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Abstract

AMPK is a serine/threonine kinase that is found in all eukaryotes and is ubiquitously expressed in

all organ systems. Once activated, AMPK stimulates hepatic fatty acid oxidation and ketogenesis,

inhibits cholesterol synthesis, lipogenesis, and triglyceride synthesis, inhibits adipocyte lipolysis

and lipogenesis, stimulates skeletal muscle fatty acid oxidation and muscle glucose uptake, and

modulates insulin secretion by the pancreas. Thus its importance in many critical cellular

processes is well established. For cells it is critical that energy supply and demand are closely

matched. AMPK is recognized as a critical integrator of this balance. It is known to be

allosterically activated by an increased AMP:ATP ratio. Activation of the kinase switches on

catabolic pathways while switching off anabolic ones. It also acts as a redox sensor in endothelial

cells where oxidative stress can disturb NO signaling. Abnormal NO signaling leads to disturbed

vasodilatory responses. By inhibiting the formation of reactive oxygen species in the endothelium,

AMPK can optimize the redox balance in the vasculature. Here, we review the role of AMPK in

the cell.
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SENSORS IN BIOLOGY

Sensors in an engineering sense are devices or components that are designed to measure a

physical quantity (such as temperature or pressure) and convert that measurement into a

signal that can be detected or observed by an observer or an instrument. In biology, sensors

(biological sensors) operate in a manner analogous to the one described for engineered

devices and different in that the input and output are biological signals. Most biological

sensors are specialized cells of various types and some are intracellular molecules. Some of

the many specialized cells include (a) Light: Retinal neurothelium, (b) Sound: Organ of

Corti hair cells, (c) Gravity: Inner ear semi-circular canals and (d) Stretch: Carotid sinus,

atrial stretch receptors, proprioceptive receptors. In addition to these larger macroscopic

systems, sub-cellular sensors also operate to provide cellular systems a way of detecting

changes in cellular dynamics and homeostasis and providing set points toward which
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dynamic corrections can be made by the cellular machinery. Some of the better studied

cellular sensors include (a) pH: Regulation of a variety of protein function by changes in cell

pH. Examples include alterations to substrate binding of glycinamide ribonucleotide (1),

modulated protein-protein interaction of neonatal Fc receptor (2) and aggregation of P0rP

octapeptide repeats (3). (b) Hypoxia: For example, the neuroepithelial bodies (NEB) found

in the lungs of all vertebrates that are sensitive to changes in oxygen tension and respond by

releasing bioactive substances (such as serotonin and CGRP) (4). And (c) Cell volume

sensors: There are a large number of molecules that respond to an increase or decrease in

cell volume and include PIP5K/PIP2, PLA2/Arachidonic acid, PI3K/PIP3, several tyrosine

kinases, several ser/thr kinases and Rho GTPases (5). One of these sensor systems is the

AMP-activated kinase AMPK, which is the putative metabolic or energy sensor of the cell.

In recent years, another role for AMPK appears to be emerging. Endothelial cell physiology

and pathology is intimately linked to the causation of many human diseases and homeostasis

in these cells appears to be a central element in these disorders. Endothelial dysfunction is

characterized by decreased bioavailability of endothelium-derived NO and this is

paradoxically accompanied by increased expression of eNOS, together with increased ROS

generation leading to the appearance and toxic effects of damaging free radical species such

as peroxynitrite (6, 7). Intruigingly, it is now emerging from work done by many

investigators (including our own group), that there is an intricate balance between AMPK

and the cellular signaling systems that control endothelial redox balance (7). Therefore, this

review will focus on AMPK’s emerging role as an ROS modulator or ROS sensor in the

cell, with a particualr emphasis on the endothelium.

DISCOVERY

In relative terms, the discovery of AMPK is not recent. Its existence was uncovered by two

independent observations reported in 1973 with the discovery that the same kinase

inactivates 3-hydroxy-3-methylglutaryl coenzyme A (CoA) reductase and acetyl-CoA

carboxylase (ACC) in hepatic fat metabolism (8, 9). Several years after these seminal

reports, Munday et al, in the process of studying the Vmax of ACC, proposed the name

AMP-activated protein kinase as the primary enzyme responsible for attenuating this

parameter (10). Finally, with Carling et al reporting that the HMG-CoA reductase (HMGR)

and ACC kinases were one and the same enzyme, the name was formally adopted in 1989

(11, 12). Subsequently, AMPK was purified and its subunit structure was analyzed by

Grahame Hardie’s group at the University of Dundee (13) with detailed analysis of its all

important catalytic subunit published by Bruce Kemp’s laboratory at the St. Vincent’s

Medical Research Institute in Victoria, Australia (14). Based on these ground breaking

studies and work my various other investigators, it has been revealed that AMPK is a

heterotrimer with alpha, beta and gamma. The aalpha subunit has catalytic activity while the

other two have a regulatory role. Overall, multiple AMPK subunit isoform combinations

have been identified and these subunits are encoded by distinct genes. Thus far, two alpha

subunits, two beta subunits and three gamma subunits have been identified (15-17).
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PHYSIOLOGICAL ASPECTS OF AMPK SIGNALLING

4.1 AMPK SUBUNITS

The standardized nomenclature of AMPK subunit genes utilizes a prefix PRKA followed by

the subunit identifier A1, A2, B1, B2, G1, G2 and G3 (e.g., PRKAG3) (12). The gene loci

for the subunits are located on 5 different chromosomes: alpha1 (5p12), alpha2 (1q31), beta1

(12q24.1), beta2 (1q21.1), gamma1 (12q12-14), gamma2 (7q35-36) and gamma3 (2q35).

With this plethora of subunits it is not surprising that gene expression and variant splicing

can give rise to twelve possible heterotrimeric combinations of AMPK (18) (Figure 1).

Both α subunits are similar in that they both have about 550 residues (fig. 1) and both have

conserved NH2-terminal catalytic domains. The beta subunits differ in the first 65 residues

but in all other respects are highly conserved. The gamma subunits on the other hand (and in

contrast to the other two), differ in length (gamma1 being the shortest at 331, gamma3

intermediate at 489 and gamma2 the longest at 569) (12). However, all three share a COOH-

terminal having about 300 residues. Significant differences exist in AMPK subunit structure

and genetic sequence between mammals and yeast, for example (multiple alpha and gamma

subunits in mammals and 2 rather than three beta subunits in contrast to yeast).

Evidence suggests that variance of the alpha subunits determines subcellular localization of

the molecule with the alpha1 isoform being largely cytosolic as well as being associated

with the plasma membrane in carotid body type 1 cells and airway epithelial cells (19, 20).

In contrast alpha2 appears to be concentrated in the nuclei of several cell types such as

pancreatic beta cells, neurons and skeletal muscle (21-23).

The beta subunits feature the glycogen binding domain (GBD) which occupies a position on

central conserved region of the subunit. The crystal structure of the GBD was reported in

2005 (24, 25). Another conserved region on this subunit is in the C-terminal region and there

is compelling evidence that the C-terminal domain is all that is needed form a functional

alpha/beta/gamma unit that can be regulated by AMP (26).

The three gamma subunits have variable N-terminal regions followed by four tandem

repeats of a 60-aa sequence named as a CBS (cystathionine beta-synthase) motif by

Bateman et al (27). It has since been discovered that these are actually two domains on the

subunit (fig 1; Bateman 1 and 2 domains), each with the capacity to bind AMP with a 1:1

stoichiometry (28). The critical nature of these domains was revealed when investigators

reported attenuated AMP binding and activation when mutations were induced in these

regions (28). The Bateman domains also bind ATP antagonistically, but with a lower affinity

than that for AMP (28) and this is consistent with the fact that ATP antagonizes activation of

AMPK by AMP (29). Interestingly, the two Bateman domains also act cooperatively in that

the second site remains inaccessible to AMP until the nucleotide has bound to the first (28).

This synergy between the two domains is a potential mechanism by which AMPK activation

can respond to even small changes in cellular AMP levels (18).
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4.2 AMPK ACTIVATION

Mammalian AMPK is sensitive to the AMP:ATP ratio. It is therefore activated as a

consequence of any cellular process, normal or anomalous, that either decreases ATP levels,

or increase AMP concentrations (Figure 2). For example, mechanisms such as hypoxia,

glucose deprivation or metabolic inhibition of ATP synthesis, will all activate AMPK (30).

If ATP production remains unaltered but consumption is increased, the same result will

ensue. Examples of increased ATP synthesis include activation of motor proteins, activity of

ion channels/pumps and utilization by biosynthetic pathways. In addition, less well

understood yet empirically established modulators of AMPK activity have appeared in

literature and the list is ever growing. Such modulators include cytokines {leptin,

adiponectin, ghrelin, cannabinoids, IL-6 (31), ciliary neutrotrophic factor [CNTF; (32)]},

certain drugs [metformin (33), thiazolidinediones (34)] and some plant derived compounds

[berberine (35), resveratrol (36)], to name a few (Figure 3).

