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Abstract
Statins are a group of lipid-lowering drugs that inhibit cholesterol biosynthesis and have anti-inflammatory, anti-tumor, and 
immunomodulatory properties. Several lines of evidence indicate that statins regulate multiple proteins associated with the 
regulation of differing cellular pathways. The 5′-adenosine monophosphate-activated protein kinase (AMPK) pathway plays 
an important role in metabolism homeostasis with effects on cellular processes including apoptosis and the inflammatory 
responses through several pathways. Recently, it has been shown that statins can affect the AMPK pathway in differing 
physiological and pathological ways, resulting in anti-cancer, cardio-protective, neuro-protective, and anti-tubercular effects; 
additionally, they have therapeutic effects on non-alcoholic fatty liver disease and diabetes mellitus-associated complications. 
Statins activate AMPK as an energy sensor that inhibits cell proliferation and induces apoptosis in cancer cells, whilst exerting 
its cardio-protective effects through inhibition of inflammation and fibrosis, and promotion of angiogenesis. Furthermore, 
statin-associated AMPK activation leads to decreased lipid accumulation and decreased amyloid beta deposition in the liver 
and brain, respectively, and may have therapeutic effects on the liver and neurons. In this review, we summarize the results 
of studies of AMPK-associated therapeutic effects of statins in different pathological conditions.
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Key Points 

Statins are lipid-lowering agents that inhibit cholesterol 
synthesis

AMPK is a biologic sensor for cell energy and is 
involved in homeostasis and maintenance

Activation of AMPK by statins could exert therapeutic 
effects in a number of pathological conditions

1 � AMP‑Activated Protein Kinase

5′-Adenosine monophosphate (AMP)-activated protein 
kinase (AMPK) is a highly adaptive complex in eukaryotes 
that regulates cellular metabolism and energy hemostasis. It 
detects low levels of cellular adenosine triphosphate (ATP) 
as a biologic sensor and becomes active in response to the 
elevated AMP/ATP ratio (reduced energy supply index) via 
attachment to adenosine diphosphate and/or AMP [1–4]. The 
AMPK structure is that of a heterotrimeric complex includ-
ing a catalytic α-subunit (the major and key component with 
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a kinase domain and an important residue that is phospho-
rylated by upstream kinases) and regulatory β (includes the 
carbohydrate binding module that is essential for glycogen 
attachment) and γ (that allows the AMPK to reacts to dif-
ferent levels of AMP, adenosine diphosphate, and ATP) 
subunits. In humans, each subunit has several distinct iso-
forms encoded by different genes and comprises 12 differ-
ent AMPKs [5–7]. Following its activation, AMPK directs 
metabolism to increase catabolism or decrease anabolism via 
phosphorylation of key proteins in various pathways includ-
ing protein synthesis, lipid homeostasis, glucose metabo-
lism, and mitochondria hemostasis and is associated with 
growth, apoptosis, and inflammation [8–10].

AMPK regulates cell growth through the inhibition of 
the mammalian target of the rapamycin complex (mTOR) 
via direct phosphorylation of the tuberous sclerosis complex 
[11, 12]. Other reported targets of AMPK are p53 tumor 
suppressor, cyclin-dependent kinase inhibitors, p21WAF1, 
and p27CIP1 that are related to cell-cycle arrest [13, 14]. In 
addition, AMPK is the upstream kinase of key metabolic 
enzymes involved in cholesterol and fatty acid synthesis 
including acetyl CoA carboxylase and 3-hydroxy-3-meth-
ylglutaryl-coenzyme A reductase [4]. Moreover, glucose 
uptake is regulated by AMPK through modulatory effects 
on glucose transporter type 4 trafficking in specialized tis-
sues such as muscle and fat [15]. Furthermore, AMPK inhib-
its glycolysis and downregulates gluconeogenesis enzymes 
including phosphoenolpyruvate carboxykinase and glucose-
6-phosphatase that control the hepatic production of glucose 
[16, 17]. It has been reported that in energy deprivation con-
ditions, AMPK stimulates the unc-51-like kinase 1 complex 
that induces auto-phagosome formation as a result of effects 
on Beclin-1 and Vps34 [18].

Studies have shown that dysregulation in AMPK and 
associated pathways is involved in cancers, inflammatory 
disorders, obesity, diabetes mellitus, atherosclerosis, and 
cardio-metabolic diseases. Hence, this pathway could be 
considered as a potential molecular target for new therapeu-
tics in those disease conditions [19–24].

