
Theranostics 2018, Vol. 8, Issue 16 
 

 
http://www.thno.org 

4535 

TThheerraannoossttiiccss  
2018; 8(16): 4535-4551. doi: 10.7150/thno.25674 

Review 

AMPK: Potential Therapeutic Target for Ischemic 
Stroke 
Shuai Jiang1, 2*, Tian Li3*, Ting Ji1*, Wei Yi4, Zhi Yang3, Simeng Wang5, Yang Yang1, and Chunhu Gu4 

1. Key Laboratory of Resource Biology and Biotechnology in Western China, Ministry of Education. Faculty of Life Sciences, Northwest University, 229 Taibai 
North Road, Xi’an 710069, China 

2. Department of Aerospace Medicine, The Fourth Military Medical University, 169 Changle West Road, Xi’an 710032, China 
3. Department of Biomedical Engineering, The Fourth Military Medical University, 169 Changle West Road, Xi’an 710032, China 
4. Department of Cardiovascular Surgery, Xijing Hospital, The Fourth Military Medical University, 127 Changle West Road, Xi’an 710032, China 
5. Center for Human Nutrition, University of Texas Southwestern Medical Center, 5323 Harry Hines Blvd, Dallas, TX 75390, USA 

*These authors contributed equally to this work.  

 Corresponding authors: Yang Yang MD., PhD. and Chunhu Gu MD., PhD., Key Laboratory of Resource Biology and Biotechnology in Western China, 
Ministry of Education, Faculty of Life Sciences, Northwest University, 229 Taibai North Road, Xi’an 710069, China. Telephone: +86 13379217366; Email address: 
yang200214yy@163.com (Yang Yang) and chunhuguxijing@126.com (Chunhu Gu) 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2018.02.22; Accepted: 2018.07.16; Published: 2018.08.10 

Abstract 

5'-AMP-activated protein kinase (AMPK), a member of the serine/threonine (Ser/Thr) kinase group, is 
universally distributed in various cells and organs. It is a significant endogenous defensive molecule that 
responds to harmful stimuli, such as cerebral ischemia, cerebral hemorrhage, and, neurodegenerative 
diseases (NDD). Cerebral ischemia, which results from insufficient blood flow or the blockage of blood 
vessels, is a major cause of ischemic stroke. Ischemic stroke has received increased attention due to its 
‘3H’ effects, namely high mortality, high morbidity, and high disability. Numerous studies have revealed 
that activation of AMPK plays a protective role in the brain, whereas its action in ischemic stroke remains 
elusive and poorly understood. Based on existing evidence, we introduce the basic structure, upstream 
regulators, and biological roles of AMPK. Second, we analyze the relationship between AMPK and the 
neurovascular unit (NVU). Third, the actions of AMPK in different phases of ischemia and current 
therapeutic methods are discussed. Finally, we evaluate existing controversy and provide a detailed 
analysis, followed by ethical issues, potential directions, and further prospects of AMPK. The information 
complied here may aid in clinical and basic research of AMPK, which may be a potent drug candidate for 
ischemic stroke treatment in the future. 
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Introduction 
The brain is an organ that serves as the central 

nervous system among all vertebrate. Stroke is caused 
by occulusion of cerebral vessels or angiorhagia [1-4]. 
It is reported that stroke is the primary cause of 
disability and affects approximately 795,000 people 
annually. Stroke is characterized by ‘3H’, namely high 
mortality, high morbidity, and high disability, it 
causes immense health and economic burdens to 
families and society [5]. Stroke may contribute to 
brain dysfunction due to a disturbance in the cerebral 
blood supply, which is caused by occlusion of vessels 
due to a blood clot or a bleeding vessel [6]. Mild or 

chronic cerebral ischemia might be nonfatal and cause 
mild somatic symptoms, whereas acute stroke may 
cause hemiplegia, cardiac dysfunction, and even 
death. Ischemic stroke is more common than 
hemorrhagic stroke in all cases, we pay attention to 
the former throughout this review.  

Previous studies have demonstrated that the 
dysfunction of energy metabolism plays a significant 
role in ischemic stroke. The underlying mechanism 
appears to involve an energy sensor called AMPK, a 
member of the serine/threonine (Ser/Thr) kinase 
group [7-11]. The historical background of AMPK 
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may date back to two independent works by Gibon 
and Carbson in 1973. Later, it was extracted and 
sequenced by Carling et al until 1994 and was 
identified as a peripheral ‘energy sensor’ under 
conditions of energy deprivation, ischemic stress, and 
heavy exercise [12]. Studies have demonstrated that 
AMPK plays an important role in various organs, 
including the brain [13], heart [14], liver [15], kidney 
[16], gastrointestinal tract [17], lung [18], and pancreas 
[19]. AMPK, which functions as the cellular energy 
sensor, can resist cerebral ischemic injury by 
switching on catabolic pathways and switching off 
ATP-consuming processes [20, 21]. Over the past 40 
years, the annual number of publications on AMPK 
has surged from several to nearly 2000. Our 
laboratory has discovered that AMPK is a protective 
molecule in myocardial ischemia [22], vasorelaxation 
[23], angiogenesis [24], fluid shear stress [25, 26], and 
diabetic cardiac injury[27]. A positive effect of AMPK 
has been reviewed in the heart [28], liver [29], and 
kidney [30], etc., whereas its relationship with 
ischemic stroke has not been well discussed. Thus, 
further understanding of AMPK and ischemic stroke 
may aid in experimental studies and clinical 
therapeutics. 

Herein, we first introduce the background of 
AMPK and ischemic stroke, followed by a review of 
its upstream agonists and antagonists. Second, we 
summarize the regulatory mechanism of AMPK in 
ischemic stroke, including oxidative stress, 
autophagy, apoptosis, mitochondrial dysfunction, 
glutamate excitotoxicity, neuroinflammation, and 
angiogenesis. AMPK stands at the crossroads of 
diverse regulatory mechanism to main energy 
homeostasis during stroke. Third, therapeutic 
methods and benefits beyond ischemia are discussed. 
Finally, we bring attention to various controversial 
opinions, ethical issues, and potential directions. This 
review highlights recent advances and provides a 
comprehensive picture of AMPK, which may be 
helpful in drug design and clinical therapy for 
treatment of ischemic stroke.  

General aspects regarding AMPK  
Structure of AMPK  

AMPK is a heterotrimeric complex distributed in 
different tissues and organs denoted α1, α2, β1, β2, γ1, 
γ2, and γ3 subunits [31]. As a result, there are 7 
isoforms in eukaryotic cells, which allow for the 
expression of 12 different AMPK complexes, such as 
α2β1γ1 [32] and α1β1γ1 [33].  

The α subunit is composed of a kinase domain, 
an auto-inhibitor domain (AID), and an α-subunit 
carboxy-terminal domain (α-CTD) from the 

N-terminus to the C-terminus. Phosphorylation of 
Thr172 at the α subunit increases AMPK activity by 
2–3 orders of magnitude [34, 35]. AMP binding 
promotes phosphorylation by LKB1. Scott et al 
discovered that AMP and A769662 cause synergistic 
allosteric activation even when using kinase that is 
not phosphorylated on Thr172 [36]. The AID lowers 
AMPK activity in the absence of AMP, which is a 
crucial component of AMPK regulation independent 
of Thr172 phosphorylation.  

The β subunit comprises a carbohydrate-binding 
module (CBM) and a β-CTD. The β-CTD functions as 
a scaffold, interacting with the α-CTD of the α subunit 
and the N-terminal region (NTR) of the γ subunits. 
Excess accumulated glycogen can interact with CBM 
and inhibit the activity of AMPK, while energy 
deprivation might activate AMPK especially in 
conditions of cerebral ischemia.  