Activation of AMPK complexes that contain the alpha1 subunit isoform are reported to be

localized in the cytosol. In contrast, AMPKalpha2 activation results in translocation to the

nucleus and one assumes that this occurs to facilitate modulation of gene expression (7, 37).

The beta subunit also appears to be involved in determining the localization fate of the

molecule in that myristoylation of the beta subunit targets the complex to the Golgi while

phosphorylation on various residues promotes nuclear translocation (38).

Once AMPK is activated (Figures 3 & 4), it switches on (the concept of the “metabolic

master switch”; most likely first used in the context of AMPK by Prof. Hardie of the

University of Dundee) catabolic pathways that can generate ATP (e.g., cellular uptake and

utilization of glucose; fig. 2) while at the same time, terminates processes that consume ATP

(e.g., cellular synthesis pathways; fig. 2). The rapid “switching” required to closely and

quickly regulate and balance cellular energy resources is achieved by brisk phosphorylation

of metabolic enzymes as well as that of various transcription factors and co-activators which

control gene expression (30, 39). The activation sequence of AMPK possesses fascinating

details. It is now known that the nucleotide AMP, allosterically binds to and activates the γ

subunit of AMPK which triggers phosphorylation of the alpha subunit at Thr172 (Figure 4).

4.3 UPSTREAM AMPK KINASES

Up until the early years of the 2000s decade, it had been clear that a critical phosphorylation

event took place on the α subunit (on Thr172) in the process of AMPK activation (Figure 4).

However, the identities of upstream phosphotransferases that were responsible for this had

remained elusive. In 2003, breakthrough discoveries in the yeast system

(Schizosaccharomyces pombe) identified Sak1 (Snf1-activating kinase-1), Elm-1 (elongated

morphology-1) and Tos3 (Target of Sbf3) as kinases upstream of the Snf1 complex

(homolog of the serine/threonine protein kinase found in S cerevisiae) (30, 40, 41).

Although unequivocal human orthologs of these three kinases have not been found in the

human genome, the two protein kinases closest in sequence to these are LKB1 (a serine/

threonine tumor suppressor kinase) and the Ca2+/calmodulin-dependent protein kinase

kinase beta (CaMKKbeta) (Fisslthaler and Fleming 2009). Evidence now demonstrates

phosphorylation of the AMPK alpha subunit can either be dependent on, or independent of,
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its LKB1 activity. Specifically, LKB1 appears to be critically involved in the activation of

AMPKalpha2 but not AKPKalpha1 (7, 41). AICAR (5-Aminoimidazole-4-carboxyamide

ribonucleoside; an important activator of AMPK) is an adenosine analog taken up by muscle

and phosphorylated to form 5-aminoimidazole-4-carboxamide-1-D-ribofuranosyl-5′-

monophosphate (ZMP), which stimulates AMPK activity and glucose transport in skeletal

muscle. LKB1 is essential for AICAR induced activation of AMPK. Empirically, it has been

reported that deletion of LKB1 will prevent activation of AMPKα2 in cardiac and skeletal

muscle cells (42).

Unlike LKB1, CaMKKbeta is regulated within the cell and its levels increase in response to

elevations in intracellular Ca2+ ([Ca2+]i). Therefore, stimuli that amplify ([Ca2+]i (such as

bradykinin and thrombin), also activate AMPKalpha1 consequent upon increased

CaMKKbeta activity (43, 44).

4.4 DOWNSTREAM TARGETS OF AMPK

Once activated, AMPK can influence several downstream targets in the cell. Many of these

targets are currently recognized [~20; (18)], however more are being discovered and it has

been speculated that this number may eventually rise into the hundreds. These downstream

effectors of AMPK influence diverse cellular processes and include lipid metabolism [e.g.,

acetyl-CoA carboxylase (ACC); HMG-CoA reductase], carbohydrate metabolism (e.g.,

glycogen synthase; 6-phosphofructo-2-kinase); cell signaling [e.g., endothelial NO synthase

(eNOS); insulin receptor substrate-1 (IRS-1)], ion transport [cystic fibrosis transmembrane

conductance regulator (CFTR)] and transcription [e.g., p300; hepatocyte nuclear factor-4α

(HNF4-alpha); transducer of regulated CREB activity 2 (TORC2)] (16, 19, 45-52). One of

the most intriguing questions has been: How does AMPK recognize its downstream targets?

AMPK has been found to phosphorylate a serine residue in these targets. Further,

phosphorylation sites appear to have conserved motifs where hydrophobic residues are

found 5 residues from the N terminal and 4 from the C terminal (P−5 and P+4). This motif is

designated phi-[beta.X]-X-X-S/T-X-X-X-phi, where phi is hydrophobic and beta is basic.

This motif has been confirmed using variant synthetic peptide substrates (53, 54).

METABOLIC EFFECTS OF AMPK ACTIVATION

The primary forms of carbohydrate storage in eukaryotes are glycogen and starch. AMPK

plays a key role in the interconversion of glucose (the primary cellular energy substrate) and

its storage forms, by affecting the transcription and translocation of the GLUT4 glucose

transporter, glycogen synthesis, glycolysis and gluconeogenesis.

The uptake of glucose across the plasma membrane via GLUT4 is regarded as the rate

limiting step in glucose uptake by cells. Translocation of the transporter to the membrane is

therefore a critical element in glucose utilization. The fact that AMPK activation leads to

GLUT4 translocation is generally irrefutable. The signaling sequence that is involved in this

translocation secondary to AMPK activation is an intensely studied topic. AMPK is now

thought to directly phosphorylate AS160 [a Rab GTPase-activating protein (GAP)], which

then binds to 14-3-3 proteins, an event that controls the recycling of GLUT4 vesicles (55).

In addition, in skeletal muscle, the chronic elevation of AMPK by AICAR has been shown
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to increase GLUT4 (56). The process through which AMPK increases GLUT4 expression

appears to involve the transcription factors MEF2A and 2D (myocyte enhancer factor) as

well (57).

Glycogen (a short-term energy store with structural analogy to starch and amylopectin) is an

important substrate for muscle tissue during exercise and for the liver during fasting (12).

AMPK phosphorylates glycogen synthase (GS) at Ser7 which is a known inhibitory site for

the enzyme. Young et al have also shown that AICAR-induced activation of AMPK in rat

muscle cells also provoked heightened glycogen phosphorylase (GP) activity (58). Overall

AMPK will therefore promote breakdown of glycogen (thereby elevating blood glucose) and

suppress glycogen formation. Consistent with this idea is the fact that AMPK signaling is

attenuated and muscle glycogen levels are decreased in AMPKalpha2 null mice (59).

Bergeron et al were the first to report that AMPK could inhibit hepatic glucose production in

rodents (60). More convincing evidence to this effect was forthcoming from studies in

AMPKalpha2 knockout mice which display hyperglycemia, glucose intolerance and

increased hepatic glucose production (61). In addition, isolated hepatocytes have also shown

AMPK suppression of reduced gluconeogenic gene expression when treated with metformin

and adiponectin (both known activators of AMPK) (33, 62). Activation of AMPK appears to

negatively regulate the transcription of gluconeogenic enzymes like L-type pyruvate kinase

(L-PK), phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-P)

(63-65). CREB (cAMP response element binding)-regulated transcription coactivator 2

(CRTC2) is a critical regulator of gluconeogenesis (52). It has been reported that a mutation

in CRTC2 (at Ser171Ala) attenuates SIK1 (salt-induced kinase 1) and AICAR mediated

suppression of G-6-P, PEPCK and PGC-1alpha (Peroxisome proliferator-activated receptor

gamma coactivator-1-alpha; an important regulator of mitochondrial biogenesis) (12) in

primary hepatocytes. These findings suggest that CRTC2 is likely a downstream target of

AMPK (as well as SIK1). In fact, it has also been found that hyperglycemia in LKB1

knockout mice is much more marked than that observed in mice with hepatic deletion of

both AMPKalpha1 and alpha2 (61, 66).

When a ready supply of nutrients is not available (as might occur during fasting), lipids

become the primary substrate for energy needs (67). AMPK plays a critical role in

determining the fate of fatty acids through the regulation of specific substrates. Acetyl-CoA

Carboxylase (ACC) is a biotin-dependent enzyme that catalyzes the irreversible

carboxylation of acetyl-CoA to produce malonyl-CoA through its two catalytic enzymes,

biotin carboxylase (BC) and carboxyltransferase (CT). The most important function of ACC

is to provide the malonyl-CoA substrate for the biosynthesis of fatty acids (68). It was

reported several years ago that AMPK phosphorylated ACC at three sites: Ser79, Ser1200

and Ser1215 (10, 69). Subsequently, using site directed mutagenesis it was confirmed that

Ser79 is the physiologically relevant phosphorylation site involved in inhibition of ACC by

AMPK (70). Indeed, experiments with AICAR have also confirmed the importance of Ser79

in this context (29).

