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Abstract

AMP-activated protein kinase (AMPK) is a fuel-sensing enzyme that responds to decreases in cellular energy

state by activating processes that generate adenosine triphosphate (ATP) (e.g. fatty acid oxidation), and

inhibiting others that consume ATP but are not acutely necessary for survival (e.g. fatty acid, triglyceride and

protein synthesis). In contrast, sustained decreases in AMPK or a failure to activate it appropriately have

been implicated in the pathogenesis of the metabolic syndrome. Recent studies suggest that various hormones

can activate or inhibit AMPK. One of these hormones, adiponectin (Adn), an adipokine released by the fat

cell, activates AMPK in liver, muscle, primary rat adipocytes, cultured endothelium and almost certainly

other cells. Low plasma levels of Adn are associated with the metabolic syndrome; thus, in both humans and

experimental animals, they are often accompanied by obesity, insulin resistance, ectopic lipid deposition, and

a predisposition to both type 2 diabetes and atherosclerotic heart disease. Recent studies suggest that

thiazoledinediones (TZDs), agents used to treat diabetes because they diminish insulin resistance, exert this

effect in great measure by increasing the synthesis and release of adiponectin by the adipocyte and secondarily

increasing AMPK activity in the liver and other tissues. Another cytokine that has been shown to activate

AMPK is interleukin-6 (IL-6). Studies in IL-6 knockout (KO) mice have revealed that AMPK activity is

diminished in their muscle and adipose tissue at 3 months of age and that, like the adiponectin KO mice, they

are predisposed to obesity, glucose intolerance and hypertriglyceridemia. Likewise, when bred on an Apo

E� /� they develop more severe atherosclerosis than control mice. Whether AMPK activation by other means

prevents the development of the metabolic syndrome in the IL-6 or adiponectin KO mice remains to be

determined.
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Apo: apolipoprotein; ATP: adenosine triphosphate; CAMKK-b: calmodulin-dependent protein kinase kinase-b;

CoA: coenzyme A; DOG: deoxyglucose; EDL: extensor digitorum longus; HMW: high molecular weight

species; ICAM: intercellular adhesion molecule; IL-6: interleukin-6; KO: knockout; NF-kB: nuclear factor-kB;

PPAR: peroxisome proliferator activated receptor; TZD: thiazoledinedione; UCP: uncoupling protein; VCAM:

vascular cell adhesion molecule.

Introduction

A
denosine monophosphate-activated protein

kinase (AMPK) is a fuel-sensing enzyme

that responds to decreases in cellular energy

state. During such states as glucose deprivation and

exercise, AMPK activation restores adenosine tri-

phosphate (ATP) levels by activating processes that

generate ATP (e.g. fatty acid oxidation), and

inhibiting others that consume ATP but are not

acutely necessary for survival (e.g. fatty acid,

triglyceride and protein synthesis). In contrast,

sustained decreases in AMPK or a failure to

activate it appropriately have been implicated in

the pathogenesis of the metabolic syndrome. Recent

studies suggest that various hormones can activate

or inhibit AMPK; however, the mechanism by

which they do so and in some instances the

physiological relevance of their effects is incomple-

tely understood. This review covers the relationship

between AMPK and two of these hormones,

adiponectin (Adn) and interleukin 6 (IL-6). Adn,

an adipokine released by the fat cell, activates
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AMPK in liver, muscle, primary rat adipocytes,

cultured endothelium and almost certainly other

cells. Low plasma levels of Adn in both humans and

experimental animals are associated with obesity,

insulin resistance, ectopic lipid deposition (i.e.

characteristics of the metabolic syndrome) in multi-

ple tissues, and a predisposition to both type 2

diabetes and atherosclerotic heart disease. The

extent to which these effects of Adn lack are due

to decreased AMPK activity remains to be deter-

mined. In support of such a possibility, treatment

with thiazolidinediones (TZDs), agents used to treat

diabetes because they diminish insulin resistance,

have been shown to increase both plasma Adn and

tissue AMPK activity. In addition, it has been

shown that the effects of TZDs on insulin sensitivity

and AMPK are diminished or lost in Adn knockout

(KO) mice (1).

