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Role of adenosine
monophosphate-activated protein
kinase as a regulator of cell
energy balance in patients

with metabolic disorders.
Literature review

The combination of diabetes mellitus type 2 and gout is common. It has been established
that prolonged hyperuricemia leads to insulin resistance and suppresses the effects of
insulin, which is why the study of pathogenetic links in the formation of metabolic
disorders in synergistic pathologies is relevant. AMPK has been shown to be a regulator
of cell energy balance, which plays an important role in preventing the development of
insulin resistance. The purpose of this review is to determine the impact of AMPK on
carbohydrate, lipid and purine metabolism in patients with diabetes mellitus type 2 and
gout. The realization of the effects of AMPK on metabolic processes in the human body
occurs in two main ways — inhibition of anabolism and stimulation of catabolism, which
will be discussed in the article. It is advisable to consider the mechanisms of action of
indirect activators of AMPK as potential components for the comprehensive treatment
of patients with metabolic disorders. The mechanisms of activation and inhibition of
AMPK are not investigated enough, but it is known that AMPK plays a significant role
in the main metabolic processes in the human body. The mechanisms of cell sensitivity
to most energy-containing molecules and substances directly depend on the AMPK
activation degree. The presence of these dependencies may be evaluated in the case
of metabolic diseases. Thus, further study of the effects of AMPK and its influence
on carbohydrate, lipid and purine metabolism is necessary, due to the possibility of
predicting the formation of insulin resistance, the severity of diabetes mellitus type 2 in
combination with gout, and optimizing treatment in patients with comorbid pathology.

Key words:
diabetes mellitus type 2, gout, adenosine monophosphate-activated protein kinase,
insulin resistance.

iabetes mellitus (DM) has a steady upward trend in morbidity. According

to the IDF 2019, about 463 million adults (aged 20 to 79) are diagnosed
with diabetes. A progressive increase in the incidence of diabetes is also
observed in Ukraine. According to the Center for Medical Statistics of the
Ministry of Health of Ukraine, 1.22 million patients are registered, 84 % of
cases are diabetes mellitus type 2 (T2DM). T2DM is a disease that leads to
disability or premature mortality due to both complications of diabetes and
the development of comorbid pathology [21].

One of the central pathogenetic links of T2DM and synergistic pathologies is
the formation of insulin resistance (IR). This condition contributes to diseases
such as coronary heart disease (CHD), arterial hypertension (AH), heart failure
(HF), chronic kidney disease (CKD), non-alcoholic fatty liver disease (NAFLD),
gout and others [3]. In addition, the presence of T2DM in patients, due to
accelerated atherogenesis and the presence of micro-and macroangiopathies,
increases the risk of cardiovascular pathology, which causes higher mortality
in this pathology compared with patients without T2DM [27].

It is known that the combination of T2DM and gout in patients is quite
common [2]. Thus, IR is noted in 60 % of patients with gout, T2DM — in
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20% of patients [15]. Increased uric acid (UA) is
associated with an increased risk of cardiovascular
disease. Studies have shown that hyperuricemia (HU)
increases IR and inhibits the effects of insulin, which
is a pathogenetic pathway for the development of
T2DM [17], so the study of biochemical relationships
between purine and carbohydrate metabolism is rel-
evant. In the case of HU, uric acid induces oxidative
stress, which reduces the bioavailability of NO, and
as a result leads to inactivation of GLUT4 transloca-
tion [24]. Also due to the development of hyperinsu-
linemia, renal excretion of UA in the proximal tubules
of the kidneys decreases, which leads to HU, forming
a «vicious circle» [18]. However, a critical decrease
UA in plasma is associated with the development of
cognitive dysfunction. Therefore, maintaining a nor-
mal level of UA is one of the priorities in the treatment
of patients with comorbid pathology.

