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Abstract

AMP-activated protein kinase (AMPK) is a ubiquitous sensor of energy and nutritional status in eukaryotic cells. It
plays a key role in regulating cellular energy homeostasis and multiple aspects of cell metabolism. During mac-
rophage polarisation, AMPK not only guides the metabolic programming of macrophages, but also counter-regulates
the inflammatory function of macrophages and promotes their polarisation toward the anti-inflammatory phenotype.
AMPK is located at the intersection of macrophage metabolism and inflammation. The metabolic characteristics

of macrophages are closely related to immune-related diseases, infectious diseases, cancer progression and immuno-
therapy. This review discusses the structure of AMPK and its role in the metabolism, function and polarisation of mac-

ment of macrophage-related diseases.

rophages. In addition, it summarises the important role of the AMPK pathway and AMPK activators in the develop-
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Introduction

Metabolism provides cells with the energy required to
perform their life-sustaining functions [1]. Cells perceive
their environment and reprogramme their metabolism
accordingly. Changes in energy metabolism and nutrient
levels, as well as stimulation of cytokine receptors, may
disrupt the balance of various metabolic pathways. AMP-
activated protein kinase (AMPK) is a ubiquitous sensor of
energy and nutritional status in eukaryotic cells. It plays a
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key role in regulating cellular energy homeostasis by pro-
moting catabolism and inhibiting anabolism. In addition,
it can monitor changes in the AMP:ATP or ADP:ATP
ratio. As the AMP:ATP or ADP:ATP ratio increases
when energy is insufficient, AMPK restores energy bal-
ance by promoting ATP production through catabolic
pathways and inhibiting ATP consumption through syn-
thetic metabolic pathways, thereby regulating metabolic
stress [2—6]. Owing to its role in regulating metabolism,
AMPK has been considered a promising pharmacologi-
cal target for treating diseases such as diabetes, obesity,
cardiometabolic diseases and cancer [7].

Enzymes that regulate or affect cell metabolism play an
important role in controlling the development, survival
and function of immune cells [8]. In particular, AMPK
can adjust multiple metabolic pathways while maintain-
ing energy homeostasis in T cells, macrophages and den-
dritic cells. It is expressed in immune cells and serves
as an important regulator of inflammatory responses.
Inflammatory responses are generated through the coor-
dinated activity of numerous cells and soluble mediators.
Macrophages play a key role in inflammatory responses,
and their metabolic characteristics are closely related to
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immune-related diseases, infectious diseases, cancer pro-
gression and immunotherapy [9, 10]. AMPK is located at
the intersection of macrophage metabolism and inflam-
mation. It regulates the polarisation of macrophages
toward the anti-inflammatory M2 phenotype through
signal transduction [11]. Here, we review the recent
research progress on the role of AMPK in macrophage
metabolism, function and maintenance.

Heterotic structure of AMPK

AMPK is a conserved serine—threonine protein kinase
complex that belongs to the Ca**/calmodulin-depend-
ent protein kinase (CAMK) family. Mammalian AMPK
was first identified in 1973; however, the name AMPK
was finally adopted for its allosteric modulator AMP in
1988 [12, 13]. AMPK is a heterotrimeric complex com-
prising a catalytic subunit, AMPKa, and two regula-
tory subunits, namely, AMPKpP and AMPKy [7, 14-17].
In humans, each AMPK complex is composed of one
a-subunit, one B-subunit and one y-subunit. The differ-
ent subunits of AMPK are encoded by different genes.
al and o2 subunits are encoded by protein kinase
AMP-activated catalytic subunit alpha 1 (PRKAA1) and
PRKAA2, respectively. B1 and B2 subunits are encoded
by protein kinase AMP-activated non-catalytic subu-
nit beta 1 (PRKAB1) and PRKAB2, respectively. The
subunits y1, y2 and y3 subunits are encoded by protein
kinase AMP-activated non-catalytic subunit gamma 1
(PRKAG1), PRKAG2 and PRKAGS3, respectively. All pos-
sible combinations of these subunits generate 12 differ-
ent AMPK complexes. Although AMPK heterotrimers
are commonly expressed, studies have shown significant
differences in expression patterns between species and
different cell types. For example, AMPKa1(2y1 is mainly
expressed in human liver cells, while AMPKa2p1y1 is
mainly expressed in rodent liver cells [18]. Similarly, sub-
type y2 is highly expressed in the human heart, while
subtype yl appears to be the main culprit in rodent
hearts y Subunits [19]. In addition, certain cell types only
contain a subset of these combinations, indicating that
certain complexes have specific effects. For example, in
muscles, only the complexes al1p2yl, a2p2y and a2f2y3
were activated by Thr172 phosphorylation, even though
the complexes were not as abundant as those contain-
ing y1 [20]. AMPKa contains kinase domains and key
residues that are phosphorylated by upstream kinases,
including Thr174 in the al subunit and Thr172 in the
a2 subunit. AMPKp contains a carbohydrate-binding
module (CBM), also known as glycogen-binding domain
(GDB), which enables the interaction of AMPK with
glycogen. AMPKYy contains four tandem cystathionine
B-synthase (CBS) motifs that allow AMPK to bind to
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adenine nucleotides to respond to changes in AMP, ADP
and ATP levels [2, 4, 20-22].

Regulation of AMPK activity

Classical AMPK activation is triggered by events that
increase the cellular AMP-to-ATP and/or ADP-to-ATP
ratio, such as hypoxia, starvation, administration of cer-
tain drugs, certain diseases, glucose deprivation or mus-
cle contraction [5, 6, 23]. AMPK can respond to changes
in nutrition and environment by integrating nutrition
and hormone signals to maintain cellular energy homeo-
stasis [17]. Most commonly, AMPK is activated through
three mechanisms, including promoting phosphorylation
of Thr172, inhibition of protein phosphatase dephospho-
rylation of Thr172, and directing allosteric activation [6,
7,12, 23-26].

AMPKu contains the kinase domain responsible for the
response to energy stress. Phosphorylation of Thr172 is
the main event required for the complete activation of
AMPK, leading to the transition of AMPK from an inac-
tive form to a catalytic active form [15, 22, 27, 28]. Owing
to metabolism, energy stress or response to Ca>" signals,
AMPK is activated upon phosphorylation of Thr172
induced by upstream kinases, including liver kinase B1
(LKB1), calmodulin-dependent protein kinase kinase-f3
(CaMKKp) and TGF beta-activated kinase 1 (TAK1) [4,
6,22, 29, 30]. When the cellular concentration of AMP or
ADP increases, the latter directly interacts with AMPKy,
leading to the conformational activation of the kinase.
These conformational changes in turn protect AMPK
from dephosphorylation at the Thr172 residue by pro-
tein phosphatase 2 A (PP2A) and PP2C [8, 17, 22-24, 27,
31-34]. It is noteworthy that CaMKKp can phosphoryl-
ate the Thr172 residue of AMPK in response to increased
levels of cellular Ca®*; however, its effects are not related
to any changes in the cellular AMP-to-ATP ratio [16, 17,
23].

Given that different AMPK isomers have different
locations, downstream targets and upstream kinases,
non-standard (i.e. AMP/ADP-independent) activa-
tion pathways have attracted substantial interest. These
pathways can regulate activity through phosphoryla-
tion and conformational changes at the Thr172 residue
[6]. For example, certain AMPK activators can directly
interact with specific subunits of AMPK, inducing con-
formational changes and directly leading to AMPK acti-
vation, and are not related to changes in cellular ATP,
ADP or AMP levels [16, 35-38]. Direct activators can
be composed of AMP analogues (competitive activa-
tors), simulating the effects of AMP on in vivo AMPK
(such as AICAR), or directly interacting with AMPK j
Compound with subunit binding (e.g. A769662). Most of
these compounds bind together by a and  The specific
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pockets formed by subunit interactions are called allos-
teric drug and metabolite (ADaM) sites. The confor-
mational activation of AMPK by binding ligands at the
ADaM site greatly stabilizes the kinase domain and pre-
vents dephosphorylation. Indirect activators are com-
posed of compounds that indirectly activate enzymes.
They may affect the AMP/ATP ratio, respiratory chain
reaction, carbohydrate uptake, or ATP production. These
are mainly polyphenols and alkaloids [7, 19, 39]. For
example, activation of AMPK by metformin requires the
upstream kinase LKB1. AMPK regulates cellular meta-
bolic balance through various direct or indirect activa-
tion pathways (Fig. 1). Upon activation, AMPK directly
or indirectly regulates the activity of rate-limiting

"
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metabolic enzymes, transcription and translation factors
and epigenetic regulators through phosphorylation of
downstream targets. Subsequently, it readjusts metabo-
lism to promote catabolism or inhibit anabolism, thereby
inhibiting cell proliferation and growth (Fig. 1). In par-
ticular, AMPK activates catabolic pathways to produce
ATP and inactivates ATP-consuming biosynthetic path-
ways, including glycogen, fatty acid and protein synthesis
pathways, which target other signalling pathways, such as
sterol regulatory element-binding protein 1/HMG-CoA
reductase/acetyl coenzyme A carboxylase 1 (SREBP1/
HMGCR/ACC1), transcription initiation factor 1 A
(TIE-1 A) and mTORC1 pathways. For example, AMPK
enhances glucose/fat uptake, mitochondrial metabolism
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Fig. 1 AMPK activation pathways and their regulatory effects on various metabolic processes. AMPK is activated via canonical (AMP/

