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ADENOSINE MONOPHOSPHATE ACTIVATED
Prot1eIN KINASE

Adenosine monophosphate (AMP) -activated protein kinase
(AMPK), a heterodimer consisting of a catalytic ¢! subunit
and regulatory f3 and y subunits, is a key molecular player
in energy homeostasis at both the cellular and whole-body
levels.!"] Generally, activated peripheral AMPK enhances
catabolic pathways and suppresses anabolic pathways,
and central AMPK has a direct appetite-regulating effect.
AMPK is activated by food deprivation and is inhibited
by re-feeding.) Hypothalamic AMPK is regulated by
orexigenic and anorexigenic signals. Thus, hypothalamic
AMPK activity is suppressed by anorexigenic peptides,
such as leptin, which affect the AMPK 02 activity. The
inactivation of AMPK in the hypothalamus reduces the
phosphorylation of acetyl-coenzyme A (CoA) carboxylase
(ACC), which results in the increased production of malonyl
CoA to inhibit food intake.’) However, AMPK is also
important in the peripheral metabolism of skeletal muscle,
liver, fat, myocardium and other tissues.”! For example,
AMPK plays a key role in regulating lipid metabolism
in peripheral tissues. Activated AMPK phosphorylates
and inhibits ACC1 and 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA), suppresses fatty acid synthase
(FAS) expression and activates malonyl-CoA carboxylase,
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resulting in a decrease in fatty acid and cholesterol synthesis.
AMPK also controls hepatic gluconeogenesis by inhibiting
the transcription of phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase (G6Pase). AMPK
0. 2-knockout (KO) mice were shown to have glucose
intolerance and fasting-induced hyperglycemia, possibly
caused by enhanced gluconeogenesis associated with
activated PEPCK and Go6Pase. Additionally, activated
AMPK in skeletal muscle phosphorylates and inhibits
glycogen synthase, thereby decreasing the synthesis of
glycogen. The regulation of peripheral metabolism has
been linked to hypothalamic AMPK, suggesting that
AMPK is a key enzyme in coordinating the interaction
between peripheral and central energy regulation. Leptin,
an anorexigenic peptide, directly increases AMPK activity
in the skeletal muscle, but decreases AMPK activity in
the arcuate nucleus (ARC) and paraventricular nucleus
(PVN). By increasing peripheral fatty acid consumption
and reducing the appetite, leptin leads to an overall negative
energy balance and a reduction in body weight [Figure 1].

METFORMIN

Metformin is widely used as an oral antidiabetic agent for
type 2 diabetes.! Metformin inhibits gluconeogenesis,
delays the gastrointestinal absorption of glucose, and
reduces food intake preventing body weight gain in
obese patients with type 2 diabetes. Recently, it has been
revealed that these actions of metformin are related to the
activation of AMPK." [Figure 1] The main effect of this
drug is a decrease in hepatic glucose production through
mild suppression of the mitochondrial respiratory chain
complex LI Metformin activates AMPK indirectly by
increasing the AMP: ATP ratio as a result of inhibiting
the respiratory chain complex LP! Activated AMPK also
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Figure 1: Metformin and Glucagon-like peptide-1 (GLP-1) inhibit Adenosine monophosphate activated protein (AMPK) in the hypothalamus and activate AMPK
in peripheral tissues. Hypothalamic AMPK activity is suppressed by leptin. Through metformin, low glucose-induced AMPK phosphorylation is inhibited, and
the Messenger Ribonucleic acid expression of neuropeptide Y is suppressed in the hypothalamus. In peripheral tissues, activated AMPK inhibits 3-hydroxy-3-
methylglutaryl-coenzyme A and suppresses fatty acid synthase expression, resulting in a decrease in fatty acid and cholesterol synthesis. AMPK also controls
hepatic gluconeogenesis by inhibiting phosphoenolpyruvate carboxykinase and glucose-6-phosphatase. Additionally, metformin stimulates AMPK in muscle

and induces glucose uptake

decreases fatty acid and cholesterol synthesis, as mentioned
previously, and induces hepatic fatty acid oxidation. In
muscle, metformin stimulates AMPK and induces glucose
uptake. In contrast, metformin inhibits AMPK in the
hypothalamus.”! Through metformin, low glucose-induced
AMPK phosphorylation is inhibited, and the Messenger
Ribonucleic acid (mRNA) expression of neuropeptide
Y (NPY), an onexigenic peptide, is suppressed in the
hypothalamus. Anorectic effects of metformin may be
explained by inhibited AMPK and NPY expression.

GLucacoN=Like PePTIDE=1

Glucagon-like peptide-1 (GLP-1), an incretin, is a
neuropeptide that is endogenously produced from L’ cells
in the gastrointestinal tract and in the brain stem and
hypothalamus.”’ GLP-1 exerts an inhibitory role on gastric
emptying and small intestinal transit.""! Such inhibitory
effects of GLP-1 are directly mediated via the GLP-1
receptor on smooth muscles and indirectly via neuronal
pathways. Glucose metabolism and energy balance are
also partly regulated by GLP-1 [Figure 1]. GLP-1, which
is degraded by dipeptidyl peptidase-4 (DPP-4), stimulates

insulin secretion in response to nutrients.l""! Through

GLP-1 treatment of type 2 diabetes, the fasting blood
glucose levels are normalized, and the postprandial glucose
levels are suppressed. In addition to glycemic regulation,
either peripheral or central GLP-1 activation suppresses
lipogenesis in hepatocytes and inhibits food intake."! In
hepatocytes, cyclic AMP (cAMP) levels are increased by
GLP-1, resulting in the phosphorylation of AMPK, and
lipogenesis is suppressed. Indeed, in hepatocytes expressing
a dominant negative Ad-DN-AMPK, attenuated GLP-1
effects on both AMPK phosphorylation and its downstream
lipogenic targets are observed.”l However, GLP-1 prevents
fasting - induced increases in AMPK expression in the
hypothalamus.’! GLP-1 also affects the expression of
appetite-regulating peptides in the hypothalamus such as
NPY, agouti-related peptide (AgRP), pro-opiomelanocotin
(POMC), and amphetamine-regulated transcript (CART).
GLP-1 reduced orexigenic peptides (NPY and AgRP) and
increased anorexigenic peptides (POMC and CART) at
the mRNA level in the hypothalamus of fasted rats that
displayed elevated NPY/AgRP and decreased POMC/
CART. Thus, GLP-1 and its agonists may be effective for the
treatment of obesity. It has been reported that metformin
significantly increases active plasma GLP-1 levels in normal
rats in the presence of a DPP-4 inhibitor.l” In addition,
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combined treatment with metformin and a DPP-4 inhibitor
decreased food intake and body weight gain. This result may
be explained by the significant increase in plasma GLP-1
levels. The combination therapy seems to be effective for
the treatment of type 2 diabetes with obesity.

CONCLUSIONS

In conclusion, AMPK is one of the key regulators
of energy homeostasis and affects several metabolic
hormones. AMPK is now recognized as a potential target
for the treatment of diabetes, obesity, and associated co-
morbidities. The mechanisms underlying how diabetic
agents mediate AMPK should be studied further, and new
therapies targeting AMPIK are expected.
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