The γ subunit has four tandem repeats of 
cystathionine β synthase (CBS) and an NTR. The four 
CBS domains (CBS1 to CBS4) form two Bateman 
domains that are able to bind to AMP, ADP, or ATP. 
Mutations in these domains contribute to some 
diseases, such as PRKAG2 cardiomyopathy [37]. The 
NTR is connected to the β subunit to maintain the 
stability of AMPK. Overall, the main function of the γ 
subunit is promoting the allosteric activation of 
AMPK. 

Expression and localization of AMPK 
AMPK is widely but distinctly distributed in 

different tissues and organs, which might explain the 
susceptibility of different organs to ischemic stimuli. 
The early work of Turnley and colleagues reported a 
systematic study on AMPK that provides a 
comprehensive understanding of the distribution of 
AMPK in specific types of cells [20]. The α1 subunit 
mainly exists in the brain, heart, lung, kidney, and 
liver. The α2 subunit mainly exists in the liver, heart, 
skeletal muscle, and cerebral neurons. The α1 subunit 
is present in the cytoplasm whereas the α2 subunit is 
present in both the cytoplasm and nucleus [38]. The 
α2 subunit can regulate transcription in the nucleus, 
which allows neurons that contain more AMPK α2 
subunit to regulate energy metabolism and to survive 
metabolic stress during ischemia. The β1 subunit has a 
low content in skeletal muscle, while the β2 subunit is 
highly expressed in skeletal muscle. The γ3 subunit is 
almost exclusively restricted to fast twitch skeletal 
muscle [39], whereas the γ1 and subunit are widely 
expressed in almost all tissues. The γ2 subunit is not 
expressed in high concentration in all tissues [20].  

AMPK is expressed in the central nervous 
system (CNS) from at least the time of neuroepithelial 
formation. Gao and colleagues detected the 
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expression of AMPK in the adult brain in 1995 [40]. 
The brain mRNA levels of the α2 subunit are 
increased from the 10th to 14th day of the embryonic 
period, whereas the α1, β1, and γ1 subunits are 
expressed consistently at all ages. Moreover, the α2 
catalytic subunit is highly expressed in neurons and 
activated astrocytes, whereas the α1 catalytic subunit 
exhibits only low expression in neuropil. Some 
neurons, such as granule cells of the olfactory bulb, do 
not express detectable levels of the β subunit [20]. The 
disparate expression and nuclear localization of the α, 
β, and γ subunits suggest specific functions and 
physiological roles of AMPK in different nerve cells. 

Upstream regulators of AMPK 

Upstream kinases/activators  
In the brain, ischemia is one of the most 

important forms of energy deprivation. ATP is the 
primary energy source for various biological actions, 
and the production and utilization of ATP are highly 
related to cerebral homeostasis. In mammals, AMPK 
is activated by increases in AMP/ATP or ADP/ATP 
ratios under energy stress [41, 42]. The increase in 
AMP is always much greater than the increase in ADP 
or decrease in ATP, which suggests that AMP might 
be the primary regulatory signal to energy 
consumption [43]. Therefore, AMPK acts as an early 
sensor of energy deprivation for maintaining 
metabolic homeostasis. 

In addition to AMP, other upstream 
kinases/activators play significant roles in the 
activation of AMPK, such as liver kinase B1 (LKB1) 
[44, 45], Ca2+/calmodulin-dependent protein kinase β 
(CaMKKβ), 5-aminoimidazole-4-carboxyamide ribo-
nucleoside (AICAR), and antimycin A. In middle 
cerebral artery occlusion (MCAO) mice [46], Li et al 
detected that the activity of LKB1 is significantly 
increased compared to controls, concomitant with 
increased expression of AMPK [47]. Studies have 
revealed that LKB1 can phosphorylate AMPK under 
energy deprivation, and this process may be 
facilitated by adapter proteins that are able to recruit 
LKB1 and AMPK on the two-dimensional surfaces of 
lysosomes [35, 48]. Zhang’s group reported that the 
late lysosome v-ATPase-Regulator complex may 
activate the LKB1/AMPK pathway under glucose 
starvation, thereby providing a switch from 
catabolism to anabolism [35]. CaMKKβ functions as 
AMPK kinase in the hypothalamus to control food 
intake, indicating this pathway’s contribution to 
energy balance of whole body [49]. Calcium activates 
CaMKKβ to increase T172 phosphorylation. One 
group study reported that both AMP and ADP 
promote T172 phosphorylation via CaMKKβ [41], 

while another study reported AMP not ADP regulates 
activation via LKB1, but not CaMKKβ [38].  

AICAR, the first discovered pharmacologic 
activator of AMPK, is an adenosine-regulating agent 
that was approved by the Food and Drug 
Administration (FDA), named Acadesine [50]. AICAR 
can be phosphorylated into the AMP analog “ZMP” 
and enhance the activity of AMPK, which may 
prolong the survival of cultured rat embryonic 
hippocampal neurons subjected to oxygen glucose 
deprivation (OGD), a classical model used to mimic 
ischemia in vitro [51]. Inhibition of AMPK by 
Compound C (a classical AMPK antagonist) 
exacerbates OGD-induced neuronal injury, while 
treatment with AICAR reverses the effects above [52]. 
Antimycin A, a mitochondrial respiratory inhibitor in 
oxidative phosphorylation, is able to maintain 
intracellular pH homeostasis of the hippocampal 
neurons by recruiting Na+/H+ exchanger 5 (NHE5) to 
the cytomembrane, whereas these effects are 
effectively eliminated by Compound C, the NHE 
inhibitor HOE694, or AMPK mutation [53, 54]. 
Together, upstream agonists/activators are necessary 
for the activation of AMPK and to guarantee its 
protective effects during metabolic stress.  

Antagonists 
Compounds C and C75 are two important 

antagonists of AMPK. Zhou and colleagues studied 
more than 10,000 hydrones and identified that 
Compound C is a reversible inhibitor of AMPK under 
various levels of ATP [55]. Initially, studies on 
Compound C were still limited to in vitro experiments 
of the CNS, despite in vivo experiments began to be 
carried out a few years ago [47, 56]. Zhu et al 
discovered that inhibition of AMPK by Compound C 
reduces the viability and inhibits the energy 
metabolism of cultured primary cortical neurons 
under physiological conditions [57]. Moreover, 
atorvastatin treatment enhances the phosphorylation 
of AMPK and the expression of vascular endothelial 
growth factor (VEGF) in cultured human umbilical 
vein endothelial cells (HUVEC), whereas these effects 
are abolished by Compound C [34]. The inhibition of 
AMPK by Compound C was also reported by Li’s [58] 
and Izumi’s groups [59].  

C75 is a synthetic FA synthase inhibitor or 
carnitine palmitoyltransferase (CPT-1) stimulator that 
indirectly restrains the phosphorylation of AMPK 
[60]. C75 rapidly reduces the level of the 
phosphorylated AMPK α subunit (pAMPKα) in the 
hypothalamus, even in fasted mice with elevated 
hypothalamic pAMPKα levels. C75 reduces the levels 
of pAMPK α and phosphorylated cAMP response 
element-binding protein (pCREB) in the arcuate 



 Theranostics 2018, Vol. 8, Issue 16 
 

 
http://www.thno.org 

4538 

nucleus neurons of the hypothalamus [61]. Moreover, 
Landree and colleagues discovered that C75 can 
decrease food intake and induce weight loss by 
inhibiting AMPK in primary cultures of cortical 
neurons [62]. McCullough and colleagues reported 
that the suppression of AMPK by C75 plays a role in 
not only the ischemic area but also the non-ischemic 
area. The inhibition of AMPK by C75 in the 
non-ischemic area is delayed and secondary to the 
ischemic area [56]. It was reported that C75 injections 
in mice induce rapid reduction in phosphorylated- 
AMPK (pAMPK) levels [61] and ATP levels in 
cultured hypothalamic neurons [63]. Strictly 
speaking, compound C and antimycin A cannot be 
regarded as specific inhibitors of AMPK, indicating 
the pleiotropic effects of them should be observed. 