Fatty acid synthase (FAS) is the enzyme responsible for de novo synthesis of fatty acids

(71). It is thought to catalyze the formation of long-chain fatty acids from acetyl-CoA,
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malonyl-CoA and NADPH. Foretz et al have demonstrated that AMPK inhibits the glucose-

stimulated transcription of FAS (72). FAS expression is more directly controlled by the

transcription factor SREBP1c (sterol regulatory element binding protein 1c). Although it has

been observed that when the constitutively active, truncated form of AMPK, CA-AMPK is

overexpressed in the liver, SREBP1c expression is down-regulated (73), the exact

mechanism behind this phenomenon is not understood. Studies using 32P labeling have also

shown that both AICAR and metformin increase the incorporation of the label into FAS,

further strengthening the idea that AMPK can modulate the expression of this important

enzyme in the context of lipid metabolism (74).

Glycerol-3-Phosphate Acyl-Transferase (GPAT) catalyzes the initial and rate-limiting step

of glycerolipid synthesis. Two distinct GPAT isoenzymes had been identified in mammalian

tissues, an N-ethylmaleimide (NEM)-sensitive isoform in the endoplasmic reticulum

membrane (microsomal GPAT), and an NEM-resistant form in the outer mitochondrial

membrane (mtGPAT) (75). The activation of AMPK by AICAR has been reported to reduce

GPAT activity in the liver (76). In addition, AMPK activation in the liver and adipose tissue

in endurance athletes has also been shown to reduce the activity of mtGPAT (77). It is also

intriguing to note that AMPK activation in the liver in the fasting state inhibits both GPAT

and DGAT (an enzyme that catalyzes the formation of triglycerides from diacylglycerol and

Acyl-CoA), and these effects are reversed by breaking the fast which effectively terminates

AMPK signaling (78, 79). Therefore, the overall evidence suggests that AMPK regulation of

these enzymes is likely an additional control point in this important lipid metabolism

pathway.

Hormone sensitive lipase (HSL) functions to hydrolyze the first fatty acid from a

triacylglycerol molecule, freeing a fatty acid and diglyceride (a process termed lipolysis). It

is also known as triglyceride lipase, while the enzyme that cleaves the second fatty acid in

the triglyceride is known as diglyceride lipase, and the third enzyme that cleaves the final

fatty acid is called monoglyceride lipase. In the context of a role of AMPK in lipolysis, it is

interesting to realize that experiments using 3T3-L1 adipocytes expressing dominant

negative as well as CA-AMPK have demonstrated a role for AMPK inhibition of this

process. Indeed, data from adipocytes derived from AMPKα1 knockout mice have also

supported this idea (80). Furthermore, AMPK also appears to down regulate HSL activity

during muscle contraction. When skeletal muscle is in the relaxed state, AICAR-induced

AMPK activation also suppresses triglyceride hydrolysis (76, 81-83). Thus, AMPK

activation also appears to be a negative regulator of hydrolysis of fatty acid residues.

Against the background of literature that increasingly supports the role of AMPK as “lipid

status” sensor as well as a metabolic switch, several facts are known. In the heart and the

liver, AMPK activation may be influenced by fatty acid availability independent of cellular

AMP levels (84, 85). Clinically, reduced fat oxidative capacity has been reported in type 2

diabetics (86). In rodents, a high fat diet has been reported to significantly decrease

phospho-AMPK in the liver and skeletal muscle (87, 88). It has also been observed that

AMPK activity is reduced in aortic endothelium and muscle in obese rats compared with

lean controls (89, 90). Overall, these studies suggest that chronic exposure to fatty acids can

act to inhibit AMPK but the underlying mechanism has not been fully explained. Our group
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has previously examined a possible mechanistic framework previously. For example, we

have evaluated the effect of the saturated fatty acid palmitate (which contributes 30-40% to

the circulating plasma free fatty acid (FFA) levels) on AMPK both in vitro and in vivo. In

summary, we found that in bovine aortic endothelial cells (BAEC), high concentrations of

palmitate significantly suppressed AMPK and ACC phosphorylation and that the inhibition

of AMPK by this fatty acid was independent of the upstream AMPK kinase, LKB1. Further,

we found that PP2A (an important serine/threonine kinase that is critically involved in cell

signaling systems such as those involving RAF, MEK and AKT) mediated the inhibition of

AMPK by palmitate. Since ceramide is known to be a potent activator of PP2A, we tested to

see if this sphingolipid was also involved in mediating palmitate-induced inhibition of

AMPK. In fact we found that palmitate appeared to inhibit AMPK be increasing the

synthesis of ceramide. Finally, we also discovered that mice fed with a palmitate-based high

fat diet were not only prone to obese in comparison with controls, but also developed insulin

at 3 months of age (91). Our laboratory was also able to demonstrate another intriguing and

rather more indirect relation between AMPK activity and fatty acid metabolism. In trying to

uncover mechanism at work behind the phenomenon of weight loss in chronic smokers and

subsequent weight gain in these individuals if they quit smoking, we observed that nicotine

(a principal addictive constituent of tobacco smoke), could increase the phosphorylation of

AMPK, ACC and LKB1 in adipocytes and that the activation of AMPK was dependent on

oxidative stress provoked by nicotine. Interestingly, we also found that nicotine inhibited

fatty acid lipase (FAS) activity in this cell type. In fact, AMPK activation (or constitutive

activation) inhibited FAS activity in adipocytes and this inhibition was affected by

phosphorylation of the enzyme. We concluded that the anti-lipogenic effects of nicotine are

manifest, in part, from an induction of AMPK phosphorylation (at Thr172) and LKB1 (at

Ser428) (74).

AMPK AND MITOCHONDRIAL BIOGENESIS

Mitochondrial biogenesis is the process by which new mitochondria are formed in the cell.

This complex process is activated by numerous signaling elements, typically triggered in

cellular stress or in response to environmental stimuli. It is thought that higher mitochondrial

copy number (or higher mitochondrial mass) is protective for the cell. Thus, it has been

reported that mitochondrial density is critically reduced in the face of insulin resistance and

lipid accumulation in muscle tissue (92). Historically, Winder et al were the first to report a

connection between AMPK and mitochondrial biogenesis when they reported that chronic

AICAR treatment stimulated this process in skeletal muscle (93). Several different

transcription factors and coactivators appear to be involved in controlling mitochondrial

biogenesis. NRF-1 and -2 (nuclear respiratory factor 1 and 2) transcriptionally control the

genes that encode for all the five electron chain complexes in the mitochondrion (94).

Therefore it is interesting to note that NRF expression is increased by chronic AMPK

activation, such as that occurs with beta-GPA (beta-guanidopropionic, a creatine analogue)

(60). Another important mitochondrial biogenesis regulator is the inducible coactivator of

nuclear receptors, PGC1alpha (PPAR-gamma-coactivator 1alpha). This coactivator is

increased in response to activation by AMPK and is reduced in AMPKalpha2 null mice as

well as AMPKalpha2 dominant negative animals (77, 95, 96). More recently, it has also

Shirwany and Zou Page 8

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2014 July 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



been reported that PGC1alpha coimmunoprecipitates with AMPKalpha2 and that AMPK

can directly phosphorylate PGC1alpha on Thr177. Kukidome et al and others have also

shown that AICAR increases mRNA expression of NRF-1 and mitochondrial DNA

transcription factor A (mtTFA) and stimulates mitochondrial proliferation (97) (Figure 5).

Thus AMPK also lives up to its reputation as a “master switch” in that it can potently control

organellar biogenesis in response to cell stress or high metabolic demand.

ROLE OF AMPK IN CELLULAR SYNTHETIC FUNCTION

HMG-CoA reductase (or 3-hydroxy-3-methyl-glutaryl-CoA reductase or HMGR) is the rate-

controlling enzyme of the mevalonate pathway, the metabolic pathway that produces

cholesterol and other isoprenoids. The catalytic activity of HMGR is inhibited by

phosphorylation on Ser872 by AMPK (12, 98, 99). Further, HMGR is also inhibitable by

ATP depletion. In transfected cells, mutation in HMGR Ser871Ala creates insensitivity to

AMPK inhibition((12). Finally, AMPK can also be activated by adiponectin and this can

reduce cholesterol synthesis and consequent atherosclerotic lesions in ApoE-deficient mice

(100, 101). These data compellingly suggest that HMGR regulation by AMPK is critically

involved in cholesterol metabolism.

