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ABSTRACT 

Consumption of high-calorie diets leads to excessive accumulation of storage lipids in adipose tissue. Metabolic 

changes occur not only in adipose tissue but in other tissues, too, such as liver, heart, muscle, and brain. This study 

aimed to explore the effects of high-fat high-fructose diet (HFFD) alone and in the combination with alpha-ke-

toglutarate (AKG), a well-known cellular metabolite, on energy metabolism in the skeletal muscle of C57BL/6J 

mice. Five-month-old male mice were divided into four groups – the control one fed a standard diet (10 % kcal 

fat), HFFD group fed a high-fat high-fructose diet (45 % kcal fat, 15 % kcal fructose), AKG group fed a standard 

diet with 1 % sodium AKG in drinking water, and HFFD + AKG group fed HFFD and water with 1 % sodium 

AKG. The dietary regimens lasted 8 weeks. Mice fed HFFD had higher levels of storage triacylglycerides, lower 

levels of glycogen, and total water-soluble protein, and higher activities of key glycolytic enzymes, namely hexo-

kinase, phosphofructokinase, and pyruvate kinase, as compared with the control group. The results suggest that 

muscles of HFFD mice may suffer from lipotoxicity. In HFFD + AKG mice, levels of the metabolites and activities 

of glycolytic enzymes did not differ from the respective values in the control group, except for the activity of 

pyruvate kinase, which was significantly lower in HFFD + AKG group compared with the control. Thus, metabolic 

changes in mouse skeletal muscles, caused by HFFD, were alleviated by AKG, indicating a protective role of AKG 

regarding lipotoxicity. 
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INTRODUCTION 

The obesity and related metabolic compli-

cations have become a widespread problem in 

Western society and developing countries. 

The rising incidence of obesity can be largely 

attributed to the increased availability and 

consumption of high-calorie foods and insuf-

ficient physical activity (Sishi et al., 2011; 

Vatashchuk et al., 2022). Excessive intake of 

calories, that exceeds energy expenditures, 

triggers unfavorable changes in the body’s 

metabolism. In particular, the synthesis and 

accumulation of storage lipids is intensified in 

adipose tissue that leads to body mass gain. 

Moreover, fat accumulation is accompanied 

by development of oxidative stress and in-

flammation in adipose and other tissues 

(Lechuga-Sancho et al., 2018). Metabolic 

changes occur not only in adipose tissue, but 

in other tissues, too, such as liver, heart, mus-

cle, and brain (Bhatt et al., 2006; Lepczynski 

et al., 2021; Bayliak et al., 2022). In addition, 

in obese animals and humans, fat is accumu-

lated not only in adipose tissue but also other 

organs (e.g., liver, muscle) (van Herpen and 

Schrauwen-Hinderling, 2008; Denies et al., 

2014).  

Skeletal muscles make up the bulk of 

body mass in humans and other mammals and 

perform various physiological functions, that 

require high energy expenditures (Abrigo et 

al., 2016). Several studies have shown that 

high-calorie diets rich either in fats or in both 

fats and carbohydrates, can cause muscle loss, 

atrophy, and dysfunction of skeletal muscles 

in model animals (Bhatt et al., 2006; Sishi et 

al., 2011; Spooner et al., 2021). In particular, 

high-fat diet (HFD) and high-fat high-sucrose 

diet were found to induce myodegeneration 

(Sishi et al., 2011; Abrigo et al., 2016; Rasool 

et al., 2018). Accordingly, muscle loss can be 

manifested not only in physical dysfunction 

but also in metabolic disorders. Skeletal mus-

cle mass is maintained by adjusting the syn-

thesis and breakdown of muscle protein 

(Andreou and Tavernarakis, 2010). It has 

been shown that a long-term high-fat diet 

causes atrophy of various leg muscles in mice, 

changing the distribution between slow oxi-

dative and fast glycolytic muscle fibers in fa-

vor of the latter (Denies et al., 2014; Abrigo 

et al., 2016). In addition, mice on HFD tend 

to accumulate more fat in muscles, that can 

disrupt normal muscle function and impair 

energy metabolism (Goto-Inoue et al., 2013; 

Martinez-Huenchullan et al., 2018). 

In our previous study, we found that a diet 

high in both fat and fructose (high-fat high-

fructose diet, HFFD) activated fructolysis and 

glycolysis, led to accumulation of glycogen, 

and induced inflammation and oxidative 

stress in the liver of mice (Bayliak et al., 

2022). Our study also showed that the meta-

bolic effects of HFFD in the liver were atten-

uated when HFFD was supplemented with α-

ketoglutarate (AKG) (Bayliak et al., 2022), 

which is an important intermediate metabolite 

in the Krebs cycle and plays a crucial role in 

many metabolic processes in animals and hu-

mans (Bayliak and Lushchak, 2021).  