Considering the concept of «insulin resistance»
in more detail, we can conclude that this process is
accompanied by a decrease in glucose uptake by tissues,
the formation of compensatory hyperinsulinemia and
disturbance of energy balance of cells due to reduced
glucose supply to insulin-dependent tissues [19]. To
carry out metabolic processes in the cell requires
a sufficient amount of substrate for the synthesis of
adenosine triphosphate (ATP) in mitochondria by
oxidative phosphorylation. When the level of cellular
ATP is significantly reduced, alternative pathways of
energy metabolism of cells are activated, in which the
enzyme adenosine monophosphate-activated protein
kinase (AMPK) plays a key role. According to Ross
E and co-authors, AMPK is recognized as a regulator
of energy balance at the cellular level [20].

Objective — to determine the effect of AMPK
on carbohydrate, lipid and purine metabolism in
patients with T2DM and gout by the analysis of
literature sources for the last 7 years.

AMPK is a heterotrimeric complex consisting of
an a-subunit (a-1, a-2) with catalytic activity and
two regulatory subunits AMPK-B (B-1, B-2) and
AMPK-y (y-1,7v-2,v-3) [8]. The effect of AMPK on
cellular metabolism is realized in two main ways —
inhibition of anabolism to minimize ATP intake or
stimulation of catabolism for ATP production [10].
Let’s consider these two paths in more detail.

Inhibition of anabolic processes. AMPK reduces
lipid synthesis by inhibiting the phosphorylation of
acetyl-CoA-carboxylase and 3-hydroxy-3-methylgl-
utaryl-CoA-reductase, thereby limiting cholesterol
synthesis. Inhibition of gluconeogenesis occurs by
phosphorylation of CRTC2 (cyclic-AMP-regulated
transcriptional co-activator 2) protein, as well as his-
tone diacetylases (HDACs), predominantly class 11
(most concentrated in skeletal muscle and pancreas).
AMPK also controls the metabolism of the nuclear

factor hepatocytes-4 alpha (HNF4A) and the tran-
scription factor SREBP1, which are integral regula-
tors of lipid and carbohydrate metabolism [12].
Stimulation of catabolic processes. AMPK is
known to promote the active utilization of glucose,
phosphorylating proteins TXNIP and TBC1D1,
which, in turn, leads to an increase in the number
of specific glucose transport proteins GLUT-1 and
GLUT-4. In addition, AMPK stimulates the use of lip-
ids by the cell, which is realized through the activation
of the enzyme fatty triglyceride lipase (ATGL) [7].

AMPK and carbohydrate metabolism

Glucose, as the primary source of energy, is
involved in all key metabolic processes in the human
body. The glucose molecule provides not only the
formation of ATP in the Krebs cycle by oxidative
phosphorylation, but also a substrate for the synthesis
of aminoacids, fatty acids and nucleotides. Regulation
of gluconeogenesis, transport of glucose to cells by
specific transporters is carried out by insulin, but
non-insulin-dependent mechanisms are of great
therapeutic interest for us. The mentioned above
mechanisms include the activation of AMPK [14].

AMPK regulates glycolysis in two ways: by phos-
phorylating PFKFB3 (6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase-3) or by inhibiting
glucose storage in some tissues by inhibiting multiple
isoforms of glycogen synthase (GS). AMPK inhibits
gluconeogenesis by blocking the transcription pro-
cesses and «switching off»> of nuclear CRTC2 and
class IT HDACs, which are necessary co-factors for
the transcription of gluconeogenic genes [11].

Numerous studies have shown that activation of
AMPK stimulates glucose uptake by skeletal muscle.
Moreover, the mechanism of action of AMPK is relat-
ed to the translocation of GLUT-4, so glucose absorp-
tion occurs without a full-fledged trigger mechanism
of the insulin-signaling pathway [16]. Therefore, the
mechanisms of AMPK reactivation under IR condi-
tions are an important therapeutic area.

