
subunit and two regulatory - and y-subunits
encoded by distinct genes. In mammals,
expression of al, a2, B1, B2, y1, y2 and y3 iso-
forms of AMPK has been revealed and they can
form up to 12 different oy complexes. Articular
cartilage expresses al, o2, B1, B2, and y1 sub-
units [7]. In general, AMPK activity is modulat-
ed by three mechanisms: (i) activation by
upstream kinase-induced phosphorylation, (ii)
dephosphorylation and inactivation by protein
phosphatase, and (iii) allosteric kinase-depen-
dent activation.

Regulation and output of AMPK activation

Phosphorylation of threonine 172 (T172) at the
catalytic o subunit by several upstream pro-
teins such as calcium/calmodulin-dependent
protein kinase kinase (CaMKK) 3, transforming
growth factor-B-activated kinase 1 (TAK1), and
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liver kinase B1 (LKB1) is necessary for activa-
tion of AMPK [8]. AMPK is highly sensitive to
rises in the cellular ratio of AMP to ATP resulting
from metabolic stress. In this scenario, AMP
and ADP binding to the y subunit triggers an
allosteric change in AMPK which induces the
phosphorylation of T172 in the kinase activa-
tion domain. This mechanism dominates in
mild energetic stress to restore energy homeo-
stasis by promoting ATP-producing pathways
and suppressing ATP-consuming processes. In
addition, increased intracellular calcium serves
as a second message to phosphorylate T172
and thus activate AMPK, which is dependent on
CaMKK B activation (Figure 1). To avoid persis-
tent activation, AMPK activity is inhibited by
protein phosphatases including PP2A, PP2Cc,
and Ppm1E which dephosphorylate the T172
site [9]. In addition to activation by an in-
tracellular AMP/ADP ratio change, AMPK also
responds to physical exercise, caloric restric-
tion, local extracellular cues and circulating
hormones. Recently, several AMPK agonists
such as 5-aminoimidzole-4-carboxamide ribo-
side (AICAR) and A-769662 have been identi-
fied to specifically bind to the B1 subunit [8].
The main outputs of AMPK activation are to (1)
promote the activity of rate-limiting metabolic
enzymes that increase the uptake and metabo-
lism of glucose and fatty acids and (2) suppress
the efficacy of anabolic enzymes associated
with cholesterol, protein and glycogen synthe-
sis, restoring energy homeostasis [8].

Apart from the maintenance of energy homeo-
stasis, AMPK also contributes to several house-
keeping processes. For instance, activation of
AMPK alleviates inflammatory and oxidative
stress by impacting several signaling pathways
such as the NF-kB signaling pathway and the
nuclear factor erythroid-derived 2 (Nrf2) signal-
ing pathway [10, 11]. Moreover, AMPK activa-
tion mitigates ER stress and favors DNA dam-
age repair and autophagosome formation
which protects cells from stress-induced phe-
notype changes and apoptosis [12, 13]. As
AMPK is integrated with essential signaling net-
works associated with the aging process and
metabolism dysfunction for cell survival, it has
been targeted by a variety of drugs prescribed
for diabetes mellitus and other disorders (e.g.
metformin, statins, methotrexate, phytochemi-
cals, and sodium salicylate). Collectively, tar-
geting AMPK would be a novel approach to pre-
vent aging-related disorders and metabolic syn-
dromes as well as OA.
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Figure 1. Mechanisms modulating AMP-activated protein kinase (AMPK) activity. AMPK consists of «, B, and y
subunits. There are two distinct ways to trigger AMPK activation. i): AMP and ADP bind to the y subunits and al-
losterically activate AMPK; ii) Phosphorylation of Thr172 in the o subunit by upstream kinases such as liver kinase
B1 (LKB1), calcium-calmodulin-dependent kinase 2 (CaMKK2), and transforming growth factor-B-activated protein
kinase-1 (TAK1) induces the activation of AMPK. AMPK is dephosphorylated by protein phosphatase (PP) thereby
being inhibited. Moreover, ATP can also oppose the activation of AMPK by inhibiting the y subunits that are depen-
dent on allosteric activation and phosphorylating the LKB1-induced o subunit.

