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Abstract: Cancer is the disease that poses the greatest threat to human health today. Among them, hepatocellular 
carcinoma (HCC) is particularly prominent due to its high recurrence rate and extremely low five-year postopera-
tive survival rate. In addition to surgical treatment, radiotherapy, chemotherapy, and immunotherapy are the main 
methods for treating HCC. Due to the natural drug resistance of chemoradiotherapy and targeted drugs, satisfactory 
results have not been achieved in terms of therapeutic efficacy and cost. AMP-Activated Protein Kinase (AMPK) is a 
serine/threonine protein kinase. It mainly coordinates the metabolism and transformation of energy between cells, 
which maintaining a balance between energy supply and demand. The processes of cell growth, proliferation, au-
tophagy, and survival all involve various reaction of cells to energy changes. The regulatory role of AMPK in cellular 
energy metabolism plays an important role in the occurrence, development, treatment, and prognosis of HCC. Here, 
we reviewed the latest progress on the regulatory role of AMPK in the occurrence and development of HCC. Firstly, 
the molecular structure and activation mechanism of AMPK were introduced. Secondly, the emerging regulator 
related to AMPK and tumors were elaborated. Next, the multitasking roles of AMPK in the occurrence and develop-
ment mechanism of HCC were discussed separately. Finally, the translational implications and the challenges of 
AMPK-targeted therapies for HCC treatment were elaborated. In summary, these pieces of information suggest that 
AMPK can serve as a promising specific therapeutic target for the treatment of HCC.

Keywords: Hepatocellular carcinoma, AMPK, regulator, multitasking roles, challenges and limitations

Introduction

According to the new data released by 
GLOBOCAN 2020, there are about 906,000 
new cases of liver cancer (ranked 6th) and 
about 830,000 deaths (ranked 3rd) per year 
[1]. Hepatocellular carcinoma (HCC) is the main 
type of liver cancer, accounting for nearly 90% 
of the overall liver cancer cases [2, 3]. The prog-
ress of HCC is mostly caused by viral hepatitis 
that cannot be cured, non-alcoholic fatty liver 
disease that poorly managed, and long-term 
exposure to aflatoxins and alcohol [4, 5]. In 
recent years, non-alcoholic steatohepatitis has 
been a rapidly increasing risk factor and is 
expected to become the main cause of HCC in 
economically developed regions in the near 
future [6]. Currently, the main treatment meth-
ods for HCC patients are surgical resection and 

liver transplantation [6]. However, the low appli-
cable rate of surgery and the high recurrence 
rate after surgery seriously affect the survival 
rate of HCC patients [7]. In addition, radiothera-
py, chemotherapy and targeted drugs for HCC 
have not achieved satisfactory results in terms 
of therapeutic efficacy and cost due to their 
natural drug resistance [8]. Therefore, it is ur- 
gent to explore new targets for the treatment of 
HCC from the field of molecular biology in order 
to develop targeted treatment strategies.

AMP-Activated Protein Kinase (AMPK), a ser-
ine/threonine protein kinase, is a key hub for 
regulating cellular energy metabolism [9]. It 
mainly coordinates the metabolism and conver-
sion of the intercellular, and maintains the bal-
ance of energy supply and demand [10]. The 
processes of cell growth, proliferation, autopha-
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gy, and survival all involve various reactions of 
cells to energy changes [11]. The regulatory 
role of AMPK in cellular energy metabolism 
plays an important role in the occurrence, 
development, treatment, and prognosis of 
tumors [12].

The liver is an important metabolic organ in the 
human body [13]. The imbalance of liver me- 
tabolism is considered to be the mechanism of 
continuous deterioration after liver tissue injury 
[14]. Coordinating intercellular energy metabo-
lism and maintaining a balance between ener-
gy supply and demand is an innovative idea for 
the treatment of HCC. As an energy sensor for 
eukaryotic cells, the dysfunction of AMPK may 
be an important process in tumorigenesis and 
development [12]. However, the role of AMPK in 
tumor metabolism is still elusive to a large 
extent. Therefore, this article reviews the latest 
advances of AMPK in tumor, especially in HCC, 
with a focus on how AMPK participates in the 
occurrence and development of HCC.

Structure and the activation of AMPK

Approximately only about 2% of the genes in 
the entire genome encode protein kinases in 
higher eukaryotes [15, 16], while it is these pro-
tein kinases that regulate the function of thou-
sands of other proteins in cells. Therefore, the 
regulatory effect of protein kinases is known as 
the “life of switch”. Protein kinases can be clas-
sified into two ways: one is based on catalytic 
domains (CAMK, MAPK, CK1, AGC, AKT and 
Other) [17, 18]; The second is based on sub-
strates (tyrosine kinases, serine/threonine 
kinases, histidine kinases and aspartate/gluta-
mate kinases) [19].

AMPK, a serine/threonine protein kinase, is 
widely present in eukaryotes, mainly coordinat-
ing intercellular metabolism and converting 
intercellular energy [20]. It is a key hub for  
regulating cellular energy metabolism [21]. 
Activating AMPK, on the one hand, shuts down 
the synthetic metabolic pathway that con-
sumes adenosine triphosphate (ATP), and on 
the other hand, initiates the catabolic metabol-
ic pathway that produces ATP [22]. This can 
regulate the body energy metabolism and ma- 
intain a balance between energy supply and 
demand [23]. Various cellular reactions to ener-
gy changes are involved, including cell growth, 
proliferation, autophagy, survival, cell polarity, 

cell motility, and so on [11]. This energy chang-
es of AMPK exerts a dual function of promoting 
or inhibiting tumor development and plays an 
important role in the development/progression 
of cancer cells [24].