AMPK and lipid metabolism

The main source of fatty acid synthesis is acetyl-
CoA, which is formed as a result of glucose catabolism.
AMPK induces phosphorylation of ACC1 (subunit of
acetyl-CoA), thus causing a decrease in cellular levels
of malonyl-CoA and blocks the chain of reactions for
the formation of fatty acids. Phosphorylation of ACC
by AMPK helps to restore the activity of carnitine
palmitoyltransferase I (CPT1), the basis of which is
the function of the field in the transport of free fatty
acids in the mitochondria for B-oxidation. Studies
have shown that AMPK has an effect on the syn-
thesis of endogenous cholesterol. In the cytoplasm
of liver cells, acetyl-CoA is converted to cholesterol
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by sequential reactions [5]. One of the important
steps is the conversion of HMG-CoA to mevalonate.
AMPK has been shown to inhibit HMGCR activ-
ity by phosphorylation, which impairs affinity for
NADPH and thus inhibits cholesterol synthesis [22].
AMPK-induced reduction of endogenous cholesterol
helps GLUT-4 translocation thereby promoting bet-
ter glucose uptake by tissues.

AMPK and purine metabolism

One of the main mechanisms of damage of
internal organs in long-term HU is a impairment
of the balance of Na/K-ATPase, which in turn
leads to mitochondrial dysfunction, autophagy and
inflammation. Despite the fact that the activation
of AMPK did not reduce the level of UA in the
serum of patients with HU, there was a decrease
in the effects of HU-associated cell damage [25].
Presumably, prolonged activation of AMPK is able
to reduce lysosomal degradation of Na/K-AT Pase,
thereby providing protection of cells from the effects
of HU-associated inflammation [26].

Thus, AMPK plays a very important role in ensur-
ing metabolic processes in the cell and is an integral
part of carbohydrate, lipid, purine and protein
metabolism, as shown in Table 1.

Activation of AMPK is possible in the presence
of a substance that causes the accumulation of
adenosine monophosphate or calcium in the cell.
Accordingly, there are direct and indirect activators
of AMPK, which are shown in Table 2 [9].

Today AMPK is considered as a potential com-
ponent for the treatment of patients with metabolic
disorders, which primarily include T2DM, obesity,
NAFLD, which is why the group of indirect activa-
tors of AMPK is promising for further study.

Biguanides are one of the main representatives
of indirect AMPK activators. Studies have shown
that one of the mechanisms of action of metfor-
min is the activation of AMPK in hepatocytes.
AMPK-mediated phosphorylation of acetyl-CoA-
carboxylase has been suggested to be a major factor
in altering lipid synthesis by metformin, which in
turn modulates insulin sensitivity and stimulates
muscle glucose utilization [6]. In retrospective stud-
ies, AMPK activation was shown to significantly
improve the symptoms and course of T2DM in
several animal models, including lowering blood
glucose levels. Interestingly, inactivation of AMPK
in the liver did not affect the effectiveness of treat-
ment, which leads to the conclusion that the key
therapeutic target of T2DM is the activation of
AMPK of skeletal muscles [13].

Equally important indirect activators of AMPK
are glitazones. Studies have shown that treatment of
patients with T2DM with this group of drugs caused

the release of adiponectin from adipocytes, which trig-
gered the action of AMPK in skeletal muscles, liver,
leading to increased glucose uptake, fatty acid oxida-
tion and decreased gluconeogenesis in hepatocytes [4].

It should be emphasized that AMPK activity
may be inhibited by conditions accompanied by
HU, alcohol abuse, and excessive fructose intake
[23]. Elevated UA inhibits AMPK by activating
the competing enzyme adenosine monophosphate
dehydrogenase (AMPD), which in turn activates
gluconeogenesis in liver cells. Studies have shown
that HU induces oxidative stress in B-cells of the
pancreas, which leads to their damage and disrup-
tion of insulin synthesis [11]. However, to date,
the accumulated information is not exhaustive and
requires detailed study.