A specific feature of the liver is that it can 

metabolize fructose due to the presence of the 

enzyme fructokinase. This enzyme is absent 

in other organs like muscle and adipose tissue 

(Ishimoto et al., 2012). In muscles and adi-

pose tissue, fructose can be utilized by hexo-

kinase. At the same time, glucose is a more 

favorable substrate for hexokinase; therefore, 

it competitively inhibits fructose phosphory-

lation by hexokinase (Varma et al., 2015). 

Hence, HFFD may cause different effects on 

the metabolism of different organs. In skeletal 

muscles, the main energy substrates are mus-

cle glycogen, blood glucose, and fatty acids 

derived from both intramuscular triacyl-

glycerides and adipose tissue triacylglyceride 

stores (Hargreaves and Spriet, 2020). We sup-

posed that metabolic response of mouse ske-

letal muscles to HFFD would differ from that 

of mouse liver. Hence, the current work is a 

continuation of the previous study on mouse 

liver (Bayliak et al., 2022) and aims to inves-

tigate the effects of HFFD and AKG sepa-

rately and in combination on some parameters 

of energy metabolism such as accumulation 

of storage lipids and glycogen, and activity of 

key glycolytic enzymes, namely hexokinase 
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(HK), phosphofructokinase (PFK), and py-

ruvate kinase (PK), in the mouse skeletal 

muscles. Given that muscles have lower abi-

lity to metabolize fructose (a nutritional com-

ponent of HFFD), we expected that muscles 

of HFFD-mice would rely mostly on triacyl-

glycerides as an energy source. In addition, 

we assumed that HFFD would lead to fat ac-

cumulation and protein loss, and weakness of 

skeletal muscles as it was observed in previ-

ous similar studies (Sishi et al., 2011; Denies 

et al., 2014; Abrido et al., 2016; Rasool et al., 

2018). In view of the involvement of AKG in 

the biosynthesis of amino acids and improve-

ment of muscle recovery during injuries 

(Harrison and Pierzynowski, 2008; Dobro-

wolski et al., 2013; Wang et al., 2016; Bayliak 

and Lushchak, 2021) we supposed that AKG 

supplementation may prevent metabolic 

changes such as protein loss in HFFD-fed 

mice. 

 

MATERIALS AND METHODS  

Reagents 

ADP, aldolase, amyloglucosidase, ATP, 

bovine serum albumin, di-sodium hydrogen 

phosphate (Na2HPO4), fructose-6-phosphate, 

glycerol-3-phosphate dehydrogenase, glu-

cose, glucose-6-phosphate, glucose-6-phos-

phate dehydrogenase, imidazole, magnesium 

chloride hexahydrate (MgCl2×6H2O), phos-

phoenolpyruvate, potassium chloride (КСl), 

potassium dihydrogen phosphate (KH2PO4), 

sodium azide (NaN3), sodium chloride 

(NaCl), sodium pyruvate, triose-phosphate 

isomerase and were purchased from Sigma-

Aldrich (USA). NAD+, NADH, NADP+, 

NADPH, EDTA, phenylmethylsulfonyl fluo-

ride (PMSF), dithiothreitol, sodium fluoride 

(NaF), lactate dehydrogenase, Coomassie 

Brilliant blue G-250 and Triton X-100 were 

purchased from Carl Roth (Karlsruhe, Ger-

many). Diagnostic kits for determination of 

glucose and triacylglycerides were from Pri-

vate Joint-Stock Company «Reagent» 

(Dnipro, Ukraine). Alpha-ketoglutaric acid 

was from Protista AB (Sweden).  

 

Animals and feeding regimes 

In this study, we used C57BL/6 mice as a 

well-known model of diet-induced obesity 

(Collins et al., 2004; Chu et al., 2017; 

Siersbæk et al., 2020; Casimiro et al., 2021). 

