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Ischemia is a pathological process in which blood supply to a particular organ is temporarily interrupted
resulting in disturbed biological function and homeostasis of local tissues. Following ischemia, reperfusion and
reoxygenation may occur which further worsens oxidative stress-mediated damage in cells and tissues. The
combined processes are referred to as ischemia/reperfusion (I/R) injury. Immediate management and treatment
of I/R is of utmost importance for preventing irreversible and extensive cellular damage. Apoptosis, inflam
mation and oxidative stress are the most validated pathologies associated with I/R. AMP-activated protein kinase
(AMPK) modulates energy metabolism in cells and its activation occurs in response to elevated AMP and ADP
levels. Aberrant levels of AMPK are noted in various pathological settings such as diabetes mellitus, cancer and
neurological diseases. This review emphasizes AMPK signaling, its related molecular pathways and therapeutic
utility during I/R. Activation of AMPK through phosphorylation prevents apoptosis and reduces oxidative stress
and inflammation upon I/R. Inducing AMPK signaling normalizes mitochondrial function to inhibit cell death.
Autophagy as a cytoprotective mechanism undergoes activation by AMPK/mTOR and AMPK/ULK1 pathways.
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nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; SCI, spinal cord injury; MMP, mitochondrial membrane potential; ER, endoplasmic reticulum;
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AMPK reinforces the antioxidant defense capacity via Nrf2 signaling to counteract oxidative stress in I/R. Pro
tective compounds including phytochemicals activate AMPK to alleviate I/R injury.

1. Introduction

injury and organ transplantation can be the basis of this situation. One of
the important treatments for this condition is decreasing the time of
hypoperfusion. To achieve this, guidelines such as using antibiotics in
sepsis or providing early revascularization in acute coronary syndrome
to prevent hypoperfusion and subsequent ischemia [34–42]. Ischemia is
divided into two categories including total ischemia in which lumen of
the blood vessel is completely blocked, while partial ischemia is a con
dition in which lumen of the affected vessel is not totally blocked [43].
Under I/R insult, organ and cell damage is mainly due to reduced
oxygen and nutrient availability in this pathological condition. Due to
lack of oxygen, a significant diminution occurs in concentrations of
adenosine triphosphate (ATP) forces cell metabolism to convert to
glycolysis [44]. Metabolic acidosis occurs due to enhanced lactic acid
levels and decreased pH which favor substantial remarkable alterations
in levels of intracellular ions. The sodium-proton exchanger undergoes
activation upon changes in concentrations of phosphate, lactate and H+
in cells, leading to sodium entry into cytoplasm and pumping hydrogen
ions out of cell into the extracellular space. A role for ATP depletion has
also been described. Although sodium accumulates in cell due to activity
of sodium-proton pump, reduced ATP levels can facilitate intracellular
accumulation of sodium in the cell by preventing sodium pump activity
and suppressing sodium/potassium-ATPase. When high levels of sodium
accumulate in cells, mitochondrial dysfunction occurs that subse
quently, leads to apoptosis. Hence, ATP depletion and its cooperation
with other molecule mechanisms induce cell injury during ischemia
[45–50]. During ischemia, significant damage also occurs due to hyp
oxia and inflammation [51]. Furthermore, oxygen deprivation and ATP
depletion can lead to parenchymal necrosis. Increasing evidence has
demonstrated apoptosis induction as a result of reduced ATP levels in
ischemia [52,53]. The elevated inflammation in ischemia is attributed to
elevated permeability in endothelial cells. In reperfusion phase, in
flammatory cells become attached to endothelium [54]. Inflammation
simulates the release of reactive oxygen species (ROS), chemokines and
adhesion molecules [52,55–62]. Fig. 1 schematically represents I/R
injury.

Although it has been two centuries from the initial observation of
ischemia as a critical pathological event, we are still unclear the precise
machinery of ischemia, let alone the effective treatment remedies.
Cellular damage during ischemia is due to an interruption of blood
supply to a specific section of an organ resulting from arterial occlusion.
Various experiments have identified the molecular changes and other
perturbations that occur during ischemia-mediated injury. Additional
damage ensues to cells and organs during reperfusion. Initially, it was
perceived that reperfusion may be a promising strategy for ischemiamediated injury. However, it was soon found that reperfusion in
creases organ and cell damage which leads to cellular apoptosis and/or
necrosis [1]. It is essential to identify a therapeutic approach to reduce
these pathological processes and diminish the adverse impacts [2,3].
Plant-derived natural compounds have been used as medicinal
agents in various regions of world, especially China, India and Egypt for
thousands of year for treatment of diseases [4]. In recent years, medic
inal herbs have obtained much attention in Western countries due to
their high therapeutic index and affordability [5,6]. Currently, signifi
cant efforts have been made in identification of new natural products for
disease treatment and up to 547 natural compounds and their de
rivatives have been approved by FDA for disease treatment [5,7]. The
phytochemicals demonstrate potential in treatment of various diseases
including diabetes mellitus, cancer, inflammatory diseases and neuro
logical disorders, among others. Furthermore, plant-derived natural
products have biological activities such as antioxidant, antiinflammatory, anti-neoplastic and lipid-lowering impact [8–14]. Note
worthy, phytochemicals have shown good potential in treatment of
ischemia/reperfusion (I/R) injury [15–17]. For instance, curcumin re
duces inflammation and oxidative stress to ameliorate renal I/R injury
[18]. Furthermore, curcumin has the capacity to prevent an increase in
levels of Ca2+ in cerebral I/R injury and inhibits blood-brain barrier
dysfunction during brain I/R injury [19]. Other phytochemicals such as
berberine and resveratrol also exhibit similar mechanisms in ameliora
tion of I/R injury via apoptosis inhibition, oxidative stress reduction and
preventing inflammation [20–23].
The present review focuses on AMP-activated protein kinase (AMPK)
as a potential target in the clinical management of I/R injury. Here we
will first describe the molecular changes associated with I/R injury
including AMPK. Then, we specifically focus on AMPK signaling in I/R
injury. Finally, we will discuss how the AMPK signaling networks are
impacted by pharmacological intervention during I/R therapy. Although
several reviews have been published about role of AMPK signaling in
metabolism and ischemia, there is a need for an updated evaluation of
the data in this area; that is the purpose of current study. Moreover,
there is no comprehensive review article related to the role of AMPK
signaling in multiple I/R injuries [24–30].

3. AMPK signaling
3.1. Structure and signaling
AMPK possesses a hetero-trimeric structure and its subunits carry
various functions for AMPK as an energy sensor [63]. Alpha, beta and
gamma are AMPK subunits. The alpha subunit has catalytic role with
isomers of alpha 1 and 2; the beta subunit has regulatory role with
isomers of beta 1 and 2; the gamma subunit also possesses a regulatory
role including isomers of gamma 1, 2 and 3 [64]. Various physiological
or pathophysiological settings including metabolic stress, exercise,
hypoxia, ischemia and caloric restriction have been shown to turn on
AMPK signaling [65]. In general, AMPK may be turned on as a result of
elevated AMP and ADP levels and reduced ATP levels (increased ADP:
ATP and AMP:ATP ratios). Upon AMPK activation, significant changes
occur in cellular metabolism that enhance ATP levels. AMPK signaling
attempts to restore energy homeostasis in cells via stimulation of cata
lytic mechanisms to enhance ATP levels, while it prevents anabolic
mechanisms to reduce ATP consumption [66–70]. There are locations
on the AMPK subunits that undergo changes which influence this
signaling pathway. Hepatic kinase B1 (LKB1) and Ca2 + − /calmodulindependent protein kinase β (CaMKKβ) are endogenous inducers of AMPK
signaling by mediating Thr172 phosphorylation on alpha subunit of
AMPK, leading to an elevated activation of AMPK [71,72]. The phos
phorylation of Ser108 at carbohydrate binding module (CBM) site of