Regulation of energy metabolism in the brain  
The concentration of ATP within most 

eukaryotic cells is kept at a considerably constant 
level, despite wide fluctuations in the demand for 
ATP. In order to achieve this goal, cellular changes in 
ATP levels are required to be monitored for restoring 
ATP levels to main energy homeostasis. Of all 
systems, AMPK stands at the crossroads of various 
metabolic processes and is involved in the metabolic 
changes that are closely related to cell survival, 
growth, aging, and cell death [64]. A number of 
studies have indicated that AMPK is able to protect 
against ischemic stroke [65, 66], hemorrhage stroke 
[67], NDD [68], and brain tumors [69], suggesting that 
AMPK is a protective regulator in cerebral diseases. 
The brain constitutes only 2% of the body’s weight but 
utilizes half of the total glucose supply, which may be 
attributed to the fact that neurons are the most 
metabolically demanding cells in humans[70]. 

Neurons manifest as high energy metabolism and 
conduct numerous energy-demanding processes, 
including maintaining ion gradients across 
membrane, firing action potentials, and producing 
other forms of bioelectricity. Neurons are able to 
synthesize glycogen, whereas astrocytes are one of the 
only ‘warehouses’ of glycogen, which allows 
glycogen to transfer into astrocytes [71]. Unlike 
cardiomyocytes, neurons utilize only glucose and 
poorly store energy, which makes neurons more 
vulnerable to cerebral ischemia that might cause 
irreversible injury to the cerebrum. Under harmful 
stimuli, neurons can be activated and have a higher 
expression of AMPK for glucose uptake and 
utilization. Therefore, sufficient and stable AMPK 
content is necessary to maintain the life and activity of 
neurons.  

In the brain, glutamate is the primary 
neurotransmitter regulating most synaptic 
transmission associated with AMPK signaling [72]. 
Stimulation of glutamate by reduced cellular ATP 
contributes to compensatory increases in AMPK in 
cerebellar granule neurons [73]. Glutamate excitation 
leads to an increase in GLUT3 that persists for hours, 
concomitant with enhanced expression of AMPK, 
whereas knockdown or pharmacological inhibition of 
AMPK may contribute to a reduction of GLUT3 and 
glucose utilization [72]. Taken together, AMPK acts as 
a nuclear regulator of energy metabolism and plays a 
pivotal role in cerebral energy homeostasis (Fig 1).  

Regulation of AMPK in ischemic stroke 
Oxidative stress 

Oxidative stress is a pathological process 
manifesting overproduction of reactive oxygen 

species (ROS) and reactive 
nitrogen species (RNS) under 
harmful stimuli [74-79]. 
These alterations result in an 
imbalance of antioxidants 
and ROS/RNS and cause 
immense injury to neurons. 
The brain is a highly 
energy-consuming organ that 
almost utilizes 50% of the 
total energy. However, the 
energy storage of brain can 
sustain only a few minutes 
without energy influx, which 
determines the high liability 
of the brain to ischemic 
stimuli.  

Compelling evidence 
has suggested that oxidative 

 

 
Fig. 1. Structure of AMPK subunits. AMPK is a heterotrimeric complex of α, β, and γ subunits. The main functions of α, 
β, and γ subunits are catalysis, regulation, and conjunction, respectively. The α subunit is composed of a kinase domain, an 
auto-inhibitor domain (AID), and a α-subunit carboxy-terminal domain (α-CTD). The β subunit consists of β-CTD and CBM 
and functions as the ‘bridge’ between the α and γ subunits via β-CTD. The γ subunit has an N-terminal domain (NTD) and four 
tandem repeats of cystathionine β synthase (CBS) to form Bateman domains. 
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stress involving AMPK plays a pivotal role in the 
brain. Trans-caryophyllene (TC), a bicyclic 
sesquiterpene, is a selective agonist of type 2 
cannabinoid receptor (CB2R). Choi and colleagues 
studied cortical neuron/glia-mixed cultures from 
Sprague-Dawley rats and found that aftertreatment of 
TC enhances AMPK/cAMP response element- 
binding protein (CREB) signaling and reduces 
OGD/reoxygenation-evoked neuronal oxidative 
stress. Exposure to hypoxia results in a significant 
increase in ROS that is closely related to neurological 
pathologies. Extracellular superoxide dismutase 
transgenic mice exposed to hypoxia for 10 days 
display increased pAMPK activity and decreased 
malondialdehyde (MDA) and lactic acid levels 
compared to the controls. This revealed that 
activation of cortical CB2R can ameliorate oxidative 
stress via activating AMPK/CREB signaling [80]. 
Pathophysiologically, quiescent astrocytes convert to 
the activated state and protect neurons from harmful 
stimuli, therefore rapidly alleviating injury to NVUs. 
AICAR, a cell-permeable activator of AMPK, 
significantly promotes the production of ketone 
bodies in rat cortical astrocytes under hypoxic 
conditions, thereby attenuating the oxidative injury of 
NVUs [81]. These data demonstrate that AMPK has 
potential prophylactic roles in diseases with chronic 
ischemia/hypoxia-induced cerebral injury, 
suggesting that AMPK is a pivotal and protective 
molecule in cerebral ischemic/hypoxic diseases.  

Autophagy 
Energy deprivation secondary to cerebral 

ischemia often leads to cellular autophagy, a 
conservation process that produces energy by 
degrading and recycling cellular constituents. 
Autophagy is a dynamic intracellular process 
consisting of five steps: autophagy induction, vesicle 
formation, autophagosome fusion, lysosome fusion, 
and autophagosome degradation [82-87].  

Pre-activation of AMPK has been proven to 
promote neurological autophagy and to ameliorate 
ischemic injury [88, 89]. Cerebral ischemic 
preconditioning (IPC), consisting of transient 
episodes of subthreshold ischemic insult, induces a 
low level of energy stress and increases cerebral 
tolerance to subsequent fatal ischemic exposure [90]. 
Cerebral IPC can activate AMPK and induce 
autophagy, accompanied by reductions in cell 
apoptosis, infract volume, and neurological deficits 
during ischemic stroke. Furthermore, rats injected 
with a single dose of Compound C 5 min before 
cerebral IPC display suppressed autophagy and 
increased infarct size, suggesting that 
AMPK-dependent autophagy contributes to 

neuroprotection [90]. Metformin, discovered in 1922, 
is the first-line oral medication for the treatment of 
type 2 diabetes [91, 92]. Acute metformin 
preconditioning induces autophagy by activating 
AMPK and confers neuroprotection against 
subsequent cerebral ischemia. Jiang and colleagues 
discovered that metformin significantly reduces the 
infarct volume and neurological deficits 96 h after 
ischemia, implying that the neuroprotection of 
metformin could last for at least 4 days, whereas this 
process can be inhibited by pretreatment with 
Compound C. Notably, they also discovered that 
metformin does not significantly affect some 
physiological parameters (including PaCO2, PaO2, 
blood pressure, and blood glucose levels), further 
supporting the pharmacological value of AMPK. This 
suggests that pre-activation of autophagy by AMPK is 
protective against cerebral ischemia [93]. Kallikrein, a 
subgroup of serine proteases, protects SH-SY5Y 
neurons against OGD-induced injury via autophagy 
induction via AMPK/tuberous sclerosis complex 
(TSC)/mTOR pathway. However, inhibition of 
AMPK by Compound C prevents the 
phosphorylation of AMPK and inhibits autophagy. 
Meanwhile, the knockdown of AMPK α1 by lentivirus 
achieves the same effects [94]. Notably, several studies 
have demonstrated that metformin is not a direct 
activator of AMPK, and has effects that are 
AMPK-independent [95, 96], suggesting that we shall 
equitably think of the effects of metformin-induced 
AMPK activation.  