Previous studies showed that male mice are 

more susceptible to high-calorie diet, when 

fed from 4-8 weeks of age, which corresponds 

to 14-18 years of age in humans (Chu et al., 

2017; Casimiro et al., 2021). We were inter-

ested in whether sexually mature young male 

mice (about 5-6 months), equivalent to hu-

mans aged 25 to 30 years (Flurkey et al., 

2007), are as susceptible to dietary interven-

tions as adolescent mice. For the experiment, 

five-month-old male mice were randomly di-

vided into four groups. Each group consisted 

of 12-14 mice (2-3 mice per cage, 4-5 cages 

per group). The control group was fed a stand-

ard rodent diet (10 kcal % fat) containing 

21.8 % protein, 4.8 % fat, 69.1 % carbohy-

drates, and 3.9 % fiber (“Rezon-1”, Kyiv, 

Ukraine). The experimental groups of mice 

had different feeding regimens. The AKG 

group received the standard diet and 1 % 

AKG in drinking water. First, a stock 10 % 

solution of the sodium salt of α-ketoglutaric 

acid (Protista AB, Sweden) was prepared, 

which was then 10-fold diluted in drinking 

water to obtain a concentration of AKG of 

1 %. Тhe HFFD group was fed a high-fat 

high-fructose diet (45 kcal % fat, 15 kcal % 

fructose, and 10 % protein). The HFFD was 

prepared manually by mixing all components 

(per 1 kg: 250 g lard, 550 g standard chow, 

200 g fructose and 10 ml bile as an emulsifier) 

and then divided into small pellets. The high-

calorie diet containing 45 % calories from fat 

and supplemented with fructose is one the di-

ets commonly used to study metabolic disor-

ders and obesity in mice (Siersbæk et al., 

2020; Casimiro et al., 2021). The HFFD + 

AKG group received the high-fat high-fruc-

tose diet and drinking water with 1 % sodium 

AKG solution. The food was changed every 

day for HFFD group and HFFD+AKG group. 

In the control group and AKG group food was 

changed weekly. All groups of mice had un-

limited access to food and water. The mice 
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were kept on the corresponding diets for the 

next eight weeks under a 12-h light/dark cycle 

(6 a.m./6 p.m.) at 22 ± 2°C temperature, and 

50-60 % humidity (Bayliak et al., 2022). All 

experimental protocols were approved by the 

Animal Experimental Committee of Vasyl 

Stefanyk Precarpathian National University 

and were conducted in accordance with the 

Directive 2010/63/EU of the European Parlia-

ment and of the Council of 22 September 

2010 on the protection of animals used for sci-

entific purposes. 

 

Tissue collection 

Before sampling, mice were fasted from 

5:00 pm to 9:00 am. Mice from each experi-

mental group were divided randomly into two 

subgroups. One subgroup was euthanized us-

ing light carbon dioxide anesthesia and used 

for collecting skeletal muscles. Another group 

was euthanized by cervical dislocation on ice 

and was used in other experiments (Bayliak et 

al., 2022). After sampling, skeletal muscles 

were frozen quickly in liquid nitrogen and 

then stored at -80 °C. Dissection of muscles 

was made in such a way that the sample con-

tained mainly the tibialis anterior and exten-

sor digitorum longus with minor amount of 

muscle soleus. After freezing, the samples 

were used to determine various biochemical 

parameters. To determine a specific group of 

parameters, a portion of the frozen tissue was 

taken and further homogenized according to 

the appropriate protocols as described below. 

 

Tissue homogenization and assays of  

enzyme activities 

To determine the activities of glycolytic 

enzymes, frozen tissue samples were homo-

genized in 50 mM imidazole buffer (pH 7.5) 

containing 0.5 mM EDTA, 1 mM PMSF, 1 

mM dithiothreitol, 20 mM NaF, and 150 mM 

KCl. Homogenates were then centrifuged 

(16 100 × g, 15 min, 4 °C) and supernatants 

were collected for biochemical measure-

ments. 

Activities of glycolytic enzymes, hexoki-

nase (HK), phosphofructokinase (PFK), and 

pyruvate kinase (PK) were measured spectro-

photometrically in coupled reactions as de-

scribed earlier (Lushchak et al., 1998; 

Sorochynska et al., 2019). The HK activity 

was measured by monitoring NADP+ reduc-

tion at 340 nm in the reaction mixture consist-

ing of 50 mM imidazole buffer (pH 7.5), 10 

mM glucose, 5 mM MgCl2, 2 mМ ATP, 0.2 

mМ NADP+, 0.5 U glucose-6-phosphate de-

hydrogenase (#G7877, Sigma-Aldrich), and 

30 µl of supernatant in the volume of 1 ml. 

The PFK and PK activities were measured by 

monitoring NADH oxidation at 340 nm. Re-

action mixture for PFK activity measurement 

consisted of 50 mM imidazole buffer (pH 

7.5), 5 mM fructose 6-phosphate, 5 mM 

MgCl2, 5 mМ ATP, 0.16 mМ NADH, 50 mM 

КСl, 0.5 U aldolase (#А1893, Sigma-Al-

drich), 0.5 U triose-phosphate isomerase 

(#Т2391, Sigma-Aldrich), 2 U glycerol-3-

phosphate dehydrogenase (#10127752001, 

Sigma-Aldrich) and 5 µl of supernatant in the 

final volume of 1 ml. Reaction mixture for PK 

activity measurement contained 50 mM imid-

azole buffer (pH 7.5), 1 mM phospho- 

enolpyruvate, 5 mM MgCl2, 50 mM КСl, 2.5 

mM ADP, 0.16 mM NADH, 2.5 U lactate de-

hydrogenase (#6060.1, Carl Roth), and 2 µl of 

supernatant in the final volume of 1 ml. One 

unit of enzyme activity is defined as the 

amount of the enzyme consuming 1 μmol of 

substrate or generating 1 μmol of product per 

minute; activities are expressed as interna-

tional units per milligram of soluble protein 

(U/mg protein). 