2. Ischemia/reperfusion injury: an overview of its pathogenesis
I/R is a condition in which blood supply to an certain organ is
severely limited or interrupted followed by reperfusion and subsequent
re-oxygenation [31]. The most common cause for restricting arterial
flow to an organ is embolus which significantly diminishes oxygen and
nutrient supply leading to organ and cell damage. Moreover, reperfusion
also negatively affects the targeted organ and causes inflammation and
oxidative damage (reperfusion injury) [32]. To prevent organ injury and
maintain proper function, I/R injury must be appropriately managed
[33]. In respect to the role of hypoperfusion in mediating ischemia,
different pathologies such as sepsis, acute coronary syndrome, limb
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Interestingly, AMPK functions as a double-edged sword as it also pro
motes cancer migration via inducing PDHA phosphorylation and sub
sequent stimulation of tricarboxylic acid (TCA) cycle [83]. In treatment
of neurological disorders such as Alzheimer’s disease (AD), AMPK
demonstrates positive effects. Thus, AMPK diminishes phosphorylation
of Tau proteins and improves brain impairment to ameliorate AD [84]. C
The collective evidence demonstrates a role of AMPK signaling in
pathological conditions and modulating its activity can be of importance
in disease therapy [82,85–90].

beta subunit can allosterically induce AMPK signaling. Also, the, gamma
subunit prevents dephosphorylation of AMPK owing to its carboxyterminal region harboring FOUR cystathionine-β-synthase (CBS) do
mains [73]. ROS also enhance AMPK activity; thus, reducing ROS levels
using Trolox is correlated with AMPK inactivation and its reduced
phosphorylation at Thr172 [74,75]. To increase ATP generation, AMPK
signaling mediates fatty acid (FA) oxidation, mitochondrial biogenesis
and glucose transport; conversely, it reduces FA and protein levels as
well as glycogen production to diminish ATP consumption [76]. Fig. 2
displays a schematic diagram of AMPK signaling.

4. AMPK signaling and ischemic/reperfusion injury

3.2. Role in pathological conditions

4.1. Brain ischemia (stroke)

The previous section clearly demonstrated a role for AMPK in
physiological conditions by preserving energy homeostasis and
balancing AMP, ADP and ATP levels in favor of cell survival [77].
Notably, AMPK plays a significant role in pathological conditions that
deserve to be highlighted prior to any discussion in I/R injury. The
AMPK activation by empagliflozin leads to enhanced levels of M2
marker proteins as anti-inflammatory factors in the heart. Moreover,
empagliflozin prevents depletion of ATP from cardiomyocytes to benefit
cardiac contractile function and aortic endothelial relaxation [78].
Targeting AMPK signaling is also deemed beneficial in diabetes. Acti
vation of AMPK results in reduced glucose levels in high fat fed mice,
suggesting a role for AMPK signaling in normalizing hepatic glucose
homeostasis [79]. AMPK may be turned on by many pharmacological
and herbal products. For example, coenzyme Q10 stimulates AMPK to
enhance superoxide dismutase (SOD) and glutathione (GSH) levels,
while it reduces lactate dehydrogenase (LDH) and malondialdehyde
(MDA) levels. Furthermore, coenzyme Q10 diminishes ROS levels, pre
vents ATP depletion and decreases inflammatory factors by AMPK
activation reduces atherosclerosis [80]. Activation of AMPK limits
atherosclerosis via reducing lipid accumulation [81]. AMPK signaling
also plays a significant role in cancer. In regulating migration of prostate
cancer cells, AMPK cooperates with FOXO3 to trigger SETD2 expression,
leading to decreased metastasis via EZH2 degradation [82].

Cerebral ischemia is a serious cerebrovascular disease in which blood
supply to a certain organ decreases and neural cell death occurs due to
ionic imbalance, oxidative stress, apoptosis and nitrosative stress
[91,92]. Various strategies have been applied in the treatment of brain
ischemia and the success of therapy relies on providing immediate
medical care and also, the volume of brain that has been affected [93].
The following paragraphs describe molecular pathways involved in
brain ischemia and therapeutic strategies for its management.
Adiponectin (APN) is primarily derived from adipose tissues and
offers vital neuroprotective properties [94]. The APN binds to its re
ceptors, APN receptor 1 (APNR1) and APN receptor 2 (APNR2) to induce
AMPK signaling [95–97]. Overexpression of APNR1 mediates induction
of AMPK and glycogen synthase kinase-3β (GSK-3β) in ameliorating
brain injury [98]. A recent report has revealed that APN administration
via the intraperitoneal route to mice (20 μg/g body weight) induces both
AMPK and GSK-3β to reduce oxidative stress and NLRP3 inflammasome.
Upon AMPK and GSK-3β overexpression, the nuclear translocation of
nuclear factor erythroid 2-related factor 2 (Nrf2) occurs which enhances
Trx1 expression [99]. Hence, protective compounds act through AMPK
signaling in affecting its downstream targets. The nuclear factor-kappaB
(NF-κB) activation results in inflammation and mediates cell injury as
well as promoting carcinogenesis [77,100,101]. AMPK can function as

Fig. 1. A schematic representation of I/R injury and related mechanisms.
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Fig. 2. The AMPK signaling and related molecular pathways.

upstream mediator of NF-κB and there is a negative association between
them [80]. Simvastatin and geniposide stimulate AMPK signaling to
reduce NF-κB expression in exerting their protective actions [102,103].
A recent study showed that safflower yellow B (SYB) administration (2,
4 and 8 mg/kg) prohibits apoptosis and diminishes levels of cytokines
including IL-1, IL-6, TNF-α and cyclooxygenase-2 (COX-2) to alleviate
brain I/R injury. SYB may dose-dependently offer neuroprotective
property. Furthermore, in vitro experiments on PC12 cells (60, 120 and
180 nmol/l) potential of SYB in ameliorating brain IR injury. Mecha
nistically, SYB stimulates AMPK phosphorylation to suppress nuclear
translocation of p65 subunit of NF-κB, leading to amelioration of brain I/
R injury [104].
The major process that causes brain I/R injury is increased reactive
oxygen species (ROS) levels and the induction of oxidative stress. Also,
levels of antioxidant enzymes decrease. Nrf2 connects oxidative stress
and antioxidant enzymes. Under homeostatic conditions, levels of
oxidative stress are low and Nrf2 is a dormant form, while oxidative
stress and ROS overload results in activation of Nrf2 signaling and its
downstream targets such as heme oxygenase-1 (HO-1) [105–109].
Similar to NF-kB signaling, AMPK can affect Nrf2. AMPK induces Nrf2
signaling in mediating cell protective effects [110,111]. The oral
administration of metformin (200 mg/kg) to rats results in AMPK in
duction and subsequent activation of Nrf2 signaling, thereby amelio
rating cerebral ischemia. A significant reduction occurs in TNF-α, COX-2
and NF-κB to diminish inflammation. Furthermore, metformin improves
antioxidant defense system via enhancing glutathione and catalase
levels. Inhibition of AMPK signaling prevents the protective effects of
metformin, showing that AMPK activation is vital for supporting the
actions of metformin against cerebral ischemia [112]. Oxygen and
glucose deprivation result in both brain and spinal cord injury (SCI).
ZL006 is a small molecule the administration of which (0–10 μM)
stimulates AMPK signaling in enhancing PGC-1α/Sirt3 expression. As a
result, an increase occurs in viability of neuronal cells and apoptosis
inhibition occurs. Furthermore, improvement in mitochondrial function
occurs and loss of mitochondrial membrane potential (MMP) is atten
uated to improve I/R-mediated SCI [96].
Melatonin also possesses evident neuroprotective actions via
reducing inflammation, preventing ferroptosis and improving learning
capacity as well as triggering molecular pathways such as Akt
[113–115]. Melatonin administration (0–20 μM) induces AMPK
signaling to enhance Pak2 expression. The melatonin stimulates AMPK/
Pak2 axis to reduce oxidative stress and caspase-12 expression. There
after, a reduction of endoplasmic reticulum (ER) stress reduces I/R
injury [116]. Thus, administration of protective compounds that acti
vate AMPK signaling, and reduce both inflammation and oxidative stress