2 � Statins

During the last 40 years, statins have revolutionized the pre-
vention of atherosclerotic coronary artery disorders. Lovas-
tatin, the first statin family member, was introduced as a drug 
agent to decrease low-density lipoprotein cholesterol [25]. 
Statins are 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitors that have a similar structure to 3-hydroxy-
3-methylglutaryl-coenzyme A and inhibit the L-mevalonate 
synthesis and subsequently decrease the hepatocellular 
cholesterol production [26–28]. The statin family includes 

naturally occurring members (lovastatin, mevastatin, pravas-
tatin, pitavastatin, simvastatin) that are fungal derivatives 
and synthetic agents (atorvastatin, fluvastatin, rosuvastatin) 
that bind to the target enzyme in nano-molar concentrations 
and act as competitive inhibitors of substrates [29]. Several 
studies have confirmed that statins have pleiotropic effects 
that are not limited to lowering cholesterol levels, with a 
wide range of anti-inflammatory, anti-tumor, immunomod-
ulatory, and anti-thrombotic effects [26, 30–34] (Fig. 1; 
Table 1). To provide the rationale for ongoing clinical trials 
in the areas of immunology, oncology, and pharmacology, 
this review focusses on the mechanisms that statins use to 
exert their effects in an AMPK-associated manner.

3 � AMPK‑Associated Therapeutic Effects 
of Statins

3.1 � Antitumor Effects

Potential therapeutic effects of statins in different types of 
cancers including head and neck squamous cell carcinoma, 
lung, prostate, colorectal, and breast cancer were demon-
strated through the induction of apoptosis and cell-cycle 
arrest, and therefore as potential adjunct anti-cancer agents 
[35–39]. Statins activate AMPK as a cellular energy sensor 
to induce the survival of metabolic homeostasis under stress 
conditions, which leads to apoptosis induction and inhibi-
tion of the viability of cancer cells [40, 41]. From the data 
accrued, whilst statin therapy appears to have an antitumor 
effect it is not clear whether healthy cells may also be dam-
aged in some circumstances.

3.1.1 � Myeloid Leukemia

Mojjarad and Pazhang showed that rosuvastatin and orlistat 
combination therapy on the K562 human myeloid leukemia 
cell line in vitro synergistically inhibited cell proliferation 
via the AMPK/Akt/c-Myc axis [42].

3.1.2 � Glioblastoma

Misirkic et al., who evaluated the effects of simvastatin 
on U251 and C6 glioma cell lines, reported that simvas-
tatin induced AMPK activation, downregulated Akt, and 
inhibited mTOR and its substrate, p70 S6 kinase 1, which 
results in autophagolysosome-like intracytoplasmic acidic 
vesicle formation. In addition, autophagy inhibition via 
3-methyladenine, bafilomycin A1, LC3β shRNA as well 
as Compound C and AMPK siRNA significantly increased 
apoptotic death in simvastatin-treated U251 cells, which 
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demonstrated AMPK-associated statin antitumor effects 
[43].

3.1.3 � Renal Cancer

Vorinostat is an antitumor agent that is a histone deacetylase 
inhibitor that phosphorylates the S6 ribosomal protein and 
activates the intrinsic mTOR pathway that is associated with 
decreased anticancer potency and the efficacy of vorinostat. 
Okubo and colleagues evaluated the effects of vorinostat 

in combination with fluvastatin in renal cancer cells and 
showed that fluvastatin activated AMPK as an mTOR inhibi-
tor, preventing tumor protection in vitro (human renal cancer 
cells ACHN, A498, and murine renal cancer Renca) and 
in vivo (Renca murine model) [44].

3.1.4 � Bladder Cancer

In another study, Okubo et al. demonstrated that the simvas-
tatin and romidespin combination enhanced apoptosis and 

Fig. 1   5′-Adenosine monophos-
phate-activated protein kinase 
(AMPK)-associated therapeutic 
effects of statins. DMED dia-
betes mellitus-induced erectile 
dysfunction, eNOS endothelial 
nitric oxide synthase, ER endo-
plasmic reticulum, FOXO3a 
Forkhead box O3, HIF-1a 
hypoxia-inducible factor-1 
alpha, LKB1 liver kinase B1, 
mTOR mammalian target of the 
rapamycin complex, mTORC1 
mechanistic target of rapamy-
cin complex-1, SREBP1 sterol 
regulatory element binding 
protein‐1, TFEB transcription 
factor EB
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death in bladder cancer cells (UMUC-3, T-24, J-82, MBT-
2) as a result of simvastatin-induced AMPK activation that 
led to histone acetylation and endoplasmic reticulum stress 
induction, and inhibitory effects of romidespin on histone 
deacetylase [45].

