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Abstract: Metabolic syndrome is the challenging condition in current scenario in developing countries. To overcome it,
the best target identification is the most challenging task. The enzyme Adenosine Monophosphate Activated Protein
Kinase (AMPK) could be one of the targets to battle against such intricate conditions. The Adenosine Monophosphate
Activated Protein Kinase (AMPK), a heterotrimeric serine/threonine protein kinase. Activated AMPK switches cells
from an anabolic to a catabolic state, shutting down the ATP-consuming synthetic pathways and restoring energy
balance, regulates key metabolic enzymes to reduce the activity of ATP-utilizing biosynthetic pathways and increase the
activity of ATP-generating pathway. The fuel-sensing enzyme 5'-AMP-activated protein kinase (AMPK) has a major role
in the regulation of cellular lipid and protein metabolism in response to stimuli such as exercise, changes in fuel
availability and the adipocyte-derived hormones leptin and adiponectin. Abnormalities in cellular lipid metabolism are
involved in the pathogenesis of the metabolic syndrome, possibly because of dysregulation of AMPK and Malonyl-
CoA.It is now recognized that pharmacological activation of AMPK improves blood glucose homeostasis, lipid profile
and blood pressure in insulin-resistant conditions. Indeed, AMPK activation mimics the beneficial effects of physical
activity or those of calorie restriction by acting on multiple cellular targets. In addition, AMPK is one of the probable
targets of major antidiabetic drugs including, the biguanides (metformin) and thiazolidinedione, as well as of insulin
sensitizing adipokines (e.g., adiponectin). Taken together, such findings highlight the logic underlying the concept of
targeting the AMPK pathway for the treatment of metabolic syndrome.
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INTRODUCTION

Metabolic syndrome is a complex disorder defined
by a cluster of interconnected factors like, insulin
resistance, hyperglycaemia, hypertension, low High
Density Lipoprotein (HDL), and raised Very Low
Density Lipoprotein (VLDL)-triglycerides. The term
"metabolic" refers to the biochemical processes
involved in the body's normal functioning. Risk factors
are traits, conditions, or habits that increase your chance
of developing a disease. In general, a person who has
metabolic syndrome is twice as likely to develop heart
disease and five times as likely to develop diabetes as
someone who doesn't have metabolic syndrome [1-3]. It
is labeled as syndrome-X [4]. It is estimated that 20%—
25% of South Asians have developed Metabolic
Syndrome and many more may be prone to it [3]. The
five conditions described below are metabolic risk
factors. There might be any one of these risk factors by

itself but they tend to occur together.
e Abdominal obesity or Excess fat in the
stomach area is a greater risk factor for heart

disease than excess fat in other parts of the
body, such as on the hips.

A high triglyceride. Triglycerides are a type of
fat found in the blood.

A low HDL cholesterol level. HDL sometimes
is called "good" cholesterol. This is because it
helps remove cholesterol from your arteries. A
low HDL cholesterol level raises risk for heart
disease.

High blood pressure. Blood pressure is the
force of blood pushing against the walls of
your arteries as your heart pumps blood. If this
pressure rises and stays high over time, it can
damage your heart and lead to plaque build-up.
High fasting blood sugar. Mildly high blood
sugar may be an early sign of diabetes.
Increased Blood glucose level is associated
with Diabetes  related Hypertension,
Glaucoma, Vascular damage, Atherosclerosis.
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Other risk factors, besides those described above,
also increase risk for heart disease. For example, a high
LDL cholesterol level and smoking are major risk
factors for heart disease, but they aren't part of
metabolic syndrome. The risk of having metabolic
syndrome is closely linked to overweight and obesity
and a lack of physical activity. Insulin resistance also
may increase your risk for metabolic syndrome. Insulin
resistance is a condition in which the body can't use its
insulin properly. Insulin is a hormone that helps move
blood sugar into cells where it's used for energy. Insulin
resistance can lead to high blood sugar levels, and it's
closely linked to overweight and obesity. Genetics
(ethnicity and family history) and older age are other
factors that may play a role in causing metabolic
syndrome.