are of interest for alleviating brain I/R injury (Fig. 3) [117]. Table 1
summarizes brain I/R injury and along with some therapeutic strategies.
4.2. Myocardial ischemia
Myocardial I/R injury is pathological condition closely related to
coronary heart disease followed by formation of atherosclerotic plaque
[118]. During I/R, the myocardium undergoes impairments in meta
bolism and ionic balance that cause mitochondrial dysfunction
[119–121]. Inflammation, apoptosis and necrosis are among the results
of I/R injury. Occlusion of coronary artery mediates myocardial I/R
injury [122]. Previous evidence suggested that melatonin administra
tion alleviates brain /I/R injury. As similar mechanisms such as
apoptosis and oxidative stress are involved in both brain and myocardial
I/R injures, melatonin can also reduce the consequences of both path
ological conditions. Administration of melatonin (5 μmol/L) 12 h before
I/R injury or the heart revealed that melatonin promotes survival rate of
cardiomyocytes. Furthermore, melatonin improves function of
myocardium and normalizes mitochondrial fusion and mitophagy.
Melatonin prevented apoptosis of cardiomyocytes by reducing caspase-9
expression. Mechanistically, melatonin enhances stability and expres
sion of optic atrophy 1 (OPA1) via inducing AMPK signaling [123].
Similarly, calenduloside E induces AMPK signaling to enhance OPA1
expression in promoting mitochondrial fusion and limiting their fission,
leading to myocardial I/R injury alleviation [124]. AMPK signaling and
its related molecular pathways are vital for maintaining proper function
of mitochondria and preventing myocardial I/R injury. The incidence
rate of myocardial I/R injury is high in type I diabetes. Melatonin
administration (10 mg/kg via oral route) enhances activity of SOD in
mitochondria, ATP generation and oxidative phosphorylation, while it
decreases apoptosis and oxidative stress. The investigation of molecular
pathways revealed that melatonin stimulates AMPK signaling to upre
gulate PGC-1α/Sirt3, leading to cardioprotective impact in diabetes
[125].
Mitochondrial homeostasis and hyperglycemic stress have a close
association [126]. Increasing evidence confirms a role of mitochondrial
dysfunction in triggering heart injury in diabetic patients [127,128].
Furthermore, mitochondria participate in apoptosis that commonly oc
curs in I/R injury [129,130], Irisin administration (0.5 μg/g) diminishes
I/R injury in mice with diabetes via improving cardiac function, pre
venting mitochondrial-mediated apoptosis and increasing mitochon
drial membrane potential and ATP biogenetics. Irisin induces AMPK
signaling to mediate its cardioprotective impacts and silencing AMPK
reducing its protective effects [131]. The potential of protective com
pounds in promoting AMPK signaling is related to mitochondrial
4
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Fig. 3. AMPK as a key signaling pathway in brain I/R injury.
Table 1
The underlying molecular pathways involved in brain ischemia and treatment strategies.
Protective
compound

In vitro/In
vivo

Cell line/Animal
model

Study design

Remarks

Refs

Adiponectin peptide

In vivo

C57BL/6 J mice

20 μg/ (g body
weight)
Intraperitoneal
injection

[99]

Safflower Yellow B

In vivo
In vitro

Rat
PC12 cells

2, 4 and 8 mg/kg
60, 120 and 180
nmol/l

Metformin

In vivo

Rat

200 mg/kg
Oral administration

ZL006

In vitro

Spinal cord injury
model

0–10 μM

Melatonin

In vitro

N2a cells

0–20 μM

Dexmedetomidine

In vivo

Rat

10, 50 and 100 μg/kg

Glycine

In vitro

PC12 cells

–

Ameliorating cerebral I/R injury
Reducing oxidative stress
Inhibiting NLRP3 inflammasome
Enhancing phosphorylation of AMPK and GSK-3β
Elevating Trx1 expression by triggering nuclear translocation of Nrf2
Reducing apoptosis
Alleviating inflammation via reducing levels of cytokines including IL-6, IL-1,
COX-2 and TNF-α
Acting in a dose-dependent manner
Inducing AMPK signaling via mediating its phosphorylation
Inhibiting NF-κB signaling
Activation of AMPK signaling to mediate Nrf2 activation
Reducing inflammation and cytokines
Reinforcing antioxidant defense system
Apoptosis inhibition
Improving viability of neuronal cells
Reducing LDH levels
Decreasing mitochondrial stress
Increasing ATP generation
Preventing MMP loss
Inducing AMPK signaling to activate PGC-1α/Sirt3 axis
Enhancing Pak2 expression via AMPK induction
Ameliorating ER stress
Reducing oxidative stress and calcium overload
Preventing caspase-12 expression
Increasing AMPK expression to alleviate inflammation storm and treat brain I/
R injury
Reducing apoptosis and enhancing cell viability
Enhancing glucose intake and production of lactic acid
Decreasing miRNA-19a-3p expression to induce AMPK signaling
Enhancing GSK-3β expression to induce HO-1

function. For instance, tilianin maintains mitochondrial homeostasis to
enhance ATP production and simultaneously reduces AMP and ADP
levels to stimulate AMPK signaling, ameliorating myocardial I/R injury.
The AMPK upregulation results in sirtuin 1 (SIRT1) overexpression and

[104]

[112]
[96]

[116]

[117]
[118]

subsequent induction of PGC-1α [132]. The stimulation of κ-opioid re
ceptor by small molecule U50488H results in AMPK signaling activation
and subsequent upregulation of GSK-3β which improves mitochondrial
function, reducing apoptosis and ameliorating myocardial I/R injury
5
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[132]. The κ-opioid receptor activation also affects another pathway in
ameliorating cardiac I/R injury. The κ-opioid receptor stimulation en
hances AMPK expression to induce protein kinase-B (Akt) signaling,
leading to endothelial NOS upregulation and reducing the amount of
myocardial I/R injury [133].
In addition to mitochondria, ER also plays a critical role in mediating
apoptosis via enhancing C/EBP homologous protein (CHOP) expression
[134,135]. Therefore, restoring ER homeostasis is considered a thera
peutic strategy in I/R amelioration. The galanthamine administration (1
and 3 mg/kg) improves cardiac function in rats and prevents ER stressmediated apoptosis via reducing CHOP and caspase-3 and -12 expres
sion, and increasing CADD34 and BiP levels. Also, galanthamine di
minishes cardic fibrosis via reducing α-SMA and collagen I levels. The
AMPK inhibition obviates the protective effects of galanthamine.
Mechanistically, galanthamine induces AMPK-α phosphorylation to
enhance Nrf2 expression and its downstream target HO-1 in improving
cardiac I/R injury [132].
Another type of cell death that occurs during I/R injury is pyroptosis.
The pyroptosis is considered as a programmed cell death occurring due
to organ and tissue stresses [136]. The activation of pyroptosis can lead
to an inflammatory storm [137]. NOD-like receptor protein 3 (NLRP3)
participates in inflammation and is related to cardiovascular diseases
[138]. Cardiomyopathy, myocardial I/R injury and other diseases are
also induced by NLRP3 inflammasome [139–141]. Metformin adminis
tration diminishes NLRP3 inflammasome via AMPK activation to inhibit
caspase cascade and reduce levels of pro-inflammatory cytokines
including TNF-α, IL-6 and IL-1β. Furthermore, activation of AMPK
signaling and NLRP3 down-regulation by metformin prevent nec
roptosis in myocardial I/R injury [142].
In addition to apoptosis and pyroptosis, autophagy is also a pro
grammed cell death which participates in maintaining homeostasis via
degrading aged organelles and toxic macromolecules [143–145]. Acti
vation of autophagy is of importance to rescue I/R injury [146,147]. A
recent report noted that hydroxysafflor yellow A (HSYA) improves
myocardial I/R injury and prevents inflammation through inhibition of
NLRP3. It seems that HSYA inhibits mammalian target of rapamycin
(mTOR) to induce autophagy, resulting in apoptosis prevention and
myocardial I/R injury alleviation [148]. Nonetheless, the role of auto
phagy in I/R injury requires more clarification. For instance, autophagy
can both increase and reduce cancer progression [149]. A similar phe
nomenon occurs in myocardial I/R injury. Although and early study
revealed a role for autophagy in ameliorating myocardial I/R injury and
reducing apoptosis, recently it was shown that melatonin is able to
reduce AMPK expression in triggering mTOR signaling. Thereafter,
expression levels of Beclin-1 and light chain-3II (LC-3II) as upstream
mediators of autophagy undergo down-regulation to suppress auto
phagy and reduce myocardial I/R injury [150]. That autophagy induc
tion occurs in myocardial I/R injury was also reported, as confirmed by
increase in LC-3II and p62 overexpression. The administration of Nacetylcysteine diminishes phosphorylation of AMPKα to reduce expres
sion levels of p62 and LC-3II in inhibiting excessive autophagy and
alleviating myocardial I/R injury [151]. Therefore, autophagy has both
pro-survival and pro-death roles in I/R injury and additional experi
ments are required to identify the mechanisms of these differential
actions.
With respect to regulatory impact of AMPK signaling on autophagy
mechanisms, additional signaling networks modulating AMPK/auto
phagy axis are recognized. The microRNAs (miRNAs) are endogenous
short non-coding RNAs participating in biological mechanisms with
aberrant expression in pathological processes [152–155]. Increasing
evidence reveals the functions of miRNAs in I/R injury [135,156]. For
instance, miRNA-30e-3p and miRNA-219a-2 exert protective effects in
myocardial I/R injury and reduce apoptosis [157,158], while miRNA98-5p has an opposite function and stimulates microvascular dysfunc
tion [159]. The miRNA and AMPK interaction impacts myocardial I/R
injury. It has been reports that miRNA-139-5p induces apoptosis in