3.1.5 � Squamous Cell Carcinoma

Ma et al. reported that lovastatin activated the liver kinase 
B1 (LKB1)/AMPK pathway in SCC9 and SCC25 squa-
mous cell carcinoma cell lines as a result of mitochondrial 
dysfunction induction and decreased the cellular adenosine 
diphosphate/ATP ratio [46].

3.1.6 � Breast Cancer

Huang et al. demonstrated that lovastatin increased phos-
phorylation of LKB1 and AMPK in the MCF-1 breast can-
cer cell line in a time-dependent manner, and myc-tagged 
AMPK dominant negative mutant cell transfection sig-
nificantly inhibited lovastatin-induced p53 and p38MAPK 
phosphorylation. In addition, LKB1 knockdown with 
LKB1 siRNA dramatically decreased AMPK, P38MAPK, 
and p53 phosphorylation in lovastatin-treated MCF-7 cells. 
These results confirmed that lovastatin may activate the 
LKB1-AMPK-p38MAPK-p53 signaling cascade and lead to 
reduced survival and increased death of MCF-7 and MDA-
MB-231 cell lines [47]. In a further study, Wang et al. evalu-
ated anti-angiogenesis effects of simvastatin on the 4T1 mice 
breast cancer cell line and reported that simvastatin lead 
to post-translational down-regulation of hypoxia-inducible 
factor-1 alpha, as a pro-angiogenic factor, via AMPK acti-
vation. They demonstrated that this effect was abrogated by 
compound C that inhibited AMPK phosphorylation [48].

3.1.7 � Hypo‑Pharyngeal Carcinoma

In another study, Yen et al. demonstrated that the antitu-
mor effects of lovastatin in FaDu hypo-pharyngeal carci-
noma cells are the result of AMPK-p38MAPK-p63-survivin 
cascade activation. They showed that lovastatin induced 
phosphorylation and activation of AMPK, p38MAPK, and 
p63 transcription factor as well as p63 acetylation, which 
increases its affinity to the surviving promoter and leads to 
cell-cycle arrest and apoptosis induction in vitro and inhibits 
subcutaneous FaDu xenograft proliferation in a mice model 
in vivo [39].

3.1.8 � Hepatocellular Carcinoma

Wang et  al. demonstrated that simvastatin-induced G0/
G1 cell-cycle arrest in hepatocellular carcinoma was due 
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to p21 and p27 accumulation in HepG2 and Hep3B cells. 
Simvastatin activated AMPK and lead to p21 up-regulation 
and increased p27 expression as a result of STAT3-Skp2 
inhibition. In HepG2 xenograft mice, simvastatin reduced 
the expression of Skp2 and induced AMPK activation and 
lead to p21 and p27 over-expression in tumor sections [41].

3.1.9 � Osteocarcoma

Kamel et al. evaluated the anti-tumor effects of simvastatin 
in a murine model of osteosarcoma and showed that simv-
astatin inhibited the proliferation and migration of osteosar-
coma cells as well as apoptosis induction. While it has been 
shown that AMPK and p38MAPK inhibitors may reduce 
simvastatin-induced apoptosis, metformin enhances apop-
tosis via AMPK induction [40].

FOXO3a protein (member of forkhead box class O 
subfamily) is a transcription factor that regulates multiple 
physiologic and pathologic pathways including prolifera-
tion, cell-cycle progression, cell survival, DNA damage, and 
apoptosis. FOXO3a phosphorylation by AMPK and MST1 
facilitates its nuclear translocation and mediates multiple 
cellular processes as a result of transcription induction of 
target genes [49]. Lee et al. showed that pitavastatin had 
a higher inhibitory potential in OSCC15 compared with 
OSCC4, as human oral squamous cell carcinoma cell lines. 
Higher sensitivity of OSCC15 may be as a result of higher 
expression of FOXO3a and upstream kinases including Akt 
and AMPK, though pitavastatin-induced AMPK and Akt 
modulation patterns could be another explanation. Pitavas-
tatin lead to reduced Akt phosphorylation and increased 
AMPK and FOXO3a phosphorylation as well as FOXO3a 
expression in SCC15 though not SCC4 cells. The anti-tumor 
effects of statins are exerted via Akt inhibition and AMPK 
activation that leads to FOXO3a translocation and apoptosis 
induction via the p53 upregulated modulator of apoptosis 
[50]. AMPK phosphorylated FOXO3a in six residues and 
induced gene transcription that lead to cell-cycle arrest and 
apoptosis in breast cancer cells and hepatoma cancer cells 
[51, 52].