Conclusions

It is well known that AMPK plays a signifi-
cant role in the energy balance of body cells.
Moreover, the mechanisms of cell sensitivity to most

Table 1. The main mechanisms of action of AMPK,
which are realized in carbohydrate, lipid, protein metabolism

Type of metabolism Mechanism of action

T absorption of glucose by tissues
T glycolysis

{ gluconeogenesis

{ glycogen synthesis

Carbohydrate

{ synthesis of triglycerides, phospholipids
{ synthesis of fatty acids

T oxidation of fatty acids

T absorption of fatty acids

Lipid

1 transcription of genes in response
to oxidative stress
{ synthesis of proteins

Protein

Table 2. Direct and indirect activators of AMPK,
features of mechanisms of action

Activator Mechanism of action
Direct
Salicylates
Activation of B-subunit of AMPK
Thienopyridines
Benzimidazole Activation of B,-subunit of AMPK
Indirect
Metformin Increasing the ratio of AMP/ATP,
the impact on the first complex
Pioglitazone of the respiratory chain, which plays

a key role in the processes of oxidative
phosphorylation

Increasing the ratio of AMP/ATP,
the effect on mitochondrial ATP synthase

Rosiglitazone

Quercetin

a-Lipoic acid Increased levels of calcium in cells

a4
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energy-containing molecules and substances are
directly dependent on the level of AMPK activation.

Activation of AMPK reduces the level of inflam-
mation in the presence of GU and gout, normalizing
the energy balance of cells by restoring the function
of Na/K-ATPase.

The effects of AMPK are related to the transloca-
tion of GLUT-4 of skeletal muscles and are realized
in the form of glucose delivery to tissues without the

Conflicts of interest: none.

involvement of the insulin-signaling pathway under
IR conditions. Therefore, it is advisable to use indirect
AMPK activators in patients with IR and T2DM.

Therefore, it can be concluded that the mecha-
nisms of AMPK require further more detailed study,
especially in the context of metabolic diseases. In
addition, modeling the therapeutic effect on AMPK
activation could potentially change the treatment
tactics of this group of diseases.
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J1.B. XKypaBnboBa, 0. [l. CtosiHOBa

XapKiBCbKHIT MEMTYHIH YHiBEPCUTET

Ponb ageHo3rnHMoHohocdaT-akTMBOBAHOI NPOTEIHKIHA3M
AK peryndropa eHepreTM4Horo 6anaHcy KNimmH
Y XBOPWX i3 MeTaboNi4H1MM nopyLLleHHaMK. Orngag niteparypu