AMPK dysfunction occurs during OA

Recent studies have confirmed that aberrant
AMPK activity is implicated in OA. Robust phos-
phorylation of AMPKa was identified in nor-
mal articular chondrocytes. However, com-
pared with normal control tissue, the articular
cartilage from an OA human knee and joint tis-
sue from surgically induced and aging-related
OA mouse knees exhibited a striking decrease
in phosphorylation of AMPKa at T172 [14]. In
addition, AMPK activity was dramatically inhib-
ited in chondrocytes treated with inflammatory
cytokines and mechanical injury. Using siRNA
silencing, Terkeltaub et al reported that deple-
tion of AMPK in chondrocytes aggravated a
catabolic response to IL-13 and TNF-a [15].
These data suggest that AMPK activity is indis-
pensable to maintain cartilage homeostasis
and chondrocyte phenotype preservation. Addi-
tionally, attempts to reverse AMPK dysfunction
diminished inflammation and prevented OA pro-
gression. For example, chondrocyte catabolic
responses to inflammatory cytokines were dra-
matically suppressed by AICAR, a selective
AMPK agonist [15]. In vivo, Li et al demonstrat-
ed intra-articular injection of metformin signifi-
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cantly ameliorated the severity of knee joint
destruction in mice with destabilization of the
medial meniscus. Moreover, this group found
that protective effect of metformin against OA
progression was blunted by transgenic deletion
of AMPKa, indicating AMPKa was the target for
the metformin-mediated protection against OA
[16].

It has been demonstrated that biomechanical
injury, inflammatory cytokines, and aging, the
key elements of OA development, are able to
inhibit the phosphorylation of AMPK. Elevated
inflammatory cytokines (e.g. TNF-«, IL-13, and
IL-6) in OA have been shown to increase the
activity of protein phosphatases (e.g. PP2A,
PP1, PP2B, and PP2C) leading to dephosphory-
lation and inhibition of AMPK in chondrocytes
[15]. Moreover, the phosphorylation of LKB1
was reduced in aging-related and surgically-
induced OA cartilage resulting in a decrease in
AMPK activity [14]. Sirtuin 1 (SIRT1), an NAD+
dependent protein deacetylase downstream of
AMPK signaling, is able to increase AMPK activ-
ity through LKB1 deacetylation. The positive
feedback loop between AMPK and SIRT1 is dis-
rupted in human and mouse knee OA chondro-
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Figure 2. Dysfunction of AMPK activity disrupts cartilage, synovium and subchondral bone homeostasis, thus con-
tributing to OA development. Aging, low-grade inflammation, mechanical injury, and metabolic syndromes result in
compromised AMPK activity. Impaired AMPK activity decreases the level and activity of SIRT1, PGC-1a, FoXO3a,
TSC2, and ULK-1 which causes mitochondrial dysfunction, aggravates oxidative stress, attenuates autophagy, and
increases inflammation-mediated cartilage catabolism. On the contrary, expression of p-P65, p-mTOR1, CHOP, and
c-Fos are up-regulated which promotes several signaling pathways, including NF-kB, ER stress, and osteoclasto-
genesis, resulting in chondrocyte apoptosis, synovial inflammation, and abnormal subchondral bone remodeling.
Targeting impaired AMPK activity (e.g. AMPK pharmacological activators, natural herbs, metformin, and appropriate
exercise) would be a potential approach to prevent OA.

cytes due to reduced expression and activity of
SIRT1, which leads to a decline in AMPK phos-

the joint tissue’s ability to repair and regenerate
itself, accelerating OA progression. Notably, the

phorylation indirectly through decreased LKB1
activity [17]. Taken together, these studies indi-
cate that reduced responsiveness of AMPK in
articular cartilage caused by aging, mechanical
injury, and chronic inflammation compromises
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function of AMPK is not restricted to energy
metabolism homeostasis control - it can also
govern several critical cellular house-keeping
processes (Figure 2). Therefore, understanding
the underlying mechanisms and outputs of
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AMPK dysfunction will yield a promising app-
roach to repress OA development.