3.2 � Cardio‑Protective Effects

Statin-induced AMPK activation appears to have a cardio-
protective effect via activating endothelial nitric oxide syn-
thase (eNOS), inducing angiogenesis, and exerting anti-
inflammatory, anti-fibrotic, and anti-hypertrophic effects. 
Sun et al. reported that atorvastatin phosphorylated and 
activated AMPK and increased eNOS levels downstream 
both in vivo (murine) and in vitro (human umbilical vein 
endothelial cells) [53]. Pravastatin induced AMPK and 
eNOS activation is reported to be associated with angio-
genesis progression in a murine model of ischemia-induced 

angiogenesis, and compound C abrogated these effects as 
an AMPK inhibitor [54]. In another study, Rossoni et al. 
demonstrated that simvastatin activated AMPKα and eNOS, 
while having no effect on Akt expression, and AMPK phos-
phorylation led to significant modulation of arterial resist-
ance via AMPK/phospho-eNOS (Ser1177)/NO-associated 
pathways [55].

Investigation into the anti-hypertrophic effects of atorv-
astatin showed that statin-associated AMPK activation was 
the main mechanism. In a rat model of myocardium hyper-
trophy, atorvastatin significantly inhibited the heart weight 
gain and halted destruction of cardiac tissue. In addition, it 
increased viability and inhibited apoptosis in H9c2 cells. 
Molecular analysis demonstrated that these effects were due 
to miR-143-3p inhibition as a result of AMPK and FOXO 
activation [56].

Following the cardio-protective effects of statins, mul-
tiple studies evaluated AMPK-associated anti-fibrotic 
effects of statins in different animal models. They showed 
that rosuvastatin inhibited pro-fibrotic markers such as pro-
collagen type II, its carboxy-terminal proteinase, and lysy 
oxidase in a murine model of metabolic syndrome, while 
using AMPKα1/α2 siRNA transfected fibroblasts abrogated 
these effects [57]. Increased adiponectin secretion with sig-
nificantly reduced expression of type I and III collagens, 
together with inhibition of angiotensin II-induced cardiac 
fibrosis was shown as a result of atorvastatin-associated 
AMPK activation in the angiotensin II-induced cardiac 
fibrosis model in adiponectin-knock-out mice [58].

In the case of acute myocardial infarction, dramatically 
reduced fibrosis and inflammation levels as well as a reduc-
tion in cell death and reduced infarct size in the primary 
phase of ischemia were demonstrated in rat, pig, and mice 
models. They showed that these effects are associated with 
AMPK activation and mTOR signaling pathways, and those 
effects were reversed with compound C [59, 60].

3.3 � NAFLD

Studies have reported that statins reduce hepatic lipid accu-
mulation and may have therapeutic utility in non-alcoholic 
fatty liver disease (NAFLD), although the exact mechanism 
of action needs clarification. AMPK activation could inhibit 
acetyl CoA carboxylase as a key enzyme in lipogenesis as 
well as through the regulation of hepatic fatty acid metabo-
lism via total mitochondrial content and function modula-
tion [61]. AMPK acts as an energy sensor to cell hemostasis 
maintenance and increases fatty acid oxidation via peroxi-
some proliferator-activated receptor-alpha and proliferator-
activated receptor-gamma coactivator 1-alpha activation 
[62]. Zhang et al. reported that atorvastatin significantly 
inhibited NAFLD progression via AMPK signaling pathway 
promotion in the golden hamster model of fat diet-NAFLD. 
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In addition, they showed that AMPK inhibition by com-
pound C counteracted the inhibitory effect of atorvastatin 
on fat accumulation in the HepG2 cell line [63]. In another 
study, Kim and colleagues who evaluated the effects of flu-
vastatin on cholesterol hemostasis regulation in the HepG2 
cell line, demonstrated that fluvastatin induced AMPK and 
LKB phosphorylation and activation as a result of Sirtuin 6 
activation with downstream phosphorylated sterol regulatory 
element binding protein‐1 that prevented lipid accumulation 
in hepatocytes [64].