Overall molecular structure of AMPK

AMPK, a heterotrimeric protein, is composed of 
α, β and γ subunits. Among them, the α subunit 
plays a catalytic role, β and γ play a regulatory 
role. Each of the subunits has 2/3 isoforms 
encoded by genes (α1 and α2; β1 and β2; γ1, 
γ2 and γ3) [25] (Figure 1). In theory, the differ-
ent isomers of α, β and γ can form various pos-
sible combinations, with a total of 12 types of 
combinations [26]. Among them, α1, α2, γ1 
and γ2 subunits are mainly expressed in liver 
tissue [27, 28].

The subunit α contains 548 amino acids, which 
can be divided into a N-terminal of the catalytic 
domain (1-312AA), an intermediate auto-inhibi-
tory domain (312-392AA), and a C-terminal of 
the subunit binding domain (392-548AA) [27]. 
The N-terminus is the core site of catalysis, 
containing a typical catalytic domain of serine/
threonine protein kinase. The self-inhibitory 
domain can reduce AMPK activity at low le- 
vels of adenosine monophosphate (AMP). The 
C-terminus contains allosteric binding sites 
that participate in binding with AMP. There are 
8 sites in subunit α that can be phosphorylat-
ed, among which the threonine 172 (Thr172) 
site and its phosphorylation play an important 
role in regulating AMPK activity [29]. The total 
AMPK and active AMPK proteins detected in 
the study usually refer to the subunit α [30].

The subunit β is like a bracket of α and γ sub-
units, which can connect α and γ subunits 
together. Following the highly variable N-ter- 
minal (1-185AA) of the subunit β is the 
C-terminal sequence (186-271AA), which has 
two conserved structural domains: Kinase 
Interacting Sequence (KIS) and Association 
with SNF1 kinase Complex (ASC) [31, 32]. The 
ASC domain is necessary for the formation of 
stable and active heterotrimeric proteins [33], 
while KIS does not interact with other subunits 
of the kinase [34]. The KIS domain is closely 
related to the N-isoamylase domains, which is 
a functional glycogen binding domain on β sub-
unit. Its function may be related to the regula-
tion of AMPK by glycogen [35].
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Figure 1. The overall molecular structure of AMPK. AMPK is composed of α, β and γ subunits. The α subunit plays 
a catalytic role, β and γ play a regulatory role. Each of the subunits has 2/3 isoforms encoded by genes (α1 and 
α2; β1 and β2; γ1, γ2 and γ3). The subunit α contains 548 amino acids, which can be divided into a N-terminal of 
the catalytic domain, an intermediate auto-inhibitory domain, and a C-terminal of the subunit binding domain. The 
N-terminus is the core site of catalysis, containing a typical catalytic domain of serine/threonine protein kinase. 
The self-inhibitory domain can reduce AMPK activity at low levels of AMP. The subunit β is like a bracket of α and γ 
subunits, which can connect α and γ subunits together. The subunit γ can be referred to as regulatory subunit, which 
can bind to regulatory substances such as ATP, AMP, or ADP.

The subunit γ can be referred to as regulatory 
subunit, which can bind to regulatory substanc-
es such as ATP, AMP, or adenosine diphosphate 
(ADP) [36]. The N-terminal of the subunit γ var-
ies greatly in size and sequence. Compared 
with γ1, the N-terminal of γ2 and γ3 is longer. 
The subunit γ contains four serially repeat- 
ed cystathionine-beta-synthase domains [37]. 
Among the three isoforms of the subunit γ, one 
is linked with nucleotide, while the others are 
bind with the regulatory sites of the activating 
nucleotide AMP and the inhibiting nucleotide 
ATP [38]. It can enable AMPK to sensitively 
detect the AMP: ATP ratio [39]. The three iso-
forms in turn modulate the activity of AMPK’s 
kinase domain in its α subunit [40].

Activation mechanism of AMPK

As an important energy metabolism regulatory 
pathway, AMPK can sense cellular energy sta-
tus in various ways and can be activated under 

appropriate conditions [41]. There are multiple 
mechanisms for the activation of AMPK, among 
which the most common is triggered by AMP (or 
ADP), known as classical mechanisms. Other 
mechanisms that do not rely on AMP (or ADP) 
are called non-classical mechanisms [42-44].

There are three classical mechanisms trigger- 
ed by AMP [45, 46]: (1) The binding of AMP  
and subunit γ leads to conformational activa-
tion of AMPK. (2) Promoting the phosphoryla-
tion of Thr172 residues on subunit α through 
upstream kinases (LKB1 complex). (3) Inhibit- 
ing the dephosphorylation of Thr172 residues 
on subunit α through protein phosphatases 
(PP2A, PP2C). The bind of adenine nucleotide 
and AMPK-γ subunit is also known as canonical 
inputs [43]. The latter that activation by ligands 
that bind between the α and β subunits is 
referred to as non-canonical input [43]. All 
three classical mechanisms are due to the 
direct binding of AMP to AMPK, rather than 
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Table 1. List of regulators of AMPK related to tumors
Regulator Subject Function Model Reference
LKB1 HDAC11 Maintain HCC stemness Human HCC tissues, cell lines and 

KO mice
[58]

PRMT5 Promote esophageal squamous cell carcinoma proliferation and 
metastasis

Human Esophageal squamous cell 
carcinoma tissue samples

[59]