Soluble protein content was determined 

with the Coomassie Brilliant blue G-250 with 

bovine serum albumin as a standard 

(Bradford, 1976). 

 

Tissue homogenization and assays of  

metabolite levels 

For measurement of glucose and glycogen 

levels, frozen muscle tissues were homoge-

nized in 50 mM potassium phosphate buffer 

in a 1:10 w:v ratio. To determine triacyl-

glyceride (TAG) levels, samples were ho-

mogenized in phosphate buffered saline (10 

mM Na2HPO4, 2 mM КН2РО4, 137 mМ 
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NaCl, 2.7 mM KCl) with 1 % Triton X-100 in 

a 1:10 w:v ratio. All homogenates were then 

heated at 70 °C to inactivate cellular lipases 

and glycosidases and, after cooling, centri-

fuged (12 000 × g, 10 min, 21 °C). Free glu-

cose and TAG levels were measured using ap-

propriate diagnostic kits (Private Joint-Stock 

Company «Reagent», Dnipro) according to 

the manufacturer’s recommendations. To de-

termine glycogen, supernatants were incu-

bated with amyloglucosidase (#10115, 

Sigma-Aldrich; 0.56 U/μL) for 4 h at 37 °C. 

Glycogen level was calculated as the differ-

ence between glucose levels before (free glu-

cose) and after incubation with amylogluco-

sidase (free glucose plus glucose produced by 

the breakdown of glycogen). Results are ex-

pressed as micrograms glucose or TAG per 

gram of wet muscle mass. 

 

Statistical analysis 

Data visualization was performed using 

GraphPad Prism (version 8.01). Statistical 

analysis of the results was performed using R 

software (version 4.2.2). Data were subjected 

to one-way analysis of variance followed by 

Duncan’s new multiple range test imple-

mented in R (package DescTools). The data 

are presented as mean ± standard error of the 

mean (SEM).  The difference between groups, 

for which P-value calculated by Duncan’s test 

was less than 0.05, was considered to be sta-

tistically significant. 

 

RESULTS 

Levels of metabolites 

None of the dietary regimens affected free 

glucose levels in the muscles of the mice (Fi-

gure 1A). Glycogen content in the muscles of 

mice fed HFFD was 52 % lower than in the 

control and AKG groups (Figure 1B). Only in 

the muscles of mice fed HFFD, TAG level 

was about 36 % higher, than in other groups, 

whereas TAG levels in other experimental 

groups virtually corresponded ones in the 

muscles of the control group (Figure 1C). To-

tal levels of water-soluble protein were also 

affected only by HFFD. In particular, levels 

of water-soluble protein were 38 % lower in 

muscles of HFFD-fed mice then in the control 

group (Figure 1D). 

 

Activities of key glycolytic enzymes 

The activities of three key glycolytic en-

zymes, namely HK, PFK and PK, showed 

similar trends in mouse muscles under differ-

rent dietary regimens (Figure 2). In HFFD-fed 

mice, the activity of HK, PFK, and PK was 

20 %, 22 %, and 47 %, higher, respectively, 

compared to the control group (Figure 2A-C). 

In the AKG group, the activities of HK and 

PFK did not differ from the control values 

(Figure 2A-B), whereas PK activity was 30 % 

higher than that in the control group (Figure 

2C). HK activity was lower by 35 % and 48 % 

in the muscles of mice fed HFFD + AKG than 

in the control and HFFD-fed ones, respec-

tively (Figure 2A). The activities of PFK and 

PK showed similar values in the control group 

and HFFD + AKG group. However, PFK and 

PK activities were lower in mice fed HFFD + 

AKG when comparing with the AKG group 

and HFFD group. In particular, the activities 

of HK, PFK, and PK were 47 %, 38 %, and 

47 % lower, respectively, in the HFFD + 

AKG group than in mice fed HFFD only. 