Given that protein synthesis by the cellular machinery is such an energy intensive process, it

is not surprising that AMPK is intrinsically involved in this area of cell function as well. It

effectively inhibits protein synthesis at multiple points (Figure 6). First, it phosphorylates

and activates the eukaryote elongation factor 2 kinase (eEF-2-kinase). This phosphorylation

causes phosphorylation of eEF2 (eukaryotic elongation factor 2) which in turn leads to

inhibition of protein synthesis (102). Second, AMPK also inhibits the mammalian target of

rapamycin complex (mTORC). While insulin and IGF-1 can promote protein synthesis by

activating mTORC, AMPK counteracts this effect in various tissues. It appears to do this by:

(i) Phosphorylation of TSC2 (tuberous sclerosis gene 2) at Ser1387. This amplifies the

activity of Rheb (Ras homolog enriched in brain) and in turn leads to inhibition of mTORC1

signaling, and (ii) AMPK also inhibits mTORC by directly phosphorylating Raptor (a

binding partner on mTORC) which causes Raptor binding to 14-3-3 proteins and ultimately,

to inhibition of mTORC as well (103-105).

ROLE OF AMPK IN CELL GROWTH AND CELL DEATH

AMPK also has a far reaching impact on cell growth and proliferation and this manifests via

several known mechanisms. Overall, the molecule tends to inhibit cell growth. AMPK

induces G1/S phase cell cycle arrest (Steinberg 2009). Several investigators have shown that

the tumor suppressor p53 and cyclin-dependent kinase inhibitors, p21 and p27, are involved

in this process. The primary event is the phosphorylation of p53 at Ser15 by AMPK which

occurs upstream of p21 and p27 (106-108). Furthermore, AMPK appears to be involved in

reducing the cytoplasmic-to-nuclear ratio of the RNA-binding protein HuR (Hu family of

RNA-binding proteins; from the rare neurological disorder, anti-Hu syndrome discovered in

a patient of that name) which tends to reduce the mRNA stability of critical cell cycle

regulators like Cyclin A and Cyclin B1 (109). Thus, in a complex and interactive manner,
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AMPK can also function to negatively regulate cell cycle progression with the final

consequence of inhibiting cell growth and proliferation (Figure 7).

ROLE OF AMPK IN MEMBRANE EXCITABILITY AND ELECTROCHEMICAL

GRADIENTS

All cells exist and function in an exquisitely regulated ionic environment where the

extracellular milieu and the cellular interior are distinct in their ionic makeup. This

difference has to be maintained if normal signaling between the extracellular space and the

subcellular machinery can occur and, indeed for normal metabolic processes to proceed

nominally. This is largely achieved through a system of ionic channels and pumps that are

distributed on the plasma membrane as well as organellar surfaces inside the cell. These

channels and pumps have specific properties, electrodynamic properties and kinetics.

AMPK plays an important role in influencing the function of these cellular components as

well. For example, AMPK has been shown to inhibit the function of the CFTR Cl− channel

(cystic fibrosis transmembrane conductance regulator) as well as that of the endothelial Na+

channel, ENaC (110, 111). In the kidney, when osmotic stress is increased, AMPK is

activated in the distal nephron. This activation increases the activity of NKCC2 (Na+-

K+-2Cl− cotransporter 2) thereby tending to return the osmotic environment to nominal

levels (112). More recently, it has also been reported that AMPK inhibits the activity of the

KCa3.1 K+ channel (a Ca2+ activated K+ channel expressed at the basal lateral membrane of

many epithelial cells) (113). The caveat here is that despite these disparate effects, contrary

to expectation, no evidence has been uncovered that would suggest that AMPK is involved

in regulating or controlling the single most energy intensive cellular function in regard to

ionic homeostasis: maintaining the resting membrane potential. However, it is possible that

a more indirect impact of the molecule may be revealed with subsequent study (114).

INTEGRATIVE PHYSIOLOGICAL IMPACT OF AMPK

At the supracellular or whole organism level, studying the impact of AMPK on human

physiology is perhaps more relevant than simply elucidating its subcellular role. In this

context, AMPK has diverse influences and is also influenced itself by a variety of factors.

A conundrum linked to lipid metabolism is that extracellular fatty acid availability somehow

triggers cellular fatty acid metabolism (114). The trigger or switch that allows this to happen

has not been clearly defined. Tantalizingly, reports suggest that AMPK may be sensitive to

the lipid status of the cell in a variety of tissues (84, 115) and this may be independent of the

AMP-induced activation of AMPK. It further appears that fatty acid activation of AMPK is

only possible when AMPKalpha 1-312 (a gamma binding site on the alpha subunit) is

expressed, suggesting that activation by fatty acids requires interaction with the gamma

subunits of the AMPK complex (32). Further evidence for a role of AMPK as a sensor of

fatty acids in vivo comes from experiments on knockout mice that lack steroyl-CoA

desaturase 1 (SCD-1; which catalyzes the biosynthesis of monounsaturated fatty acids) or

those that are null for the fatty acid binding protein, AP2/MAL, demonstrating that these

gene deletions provoke increased levels of AMPK in the liver and skeletal muscle which

affords protection to these animals from diet-induced obesity (116-118).
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By phosphorylation and activation of elongation factor 2 kinase (eEF2K) and inhibition of

the mTOR signaling pathway (above), AMPK can regulate protein translation. Since both

eEF2K function as well as the integrity of mTOR signaling is dependent on amino acid

availability, it is reasonable to suspect that AMPK might also be regulated by amino acids.

In fact, it is known that amino acids can inhibit AMPK phosphorylation and this appears to

be independent of mTOR (treatment with rapamycin does not alter this inhibition) (12).

Recent studies compellingly demonstrate that while amino acid inhibition of AMPK does

occur in the cell, it is likely an indirect phenomenon because amino acids are known to

stimulate mitochondrial glutamate dehydrogenase which leads to enhanced tricarboxylic

acid cycle flux and attenuation of cellular AMP levels (119).

Appetite is controlled through a complex and multi-loop feedback system that integrates in

the arcuate nucleus of the mediobasal hypothalamus. Inputs into the nucleus come from

circulating nutrients (such as glucose and fatty acids) and hormonal signals (from the

pancreas, adipose tissue and the gastrointestinal tract). Many studies have established that

AMPK is a critical link in integrating these signals. There are several lines of evidence to

support this idea. AMPK subunits co-localize with neuropeptide-Y (NPY; an important

orexigenic neurotransmitter)-expressing neurons. Hypothalamic AMPK is activated by

fasting and inhibited by refeeding (12, 120). If AICAR is injected into the cerebral

ventricles, AMPK levels rise in the hypothalamus as does the desire to feed (121). Other

anorexigenic signals (such as insulin and glucose, etc.) also suppress AMPK activity in the

brain.

A very intense area of medical research has been the effort to understand the role of exercise

in health and disease. It has been known for a while that lack of exercise (and obesity,

perhaps as an independent variable), is a risk factor for several human pathologies ranging

from heart disease and stroke to diabetes and malignancy. However, the exact mechanism

that might explain these very strong associations are ill understood. One of the more

remarkable discoveries in biomedical research was that AMPK was activated in exercise

(most likely by skeletal muscle contraction) in humans as well as rodents (122, 123). Studies

in LKB1 mice have now shown that the activation of AMPKalpha2 is dependent on LKB1

phosphorylation (124, 125). Further, both AMPKalpha1 and alpha2 expression is

upregulated in the heart in proportion to intensity of exercise (126).

During exercise, AMPK can regulate increased glucose uptake by skeletal muscle (12). In

fact its possible role in enhancing glucose uptake via mechanisms that are independent of

insulin signaling has attracted considerable interest, especially because this is likely an

important mechanism in situations where muscle is insulin-resistant (as might occur in type

II diabetes). It was therefore intriguing when reports surfaced that muscle contraction,

glucose uptake and AMPK activity appeared to be positively associated. However, more

detailed experiments such as ones using dominant negative AMPK mutant mice and

AMPKalpha2 knockouts, have revealed that glucose uptake by contracted skeletal muscle

was either normal or slightly decreased (59, 127-129), the latter during tetanic muscle

contraction. Overall, these reports point to the possibility of more than one signaling system

being responsible for dynamic changes linking exercise associated glucose uptake, and

AMPK activity.
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During exercise and/or muscle contraction, evidence suggests that AMPK activity is

associated with deactivation of ACC2 and malonyl CoA decarboxylase (MCD)(122, 130,

131). However, specific links between fatty acid oxidation rate and AMPK activation have

not clearly been established. For example, in LKB1-deficient mice, although ACC

phosphorylation in both resting and contracted conditions is reduced, the level of malonyl-

CoA remain unaltered and the influence of muscle contraction on this coenzyme is

somewhat weak (132). Furthermore, studies also suggest that contraction-induced increases

in fatty acid oxidation are independent of AMPK activity (133). Muscle blood flow is also

an important compensatory mechanism wherein increased metabolic demands of active

muscle groups is readily met by increases in local blood flow which serves to enhance

muscle perfusion and performance. It has been observed that AMPK-induced stimulation of

muscle uptake of glucose is dependent on nitric oxide (NO; a critical vasodilatory

endothelium derived signaling molecule) (134). In addition, it is has also been established

that AMPK can phosphorylate eNOS (endothelium derived NO synthase) at Ser1177 in

contracting human skeletal muscle (135). These finding suggest that NOS phosphorylation

by AMPK in the endothelium serves to connect metabolic demand with muscle perfusion.