The results of AMPK dysfunction in OA chon-
drocytes

Mitochondrial function, altered metabolism,
and oxidative stress

As the powerhouse of the cell, the mitochon-
dria is responsible for producing ATP by oxida-
tive phosphorylation for a number of activities
including proliferation, differentiation, signaling
regulation, and movement [18]. During oxida-
tive phosphorylation, reactive oxygen species
are generated by the mitochondria as byprod-
ucts. Mitochondrial dysfunction results in a
deficient supply of energy but excessive pro-
duction of reactive oxygen species (ROS) which
is viewed as a hallmark in aging-related diseas-
es including OA. Augmented ROS production in
turn aggravates mitochondrial dysfunction to
form a vicious feedback loop, inciting an inflam-
matory response and degeneration. Impaired
mitochondrial function has been linked to path-
ological changes in cartilage damage such as
enhanced apoptosis, defective ECM synthesis,
elevated catabolic response, and vulnerability
to stress [19]. Moreover, chondrocytes with
compromised mitochondrial function were
more permissive of inflammation.

It has been demonstrated that OA chondro-
cytes can switch their metabolism from oxida-
tive phosphorylation to glycolysis, accompa-
nied by an increase in the production of inflam-
matory mediators and catabolic factors [20].
Mitochondrial dysfunction has been linked to
aberrant AMPK activity during OA progression
[14]. In healthy chondrocytes, AMPK activation
promotes glycolysis by phosphorylation of
PFK-2 and enhances glucose uptake by increas-
ing expression of glucose transporter 1, which
provides energy and metabolites to repair and
regenerate the damaged joint tissue. However,
in the absence of AMPK activation, OA chondro-
cytes compromise their adaptive ability to toler-
ate these stresses [21]. Yun et al uncovered
that the impaired mitochondrial biogenesis
capacity in OA chondrocytes was associated
with declined AMPK phosphorylation and down-
stream mediators such as SIRT1 and peroxi-
some proliferator-activated receptor y co-acti-
vator 1a (PGC1cx). Moreover, that group also
found A-769662, a pharmacological AMPK acti-

7674

vator, strikingly promoted the expression of
PGCla and rescued the deficient mitochon-
drial biogenesis in OA chondrocytes by SIRT1
signaling [22].

ROS, another notorious element of OA develop-
ment, has also been connected with AMPK sig-
naling. Activation of the NF-kB pathway plays a
critical role in ROS-induced cartilage matrix
degradation, hypertrophic shift, inflammatory
response, and chondrocyte apoptosis [23].
Observations have reported that AMPK has an
inhibitory role in NF-kB activation via SIRT1
deacetylation of the p65 subunit, thereby sup-
pressing oxidative stress in articular chondro-
cytes. Furthermore, using a ROS inducing
model, a recent report showed that an AMPK
pharmacological activator enhanced antioxi-
dant enzymes like superoxide dismutase 2
(SOD2) and catalase to limit the production of
superoxide in human chondrocytes challenged
with menadione through PGCla and forkhead
box O 3 (Fox03) [24]. Similarly, an increase in
AMPK activity by berberine chloride treatment
inhibited sodium nitroprusside-induced iNOS
expression and protected chondrocytes from
apoptosis in vitro [25]. Additionally, occurrence
of a mitochondrial DNA (mtDNA) 4977-bp dele-
tion mutant that compromised the ability of
mtDNA to encode proteins for the respiratory
chain was detected in OA chondrocytes. More-
over, a pharmacological AMPK agonist signifi-
cantly eradicated the mtDNA 4977-bp deletion
by promoting SIRT3 and oxoguanine glycosyl-
ase activity, greatly improving mitochondrial
function [26]. Using an age-related spontane-
ous OA mouse model, Chen et al found that sys-
tematic administration of berberine chloride,
an AMPK agonist, substantially alleviated the
severity of knee destruction by restoring aging-
associated reduction of the AMPK-SIRT3 axis
[26]. These data suggested that decreased
AMPK activity is associated with mitochondrial
dysfunction, metabolism shift, and redox imbal-
ance which, in turn, disrupts homeostasis of
articular cartilage and contributes to OA.