ADP-dependent) and non-canonical (AMP/ADP-independent) pathways. In canonical pathways, AMPK is activated in response to increased levels
of AMP or ADP, and the upstream kinase LKB1 phosphorylates AMPK upon activation. AMP/ADP can directly activate AMPK through conformational
modification and inhibit PP2A/C-mediated dephosphorylation of AMPK. In non-canonical pathways, AMPK is activated through other mechanisms
instead of responding to an increase in AMP/ADP levels. AMPK can respond to an increase in Ca’* levels and is phosphorylated by the upstream
kinase CaMKK@. Under lysosomal damage, the upstream kinase TAK1 activates AMPK. Under glucose starvation, the lysosomal adapter protein
AXINT or AXIN2 binds to LKB1, leading to the phosphorylation of AMPK. In addition, AMPK can be activated by glycogen, DNA damage agents

and AMPK activators. Upon activation, AMPK inhibits ATP-consuming biosynthetic pathways, such as mTOR, ACC1/SREBP1C/HMGCR and TIF-1 A
pathways and glycogen synthesis, to inhibit protein synthesis, lipogenesis, glycogen synthesis and rRNA synthesis. In addition, AMPK activates

the catabolic pathways that produce ATP, such as ACC2, ULK1, GLUT4 and PGC-1a/SIRT1, to enhance fatty acid oxidation, autophagy, glycolysis
and mitochondrial biogenesis. Under normal circumstances, inositol inhibits AMPK activation by binding to AMPK subunits. High glucose and ATP
competitive AMPK inhibitor compound C can also inhibit the activity of AMPK. The red arrow is meant to activate. The green arrow is meant

to inhibit LKBT liver kinase B1, PP2A/C protein phosphatase 2 A/C, CaMKKB calmodulin-dependent protein kinase kinase-f, TAKT transforming
growth factor kinase 1, AXINT axis inhibition protein 1, SREBPT sterol regulatory element-binding protein 1, HMGCR HMG-CoA reductase,

ACCT acetyl coenzyme A carboxylase 1, TIF-1 A transcriptional intermediary factor 1 A, mTOR mammalian target of rapamycin, PGC-1 peroxisome
proliferator-activated receptor-gamma coactivator, ULKT UNC-51-like kinase 1, GLUT4 glucose transporter 4, SIRT1 sirtuin 1



Cui et al. Journal of Translational Medicine (2023) 21:892

and cellular autophagy by phosphorylating glucose trans-
porter 4/platelet glycoprotein 4 (GLUT4/CD36), peroxi-
some proliferator-activated receptor-gamma coactivator
lalpha (PGC-1a), sirtuin 1 (SIRT1) and acetyl coenzyme
A carboxylase 2 (ACC2), respectively [5, 8, 14, 17, 19, 21,
25, 29, 40-43].

Expressed in macrophages, AMPK acts as an impor-
tant regulator of inflammatory responses. It can indi-
rectly inhibit the activation of nuclear factor kappa B
(NF-kB), a key regulator of innate immunity and inflam-
mation, by modulating the activation of multiple down-
stream targets including SIRT1, forkhead box protein O
(FOXO) and PGC-1a in macrophages [24]. Altogether,
AMPK regulates not only cellular metabolism but also
cellular functions including autophagy, mitochondrial
and lysosomal homeostasis, DNA repair and immunity.
In the following sections, we discuss the role of AMPK in
the polarisation and metabolic function of macrophages.

Regulation of macrophage activation

Macrophages are widely distributed innate immune cells.
They not only participate in the development and repair
of tissues but also prevent pathogenic infection, chronic
inflammation, fibrosis and cancer [44]. They are classi-
fied as follows: tissue-resident macrophages derived from
ancestral cells produced in the yolk sac and macrophages
derived from single-core cells from bone marrow-derived
haematopoietic stem cells. The role of macrophage is
that general tissue macrophages prenatally from yolk are
born to subserve homeostatic functions and monocyte-
derived cells are involved in response to pathological sig-
nals [45]. Macrophages are known by different names in
different tissues. For instance, they are called pulmonary
macrophages, microglia, osteoclasts, and Kupffer cells in
the lungs, nervous system, bone, and liver respectively
[46]. The involvement of macrophages in multiple bio-
logical processes suggests that they can adequately adapt
to their microenvironment and have unusual plasticity.
Macrophages can be polarised by microenvironmental
stimuli and signals to perform specific functions [44].

Macrophages are characterised by their classic (M1)
and alternative (M2) phenotypes. Stimulation with
lipopolysaccharides (LPSs) and interferon-gamma (IFN-
y) induces the polarisation of macrophages toward an
inflammatory phenotype commonly referred to as the
M1 phenotype. Activation of macrophages by interleu-
kin 4 (IL-4) ,IL-10, and IL-13, induces their polarisa-
tion toward an anti-inflammatory phenotype commonly
referred to as the M2 phenotype [9, 47-51].

M1 macrophages have high microbicidal activity and
enhance the production of ROS and pro-inflammatory
cytokines, such as IL-1B and tumour necrosis factor
alpha (TNF-a). They can not only promote the clearance
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of foreign pathogens and tumour cells but also impede
wound healing and tissue regeneration by mediating
ROS-induced tissue damage [52]. On the contrary, M2
macrophages participate in long-term tissue repair and
protect against extracellular parasites [53]. Macrophages
can alter their phenotype in response to new environ-
mental stimuli after polarisation. This reversibility of
polarisation holds important therapeutic value, especially
in diseases in which M1/M2 imbalance plays a patho-
genic role [54, 55]. Macrophage polarisation is driven
by changes in the tumour microenvironment, nanocar-
riers, phagocytosis and different disease-related fac-
tors [51]. Therefore, elucidating the signalling pathways
that regulate macrophage polarisation may facilitate the
development of strategies for modifying macrophage
behaviour. Macrophage polarisation involves the regula-
tion of multiple signalling pathways and transcriptional
networks, including NF-kB, peroxisome proliferator-
activated receptor-gamma (PPAR-y), phosphatidylinosi-
tol 3-kinase/protein kinase B (PI3K/AKT), MAPK, Janus
kinase/signal transducer and activator of transcription
(JAK/STAT), Wnt/p-catenin and AMPK signalling path-
ways [56]. Given that AMPK is the important trigger for
macrophage polarisation, we have discussed the role of
only the AMPK signalling pathway in this review [47, 51,
55, 57-63] (Fig. 2).

Role of AMPK in macrophage polarisation

and anti-inflammation

As mentioned above, AMPK acts as an energy receptor
that, once activated, inhibits energy-dissipating path-
ways (e.g., fatty acid synthesis) and affects energy-pro-
ducing pathways (e.g., glycolysis and glycogenolysis).
M1/M2 macrophage activation includes well-coordi-
nated changes in signaling events and post-translational
mechanisms, as well as extensive metabolic remodeling.
Changes in cell metabolism determine their different
physiological behaviors. In terms of glucose metabolism,
M1 macrophages have higher glycolytic activity, while
M2 macrophages are more dependent on oxidative phos-
phorylation [64]. AMPK, while AMPK stimulates glyco-
lysis, involving phosphorylation of phosphofructokinase
2 (PFK-2) at Ser466. PFK-2 catalyzes the conversion
of fructose-6-phosphate to fructose-1,6-bisphosphate,
which is the third stage of glycolysis. In terms of lipid
metabolism, the regulation of fatty acid synthesis (FAS)
and fatty acid oxidation (FAO) drives macrophage M1/
M2 activation, respectively. AMPK blocks cholesterol
synthesis and indirectly regulates the activity of FAS [39].
In terms of amino acid metabolism, amino acid metabo-
lism is also an important way to maintain the immune
activity of macrophages. Since protein synthesis is a high-
energy-demanding process, the energy-sensing AMPK
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Fig. 2 AMPK is the important trigger for macrophage polarisation. On the one hand, LPSs promote M1 polarisation through the NF-kB pathway
and the secretion of inflammatory factors such as IL-12, IL-6 and TNF-a. On the other hand, activation of AMPK inhibits the NF-kB pathway

by upregulating the expression of SIRT1 and CREB, thereby inhibiting M1 polarisation. AMPKa-knockout macrophages display M1 hyperpolarisation.
IL-4 promotes the polarisation of M2 macrophages by activating the downstream STAT6/PPARy pathway and the secretion of the anti-inflammatory
factors IL-10 and IL-1Ra. STAT6 is akey transcription factor involved in IL.-4-mediated M2 polarisation. On the other hand, activation of AMPK
promotes the upregulation of STAT6 and PPARy, thereby affecting the polarisation of M2 macrophages. LPS lipopolysaccharide, TLR toll-like receptor,
SIRT1 sirtuin 1, CREB cAMP-response element-binding protein, NF-kB nuclear factor kB, /L interleukin, IL-4R interleukin-4 receptor, PPAR peroxisome
proliferator-activated receptor, STAT signal transducers and activators of transcription, TNF tumour necrosis factor

signaling pathway is linked to mTOR and can indi-
rectly affect the amino acid metabolism process of mac-
rophages [65].