AMPK has many disparate influences on eukaryotic endocrine physiology which include

effects on specific hormonal signaling molecules and target tissues: (1) Leptin (16 kDa

protein hormone) plays a key role in regulating energy intake and energy expenditure,

including appetite and metabolism. Leptin is one of the most important adipose derived

hormones. It is known to increase AMPK activity in skeletal muscle (136). Furthermore,

rodents who lack leptin or leptin-receptors, show decreased AMPK activity in the liver

(137). Brabant et al have also demonstrated that in lean animals, this hormone causes raised

AMPK activity (138). In addition, it has been observed to inhibit triacylglycerol storage and

increase fatty acid oxidation in the heart in an AMPK-dependent and AMPK-independent

manner (139, 140). In contrast, in the brain (hypothalamus), leptin has been shown to

decrease AMPK activity thus inhibiting appetite and increasing peripheral fatty acid

consumption (121, 136). (2) Adiponectin (a protein hormone that modulates a number of

metabolic processes, including glucose regulation and fatty acid catabolism) activates and

stimulates liver and muscle AMPK activity in vivo and in vitro, thus leading to increased

glucose uptake and enhanced fatty acid oxidation (141). Adiponectin has also been shown to

activate AMPK in primary rat adipocytes (101, 142). Shibata et al have reported that

adiponectin can protect the heart from ischemic injury via AMPK-mediated mechanisms

(143). In fact, impaired AMPK signaling in adiponectin deficient mice provokes a heart

failure phenotype (144). (3) Resistin (is a cysteine-rich protein hormone/signaling molecule)

secreted by adipose tissue in rodents. In other mammals (primates, pigs and dogs), resistin is

secreted by immune and epithelial cells. It is known to induce insulin resistance and

stimulate hepatic gluconeogenesis (141). This hormone has been shown to phosphorylate

AMPK in the hypothalamus, an interesting fact that does not quite match the overall

anorexigenic effect of resistin (141). Vazquez et al have further opined that ACC

inactivation (secondary to AMPK activation) might represent a physiological compensatory

mechanism that serves to block the deleterious effect of high malonyl-CoA in the

hypothalamus from resistin-induced FAS (apoptosis-mediating surface antigen) inhibition

(145). (4) Ghrelin is a hormone produced mainly by P/D1 cells lining the fundus of the
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human stomach and ε cells of the pancreas that stimulates appetite. This hormone has also

been shown to regulate AMPK activity in the hypothalamus as well as peripheral tissues

(141). Kola et al have reported that ghrelin stimulates cardiac and hypothalamic AMPK

activity on one hand, while inhibits it in adipose tissue and the liver on the other (146-148).

(5) Perhaps the greatest impact relevant to human disease that is attributable to AMPK, is its

association with insulin signaling. Centrally, insulin manifests anorexigenic effects by

inhibiting AMPK activity in hypothalamus (120). AMPK activation and subsequent increase

in appetite has been noted in streptozocin-induced diabetic rats (149). In peripheral tissues

AMPK also has interesting associations with insulin signaling. In adipose tissue, for

example, insulin will inhibit AMPK by activating the B/Akt protein kinase complex. This

leads to AMPKalpha phosphorylation at Ser485 and Ser491 and reduced phosphorylation at

Thr172 (150). Both insulin and AMPK can upregulate glucose uptake by skeletal muscle via

enhance GLUT1 and GLUT4 translocation to the cell membrane as well as an increase in

GLUT4 transcription (56, 151). AMPK is also known to upregulate IRS1 (insulin receptor

substrate 1) via an inhibition of the insulin-mTOR pathway (152, 153). Thus, in several

different ways, insulin and AMPK actions are interlocked to modulate hormonal control of

cellular metabolism.

ROLE OF AMPK IN HUMAN DISEASES

Given how far reaching the effects of AMPK are on cell function, it is not surprising that

this molecule plays a central role in a variety of human pathologies and with growing

interest and continued research, an understanding and appreciation of this role is expanding

at a high rate (Figure 8).

11.1. OBESITY

It is probably appropriate to begin with a description of AMPK’s role in obesity because its

human health implications are so significant. Obesity is now strongly associated with

diseases or disease syndromes ranging from cardiovascular diseases, diabetes mellitus type

2, obstructive sleep apnea, certain types of cancer, and osteoarthritis. Obesity is also one of

the leading preventable causes of death worldwide (154). Winder et al were the first to

report that AMPK activation could reduce adiposity (93). In their studies, these investigators

also reported a decrease in hepatic and muscle triglyceride content. Buhl et al observed then

when obese rats were treated with AICAR, intra-abdominal adipose tissue was reduced by

15% compared to pair-fed controls (155). In mice with part of the ACC2 (the dominant

isoform observed in heart and skeletal muscle) gene deleted, adipose tissue was markedly

reduced as was the lipid content of the liver (156). Furthermore mGPAT (mitochondrial

Glycerol-3-phosphate acyltransferase; an enzyme that catalyzes the first committed step in

glycerolipid synthesis and one which is inhibited by AMPK) deletion in mice gives rise to a

lean body weight and reduced liver triglyceride levels (157). There is also a close link

between the important anorexigenic hormone, leptin and AMPK signaling. For example,

Kahn and colleagues first reported that leptin administration increased AMPK activity in

skeletal muscle (136). Another important cell-derived hormone that has anorexigenic

activity and is derived from adipocytes, is adiponectin. Studies a few years ago have shown

that this hormone activates AMPK and attenuates ACC activity in muscle and liver, and g-
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adiponectin (adiponectin globular domain only) activates AMPK in adipose tissue (62, 101,

158).

11.2. AGING

The term “aging” is somewhat ambiguous. Distinctions may be made between “universal

ageing” (age changes that all people share) and “probabilistic ageing” (age changes that may

happen to some, but not all people as they grow older, such as the onset of type II diabetes).

Thus, many investigators also make a distinction between chronological aging (age of an

organism) and biological aging (changes in an organism, some of whom may be

pathological). The role of AMPK in biological aging is also a hotly investigated area of

research. Most fascinating is the finding in c elegans, that AMPK overexpression can

increase lifespan by as much as 15% (159). Dietary or caloric restriction (DR) has long been

known to extend lifespan in a variety of species across the phylogenetic scale. Anisimov et

al and Ingram et al and others have opined, that AMPK activation can increase rodent

lifespans by mimicking DR (160-162). AMPK signals to influence protein synthesis via the

mTOR signaling system (above). Thus, TOR mutant worms also have extended lifespans as

do those bearing Raptor mutations (above) (163, 164). Furthermore, modulation of

translation by a dominant negative form of TOR in Drosophila, also extends lifespan (165).

11.3. MALIGNANT DISEASE

Malignant pathologies are characterized by anaplasia, invasiveness and metastases. The

National Cancer Institute (NIH; Bethesda MD) have published several reviews that identify

and delineate various mechanism-based targets for preventive interventions in malignant

diseases. These include Akt, mTOR and epigenetic modulators (such as those affecting cell

differentiation) (166). As discussed above, two of these (Akt and mTOR) are associated with

AMPK activity (Akt activates mTOR signaling by inhibiting AMPK activity). Therefore, it

is provocative to consider a role of AMPK in cancer biology as well.