myocardial I/R injury via reducing Bcl-2 expression and enhancing
caspase-3 expression. Furthermore, miRNA-139-5p inhibits autophagy
via Beclin-1, LC-3II and ATG4D down-regulation. Mechanistically,
miRNA-139-5p depresses AMPK expression to induce mTOR signaling,
resulting in ULK1 down-regulation and autophagy inhibition thereby
aggravating myocardial I/R injury [160].
As a reduced coenzyme II, reduced nicotinamide adenine dinucleo
tide phosphate (NADPH) is generated via pentose phosphate pathway.
Furthermore, citric acid-pyruvate cycle account for production of
20–30% of NADPH [161,162]. The synthesis of lipids and nucleotides
involves NAPDH [162]. The decreased infarct volume upon stroke oc
curs due to NADPH upregulation [163,164]. A recent experiment has
shown a role of NADPH in preventing apoptotic cell death during car
diac I/R injury. Moreover, NADPH diminishes myocardial infarct size
and serum levels of LDH and cardiac troponin I. NADPH improves
mitochondrial function and diminishes cleavage of PARP and caspase-3.
At the molecular level, NADPH enhances phosphorylation of AMPK to
suppress mTOR phosphorylation, leading to cardioprotective impacts
[165]. Heat shock proteins (HSPs) are considered as cytoprotective
factors produced in response to stressful conditions. Enhancing expres
sion of HSP70 is beneficial in reducing I/R injury via normalizing
mitochondrial and ventricular functions [166]. Hence, experiments are
in agreement with the fact that AMPK can influence different cell death
pathways in I/R injury and it has close association with organelles that
determine myocardial I/R injury. The AMPK signaling is significantly
regulated by protective compounds (Fig. 4) [167–179]. The Table 2
provides a summary of compounds targeting AMPK signaling in
myocardial I/R injury treatment.
4.3. Liver ischemia
Liver I/R injury is another pathological condition that requires im
mediate management and treatment to prevent adverse effects. A vari
ety of complicated cellular and molecular alterations participate in
hepatic I/R injury that may negatively affect remote organs [202–205].
An early pathological symptom of liver I/R injury is emergence of
damaged pericentral regions in liver acinus [206]. Hepatic I/R injury
can be divided into three major phases including ischemic phase, early
reperfusion phase and late reperfusion phase [207]. At the ischemic
phase, a significant change occurs in energy metabolism of liver that
reduces O2 and nutrient levels, mediates ATP depletion, induces ROS
overgeneration and increases membrane permeability of mitochondria.
The early reperfusion phase is mainly characterized by inflammatory
storm caused via enhanced IL-1β, TNF-α and IL-12. Furthermore, mo
lecular pathways related to inflammation such as NF-κB undergo upre
gulation and release of cytochrome C occurs [208,209]. At the late
reperfusion phase, additional enhancement of ROS levels occurs.
Moreover, activation of neutrophils and induction of autophagy ensue.
Liver transplantation is an appropriate option in saving the life of
many people [210,211]. However, due to unsuitable lifestyle in Western
countries such as alcohol consumption, the proportion of fatty liver
grafts has undergone an increase [212]. The preservation solution uti
lized for conserving liver graft leads to I/R injury and upon trans
plantation, occurrence of normothermic reperfusion is possible [213].
Proteasome inhibitors have been used to ameliorate liver I/R injury
during transplantation. The BRZ (100 nm) and MG132 (25 μM) as pro
teasome inhibitors were used that effectively diminished liver injury.
The BRZ demonstrated more capacity in enhancing bile production
compared to MG132. Furthermore, only BRZ prevented vascular resis
tance in fatty livers that was mediated by inducing AMPK phosphory
lation [214]. The molecular pathways involved in liver I/R injury upon
transplantation are of importance. Increasing evidence confirms AMPK
and GSK-3β interaction in cells. The down-regulation of GSK-3β is
associated with activation of AMPK/mTOR signaling which reduces
hepatocellular carcinoma malignancy [215]. Furthermore, AMPK acti
vation and GSK-3β inhibition lead to apoptosis prevention of
6
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Fig. 4. Targeting AMPK signaling in ameliorating myocardial I/R injury.

With respect to the high incidence rate of liver I/R injury, its man
agement has used multiple therapeutic strategies. Trimetazidine (10
mg/kg) was used to improve liver I/R injury in rats. This study showed
that repeated administration of trimetazidine is more beneficial
compared to its single dose in reducing hepatic I/R injury. Mechanisti
cally, trimetazidine diminishes apoptosis and lipid peroxidation in liver
I/R injury via mediating AMPK phosphorylation [230]. The aldehyde
dehydrogenase 2 (ALDH2) is a mitochondrial enzyme responsible for
detoxification of reactive aldehydes [231]. The activity of ALDH2 un
dergoes a decrease in liver I/R injury and is correlated with accumula
tion of reactive aldehydes [232]. Alda-1 is an inducer of ALDH2 which
diminishes accumulation of reactive aldehydes and toxic protein ad
ducts in reducing liver I/R injury. Moreover, it improves mitochondrial
function. It has been reported that Alda-1 induces AMPK signaling to
trigger autophagy and exert its hepatoprotective actions during I/R
injury [233].
A major challenge throughout the world is advanced age since it is
correlated with various diseases such as liver disorders.
More often that the younger population, aged individuals require
liver transplantation and resection. As mentioned earlier, liver resection
and transplantation can lead to I/R injury. Furthermore, the risk of
complications after hepatic surgery is high in older people [234,235]. A
recent experiment has utilized young plasma in ameliorating ageddependent liver I/R injury. Intravenous administration of 1 ml of
plasma from a young person led to AMPK activation. The ULK1 is an
upstream mediator of autophagy that undergoes upregulation by AMPK
to ameliorate aging-related liver I/R injury [236]. Therefore, increasing
evidence highlights the fact that activation of AMPK signaling is ad
vantageous in alleviating hepatic I/R injury (Fig. 5) [237–239]. Table 3
summarizes the benefits of targeting AMPK signaling in alleviating liver
I/R injury.

hepatocytes [216]. Inactivation of GSK-3β diminishes liver I/R injury by
inducing autophagy via enhancing AMPK expression and subsequent
inhibition of mTOR signaling [217]. Another experiment also revealed
the role of GSK-3β inhibition in ameliorating I/R injury. Following GSK3β down-regulation, an increase occurs in expression level of AMPK to
inhibit mTOR signaling, leading to autophagy induction and exerting
cytoprotective effects [218]. As autophagy induction exerts a cytopro
tective function in liver I/R injury, attention has been directed towards
its targeting. The administration of isoflurane alleviates liver I/R injury,
as confirmed by reduced ALT levels. Furthermore, isoflurane prevents
apoptosis of hepatocytes. Investigation of molecular pathways reveals
that isoflurane induces autophagy via enhancing AMPK expression and
subsequent mTOR inhibition [219]. One of the interesting points is the
association among autophagy, apoptosis and ER stress in cells. Inducing
ER stress can positively affect both apoptosis and autophagy [220–222].
However, as autophagy has a cytoprotective role, it may prevent
apoptosis in cells. ER stress-mediated autophagy and how it influences
apoptosis induction during liver I/R injury has been examined. Upon ER
stress, inositol-requiring enzyme 1 (IRE1) undergoes stimulation which
interacts with the receptor for activated C kinase 1 (RACK1) to mediate
AMPK phosphorylation. Then, Bcl-2 expression undergoes upregulation
to induce autophagy, leading to amelioration of liver I/R injury via
apoptosis inhibition [223]. Hence, ER stress preconditioning can be
beneficial in reducing liver I/R injury. However, more experiments are
required to define additional mechanisms.
The adiponectin is a hormone isolated from adipocytes with regu
latory impacts on energy consumption and metabolism [224]. Also,
adiponectin has both anti-inflammatory and anti-apoptotic potentials
[225,226] that are of importance in treatment of I/R. The AMPK/eNOS
axis is greatly affected by adiponectin in exerting its therapeutic impacts
[224,227,228]. Adiponectin (0.5 mg/kg) reduces liver injury via
decreasing ALT and AST levels, and it prevents necrosis in hepatocytes.
The adiponectin also inhibits inflammatory storm and apoptosis.
Mechanistically, adiponectin induces AMPK signaling to enhance eNOS
expression and exert its hepatoprotective impact during I/R injury
[229].

