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Roles of adenosine monophosphate
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To the Editor: The kidney is a highly energy-consuming
organ and is prone to damage if there is an energy supply
disorder. Adenosine monophosphate (AMP)-activated
protein kinase (AMPK) is a serine/threonine kinase that
plays a critical role in metabolism, autophagy, inflamma-
tion, and mitochondrial homeostasis. AMPK is involved as
an energy sensor in the physiological and pathological
processes of the kidney.

AMPK is a heterogeneous complex comprising a catalytic
subunit, a, and regulatory subunits, b and g. AMPK
activation can be induced by the increased ratio of AMP :
adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) : ATP and upstream kinases, including liver kinase
B1 (LKB1) and calcium/calmodulin-dependent protein
kinase kinase beta (CaMKKb). Other kinases like protein
kinase B (AKT), protein kinase A (PKA), and transforming
growth factor (TGF)-b-activated kinase-1 can also activate
AMPK.

Activated AMPK inhibits fatty acid (FA) and cholesterol
synthesis by suppressing the phosphorylation of acetyl-
coenzyme A (CoA) carboxylase (ACC) and 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), respectively.
ACC is the rate-limiting step of FA synthesis, while
HMGCR is the rate-limiting step of cholesterol synthesis.
AMPK can also inhibit lipogenesis by suppressing sterol
regulatory element-binding proteins1-c phosphorylation.
AMPK promotes FA b-oxidation by suppressing the
activity of carnitine palmitoyltransferase-1, which is
regulated by the production of malonyl-CoA. Malonyl-
CoA is generated by ACC. AMPK also participates in
lipolysis by regulating adipose triglyceride lipase and
hormone-sensitive lipase, which are the rate-limiting
enzymes of lipolysis. Peroxisome proliferator-activated
receptor gamma (PPARg) has been demonstrated to be
involved in lipid metabolism,[1] but the relationship
between PPARg and AMPK needs further investigation.
AMPK also participates in lipotoxicity. FA enters the cell
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through FA translocase (CD36). The upregulation of
CD36 leads to decreased AMPK activity and lipotoxicity.

AMPK is reportedly involved in glucose uptake, glycolysis,
glycogen synthesis, gluconeogenesis, and insulin resis-
tance.[2] AMPK increases glucose uptake by promoting
GLUT4 gene expression and translocation. AMPK also
increases the expression of GLUT1 in rat kidneys. The
transient receptor potential regulation channel 6
(TRPC6)–AMPK pathway is involved in insulin-depen-
dent glucose uptake.[3] AMPK stimulates glycolysis by
activating phosphofructokinase 2, which is the rate-
limiting enzyme of glycolysis. AMPK inhibits glycogen
synthesis by suppressing glycogen synthases. AMPK
regulates gluconeogenesis by inhibiting CREB-regulated
transcription coactivator 2 (CRTC2) andHNF4a. CRTC2
is an activator of many gluconeogenic genes, such as
phosphoenolpyruvate carboxykinase. AMPK participates
in insulin resistance through the regulation of phosphatase
and tensin homolog deleted on chromosome ten. The
Sirt1–AMPK pathway is also necessary for insulin
response.

AMPK helps maintain mitochondrial biogenesis, mito-
chondrial fission and fusion, and mitophagy. AMPK can
activate PGC1a, which is an important regulator of
mitochondrial biogenesis. PGC1a stimulates mitochon-
drial biogenesis through nuclear respiratory factors 1 and
2 (NRF1/2) and transcription factor A, mitochondrial
(TFAM). AMPK is involved in mitochondrial dynamics by
regulating the expression of a dynamin-like protein and
mitofusin 1. Activated AMPK can enhance mitophagy by
activating unc-51-like autophagy activating kinase 1
(ULK1) and inhibiting the mammalian target of rapamycin
(mTOR). Moreover, AMPK also directly phosphorylates
mitochondrial fission factor on Ser155 and Ser172,
triggering fission and subsequently mitophagy.