Therefore, AMPK plays a crucial role in macrophage
metabolism and maintaining immune activity. In addi-
tion, activation of AMPK is necessary for the efficient
polarisation of M1 macrophages to M2 macrophages.
AMPK acts as a direct upstream signalling molecule in
the initiation of anti-inflammatory signalling pathways
in macrophages [10, 24]. Genetic defects in AMPKf1 in
mouse macrophages have been shown to increase the lev-
els of pro-inflammatory cytokines (such as TNF-«, IL-6,
monocyte chemotactic protein-1{MCP1] and IL-1f) and
decrease the levels of anti-inflammatory cytokines (such
as IL-10) [66]. AMPKal is the predominant AMPK«
isoform expressed by macrophages [47]. Genetic defects
in AMPKal in macrophages prevent the acquisition of
the M2 phenotype in vitro and in vivo and enhance the
LPS-induced proinflammatory function of macrophages.
However, the constitutive expression of AMPKal results
in decreased production of pro-inflammatory cytokines

and increased production of IL-10 in macrophages [24,
47, 67, 68]. AMPKal plays an essential role in activating
IL-10 during PI3K/AKT/mTORCI and STAT3-mediated
macrophage polarisation [58]. Rapid activation of AMPK
indicates that it acts as a direct upstream signalling mol-
ecule in the initiation of anti-inflammatory signalling
pathways [58]. When macrophages are activated by IL-4
and IL-13, phosphorylation of AMPK leads to upregu-
lation of PPARS and angiotensin converting enzyme
(ACE), resulting in the inhibition of M1 macrophages and
upregulation of cytokines in M2 macrophages [46]. These
findings validate that AMPK is a key immunometabolic
regulatory factor in macrophages [69]. Some studies have
reported that the anti-inflammatory activity of AMPK in
macrophages is associated with decreased IkB degrada-
tion, enhanced AKT activity and inactivation of glycogen
synthase kinase 3 beta (GSK3-p). Inhibition of GSK3-p
enables cAMP response element-binding protein (CREB)
to compete for the nuclear coactivator CREB-binding
protein (CBP) required for the function of NF-kB, thereby
reducing the expression of pro-inflammatory genes
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[24, 47, 58]. Many direct activators of AMPK have been
shown to inhibit the inflammatory function and promote
the anti-inflammatory function of macrophages [70]. For
example, treatment with the AMPK agonist metformin
can reduce the production of pro-inflammatory cytokines
in bone marrow-derived macrophages (BMDMs). There-
fore, AMPK plays an important role in promoting the
anti-inflammatory phenotype of macrophages [66, 68].
In response to infection, toll like receptor 4 (TLR4) on
macrophages recognises LPSs to induce the expression
of FMS related tyrosine kinase 4 (FLT4). After identifi-
cation of LPS or bacterial infection, TLR4 initiates the
MyD88-dependent pathway for NF-kB activation. TLR4-
MyD88-NF-«kB signaling increases the expression level
of FLT4 and its ligand VEGEFC in bacteria-infected mac-
rophages, which in turn forms a feedback loop to inhibit
TLR4-induced inflammatory responses in macrophages
[71]. In addition, AMPK directly or indirectly regulates
various aspects of autophagy mechanisms in response
to turnover of old or damaged molecules, supplementa-
tion of nutrient storage during starvation, and removal
of intracellular pathogens. AMPK is the main activator
of autophagy during oxidative stress and energy starva-
tion catabolism [20, 72]. FLT4 activates AMPXK to prevent
caspase 1-induced pyroptosisand excessive inflamma-
tion and enhances phagocytosis and autophagy to clear
bacteria. The AMPK agonist 5-Aminoimidazole-4-car-
boxamide ribonucleotide (AICAR) can salvage glycolytic
reprogramming and inflammasome activation in mac-
rophages expressing mutant FLT4 to prevent recurrent
infections [73].

AMPK not only directs metabolism in macrophages
but also plays a crucial role in determining the inflam-
matory state of macrophages [68]. As described earlier,
AMPK is a potent negative regulator of the inflammatory
function of macrophages and promotes the polarisation
of macrophages toward an anti-inflammatory phenotype.
Some studies have demonstrated that AMPK is actively
involved in the regulation of the phagocytic function of
macrophages. Treatment of macrophages with AMPK
activators results in cytoskeletal rearrangement and mor-
phological changes, including increased cell size, and
enhances the phagocytic function of the enlarged mac-
rophages [74]. Macrophages are key cells that regulate
the regression of inflammation after tissue injury. Gluco-
corticoids (GCs) are the most effective anti-inflammatory
hormones in clinical use. On the one hand, AMPK is
necessary to promote repair of macrophage phenotypes.
On the other hand, glucocorticoids activate AMPKal in
macrophages, thereby inducing the acquisition of a repair
phenotype and promoting the resolution of inflamma-
tion in vivo during muscle regeneration after injury and
acute lung injury [75]. This suggests that AMPK not only
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promotes M2 polarization, but also plays an important
role in injury resolution through metabolic to transcrip-
tional regulation of regenerative inflammation.

Role of AMPK in macrophage-related diseases
AMPK plays an important role in macrophage-related
diseases. Metabolism in macrophages is closely related
to immune-related diseases, infectious diseases, cancer
progression and immunotherapy [9, 76]. For example,
M2-polarised tumour-associated macrophages (TAMs)
play an important role in tumour progression and
metastasis, demonstrating their potential as an attrac-
tive therapeutic target [77]. AMPK activators can allevi-
ate macrophage-related diseases through AMPK-related
pathways (Table 1). The following section describes the
role of AMPK in macrophage-related conditions and
diseases, such as atherosclerosis, insulin resistance and
cancer.

Atherosclerosis

As early as 1973, AMPK activity was found to be asso-
ciated with HMGCR and ACC, which are key regula-
tors of cholesterol and fatty acid synthesis. It regulates
lipid metabolism by directly phosphorylating proteins or
regulating gene transcription in specific tissues, such as
the liver, fat and muscle, and reduces the accumulation
of inflammatory lipid intermediates, thereby delaying the
progression of atherosclerosis [22]. Atherosclerosis is a
chronic inflammatory disease. Atherosclerotic plaques
are characterised by the accumulation of macrophages
(called ‘foam cells’) enriched with cholesterol and lipid,
indicating that macrophages are involved in the progres-
sion of atherosclerosis. Macrophages have high plas-
ticity and can alter their phenotype in response to an
atherosclerotic microenvironment. Therefore, targeting
macrophages is a potential therapeutic strategy for ath-
erosclerosis [78—81]. Although both M1 and M2 mac-
rophages are involved in human atherosclerosis, M1
macrophages primarily participate in the progression of
atherosclerotic plaques [82]. In addition to lipid metabo-
lism disorder, which leads to atherosclerosis, inhibition
of autophagy enhances the production of reactive oxygen
species and reduces exocytosis. These consequences lead
to the expression of genes that promote inflammation in
macrophages and the recruitment of circulating mono-
cytes, contributing to the progression of atherosclerotic
plaques [83].

In the early stages of atherosclerosis, activation of
AMPK restores cholesterol homeostasis in macrophages
by inhibiting the formation of foam cells. C-C motif
chemokine receptor 2 (CCR2) is a key factor involved
in the accumulation of macrophages during the pro-
gression of atherosclerosis. It controls the migration of
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inflammatory Ly6C™ monocytes from the bone marrow
(BM) into the circulating blood. Activation of AMPK
prevents this migration by inhibiting the expression of
CCR2, thereby reducing the number of Ly6CM monocytes
in blood and atherosclerotic plaques and the accumula-
tion of macrophages in the plaques [84]. Metformin can
regulate the function of macrophages in atherosclerosis
through the AMPK signalling pathway. It suppresses the
differentiation of monocytes and the inflammatory func-
tion of macrophages, alleviates oxidative stress and inhib-
its foam cell formation, thereby delaying the progression
of atherosclerosis [79]. In ApoE-knockout (ApoE—/—)
mice, AMPKal activated during monocyte differentia-
tion promotes autophagy-mediated differentiation and
survival of monocytes, thereby increasing the number of
macrophages. This phenomenon indicates that AMPKal
promotes the occurrence and progression of atheroscle-
rosis in ApoE—/— mice [85].

Inflammation is one of the main causes of atherosclero-
sis. Activation of AMPK not only promotes the transfor-
mation of macrophages from a pro-inflammatory (M1)
phenotype to an anti-inflammatory (M2) phenotype but
also enhances the oxidative metabolism of fatty acids,
thereby reducing the accumulation of intracellular lipid
metabolites that lead to inflammation [86]. Given that
AMPK is an effective counter-regulator of the inflamma-
tory function of macrophages and promotes the polari-
sation of macrophages toward the anti-inflammatory
phenotype, it plays a crucial role in the progression of
atherosclerosis. Downregulated AMPK contributes to
the persistence of atherosclerosis by increasing inflam-
mation, enhancing lipid synthesis and reducing cho-
lesterol efflux in macrophages [83, 87, 88]. Curcumin
enhances cholesterol efflux by activating AMPK-SIRT1-
LXRa signal transduction in THP-1 macrophage derived
foam cells and up regulating the expression of ATP-bind-
ing cassette transporter 1 (ABCA1) [89]. Balasubramide
derivative 3 C inhibits JAK2-STAT1 signal transduction
and downstream STING-IRF3 activation in macrophages
in an AMPK dependent manner, and effectively reduces
the atherosclerotic plaque load of HFD fed ApoE mice
[90]. Therefore, AMPK can also inhibit the formation of
atherosclerosis by reprogramming the lipid metabolism
of macrophages.