Whereas the adipocyte releases upward of 20

hormones, to date the only hormone known to

originate in muscle is IL-6. IL-6 is synthesized and

released by muscle in large amounts during sus-

tained exercise, during which its concentration in

plasma may increase 50�100-fold (2). It has been

suggested that it acts on the fat cell to increase

lipolysis when the exercising muscle needs addi-

tional fatty acids as a fuel. IL-6 activates AMPK in

both adipose tissue and muscle, and in an IL-6

knockout mouse, the activity of AMPK in these

tissues is diminished even at rest (3). Previous

studies (4, 5) had shown that these mice appear

normal at 3 months of age, but at the age of

9 months they are obese, dyslipidemic and glucose

intolerant. Likewise, when bred on an apolipopro-

tein (Apo) E� /� background they have been shown

to develop more severe atherosclerosis than control

mice (6, 7). Whether the decrease in AMPK activity

at 3 months of age contributes to the later develop-

ment of the metabolic syndrome phenotype in these

mice is currently under investigation.

The metabolic syndrome

The metabolic syndrome can be defined as ‘‘a state

of metabolic dysregulation characterized by insulin

resistance, hyperinsulinemia and a predisposition to

type 2 diabetes, dyslipidemia, atherosclerotic vascu-

lar disease, hypertension and other disorders’’.

Affected individuals are typically obese or over-

weight, or show more subtle manifestations of

increased adiposity such as an increase in abdom-

inal fat or fat cell size. In addition, they may have a

decreased capacity for exercise and often show

evidence of low grade inflammation, a procoagulant

state and mitochondrial dysfunction (8).

The metabolic syndrome is important for two

reasons: first, it is a target for the prevention and

therapy of the multiple disorders with which it is

associated; and secondly, it is extremely common.

According to the widely accepted guidelines of the

Adult Treatment Panel, upwards of 50 million

people in the USA over 20 years of age have the

metabolic syndrome, and this number is likely to

increase further as obesity and overweight continue

to become more prevalent (8). This group has

recently proposed that the metabolic dysregulation

that underlies the metabolic syndrome involves the

fuel-sensing enzyme AMPK (9).

AMP-activated protein kinase structure and

function

AMPK is a heterotrimer consisting of a catalytic

a-subunit and regulatory b- and g-subunits. Hardie

and Carling (10) first noted the dependence of

AMPKon cellular energy state, and more specifically

the AMP:ATP ratio. They proposed that a cascade of

events initiated by AMPK is part of a cell’s response

to stresses that deplete ATP and threaten its viability.

More specifically, they proposed that AMPK acts a

‘‘fuel gauge’’ that when activated stimulates pro-

cesses that generate ATP and inhibits others that

consume ATP, but are not acutely necessary for

survival (Fig. 1). Early studies revealed that such

activation of AMPK occurs in response to a wide

variety of factors that deplete cellular energy stores,

including glucose deprivation, hypoxia, ischemia and

muscle exercise. Among the events simulated by

AMPK activation (Fig. 1) are fatty acid oxidation,

glucose transport (in skeletal muscle and the heart)

and glycolysis (heart). Among the processes inhib-

ited at least for finite periods are the synthesis of

triglycerides and proteins. As shown in Fig. 2, rising

intracellular AMP displaces ATP bound to the

g-subunit of AMPK, altering its structure. It is

thought that this structural change may make

AMPK less susceptible to dephosphorylation and

inactivation by protein phosphatases and more

susceptible to activation and phosphorylation on

Thr172 in its a-subunit (10). To date, two such

AMPK kinases have been identified. One of them

is LKB1, a tumor suppressor that appears to mediate

AMPK activation in response to changes in energy

state (11, 12), and the other calmodulin-dependent
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protein kinase kinase-b (CAMKK-b), an enzyme

that is activated by Ca2� (13, 14). In contrast to

LKB1, CAMMK-b does not appear to require a

change in energy state to activate AMPK.

Recently it has been demonstrated that AMPK

can also be activated by leptin and a number of

other hormones (15). Furthermore, it has been

shown that a lack of these hormones or in some

instances their receptors predisposes to obesity,

insulin resistance, inflammation and, in genetically

predisposed animals and humans, to diabetes and

other disorders associated with the metabolic syn-

drome (9).

Adiponectin

Adn is secreted from differentiated adipocytes and

circulates in plasma as three different forms: trimer,

hexamer and high molecular weight (HMW) species

(16). Its levels in plasma, and in particular that of

the HMW form are decreased in obesity, type 2

diabetes, various insulin-resistant states and coron-

ary artery disease (17). Despite this, the identity of

the biologically active form(s) of Adn remains

unclear. Fruebis et al. showed that the globular

subunit of Adn (g-Adn), which is not found in the

circulation, increases fatty acid oxidation in incu-

bated mouse skeletal muscle and cultured muscle

cells (18). They also found that its administration in

vivo prevents obesity and increases insulin sensitiv-

ity in fat-fed rats. Because these effects are similar to

those observed when AMPK is activated by muscle

contraction or treatment with the AMPK activator

5-aminoimidazonle-4-carboximide 1-b-D-ribofuran-

soside (AICAR), the present group assessed

whether g-Adn activates AMPK.