 

DISCUSSION 

Feeding with HFFD stimulates glycolysis 

and accumulation of triacylglycerides in 

mouse skeletal muscles 

Skeletal muscle is the tissue that uses 

most of the organism’s energy during exer-

cise. The energy required for muscle contrac-

tion, protein synthesis, and other cellular pro-

cesses is provided by different energy 

sources. The choice of energy source depends 

on the muscle type, intensity and duration of 

the physical activity. Short bursts of intense 

activity rely on ATP and creatine phosphate, 

while longer, less intense activities utilize 

glycogen and fatty acids, derived from both 

intramuscular triacylglycerides and adipose 

tissue triacylglyceride stores (Barclay, 2017; 

Hargreaves and Spriet, 2020). Glycogen, 
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Figure 1: Metabolite levels in the skeletal muscles of C57BL/6J mice fed standard food (control 
group), high-fat high-fructose diet (HFFD group), standard food with 1 % AKG in the drinking 
water (AKG group) or high-fat high-fructose diet plus 1 % AKG in the drinking water (HFFD + 
AKG group) over eight weeks. Levels of glucose (A), glycogen (B), triacylglycerides (TAG, C), and 
water-soluble protein (D). Data are presented as mean ± standard error of the mean (SEM) from 4-7 
mice in each group. *Significant difference (whether P < 0.05) between groups was evaluated by Dun-
can’s new multiple range test: (B) control vs. HFFD, p=0.03987; AKG vs HFFD, p=0.0472; (C) control 
vs. HFFD, p= 0.0063, AKG vs HFFD, p= 0.0031; HFFD vs. HFFD+AKG, p=0.0020 
 
 

which is a form of glucose storage in mam-

mals, can support both anaerobic and aerobic 

activities, whereas fats can only be metabo-

lized aerobically (Jensen et al., 2011; Urschel 

and McKenzie, 2021). Moreover, skeletal 

muscle is one of the tissues where insulin 

stimulates glucose uptake to remove glucose 

from the blood, and the absorbed glucose is 

incorporated into glycogen (Jensen et al., 

2011). 

This study showed that HFFD had no ef-

fect on free glucose levels but decreased gly-

cogen levels in the mouse skeletal muscles. In 

addition, higher activities of glycolytic en-

zymes, higher TAG levels and lower total 

protein were detected in the muscles from 

mice fed HFFD. 
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Figure 2: The activity of key glycolytic enzymes in the skeletal muscles of C57BL/6J mice fed 
standard food (control group), high-fat high-fructose diet (HFFD group), standard food with 1 % 
AKG in the drinking water (AKG group) or high-fat high-fructose diet plus 1 % AKG in the drink-
ing water (HFFD + AKG group) over eight weeks. Activities of hexokinase (HK, A), phosphofructoki-
nase (PFK, B), and pyruvate kinase (PK, C). Data are presented as mean ± SEM from 4-7 mice in each 
group. *Significant difference (P < 0.05) between groups was evaluated  by Duncan’s new multiple range 
test: (A) control vs. HFFD, p=0.01351; control vs. HFFD+AKG, p=0.0009; AKG vs. HFFD, p=0.0279; 
AKG vs. HFFD+AKG, p=0.00046; HFFD vs. HFFD+AKG, p<0.0001; (B) control vs. HFFD, p=0.01104; 
AKG vs HFFD+AKG, p=0.02729; HFFD vs. HFFD+AKG, p=0.0006; (C) control vs. HFFD, p= 0.00005; 
control vs. AKG, p= 0.0217; AKG vs HFFD; p= 0.00994; AKG vs. HFFD+AKG; p= 0.01712; HFFD vs. 
HFFD+AKG, p= 0.00004. 

 

 

Previously, higher muscle TAG content 

was observed in mice fed a high-fat diet 

(HFD) (Goto-Inoue et al., 2013; Martinez-

Huenchullan et al., 2018). Muscle lipid accu-

mulation and/or changes in lipid metabolism 

are supposed to be involved in the develop-

ment of glucose intolerance in animals fed 

HFD (van Herpen and Schrauwen-

Hinderling, 2008). It has been shown that the 

development of insulin resistance in muscles 

is accompanied by glycogen depletion, lipid 

accumulation, and impaired normal tissue 

function (Goto-Inoue et al., 2013; Rachek, 

2014). Our results indicate that the diet rich in 

both fats and fructose leads to similar results 

to those observed in HFD mice, namely it de-

creased glycogen levels and increased TAG 

accumulation. HFFD might stimulate lipid 

flow to skeletal muscle, leading to reduced 

oxidation of fatty acids and enhanced lipid ac-

cumulation in skeletal muscle that could con-

tribute to insulin resistance. In support of this, 

the study on rats found that feeding with 

HFFD resulted in higher levels of TAG and 

ceramide (Crescenzo et al., 2015). The study 

of Crescenzo et al. (2015) also found that 

HFFD led to a lower mitochondrial energetic 

efficiency in skeletal rat muscles. In our ex-

periment, HFFD could also worsen operation 

of mitochondria. Lowered mitochondrial effi-

ciency can explain higher activity of glyco-

lytic enzymes in the skeletal muscles of 

HFFD-fed mice. Namely, to compensate for 

mitochondrial dysfunction, namely inability 

to effectively produce energy in the form of 

ATP aerobically, muscle cells activate glyco-

lytic anaerobic pathway to obtain energy. 