Inflammation and catabolic response

Recent studies have shifted the paradigm of OA
from a “wear and tear” disorder to a low-grade
inflammatory disease. The link between synovi-
tis and cartilage damage has been identified in
many reports. During OA progression, increased
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levels of pro-inflammatory cytokines such as
IL-1B, TNF-&, and IL-6 are secreted from chon-
drocytes and synovial cells, provoking chondro-
cyte apoptosis and catabolic response which
accelerate joint destruction and cause pain
[27]. Production of pro-inflammatory cytokines
is governed by the NF-kB pathway in chondro-
cytes. AMPK has been demonstrated to nega-
tively regulate the NF-kB pathway directly or
indirectly.

SIRT4, a primary downstream effector of AMPK,
can deacetylate the p65 subunit and then
induce proteasome degradation of p65, ulti-
mately inactivating NF-kB signaling [28]. Ac-
tivation of AMPK is caused by Protectin DX
inhibited IL-1B-stimulated expression of NO,
PGE2, and iNOS in rat primary chondrocytes via
attenuation of the NF-kB pathway [29]. Con-
sistently, using an adjuvant-induced rat arthri-
tis model, Wang et al showed that activation of
AMPK by glycolysis reduced synovial inflamma-
tion and alleviated joint damage, which mainly
relied on inhibition of the NF-kB pathway.
Furthermore, depletion of AMPK or SIRT1 via
siRNA silencing in chondrocytes aggravated
catabolic response to IL-13 and TNF-a treat-
ment [30]. Compared to wild wild-type controls,
mice with deletion of AMPKa developed more
severe surgically induced and aging-related OA
lesion-like changes, evidenced by enhanced
expression of MMPs, phosphorylated p65, and
apoptosis markers. In vitro, chondrocytes with
an AMPKa deficiency demonstrated an increase
in IL-1B-induced MMP13 expression [31]. A sim-
ilar result was also observed after the adminis-
tration of advanced glycation end products
(AGEs). Loss of AMPK and SIRT1 activity was
identified in primary human chondrocytes tre-
ated with advanced AGEs. In this study, Piog-
litazone rescued AMPK activity and significant-
ly abolished AGEs-induced inflammatory cyto-
kine expression [32]. These data suggested
that lack of AMPK activity in chondrocytes
amplifies inflammatory cytokine production
and catabolic response, thus triggering OA
development.

Autophagy

Autophagy is a conservative housekeeping
mechanism that targets dysfunctional cellular
organelles and removes damaged molecular
aggregates, which is an essential component
of cellular homeostasis [33]. As a survival sig-
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naling pathway, autophagy exists in articular
cartilage and is associated with normal chon-
drocyte phenotype preservation. It has been
demonstrated that expression of key autopha-
gy-related proteins are substantially reduced
in degenerated cartilage [34]. There is consen-
sus that compromised autophagy results in en-
hanced generation of catabolic proteases and
increased risk of OA development. Moreover,
activation of autophagy by inhibiting mammali-
an target of rapamycin complex 1 (mTORC1)
alleviated the severity of articular cartilage
damage and synovitis in a surgically-induced
knee OA mouse model [35].

It has been demonstrated that AMPK serves as
a potent activator of autophagy to protect chon-
drocytes from cellular stress. For instance, in
the nutrient-poor context, active AMPK phos-
phorylates raptor, an essential component for
mTORC1 activation, and then directly inhibits
mTORC1, which induces autophagy [36]. Fur-
thermore, AMPK can also phosphorylate tuber-
ous sclerosis protein 2 (TSC2) which, in turn,
inactivates small GTPases like Rheb and
represses mTORC1 signaling, stimulating au-
tophagy [37]. Moreover, ULK1, an essential ini-
tiator of autophagy, is phosphorylated and acti-
vated by AMPK [38]. In addition, SIRT1 and
FoxO3a, signaling molecules downstream of
AMPK, have been demonstrated to trigger
autophagosome formation either by deacety-
lating autophagy-related proteins (e.g., Atgb,
Atg7, and Atg8) or by inducing the expression of
autophagy-associated proteins (e.g., LC3B,
Gabarapll, and Beclinl) [39, 40]. Recently,
chondrocytes with depletion of AMPK by RNA
interference showed reduced autophagy in
response to increased intracellular calcium
influx [41]. Using the destabilized medial menis-
cus (DMM)-induced knee OA mouse model, Qin
et al showed restoration of AMPK activity by
intra-articular injection of resveratrol promoted
autophagy through suppression of mTOR which
inhibited catabolic signals and ameliorated
joint destruction [42]. Collectively, these results
indicate that alteration of AMPK activity in OA
chondrocytes can suppress the autophagy
response to cellular stress which leads to chon-
drocyte apoptosis and OA initiation.