4.4. Intestinal ischemia
As a clinical challenge, intestinal I/R injury results from hemorrhagic
shock, trauma, intestinal obstruction and acute mesenteric ischemia
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Table 2
Management of myocardial I/R injury using protective compounds.
Protective compound

In vitro/In
vivo

Cell line/Animal
model

Study design

Remarks

Refs

Pterostilbene

In vivo

Diabetic rat

20 and 40 mg/kg/day

[180]

Adiponectin

In vitro

Cardiomyocyte

30 μg/ml

ZP2495

In vivo

Diabetic mice

70 nmol/kg
Subcutaneous injection

Hydrogen sulfide

In vivo

Male rats

50 mg/kg
Intraperitoneal administration

Prolylcarboxypeptidase

In vivo
In vitro

Rat
Cardiomyocyte

–

Meteorin-like

In vitro

H9C2 cells

–

Trimetazidine

In vivo

Mice

0.5 mg/kg
Tail vein injection

Arctigenin

In vivo
In vitro

Rat
H9C2 cells

Saponins

In vivo
In vitro

Rat
H9C2 cells

100 mmol/kg
Intraperitoneal injection
0–400 μM
60, 120 and 240 mg/kg
Oral administration

Resveratrol

In vivo

Type II diabetic
mice

10 mg/kg

Resveratrol

In vivo

Yorkshire swine

100 mg/kg/day

Salidroside

In vivo

Rat

20 and 40 mg/kg

Diallyl trisulfide
ShengMai

In vivo
In vitro
In vivo

Diabetic rats
H9C2 cells
Mice

20 mg/kg
10 μM
6.4–19.2 mg/kg
Intraperitoneal administration

Metformin

In vitro

H9C2 cells

–

Phellinus linteus

In vivo

Rat

10− 8 or 10− 9 g/kg Jugular vein
administration

Canagliflozin

In vivo

Non-diabetic male
rats

3 μg/kg
Intravenous administration

Exendin-4

In vivo

Male rats

0.140 μg/kg

Punicalagin

In vivo

Rat

30 mg/kg/day
Intragastric administration

Reducing post-ischemic cardiac infarct size
Decreasing oxidative stress, LDH, apoptosis and creatinine kinase-MB
levels
Mediating cardioprotective impacts via AMPK induction
Inducing AMPK signaling
Apoptosis inhibition
Improving inflammatory condition
Inducing AMPK phosphorylation by binding to glucagon receptor
Enhancing PGC-1α expression
Triggering Nrf1 and Tfam expressions
Increasing metabolism via triggering mitochondrial biogenesis
Reducing myocardial I/R injury
Activating AMPK signaling
Enhancing Beclin-1 and LC-3II expressions
Inducing autophagy flux
Increasing AMPK phosphorylation to inhibit mTOR signaling
Inducing mitophagy and restoring cardiomyocyte homeostasis in
ameliorating cardiac I/R injury
Reducing apoptosis
Ameliorating ER stress
Inducing AMPK/PAK2 axis
AMPK and ERK stimulation
Reducing infarct size
Changing metabolism from fatty acid oxidation to glucose oxidation
Decreasing oxidative stress
Exerting its protective impact in a dose-dependent manner
Reducing apoptosis, inflammation and oxidative stress
Inducing AMPK/SIRT1 axis
Inhibiting apoptosis via preventing cytochrome C release and caspase3 down-regulation
Suppressing DNA strand break
Activation of AMPK signaling
Reducing infarct size and apoptosis
Decreasing caspase-3 expression
Improving cardiac function
Enhancing adiponectin levels to induce AMPK signaling
Decreasing C-reactive protein levels
Reducing serum cholesterol levels
Improving glucose tolerance and endothelial function
Inducing AMPK signaling in favor of metabolism and reducing
myocardial I/R injury
Reducing levels of pro-inflammatory cytokines
Decreasing myocardial I/R injury
Enhancing AMPK phosphorylation partially mediates these protective
impacts
Decreasing apoptosis and improving heart function
Inducing AMPK phosphorylation
Decreasing infarct size and LDH levels
Improving cardiac function
Suppressing mitochondrial-mediated apoptosis
Enhancing AMPKα phosphorylation
Preventing mitochondrial fission
Inducing AMPK signaling via LKB1 upregulation
Enhancing activity of antioxidant enzymes including MnSOD and
catalase
Inhibiting apoptosis via ROS reduction
Exerting cardioprotective impact
Enhancing AMPK expression to inhibit mTOR signaling
Triggering autophagy mechanism
Apoptosis inhibition via caspase-3 and − 9 down-regulation
Decreasing infarct size and serum troponin-T levels
Reducing systolic and diastolic dysfunction
Increasing endothelium-dependent vasodilation in vitro
Inducing AMPK phosphorylation in mediating cardioprotective
impacts
Enhancing expression level of AMPK and mediating its
phosphorylation
Inhibiting SIRT1
Reducing acetylation of p53 and PGC-1α
Inhibiting FOXO-1 phosphorylation
Alleviation of myocardial I/R injury
Reducing infarct size
Improving cardiac function

[181]
[182]

[183]

[184]
[185]
[186]

[187]
[188]

[189]

[190]

[191]

[192]
[193]

[194]

[171]
[195]

[196]

[197]

(continued on next page)

8

M.D.A. Paskeh et al.

Cellular Signalling 94 (2022) 110323

Table 2 (continued )
Protective compound

In vitro/In
vivo

Cell line/Animal
model

Study design

Remarks

Barbaloin

In vivo

Rat

20 mg/kg/day
Intragastric administration

Adiponectin

In vivo

Rat

3 μg/mL

Apigenin

In vivo

Rat

4 μmol/L

Sevoflurane

In vivo

Mice

–

Decreasing LDH and serum creatinine-MB levels
Decreasing oxidative stress
Activating AMPK signaling
Improving hemodynamic function
Decreasing infarct size
Reducing oxidative stress and inflammatory storm
Inducing AMPK signaling in mediating these protective impacts
Enhancing AMPK phosphorylation via activating LKB1
Inducing SIRT1 deacetylation
Improving cardiac function
Improving cardiac function
Inhibiting ER stress
Inducing AMPK signaling to reduce apoptosis and enhance cell
viability
Inducing AMPK signaling to down-regulate p38, leading to caspase-3
down-regulation and subsequent apoptosis inhibition

Refs

[198]

[199]
[200]

[201]

Fig. 5. AMPK signaling and related molecular pathways in liver I/R injury.

[240,241]. To preserve homeostasis, the intestine has a mucosal barrier
composed of chemical, mechanical, immune and biological impedi
ments. Upon intestinal I/R injury, the mucosal barrier is disrupted,
paving the way for systemic inflammation [242]. Furthermore, multiple
organs dysfunction syndrome (MODS) and finally, death occur due to
this phenomenon [243,244]. In intestinal I/R, damage to epithelial cells
occurs and enhances vascular permeability and changes absorptive ca
pacity of the intestine [245,246]. The mortality from intestinal I/R
injury is estimated to be high (60%–80%); therefore, its management is
of importance [247]. Furthermore, intestinal I/R injury can negatively
affect remote organs with the lung being a prime example [248].
Notably, the damage induced in distal organs such as lung leads to
complications including acute lung injury and acute respiratory disease
syndrome that may cause death of the patient [249]..
Paeoniflorin (PF) is a bioactive monoterpene isolated from Paeonia
plants [250]. PF is used as a treatment for various diseases such as
cancers, neurological disorders, diabetes and I/R injury [251–256].