The LKB1/AMPK/mTOR pathway can enhance
autophagy, inhibit lipid synthesis and promote fatty
acid oxidation [91]. AMPK induces autophagy directly
by activating UNC-51-like autophagy-activating kinase
1, Beclin-1 and VPS34 phosphorylation, and indirectly
by targeting the AMPK/mTOR/uncoordinated 51-like
kinase 1 (ULK1) pathway [20]. This pathway inhib-
its the phosphorylation of mammalian target of rapa-
mycin (mMTOR)and ULK1 through activation of AMPK

Page 10 of 16

and enhances LC-3II accumulation and P62 degrada-
tion. AMPK directly activates ULK1 and suppresses the
inhibitory effects of mMTORC1 on ULKI, thereby enhanc-
ing macrophage autophagy [72, 92]. This function of
AMPK is critical for handling metabolic substrates and
removing damaged or senescent organelles. In addition,
it facilitates the flow of free cholesterol out of foam cells
and reverses cholesterol transport in atherosclerosis [93].
AMPK not only affects cholesterol efflux through phos-
phorylation and activation of activating transcription fac-
tor 1 (ATF1) but also induces the LXRB-LXRa regulatory
cascade that eventually activates ABCA1 expression and
increases cholesterol efflux to inhibit the formation of
foam cells. Altogether, AMPK acts as an important regu-
lator of cholesterol homeostasis in human macrophages
[78, 86, 94-96].

Insulin resistance

Insulin resistance, a major complication of diabetes, is
a condition in which insulin-induced glucose uptake is
impaired in insulin-sensitive tissues. It is considered a
reduced response of peripheral tissues to insulin [97].
Insulin resistance in obesity is mainly caused by continu-
ous caloric absorption exceeding caloric expenditure, and
Obesity-induced chronic inflammation is an important
pathogenic mechanism underlying insulin resistance.
Therefore, recruitment of adipose tissue macrophages
(ATMs) and activation of pro-inflammatory factors are
important for the development of insulin resistance.
Compared with lean individuals, obese individuals have
a high proportion of total macrophages, with a low pro-
portion of M2 macrophages, in adipose tissues, which
aggravates local and systemic insulin resistance [98].
Macrophages are important participants in the progress
of diabetes, and promote inflammation by releasing pro-
inflammatory cytokines and proteases [99]. In obesity,
the increased levels of proinflammatory cytokines, such
as IL-1B, IL-6, TNF-a and MCP1, in adipose tissues area
direct cause of insulin resistance. Inflammatory cytokines
impair insulin signalling and trigger insulin resist-
ance [100]. LPSs can induce inflammation in fat cells
by increasing TNF-a and MCP-1 levels, thereby induc-
ing insulin resistance. Activation of AMPK prevents the
LPS-induced M1 polarisation of macrophages, thereby
alleviating inflammation and subsequently correcting
insulin resistance [101]. These findings indicate that the
anti-inflammatory effects of AMPK on macrophages pro-
tect the biological characteristics of adipose tissue [102].
Therefore, inhibiting chronic inflammation is a promis-
ing therapeutic strategy for improving insulin resistance.
In the context of energy homeostasis, insulin resistance
is the result of excess energy in cells. AMPK regulates
energy balance and is a major sensor of glucose uptake,
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fatty acid oxidation and mitochondrial biogenesis. In the
case of energy surplus, a decrease in AMPK activity leads
to the downregulation of GLUT4 activity, which inhibits
glucose uptake in insulin resistance and eventually leads
to elevated blood sugar levels in patients with obesity and
type 2 diabetes mellitus [103]. It is noteworthy that met-
formin, the most important AMPK activator, is the most
common drug used for the treatment of type 2 diabetes
mellitus [104]. On the one hand, metformin activates
AMPK, thereby inhibiting liver gluconeogenesis and
increasing glucose utilization in peripheral tissues [105].
On the other hand, activation of AMPK by metformin
can inhibit abnormal extracellular matrix remodeling in
adipose tissue and improve insulin resistance in obesity
[106], and can exert anti-inflammatory effects by inhib-
iting intracellular fatty acid synthesis in macrophages
[107-110]. In addition, AMPK inhibits inflammatory sig-
nalling in macrophages and drives the transformation of
proinflammatory M1 macrophages to anti-inflammatory
M2 macrophages, which are crucial for chronic inflam-
mation-induced insulin resistance [111]. In macrophage-
adipocyte co-culture systems, inactivation of AMPKal
has been shown to inhibit insulin signalling and glucose
uptake and upregulate JNK phosphorylation in adipo-
cytes, indicating the activation of the JNK pathway, which
is a key inflammatory pathway leading to insulin resist-
ance [57, 70]. Consistently, in vivo studies have demon-
strated that mice lacking AMPKfB1 in haematopoietic
cells exhibit the loss of AMPK activity in macrophages,
accompanied by the increased accumulation of M1 mac-
rophages in the liver and accelerated development of
insulin resistance in response to diets that promote obe-
sity [70, 112]. Furthermore, dihydromyricetin can allevi-
ate inflammation-induced insulin resistance through the
phospholipase C (PLC)-CaMKK-AMPK signalling path-
way [100], and vaccarin can alleviate insulin resistance
and steatosis by activating the AMPK signalling pathway
[113]. In mice fed a high-fat diet (HFD), administration of
L-lactic acid at moderate doses inhibits the M1 polarisa-
tion of ATMs by activating the GPR132-PKA-AMPKal
signalling pathway, thereby alleviating insulin resistance
[111]. Altogether, AMPK-mediated inflammation in
macrophages plays an important role in promoting insu-
lin resistance in host tissues.

Cancer

Dysregulation of cellular energy is a key hallmark of can-
cer. AMPK activation regulates energy levels and influ-
ences cell growth by regulating the targets of the mTOR
pathway. Therefore, metabolism-related factors, such
as LKB1, which is the major upstream kinase of AMPK,
have been identified as tumour suppressors in various
malignant tumours [114, 115]. One of the characteristics
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of cancer cells is aerobic glycolysis, also known as the
“Warburg effect”. It is an important component of cancer
metabolism reprogramming and a core factor in cancer
progression [116]. As a metabolic sensor responsive to
low nutrient utilization, AMPK plays a very important
role in tumor aerobic glucose metabolism. On the one
hand, AMPK plays an important role in promoting can-
cer cell glycolysis by regulating enzymes such as phos-
phofructose kinase (PFK). On the other hand, AMPK
also enhances glucose uptake in cancer cells by increas-
ing the expression of glucose transporters (GLUT)
[117]. According to reports, the Warburg effect is nega-
tively regulated by AMPK. For example, gene ablation
of AMPK can lead to normal stability of oxygen content
in HIF1, thereby altering the metabolic pathway of aero-
bic glycolysis and accelerating tumor growth [118]. In
addition, inflammation has been recently identified as a
marker and transmitter of tumours [119]. Owing to its
role in energy regulation and inflammation, AMPK has
emerged as an important therapeutic target for cancer
[120-125]. Notably, AMPK acts as a tumour suppres-
sor before cancer has developed. However, it inhibits or
promotes cancer after its onset based on the cell type or
state [102, 126, 127]. Under nutrient deficient conditions,
the activation of AMPK makes tumor cells more resist-
ant to metabolic stress due to stress caused by glucose
consumption or hypoxia, thereby exhibiting a tumor pro-
moting effect. In the case of sufficient nutrition, AMPK
exhibits tumor inhibitory effects [128]. AMPK mediated
changes in cancer cell metabolism or tumor microenvi-
ronment components to inhibit cancer progression will
provide significant therapeutic benefits [129].
Macrophages, one of the most abundant innate
immune cells in the tumour microenvironment, are
responsible for driving antitumour immunity through
phagocytosis and antigen presentation [128]. Mac-
rophage polarisation is one of the prominent events
following leukocyte infiltration into the tumour microen-
vironment. M1 macrophages have proinflammatory and
toxic effects on tumour cells, whereas M2 macrophages
facilitate tumour progression by inhibiting inflammation
and promoting angiogenesis [130]. TAMs, particularly
M2-like TAMs, have been associated with a poor prog-
nosis in various types of cancers in clinical and animal
studies [82, 131, 132]. Therefore, interfering with the
function of M2 TAMs represents a promising strategy
for developing novel immunotherapies. Multiple studies
have focused on developing strategies aimed at influenc-
ing tumour growth and metastasis by driving the trans-
formation of pro-tumoral M2 TAMs to the anti-tumoral
M1 phenotype without consuming the entire TAM popu-
lation [82]. As mentioned above, M1 macrophages have
higher glycolytic activity, while M2 macrophages are
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more dependent on oxidative phosphorylation. So in the
aerobic glycolysis of tumor cells, the glucose metabolism
and polarization of macrophages contribute significantly
to the tumor microenvironment [133]. The subtypes of
AMPK are expressed differently in various cancers. These
subtypes can manifest as tumor suppressors or promot-
ers, depending on the environment [117]. The two sub-
types of AMPKa, AMPKal and AMPKa2, play different
roles in regulating tumour development. In a study,
AMPKa2 knockout was found to enhance tumour growth
and liver injury in a mouse model of liver metastasis of
colon cancer. AMPKa2 deficiency intensifies inflamma-
tory cell infiltration in tumour tissue and enhance the
recruitment and differentiation of M2 macrophages. In
addition, it exacerbates tumour development by affecting
the inflammatory microenvironment of tumours in liver
tissues. However, AMPKal is highly expressed in mac-
rophages, and enhanced activation of AMPKal in the
tumour microenvironment increases M2 polarisation,
which promotes tumour progression [119]. Metformin
promotes the expression of Ml-related cytokines and
decreases the expression of M2-related cytokines in can-
cer cells through AMPK-NE-«B signalling. This phenom-
enon suggests that metformin attenuates the polarisation
of cancer cells toward the M2 phenotype by inhibiting
the expression of M2-induced cytokines [134]. Studies
have demonstrated that metformin-induced activation of
AMPK and subsequent inhibition of mTOR decrease the
proportion of myeloid-derived suppressor cells (MDSCs)
and M2 macrophages by downregulating the meva-
lonate pathway [135]. It is noteworthy that metformin
induces the formation of the M2 phenotype in mono-
cultured macrophages but attenuates the M2 pheno-
type and inhibits the expression of M2-related cytokines
when macrophages are co-cultured with tumour cells.
Therefore, the regulation of macrophage polarisation by
metformin depends on the microenvironment, suggest-
ing that the reversibility of macrophage polarisation and
their ability to change continuously in response to new
environmental stimuli have important therapeutic value
in tumours. Astragalus IV (AS-IV) can inhibit the pro-
gression and metastasis of lung cancer by blocking M2
polarisation through the AMPK signalling pathway. The
percentage of M2 macrophages in tumor tissue treated
with AS-IV decreased, and AS-IV inhibited AMPKax
activation in M2 macrophages. When knocking down
AMPKa in macrophages, the inhibitory effect of AS-1V is
partially eliminated, indicating that it inhibits the AMPK
signaling pathway in macrophages [77]. Under hypoxic
conditions, tumour-derived exosomes induce the polari-
sation of M2 macrophages through PKM2/AMPK to pro-
mote progression of lung cancer [130]. Altogether, the
regulation of the AMPK signalling pathway may interfere
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with tumour progression by altering the phenotype of
macrophages and influencing the inflammatory microen-
vironment of the tumour.