SIK1/SIK3 Mediate key tumor suppressive effects in NSCLC NSCLC cell lines and mouse models [60]

Ca2+/CaMKK n-3 PUFA Protect human HCC from developing steatosis FFA4 deficient mice, Hep3B and 
HepG2 cells

[62]

Palbociclib Regulate intracellular lipids in mammary tumor cells FM3A mouse mammary tumor cells [63]

- Promote autophagy in HCC cells Human HCC cell lines [64]

NCAPD2 Inhibit autophagy to promote colorectal cancer Human colorectal cancer tissues [65]

Ascorbate - Enhance chemosensitivity of ovarian cancer
Reduce toxicity of chemotherapy

Mouse models with ovarian cancer [70]

Erastin Slow tumor growth in pancreatic cancer xenografts Human/mouse pancreatic cancer 
cell lines

[71]

AICAr - Inhibit the growth of prostate cancer cells
Enhance the chemical sensitivity of prostate cancer cells

Human prostate cancer cell lines [73]

- Enhance the sensitivity of prostate cancer cells to radiotherapy Human prostate cancer cell lines [74]

PFKFB3 Enhance the cytotoxicity on colorectal cancer cells Human colorectal cancer cell lines [76]

Metformin - Disrupt protein synthesis and inhibits cell growth and proliferation Human colorectal cancer cell lines [87]

DMU-212 Activate autophagy and cell apoptosis lung cancer cell lines [89]

directly to the upstream kinases or protein 
phosphatases [47].

In addition, other stimuli activate AMPK through 
mechanisms that do not involve AMP (or ADP), 
known as non-classical mechanisms. For ex- 
ample, the activation by the Ca2+/calmodulin-
dependent protein kinase kinase (CaMKK) 
pathway, which is independent of changes in 
adenine nucleotides [48]. By increasing the 
hormones of intracellular Ca2+, then regulat- 
ing calmodulin dependent protein kinase 
CaMKKβ, it can realize phosphorylation of 
Thr172 to activate AMPK [43]. In addition, the 
tetrahydrofolate analogues (such as peme-
trexed and methotrexate) catalyze 5-amino- 
1-beta-D-ribofuranosylimidazole-4-carboxami- 
de monophosphate (ZMP) by inhibiting tetrahy-
drofolate utilization enzymes, causing the accu-
mulation of ZMP in cells. Which combines with 
the subunit γ to activate AMPK [43, 49]. Most 
other activators (such as glycolysis inhibitor 
2-deoxyglucose, the anti-diabeticx drugs met-
formin and phenformin) indirectly activate 
AMPK by inhibiting ATP synthesis [43, 50].

Emerging regulator related to tumors

The formation of tumors is the result of multiple 
factors and multiple genes involved in multiple 
stages of development [51]. Among them, the 
imbalance of cellular energy induced damage 

to the intracellular environment is the begin-
ning of all adverse events [26]. AMPK, as the 
central guardian of maintaining energy homeo-
stasis, participates in regulating the occurren- 
ce and development of tumors by perceiving 
cellular energy imbalance and coordinating dif-
ferent cellular processes [26]. The important 
role of AMPK in regulating tumorigenesis and 
development has been emphasized (Table 1). 
The regulation of AMPK mainly includes two 
modes: activators and inhibitors. Almost all 
studies related to AMPK modulators have only 
described activators. Several specific activa-
tors have been described, including the ser- 
ine/threonine kinase liver kinase B1 (LKB1), 
Ca2+/CaMKK, ascorbate, 5-Aminoimidazole- 
4-carboxamide ribonucleoside (AICAr) and 
Metformin (Figure 2).

LKB1

LKB1, also known as serine/threonine kinase 
11-STK11, is a key upstream activator of AMPK 
[52]. LKB1 is located on human chromosome 
19p13.3 and was initially identified as a tumor 
suppressor gene [53].

Research has found that LKB1 is one of the 
most common mutated genes in human can-
cer. Among various subtypes of non-small cell 
lung cancer, LKB1 is the second most common 
tumor suppressor, with at least 17-23% of 
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cases experiencing mutations or genomic dele-
tions [54]. LKB1 undergoes somatic mutations 
in 20% of cervical cancer, which is the first 
known recurrent genetic change in cancer 
caused by human papillomavirus [55]. The ex- 
pression of LKB1 is reduced in gastric cancer 
tissue, and the recovery of LKB1 expression 
reduces the survival ability of tumor cells and 
improves their sensitivity to anticancer drugs 
[56]. The loss of LKB1 increases the invasive-
ness and migration ability of breast cancer 
cells, while the activation of LKB1 reduces the 
formation of master cells and the expression  
of pluripotent factors [57]. Besides, abnormal 
expression of LKB1 is associated with poor 
prognosis in HCC [58]. LKB1/AMPK is essential 
for HDAC11 to regulate glycolysis, which main-
tains HCC stemness [58]. LKB1/AMPK/mecha-
nistic target of rapamycin (mTOR) is involved in 
Protein Arginine Methyltransferase 5 promot-
ing proliferation and metastasis of esophageal 
squamous cell carcinoma [59]. And the AMPK 
mediates key tumor-suppressive effects of 
LKB1 in non-small cell lung cancer [60].

LKB1, as an important upstream activator of 
AMPK, synergistically controls the growth of 
cancer cells in response to changes in the 
intracellular environment, which may become a 
new target and drug for cancer [61].