Furthermore, PF possesses biological activities as an antioxidant and
anti-inflammatory and modulates autophagy [257–259]. PF adminis
tration (50 mg/kg) is beneficial in alleviating intestinal I/R injury via
inducing autophagy. For this purpose, PF induces AMPK signaling via
enhancing expression level of LKB1. Then, AMPK promotes Beclin-1 and
LC3-II expressions and mediates p62/SQSTM1 degradation to trigger
autophagy. An in vitro experiment on IEC-6 cells (12.5, 25 and 50 μM)
induces autophagy to reduce intestinal I/R injury [260]. One of the
complications of chemotherapy is dose-dependent side effects that are
observed during irinotecan (CPT-11) treatment. A recent experiment has
evaluated how using ozone therapy can ameliorate tissue factor (TF)mediated intestinal ischemia during CPT-11 chemotherapy. The
increased levels of TF in blood shows disruption in the integrity of in
testinal mucosa. Furthermore, chemotherapy enteritis occurs after using
CPT-11. On the contrary, reducing TF levels prevents disruption of in
testinal mucosal integrity and ameliorates ischemic injury. It has been
reported that toll-like receptor 4 (TLR4)/p38 axis participates in
9
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Table 3
The AMPK signaling in liver I/R injury and current therapeutic strategies.
Protective compound/Molecule

In vitro/In
vivo

Cell line/Animal
model

Study design

Remarks

Refs

Proteasome inhibitors (BRZ and
MG132)

In vivo

Rat

100 nm (BRZ)
25 μM (MG132)

[214]

Thyroid hormone

In vivo

Rat

0.1 mg/kg

Carbonic anhydrase

In vivo

Rat

10 μg/ml

Trimetazidine

In vivo

Rat

10 mg/kg

Isoflurane

In vivo
In vitro

Mice
Hepatocytes

–

Alda-1

In vivo

Mice

20 mg/kg

Adiponectin

In vivo

Wistar rat

0.5 mg/kg

Young plasma

In vivo

Rat

1 ml
Intravenous
administration

Polyethylene glycol

In vivo

Rat

2 and 10 mg/kg
Intravenous
administration

Reducing liver injury and increasing bile production
Reducing vascular resistance
Enhancing AMPK phosphorylation
Mediating e-NOS activation
Decreasing AST levels
Inducing AMPK signaling
Reducing NLRP3 and IL-1β levels
Inducing AMPK signaling
Inhibiting ER stress
Inhibiting MAPK
Improving liver I/R injury
Reducing lipid peroxidation and apoptosis
Ameliorating liver injury
Repeated administration functions better compared to single
dose administration
Enhancing AMPK phosphorylation
Alleviated liver injury confirmed by ALT reduction
Apoptosis inhibition
Autophagy activation via AMPK upregulation and subsequent
mTOR inhibition
Reducing necrosis, AST, ALT and inflammation
Inducing AMPK-mediated autophagy
Decreasing inflammation, necrosis, AST and ALT
Reducing infiltration of cells
Apoptosis prevention via caspase-3 down-regulation
Inducing AMPK signaling to enhance eNOS expression
Stimulating AMPK signaling
Enhancing ULK1 expression
Autophagy activation
Ameliorating liver I/R injury
Maintaining mitochondrial membrane polarization
Reducing transaminase levels
Preserving hepatocyte morphology
Activating cytoprotective AMPK in inhibiting apoptosis

elevating TF levels and mediating intestinal ischemia. To inhibit this
axis, ozone therapy enhances AMPK phosphorylation to induce SOCS3
expression, leading to a significant reduction in TF and p38 levels as well
as alleviating intestinal ischemia [261].
As mentioned above, miRNAs play key roles during I/R injury and
they either enhance or decrease cell damage [262,263]. Many of the
therapeutic agents applied in treatment of I/R injury are phytochemicals
[264,265]. Increasing evidence reveals a role of naturally occurring
compounds in modulating the levels of miRNAs [266–268]. Adminis
tration of dioscin (20, 40 and 80 mg/kg, oral route) decreases oxidative
stress to alleviate intestinal I/R injury. For this reason, dioscin organizes
various signaling networks. First of all, dioscin enhances expression
level of SIRT6 via reducing miRNA-351-5p expression. Consequently, an
increase occurs in expression of AMPK to down-regulate FoxO3α, lead
ing to enhanced CAT and MnSOD activities and reduced intestinal I/R
injury [269].
Liver and lung are among the organs most often negatively affected
by intestinal I/R injury. The negative impact on liver during intestinal I/
R is due to washout of toxic agents from re-perfused intestine [270].
Furthermore, intestine and liver are in contact via vasculature system
[271]. The transport of cytokines to liver by gut-liver axis can also
mediate intestinal I/R injury [272]. Fish oil (FO) treatment (1 ml)
ameliorates liver injury during intestinal I/R by reducing AST and ALT
levels. Furthermore, FO significantly diminishes levels of cytokines such
as TNF-α and decreases MDA levels. The examination of molecular
pathways reveals that FO induces AMPK signaling to enhance SIRT1
expression, leading to Beclin-1 overexpression and subsequent auto
phagy induction in reducing liver injury during intestinal I/R [273].
Furthermore, FO can alleviate acute lung injury upon intestinal I/R. The
FO treatment (100 ml) diminishes lung edema and prevents infiltration
of macrophages. FO also prevents the inflammatory storm via reducing
levels of cytokines including IL-6, IL-1β, TNF-α and NF-κB. These lung

[237]
[238]

[230]

[219]

[233]
[229]

[236]

[239]

protective impacts of FO and its capacity in reducing apoptosis as well as
maintaining lung epithelial barrier integrity are mediated by AMPK
signaling induction and subsequent upregulation of SIRT1 [274].
The previous sections identified the role of adiponectin in the man
agement of various I/R injuries. The same processes occur in intestinal I/
R. Adiponectin (0.25, 0.5 and 1 mg/kg) enhances activity of SOD and
reduces MDA levels. Adiponectin prevents apoptosis and diminishes
levels of pro-inflammatory cytokines including IL-6, IL-1β and TNF-α.
These protective effects of adiponectin disappear after using an AMPK
inhibitor. Adiponectin induces AMPK signaling to enhance HO-1
expression in alleviating intestinal I/R injury [275]. HO-1 is a part of
Nrf2 signaling and as Nrf2 involves in antioxidant activity and possesses
cytoprotective functions [105,107,276], more experiments may well
identify how Nrf2 signaling is affected by AMPK in reducing intestinal I/
R injury.
The uncoupling protein 2 (UCP2) is a protective mechanism in
mitochondria capable of reducing oxidative stress and preventing
apoptosis [277]. On the other hand, AMPK signaling is considered as a
factor in regulating gut barrier function [278]. Also, AMPK modulates
energy in enterocytes and improves mitochondrial function
[68,279,280]. Irisin (20 mg/kg) induces AMPK/UCP2 axis via binding
to αVβ5 receptor. Then, gut injury is decreased as is apoptosis and
oxidative stress inhibited. Therefore, AMPK/UCP2 axis is vital for the
protective effects of irisin during intestinal I/R injury (Fig. 6) [281].
Table 4 summarizes the benefits of targeting AMPK signaling in intes
tinal I/R treatment.
4.5. Pulmonary ischemia
Lung I/R injury is another pathological process that occurs during
transplantation [282,283]. Lung I/R during transplantation is associated
with inflammation, increased vascular permeability, pulmonary edema
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Fig. 6. Targeting AMPK signaling and related molecular pathways in ameliorating intestinal I/R injury.