Summary and outlook

Macrophages are innate immune cells with a dynamic
range of reversible activation states, including the
classical pro-inflammatory (M1) and alternative anti-
inflammatory (M2) phenotypes. Metabolism in mac-
rophages is closely related to immune-related diseases,
infectious diseases, cancer progression and immuno-
therapy. Owing to the functional plasticity of mac-
rophages, manipulating their phenotype is considered a
potential therapeutic strategy. AMPK not only acts as
an energy sensor but also regulates multiple aspects of
cell metabolism. In particular, activation of the AMPK
signalling pathway is necessary for the effective trans-
formation of proinflammatory (M1) macrophages to
anti-inflammatory (M2) macrophages. AMPK pro-
motes the anti-inflammatory function of macrophages
and is involved in regulating their phagocytic func-
tion. Therefore, it plays an essential role in mac-
rophage-related diseases. Owing to its significant role
in metabolism, AMPK has been widely investigated as
a therapeutic target in various metabolic diseases. In-
depth research on AMPK activators has provided novel
insights into the treatment of metabolism-related dis-
eases and the development of novel drugs [19, 166]. In
this review, we summarised the role of AMPK in mac-
rophage polarisation in inflammation, atherosclerosis,
insulin resistance and cancer. We discussed the mecha-
nisms through which macrophages regulate their phe-
notypic transformation via AMPK or other pathways,
which are key to understanding inflammation and
developing treatment strategies for related diseases.
Several studies have demonstrated that small-molecule
AMPK modulators can be used in the treatment of
some macrophage-related diseases. For instance, met-
formin can control diabetes by upregulating AMPK to
reduce blood glucose levels [101]. PXL70 is a direct
activator of AMPK, which can be directly activated
in vitro through a conformational mechanism medi-
ated by binding to the AdaM site. In a phase 1b study,
PXL70 inhibited liver adipogenesis and improved glu-
cose metabolism and insulin sensitivity in patients with
non-alcoholic fatty liver disease. This is also the first
direct AMPK activator reported to have an impact on
humans in patients with metabolic diseases [41]. Acti-
vation of AMPK signalling has been shown to be bene-
ficial in many diseases; however, contradictory evidence
has been reported in animal models of inflammatory
bowel disease (IBD) [74]. Due to the pro-cancer or anti-
tumor effects of AMPK responding to changes in tumor
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microenvironment components, the regulatory role of
AMPK in cancer remains controversial [128]. And the
subtypes of AMPK are expressed differently in various
cancers. Depending on the tumor microenvironment,
these subtypes can manifest as tumor suppressors
or promoters. In addition, AMPK is a regulator of
autophagy, and excessive activation of AMPK signalling
may induce autophagic cell death instead of survival-
promoting autophagy [101]. So we need to consider the
subtypes of AMPK activation, targeting specific tissues,
and moderate activation, especially in the development
of AMPK modulators for the treatment of macrophage
related diseases. As mentioned earlier, different subu-
nits have different subcellular localization in cells. To
avoid potential adverse factors, utilizing the specificity
of AMPK isomers and the differences in distribution of
different subtypes to selectively develop AMPK acti-
vators that can target specific tissues may be an effec-
tive strategy for treating macrophage related diseases.
For example, when treating muscle related diseases,
AMPKYy3 selective activators can target and limit the
activation of AMPK on skeletal muscle, thereby reduc-
ing the risk of adverse effects of AMPK activation on
other tissues and cell types [19]. Future studies should
focus on investigating the actual role of AMPK in the
pathophysiological processes of macrophage-associated
diseases while minimising the risk of potential adverse
effects. We hope to develop novel superior AMPK
modulators for treating macrophage-related diseases.

Acknowledgements
We thank Bullet Edits Limited for the linguistic editing and proofreading of the
manuscript.

Author contributions

YC prepared the first draft of the manuscript; JC, ZZ and HS performed the
literature search; YC and QY wrote and edited the manuscript; WS and QY
supervised and polished the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding

This work was supported by funds from the Sichuan Science and Technol-
ogy Program (No. 2022NSFSC1368; No. 2022YFS0609), Luzhou Science and
Technology Program (No. 2021-JYJ-71), Scientific Research Foundation of
Southwest Medical University (No. 2021ZKMS009; No. 2021ZKQN012), and
Shenzhen Science and Technology Projects (No. JCYJ20210324103604013).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 13 of 16

Competing interests
The authors declare that they have no competing interests.

Received: 15 September 2023 Accepted: 28 November 2023
Published online: 08 December 2023

References
1. Judge A, Dodd MS. Metabolism. Essays Biochem. 2020;64(4):607-47.
2. Ross FA, MacKintosh C, Hardie DG. AMP-activated protein

kinase: a cellular energy sensor that comes in 12 flavours. FEBS J.

2016;283(16):2987-3001.

Li'Y, Chen Y. AMPK and autophagy. Adv Exp Med Biol. 2019;1206:85-108.

4. Carling D. AMPK signalling in health and disease. Curr Opin Cell Biol.
2017,45:31-7.

5. Russell FM, Hardie DG. AMP-activated protein kinase: do we need
activators or inhibitors to treat or prevent cancer? Int J Mol Sci.
2020;22(1):186.

6. Steinberg GR, Hardie DG. New insights into activation and function of
the AMPK. Nat Rev Mol Cell Biol. 2023;24(4):255-72.

7. YanY, et al. Structure and physiological regulation of AMPK. Int J Mol
Sci. 2018;19(11):3534.

8. Brookens SK, Boothby MR. AMPK metabolism in the B lineage modu-
lates humoral responses. Immunometabolism. 2021;3(2):e210011.

9. Wang§, et al. Metabolic reprogramming of macrophages during Infec-
tions and cancer. Cancer Lett. 2019;452:14-22.

10. McArthur S, et al. Annexin A1 drives macrophage skewing to acceler-
ate muscle regeneration through AMPK activation. J Clin Invest.
2020;130(3):1156-67.

11. Juban G, et al. AMPK activation regulates LTBP4-dependent TGF-betal
secretion by pro-inflammatory macrophages and controls fibrosis in
Duchenne muscular dystrophy. Cell Rep. 2018;25(8):2163-76.6.

12. LiJ, etal. Structural and biochemical insights into the allosteric activa-
tion mechanism of AMP-activated protein kinase. Chem Biol Drug Des.
2017;89(5):663-9.

13. Hardie DG. AMP-activated protein kinase—a journey from 1 to 100
downstream targets. Biochem J. 2022,479(22):2327-43.

14.  Dermaku-Sopjani M, Sopjani M. Intracellular signaling of the AMP-acti-
vated protein kinase. Adv Protein Chem Struct Biol. 2019;116:171-207.

15. Garcia D, Shaw RJ. AMPK: mechanisms of cellular energy sensing and
restoration of metabolic balance. Mol Cell. 2017;66(6):789-800.