Since fatty acids from triacylglycerides can 

only be utilized aerobically, the use of lipids 

as an energy source may decrease, and muscle 

cells actively breakdown glycogen to provide 

glucose as energy substrate (Figure 3). As a 

result, it can lead to glycogen depletion in the 

muscles of HFFD-fed mice (Figure 1B). 

Lower glycogen levels in the muscles of 

HFFD-fed mice also suggest that the inability 

to effectively metabolize fructose due to the 

lack of fructokinase, which is mainly ex-

pressed in the liver (Ishimoto et al., 2012). In 

muscles, fructose can be metabolized by 
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hexokinase but glucose may hinder phospho-

rylation of fructose by hexokinase (Varma et 

al., 2015).  

Pyruvate, which is produced in glycolysis, 

can further undergo oxidative decarboxyla-

tion to acetyl-CoA by the pyruvate dehydro-

genase complex or be converted to lactate by 

lactate dehydrogenase. Pyruvate dehydrogen-

ase, the main enzyme of pyruvate dehydro-

genase complex, can be inhibited by PDH ki-

nase (PDK) isoforms, thereby decreasing ac-

etyl-CoA supply into the TCA cycle or to the 

fatty acid biosynthesis (Leblanc et al., 2008; 

Rinnankoski-Tuikka et al., 2012; Zhang et al., 

2014; Bayliak et al., 2022). Moreover, PDK4 

isoform, that is highly expressed in skeletal 

muscle, is up-regulated on HFD and shows 

frequently elevated levels in diabetic individ-

uals (Leblanc et al., 2008; Rinnankoski-

Tuikka et al., 2012). Given that, we can sup-

pose that activation of glycolytic enzymes in 

muscles of HFFD-fed mice can be also con-

nected with PDK-mediated inhibition of oxi-

dative metabolism of glucose. The higher 

TAG levels in muscles of HFFD-fed mice can 

be connected with elevated TAG levels in the 

blood of these mice (Bayliak et al., 2022). To 

compensate for glucose deficiency, muscle 

cells actively absorb lipids from the blood, but 

due to impaired mitochondrial respiration, it 

seems that TAGs are not actively used as a 

source of energy, but rather accumulate as fat 

depots.  

 

 
Figure 3: Effects of HFFD and AKG on energy metabolism in mouse skeletal muscle. HFFD leads 
to glycogen depletion, activation of glycolysis and accumulation of triacylglycerides in the muscle. Sup-
plementation with AKG prevents metabolic alterations caused by HFFD. Bold lines denote the activation 
of the process. Abbreviations: HK – hexokinase, G6P – glucose-6-phosphate, F6P – fructose-6-phos-
phate, F1,6BP – fructose-1,6-biphosphate, PFK – phosphofructokinase, DHAP – dihydroxyacetone 
phosphate, GA3P – glyceraldehyde-3-phosphate, PEP – phosphoenolpyruvate, PK – pyruvate kinase; 
FFAs – free fatty acids, TCA – tricarboxylic acid cycle, TAG – triacylglycerides. 
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Insulin resistance is mostly accompanied 

by hyperglycemia (Lee et al., 2017), but in the 

previous study, we did not detect any differ-

ences in fasting blood glucose levels between 

mice fed standard diet and HFFD (Bayliak et 

al., 2022). It was shown, that in some cases, 

fasting glucose levels may not be elevated in 

HFD-fed rodents (Siersbæk et al., 2020), 

when certain compensatory mechanisms can 

be induced. In particular, pancreas produces 

more insulin to compensate insensitivity to it 

(Shinozaki et al., 1996). 

Mice fed HFD also developed typical 

signs of muscle wasting, such as weakness, 

loss of muscle mass, and decreased fiber di-

ameter (Abrigo et al., 2016). Here, we ob-

served that HFFD led to a lower total protein 

level in the mouse skeletal muscles, that can 

reflect a loss of muscle mass. It was suggested 

that a loss of muscle mass may be related to 

the development of insulin resistance (Wang 

et al., 2006). In turn, insulin resistance may 

lead to muscle wasting via attenuation of 

PI3K/Akt signaling, leading to activation of 

caspase-3 and the ubiquitin-proteasome pro-

teolytic pathway, and triggering muscle pro-

tein degradation (Wang et al., 2006). An in-

crease in proportion of skeletal muscle fibers 

with glycolytic phenotype (Denies et al., 

2014; Abrigo et al., 2016) can also contribute 

to atrophy of various leg muscles in mice fed 

a high-fat diet during a long period. 