As shown in Fig. 3, g-Adn increases AMPK

activity and phosphorylation in incubated rat

extensor digitorum longus (EDL) skeletal muscle.

Similar findings were observed in muscle of C57BL/

6J mice following its intraperitoneal injection (19).

In keeping with this, g-adiponectin also produced
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Fig. 1. AMP-activated protein kinase (AMPK) activation and its effect on cellular energy state. AMPK activation concurrently leads to an

increase in cellular processes that generate adenosine triphosphate (ATP) and a decrease in those processes that use ATP, but are not

immediately needed for cell survival. AMPK activation has been attributed to ATP depletion, which leads to changes in the adenosine

monophosphate (AMP): ATP ratio. It is currently suspected, although not definitively proven, that metformin, adiponectin and leptin activate

AMPK by altering the energy state of a cell. [Modified from Ruderman and Prentki (9).] TG: triglyceride; TZD: thiazoledinedione.
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Fig. 2. Activation of AMP-activated protein kinase (AMPK).

Adenosine triphosphate (ATP) binds to specific domains on the g-

subunit of AMPK; however, when intracellular adenosine mono-

phosphate (AMP) increases (due to glucose deprivation, hypoxia,

etc.) ATP is displaced by AMP owing to its higher binding affinity.

The binding of AMP alters the structure of AMPK, thus making it a

better substrate for at least one upstream kinase (labeled AMPKK),

the tumor suppressor LKB1.
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several well-known effects of AMPK activation in

muscle, including a decrease in the concentration of

malonyl-conenzyme A (CoA) and increases in the

phosphorylation of acetyl-coenzyme A carboxylase

(ACC) and the uptake of 2-deoxyglucose (2-DOG)

(Fig. 3) Similar changes in AMPK and ACC have

been described in primary rat adipocytes exposed to

g-Adn (20) and in rodent liver following the

administration of HMW Adn (21). In liver, HMW

Adn has also been shown to diminish glucose

production and the expression of gluconeogenic

enzymes (22), and in obese rodents, it diminishes

hepatic lipid accumulation (23). Collectively, these

findings suggest that Adn may improve insulin

sensitivity by a mechanism that involves AMPK.

In addition to these effects, Adn has been

reported to diminish atherosclerosis in Apo E KO

mice (24), and to inhibit tumor necrosis factor-

a-induced increases in the expression of adhesion

molecules such as vascular cell adhesion molecule-1

(VCAM-1) and intercellular cell adhesion molecule-

1 (ICAM-1) (25), and nuclear factor-kB (NF-kB)

activation in cultured endothelium (26). The effects

in cultured endothelium are similar to those re-

ported for the AMPK activator AICAR (27).

In both humans and experimental animals, Adn

expression in adipocytes and its level in plasma are

increased by treatment with peroxisome proliferator

activated receptor-g (PPAR-g) agonists such as the

TZDs (22). Earlier studies established that TZDs in

vivo increase AMPK activity in rat liver and

adipose tissue (28). To determine whether Adn

plays a pivotal role in mediating this effect, the

TZD rosiglitazone was administered by gavage for

2 weeks to control and Adn KO mice. As shown in

Fig. 4, rosiglitazone failed to activate AMPK and

decrease the concentration of malonyl-CoA in liver

of the Adn KO mice (1). Similar results were found

in skeletal muscle (data not shown). In keeping with

these findings, glucose tolerance was less improved

after rosiglitazone treatment in ob/ob mice lacking

Adn than in ob/ob control mice.

Interleukin-6

IL-6 has long been recognized for its effects on the

immune system, although it has other actions (29).

In humans sustained, but modest, increases in its

plasma concentration have been found in proin-

flammatory, insulin-resistant states, especially in the

presence of obesity (30). Interest in the relationship

between IL-6 and AMPK stemmed from observa-

tions made during exercise. Thus, the activity of

AMPK increased in liver and adipose tissue, as well

as muscle, in rats studied after a treadmill run,

raising the possibility of its regulation by a systemic

hormonal factor (31). That one such factor might

Fig. 3. Effects of incubation with gACRP30 on AMP-activated protein kinase (AMPK) signaling and related parameters in rat extensor

digitorum longus (EDL). EDL muscles from 60 g rats were incubated for 30 min in the presence (�/) or absence (�/) of gACRP30 (2.5 mg ml�1)

and analyzed for (A) a2-AMPK activity, (B) phosphorylated AMPK (P-AMPK) (Thr 172), total AMPK and phosphorylated acetyl coenzyme A

carboxylase (P-ACC) (Ser 79), and (C) malonyl coenzyme A (CoA) concentration. Blots are representative of muscles of three to five animals.