Apoptosis 
Apoptosis is a process of programmed cell death 

that occurs in multicellular organisms. It is a dynamic 
process of blebbing, cell shrinkage, nuclear fragmen-
tation, chromatin condensation, chromosomal DNA 
fragmentation, and global mRNA decay [97-101]. 
Apoptosis represents the execution of an 
ATP-dependent death program, which is often 
initiated by death ligand/death receptor interactions, 
such as Fas ligand and Bax/Bcl-2 [102]. Neuron 
apoptosis might be induced and even worsen under 
pathological situations, including ischemia and 
hyperglycemia [103].  

 Neuron apoptosis is usually secondary to 
ischemic injury and serves as an index of ischemic 
extent, whereas this process may be ameliorated by 
AMPK. IPC can activate AMPK and ameliorate cell 
apoptosis in the peri-infarct region, as evidenced by 
the reduced percentage of TUNEL-positive cells, 
suggesting the ability of AMPK to reduce apoptosis in 
ischemic stroke [90]. Acute preconditioning of 
metformin ameliorates neuron apoptosis via 
activating AMPK, corresponding to a reduced 
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percentage of TUNEL-positive cells and endoplasmic 
reticulum stress (ERS) during subsequent ischemic 
stimuli [93, 104]. Chikusetsu Saponin Iva 
preconditioning activates AMPK/GSK-3β pathway 
and inhibits apoptosis of PC12 cells, as evidenced by 
reduced amounts of caspase-3 and Bax/Bcl-2. 
Activated AMPK and suppressed apoptosis also 
reduce infarct size and improve neurological 
outcomes after ischemia reperfusion injury (IRI) in 
MCAO mice. This indicates that Chikusetsu Saponin 
Iva protects against cerebral ischemia through the 
AMPK/GSK-3β-restrained apoptosis pathway [105]. 
Moreover, Yang et al discovered that preconditioning 
of Apelin-13 promotes the phosphorylation of AMPK 
and suppresses apoptosis after cerebral IR, while 
Apelin-13 has minimal effect on attenuating apoptosis 
when Compound C is added. This study provides 
evidence that Apelin-13 upregulates the levels of 
AMPK to perform neuroprotective effects by 
restraining apoptosis [106]. Estrogen deficiency 
induced by ovariectomy aggravates brain infarction in 
experimentally induced cerebral ischemic rats, while 
estrogen pretreatment reduces ischemia-induced 
cerebral injuries. In OGD neurons, aftertreatment of 
estrogen promotes AMPK activation and suppresses 
apoptosis through estrogen receptor α while 
neuroprotection of estrogen is prevented by AMPK 
inhibition [107]. These evidences suggest that 
inhibiting apoptosis by AMPK is a potentially 
valuable therapeutic strategy for ischemic stroke in 
the future. 

Mitochondrial dysfunction 
Mitochondria, also referred to as the ‘cellular 

power centers’, are semiautonomous, self-repro-
ducing organelles found in the cytoplasm of most 
eukaryotes [108, 109]. Mitochondria can generate high 
quantities of ATP for various biological actions in 
both physiological and pathological conditions [110]. 
Mitochondrial dysfunction is the insufficiency and 
dysregulation of mitochondria, usually caused by 
harmful or extreme conditions, including cerebral 
ischemia and hypoxia [111, 112].  

 AMPK is also able to ameliorate cerebral 
ischemic/hypoxic injury via the improvement of 
mitochondrial dysfunction. Recent studies reported 
that AMPK can signal to the mitochondrial fission 
factor (MFF) and induce rapid mitochondrial 
fragmentation, thereby initiating the biogenesis of 
new mitochondria and alleviating mitochondrial 
dysfunction under serious energy crises [113]. 
Activation of CB2R decreases mitochondrial 
depolarization and maintains normal mitochondrial 
membrane potential caused by OGD/R in mixed 
culture of cortical neurons/glia, as evidenced by the 

reduced release of mitochondrial proteins and 
cytochrome c in rat cortical neuron/glia-mixed 
cultures [80]. Ashabi and colleagues discovered that 
pretreatment of metformin for 2 weeks enhances the 
activity of AMPK. They further demonstrated that 
AMPK induces neuronal mitochondrial biogenesis in 
ischemic rats via proliferator-activated receptor 
gamma coactivator-1α (PGC-1α) signaling. However, 
inhibition of AMPK by Compound C reverses such 
protective effects and exacerbates the levels of 
dysfunction [66, 114]. Downregulation of Sestrin2 
inhibits neuronal mitochondrial biogenesis by 
downregulating AMPK/PGC-1α pathway following 
transient MCAO, which correlates with reduced 
expression of NRF-1 and TFAM. However, treatment 
of AICAR activates AMPK and enhances 
mitochondrial biogenesis, thereby alleviating 
ischemic injury [115]. Taken together, these studies 
demonstrate that AMPK is a pivotal molecule against 
mitochondrial dysfunction through maintaining 
mitochondrial biogenesis and normal membrane 
potential.  

Glutamate excitotoxicity 
Glutamate, the derivative of glutamic acid, is the 

most common excitatory neurotransmitter in the CNS 
and plays a pivotal role in neuronal activity [116]. 
Glutamate mediates synaptic transmission and is 
necessary for neuronal growth, maturation, and 
synaptic plasticity. Cerebral ischemia induces 
excessive release of extra-synaptic glutamate and the 
activation of glutamate receptors [117], the process of 
which is also known as glutamate excitotoxicity. It 
may trigger disproportional calcium and sodium into 
neurons and serious neuronal death [118].  

Compelling evidence has exhibited that 
activation of AMPK is able to protect neurons from 
glutamate excitotoxicity [119]. Curcumin, a natural 
polyphenolic compound from Curcuma longa, has 
been proven to exhibit beneficial effects on neuronal 
protection by activating AMPK. Li and colleagues 
reported that pretreatment of curcumin-induced 
production of AMPK protects neurons from 
glutamate neurotoxicity in the hippocampus [120]. 
GABA(B) receptors are heterodimeric G 
protein-coupled receptors composed of R1 and R2 
subunits. AMPK binds directly to GABA(B) receptors, 
phosphorylates site S783 of the R2 subunits and 
suppresses the release of glutamate, which enhances 
the coupling of GABA(B) receptors to G-protein-gated 
inward rectifier K+ (GIRK) channels, promoting 
energy storage and neuronal survival after hypoxic 
injury. This reveals that AMPK may decrease synaptic 
activity and limit neuronal excitotoxic injury to 
conserve cellular energy levels [121]. Intriguingly, it is 
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worth noting that injury-induced phosphorylation of 
GABA was observed mainly in the hippocampal 
region, which usually disaccords with the location of 
MCAO [88]. These findings suggest a probable link 
between glutamate excitotoxicity and AMPK 
involving neuroprotection, which paves a new 
avenue for targeting AMPK in the treatment of 
cerebral ischemia.  