Autophagy is a complex and highly regulated process of
self-degradation of cellular components. In the kidney,
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basal autophagy flux is essential to maintain cellular
homeostasis and renal function. AMPKmainly induces the
expression of ULK1 and suppresses mTOR activity to
promote autophagy. AMPK either directly phosphorylates
mTOR or through phosphorylation of the tuberous
sclerosis complex 2 protein to reduce mTOR activity.
Activated AMPK leads to an increase in nicotinamide
adenine dinucleotide (NAD), thus increasing SIRT1
activity. SIRT1 regulates autophagy by targeting FOXO
in the nucleus.[1]

Many kidney diseases, including diabetes-associated chronic
kidney disease, are characterized by inflammation and
fibrosis. AMPK is involved in regulating inflammatory cell
infiltration, oxidative stress, and fibrosis. AMPK activation
can reducemacrophage infiltration and regulatemacrophage
polarization. Nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidases are one of the reactive oxide species
(ROS) sources in renal cells. Activated AMPK can resist
oxidative stress by inducing the expression of antioxidative
genes, such as catalase and superoxide dismutase 2, and
suppressing the production of NADPH oxidase 4 (NOX4),
Figure 1: AMPK signaling in the kidney. ACC: Acetyl-CoA carboxylase; AMPK: AMP-activated p
protein kinase kinase beta; CPT-1: Carnitine palmitoyltransferase-1; FA: Fatty acid; GS: Glycoge
lipase; LKB1: Liver kinase B1; MFF: Mitochondrial fission factor; MFN1: Mitofusin 1; NRF1/2:
Phosphofructokinase 1; PFK2: Phosphofructokinase 2; PPARg: Peroxisome proliferator-activate
binding proteins; TFAM: Transcription factor A, mitochondrial; TSC1: Tuberous sclerosis comple
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which is themost abundantNOX isoform in the kidney. The
SIRT1–AMPK pathway is associated with the production of
mitochondrial ROS; however, the direct interaction between
AMPKandmitochondrialROShas not been fully elucidated.
AMPK exerts its anti-fibrosis effect through its interaction
with CK2b.

The kidney tubules have many channels for transporting
ions, such as the epithelial Na+ channel (ENaC), Na+–K+

–
ATPase (NKA), cystic fibrosis transmembrane conduc-
tance regulator (CFTR), and Na+–K+

–2Cl-cotransporter
(NKCC). AMPK is involved in the regulation of these ion
channels. AMPK can enhance NKA activity by restoring
NKA cell surface expression. AMPK indirectly regulates
the activity of ENaC by influencing the interaction between
neural precursor cell expressed, developmentally down-
regulated 4-like (NEDD4-2) and ENaC. NEDD4-2, the E3
ubiquitin-protein ligase, is engaged in regulating the
activity of ENaC by promoting its internalization and
degradation. AMPK can regulate CFTR activity through
PKA. AMPK induces the activation of NKCC2, which is an
NKCC isoform in epithelial cells.
rotein kinase; ATGL: Adipose triglyceride lipase; CaMKKb: Calcium/calmodulin-dependent
n synthases; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; HSL: Hormone-sensitive
Nuclear respiratory factors 1 and 2; PEPCK: phosphoenolpyruvate carboxykinase; PFK1:
d receptor gamma; SOD2: Superoxide dismutase 2; SREBP1-c: Sterol regulatory element-
x 1; TSC2: Tuberous sclerosis complex 2; ULK1: Unc-51-like autophagy activating kinase 1.
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AMPK, sirtuins, and PGC-1a form an energy-sensing
network that regulates energy metabolism in the kidney.
The AMPK/SIRT1/PGC1-a pathway is involved in main-
taining mitochondrial homeostasis. AMPK can also
directly activate PGC1a. PGC1-a can activate SIRT3,
which plays an important role in fighting oxidative stress
and promoting ATP synthesis. SIRT3 promotes ATP
synthesis by acting on the electron transport chain, ATP
synthase, and promoting FA oxidation.

The multiple roles of AMPK in the kidney reveal the
potential of AMPK agonists in the treatment of kidney
diseases. There are direct and indirect AMPK agonists.
Metformin, polyphenol resveratrol, and canagliflozin are
examples of indirect AMPK activators, while AICAR and
A769662 are examples of direct activators. Both
metformin and canagliflozin activate AMPK by inhibiting
mitochondrial complex I, and both can be used in the
treatment of type 2 diabetes-related kidney diseases.
However, metformin is associated with a high risk of
lactic acidosis, which limits its use. Polyphenol resveratrol
activates AMPK through multiple mechanisms, including
the inhibition of ATP synthase and the activation of
SIRT1. Although polyphenol resveratrol and AICAR
have been shown to slow the progression of kidney
diseases, such as acute kidney injury and diabetic kidney
disease, none of them have been incorporated in clinical
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practice. A769662 is the first drug to be identified to
activate AMPK by binding to the interface of the a- and
b-subunits; however, it has poor bioavailability. To
conclude, AMPK plays various roles in the kidney
[Figure 1], and it emerges as a promising therapeutic
target, but the safety of its agonists needs to be further
validated.
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