Generally, decrease in protein levels, ac-

cumulation of TAGs, depletion of glycogen, 

and activation of glycolysis in muscles of 

HFFD-fed mice can be considered as signs of 

insulin resistance development. 

 

Alpha-ketoglutarate prevents HFFD-in-

duced metabolic changes in mouse muscle 

In this study, we have established causal 

relationship between dietary regimen and 

studied metabolic parameters. We found that 

feeding with HFFD with AKG abrogated the 

increase in the activities of glycolytic en-

zymes, TAG accumulation, glycogen deple-

tion and the decrease in protein levels in the 

mouse muscles. Such effects of AKG can be 

explained by its direct involvement in ATP 

production and its signaling or regulatory 

function in different processes. As a cellular 

intermediate, AKG is a substrate of glutamate 

dehydrogenase and aminotransferases and 

can be directly involved in amino acid synthe-

sis (Harrison and Pierzynowski, 2008; 

Bayliak et al., 2016; Chen et al., 2018). In ad-

dition, dietary AKG was shown to stimulate 

amino acid uptake in model animals (Lambert 

et al., 2006). Via increasing amino acid levels, 

AKG may activate the mechanistic target-of-

rapamycin (mTOR) kinase, which is one of 

the major regulators of anabolic processes, in 

particular protein biosynthesis (Wang et al., 

2016; Bayliak and Lushchak, 2021). Some 

studies have reported a potential role of AKG 

in protecting against muscle atrophy during 

exercise, showing that AKG could prevent 

protein degradation via different signaling 

pathways, in particular, via the inhibition of 

expression of enzymes related to proteolysis 

(Cai et al., 2018) and stimulation of adrena-

line secretion by 2‐oxoglutarate receptor 1 

(OXGR1) expressed in adrenal glands (Yuan 

et al., 2020). These mechanisms seem to con-

tribute to the effects of AKG on the mainte-

nance of total protein levels in the muscles of 

the HFFD + AKG group. It cannot be ex-

cluded that the prevention of intramuscular li-

pid accumulation and glycogen depletion in 

HFFD + AKG group compared with HFFD 

group can also be connected with AKG-medi-

ated production of adrenaline. Adrenaline is 

known to bind to both the lipolytic β-adrener-

gic receptors and the antilipolytic α2-adrener-

gic receptors. The balance between activation 

of the α2- and β-receptors determines the 

overall level of lipolysis within a tissue 

(Schmidt et al., 2014). In skeletal muscle 

cells, adrenergic stimulation through β2-adre-

noreceptors can increase glycogen synthesis 

(Yamamoto et al., 2007). Thus, lipid accumu-

lation and glycogen depletion, observed in 

HFFD + AKG mice, can likely be connected 

with the activation of β-adrenoreceptor-re-

lated signaling pathways. In addition, it was 

demonstrated earlier that AKG induced beige 

adipogenesis in HFD mice, thus preventing 

the obesity development (Tian et al., 2020). 
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This mechanism can also contribute to the 

protective effects of AKG in HFFD-fed mice 

in our experiments; in particular, AKG might 

prevent intramuscular lipid accumulation via 

stimulation of proliferation of brown adipose 

tissue. 

Metabolic changes in the muscles caused 

by HFFD are themselves indicative of the de-

velopment of insulin tolerance. In turn, mus-

cles of HFFD + AKG mice do not demon-

strate similar signs of insulin insensitivity. It 

was also shown earlier that AKG or its ana-

logues may stimulate insulin secretion 

(Rabaglia et al., 2005; Willenborg et al., 

2009). Insulin was shown to suppress expres-

sion of transcription factor Nrf2 (nuclear fac-

tor erythroid 2-related factor 2) via mTOR 

signaling pathway (Ghosh et al., 2017). In 

turn, insulin was shown to induce mTOR sig-

naling pathway (Rapley et al., 2011; Muta et 

al., 2015). Nrf2 protein is one of the regula-

tors of expression of glycolytic enzymes, and 

the inhibition of Nrf2 was found to decrease 

activities of glycolytic enzymes in model ani-

mals (Fu et al., 2019; Bayliak et al., 2020). 

We observed that feeding HFFD with AKG 

abrogated the increase in the activities of gly-

colytic enzymes observed in HFFD mice. 