Neuroinflammation  
Neuroinflammation is inflammation of the 

nervous tissue, which might be initiated in response 
to infection, toxic metabolites, or autoimmunity [122, 
123]. It is characterized by activated microglia and 
astrocytes that express inflammatory mediators, 
chemokines, and complement proteins in the CNS 
[124, 125]. Neuroinflammation remains the primary 
cause of morbidity and mortality in stroke-induced 
secondary brain injury [126]. The CNS is an 
immunologically privileged site because the 
blood–brain barrier (BBB) can block peripheral 
immune cells. Under ischemic stroke, circulating 
peripheral immune cells may surpass BBB and 
encounter neurons and glial cells, which express 
major histocompatibility complex (MHC) molecules 
for protection. This response is concomitant with the 
further migration of leukocytes through the BBB and 
may lead to injury of the cerebrum.  

Ischemic stroke may initiate a series of cellular 
responses that include the activation of resident glial 
cells and the recruitment of peripheral immune cells, 
thereby contributing to central neuroinflammation 
and injury. Metformin can promote the 
phosphorylation of AMPK and alleviate neutrophil 
infiltration, as evidenced by inhibited activities of 
nuclear factor-κB (NF-κB), IL-1β, IL-6, and tumor 
necrosis factor-α (TNF-α) after MCAO. Furthermore, 
activated AMPK by metformin aftertreatment 
alleviates OGD-induced expression of intercellular 
adhesion molecular (ICAM)-1, whereas this effect is 
reversed by the administration of Compound C [127]. 
Pretreatment of metformin activates AMPK, reduces 
cellular levels of NF-κB, TNF-α, and cyclooxygenase-2 
but increases heme oxygenase-1 (HO-1) and 
glutathione, which accelerates anti-inflammatory 
pathways and inhibits neurological inflammatory 
responses after transient global cerebral ischemia [65]. 
Aftertreatment of sinomenine inhibits the activation 
of NLRP3 inflammasome and release of neuronal 
inflammatory cytokines (IL-1β, IL-6, IL-18, and 
TNF-α) in C57BL/6 mice after MCAO. Further, the 
suppressive effect of sinomenine on NLRP3 
inflammasome is blocked by an AMPK inhibitor, 
Compound C. This finding demonstrates that 
sinomenine activates AMPK and exerts a 

neuroprotective effect in ischemic stroke by inhibiting 
NLRP3 inflammasome [128]. These findings 
demonstrate that AMPK is a strong protective 
molecule against cerebral ischemia by attenuating 
neuroinflammation (Fig 2).  

 

 
Fig. 2. Expression of different subunits of AMPK in human organs. AMPK is 
widely but distinctly distributed in different tissues and organs. The brain mainly 
contains the α1, α2, β1, γ1, and γ2 subunits. The heart and liver mainly contain the α1, 
α2, γ1, and γ2 subunits. The lung and kidney mainly contain the α1, γ1, and γ2 
subunits. The skeletal muscle mainly contains the α2, β2, γ1, γ2, and γ3 subunits. 

 

Endothelial cells and angiogenesis  
Endothelial cells are epithelium that line the 

interior surface of blood vessels and lymphatic 
vessels. Among them, endothelial cells that line vessel 
walls are called vascular endothelial cells. Clinically, 
stroke patients with a higher density of blood vessels 
usually have less morbidity and longer survival, 
indicating that angiogenesis is important for 
neurological repair in the ischemic region [129]. 
Venna and colleague used C57BL/6N male mice 
subjected to 60-min MCAO and discovered that 
aftertreatment of metformin significantly promotes 
the expression of VEGF, concomitant with decreased 
infarct size and glial scaring. When tested in AMPKα2 
knockout mice, they found that metformin did not 
have the same beneficial angiogenic effects, 
suggesting that metformin-induced protective effects 
are mediated by AMPK. Notably, they also reported 
that a 30-day treatment of metformin may improve 
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neurological outcomes, further supporting the 
pharmacological value of metformin in ischemic 
stroke [130]. Jin et al reported that chronic metformin 
treatment after stroke activates AMPK and 
significantly enhances angiogenesis, as revealed by 
elevated vessel density and increased CD31, the 
endothelial marker, in the ischemic striatum [131]. 
Therefore, AMPK has an important role in 
upregulating angiogenic factor VEGF and promoting 
angiogenesis to ameliorate ischemic injury.  

To sum up, we discussed the regulatory 
mechanisms of AMPK in ischemic stroke, including 
oxidative stress, autophagy, apoptosis, mitochondrial 
dysfunction, glutamate excitotoxicity, neuroinflam-
mation, and angiogenesis. AMPK stands at the 
crossroads of diverse regulatory mechanism to main 
energy homeostasis during stroke. The findings above 
demonstrate that pretreatment of estrogen (by 
inhibiting apoptosis) [107], metformin (by promoting 
mitochondrial biogenesis and inhibiting neuroinflam-
mation) [66], curcumin (by inhibiting glutamate 
excitotoxicity) [120], may ameliorates the ischemic or 
hypoxic symptoms. Moreover, aftertreatment of 
estrogen (by inhibiting apoptosis) [107], trans-caryo-
phyllene (by inhibiting oxidative stress) [80], 

metformin (by inhibiting neuroinflammation) [127], 
and sinomenine (by inhibiting neuroinflammation) 
also helps to resist against stroke in vivo and in vitro 
[128]. Moreover, AMPK attenuates ischemic injury in 
the neurovascular unit, such as neurons, astrocytes, 
microglial cells, to maintain the neurological 
homeostasis.  

Therapeutic research 
A number of studies have introduced several 

therapeutic strategies for ischemic stroke, such as 
medical treatment, physical therapy, and receptor- 
targeted therapy. These treatments all induce their 
neuroprotective effects on ischemic stroke through 
AMPK signaling.  

Pharmacotherapy  
Pharmacotherapy, also referred to as medical 

treatment, is remarkably distinguished from surgical 
therapy, radiotherapy, and physical therapy. Due to 
its approval and preference by patients for thousands 
of years, it has become the most classical and popular 
treatment. Ashabi’s study revealed that induction of 
30 min global cerebral IR leads to significant neuron 
death, whereas pretreatment with metformin 
significantly promotes mitochondrial biogenesis and 

alleviates apoptotic cell death and 
ischemia-related neurodegeneration 
in the ischemic hippocampus [66]. 
Resveratrol is a small natural 
phytoalexin that plays a defensive 
role against IRI. Wang and 
colleagues reported that administra-
tion of resveratrol activates AMPK, 
significantly reducing infarct 
volumes and protecting neurons 
from death in recurrent ischemic 
stroke models, concomitant with 
improved neurological scores and 
behavioral deficits [132]. Moreover, 
resveratrol can activate the 
cAMP/AMPK/SIRT1 pathway by 
inhibiting phosphodiesterases and 
alleviating injury following IR, as 
evidenced by reduced infarct 
volumes and improved neurological 
deficits [133]. Atorvastatin, a 
lipid-lowering agent, is a powerful 
AMPK activator [134]. Chaturvedi 
and colleagues enrolled 4731 
patients with a recent stroke or 
transient ischemic attack and 
discovered that atorvastatin 
significantly reduces low-density 
lipoprotein (LDL) and improves the 

 

 
Fig. 3. Roles of AMPK in ischemic stroke. A. AMPK inhibits neuroinflammation in ischemic stroke B. AMPK 
suppresses the levels of oxidative stress in ischemic stroke. C. AMPK promotes autophagy against ischemic stroke. 
D. AMPK restrains glutamate release and excitotoxicity. E. AMPK ameliorates mitochondrial dysfunction against 
ischemic stroke. F. AMPK inhibits apoptosis in ischemic stroke. In short, AMPK helps to main the energy 
homeostasis via regulating the mechanisms above.  
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post-stroke outcomes, suggesting the ability of 
atorvastatin in stroke treatment [135, 136].  