ER stress

The endoplasmic reticulum (ER) governs the
correct folding and post-translational modifica-
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tion of all secretory and integral membrane pro-
teins, which is essential for protein quality con-
trol and normal cellular function. When ER
homeostasis is disrupted by various cellular
stresses such as an imbalanced redox state, a
perturbation in calcium homeostasis, a deple-
tion of energy stores or an inflammatory stimu-
lus, the aggregation of misfolded or unfolded
proteins in the ER lumen triggers an unfolded
protein response (UPR) [43]. UPR aims to
restore the equilibrium of stressed ER through
(1) promoting chaperone proteins to facilitate
correct folding; (2) attenuating new protein
translation; and (3) inducing apoptosis when ER
stress is too prolonged to be resolved [44]. In
the UPR, three-armed signaling cascades are
initiated by ER transmembrane proteins protein
kinase R (PKR)-like ER kinase (PERK), activat-
ing transcription factor 6 (ATF6), and dissocia-
tion of the chaperone protein glucose-regulat-
ed protein (GRP78) from ER stress sensor inosi-
tol-requiring enzyme 1 (IRE1) [45].

Increasing evidence has demonstrated that ER
stress is involved in OA development. For
instance, the activation of ER stress was con-
firmed in OA cartilage with a substantial
increase in expression of X-box binding protein
1 (XBP1), GRP78, and C/EBP (CHOP). Mice with
CHOP deletion exhibited more severe cartilage
damage and chondrocyte apoptosis in a surgi-
cally-induced knee OA mouse model suggest-
ing ER stress-induced expression of CHOP con-
tributed to OA pathogenesis [46]. The expres-
sion of p-PERK and CHOP, markers of ER stress,
were positively associated with the severity of
cartilage degeneration in human knee OA [47].
In addition, prolonged ER stress triggered by a
biomechanical injury, nitric oxide, and advanced
glycation end products (AGEs) resulted in sub-
stantially increased chondrocyte apoptosis
[48, 49]. ER stress also induced cartilage extra-
cellular matrix degradation which appeared to
be mediated through increasing the expression
of MMP13 [50].

It has been demonstrated that AMPK plays a
pivotal role in ER stress regulation to slow OA
progression. For instance, AICAR, an AMPK
pharmacological activator, was shown to atten-
uate ER stress-mediated apoptotic signals via
repression of CHOP expression in chondrocytes
challenged by IL-13 or mechanical injury [13].
Moreover, Kai et al described that treatment
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with quercetin, a member of the flavonoid fam-
ily, can increase the level of active AMPK and
suppress ER stress-induced apoptosis in chon-
drocytes treated by tert-butyl hydroperoxide. In
vivo, intra-articular injection of quercetin mark-
edly promoted phosphorylated AMPK level in
knee cartilage but inhibited ER stress marker
expression thereby ameliorating cartilage dam-
age and reducing chondrocyte apoptosis in
a DMMe-induced knee OA rat model [51].
Collectively, these studies suggested that
AMPK can target the ER stress-induced apop-
totic signal to exert its chondroprotective effect.