ADENOSINE MONOPHOSPHATE ACTIVATED
PROTEIN KINASE (AMPK)

The AMP-activated protein kinase (AMPK) is a
heterotrimeric serine/threonine protein kinase consisting
of the catalytic subunit (o) and 2 regulatory subunits (3
and vy) that exist as multiple isoforms and splice
variants, resulting in the generation of 12 possible
heterotrimeric combinations. As its name suggests, the
AMPK is activated in many different cell types by
increased intracellular concentrations of AMP and is
generally referred to as a “metabolite-sensing kinase.”
Indeed, the AMPK is activated following heat shock,
vigorous exercise, hypoxia/ischemia, and starvation and
appears to be a metabolic master switch,
phosphorylating key target proteins that control flux
through metabolic pathways of hepatic ketogenesis,
cholesterol ~ synthesis,  lipogenesis,  triglyceride
synthesis, adipocyte lipolysis, skeletal muscle fatty acid
oxidation, and protein synthesis [5, 6]. The AMPK
determines whole body insulin sensitivity and may
prevent insulin resistance, in part, by inhibiting
pathways that antagonize insulin signaling. Through its
effects on signaling, metabolism, and gene expression,
the AMPK enhances insulin sensitivity and may reduce
the risk of type 2 diabetes [7].
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Fig. 1: AMPK and the regulation of intracellular
and whole-bodymetabolism.

(a) Effects of AMPK activation on whole-body
parameters related to diabetes. Glycolysis, glucose
uptake and fatty acid oxidation are stimulated in
multiple tissues in the body, while the biosynthesis of
glucose, glycogen and lipids is inhibited. In the diabetic
state, these effects conspire to improve reduced blood
glucose levels and increase peripheral insulin
sensitivity.

(b) The intracellular effects of AMPK activation. The
kinase is activated by metabolic stresses, such as
nutrient deprivation or by hormonal signals such as the
antidiabetic hormone adiponectin. These signals
produce an increase in intracellular AMP (which acts
directly on AMPK), and/or activate upstream kinases
that activate AMPK by direct phosphorylation. The
activated kinase then phosphorylates numerous targets
in the cytoplasm and nucleus to elicit changes in
intracellular metabolism that reduce ATP consumption,
increase ATP production and re-establish a proper
energy balance in the cell.

AMPK ACTIVATION

Some chemicals like, Metformin, Berberin,
Resveratrol, Thiazolidinediones, Cannabinoids,
Adeponectin, Leptin, a-Lipoic Acid, Thiazolidinedione
activate AMPK [8]. AMPK is activated by increase in
the intracellular AMP: ATP ratio resulting from
imbalance between ATP production and consumption.
Activation of AMPK involves AMP binding to
regulatory sites on the vy subunits. This causes
conformational changes that allosterically activates the
enzyme and inhibits Dephosphorylation of Thrl72
within the activation loop of the catalytic a subunit.
AMPK activation requires phosphorylation on Thr172
by upstream kinases, identified as the tumor suppressor
serine-threonine  kinase 11/ Liver Kinase Bl
(STK11/LKB1) and Calmodulin Kinase Kinase
(CaMKKS), which is further stimulated by the allosteric
activator AMP [9]. Moreover, it has been recently
shown that the ADP: ATP ratio could also play a
regulatory role on AMPK by binding to specific
domains on the y subunit [10, 11]. Drug such as
Metformin inhibits mitochondrial respiratory chain
complex-1 and AMP Deaminase, hence increased
AMP: ATP ratio activates AMPK [12]. The y -subunit
of AMPK contains three AMP-binding sites, these are
formed in the interface of its two pairs of Cystathionine
beta synthase (CBS) domains, also called Bateman
domains. CBS domains giving AMPK its ability to
sensitively detect shifts in the AMP: ATP ratio. Two of
these binding sites can bind either AMP or ATP,
whereas a third site contains a tightly bound AMP that
does not exchange. When AMPK is inactive under
physiological conditions, it binds two ATP and one
AMP molecule, while in low energy states it binds three
AMP molecules. It is now proposed that the interaction
of the catalytically active kinase domain with the AMP-
bound y -subunit protects the phosphorylated Thr172
residue from Dephosphorylation [13]. Metformin also
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activates Liver Kinase B1 (LKB1) which activates
AMPK which in turn reduces fatty acid synthesis [14].
Metformin inactivate enzyme AMP deaminase and
prevent degradation of AMP to IMP (Inosine Mono
Phosphate) and NH3. The enzyme AMPK needs to be
phosphorylated, which is catalyzed principally by
LKB1 in liver and muscle [15]. Activated AMPK
switches cells from an anabolic to a catabolic state,
shutting down the ATP-consuming synthetic pathways
and restoring energy balance [9]. The activated kinase
phosphorylates and regulates key metabolic enzymes to
reduce the activity of ATP-utilizing biosynthetic
pathways and increase the activity of ATP-generating
pathway [16]. As a result, glucose, lipid and protein
synthesis as well as cell growth are inhibited whereas
fatty acid oxidation and glucose uptake are stimulated.
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Fig. 2: Regulation of AMPK. AMPK (blue) becomes
activated under conditions of high AMP/ATP
(metabolic depletion), or in response to the
hormones leptin and adiponectin. Under these
circumstances, AMP binds to AMPK, facilitating
phosphorylation at Thrl72 and activation, in a reaction