Thrombolytic therapy is another classical 
method for treating ischemic stroke, especially acute 
cerebral infarction. Tang et al reported that salvianolic 
acid, an AMPK agonist and a new drug for ischemic 
stroke treatment, can alleviate neuron death in the 
penumbra, reduce infarction volume, and improve 
neurological scores and outcomes. Notably, they 
discovered that administrating salvianolic acid 2 
minutes before reperfusion is a promising time point 
for thrombolysis therapy, suggesting the possibility of 
salvianolic acid as an adjuvant thrombolytic drug 
[137]. Tissue-type plasminogen activator (tPA) is a 
thrombolytic drug that activates AMPK. Wu and 
colleagues discovered that the intravenous 
administration of recombinant tPA after tMCAO 
induces AMPK activation in the synaptic space and 
glucose uptake in the ischemic brain, as revealed by 
positron emission tomography (PET) studies and 
biochemical analyses with synaptoneurosomes [138]. 
This reveals that treatment with tPA activates AMPK 
signaling in the synaptic space and enhances cerebral 
tolerance to ischemic metabolic stress. However, the 
time of thrombolysis is short and usually within 6 h, 
which limits its utilization in stroke patients. 

Physical therapy 
Electroacupuncture, also known as 

acuelectrostimulation pretreatment, is a special form 

of acupuncture that has shown therapeutic effects in 
animal experiments and stroke patients [139]. In 2003, 
Xiong and colleagues proposed that electroacu-
puncture preconditioning is able to induce cerebral 
ischemic tolerance [140]. Electroacupuncture, which 
combines the traditional advantages of acupuncture 
treatment and acuelectrostimulation, has great 
advantages, as it can be readily controlled, 
standardized, and objectively measured [141]. 
Electroacupuncture preconditioning significantly 
enhances the expressions of AMPKα and pAMPKα, 
concomitant with reduced TUNEL-positive cells and 
attenuated neuron apoptosis after stroke. However, 
intraperitoneal injections of Compound C suppress 
this phenomenon and exacerbate ischemic injury. This 
finding suggests that electroacupuncture precondi-
tioning alleviates cerebral ischemic injury via AMPK 
signaling [142].  

Exercise can be viewed as a chronic metabolic 
stress that leads to an increase in regional cerebral 
blood flow and metabolic functioning [143]. Adult 
male Sprague-Dawley rats were subjected to 1–3 
weeks of exercise and displayed high expression of 
AMPK, concomitant with decreased infarct volume 
and enhanced glucose uptake and ATP production 
after stroke. Notably, they discovered that exercise 
attenuates neurological deficits and improves 
neurological outcomes in the long-term [144]. This 
study revealed that an increased expression of AMPK 
following exercise may enhance cerebral ischemic 

 
Fig. 4. Protective actions of AMPK in the NVU under ischemic stroke. NVU is composed of neurons, astrocytes, endothelial cells, microvessels, basal membrane, and 
ECM. Under ischemic condition, activated AMPK initiates a series of protective mechanisms in the NVU. AMPK enhances the catabolism of glycogen and glucose to produce ATP 
in astrocytes while astrocytes do not utilize the metabolite of glucose, lactate. The remaining lactate is transported into neurons for supplying ATP. In neurons, AMPK promotes 
the O-GlcNAcylation of intracellular proteins against ischemic stimuli. In endothelial cells, AMPK upregulates the levels of VEGF, enhance angiogenesis, and eventually improves 
microcirculation.  
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tolerance. Collectively, physical therapy targeting 
AMPK is an important type of non-pharmacotherapy 
compliant to stroke patients.  

Receptor-targeted therapy 
N-methyl-D-aspartic acid (NMDA), first 

synthesized in the 1960s, is a water-soluble synthetic 
substance and amino acid derivative. Its receptor has 
been widely thought to promote survival in the CNS 
[145]. Upregulation of NMDA receptor activity 
contributes to sustained AMPK activation and 
increased glucose uptake by facilitating the 
transportation of GLUT4 to the plasma membrane. In 
contrast, ketamine, an antagonist of NMDA receptors, 
decreases the activity of AMPK and the content of 
GLUT4 in the plasma membrane following cerebral 
ischemia [146]. As discussed in Section 4.1, 
trans-caryophyllene is a CB2R-selective agonist and 
an AMPK activator. In vitro, trans-caryophyllene 
ameliorates neuron death under the condition of 
OGD/R, which is correlated with reduced 
mitochondrial dysfunction and intracellular oxidative 
stress. In vivo, post-ischemic treatment with TC 
decreases cerebral infarct size and edema and 
increases CREB and brain-derived neurotrophic 
factor, while a selective AMPK inhibitor abolishes the 
neuroprotective effects [80]. These findings reveal that 
AMPK is a potent drug candidate of receptor-targeted 
therapy for cerebral ischemia (Table 1). 

Prospects  
Equitable evaluation of AMPK 

Existing contradictions 
Although numerous studies have shown that 

AMPK is a protective molecule in ischemic stroke, we 
would like to discuss existing discrepancies to 
provide comprehensive information to readers. Some 
studies have revealed that restrained AMPK is 
capable of exerting protective effects. Nam et al 
discovered that increased AMPK immunoreactivity 
may enhance the ischemic injury in the hippocampal 
CA1 region 1–2 days after IR, whereas Compound C 
reverses the effects above, correlated with decreased 
reactive gliosis, ATP depletion, and lactate 
accumulation, suggesting that inhibition of AMPK 
has protective effects against ischemic stroke [147]. 
Suppression of AMPK by Compound C reduces 
infarct size and improves neurological outcome at 24 
h after reperfusion, which is correlated with 
restrained release of microglial pro-inflammatory 
factors [148]. Hypothermia is one of the few therapies 
that has been translated into the clinic for global 
cerebral ischemia [149]. Hypothermia-related 
inhibition of pAMPK reduces infarct size, edema, and 
cerebral metabolic rate after MCAO, and this 
protection is enhanced after administration of 
Compound C. This study provides evidence that 
hypothermia exerts its neuroprotective effects by 
inhibiting AMPK in stroke [150].  

 
 

Table 1. Therapeutic research of AMPK in ischemia stroke 

Models/Subjects Therapeutics Methods Effects Evidence Reference 
Young male 
Wister rats 

Pharmacotherapy Pretreatment of metformin for 
two weeks before global cerebral 
IR 

Metformin significantly promotes mitochondrial 
biogenesis, alleviates apoptotic cell death and 
ischemia-related neurodegeneration in the 
ischemic hippocampus 

Elevated levels of AMPK and 
decreased levels of Bax/Bcl-2, 
caspase-3, and PARP 

[66] 

Old male Wistar 
rats 

Pharmacotherapy Pretreatment of resveratrol for 3 
days before MCAO 

Resveratrol activates AMPK and reduces infarct 
volume 

Improved neurological scores 
and decreased neuron death 

[132] 
Old male 
Sprague-Dawley 
rats 

Pharmacotherapy Pretreatment of resveratrol for 5 
days before the MCAO 

Resveratrol reduces infarct volume, improves 
neurological deficits and injury following IR. 