In the simplest and most global sense, decreased AMPK activity is observed in those human

metabolic disorders that are associated with high cancer risk and these include obesity,

diabetes and the metabolic syndrome (166, 167). Intriguingly, even though it is not fully

understood how AMPK activity contributes to these complex, multi-factorial diseases/

syndromes, pharmacological intervention that activates AMPK appear to have positive

therapeutic impact (168). LKB1 is an important upstream activator of AMPK. Germ-line

mutations in LKB1 are linked to Peutz-Jegher syndrome (hereditary intestinal polyposis

syndrome; an autosomal dominant genetic disease characterized by the development of

benign hamartomatous polyps in the gastrointestinal tract and hyperpigmented macules on

the lips and oral mucosa). Further, about 50% of non-small cell malignant lung tumors also

show inactivating LKB1 mutations (169). Loss of LKB1 expression has also been noted in

recent reports of high grade in situ ductal breast cancer (170). Evidence also demonstrates

that mice lacking PTEN (phosphatase and tensin homolog; a tumor suppressor) have

reduced levels of LKB1 and high AMPK activity and are protected from tumorigenesis

(166). Mice that are hypomorphic to LKB1, also resist tumor formation. Indeed,

pharmacologic AMPK activation can significantly delay tumor formation in PTEN+/− mice

(171). p53 (a critical cell cycle regulator and tumor suppressor) expression has been
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observed to increase when pharmacologic AMPK activation is used in a variety of

experimental settings as well as increased expression of cyclin-dependent kinase inhibitors,

p21CIP and p27KIP1 (108, 172, 173). Several enzymes that are regulated by AMPK and are

closely involved in cellular metabolic control have also been linked to malignant

pathogenesis. These include FAS, ACC and HMGCoAR (18, 30). AICAR (widely used to

activate AMPK) has been shown to inhibit growth of established tumor cell lines in vitro

and include colon, breast, prostate, gastric, and glioma (108, 174). This phenomenon has

also been seen in vivo in rat gliomas, human breast cancer cells and colon xenografts (108,

174, 175). In addition, AICAR has also demonstrated the ability to arrest tumor cells in S

phase, increase expression of p21CIP, p27KIP1 and p53 along with inhibition of PI3K/Akt/

mTOR signaling. All of these effects of AICAR have been variously confirmed as being

dependent on AMPK activity (108, 174). Metformin (a biguanide activator of AMPK) has

also shown some positive effects in tumor biology. For example, it has shown suppression

of colon tumor xenografts in p53−/− and inhibition of estrogen receptor alpha positive breast

cancer cells.

Overall, it is likely that AMPK in the activated state has a beneficial impact on solid tumor

biology. However, more extensive investigation of the underlying mechanism is warranted

as well as an extension of AMPK’s role in other cancerous conditions such as hemopoietic

malignant pathologies and lymphomas, etc..

11.4 NEURODEGENERATION

Neurodegenerative processes underpin a diverse array of neurological pathologies. These

include those where inflammation and necrosis supervene (such as neurotrauma and stroke),

to those where apoptotic programmed cell death are predominant (such as Parkinson’s

disease and Alzheimer’s dementia).

It is well known that AMPKalpha1 and alpha2 are highly expressed in the brain (176).

AMPK in astrocytes is involved in ketogenesis and in prevention of apoptosis (177). In

Alzheimer’s disease (AD), abnormal vascular remodeling has been reported and AMPK has

been implicated as a contributing factor in this phenomenon (178). Interestingly, AICAR

treatment has also been shown to protect neurons from injury by agents such as glucose

deprivation, hypoxia, excitotoxicity and amyloid β peptide (the protein implicated in

neuronal apoptosis in AD) (179). AMPKalpha2 deletion in mice has been shown to be

protective in induced stroke with reduced size of infarcts (180). The adipocyte derived

hormone, leptin is decreased in AD patients, and serum levels are inversely correlated to

severity of dementia. Leptin has also been observed to reduce the amyloid β protein load

both in vitro and in vivo, and suppress tau phosphorylation in vitro (181). In a rodent model

of Huntington’s disease, treatment with metformin significantly prolongs survival time

(182). In contrast to these potential benefits of AMPK activation in neurodegeneration, it has

also been reported that in some conditions AMPK activity might have contrasting effects.

For example, metformin, at doses that lead to activation of the AMP-activated protein kinase

(AMPK), significantly increases the generation of both intracellular and extracellular Abeta

species. Furthermore, the effect of metformin on Aβ generation is mediated by

transcriptional up-regulation of beta-secretase [BACE1; one of the two proteolytic
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complexes that cleave amyloid precursor protein (APP) sequentially with gamma secretase

to produce the amyloidogenic amyloid peptide], which results in an elevated protein level

and increased enzymatic activity (183). A meta-analysis has also revealed that obesity and

diabetes significantly and independently increase risk for AD (184). Finally, Har and

colleagues have shown that a wide array of stress signals induces O-GlcNAc transferase

(OGT) expression and increases O-GlcNAcylation of many intracellular proteins, a response

that is critical for cell survival. His group has also described a mechanism by which glucose

deprivation induces OGT expression and activity in Neuro-2a neuroblastoma cells where

glucose deprivation increases OGT mRNA and protein expression in an AMP-activated

protein kinase-dependent manner, whereas OGT enzymatic activity is regulated in a p38

MAPK-dependent manner (185).

11.5 DIABETES

Beginning with Hardie’s pioneering paradigm of a possible role of disturbed AMPK

signaling in diabetes, a growing body of evidence has begun to validate this idea (186). In

the decade of the 2000s, both clinical and basic science data has accumulated pointing to a

role of AMPK signaling in type II diabetes. For example, Calvert et al have shown clinical

data that suggests metformin reduces cardiovascular end points of type 2 diabetic subjects

by actions that cannot solely be attributed to glucose-lowering effects. These therapeutic

effects of metformin have been reported to be mediated by its activation of AMP-activated

protein kinase AMPK (187). In high-fat and high-sucrose diet (HFHSD) induced diabetes in

mice, Bonnard et al reported tissue-specific defects of adiponectin-receptor expression and

AMPK activity (188). Several studies from our own laboratory have defined a specific role

of AMPK signaling in diabetes. For example, we have shown that in human umbilical vein

endothelial cells and aortas isolated from streptozocin-injected diabetic mice, AMPK

activation normalizes vascular endothelial function by suppressing 26S proteasome-

mediated GTPCH I degradation (189). Furthermore, when confluent HUVECs or mice were

treated with AICAR for the detection of AMPK phosphorylation and the expression of

mitochondrial uncoupling protein (UCP)-2, UCP-2 expression was increased, resulting in

the inhibition of both O−. and prostacyclin synthase nitration in diabetes (190). In addition,

Ren and colleagues have shown that the protease inhibitor 5-[5-(2-nitrophenyl)

furfuryliodine]-1,3-diphenyl-2-thiobarbituric acid (UCF-101; demonstrated to protect the

heart against ischemic injury), in streptozotocin (STZ)-induced diabetes, can normalize

hyperglycemia and alleviates STZ-induced anomalies in cardiomyocyte contractile

mechanics (191). Activation of AMPK by AICAR is rat or in muscle cells that overexpress

constitutively active AMPK (CA-AMPK) can increase glucose uptake and induces

translocation of GLUT1 and GLUT4 transporters (192). In AMPKalpha2 knockouts,

AICAR stimulated glucose transport is blocked in muscle but insulin stimulated glucose

transport is normal (127). Transgenic mice overexpressing muscle specific DN-

AMPKalpha2 fail to respond to AICAR treatment in terms of muscle glucose uptake (193).

Insulin resistant Zucker fa/fa rats have improved insulin sensitivity with just one dose of

AICAR (194). Overall, these reports suggest that in both in vivo and ex vivo systems, AMPK

mediated glucose uptake is complimentary to insulin as well as possibly independent of this

hormone, thereby implicating the kinase in diabetes pathophysiology.
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AMPK AND OXIDATIVE STRESS

The role of AMPK in vascular pathology is so intimately linked to endothelial function and

its relationship with oxidative stress that is reasonable to study the two in a somewhat

integrated manner.

CARDIAC DISEASE

The effect of AMPK activity on cardiac pathology can be considered under two broad

topics. First, AMPK appears to have a role in disorders that manifest as hypertrophy of the

cardiac muscle architecture. Dyck and colleagues have reported that activation of the Akt

pathway is critically involved in the genesis of cardiac hypertrophy (195). Furthermore,

mice lacking adiponectin that have reduced AMPK signaling are more susceptible to

afterload-induced hypertrophy (196). Second, myocardial ischemia-reperfusion injury

(inflammatory and oxidative damage to the cardiac muscle caused by reperfusion following

a relief of ischemia), is an important cardiopathic mechanism where AMPK is also thought

to play a role. It is known for example, that AMPKalpha1 and alpha2 activity is elevated

during cardiac ischemia (114). Increased AMPK activity likely compensates for the

ischemic condition by upregulating GLUT4 translocation and enhancing fatty acid oxidation

(197, 198). However, it remains unclear if AMPK activity contributes positively or

negatively to reperfusion in that reports have suggested both scenarios being dominant (199,

200).