3.4 � Neuro‑Protective Effects

Researchers have shown that a combination of statins (ator-
vastatin, fluvastatin, pitavastatin, pravastatin, rosuvastatin, 
and simvastatin) may prevent neuroinflammation-mediated 
neurodegeneration. The mechanism may be through statin 
downregulated autophagy to provide neuroprotective effects 
[65].

Amyloid β (Aβ) deposition leads to Tau protein hyper-
phosphorylation and neuronal death. It can also cause 
neuronal insulin resistance, Akt downstream blockage, 
and glycogen synthase kinase-3β activation, which further 
results in neuron apoptosis. Statins could alleviate insulin 
resistance, upregulate Akt, and inhibit glycogen synthase 
kinase-3β-induced Tau hyper-phosphorylation and impede 
Aβ deposition-induced neuron apoptosis [66]. Kornelius 
et al., who evaluated the neuroprotective effects of mevasta-
tin against Aβ deposition-induced neurotoxicity in SK-N-Mc 
human neuroblastoma cells, reported that this protection was 
associated with AMPK activation that may increase insu-
lin sensitivity. They demonstrated that mevastatin reduced 
insulin resistance and Aβ deposition-induced neurotoxicity 
as a result of AMPK activation [67]. In another study, Singh 
et al. examined the efficacy of lovastatin and 5-aminoimida-
zole-4-carboxamide ribonucleotide, an AMPK activator, in 
experimental autoimmune encephalomyelitis in the murine 
model of multiple sclerosis, and showed that combination 
therapy provided more protection for mitochondria/peroxi-
some and myelin/axons than treatment with either alone. In 
the spinal cord, inhibition of RhoA by lovastatin and activa-
tion of AMPK by 5-aminoimidazole-4-carboxamide ribonu-
cleotide increased the expression of transcription factors and 
regulators (such as proliferator-activated receptor-alpha/beta, 
Sirtuin 1, nuclear respiratory factor 1, and mitochondrial 
transcription factor A), which are required for mitochondrial 
biogenesis and function (such as oxidative phosphorylation 
and manganese superoxide dismutase) and peroxisome (such 
as peroxisomal membrane protein 70 and catalase) [68].

3.5 � Anti‑hyperglycemic Effects

The anti-hyperglycemic effects of statins appear not to be 
manifested clinically, although there is an increasing con-
cern regarding the diabetogenic effects of statins in patients 
who received statins to treat dyslipidemia. Casula et al. 
investigated the association between incident diabetes and 
statin use in a meta-analysis and suggested an increased risk 
of new-onset diabetes from 9 to 13% associated with statins 
[69]. However, clinically diabetes-induced erectile dysfunc-
tion is a recognized complication. AMPK plays an impor-
tant role in autophagy-associated pathways and upregulates 
autophagy levels in poor nutrient conditions and may be 
considered as a potential therapeutic target for this diabetes-
associated complication [70–73]. Recent studies have shown 
that simvastatin lead to cell-cycle arrest via AMPK activa-
tion and STAT3/SKP2 axis inhibition [41, 74]. Ding et al. 
demonstrated that simvastatin could activate the AMPK-
SKP2-CARM1 pathway, upregulate protective autophagy, 
and inhibit corpus cavernosum fibrosis and improved erectile 
function in diabetes-induced erectile dysfunction rats [75].

3.6 � Anti‑tubercular Effects

Statins exert anti-tubercular effects through different path-
ways, and in the case of AMPK-associated effects, Bruiners 
et al. evaluated the effects of statins on the in vitro model 
of mycobacterial infection in human macrophages and 
showed that simvastatin inhibits cholesterol biosynthesis 
and influences the AMPK-mechanistic target of rapamycin 
complex-1-transcription factor EB-autophagy axis that lead 
to autophagy induction and anti-mycobacterial effects. It is 
noteworthy that the addition of exogenous cholesterol to the 
cells reversed these effects [76].

4 � Conclusions

This review has shown that statins have pleiotropic 
effects in addition to their lipid-lowering effects through 
an AMPK-related mechanism that may have therapeutic 
potential as a molecular target. Activation of the AMPK 
pathway by statins could exert anti-tumor, cardio-protec-
tive, neuroprotective, hepato-protective, and anti-hyper-
glycemic effects, and indicates further research on statin 
regulation of AMPK signaling needs to be undertaken 
to develop new treatment modalities. However, whilst 
these studies have shown the potential therapeutic utility 
of AMPK regulation by statins, more work needs to be 
undertaken to elucidate the specific signaling pathways to 
understand their exact mechanisms for their use in clini-
cal practice.
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