The role of dysfunctional AMPK in synovitis
and subchondral bone sclerosis

Since OA pathogenesis not only involves articu-
lar cartilage destruction but also includes syno-
vial inflammation and subchondral bone sclero-
sis, understanding the association between
AMPK dysfunction and subchondral bone scle-
rosis as well as synovial inflammation would
yield an effective connection for developing
disease-modifying OA drugs. It has been report-
ed that abnormal AMPK activity was linked to
synovial pathological changes in OA. For exam-
ple, mechanical stretching of synovial fibro-
blasts (SF) can trigger phosphorylation of
AMPKa at the T172 site to counter the TNF-a-
induced inflammatory response, suggesting
that AMPK activation alleviates synovitis in an
exercise that was generally prescribed for OA
treatment [52]. Similarly, the increase in AMPK
activity induced by chitosan oligosaccharide,
an oligomer of D-glucosamine, has been shown
to attenuate TNF-a-mediated NF-kB signaling
activation and pro-inflammatory cytokine gen-
eration in both primary rabbit and human syn-
oviocytes. Using an anterior cruciate ligament
transection-induced knee OA rabbit model, the
same group also demonstrated that systematic
administration of chitosan oligosaccharide sig-
nificantly ameliorated the degree of synovitis in
vivo [53]. In addition, transforming growth fac-
tor-beta 1 (TGF-B1), a well-known driving force
in OA development, can activate AMPK to pro-
mote FoXO3 expression which, in turn, sup-
presses synthesis of inflammatory mediators in
human knee OA synovial fibroblasts [54].
Therefore, these data indicated that AMPK acti-
vation had an anti-inflammatory effect on
synovium, but the detailed mechanism still
remains elusive. Further research should be
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carried out to investigate how dysfunctional
AMPK activity contributes to synovitis during
OA development.

Observation has demonstrated that AMPK is
essential to control the balance of bone metab-
olism. Activation of AMPK favored human mes-
enchymal stem cell (MSC) differentiation into
osteoblasts at the expense of adipogenic dif-
ferentiation whereas silencing AMPKa attenu-
ated the osteogenic differentiation of human
MSCs [55]. Both AICAR and metformin, two
well-known AMPK agonists, have been sho-
wn to improve osteogenic differentiation of
MC3T3-E1 which appeared to be mediated by
activation of the ERK pathway [56, 57]. Con-
sistently, mice with double deletion of AMPKal
and a2 developed enhanced bone resorption
and a high bone turnover phenotype which
resulted in decreased bone mass and density
compared with wild-type controls [58]. In addi-
tion to osteogenic differentiation, evidence also
has indicated that AMPK is inversely asso-
ciated with osteoclastogenesis. Inhibition of
AMPKa in bone marrow macrophages aug-
mented osteoclastogenesis and enhanced
receptor activator of nuclear factor kappa-B
ligand (RANKL) signaling, suggesting a critical
role of AMPK in osteoclast differentiation [59].
Furthermore, AICAR treatment was found to
inhibit the RANKL-mediated osteoclast differ-
entiation by induction of autophagy [60].

Mechanistically, AMPK served as a negative
regulator in the expression of c-Fos and NFAc1
thereby inhibiting osteoclast differentiation
[61]. Similarly, Peng et al found that Carnosic
acid functioned as an AMPK agonist and sub-
stantially suppressed expression of osteoclas-
togenesis related genes in osteoclast precur-
sors in vitro. Moreover, the inhibitory effect of
AMPK on osteoclast formation was further
identified using a lipopolysaccharides-induced
calvarial osteolysis mouse model [62]. Taken
together, AMPK emerged as a key mechanism
to regulate bone homeostasis. However, the
effect of AMPK on subchondral bone remodel-
ing has not been elucidated yet which would be
a promising topic to identify an effective thera-
peutic approach for OA.

Therapeutic prospects targeting AMPK for os-
teoarthritis

To date, the main goal of OA management
remains pain control and symptom relief. There
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are no effective disease-modifying OA drugs
available to halt or even delay OA progression.
Lack of understanding of the molecular events
involved in OA pathogenesis may be one of the
factors that accounts for the disappointing out-
comes of the latest clinical trials. As irreversible
joint structural damage occurs in end-stage OA,
surgical arthroplasty, a costly procedure asso-
ciated with several complications, is mandated
for patients. Therefore, it is of great importance
to elucidate the underlying key molecules and
signaling pathways associated with the patho-
genesis of OA. Since the dysregulation of AMPK
is linked to various aging-related diseases,
including OA, targeting it may yield a promising
approach for OA treatment.