Measurements of AMPK activity and malonyl CoA concentration are means9/SE (n�/5). (D) Effect of gACRP30 on glucose transport in rat

EDL. [Taken from Wu et al. (20); used with permission.]
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be IL-6 was first suggested by the finding of

Pederson and co-workers (32) that IL-6 is synthe-

sized and released into the circulation by skeletal

muscle during exercise in both humans and mice.

They found that IL-6 release was more or less

proportional to the duration and intensity of the

exercise (33), and that in humans it could lead to a

50�100-fold increase in plasma levels of IL-6

compared with baseline values (in contrast, only a

two- to three-fold increase in plasma IL-6 occurs in

obese insulin-resistant individuals; reviewed in ref.

30). Pedersen and co-workers also found that an

infusion of IL-6 into humans increases adipose

tissue lipolysis and hepatic glucose production

during exercise (34). Based on these findings they

proposed that IL-6 released into the circulation

during exercise is a signal to other tissues to provide

for the energy needs of muscle as its endogenous

fuel stores (e.g. glycogen) are depleted (2, 35).

The studies by Park in the present authors’ unit

and those of the Pedersen group (2, 33, 36) led to a

joint effort of the two laboratories to assess whether

IL-6 activates AMPK. As shown in Fig. 5, it was

found that IL-6 rapidly activates AMPK in both

Fig. 4. Effect of the treatment with rosiglitazone on (A) AMP-activated protein kinase (AMPK) activity and (B) malonyl coenzyme A (CoA)

concentration in vivo in wild-type (WT) and adiponectin knockout (KO) mice. Mice were treated with 10 mg kg�1 body weight per day of

rosiglitazone [�/ thiazoledinedione (TZD)] or vehicle by oral gavage. Results are means9/SE (n�/10). *p B/0.05. [Modified from Nawrocki et al.

(1); used with permission.]
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Fig. 5. AMP-activated protein kinase (AMPK) activation by interleukin-6 (IL-6) in (A) incubated rat extensor digitorum longus muscle; (B)

cultured F442A adipocytes; and in vivo in (C) rat mixed gastrocnemius muscle, and (D) epididymal adipose tissue 1 h after an intraperitoneal

injection of IL-6 (2.5 mg). Results are means9/SEM (A, C) of four measurements. *p B/0.05. Blots in (B) and (D) are representative of three

studies. [Taken from Ruderman et al. (30); used with permission.]
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intact EDL muscle and F442a adipocytes (3).

Likewise, an intraperitoneal injection of IL-6

(25 ng g�1 rat weight) increased AMPK activity

in both skeletal muscle and adipose tissue within

1 h. The mechanism by which IL-6 activates AMPK

has not been conclusively determined; however,

preliminary data suggest that IL-6 induces altera-

tions in the AMP:ATP ratio that correlate tempo-

rally with changes in AMPK activity (M Kelly,

unpublished observations).

The physiological relevance of the interrelation-

ship between IL-6 and AMPK was evaluated in the

IL-6 KO mouse (5). These mice develop obesity,

hypertriglyceridemia and glucose intolerance by

9 months of age. At 3 months of age they appear

normal; however, AMPK activity in skeletal muscle

and adipose tissue at rest was diminished by 75%

and 50%, respectively, and the absolute increases in

plasma AMPK were markedly less than in litter-

mate control mice, although they were not com-

pletely prevented (3). Preliminary data suggest that

cardiolipin, a lipid that reflects mitochondrial

electron transport capability, is diminished in white

muscle of these mice, as is the expression of a

mitochondrial uncoupling protein (UCP3) that is

thought to protect against oxidative stress (30). In

keeping with these findings, Faldt et al. (4)

observed that preobese IL-6 KO mice (aged

3 months) have reduced exercise endurance and

an elevated respiratory exchange ratio (0.839/0.03

vs 0.779/0.02), indicating a decreased rate of fatty

acid oxidation. Both of these observations could be

explained by their reduced AMPK activity (37).

Further studies are needed to evaluate the role of

IL-6 deficiency in the pathogenesis of the obesity,

glucose intolerance and hypertriglyceridemia that

develops later in these mice, as well as the increased

severity of atherosclerosis that has been observed

when they are cross-bred with ApoE� /� mice (7).

Also requiring study is why both a lack of IL-6 and

a chronic, but low-grade, increase in its plasma

concentration are associated with the metabolic

syndrome.
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