and endothelial cell dysfunction [284,285]. In addition to causing death,
lung I/R upon transplantation can lead to primary graft dysfunction
[286–288]. Similar to other kinds of ischemia, lung I/R injury is medi
ated by oxidative stress, inflammation and apoptosis. Therefore, tar
geting AMPK signaling is advantageous in ameliorating lung I/R injury.
One complication of type II diabetes is lung dysfunction due to I/R
injury. Low pulmonary oxygenation, high levels of IL-6 and TNF-α as
well as oxidative stress and apoptosis mediate lung damage. The adi
ponectin administration (10 μg) ameliorates lung injury and reverses the
adverse effects via inducing AMPK signaling, subsequent upregulation
of eNOS and down-regulation of inducible nitric oxide synthase (iNOS)
[289]. Lung isograft injury due to I/R reduces HSP70 overexpression
[290]. Other protective functions of HSP70 are obvious in brain I/R
injury; they also improve myocardial function after infarction
[291,292]. HSP70 interacts with AMPK in lung I/R. LDH and leukocytes
levels increase in lungs after I/R injury. Furthermore, I/R injury induces
inflammation, apoptosis and oxidative stress. Fibrin deposition, hem
orrhage and alveolar septal thickening are observed in lung I/R injury.
At molecular level, increasing expression level of HSP70 results in SIRT1
upregulation, subsequent induction of AMPK signaling and over
expression of eNOS in lowering lung I/R injury [293].

activation occurs and renal dysfunction is inhibited [302]. The ne
phropathy also commonly occurs in diabetes and marein induces AMPK
signaling in ameliorating this condition [303].
Similar to I/R injury to other organs, various protective compounds
have been utilized for alleviating renal I/R injury and preventing its
adverse effects. Dapagliflozin is a SGLT2 inhibitor, extensively applied
in treatment of diabetes. Dapagliflozin participates in ameliorating renal
I/R injury. Based on published results, exposing HK2 cells to dapagli
flozin (10 μM) is associated with activation of AMPK signaling that
subsequently, inhibits apoptosis and enhances viability of cells, leading
to renal I/R injury alleviation [304]. Metformin is another protective
agent in treatment of diabetes and capable of exerting its pleiotropic
impacts via affecting AMPK signaling [305–307]. One study focused on
relating AMPK signaling and fibrosis during renal I/R injury. Metformin
administration (125 μg/kg, rat) stimulates AMPK phosphorylation to
significantly diminish levels of IL-6 and TNF-α to alleviate renal I/R
injury [308]. AMPK induction by metformin before inducing renal I/R
injury preserves basolateral localization of Na-K-ATPase to reduce
damage to renal epithelial cells. In vivo experiments also revealed a role
for metformin [309] in improving cellular integrity and decreasing
tubular injury, confirmed by reduced levels of neutrophil gelatinaseassociated lipocalin. More experiments are required to identify poten
tial of metformin in reducing renal I/R injury via affecting AMPK
signaling; the optimal dose of metformin for this purpose remains
unknown.
In contrast I/R injury in other organs, there are controversies about
role of AMPK signaling in renal I/R.. The expression level of AMPKα1
and AMPKα2 undergoes upregulation by 3.2- and 2.5-fold, respectively
in acute renal ischemia. To confirm the role of AMPK in renal I/R injury,
AMPK-β1− /− mice were generated as a model with decreased expres
sion of AMPK up to 98%. The results of this experiment revealed that
there is no difference between severity of renal I/R injury among WT
and AMPK-β1− /− mice which is in contrast with aforementioned
findings [310]. The current authors feel that generally AMPK targeting is
beneficial in ameliorating I/R injury, as confirmed by a variety of ex
periments showing that AMPK normalizes mitochondrial function,

4.6. Renal Ischemia
As already noted, the damage associated with a reduced blood sup
ply may appear after infarction, sepsis and organ transplantation fol
lowed by inflammation and oxidative stress [294–297]. The most
common renal I/R injury occurs during acute kidney injury (AKI), the
clinical course of which induces kidney dysfunction and mortality. The
pathophysiology of renal I/R injury is not completely understood, but
neutrophil activation, ROS excessive generation and inflammation are
considered as major causes. Therefore, agents capable of reducing
inflammation and oxidative stress can be beneficial in treatment of renal
I/R injury [298–301]. On the other hand, targeting AMPK signaling is
beneficial in treatment of renal injuries. The ginsenoside Rb1 induces
AMPK signaling in inhibiting mTOR expression. Then, autophagy
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Table 4
The management and treatment of intestinal I/R injury via targeting AMPK
signaling.
Protective
compound

Paeoniflorin

Fish oil

In
vitro/
In
vivo

Cell
line/
Animal
model

Study design

In
vivo
In
vitro

Rat
IEC-6
cells

50 mg/kg
12.5, 25 and 50
μM

In
vivo

Wistar
rat

1 mL/d
Intraperitoneal
administration

Fish oil

In
vivo

Male
Wistar
rats

100 mL
Intraperitoneal
administration

Irisin

In
vivo
In
vitro

Mice
Caco-2
cells

20 μg/kg
10 nmol/L

Remarks

Enhancing
LKB1
expression
Inducing AMPK
signaling
Mediating
autophagy to
reduce
apoptosis,
inflammation
and oxidative
stress
Preventing
intestinal I/R
injury
Enhancing
SIRT-1
expression via
AMPK signaling
induction to
mediate
autophagy
Reducing liver
injury caused
by intestinal I/R
damage
Necrosis
inhibition
Decreasing
MDA and TNF-α
levels
Improving lung
injury caused
by intestinal I/R
Decreasing lung
tissue edema
and
macrophage
infiltration
Improving
integrity of lung
and intestine
structures
Inducing
AMPK/SIRT1
axis in
apoptosis
prevention and
enhancing lung
endothelial
barrier integrity
upon intestinal
I/R injury
Decreased
serum and gut
levels of irisin
Using
exogenous irisin
improves gut
barrier function
Normalizing
mitochondrial
function
Preventing
enterocyte
apoptosis
Reducing
oxidative stress
Inducing

Table 4 (continued )
Protective
compound

Refs

[260]

[273]

In
vitro/
In
vivo

Cell
line/
Animal
model

Study design

Dioscin

In
vivo
In
vitro

Mice
IEC-6
cells

20, 40 and 80
kg/kg (oral
administration)
0–100 ng/mL

Adiponectin

In
vivo

Rat

0.25, 0.5 and 1
mg/kg
Tail vein
injection

Remarks

AMPK/UCP-2
axis
Improving
intestinal I/R
injury
Reducing
expression level
of FoxO3α via
AMPK
activation
Reduced serum
levels of
adiponectin in
intestinal I/R
injury
Decreasing
levels of proinflammatory
cytokines
including IL-6,
IL-1β and TNF-α
Enhancing SOD
activity and
reduced MDA
levels
Apoptosis
inhibition
AMPK signaling
activation

Refs

[269]

[275]

inhibits cell death and regulates energy metabolism. However, relative
to renal I/R additional research is required to determine why AMPK
inactivation does not more severity aggravate renal I/R injury. One
study has revealed that caloric and protein restriction is vital for
reducing renal I/R injury, and during deprivation an increase occurs in
expression of AMPK to inhibit mTOR complex 1 (mTORC1), leading to
renal I/R injury [311]. Also, accumulation of ω-3 polyunsaturated fatty
acids results in AMPK activation, subsequent inhibition of mTOR
signaling, increased expression levels of Beclin-1 and ATG7 to induce
autophagy, resulting in amelioration of renal I/R injury [312]. A recent
report also revealed the advantages of ischemia pre-conditioning in
alleviation of renal I/R injury that is mediated by various molecular
pathways in which AMPK signaling activation is among them [313]. The
enhanced phosphorylation of AMPKα at Thr-172 leads to relaxation and
decreased levels of NADPH oxidase 4 (NOX4) and NPX2, resulting in a
significant reduction in ROS generation and subsequent amelioration of
renal I/R injury [314]. These examples clearly demonstrate that acti
vation of AMPK signaling is favorable in renal I/R treatment.
One of the molecular events that is of special interest in renal I/R
injury is autophagy. In type II diabetes, renal I/R injury is common and
one of the underlying molecular pathways is autophagy inhibition. It has
been reported that activation of AMPK/ULK1 axis can induce autophagy
and alleviate I/R injury, showing renoprotective impacts of autophagy
mechanism [315]. It suggested that autophagy activation in renal I/R
injury reduces apoptosis. This demonstrates the association between
autophagy and apoptosis in renal I/R injury. The pioglitazone (10 mg/
kg, intraperitoneal administration), induces AMPK signaling to enhance
expression levels of Beclin-1 and LC3-II which promote autophagy.
Upon activation of autophagy, apoptosis inhibition occurs due to downregulation of caspase-3 and -8, showing how apoptosis and autophagy
interact in ameliorating renal I/R injury [316]. Therefore, activation of
autophagy via AMPK upregulation and subsequent inhibition of mTOR
signaling exerts protective impacts via reducing stress and apoptosis that
alleviate renal I/R injury [317].
A number of natural agents have been found to be effective against