Herb and small molecule

Recently, a number of drugs and natural plant
compounds from traditional medicine acted as
AMPK activators to exert protective effects
against OA. For instance, medicinal herbs such
as berberine, quercetin, and resveratrol attenu-
ated oxidative stress and mitochondrial dys-
function by activation of AMPK signaling in
chondrocytes, thereby ameliorating joint dam-
age in a surgically-induced knee OA mouse
model [25, 42, 63]. Interestingly, metformin, a
first-line drug in the clinic for combating diabe-
tes, has demonstrated that it can limit OA
development through activation of AMPK in an
experimental OA model [64]. In addition, sever-
al selective AMPK activators (e.g. A-769962,
AICAR) were shown to restore impaired mito-
chondrial function and diminish IL-1B-induced
catabolic response in chondrocytes [22]. Pro-
tectin DX, a fatty acid metabolite, has demon-
strated that it can suppress the generation of
pro-catabolic effectors in IL-1p3-treated chon-
drocytes and alleviate cartilage damage in a
chemically-induced knee OA rat model in an
AMPK dependent way [29].

MicroRNA

MicroRNAs, small non-coding RNA molecules,
also play a role in regulating AMPK signaling
and OA development. For instance, Kuo et al
revealed the miR-92a is implicated in TGF-B1-
induced FoXO3 expression in human OA syno-
vial fibroblasts and contributes to OA develop-
ment. FOXO03, a main downstream effector of
AMPK, was shown to increase the expression
of genes related to anti-oxidization, DNA repair,
and autophagic/lysosomal pathways which

Am J Transl Res 2020;12(12):7670-7681



AMPK in osteoarthritis

benefitted chondrocyte homeostasis. Trans-
fection of OA synovial fibroblasts with miR-92a
mimics mitigated TGF-B1-induced FoX03 ex-
pression and compromised chondrocyte stress
resistance. Interestingly, AMPKa phosphoryla-
tion suppressed miR-92a expression, thereby
facilitating FoXO3 activity and preventing OA
progression [54]. Similarly, miR-449a was
viewed as a novel agent of cartilage destruction
due to its role in targeting the SIRT1 mRNA, a
main downstream effector of AMPK signaling.
Chondrocytes transfected with miR-449a ex-
hibited a hypertrophic phenotype with high lev-
els of catabolic gene expression and decreased
anabolic signals in response to IL-1B, whereas
miR-449a’s impact can be effectively reversed
by forced overexpression of SIRT1 [65]. These
data indicate that manipulation of AMPK sig-
naling by targeting microRNAs could be a poten-
tial therapeutic approach to delay OA deve-
lopment.

Others

In addition, some strategies correlated with
AMPK activation have also exhibited potential
protective effects against OA. For instance,
inhibition of glycolysis and stabilization of HIF-
1o inhibited catabolic response and ameliorat-
ed joint degeneration by activating AMPK sig-
naling [30, 66]. Similarly, mechanical stretching
induced antioxidant enzyme generation and
promoted osteogenic differentiation of human
bone marrow mesenchymal stem cells by acti-
vation of AMPK, indicating that AMPK is associ-
ated with the benefits of exercise [67] which is
highly recommended by the Osteoarthritis
Research Society to alleviate pain and improve
function in knee OA [68]. Based on the current
data, targeting AMPK to restore altered energy
metabolism and impaired mitochondrial func-
tion in OA joint tissues could be a potential
strategy for OA. However, as OA is a heteroge-
neous disorder with various subtypes and dif-
ferent etiologies, further studies are needed to
define the role of AMPK in different types of OA
pathogeneses and identify how AMPK is
involved in the interplay between mechanical
loading, inflammation, and energy metabolism.

Conclusion
Recently, disruption of energy balance in articu-

lar joint tissue has been considered one of the
most essential pathogeneses in OA develop-
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ment. This new paradigm is strongly suppor-
ted by the fact that individuals with metabolic
syndromes are predisposed to suffer both
weight-bearing and non-weight-bearing joint
OA. Reduced AMPK activity compromises the
capacity of energy flexibility for cellular homeo-
stasis, triggering adverse events such as mito-
chondrial dysfunction, oxidative stress, impair-
ed autophagy, and prolonged ER stress which
ultimately resulted in articular cartilage degen-
eration, synovial inflammation, and abnormal
subchondral bone remodeling. Restoring AMPK
activation has been demonstrated to coordi-
nate chondrocyte survival mechanisms and
improve joint tissue resistance to OA driven
forces. Further insight into the details of how
AMPK is connected to mechanical loading,
inflammation, and metabolism and the role of
AMPK in subchondral bone remodeling, as well
as synovial inflammation, could yield a novel
therapeutic approach for OA.
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