Ca2+/CaMKK

Ca2+/CaMKK is an activation kinase of down-
stream kinase AMPK. It responds to an increa- 
se in intracellular Ca2+concentration through 
the phosphorylation of its activation-loop Thr 
residues, playing an important role in many 
Ca2+-dependent pathways.

Omega-3 polyunsaturated fatty acids protect 
human hepatoma cells to avoid developing  
steatosis through Free Fatty Acid receptor 4 
(FFA4), and the signaling cascade involves 
CaMKK/AMPK [62]. Ca2+/CaMKK/AMPK par-
ticipates in the process of Palbociclib stimu- 
lating LPL secretion to regulate lipid levels in 
breast tumor cells [63]. Ca2+/CAMKK/AMPK is 
involved in a positive feedback loop between 
mitochondrial fission and cytoplasmic calcium 
signaling. This feedback loop significantly pro-
motes the overall autophagy process of HCC 
cells [64]. In addition, research has also con-
firmed that the Ca2+/CAMKK2/AMPK/mTORC1 
pathway participates in Non-SMC condensin I 
complex subunit D2 (NCAPD2) inhibition of 
autophagy regulation to promote colorectal 
cancer [65].

Ascorbate

Ascorbate, also known as vitamin C, is a polyhy-
droxy compound with anti-tumor cell survival 

Figure 2. Several specific activators of AMPK related to tumors (A) and its IUPAC name of the compound (B).
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properties. Laboratory studies have confirmed 
that millimolar vitamin C concentration can 
inhibit the viability of tumor cells [66]. Although 
this conclusion is currently controversial [67]. 
However, experiments have shown that ascor-
bate can improve the response of advanced 
non-small cell lung cancer to platinum chemo-
therapy [68]. Moreover, ascorbate can inhibit 
cancer metastasis through a peroxide mediat-
ed mechanism [69].

Recent studies have found that the down-
stream mechanism of ascorbate-induced can-
cer cell death may be related to the AMPK/
mTOR pathway [70]. Research has shown that 
millimolar ascorbate can induce deoxyribonu-
cleic acid (DNA) damage and the depletion of 
cellular ATP, activate the ataxia telangiectasia 
mutated/adenosine phosphate activated pro-
tein kinase pathway, and lead to mammalian 
rapamycin target inhibition and death in ovari-
an cancer cells.

In addition, vitamin C can also make pancreatic 
cancer cells sensitive to Erastin-induced ferrop-
tosis by activating AMPK/Nrf2/HMOX1 path-
way [71]. The combination of vitamin C and 
erastin can significantly slow tumor growth in 
pancreatic cancer xenografts.

AICAr

AICAr, a nucleoside analogue, is one of the 
most commonly used pharmacological modula-
tors of AMPK activity [72].

Research has confirmed that AICAr can inhibit 
the growth of prostate cancer cells, induce cell 
apoptosis, weaken the cell migration, invasion, 
and EMT-related protein expression, and en- 
hance the chemical sensitivity of prostate can-
cer cells to paclitaxel by regulating the AMPK/
mTOR - dependent pathway [73].

AICAr can enhance the sensitivity of prostate 
cancer cells to radiotherapy [74]. AICAr can  
synergistically enhance the clonogenic killing 
capacity, spheroid growth inhibition and pro-
apoptotic effect of X-rays on prostate cancer 
cells. The mechanism of radiosensitization may 
involve cell cycle regulation. This also suggests 
that the activation of AMPK combined with 
radiotherapy can target metabolic active and 
invasive tumors, which providing new ideas for 
tumor treatment.

In addition, AICAr suppresses cell proliferation 
and synergizes with decitabine in myelodys-
plastic syndrome through DNA damage induc-
tion [75]. AICAr enhances the cytotoxicity of 
PFKFB3 inhibitors on colorectal cancer cells in 
an AMPK signal independent manner [76]. The 
combination of AICAr and anti-mouse IL-10 
mAb restores the function of the Tfh cells within 
the tumor in the 4T1 mouse model [77]. AICAr 
induces AMPK-independent cell death in hu- 
man adult T-cell leukemia/lymphoma associat-
ed cell lines, and exhibits anti-tumor activity 
[78].

However, some scholars have summarized and 
found that many AICAr effects previously attrib-
uted to AMPK activation are actually unrelated 
to AMPK [72]. This also reminds scholars to  
dialectically view AICAr as a related research 
mechanism for AMPK activation.

Metformin

Metformin, a biguanide antidiabetic drug, is 
one of the most commonly used oral drugs to 
treat type 2 diabetes [79]. In recent years, stud-
ies have found that the use of metformin alone 
or in combination with other drugs has brought 
many unexpected benefits to various cancers 
[80-83], cardiovascular diseases [84], liver dis-
eases [85], obesity [86], and more. Among 
them, the anti-tumor properties of metformin 
are related to its direct and indirect regulation 
of cellular metabolism [79]. The direct re- 
gulation is mediated by AMPK-dependent and 
-independent pathways. Metformin activates 
AMPK, leading to the inhibition of mTOR sig- 
naling, which disrupts protein synthesis and 
inhibits cell growth and proliferation [87]. Met- 
formin can also inhibit mTORC1 in an AMPK-
independent manner, which is a key regulator 
for cell growth [88]. Inhibiting mTORC1 can inte-
grate intracellular and extracellular stimuli to 
achieve anticancer effects. Additionally, met-
formin can activate autophagy and cell apop- 
tosis through AMPK-independent pathways, 
thereby inhibiting the development of cancer 
[89].