Activated 
cAMP/AMPK/SIRT1 
pathway and reduced 
phosphodiesterases 

[133] 

cMale 
Sprague-Dawley 
rats 

Pharmacotherapy Administration of TSI for 2 min 
before reperfusion via femoral 
vein injection 

TSI reduces infarction volume, and improves 
neurological scores after thrombolysis therapy 

Increased levels of AMPK, 
NADPH, and PKC, and 
decreased levels of ROS 

[137] 

Male wild-type 
C57BL/6J mice 

Pharmacotherapy Intravenous administration of 
recombinant tPA after tMCAO 

Recombinant tPA induces glucose uptake against 
ischemic injury 

Increased expression of GLUT 
around synaptic space  

[138] 
Wild-type 
C57BL/6J 

Electroacupuncture Preconditioning for 5 days before 
ischemia 

Electroacupuncture attenuates neuronal apoptosis 
and ischemic injury after stroke 

Reduced number of 
TUNEL-positive cells 

[142] 
Adult male 
Sprague-Dawley 
rats 

Exercise For 1–3 weeks before ischemia Decreased infarct volume and neurological 
deficits, and improved neurological outcome 

Enhanced glucose uptake and 
production of ATP after stroke 

[144] 

Adult male 
Sprague–Dawley 
rats 

Receptor-targeted 
therapy 

NMDA receptor activation under 
ischemic condition 

Sustained AMPK activation and increased glucose 
uptake 

Facilitating the transportation 
of GLUT4 to the plasma 
membrane 

[146] 

Rat cortical 
neurons/glia 
mixed cultures 

Receptor-targeted 
therapy 

TC was applied immediately 
before initiation of OGD 

Ameliorated neuron death, decreased cerebral 
infarct volume and edema 

Reduced mitochondrial 
dysfunction and intracellular 
oxidative stress 

[80] 
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Activated AMPK or elevated expressions of 
AMPK have been shown to exert harmful effects. One 
high dose of metformin remarkably increases the 
levels of pAMPK and lactic acid, promotes the 
consumption of energy, and exacerbates cerebral 
metabolic crisis and neuron death [47, 56]. Moreover, 
long-term treatment with metformin for treatment of 
stroke may increase the deposition of β-amyloid, 
which possibly results from chronic metformin 
treatment [151]. These findings all suggest that AMPK 
is harmful, and its downregulation might be a potent 
therapy for stroke.  

Additionally, some studies maintain that AMPK 
is a double-edged sword in ischemic injury. AMPK 
overexpression downregulates the levels of CREB by 
promoting the SIRT1/miR-134 pathway. However, 
phosphorylated CREB is decreased in AMPK 
knockout primary hippocampal neurons. Therefore, 
AMPK plays a dual role in the regulation of CREB in 
OGD models, exerting a negative effect on total CREB 
expression by elevating the levels of SIRT1/miR-134 
and a positive effect by phosphorylating CREB [152]. 
In primary neurons of hypoxia/ischemia, AMPK 
activation results in elevated cell death, whereas 
inhibition of AMPK may protect neurons from 
harmful stimuli, implicating that activated AMPK is 
involved in the injury process. Conversely, activation 
of AMPK prior to injury enhances the tolerance of 
neurons to subsequent insult. These data reveal that 
the dual roles of AMPK likely depend on whether it is 
activated prior to or during the ischemic/hypoxic 
insult [153]. In summary, AMPK indeed has dual 
actions on ischemic stroke, and its internal role needs 
further research.  

Equitable evaluation 
Since early research in the 1980s, the enthusiasm 

and efforts dedicated to studying AMPK have 
continuously increased. AMPK can restrain oxidative 
stress, apoptosis, mitochondrial dysfunction, 
glutamate excitotoxicity and neuroinflammation and 
promote autophagy, thereby promoting glucose 
uptake and energy metabolism. Enhanced glucose 
uptake replenishes cellular energy deprivation and 
ameliorates metabolic crises during and after 
ischemia. We reckoned that during IPC and the 
post-stroke chronic convalescent period, elevated 
AMPK is helpful for repairing brain tissue and 
metabolic homeostasis by producing more ATP, thus 
enhancing the processes of angiogenesis and 
neurogenesis. However, elevated AMPK is harmful 
and consumes excessive energy during acute cerebral 
ischemia, which may exacerbate cerebral injury and 
lead to off-target effects during the midanaphase of 
acute cerebral ischemia [73, 154].  

The question remains how numerous studies 
have reached opposite conclusions. It is possible that 
these differences may result from different ischemic 
degrees, durations, and models and different cell 
types [155, 156]. The inhibition of AMPK contributes 
to ‘neuronal hibernation’ during acute ischemia and 
provides continuous neuroprotective effects, just as 
hypothermia can decrease energy requirements and 
attenuate metabolic crises. Activated AMPK promotes 
the expression of GLUT and the translocation of 
abundant glucose to neurons, which may result in 
post-ischemic hyperglycemia and subsequent brain 
injury, including cellular edema, apoptosis, and even 
dysfunction of the BBB. These alterations can promote 
the production of ROS in endothelial cells, destroy 
vessel walls, and ultimately enhance hemorrhagic risk 
after cerebral infarct [73, 154]. Simulating in vitro 
neuronal metabolism is difficult and differs from in 
vivo metabolism. Neurons are post-mitotic cells and 
are intolerant to cellular stress due to poor energy 
stores, especially without the supporting glial cells 
and vasculature that characterize the in vivo state. 
Moreover, the culture media of neurons typically 
contains 25 mmol/L glucose, which is much higher 
than physiological levels (between 0.82 and 2.4 
mmol/L) [156].  

 For example, Li et al reported that the timing, 
duration, and amount of AMPK activation are key 
factors in determining the ultimate effects of AMPK in 
ischemic brains, including pre-ischemia and 
post-ischemia, acute versus chronic medication, and 
normal expression versus over-expression of AMPK 
[157]. They discovered that acute administration of 
metformin (3d) exerts deleterious actions, while 
chronic administration (3w) reverses these effects and 
exerts a neuroprotective role in ischemic stroke. 
Iwabuchi and colleagues systematically reviewed the 
complex influence of AMPK on cerebral ischemic 
tolerance. They reported that inhibition of AMPK 
during preconditioning initially suppresses the 
upregulation of GLUT3 but subsequently induces 
rapid upregulation of GLUT3, thereby leading to a 
biphasic effect [158]. Collectively, most studies 
suggest that AMPK is a protective molecule, although 
few studies maintain opposing opinions. 

Thrombolytic management and clinical 
research 

As discussed above, stroke is a major global 
disease that threatens human health. It is 
characterized by high mortality and disability, and 
there are no ideal therapeutic methods. Currently, 
thrombolysis via the AMPK pathway is almost the 
only available treatment for acute ischemic stroke 
[159]. The ideal thrombolytic time of ischemic stroke 
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is 3-6 hours, which is also known as the window 
phase. During this period, energy deprivation is the 
‘blasting fuse’ that leads to a series of secondary 
injuries, including oxidative stress, acidosis, 
apoptosis, and excitotoxicity, and thus proper 
thrombolysis during this period is effective and might 
reduce post-stroke complications. However, only 
3%-5% of stroke patients can receive thrombolytic 
therapy as a result of the strict time window, low 
precaution consciousness of cerebrovascular 
accidents, and reperfusion injury after thrombolysis 
[160]. Thereby, clinical and basic research require 
additional efforts to solve this problem. 