BinsHaueHo CTiliky TeHIeHIio 0 3pOCTaHHs 3aXBOPIOBAHOCTI Ha IyKpoBUii miaber y cBiti. Bimomo, mo mykposuii giaber
2 THUIly € 3aXBOPIOBAHHSIM, SIKE TIPU3BOINTH /[0 BTPATH IPaIe3qaTHOCTI abo mepeadacHol cMepTi, 110 3yMOBJIEHO SIK #10T0
YCKJIaJIHEHHSIMU, TaK i pO3BUTKOM KoMOopOiaHoi maTosorii. Kom6iHalis mykposoro giabety 2 THIy Ta IOLAarpy € MOIIIpe-
HUM SIBUIIEM. YCTAHOBJIEHO, 1[0 TPUBAJaA TillepypuKeMis TMPU3BOIUTH /10 iIHCYTiHOPE3UCTEHTHOCTI Ta MPUTHIUYE eeKTn
IHCYJIiHY, TOMY ZOCJIIPKEHHS [IATOTeHETUYHIX JIAHOK (hOpMYyBaHHsI MeTaGOJIIYHIX TIOPYLIEHD [IPU CMHEPriHHUX MaTOJIOTIsIX
€ aktyanbpHuM. [loBeneno, mo agenosnaMonodocdaT-akTiBoBana mpoteinkinaza (AMPK) — 1ie perymsatop eneprermano-
ro GajlaHCy KJIITHHH, SIKMI BiJlirpae BasKJIUBY POJib y 3anobiradHi iHcy iHopesucTeHTHOCTI. HaBeneHo gaHi 1og0 BILIMBY
AMPK Ha ByrieBogHuH, JiIiAHMIA i MypuHOBUI 0OMIH y XBOPHX Ha IyKPOBHiA AiabeT 2 TUIy Ta nojarpy. PosrisiHyTo asa
OCHOBHI nuisaxu peanizanii edexris AMPK Ha metabosiuti npolecy B Opratismi JIOAMHA — MPUTHIYEHHS aHaboJIi3My Ta
CTUMYJISINIO KaTabosismMy. Bucsitieno mexanizmu fii Henpsimux akTuBaTopiB AMPK sk MOTeHITIHNX KOMITOHEHTIB /st
KOMILJIEKCHOTO JIIKyBaHHSI XBOPUX i3 MeTabo IiuHIMY po3siagami. MexaHismu akTuBaiii Ta inriGysanns AMPK uegocrar-
HBO BHBYEHO, ajie Bisomo, mo AMPK Bigirpae BakIuBY poJib ¥ KIIOYOBUX METabOTIYHUX TPOIEcax B OPTaHi3Mi JIIOANHIL
MexaHi3M1 Iy TAMBOCTI KJIITHH 0 GiTBITOCTI €HEPrOBMICHUX MOJIEKYJI Ta PEYOBUH GE3MOCEPETHBO 3aJMeKATh B/l CTYTIEHS
axtuBaiiii AMPK. HasiBHicTh 1MX 3aIe’KHOCTEN MOKHA MPOCTIAKYBATH ¥ pasi MeTaboivHUX 3aXBOpioBaHb. [lomasbiie
BuBueHHs edektiB AMPK Tta xapakrepy ii BIUIMBY Ha BYTJIEBOAHWIMA, JHITAHWI i MyprHOBHUH 0OMIH € HEOOXIAHUM Yepe3
MOKJIMBICTD TIPOTHO3YBAHHSA (POPMYBAHHS iHCYIIHOPE3UCTEHTHOCTI, CTYTIEHSI TSKKOCTI IIyKPOBOTO MiabeTy 2 TUITY B MOE/-
HaHHI 3 [IOAArpPoI0, a TAKOXK JJIsI ONITUMI3allil METO/IB JIiIKyBaHHS y HAL[i€HTIB i3 KOMOPOIHOIO MAaTOIOTIE.

Kirouosi cioBa: 1ykposuii giaber 2 Tuity, nojarpa, ajeHo3suHMOHO(boChaT-aKTHBOBaHA MIPOTEIHKIHA3ZA, IHCYIIHOPE3KC-
TEHTHICTb.

J1.B. XXypaBnégBa, 0. []. CtosiHoBa

XapbKOBCKUI HAIMOHATBHBIA METUIIMHCKUN YHUBEPCUTET

Ponb ageHo3nHMoHodhocaT-akTMBMPOBaAHHOM NPOTENHKMHASI
Kak perynsaropa sHepretn4eckoro tanaHca KieTkm
y 605bHbIX C MeTabonun4eckmm 3adbonesannsmn. OO630p NUTeparypbl