However, a recent randomized double-blind 
phase II trial on the anti-tumor activity of met-
formin has encountered a setback [90]. In 
order to slow down biochemical recurrence 
caused by androgen deprivation therapy or 
delay the progression of advanced prostate 
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cancer, this experiment utilizes metformin to 
demonstrate anti-tumor activity through mTOR 
inhibition secondary AMPK-activation. How- 
ever, adding metformin to androgen deprivation 
therapy did not reduce the risk of metabolic 
syndrome associated with androgen depriva-
tion therapy or differences in prostate-specific 
antigen response. Therefore, further validation 
is needed to determine whether the AMPK acti-
vator metformin can delay the progression of 
all tumors.

Multitasking roles in HCC

With the development of molecular biology, the 
role of energy metabolism and the balance of 
energy supply and demand in the occurrence 
and development of cancer has been paid 
more and more attention. AMPK is a serine/
threonine protein kinase that primarily coordi-
nating intercellular metabolism and converting 
intercellular energy [91]. Based on this, people 
have always believed that AMPK can inhibit 
cancer by slowing cellular metabolism. There- 
fore, AMPK can serve as a tumor inhibitor. In 
addition to basic researches, a large number of 
clinical trials have also found that many anti-
cancer agents can activate AMPK, which also 
proves the above viewpoint [90, 92, 93]. 
However, recent studies have shown that in 
some cases, AMPK can also promote tumor 
growth and metastasis. In 2019, Reuben Shaw 
published a research result in the journal Cell 
Metabolism [94], which confirmed that ad- 
vanced cancer can trigger AMPK cell re-circu-
lating signals, engulf cell debris, and provide 
the necessary nutrition for the growth of large 
lung tumors. In some cases, blocking AMPK 
can prevent the growth of the most common 
advanced lung cancer tumors. In 2020, Lin HK 
published a study in the journal Molecular Cell 
[95], which found that the activity of AMPK in 
the metastatic foci was significantly higher in 
the lung metastasis of breast cancer mice than 
in the tumor in situ. Interference with AMPK α1 
can eliminate lung metastasis of cancer, while 
the growth of the primary tumor is not affected 
by this. This suggests that overexpression of 
AMPK is associated with shorter metastasis 
free survival in breast cancer patients. Lots of 
exciting studies have shown that the regulatory 
effect of AMPK on cellular energy metabolism 
has a dual function of promoting or inhibiting 
tumor development (Figure 3). So, is there any 

controversies and conflicting views on the role 
of AMPK in HCC? The answer is completely 
affirmative.

Promoting proliferation and invasion

Angiogenesis is the foundation of tumor growth 
and metastasis [96]. Active angiogenesis in 
HCC leads to a high incidence of hematogen- 
ous metastasis [97, 98]. Research by Zhuang 
SM et al. [99] has confirmed that AMPK signal-
ing in tumor endothelial cells from HCC can be 
activated by upregulated fructose metabolism 
in the tumor hypoxic microenvironment. The 
activation of AMPK signaling can upregulate 
mitochondrial respiration, thereby enhancing 
the migration and proliferation ability of tumor 
endothelial cells from HCC, and ultimately pro-
moting HCC angiogenesis and metastasis.

Zhang et al. [100] found that the AMPK/mTOR/
Unc-51-like kinase 1 (ULK1) axis is the ma- 
in pathway for Phosphoserine phosphatase 
(PSPH) to induce autophagy, promote cell pro- 
liferation and invasion in Huh7 cells. PSPH 
affects the AMPK/mTOR/ULK1 signaling path-
way in Huh7 cells by activating LKB1 and  
the transforming growth factor beta-activated 
kinase 1 (TAK1). Inhibition of AMPK can abo- 
lish the effect of PSPH overexpression on the 
behavior of Huh7 cells. Through this experi-
ment, it can be seen that AMPK can promote 
the proliferation and invasion of HCC cells, and 
inhibit cell apoptosis.

Methionine, an essential amino acid required 
for cell growth and development, is mainly 
metabolized in the liver [101]. Studies have 
found that inhibition of AMPK strongly impairs 
cell growth, cell migration, and colony forma-
tion at high methionine concentrations [102]. 
This shows that AMPK plays an important role 
in methionine supplementation to reduce the 
tumor aggressiveness of HCC cells.

Blocking the AMPK-mediated cAMP-PKA-CR- 
EB/ATF1 signaling pathway and combining it 
with Aspirin can enhance the efficacy of inhi- 
biting HCC [103]. Studies have found that 
Aspirin can induce CREB/ATF1 phosphorylation 
in HCC cells, which greatly reduces the anti-
HCC effect of Aspirin. Inhibition of AMPK abol-
ishes the induction of CREB/ATF1 phosphoryla-
tion by Aspirin [103]. This in turn increases the 
sensitivity of HCC to aspirin chemotherapy. 
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Figure 3. Schematic diagram of the multitasking roles of AMPK in regulating the progression of HCC.

These data indicate that the inhibition of AMPK-
mediated signaling axis can significantly im- 
prove the efficacy of Aspirin assisted HCC che-
motherapy. And the inhibition of AMPK has an 
anti HCC effect.