 Clinically, anesthetists and surgeons are 
committed to cerebral resuscitation and protection 
during operations [161]. Cerebral injury during the 
perioperative period is a significant adverse event that 
results from the relative cerebral ischemia, usually 
including coronary artery bypass grafts (CABG) and 
intracranial tumor surgeries [162]. 
Glucose-insulin-potassium (GIK) is an important 
method for upregulating the levels of AMPK. In a 
previous study, 217 patients who underwent aortic 
valve replacement were assigned to GIK or placebo 
over a 4-year period. The result revealed that GIK 
treatment induces a substantial increase in pAMPK 
and its downstream molecule Akt compared to 
controls, concomitant with a significant reduction in 
the incidence of low cardiac output [163]. According 
to the conditions of systemic circulation, the blood 
flow of the internal carotid artery and the vertebral 
artery depends largely on cardiac output, and thus, 
we presume that GIK infusion during the 
perioperative period upregulates the levels of AMPK, 
which is helpful for restoring brain blood flow and 
ameliorating cerebral injury. Moreover, Kim et al 
recruited 1609 subjects (aged from 60 to 80) and 
performed a multivariate logistic regression analyses. 
They discovered that the polymorphism of 
PRKAG2-26C/T gene has a significant association 
with cognitive impairment in stroke patients (OR, 1.6; 
95% CI, 1.1—2.3) [164], suggesting that AMPK has a 
role not only in metabolic function but also in 
cognitive function of post-stroke patients. Notably, 
Campbell’s group recruited 70 patients and randomly 
assigned patients into two groups. The results showed 
that patients who undergo stent retriever 
thrombectomy and receive alteplase (an AMPK 
activator) display improved reperfusion, early 
neurologic recovery, and improved functional 
outcomes compared to those who receive alteplase 
alone. Of the experimental group, 89% of patients 
exhibited restored the cerebral perfusion compared to 
34% of patients in the control group. In addition, 71% 
of experimental patients achieved functional 

independence compared to 40% of control patients 
[165]. This trial demonstrated that an integrated 
combination of thrombolysis and interventional 
therapy may achieve profit maximization for ischemic 
stroke rather than AMPK-related thrombolysis alone. 

Ethical issues 
Additionally, medical ethical issues concerning 

treating stroke patients via AMPK are issues that 
cannot be neglected. Medical decision-making in 
stroke patients can be complex and often involves 
ethical challenges, from the selection of thrombolytic 
drugs to therapeutic methods [166]. Over the past few 
years, several predictive models have been proposed 
and are conducive for estimating the outcomes of 
ischemic stroke, which may affect the choice of the 
therapeutic method in patients [167, 168]. For patients 
with cerebrovascular stenosis, simple medical 
treatment with AMPK-related thrombolytic drugs 
(alteplase) may restore blood flow and ameliorate 
neurological impairments [165]. However, 
thrombolytic therapy is unavailable in some stroke 
patients who should have received cerebrovascular 
interventional therapy. Previous cardiogenic stroke 
patients can take thrombolytic drugs orally to prevent 
a recurrent attack, whereas such drugs increase the 
possibility of acute hemorrhage, and effective 
treatments to remedy injury are lacking [169]. Thus, 
the selection of the ideal treatment is difficult and is 
usually decided when patients are unconsciousness, 
which may leave a series of ethical issues. Moreover, 
previous studies have shown that exercise can 
ameliorate ischemic symptoms via AMPK signaling 
[144]. Thus, we suggest that post-stroke rehabilitation 
training activates the AMPK pathway and may 
replace drugs to some extent, which also represents an 
ethical concern regarding promoting the 
improvement of the locomotor system and cerebral 
function of stroke patients.  

Potential directions  
So far as the status, stroke is still the fifth leading 

cause of death but the first cause of disability among 
all diseases, which produces in the United States and 
globally. Annually, about 795,000 people experience 
ischemic or hemorrhagic stroke. Approximately 
610,000 of them are first events and 185,000 are 
recurrent events in the United States [170].  

Metabolic therapy for treatment of ischemic 
stroke via AMPK signaling is almost the most 
important finding and of great potential for future 
research. The greatest discovery in this field may be 
the establishment of the MCAO model and the 
application of thrombolytic drugs. The MCAO model 
includes a relatively simple extracranial microsurgical 
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dissection procedure that interrupts cerebral blood 
flow, which paves a way for subsequent scientific 
research. Clinically, both statins and metformin are 
used clinically, which is helpful to high-risk 
population and reduces the stroke incidence [135, 
171]. Thrombolytic therapy is applied in acute 
cerebral ischemia, especially acute cerebral infarction. 
However, there still exist some problems for the 
treatment of AMPK. First, whether AMPK plays a 
protective role in ischemic stroke is elusive, and some 
reports have identified negative effects [147-149]. 
Second, only a few of the AMPK activators have been 
applied in the clinic, and there are very few clinical 
trials of AMPK. Third, pre-stroke patients are almost 
asymptomatic, and most strokes are acute and may 
contribute to secondary injury. Finally, the 
thrombolytic time of stroke is short, and there are no 
sufficient effective therapeutic methods based on 
AMPK signaling after the window phase. New 
directions of AMPK studies should 1) evaluate the 
actions of AMPK in acute/chronic cerebral ischemia, 
or cerebral hemorrhage, 2) choose a more selective 
AMPK activator, 3) target NVUs rather than the 
neuron alone in ischemic stroke, 4) provide more 
reliable clinical evidence (e.g. randomized controlled 
trials) based on AMPK signaling, and 5) explore a 
cerebral drug delivery system involving AMPK 
signaling [172].  

This review is committed to describing the 
beneficial roles of AMPK following ischemic stroke. 
AMPK is a Ser/Thr kinase that maintains cerebral 
metabolic homeostasis by enhancing catabolic 
pathways and restraining ATP-consuming processes. 
Initially, we provide a general introduction of AMPK 
and ischemic stroke, including descriptions of its 
structure, expression, localization, and upstream 
regulators. The high expression of AMPK in the 
cerebrum determines its protective biological actions 
under ischemic stimuli, such as inhibiting oxidative 
stress, apoptosis, mitochondrial dysfunction, 
glutamate excitotoxicity, and neuroinflammation and 
promoting autophagy. The NVU is the basic 
elementary unit of the brain tissues, and therefore, 
targeting NVUs via AMPK may induce better effects 
than targeting neurons alone. Next, we introduce the 
roles of AMPK in different phases, in commonly used 
animal models, and in various therapeutic methods, 
including medical treatment, receptor-targeted 
therapy, and physical therapy. However, the results 
of some studies question the protective role of AMPK 
in ischemic stroke, and we have discussed these 
discrepancies in detail. Moreover, additional benefits 
of AMPK beyond those for cerebral ischemic stroke 
have also been found for other cerebral diseases, such 
as neurological improvements and neurogenesis, the 

attenuation cerebral hemorrhage, benefits in NDD, 
and amelioration of neural tumors. Lastly, we discuss 
controversial opinions, ethical issues, and potential 
directions of future AMPK studies based on the 
existing evidence. Although some scholars suggest 
that activating AMPK is harmful and can aggravate 
ischemic injury, most studies demonstrate that it is a 
protective molecule in ischemic stroke. However, few 
studies have identified the role of AMPK in the clinic, 
which leads to an incomplete picture of AMPK. 
Therefore, more clinical studies are required to 
elucidate the roles of AMPK, which may aid in the 
prevention and treatment of stroke in the future.  
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