[274]

[281]
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chronic inflammatory conditions [318,319]. Quercetin is a naturally
occurring compound that recently has received much attention due to its
biological activities such as antioxidant and anti-inflammatory as well as
its capacity as a potential treatment for various diseases such as cancer,
diabetes and neurological disorders [320,321]. The increasing evidence
has revealed that AMPK signaling activation by quercetin is responsible
for its therapeutic potential in treatment of atherosclerosis [322],
reducing fatty acid levels [323] and improving bone diseases [324].
Quercetin (10, 30 and 60 μM) induces AMPK signaling to reduce mTOR
expression, resulting in autophagy induction and alleviation of renal I/R
injury [325]. Therefore, activation of AMPK signaling and affecting its
downstream targets such as SIRT3 and UCp2 (overexpression) are of
importance in decreasing renal I/R injury [326]. Thus, modulation of
AMPK signaling can affect cell death pathways, organelle function and
related molecular pathways such as mTOR in treatment of renal I/R
injury (Fig. 7) [307,327–332]. Table 5 summarizes therapeutic strate
gies targeting AMPK signaling in amelioration of I/R injury.

activates and inhibits autophagy. A controversy exists as to how auto
phagy is impacted by AMPK in I/R. Many experiments highlight the fact
that AMPK-mediated autophagy induction leads to protective impacts
during I/R injury, but there are some studies showing that autophagy
can also aggravate I/R injury. Clearly, role of autophagy in I/R requires
greater definition. However, there is consensus about other cell death
mechanisms in which AMPK signaling inhibits apoptosis and necrosis
while alleviating I/R injury. An increased ROS generation occurs in I/R
and it negatively influences homeostasis of organelles including mito
chondrial and ER that can lead to apoptosis. Noteworthy, activation of
AMPK signaling counteracts ROS overgeneration and oxidative stress.
Furthermore, AMPK normalizes function of mitochondrial and prevents
loss of MMP. In terms of affecting molecular pathways, AMPK mainly
induces Nrf2 signaling for reducing ROS generation to enhance activity
of antioxidant enzymes such as SOD and CAT.
Inflammation also aggravates I/R injury and activation of AMPK
signaling is correlated with a significant reduction in levels of proinflammatory cytokines such as IL-1β and TNF-α. Furthermore, AMPK
signaling reduces macrophage infiltration during I/R injury. Therefore,
both inflammation and oxidative stress undergo reductions as a result of
AMPK activation. To stimulate AMPK signaling, protective compounds
can directly enhance its phosphorylation, mediate upregulation of its
upstream mediators such as LKB1, and prevent expression of its in
hibitors including miRNAs as discussed in the text.
As summarized here in this review, various therapeutic agents have
been utilized in alleviating I/R injury through AMPK activation. None
theless, such strategy has not been successful in translation into clinical
trials. Although efforts were seen in clinical course for treatment of
patients with I/R and application of protective compounds [323,335],
there is still a long journey for further translation of experimental
findings into clinics. Ample evidence has depicted the benefit of AMPK
induction in the management of I/R injury. The protective compounds
targeting AMPK signaling are mainly plant derived-natural compounds.
However, phytochemicals suffer from poor bioavailability and their
clinical application is limited. The solution to improving bioavailability
of phytochemicals is using nanoscale delivery systems that have been

5. Perspectives and concluding remarks
I/R injury is an emergency event. Timely treatment should be made
as soon as possible to prevent more severe complications. Each organ has
vital function and its dysfunction resulting from I/R injury can threaten
life. The inflammatory storm and oxidative stress can induce cell death
in organs undergoing I/R and therefore, using protective compounds is
of interest. Furthermore, reperfusion also stimulates extensive damage
in cells by enhancing ROS generation and mediating oxidative stress.
Hence, both blood supply deprivation and re-oxygenation negatively
impact organs during I/R. Among various molecular pathways that
determine I/R injury, AMPK is of interest since it can regulate function
of organelles and affect energy production in cells.
In the present review, we emphasize that stimulation of AMPK
signaling is beneficial in reducing I/R injury, as confirmed by various
experiments. Initially, AMPK regulates different cell death pathways in
I/R. AMPK signaling augmentation prevents apoptosis during I/R injury;
it reduces necrosis; it inhibits ER stress-mediated apoptosis; it both

Fig. 7. Targeting AMPK signaling in amelioration of renal I/R injury.
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Table 5
Alleviation of renal I/R injury via targeting AMPK signaling.
Protective
compound

In vitro/In
vivo

Cell line/Animal
model

Study design

Remarks

Refs

Dapagliflozin

In vitro

HK2 cells

10 μM

[304]

Metformin

In vivo

Rat

125 μg/kg

Metformin

In vitro
In vivo

Epithelial cells
Mice

0–50 mM
300 mg/kg (intraperitoneal
administration)

Dexmedetomidine

In vitro

Macrophages

0.01, 0.1, or 1 μM

Pioglitazone

In vivo

Rat

10 mg/kg/day
Intraperitoneal administration

Stanniocalin-1

In vivo

Mice

20 mg/kg
Intraperitoneal administration

Oleuropein

In vivo

Rat

10, 50 and 100 mg/kg
Oral administration

Irisin

In vivo

Mice

10, 100 and 200 μg/kg
Intraperitoneal administration

Reducing apoptosis
Enhancing cell viability
Increasing AMPK expression
Inducing AMPK phosphorylation
Reducing fibrosis and levels of TNF-α, SMA, vimentin and TGF-β1
Enhancing E-cadherin levels
Preserving basolateral localization of Na-K-ATPase pump via enhancing
AMPK phosphorylation
Ameliorating tubular injury via reducing neutrophil gelatinase-associated
lipocalin
The inactivation of AMPK signaling leads to injury during I/R and its
stimulation by dexmedetomidine ameliorates this condition
Decreasing serum creatinine and urea nitrogen
Reducing cell injury
Improving histopathological profile of kidney
Inducing AMPK signaling to enhance Beclin-1 and LC3-II levels
Inhibition of p62 and caspase-3/8
Autophagy activation
Apoptosis inhibition
Inducing AMPK signaling
Enhancing levels of UCP2 and SIRT3
Reducing kidney injury during I/R
Reducing LDH activity
Decreasing levels of creatinine, urea and uric acid
Apoptosis and inflammation inhibition
Inducing AMPK and eNOS expressions
Reducing cell apoptosis and injury
Activating AMPK signaling to enhance UCP2 expression

[308]
[309]

[333]
[316]

[326]
[334]

[322]

References

recently developed [336]. Rare applications of nanocarriers in amelio
ration of I/R injury have been conducted [302,337], but there is no
experiment about targeting AMPK signaling by nanoparticles in I/R
treatment; this should be a focus of future experiments. Furthermore,
nanoparticles can load miRNAs for the alleviation of I/R injury [338]
and gene-loaded nanostructures can be applied for treatment of I/R
injury via targeting AMPK signaling. Furthermore, upstream mediators
of AMPK signaling that inhibit its expression, can be down-regulated by
small interfering RNA (siRNA) and short hairpin RNA (shRNA). With
regard to the application of nanoparticles, special attention should be
directed towards synthesis of nanocarriers with high biocompatibility
that may be highly useful at the clinical level. One means for enhancing
safety profile of nanoparticles is their surface modification by natural
products such as chitosan [321,339,340]. The clinical importance of the
current work is that an affordable and effective approach is introduced
for the treatment of I/R injuries. The majority of these natural products
have a high therapeutic index and specifically target AMPK signaling.
Since poor bioavailability is the most important challenge for some
phytochemicals for exerting their therapeutic index, further studies
should use nanostructures for their delivery in I/R treatment.
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