Inhibiting tumor growth

Sterol regulatory element-binding protein 1 
(SREBP-1) is an important transcription factor 
that regulates lipid metabolism [104]. It is an 
independent prognostic indicator for overall 
survival and disease-free survival in HCC pa- 
tients [105]. AMPK can interact with SREBP1, 
inhibiting its processing and nuclear transloca-
tion [106]. In the context of HCC and liver phy- 
siology, the AMPK activator AICAR has been 
shown to negatively regulate hepatic transcrip-
tion and processing of SREBP-1, and help 
reduce HCC cell proliferation and liver tumori-
genesis in mice [105].

Ferroptosis is an iron-dependent form of pro-
grammed cell death driven by excessive mem-
brane peroxidation for cell apoptosis [105, 
107]. Zhao Lei et al. [108] found that in ortho-

topic HCC animal models, AMPK and Iron level 
in HCC cells can be significantly activated by 
sora@Fe-MIL on average. The activation of the 
AMPK pathway simultaneously increases intra-
cellular iron levels, enhances the ferroptosis 
induction effect of sorafenib, and significantly 
inhibits the growth of primary in situ tumor.

The AMPKα2/mTOR axis is important for ubiq-
uitin-conjugating enzyme E2O (UBE2O) to pro-
mote the proliferation and invasion of HCC cell 
[109]. UBE2O is an oncogene which is highly 
expressed in HCC. In HCCLM3 cells, the over- 
expression of UBE2O significantly reduces 
AMPKα2 and increases p-mTOR, leading to the 
adverse clinical outcomes of patients. Silenc- 
ing AMPKα2 reverses the inactivation of the 
mTOR pathway induced by UBE2O downregula-
tion. The high expression of UBE2O promotes 
HCC cell proliferation, migration, and invasion 
by reducing the stability of AMPKα2 and acti-
vating the mTOR pathway.

Studies have also found that the antifungal 
agent Terbinafine has the effect of inhibiting 
the tumor growth of HCC [110]. This effect is 
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mainly achieved by activating AMPK and in- 
hibiting mTORC1 signaling. In addition, Terbina- 
fine alone or in combination with Sorafenib was 
found to delay tumor progression and signifi-
cantly prolong the survival of tumor-bearing 
mice. This expands the thinking of AMPK in the 
research on inhibiting the progression of HCC.

Regulating autophagy

Autophagy is a lysosomal dependent self-di- 
gestion process [111]. During nutrient deficien-
cy, soluble proteins and organelles in the cyto-
plasm are degraded into amino acids through 
autophagy, providing substrates for energy 
metabolism that maintain metabolic balance 
[112]. AMPK is an important upstream regu- 
latory factor in autophagy [113]. Promoting 
autophagy is the main mechanism by which 
AMPK inhibits the occurrence of HCC [114, 
115]. Intervention in AMPK activity can regu-
late autophagy intensity, and inhibition of au- 
tophagy can counteract the protective effect of 
activated AMPK on HCC occurrence [115, 116].

The AMPK-ULK1 pathway is vital for Isoginkge- 
tin (ISO)-induced autophagy by inhibiting the 
expression of SLC2A1/GLUT1 [117]. It was 
found that the phosphorylation of PRKAA/
AMPKα and ULK1 in HepG2 cells increased in  
a dose-dependent manner after ISO treatment. 
SLC2A1/GLUT1 deficiency can lead to glucose 
deprivation, which in turn activates the AMPK-
ULK1 pathway. So, ISO may induce autophagy 
by promoting cell starvation and activating the 
AMPK-ULK1 axis.

The AMPK and PI3K/Akt/mTOR pathways are 
important components for Fisetin to inhibit 
autophagy in HepG2 cells [118]. The study 
exposed HepG2 cells to different concentra-
tions of Fisetin and determined autophagic flux 
formation and ATP levels by assay, confirming 
that fisetin inhibits autophagy by activating 
PI3K/Akt/mTOR and regulating the AMPK sig-
naling pathway.

It was found that in metformin-induced autoph-
agy, AMPK expression was activated and phos-
phorylation levels of mTOR and p70 S6 kinases 
were inhibited [119]. Metformin was confirmed 
to induce autophagy in human hepatoma cells 
through the AMPK-mTOR signaling pathway.

In vitro experiments have also confirmed that 
curcumin can inhibit the growth of HepG2 cells 

through autophagy of the AMPK/ULK1 pathway 
[120].

Modulating apoptosis

The inhibition of AMPK leads to inhibition of 
mTOR, thereby inducing apoptosis of HepG2 
cells. Tarek et al. [121] found that the com- 
bination of Amygdalin and Sorafenib could lead 
to the highest glutathione levels, induce pro-
autophagic genes such as AMPK and high-
mobility group box 1, and inhibit the mTOR and 
BCL2 anti-apoptotic genes. They employed in 
vitro and in silico synthesis methods to find  
that Amygdalin binds to the active site of the 
AMPK enzyme, thereby inhibiting its activity. 
This inhibition of AMPK ultimately leads to inhi-
bition of mTOR, which induces apoptosis in 
HepG2 cells.

Pseudolaric acid B (PAB) triggers apoptosis in 
HCC cells by activating the AMPK/JNK/DRP1/
mitochondrial division pathway [122]. PAB is 
known to inhibit the viability of Hepa1-6 cells 
and induce apoptosis in a dose-dependent 
manner. It disrupts mitochondrial membrane 
potential and impairs ATP production. PAB acti-
vates AMPK, and compound C inhibits AMPK 
attenuates PAB-stimulated JNK activation and 
blocks DRP1-dependent mitochondrial division 
and apoptosis. Our in vivo data confirm that 
PAB inhibits tumor growth and induces apopto-
sis by inducing the AMPK/JNK/DRP1/mito-
chondrial division signaling pathway in a synge-
neic mouse model of HCC.