catalyzed by the LKB1-STRAD-MO25 complex
(AMPKK; red). AMP also prevents dephosphorylation
and deactivation of AMPK and serves as an allosteric
activator of AMPK.

AMPK AND REGULATION OF CHOLESTEROL
BIOSYNTHESIS

The AMPK system acts as a protective system for
individual cells during metabolic stress by acting as a
“fuel gauge”. Once activated, AMPK initiates energy-
saving and energy generating Systems. In this regard,
AMPK phosphorylates and inhibits 3-hydroxy-3-
methylglutaryl CoA (HMG- CoA) Reductase and
Acetyl- CoA Carboxylase (ACC) [17]. As the Activated
AMPK inhibits the HMG- CoA Reductase; a rate
limiting enzyme for De novo biosynthesis of
Cholesterol, inhibition of cholesterol bio synthesis leads
to depletion of cholesterol and activation of SCAP
(SREBP-cleavage activating protein)-SREBP (Sterol
Regulatory Element Binding Protein) transportation
activity. In inactive state, SREBP resides in the
endoplasmic reticulum and associated with another
transmembrane protein SCAP  which provides
conditional chaperon activity to SREBP. SCAP
contains cholesterol sensing domain which responds to
depletion of sterol with activation of SCAP-SREBP
transporting activity. Under such condition, SCAP
transports SREBP to the Golgi apparatus, where the N-
terminal of transcription activation domain of the
SREBP is released from the precursor protein through
specific cleavage. The active form of SREBP trans-
locates to the nucleus and binds to its cognate SRE-
1(Sterol Regulatory Element-1) site and activates
transcription of LDLR (Low Density Lipoprotein
Receptor) gene. Increased hepatic LDLR Expression
results in improved clearance of plasma LDL through
receptor mediated endocytosis and this has been
strongly associated with decreased risk of developing
cardiovascular associated disease in Humans [18].
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Fig. 3: Regulation of cholesterol synthesis.
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Inhibition of HMG CoA Reductase reduces
intracellular cholesterol levels, thus activating a
protease, which in turn cleaves sterol regulatory
element-binding  proteins (SREBPs) from the
endoplasmic reticulum. The SREBPs translocate to the
nucleus where they up regulate expression of the LDL
receptor gene. Enhanced LDL receptor expression
increases receptor-mediated endocytosis of LDL and
thus lowers serum LDL. Inhibition of HMG CoA
Reductase also reduces intracellular levels of
isoprenoids, which are intermediates in cholesterol
biosynthesis.

AMPK AND FATTY ACID OXIDATION

Skeletal muscle is a dynamic tissue that preferentially
utilizes fatty acids as a fuel source during postprandial
conditions. Defects in skeletal muscle fatty acid
oxidation contribute to the pathogenesis of insulin
resistance and obesity [19], therefore an understanding
of the signalling pathways mediating fatty acid
oxidation may yield therapeutic targets for the treatment
of insulin resistance and associated disorders. The
AMP-activated protein kinase (AMPK) is thought to
regulate fatty acid oxidation in response to energy