16.  Kim J, et al. AMPK activators: mechanisms of action and physiological
activities. Exp Mol Med. 2016;48:224.

17. Viollet B, et al. AMPK inhibition in health and disease. Crit Rev Biochem
Mol Biol. 2010;45(4):276-95.

18. Rajamohan F, et al. Probing the enzyme kinetics, allosteric modulation
and activation of alpha1- and alpha2-subunit-containing AMP-acti-
vated protein kinase (AMPK) heterotrimeric complexes by pharmaco-
logical and physiological activators. Biochem J. 2016;473(5):581-92.

19. Steinberg GR, Carling D. AMP-activated protein kinase: the current land-
scape for drug development. Nat Rev Drug Discov. 2019;18(7):527-51.

20. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat Rev Mol Cell Biol. 2018;19(2):121-35.

21. Wu'S, Zou MH. AMPK, mitochondrial function, and cardiovascular
disease. Int J Mol Sci. 2020;21(14):4987.

22. Wang Q et al. AMPK-Mediated regulation of lipid metabolism by phos-
phorylation. Biol Pharm Bull. 2018;41(7):985-93.

23. Hardie DG, Schaffer BE, Brunet A. AMPK: an energy-sensing pathway
with multiple inputs and outputs. Trends Cell Biol. 2016;26(3):190-201.

24. Peixoto CA, et al. AMPK activation: role in the signaling pathways of
neuroinflammation and neurodegeneration. Exp Neurol. 2017;298(Pt
A):31-41.

25. Gonzalez A, et al. AMPK and TOR: the Yin and Yang of cellular nutrient
sensing and growth control. Cell Metab. 2020;31(3):472-92.

26. Aslam M, Ladilov Y. Emerging role of cAMP/AMPK signaling. Cells.
2022;11(2):308.

27. Xiao B, et al. Structure of mammalian AMPK and its regulation by ADP.
Nature. 2011,472(7342):230-3.

w



Cui et al. Journal of Translational Medicine

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

(2023) 21:892

Trefts E, Shaw RJ. AMPK: restoring metabolic homeostasis over space
and time. Mol Cell. 2021;81(18):3677-90.

Ke R, et al. Mechanisms of AMPK in the maintenance of ATP balance
during energy metabolism. Cell Biol Int. 2018;42(4):384-92.

Neumann D. Is TAK1 a direct upstream kinase of AMPK? Int J Mol Sci.
2018;19(8):2412.

Ma EH, et al. The role of AMPKin T cell metabolism and function. Curr
Opin Immunol. 2017;46:45-52.

Jeon SM. Regulation and function of AMPK in physiology and diseases.
Exp Mol Med. 2016;48(7):e245.

Saito M, Saito M, Das BC. Involvement of AMP-activated protein kinase
in neuroinflammation and neurodegeneration in the adult and devel-
oping brain. Int J Dev Neurosci. 2019;77:48-59.

Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat Cell Biol. 2011;13(9):1016-23.
Lin SC, Hardie DG. AMPK: sensing glucose as well as cellular energy
status. Cell Metab. 2018;27(2):299-313.

Pinkosky SL, et al. Liver-specific ATP-citrate lyase inhibition by bempe-
doic acid decreases LDL-C and attenuates atherosclerosis. Nat Com-
mun. 2016;7:13457.

Li S, et al. Ca’*-stimulated AMPK-dependent phosphorylation of Exo1
protects stressed replication forks from aberrant resection. Mol Cell.
2019,74(6):1123-37.e6.

Vara-Ciruelos D, et al. Genotoxic damage activates the AMPK-alpha1
isoform in the nucleus via Ca’*/CaMKK2 signaling to enhance tumor
cell survival. Mol Cancer Res. 2018;16(2):345-57.

Szewczuk M, et al. The role of AMPK in metabolism and its influence on
DNA damage repair. Mol Biol Rep. 2020;47(11):9075-86.

Chuang HC, et al. AMPK as a potential anticancer target—friend or foe?
Curr Pharm Des. 2014;20(15):2607-18.

Fouqueray P, et al. Pharmacodynamic effects of direct AMP kinase acti-
vation in humans with insulin resistance and non-alcoholic fatty liver
disease: a phase 1b study. Cell Rep Med. 2021;2(12):100474.

Hsu CC, et al. Inositol serves as a natural inhibitor of mitochondrial fis-
sion by directly targeting AMPK. Mol Cell. 2021;81(18):3803-19.e7.
Alexander A, Walker CL. The role of LKB1 and AMPK in cellular responses
to stress and damage. FEBS Lett. 2011;585(7):952-7.

Bonnardel J, Guilliams M. Developmental control of macrophage func-
tion. Curr Opin Immunol. 2018;50:64-74.

Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and signifi-
cance of macrophage plasticity. Annu Rev Pathol. 2020;15:123-47.
Zhou D, et al. Macrophage polarization and function with emphasis
on the evolving roles of coordinated regulation of cellular signaling
pathways. Cell Signal. 2014;26(2):192-7.

Sag D, et al. Adenosine 5’-monophosphate-activated protein kinase
promotes macrophage polarization to an anti-inflammatory functional
phenotype. J Immunol. 2008;181(12):8633-41.

Kang S, Kumanogoh A. The spectrum of macrophage activation by
immunometabolism. Int Immunol. 2020;32(7):467-73.

O'Neill LA, Hardie DG. Metabolism of inflammation limited by AMPK
and pseudo-starvation. Nature. 2013;493(7432):346-55.

Zhu L, et al. Cellular metabolism and macrophage functional polariza-
tion. Int Rev Immunol. 2015;34(1):82-100.

Yunna C, et al. Macrophage M1/M2 polarization. Eur J Pharmacol.
2020;877:173090.

Wang LX, et al. M2b macrophage polarization and its roles in diseases. J
Leukoc Biol. 2019;106(2):345-58.

Ganeshan K, Chawla A. Metabolic regulation of immune responses.
Annu Rev Immunol. 2014;32:609-34.

Funes SC, et al. Implications of macrophage polarization in autoimmun-
ity. Immunology. 2018;154(2):186-95.

Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo
veritas. J Clin Invest. 2012;122(3):787-95.

Yang Z, et al. A potential therapeutic target in traditional Chinese medi-
cine for ulcerative colitis: macrophage polarization. Front Pharmacol.
2022;13:999179.

Yang Z, et al. Macrophage alphal AMP-activated protein kinase
(alphalAMPK) antagonizes fatty acid-induced inflammation through
SIRT1. J Biol Chem. 2010;285(25):19051-9.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

Page 14 of 16

Zhu YP, et al. Adenosine 5”-monophosphate-activated protein kinase
regulates IL-10-mediated anti-inflammatory signaling pathways in
macrophages. J Immunol. 2015;194(2):584-94.

Yang Y, et al. Non-lethal sonodynamic therapy facilitates the M1-to-
M2 transition in advanced atherosclerotic plaques via activating the
ROS-AMPK-mTORC1-autophagy pathway. Redox Biol. 2020;32:101501.
Byles V, et al. The TSC-mTOR pathway regulates macrophage polariza-
tion. Nat Commun. 2013;4:2834.

Tugal D, Liao X, Jain MK. Transcriptional control of macrophage
polarization. Arterioscler Thromb Vasc Biol. 2013;33(6):1135-44.
Speirs C, et al. Linking energy sensing to suppression of JAK-STAT
signalling: a potential route for repurposing AMPK activators? Phar-
macol Res. 2018;128:88-100.

Wang Y, et al. Smiglaside A ameliorates LPS-induced acute lung injury
by modulating macrophage polarization via AMPK-PPARgamma
pathway. Biochem Pharmacol. 2018;156:385-95.

Dzik J. Metabolic evolutionary roots of the macrophage immune
response in amoeba-bacteria interactions: the conserved role

of hypoxia-induced factor and AMP kinase. Acta Biochim Pol.
2021,68(3):457-76.

Geiss C, et al. Multistability in macrophage activation pathways and
metabolic implications. Cells. 2022;11(3):404.

Galic S, et al. Hematopoietic AMPK betal reduces mouse adipose
tissue macrophage inflammation and insulin resistance in obesity. J
Clin Invest. 2011;121(12):4903-15.

Mounier R, et al. AMPKalpha1 regulates macrophage skewing at the
time of resolution of inflammation during skeletal muscle regenera-
tion. Cell Metab. 2013;18(2):251-64.

Steinberg GR, Schertzer JD. AMPK promotes macrophage fatty

acid oxidative metabolism to mitigate inflammation: implica-

tions for diabetes and cardiovascular disease. Immunol Cell Biol.
2014;92(4):340-5.

Phair IR, et al. AMPK integrates metabolite and kinase-based immu-
nometabolic control in macrophages. Mol Metab. 2023;68:101661.
Day EA, Ford RJ, Steinberg GR. AMPK as a therapeutic target for treat-
ing metabolic diseases. Trends Endocrinol Metab. 2017;28(8):545-60.
Zhang Y, et al. Activation of vascular endothelial growth factor
receptor-3 in macrophages restrains TLR4-NF-kappaB signaling and
protects against endotoxin shock. Immunity. 2014;40(4):501-14.

Yao F, Zhang M, Chen L. 5-Monophosphate-activated protein kinase
(AMPK) improves autophagic activity in diabetes and diabetic com-
plications. Acta Pharm Sin B. 2016;6(1):20-5.

Ma L, et al. FLT4/VEGFR3 activates AMPK to coordinate glycometa-
bolic reprogramming with autophagy and inflammasome activation
for bacterial elimination. Autophagy. 2022;18(6):1385-400.