Isisercetin-induces apoptosis and autophagy in 
HCC cells through the AMPK/mTOR/p70S6K 
signaling pathway [123]. ISO exposure was 
found to inhibit cell viability and colony growth, 
activate the apoptotic pathway, and trigger dys-
regulated autophagy by activating the AMPK/
mTOR/p70S6K pathway. Autophagy inhibition 
reverses ISO-induced upregulation of AMPK 
phosphorylation and downregulation of mTOR 
and p70S6K phosphorylation.

The AMPK and p53/p21 axis are involved in 
Hemistepsin A to inhibit human HCC cells prolif-
eration and induce G0/G1-phase arrest, cell 
senescence, and apoptosis [124]. In addition, 
the AMPK/STAT3 axis and MARCH1 are partici-
pate in Sinomenine to arrest the HCC cells  
cycle at the G0/G1-phase, induce apoptosis, 
and inhibit the proliferation of HCC cells [125].



AMPK in hepatocellular carcinoma

3250 Am J Cancer Res 2024;14(7):3241-3258

New insights and translational implications

HCC accounts for more than 85% of malignant 
liver tumors and is one of the deadliest diseas-
es of the liver [126, 127]. The development of 
HCC is a multi-step process of intratumoral het-
erogeneity involving the change of tumor micro-
environment, the imbalance of cell signal trans-
duction pathways, and the disorder in energy 
metabolism patterns [128, 129]. AMPK is an 
important kinase that regulates energy homeo-
stasis [130]. In previous reports, AMPK has 
played an important role as a eukaryotic energy 
sensor in liver metabolism and HCC develop-
ment. Although AMPK activation may be benefi-
cial for HCC cells to cope with various metabo- 
lic stress responses, under certain conditions, 
AMPK activation has anti-tumor and antican- 
cer functions, and may mediate the inhibitory 
effect of mitochondrial inhibitors on HCC cell 
growth [131]. Further research on new AMPK 
small molecule activators and AMPK gene dele-
tions will clarify the translational significance of 
AMPK-targeted therapies for HCC.

AMPK activators and AMPK gene knockout 
techniques have been widely applied in basic 
experiments to regulate the progression of 
HCC. These drugs and technologies activate 
the AMPK pathway through different mecha-
nisms. LKB1/AMPK is essential for HDAC11 to 
regulate glycolysis, which maintains HCC stem-
ness [58]. Ca2+/CAMKK/AMPK is involved in a 
positive feedback loop between mitochondrial 
fission and cytoplasmic calcium signaling. This 
feedback loop significantly promotes the over-
all autophagy process of HCC cells [64]. sora@
Fe-MIL, a unique sorafenib nanocomposite, 
can increase iron levels in HCC cells and acti-
vate AMPK. This can enhance the ferroptosis 
induction effect of sorafenib, thereby increas-
ing the sensitivity of positive HCC cells to 
sorafenib [108]. Nicotinamide mononucleotide 
(NMN) can activate the AMPK and inhibit the 
mTOR signaling pathway, thereby activating 
autophagy and ferroptosis of HCC cells in 75%-
85% of primary liver, and inhibiting HCC pro-
gression [132]. The interaction between liver 
cancer related protein TD26 and nSREBP1 can 
block AMPK mediated inhibition of SREB1. 
TD26 relieves AMPK inhibition and promotes 
increased adipogenesis in liver cancer [106]. 
The pharmacological inhibitor compound C of 
AMPK can significantly upregulate the expres-

sion of PD-1 in Tregs. AMPK gene knockout can 
more effectively inhibit T cell proliferation, pro-
mote the release of IL-10 and transforming 
growth factor - β. The above suggests that 
AMPK can downregulate PD-1 in regulatory T 
cells, thereby promoting anti-tumor immunity 
[133]. AMPK inhibitors (compound C) inhibit 
3-Epi-betulinic acid 3-O-β-D-glucopyranoside 
(eBAG) induced AMPK phosphorylation and 
reduce eBAG induced cell death. This indicat- 
es that AMPK is an important mediator for 
eBAG induced autophagic cell death. In addi-
tion, eBAG inhibits tumor growth in xenograft 
liver tumor models by regulating AMPK-
mTOR-S6 signaling pathway [134]. The treat-
ment of type II diabetes with metformin acti-
vated AMPK can not only inhibit the prolifera- 
tion of HCC cells, but also enhance the chemo-
sensitivity of hepatocarcinoma cells to cispla- 
tin [135-137]. Nucleotide bound oligomeric 
domain 2 (NOD2), a recognized innate immune 
sensor, can initiate a powerful immune res- 
ponse against pathogens [138]. NOD2 plays a 
role as a tumor suppressor and chemotherapy 
modulator in HCC cells by directly activating the 
AMPK pathway [139]. Currently, resistance to 
anti-tumor drugs remains the main challenge in 
the treatment of HCC [140]. Sorafenib (SOR) is 
a first-line treatment for liver cancer. CXCR3 
induces metabolic alteration in SOR-resistance 
HCC cells by downregulating AMPK pathway 
activity and lipid peroxidation, as well as upreg-
ulating adipocyte cytokine levels [141]. The 
activation of the MPK pathway by the AMPK 
activator metformin enhances the sensitivity of 
HCC to in vivo SOR therapy. These findings  
confirm the important role of AMPK in the 
development of resistance in HCC cells to SOR 
therapy.