VASCULAR ENDOTHELIAL FUNCTION

Oxidative stress and a shift in the cellular redox balance are critical underpinnings of

endothelial dysfunction. In turn, endothelial disturbances underlie cardiovascular pathology

(7). One important hallmark of endothelial dysfunction is a decreased bio-availability of

NO, the central vasodilatory molecule that helps regulate vascular tone. The decreased

availability of NO is also associated with the generation of reactive oxidative species in the

vessel wall such as peroxynitrite (6). Many studies have now established that there is an

intricate balance between AMPK signaling and the redox balance in the vascular milieu. For

example, AMPK has been shown to inhibit the formation of reactive oxygen species (ROS)

by NADPH oxidase and stimulate NO production be eNOS (endothelial nitric oxide

synthase)(7). Furthermore, AMPK has also been implicated in JNK activation, NF-kappaB-

mediated transcription, E-selectin expression and VCAM-1 expression, in endothelial cells

that have been exposed to H2O2, TNF-alpha or fatty acids. As a consequence, these

signaling events lead to attenuated monocyte adhesion onto the endothelial surface

(201-204). Silencing AMPKalpha1 has also been reported to decrease the expression of

MnSOD, catalase, gamma-glutamylcysteine synthase and thioredoxin, in endothelial cells

(205). AMPK also appears to have direct links to NADPH oxidase, a membrane bound

enzyme complex which is normally latent in neutrophils and is activated to assemble in the

membranes during the respiratory burst. It generates O2
.− transferring electrons from

NADPH inside the cell across the membrane and coupling these to molecular oxygen to

produce O2
.−. It has been shown that AICAR or AMP can suppress the production of

superoxide anion stimulated by phorbol esters or fMLP (Formyl-Methionyl-Leucyl-
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Phenylalanine) (206). In neutrophils, AICAR also has the ability to reduce PMA-dependent

(phorbol 12-myristate 13-acetate; a potent activator of PKC) H2O2 release and induction of

phosphorylation of JNK, p38, MAPK and ERK1/2 (7). The exposure of cultured human

endothelial cells (HEC) to high glucose concentrations (10 mM/L) can generate ROS and

this can effectively be attenuated by AMPK-activating drugs, such as rosiglitazone (207).

AMPK can also influence the cellular redox state via prevention of tyrosine nitration and

inhibition of prostacyclin synthase in endothelial cells that have been exposed to high

glucose. This has been reported recently by our group when we demonstrated that AICAR

could inhibit high glucose-induced nitration and inactivation of prostacyclin synthase in

HUVECs, that AMPK activation was necessary for AICAR to reduce oxidative stress, that

prostacyclin synthase nitration by AMPK was mediated through an upregulation of UCP-2

(mitochondrial uncoupling protein-2) and that this was dependent on activation of p38

kinase as well (190). These findings from our laboratory are especially of note given that the

basic role of uncoupling proteins is to prevent oxidative injury or minimize oxidative stress.

In fact, such a mechanism can also been validated in in vivo experiments where AICAR-

mediated AMPK activation markedly increases UCP-2 expression and reduction of O2
.− and

prostacyclin synthase nitration in diabetic wild-type but not in AMPKα-deleted mice (also

demonstrated in our report cited above) (190).

VASCULAR SMOOTH MUSCLE DYSFUNCTION

AMPK activation also appears to play a role in vascular pathology that centers on

hyperplasia and hypertrophy of vascular tissues as well as angiotensin-II mediated vascular

smooth muscle and cardiomyocyte proliferation (208, 209). Moreover, AICAR has been

shown to decrease neointimal hyperplasia in the rat femoral artery denudation model linked

to ERK1/2 inhibition (in part) (208).

To date, AMPK is the only known regulator that can potentially phosphorylate eNOS on

more than one site (Ser117 and Ser633) (7, 48, 210). These are both activating sites in the

reductase domain, as well as on Thr495 which is an inhibitory site in the CaM-binding

domain (16, 211). A large body of evidence has accumulated that demonstrates that hypoxia,

shear stress and thrombin, are all powerful AMPK activators in the endothelial tissues (202,

212-215). In addition, somewhat weaker yet significant stimulation of AMPK is also

associated with agents such as VEGF, PPAR agonists, AICAR, metformin and adiponectin

in the vascular endothelium (216-219). In 2004, our senior author (M.Z.) and colleagues had

reported the biguanide drug, metformin activated AMPK mediated by mitochondrial RNS

(reactive nitrogen species) and the PI3K pathway (220). Specifically, this report

demonstrated that metformin activated AMPK and increased the phosphorylation of ACC

(its downstream effector) at Ser79 in cultured BAEC (bovine aortic endothelial cells), that

this was mediated through c-Src and was Pi3K-dependent, was ONOL-dependent, that the

peroxynitrile oxidant was sourced to the mitochondrion and that inhibition of mitochondrial

complex I activated AMPK. Further, the paper also validated these findings in vivo. Studies

from our laboratory have also established that metformin-induced AMPK activation is

beneficial to endothelial function via Heat Shock Protein 90 (hsp90) mediated activation of

eNOS (221). In this report our group demonstrated that metformin could increase the

conversion of arginine into citrulline in BAECs in a dose-dependent fashion, suggesting that
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NO synthesis was occurring via activation of eNOS. This study also revealed that eNOS

activation by metformin was PI3K-dependent, was clearly mediated through the activation

of AMPK and that it enhanced the association of hsp90 (an important stress response

marker) with eNOS. Recently, our group has also provided evidence that NO itself might act

as an endogenous activator of AMPK (222). In this report, we have shown that No activates

AMPK in endothelial cells through a Ca2+-dependent mechanism involving CaMKKbeta

and that AMPK activation can itself increase NO release through AMPK-dependent

phosphorylation of eNOS at Ser1177. These data imply that a positive feedback relationship

might exist between eNOS and AMPK activation. However, further investigation of this

possibility is warranted.

In terms of the consequences of endothelial activation of AMPK, several aspects need to be

borne in mind. Overall, the activation of this molecule by FGF (fibroblast growth factor),

adiponectin, hypoxia and VEGF, seems to be critical for angiogenesis (7, 100, 212, 223).

For example, dominant negative AMPK (DN-AMPK) is able to suppress both endothelial

cell migration in response to VEGF as well as in vitro differentiation into tube-like

structures under hypoxic conditions (212). Similarly, increased VEGF expression has been

shown in muscle cells treated with AICAR leading to enhanced angiogenic repair in

response to ischemic injury in the mouse hind limb. This phenomenon reportedly involves

AMPK-dependent activation of p38 MAPK (224). Quite recently, Leick and colleagues have

reported that an AMPK/PGC-1alpha-dependent mechanism is likely responsible for

exercise-induced VEGF expression in skeletal muscle as well as exercise-training-induced

prevention of senescent decline in VEGF protein content (225).

AMPK activation in the endothelium is also linked to endothelial control of vascular smooth

muscle function, particularly vasorelaxation by NO which appears to be regulated, at least in

part by AMPK activity. Vasorelaxation is a critical arm of vascular tone and tone is a central

determinant of blood pressure regulation. Sustained high blood pressure is responsible for a

variety of serious disease states such as hypertrophic cardiomyopathy, coronary artery

insufficiency and myocardial infarction, hypertensive encephalopathy and cerebrovascular

disease, hypertensive retinopathy and hypertensive nephropathy being important examples.

It has been established that metformin therapy is beneficial for the cardiovascular system by

virtue of its ability to improve vasodilatory function (226, 227). It is possible that these

effects of metformin are dependent on eNOS activation as demonstrated by our group and

others. Another possibility that merits consideration is the fact that endothelium-dependent

vasorelaxation is not exclusively regulated by NO. It is provocative to speculate that AMPK

might be linked to vasorelaxation via the generation of epoxyeicosatrienoic acids by the

cytochrome P450 epoxygenases (7). In fact LKB1 and AMPK can be activated by

stimulation of the constitutive androstane receptor and pregnane X receptor (both of the

nuclear receptor superfamily that are thought to be involved in the detoxification of

xenobiotics), using Phenobarbital (a classic P450 inducer) (228). In mice that lack hepatic

alpha1 and alpha2 isoforms of AMPK, this response is not detectable (229). In keeping with

the vasorelaxative role of AMPK, it is now fairly well established that AICAR and

metformin can both relax arterial preparations and the evidence for this comes from others

as well as our group and senior author (220, 221, 230). Interestingly, there seems to be a
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species- and vessel-dependent difference in published literature in terms of chemical

sensitivity of AMPK activation. For example, unlike rat and mouse aortae, porcine carotid

artery smooth muscle is reportedly insensitive to AICAR and metformin, even though this

tissue can have AMPK activation by other means, such as by hypoxia and 2-deoxyglucose

(which causes a metabolic block in the glycolytic pathway) (231).

AMPK and its link with redox balance as well as NF-kappaB activity provide another

putative link between endothelial dysfunction and downregulated AMPK signaling. For

instance, hyperglycemia induced endothelial abnormalities can be corrected by AMPK

activation, as can the lipotoxicity provoked by substances such as palmitate (232).

Indirectly, AMPK activity in skeletal muscle in exercise can also be shown to have

beneficial attributes (7).