Antonioli L, et al. The AMPK enzyme-complex: from the regulation
of cellular energy homeostasis to a possible new molecular target
in the management of chronic inflammatory disorders. Expert Opin
Ther Targets. 2016;20(2):179-91.

Caratti G, et al. Macrophagic AMPKalpha1 orchestrates regen-
erative inflammation induced by glucocorticoids. EMBO Rep.
2023;24(2):e55363.

Wang J, et al. The regulation effect of AMPK in immune related
diseases. Sci China Life Sci. 2018;61(5):523-33.

Xu F, et al. Astragaloside IV inhibits lung cancer progression and
Metastasis by modulating macrophage polarization through AMPK
signaling. J Exp Clin Cancer Res. 2018;37(1):207.

LeBlond ND, Fullerton MD. Methods to evaluate AMPK regula-

tion of macrophage cholesterol homeostasis. Methods Mol Biol.
2018;1732:477-93.

Feng X, et al. Metformin, macrophage dysfunction and atherosclero-
sis. Front Immunol. 2021;12:682853.

Maguire EM, Pearce SWA, Xiao Q. Foam cell formation: a new target
for fighting atherosclerosis and cardiovascular disease. Vasc Pharma-
col.2019;112:54-71.

Lin P, et al. Macrophage plasticity and atherosclerosis therapy. Front
Mol Biosci. 2021;8:679797.

Geeraerts X, et al. Macrophage metabolism as therapeutic target for
cancer, atherosclerosis, and obesity. Front Immunol. 2017;8:289.
Yang Y, et al. TAK1-AMPK pathway in macrophages regulates hypo-
thyroid atherosclerosis. Cardiovasc Drugs Ther. 2021;35(3):599-612.



Cui et al. Journal of Translational Medicine

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

106.

108.

109.

110.

(2023) 21:892

Wang J, et al. AMPK activation reduces the number of ath-

eromata macrophages in ApoE deficient mice. Atherosclerosis.
2017;258:97-107.

Zhang M, et al. AMP-activated protein kinase alphal promotes athero-
genesis by increasing monocyte-to-macrophage differentiation. J Biol
Chem. 2017,292(19):7888-903.

Ma A, et al. AMPK activation enhances the anti-atherogenic

effects of high density lipoproteins in apoE(—/—) mice. J Lipid Res.
2017,58(8):1536-47.

Cao Q, et al. Artemisinin attenuated atherosclerosis in high-fat
diet-fed ApoE—/— mice by promoting macrophage autophagy
through the AMPK/mTOR/ULK1 pathway. J Cardiovasc Pharmacol.
2020;75(4):321-32.

ZhaoY, et al. Metformin suppresses foam cell formation, inflammation
and ferroptosis via the AMPK/ERK signaling pathway in ox-LDL-induced
THP-1 monocytes. Exp Ther Med. 2022;24(4):636.

Lin XL, et al. Curcumin enhanced cholesterol efflux by upregulating
ABCA1 expression through AMPK-SIRT1-LXRalpha signaling in THP-1
macrophage-derived foam cells. DNA Cell Biol. 2015;34(9):561-72.

Cai D, et al. Balasubramide derivative 3 C attenuates atherosclerosis in
apolipoprotein E-deficient mice: role of AMPK-STAT1-STING signaling
pathway. Aging. 2021;13(8):12160-78.

Wang X, et al. LKB1 regulates vascular macrophage functions in athero-
sclerosis. Front Pharmacol. 2021;12:810224.

LeBlond ND, et al. Foam cell induction activates AMPK but uncouples
its regulation of autophagy and lysosomal homeostasis. Int J Mol Sci.
2020;21(23):9033.

LeBlond ND, et al. Myeloid deletion and therapeutic activation of
AMPK do not alter atherosclerosis in male or female mice. J Lipid Res.
2020,61(12):1697-706.

Fullerton MD, et al. Salicylate improves macrophage cholesterol
homeostasis via activation of Ampk. J Lipid Res. 2015;56(5):1025-33.
Ou H, et al. Role of AMPK in atherosclerosis via autophagy regulation.
Sci China Life Sci. 2018,61(10):1212-21.

Kemmerer M, et al. AMPK activates LXRalpha and ABCAT expression in
human macrophages. Int J Biochem Cell Biol. 2016;78:1-9.

Ye J. Mechanisms of insulin resistance in obesity. Front Med.
2013;7(1):14-24.

Xiong XQ, et al. FNDC5 attenuates adipose tissue inflammation and
insulin resistance via AMPK-mediated macrophage polarization in
obesity. Metabolism. 2018;83:31-41.

Rendra E, et al. Reactive oxygen species (ROS) in macrophage activation
and function in diabetes. Immunobiology. 2019;224(2):242-53.

Hou L, et al. Dihydromyricetin ameliorates inflammation-induced insu-
lin resistance via phospholipase C-CaMKK-AMPK signal pathway. Oxid
Med Cell Longev. 2021;2021:8542809.

Entezari M, et al. AMPK signaling in diabetes mellitus, insulin resistance
and diabetic complications: a pre-clinical and clinical investigation.
Biomed Pharmacother. 2022;146:112563.

Lyons CL, Roche HM. Nutritional modulation of AMPK-impact upon
metabolic-inflammation. Int J Mol Sci. 2018;19(10):3092.

Ye J. Mechanism of insulin resistance in obesity: a role of ATP. Front
Med. 2021;15(3):372-82.

Aguilar-Recarte D, et al. The PPARbeta/delta-AMPK connection in the
treatment of insulin resistance. Int J Mol Sci. 2021,22(16):8555.

Agius L, Ford BE, Chachra SS. The metformin mechanism on gluconeo-
genesis and AMPK activation: the metabolite perspective. Int J Mol Sci.
2020;21(9):3240.

Luo T, et al. AMPK activation by Metformin suppresses abnormal extra-
cellular matrix remodeling in adipose tissue and ameliorates insulin
resistance in obesity. Diabetes. 2016;65(8):2295-310.

Xiong W, et al. Metformin alleviates inflammation through suppressing
FASN-dependent palmitoylation of Akt. Cell Death Dis. 2021;12(10):934.
Song J, et al. Metformin reduces lipid accumulation in macrophages by
inhibiting FOXO1-mediated transcription of fatty acid-binding protein
4. Biochem Biophys Res Commun. 2010;393(1):89-94.

Zhou G, et al. Role of AMP-activated protein kinase in mechanism of
metformin action. J Clin Invest. 2001;108(8):1167-74.

Huangfu N, et al. Metformin protects against oxidized low density
lipoprotein-induced macrophage apoptosis and inhibits lipid uptake.
Exp Ther Med. 2018;15(3):2485-91.

111,

113.

114.

116.

118.

120.

121.

122.

123.

124.

125.

126.

128.

129.

130.

131.

132.

133.

134.

136.

Page 150f 16

Cai H, et al. Moderate (-lactate administration suppresses adipose tissue
macrophage M1 polarization to alleviate obesity-associated insulin
resistance. J Biol Chem. 2022;298(4):101768.

Fullerton MD, Steinberg GR, Schertzer JD. Immunometabolism of
AMPK in insulin resistance and atherosclerosis. Mol Cell Endocrinol.
2013;366(2):224-34.

LeiY, et al. Vaccarin ameliorates insulin resistance and steatosis by acti-
vating the AMPK signaling pathway. Eur J Pharmacol. 2019;851:13-24.
Cheng J, et al. Functional characterization of AMP-activated pro-

tein kinase signaling in tumorigenesis. Biochim Biophys Acta.
2016;1866(2):232-51.

Ciccarese F, Zulato E, Indraccolo S. LKB1/AMPK pathway and drug
response in cancer: a therapeutic perspective. Oxid Med Cell Longev.
2019;2019:8730816.

Vaupel P, Schmidberger H, Mayer A. The Warburg effect: essential

part of metabolic reprogramming and central contributor to cancer
progression. Int J Radiat Biol. 2019;95(7):912-9.

Penugurti V, Mishra YG, Manavathi B. AMPK: an odyssey of a metabolic
regulator, a tumor suppressor, and now a contextual oncogene. Bio-
chim Biophys Acta Rev Cancer. 2022;1877(5):188785.

Sharma A, et al. AMP-activated protein kinase: an energy sensor and
survival mechanism in the reinstatement of metabolic homeostasis.
Exp Cell Res. 2023;428(1):113614.

Qiu S, et al. AMPKalpha2 knockout enhances tumour inflammation
through exacerbated liver injury and energy deprivation-associated
AMPKalpha1 activation. J Cell Mol Med. 2019;23(3):1687-97.

LiW, et al. Targeting AMPK for cancer prevention and treatment. Onco-
target. 2015;6(10):7365-78.

Uprety B, Abrahamse H. Targeting breast cancer and their stem

cell population through AMPK activation: novel insights. Cells.
2022;11(3):576.

Rehman G, et al. Role of AMP-activated protein kinase in cancer
therapy. Arch Pharm. 2014,347(7):457-68.

Jacquel A, et al. Implication and regulation of AMPK during physi-
ological and pathological myeloid differentiation. Int J Mol Sci.
2018;19(10):2991.

Peng B, et al. Novel anti-cancer products targeting AMPK: natural herbal
medicine against breast cancer. Molecules. 2023;28(2):740.

Wang Z, et al. AMPK and cancer. Exp Suppl. 2016;107:203-26.