CoA carboxylase-2 (ACC2) on Ser-221 (corresponding
to Ser-79 in ACC1l) [20]. ACC2 resides on the
mitochondrial membrane catalyzing the carboxylation
of acetyl CoA to Malonyl CoA, an allosteric inhibitor of
the mitochondrial long-chain fatty-acyl CoA shuttle,
carnitine palmitoyltransferase-1 (CPT-1), which is part
of a family of enzymes called carnitine acyltransferases
[21, 22]. Phosphorylation of ACC-2 lessens enzyme
activity, causing a reduction in Malonyl CoA levels,
hence prevention of the Malonyl CoA-mediated
inhibition of CPT-1, and an increase in fatty acid B-
oxidation by mitochondria. [23] Thiokinase or acyl
CoA synthetase activates fatty acid to Acyl CoA. Fatty
acid reacts with ATP to form acyladenylate which then
combines with Coenzyme A to produce Acyl Co-A,
which then transferred to Carnitine catalyzed by CPT-1;
present on the outer surface of the inner mitochondrial
membrane. The Acyl- Carnitine complex is then
transported across the membrane to mitochondrial
matrix by carrier protein; carnitine:
acylcarnitinetranslocase. CPT-2, found on the inner
surface of inner mitochondrial membrane, converts
Acyl- Carnitine to Acyl CoA. Carnitine returns to
cytosol for reuse. Acyl Co A gets converted in to Acetyl

demand, nutrients and hormones by directly CoA by B- oxidation. Acetyl Co A can enter cyclic acid
phosphorylating the muscle-specific isoform of acetyl- cycle and get oxidized to CO, and H,O [24].
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Fig. 4: Fatty acid oxidation mechanism of AMPK

AMPK AND GLUT-4

After a meal or during the euglycaemic
hyperinsulinemic clamp, both situations with high
circulating levels of insulin, skeletal muscle is the main
site for glucose disposal in the body. This is sustained
by the insulin-dependent translocation of glucose
transporter GLUT4 from intracellular vesicles to the
cell surface, which is impaired in T2D patients.
Muscular AMPK activation, either by exercise or by
drugs, stimulates muscle glucose uptake. Interestingly,
even if AMPK and insulin acts through phosphorylation
of downstream target of Akt (Akt substrate of 160kDa,
AS160) [25], AMPK-dependent and insulin-dependent
GLUT4 translocations are distinct pathways [26].

Additionally, exercise-induced muscular AMPK
activation and AS160 phosphorylation are both reduced
in obese non-diabetic and obese type 2 diabetes subjects
[27] but maintained in lean type 2 diabetes patients [28]
suggesting that dysregulation of muscular AMPK is
more dependent of obesity than of hyperglycaemia.
Under conditions of exercise, however, blood sugar
levels are not necessarily high, and insulin is not
necessarily activated, yet muscles are still able to bring
in glucose. AMPK seems to be responsible in part for
this exercise-induced glucose uptake. Two proteins are
essential for the regulation of GLUT-4 expression at a
Transcriptional level Myocyte enhancer Factor 2
(MEF2) and GLUT-4 enhancer factor (GEF). Mutations
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in the DNA binding regions for either of these proteins
results in ablation of transgene GLUT-4 expression [29,
30]. AMPK activation by 5-aminoimidazole-4-
carboxamide riboside (AICAR) treatment has been
shown, however, to increase transport of both proteins
into the nucleus, as well as increase the binding of both
to the GLUT-4 promoter region [31].

CONCLUSION

Lifestyle modifications are recognized as an
important preventive and therapeutic intervention for
impaired glucose tolerance, insulin resistance and type
2 diabetic patients. By manipulating the activity of
AMPK and its upstream kinases, LKBland CaMKK-p,
in differenttissues there is a profound impact on
feeding, body weight,glucose homeostasis and insulin
sensitivity in rodents andhumans. Altogether, this
evidence strengthensthe idea that, besides its role as
cellular sensor, AMPK hasa crucial role in the
regulation of energy balance at thewhole-body level,
opening avenues for future therapeuticand medical
intervention not just for insulin resistance,obesity and
related disorders but also for feeding andmetabolic
alterations associated with disease. AMPK activators
are potential new therapeutic agents for the treatment of
type 2 diabetes by mimicking the beneficial effects of
physical activity and of calorie restriction. Accordingly,
AMPK-activating agents could also be used as
regulators of hyperglycaemia, obesity, lipids disorders,
lipotoxicity and cardiovascular risk by targeting specific
cellular pathways. Resveratrol, metformin, TZDs
(thiazolidinediones), adiponectin and leptin are now
considered as AMPK activators. But still advancement
is needed for better safe target specific drugs.
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