OTMeueHa ycToUMBas TEHIEHIMS K POCTY 3a00JI€BAEMOCTH CaXapHbIM nabeToM B Mupe. VI3BECTHO, YTO CaXapHBIN [1a-
Ger 2 Tuia siBisiercs: 3a60JIEBAaHNEM, KOTOPOE MPUBOAUT K TIOTEPE PabOTOCIIOCOOHOCTH WU TIPEKAEBPEMEHHON CMEDPTH,
410 06YCIIOBJIEHO KAK €r0 OCJIOKHEHVSIMH, TAK U Pa3BUTHEM KOMOPOMIHON maTosoruu. KoMOuHarust caxapHoro auabera
2 THIIA U TIOJIATPBI SBJISIETCS PACHPOCTPAHEHHOM. YCTaHOBJIEHO, YTO JVIUTEIbHAS TUIIePYPUKEMUS IPUBOIUT K MHCYJIMHOPE-
3UCTEHTHOCTH ¥ TO/1aBJIsieT 3(pheKThl MHCYIMHA, T03TOMY HUCCJIe/JOBAaHNE TATOTeHETHYECKUX 3BeHbeB (DOPMUPOBAHUS METa-
6GOJIMYECKUX HAPYIIEHUIT TIPH CMHEPIUYHBIX MATOJIOTUSX SIBJISIETCS] aKTyalbHbIM. [loKa3aHo, 4yTo ameHo3uHMOHOMOChAT-
akTuBupyemast riporerknaaza (AMPK) — arto peryssitop sHepreTuueckoro 6ajiaHca KJIETKH, KOTOPBII UTPAeT BaKHYIO
POJIb B IIPEIOTBpAIlleHnN MHCYJIMHOpe3ucTenTHOCTU. [IpuBenenst ganuble o Bausann AMPK Ha yrieBogHbIi, TUIHHBII
U IlyPUHOBBI 0OMeH y OOJIBHBIX € CaXapHBIM JAUA0ETOM 2 TUIIA ¥ MOAArPOil. PaccMOTpeHbI [1Ba OCHOBHBIX IIyTH Peajin3a-
i addexroB AMPK Ha Merabosinyeckiie mpoIiecchl B OPraHu3Me 4YeioBeKa — yrHeTeHHe aHabOJIM3Ma U CTUMYJISIHSE
kaTabosmsma. OcBeleHbl MEXAaHU3MbI [eHCTBHsI KOCBEHHBIX akTUBaTopoB AMPK Kak moTeHIUaIbHBIX KOMIIOHEHTOB
JUIS1 KOMILJIEKCHOTO JIEYeHUsI OOIbHBIX ¢ METAOOJIMYECKIME paccTpoiicTBaMu. MexaHU3Mbl aKTHBAIUY U MHIUOUPOBAHUS
AMPK HenocTaTouHo U3ydeHbl, HO u3BecTHO, ¥T0 AMPK urpaer Ba:KHYIO POJib B KJIIOUEBBIX METAOOIUYECKHUX ITPOIECCAX
B OpraHusMe yesioBeka. MexXaHu3Mbl 4yBCTBUTEILHOCTU KJIETOK K OOJIBIIMHCTBY SHEPrOCOAEPKAIIUX MOJIEKYJI U BEIIECTB
HaIPsIMYIO 3aBUCAT OT crerienn aktuaruu AMPK. Hayuuue 51X 3aBUCHMMOCTEN MOKHO MPOCJIENUTD B CJydae MeTabo-
Jnyecknx 3aboseanuii. [lanbreiimee usydenne apdexro AMPK u xapakrepa ee BAUSHUS Ha YIJIEBOAHbIHA, JUTMIHBINA
U IIyPUHOBBIII 0OOMEH HEOOXOAMMO WM3-32 BO3MOJKHOCTU IIPOTHO3MPOBaHUsI (DOPMUPOBAHUSI MHCYJIHMHOPE3UCTEHTHOCTH,
CTETIeHU TSKECTH CaXapHOTo inabeTa 2 TUIIa B COYETAHUU C TIOArPOIA, & TAKIKE 1151 ONTUMU3AIUI METO/IOB JIEYEHVsI Y TIAllU-
€HTOB ¢ KOMOPOMIHOMN TAaTONOTHEi.

KmoueBsbie cioBa: caxapnblﬁ ,HI/Ia6eT 2 TUIIa, I10J1arpa, a[[eIIOBI/HIMOIIO(l)OC(I)aT'aKTI/IBI/IpyeMaSI IIPpOTEMHKNHA3a, UHCYJNHO-
PE3UCTEHTHOCTD.
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