AMPK activators and AMPK gene knockout 
techniques have been extensively studied in 
laboratory researches related to HCC. However, 
in clinical trials, it is still in its infancy. At pres-
ent, there are very few clinical trial results avail-
able for reference.

Challenges and limitations

The development of HCC is a multi-step pro-
cess, with complex interactions between al- 
tered signaling pathways, tumor microenviron-
ment, and diverse genetic backgrounds, lead-
ing to high heterogeneity of tumors [128]. 
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Intervention in HCC heterogeneity may provide 
new avenues for its treatment. With the ad- 
vancement of multi omics and gene editing 
technologies, the exploration of molecular 
pathways for the development of HCC has 
deepened, promoting the identification of vari-
ous biomarkers. Effective biomarkers can ac- 
curately screen potential beneficiaries, which 
will help improve the success rate of clinical tri-
als and also avoid exposing patients with low 
likelihood of benefit to unnecessary safety 
risks [142]. The dual role of AMPK as an impor-
tant energy converter in the development of 
HCC determines its potential as an important 
biomarker in the treatment process. However, 
current clinical trials worldwide have not delv- 
ed into them, and potential biomarkers for 
AMPK-targeted therapies response still need to 
be further explored.

Clarifying the specific role of AMPK in physio-
logical processes such as HCC cell cycle regula-
tion, apoptosis, and tumorigenesis will be the 
key to AMPK-targeted therapies. In terms of 
technology alone, post-transcriptional gene si- 
lencing technology can also improve the func-
tional research of AMPK, in addition to the 
application of AMPK activators and AMPK gene 
knockout technology. By detecting the expres-
sion level of AMPK genes, the functional status 
of AMPK in HCC can be understood. RNAi is a 
technical tool for gene function research [143]. 
Well-designed miRNAs can provide long-term 
silencing with reduced side effects and safer  
to use [144]. Studies have confirmed that tar-
geting the miR-AMPK pathway has the potential 
to treat NAFLD/NASH [145]. However, the appli-
cation and research of this technology in the 
HCC field are still in the early stages of develop-
ment. Therefore, this method needs further 
improvement in future research.

As is well known, the therapeutic targets for 
drugs that act on the signaling pathways may 
lead to drug resistance, tumor progression, 
immunologic suppression, and new infections 
[146]. Therefore, AMPK-targeted therapies for 
HCC will inevitably cause side effects. The 
application of nanomaterials will effectively im- 
prove the accuracy of drug design, synthesis, 
and delivery procedures [147]. Future research 
needs to consider how to improve the efficiency 
of AMPK-targeted therapies for HCC while re- 
ducing potential adverse reactions.

Conclusions and perspectives

In this review, we summarized the latest evi-
dence on the multitasking roles of AMPK in the 
occurrence and development of tumors, espe-
cially HCC. AMPK serves as a key hub in regulat-
ing cellular energy metabolism. It can regulate 
the biological functions of various cancer cells 
by shutting down the synthetic metabolic path-
way that consumes ATP or activating the cata-
bolic pathways that produces ATP. These bio-
logical functions include tumor cell invasion, 
proliferation, autophagy, apoptosis, etc.

The metabolic balance effects of AMPK have 
been elucidated in vivo and in vitro models of 
HCC. Previous studies have shown that the reg-
ulatory role of AMPK in tumor development is 
initiated by multiple activators and conducted 
through different signaling pathways and mole-
cules. Here the latest research progress of 
AMPK in the occurrence and development of 
tumors, especially HCC were summarized. The 
AMPK-specific activators that have been widely 
used in the field of cancer in recent years were 
also recapitulated. At the same time, some 
potential regulatory pathways of AMPK involved 
in HCC are reviewed from the perspectives of 
proliferation, invasion, autophagy, and apopto-
sis. And during the review process, it was found 
that there are conflicting views on the role of 
AMPK in the occurrence and development of 
HCC. Through a detailed summary, this article 
analyzes and summarizes the dual functions of 
AMPK in promoting or inhibiting tumor develop-
ment in the energy metabolism regulation pro-
cess of HCC cells. This provides a balanced 
perspective for objectively evaluating the role 
of AMPK in HCC. Then, the new insights and 
translational significance of AMPK-targeted 
therapies for HCC were discussed. The chal-
lenges and limitations faced by AMPK-targeted 
therapies for HCC were elaborated. The study 
of AMPK targeting HCC can fully utilize RNA 
interference technology to search for key bio-
markers at the genetic level. New technologies 
such as nanomaterials can also be flexibly 
applied to improve the accuracy of drug de- 
sign, synthesis, and delivery procedures. These 
ideas will help promote the clinical translation 
of AMPK-targeted therapies for HCC.

Although various regulatory mechanisms of 
AMPK have been elucidated, there are still 
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some questions that need to be answered. For 
example, due to the diversity and abundance of 
activators, the complexity of regulatory mecha-
nisms, and multiple regulatory pathways, the 
precise role of AMPK in the pathogenesis and 
prognosis of HCC remains difficult to deter-
mine. And targeting AMPK for anti-cancer is not 
easy. In some cases, simply increasing or main-
taining cellular AMPK activity may not be ad- 
visable. Therefore, further research is needed 
to regulate AMPK for the treatment of HCC. 
Therefore, in order to develop targeted treat-
ment strategies, further research on AMPK is 
still needed to identify new targets for the treat-
ment of HCC, especially targets related to met-
abolic regulation.
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