The role of AMPK activation in anti-atherosclerotic processes in the vasculature is also

currently under intense study and several fascinating insights have been revealed. For

example, the activation of mTOR by oxidized LDL has been shown to be involved in

smooth muscle cell proliferation, and AMPK activation by resveratrol can block the

activation of the PI3K/Akt/mTOR/p70S6K pathways with consequent inhibition of DNA

synthesis and proliferation of smooth muscle cells (233).

Our group has provided several intriguing lines of empirical information that underscore the

beneficial role of AMPK in endothelial cell function. Some have been highlighted above.

Others include the novel demonstration that hypoxia-reperfusion via ONOL can activate

AMPK in a c-Src mediated, PI3K-dependent manner (234), that the thromboxane receptor

(TPr) once stimulated can trigger ROS-mediated LKB1-dependent AMPK activation in

vascular smooth muscle resulting in inhibition of cellular protein synthesis (235), that

PKCzeta can regulate AMPK activity by increasing phosphorylation at Ser428 of LKB1

(resulting in association of LKB1 with AMPK and consequent phosphorylation of LKB1

itself at Thr172) (236), that the PKCzeta phosphorylation of LKB1 results in nuclear export

of the kinase and prompts AMPK activation in endothelial cells (236), and most recently,

ROS are required in the process of AMPK activation by statin drugs as well as PKCzeta

(237). More recent work (in the process of being prepared for publication) in our laboratory,

has revealed a novel mechanism through which H2O2 can mediate AMPK activation

independent of changes in the AMP:ATP ratio in endothelial cells. This has been observed

in this cell type under nutritional stress and the implicate free radical species appear to be

derived from the mitochondria. The most interesting aspect of this recent study is that under

nutritive challenge (in our case by utilizing 2-deoxyglucose to induce a biochemical block

by preventing glycolytic breakdown at the hexokinase step), AMPK activation led to

autophagy rather than cell death. Further, under conditions of hypoxia, endothelial cell death

was prevented in an AMPK and ROS dependent manner. Overall, studies from our group

reinforce the idea that AMPK activation is acutely sensitive to cellular redox balance and

this relationship appears to be independent of its putative function of responding to ATP

depletion (or more precisely elevated AMP:ATP) and triggering energy conserving

pathways in the cell. AMPK’s response to the redox balance also appears to favor cell

survival pathways as evidenced by data from our laboratory as well as from other

investigators.
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As has been alluded to a previous section, AMPK dysregulation has been linked to obesity

and the vascular morbidity observed in the metabolic syndrome and diabetes. There is a

buildup of consensus that these vascular consequences may be circumvented, at least

theoretically, by pharmaceutical strategies aimed at AMPK activation (238). In clinical use,

a number of compounds have modes of action involving AMPK activation and these include

popular and effective drugs such as cilostazol, fenofibrate and rosiglitazone (238).

Interestingly, polyphenols like Resveratrol also increase phosphorylation of AMPK and

have been shown to improve survival in mice who have been fed a high-fat, pro-atherogenic

diet (36, 239). In addition, it has been shown that the treatment of type 1 diabetic LDL-

receptor deficient mice with a synthetic polyphenols can prevent diabetes-induced decrease

in AMPK and ACC phosphorylation and lipid accumulation in the liver and accretion of

aortic atherosclerotic lesions (240). Metformin has also been shown to attenuate

hyperglycemia and improve insulin sensitivity as well as harboring vasculoprotective effects

in many studies including those from our laboratory. For example, it has shown to reduce

atherosclerotic lesions in animal models as well as in clinical studies in which the carotid

intima-media thickness was measured via ultrasound (241). The endothelial effects of

AMPK can largely be mimicked by its commonly used activator, AICAR. For example, in

mesenteric vessels isolated from a rat model of type 2 diabetes, the NO and prostacyclin

independent relaxation was impaired and endothelium-dependent contraction was enhanced.

Metformin and AICAR were both able to correct this imbalance and decrease oxidative

stress in this model (242). Overall, from both the bench top and the bedside, the emerging

mechanistic picture provides ample encouragement to fine tune a therapeutic approach for

AMPK activation in the vasculature that will not only enable better glycemic control but

also augment the clinical phenotype of many human diseases by improving vascular

endothelial function through this important kinase.

13 SUMMARY AND CONCLUSIONS

It has become evident with continuing research that AMPK plays a pivotal role in the

complex dynamics of bioenergetics, in both health and disease. The signaling system that

has AMPK as its centerpiece, is fairly complex (Figure 9). A fact that speaks to how far

reaching are the effects of activation or inhibition of this kinase. In a physiologic sense, this

molecule has layers of influence that it exerts on cellular processes. These include switching

between anabolic and catabolic states and altering cellular dynamics by directly influencing

genetic controls and protein expression. In conditions where cellular systems are under

metabolic strain, AMPK’s ability to quickly correct dynamic processes appears to be an

evolutionarily conserved mechanism seen across a wide phylogenetic scale, indeed in all

organisms studied thus far. Even when the cellular homeostatic machinery has been overrun

by pathological forces, AMPK acquires a central position in buffeting these fluxes,

frequently pointing them in a correcting direction and occasionally contributing to the

mounting damage that leads to cell death. Some drugs and compounds that have become

centerpieces of therapeutics as well as public health dogma, in disorders like diabetes (e.g.,

metformin), cardiovascular disease (e.g., polyphenols a resveratrol) and infectious diseases

(e.g., berberine), appear to deliver their protective/therapeutic effects via modulation of

AMPK signaling. However, many important details of underlying mechanisms remain
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somewhat obscure. There is also the belief among many pioneering and experienced

investigators who have studied AMPK for many years (e.g., D.G. Hardie of the University

of Dundee), that closer scrutiny of this molecule has also diluted its importance as a

regulator, simply because more investigation has revealed many more molecular actors that

control bioenergetics. However, at this point AMPK’s dominance as the quintessential

metabolic regulator remains relatively unchallenged.
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Figure 1.
Features of the AMPK subunits. Mammalian AMPK. Colored regions are ones whose

structure is known. Numbers associated with α and β subunits are N- and C- terminal

residues from the crystal structure. AIS: Autoinhibitory sequence. β-SID: β-subunit

interacting domain. GBD: Glycogen binding domain. αγ-SBS: α and γ subunit interacting

sequence. In the expanded glycogen binding domain schematic of the β subunits, letters with

numbers are sites of sugar binding (pS108 is the site at Serine 108 where phosphorylation

occurs). In the γ subunit, D90, R171, D245 and D317 are residues that form H-bonds with 2′

3′-ribose hydroxyl gropus, while R70, H151, R152, K170, H298 and R299 represent basic

residues that occupy the solvent accessible core of the subunit which makes contact with the

nucleotide phosphates. Modified with permission from Steinberg and Kemp Physiol Rev

89:1025-1078.
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Figure 2.
Activation of AMPK by AMP:ATP ratio and influence of activated AMPK on anabolic and

catabolic cellular processes.
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Figure 3.
Cellular effects of AMPK activation. A variety of triggers can activate AMPK that include

adipocyte derived hormones like adiponectin, cytokines like IL-6, CNTF (ciliary

neurotrophic factor) and plant derived modulators like resveratrol. Downstream effects are

schematically outlined in typical target organs. Modified with permission from Hardie DG

Nat Rev 2007.
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Figure 4.
Activation-deactivation cycle of AMPK. Activation of AMPK is initiated by a high

AMP:ATP ratio and is triggered by AMP binding to the γ subunit and phosphorylation of

Thr172 of the α subunit. This is catalyzed by AMPK kinase. The reverse (deactivation)

occurs when protein phosphatase dephosphorylates the α subunit, returning AMPK to a a

basal, inactive state.
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Figure 5.
AMPK activation signaling that leads to mitochondrial biogenesis. Activated AMPK signals

via Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1α),

nuclear respiratory factors (NRFs) and mitochondrial transcription factors (mtTFA) to

express genes encoding for mitochondrial DNA and proteins in stressed conditions. This

leads to increase in mitochondrial density.

Shirwany and Zou Page 41

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2014 July 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Inhibition of protein synthesis by AMPK. eEF2 kinase: Eukaryotic elongation factor 2

kinase. TSC1/2: Tuberous sclerosis complex 1-2. Rheb: Ras homolog enriched in brain.

mTORC: Mammalian target of rapamycin complex.
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Figure 7.
Putative mechanism of cell cycle control by AMPK activation.
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Figure 8.
Role of AMPK in pathogenesis of various human disorders.
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Figure 9.
Integrated AMPK signaling pathways. Top half of schematic represents upstream events.

Lower half represents downstream processes. In the lower half, left side are the events that

are activated by AMPK while on the right are those that are inhibited by the kinase. In the

center of the lower half is the main downstream effector, ACC and the consequence of its

inhibition.
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