Sadria M, Seo D, Layton AT. The mixed blessing of AMPK signaling in
cancer treatments. BMC Cancer. 2022;22(1):105.

Yung MMH, et al. Orchestrated action of AMPK activation and com-
bined VEGF/PD-1 blockade with lipid metabolic tunning as multi-target
therapeutics against ovarian cancers. Int J Mol Sci. 2022;23(12):6857.
Keerthana CK, et al. The role of AMPK in cancer metabolism and its
impact on the immunomodulation of the tumor microenvironment.
Front Immunol. 2023;14:1114582.

Yuan 'V, et al. Cancer metabolism and tumor microenvironment: foster-
ing each other? Sci China Life Sci. 2022,65(2):236-79.

Zhou S, et al. Hypoxic tumor-derived exosomes induce M2 mac-
rophage polarization via PKM2/AMPK to promote lung cancer progres-
sion. Cell Transpl. 2022;31:9636897221106998.

Rabold K, et al. Cellular metabolism of tumor-associated mac-
rophages—functional impact and consequences. FEBS Lett.
2017;591(19):3022-41.

Kerneur C, Cano CE, Olive D. Major pathways involved in macrophage
polarization in cancer. Front Immunol. 2022;13:1026954.

Horhold F, et al. Reprogramming of macrophages employing gene
regulatory and metabolic network models. PLoS Comput Biol.
2020;16(2):e1007657.

Chiang CF, et al. Metformin-treated cancer cells modulate mac-
rophage polarization through AMPK-NF-kappaB signaling. Oncotarget.
2017;8(13):20706-18.

Kang J, et al. Tumor-suppressive effect of metformin via the regulation
of M2 macrophages and myeloid-derived suppressor cells in the tumor
microenvironment of colorectal cancer. Cancers. 2022;14(12):2881.
Zhang X, et al. Astragalus membranaceus injection suppresses produc-
tion of interleukin-6 by activating autophagy through the AMPK-mTOR
pathway in lipopolysaccharide-stimulated macrophages. Oxid Med Cell
Longev. 2020;2020:1364147.



Cui et al. Journal of Translational Medicine

137.

138.

139.

140.

142.

143.

144.

145.

147.

148.

149.

150.

152.

154.

156.

157.

158.

(2023) 21:892

Liu Q, et al. Calcium-binding protein 39 overexpression promotes
macrophages from ‘M1’into’M2’ phenotype and improves chondro-
cyte damage in osteoarthritis by activating the AMP-activated protein
kinase/sirtuin 1 axis. Bioengineered. 2022;13(4):9855-71.

Zhao Q, et al. 2-Deoxy-p-glucose treatment decreases anti-inflam-
matory M2 macrophage polarization in mice with tumor and allergic
airway inflammation. Front Immunol. 2017;8:637.

PanT, et al. Beta-Hydroxyisovalerylshikonin regulates macrophage
polarization via the AMPK/Nrf2 pathway and ameliorates sepsis in mice.
Pharm Biol. 2022;60(1):729-42.

Shan MR, et al. Vitamin B6 inhibits macrophage activation to prevent
lipopolysaccharide-induced acute pneumonia in mice. J Cell Mol Med.
2020;24(5):3139-48.

Yang X, et al. Promoting AMPK/SR-A1-mediated clearance of HMGB1
attenuates chemotherapy-induced peripheral neuropathy. Cell Com-
mun Signal. 2023;21(1):99.

Xu X, et al. Annexin A1 protects against cerebral ischemia-reperfusion
injury by modulating microglia/macrophage polarization via FPR2/ALX-
dependent AMPK-mTOR pathway. J Neuroinflamm. 2021;18(1):119.
ZhangV, et al. Alginate oligosaccharides ameliorate DSS-induced colitis
through modulation of AMPK/NF-kappaB pathway and intestinal
microbiota. Nutrients. 2022;14(14):2864.

Ye Q, et al. Apoptotic extracellular vesicles alleviate Pg-LPS induced
inflammatory responses of macrophages via AMPK/SIRT1/NF-

kappaB pathway and inhibit osteoclast formation. J Periodontol.
2022;93(11):1738-51.

Guo H, et al. Metformin attenuates osteoclast-mediated abnormal
subchondral bone remodeling and alleviates osteoarthritis via AMPK/
NF-kappaB/ERK signaling pathway. PLoS ONE. 2021;16(12): e0261127.
Cai W, et al. The glycolysis inhibitor 2-deoxyglucose ameliorates
adjuvant-induced arthritis by regulating macrophage polarization in an
AMPK-dependent manner. Mol Immunol. 2021;140:186-95.

Zhang X, et al. Targeting inflammation-associated AMPK//Mfn-2/MAPKs
signaling pathways by baicalein exerts anti-atherosclerotic action.
Phytother Res. 2021;35(8):4442-55.

Liang H, et al. Mogrol, an aglycone of mogrosides, attenuates ulcerative
colitis by promoting AMPK activation. Phytomedicine. 2021,81:153427.
Pu JL, et al. Fisetin mitigates hepatic ischemia-reperfusion injury by
regulating GSK3beta/AMPK/NLRP3 inflammasome pathway. Hepatobil-
jary Pancreat Dis Int. 2021;20(4):352-60.

Ma MH, et al. Repurposing nitazoxanide as a novel anti-atherosclerotic
drug based on mitochondrial uncoupling mechanisms. Br J Pharmacol.
2023;180(1):62-79.

He L, et al. Galanin ameliorates liver inflammation and fibrosis in mice
by activating AMPK/ACC signaling and modifying macrophage inflam-
matory phenotype. Front Immunol. 2023;14:1161676.

Chen J, et al. Analysis of the mechanism underlying diabetic wound
healing acceleration by calycosin-7-glycoside using network pharma-
cology and molecular docking. Phytomedicine. 2023;114:154773.

Chen Z, et al. Oleoylethanolamide stabilizes atherosclerotic plaque
through regulating macrophage polarization via AMPK-PPARalpha
pathway. Biochem Biophys Res Commun. 2020;524(2):308-16.

Chen S, et al. BushenHuoxue decoction suppresses M1 macrophage
polarization and prevents LPS induced inflammatory bone loss by
activating AMPK pathway. Heliyon. 2023;9(5):e15583.

Yang Y, et al. Saxagliptin regulates M1/M2 macrophage polarization via
CaMKKbeta/AMPK pathway to attenuate NAFLD. Biochem Biophys Res
Commun. 2018;503(3):1618-24.

Hu HJ, et al. PLK1 promotes cholesterol efflux and alleviates atheroscle-
rosis by up-regulating ABCAT and ABCG1 expression via the AMPK/
PPARgamma/LXRalpha pathway. Biochim Biophys Acta Mol Cell Biol
Lipids. 2022;1867(12):159221.

Meng Z, et al. The SGLT2 inhibitor empagliflozin negatively regulates
IL-17/1L-23 axis-mediated inflammatory responses in T2DM with NAFLD
via the AMPK/mTOR/autophagy pathway. Int Immunopharmacol.
2021;94:107492.

Lee GH, et al. Impressic acid attenuates the lipopolysaccharide-induced
inflammatory response by activating the AMPK/GSK3beta/Nrf2 axis in
RAW264.7 macrophages. Int J Mol Sci. 2021;22(2):762.

Banskota S, et al. Salicylates ameliorate intestinal inflammation by
activating macrophage AMPK. Inflamm Bowel Dis. 2021;27(6):914-26.

160.

162.

164.

Page 16 of 16

Tanaka M, et al. Gallic acid inhibits lipid accumulation via AMPK path-
way and suppresses apoptosis and macrophage-mediated inflamma-
tion in hepatocytes. Nutrients. 2020;12(5):1479.

Ren C, et al. IL-37 alleviates liver granuloma caused by Schistosoma
Jjaponicum infection by inducing alternative macrophage activation.
Parasit Vectors. 2022;15(1):300.

Martin LM, et al. 5-Amino-1-beta-p-ribofuranosyl-Imidazole-4-car-
boxamide (AICAR) reduces peripheral inflammation by macrophage
phenotype shift. Int J Mol Sci. 2019;20(13):3255.

Ye W, et al. The immunomodulatory role of irisin on osteogenesis

via AMPK-mediated macrophage polarization. Int J Biol Macromol.
2020;146:25-35.

Liu X, et al. Geniposide combined with notoginsenoside R1 attenuates
inflammation and apoptosis in atherosclerosis via the AMPK/mTOR/
Nrf2 signaling pathway. Front Pharmacol. 2021;12:687394.

Xu N, et al. Adiponectin ameliorates GMH-induced brain injury by
regulating microglia M1/M2 polarization via AdipoR1/APPL1/AMPK/
PPARgamma signaling pathway in neonatal rats. Front Immunol.
2022;13:873382.

GeY, et al. Role of AMPK mediated pathways in autophagy and aging.
Biochimie. 2022;195:100-13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The role of AMPK in macrophage metabolism, function and polarisation
	Abstract 
	Introduction
	Heterotic structure of AMPK
	Regulation of AMPK activity
	Regulation of macrophage activation
	Role of AMPK in macrophage polarisation and anti-inflammation
	Role of AMPK in macrophage-related diseases
	Atherosclerosis
	Insulin resistance
	Cancer

	Summary and outlook
	Acknowledgements
	References