Even more, activity of HK, an enzyme that 

phosphorylates glucose, was lower in HFFD 

+ AKG group than in the control mice. In ad-

dition, PDK4 is one of the Nrf2 targets. It was 

found earlier, that the PDK4 inhibition may 

alleviate some symptoms of type 2 diabetes in 

mice; in particular, PDK4 deficiency was 

found to decrease blood glucose and im-

proved glucose tolerance and insulin sensiti-

vity in mice with diet-induced obesity 

(Jeoung and Harris, 2008). Inhibition of Nrf2 

via insulin signaling might promoted lower 

PDK4 levels that may result in the activation 

of pyruvate dehydrogenase complex and im-

proving oxidative metabolism in 

HFFD+AKG-fed mice. Together, our results 

support AKG-mediated improvement of insu-

lin signaling followed by Nrf2 inhibition in 

the muscle of HFFD + AKG mice.  

Insulin resistance in muscles can signifi-

cantly affect other organs and overall health 

status of the organism. In particular, insulin 

resistance can also promote the release of free 

fatty acids from adipose tissue into the blood-

stream, contributing to high triglyceride le-

vels and an increased risk of cardiovascular 

diseases such as heart disease, hypertension, 

and atherosclerosis (Shinozaki et al., 1996; 

Khafagy and Dash, 2021). Increased TAG 

levels found in HFFD-fed muscles can con-

firm lipotoxicity associated with insulin re-

sistance. At the same, revealed ameliorating 

effects of AKG on signs of insulin resistance 

in mouse muscles make this compound a per-

spective natural candidate for management of 

insulin resistance. Our results are consistent 

with recent studies which demonstrated the 

use of AKG in the treatment of certain dis-

eases associated with metabolic disorders in 

model organisms (Dobrowolski et al., 2013; 

Wang et al., 2016; Tian et al., 2020; Bayliak 

et al., 2022). There are few studies examining 

the potential beneficial effects of AKG sup-

plements on the humans. However, the human 

studies confirm the effectiveness of AKG in 

muscle growth, wound healing, and faster re-

covery after surgery (Harrison and 

Pierzynowski, 2008; Gyanwali et al., 2022). 

Therefore, we can surmise that AKG could 

potentially have therapeutic effects in humans 

with obesity and insulin resistance; however, 

the role of AKG in cellular metabolism in reg-

ulation of insulin-dependent metabolic re-

sponses needs to be studied in more detail. 

It should be noted that the standard food 

supplemented with AKG (AKG group) did 

not significantly affect the studied biochemi-

cal parameters in the muscles, except increas-

ing of PK activity. In our previous study, we 

also did not observe a significant influence of 

AKG (added to the standard food) on liver en-

ergy metabolism. However, livers of the 

AKG-fed mice had higher activity of the anti-

oxidant defense enzymes as compared to the 

control mice (Bayliak et al., 2022). It seems 

that HFFD modulates the effects of AKG, and 

vice versa, and in healthy individuals, AKG 

acts mostly as a hormetin, improving opera-

tion of antioxidant defense systems.  
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CONCLUSIONS 

This study demonstrates that an eight-

week feeding with a high-fat high-fructose 

diet induces conspicuous metabolic altera-

tions in the skeletal muscles of male mice. 

The changes include accumulation of triacyl-

glycerides, decrease in the levels of glycogen 

and total protein, and increase in the activities 

of key glycolytic enzymes. Together, these re-

sults suggest that the muscles of HFFD mice 

show signs of insulin insensitivity probably 

resulting from lipotoxicity. Supplementation 

of HFFD with AKG alleviated all metabolic 

changes observed in the muscle of HFFD 

mice (Figure 3). This indicates an ameliora-

tive role of AKG regarding lipotoxicity in 

murine skeletal muscles. Our results suggest 

that AKG is a perspective natural candidate 

for management of insulin resistance and re-

lated metabolic complications. Previous stud-

ies on humans were focused mainly on such 

effects of AKG as reduction of muscle protein 

degradation and bone mineral loss and resto-

ration against surgeries. However, it seems 

that therapeutic effects of AKG can be 

broader. Taking into account, that no major 

adverse effects of AKG supplementation have 

been reported (Gyanwali et al., 2022), further 

preclinical and clinical studies can help to bet-

ter understand the role of AKG in the preven-

tion and treatment of human metabolic dis-

eases.  

 

Acknowledgments 

We thank our student Kateryna 

Starchevska for technical assistance with bio-

chemical measurements. This research was 

supported by a grant from National Research 

Foundation of Ukraine (#2020.02/0118) to 

MMB. 

 

Conflict of interest 

The authors declare that they have no con-

flict of interest. 

 

Ethical statements 

All mouse protocols were approved by the 

Animal Experimental Committee of Vasyl 

Stefanyk Precarpathian National University 

(Ukraine) and were conducted in accordance 

with the European Union for the protection of 

animals used for scientific purposes of 22 

September 2010 (2010/63/EU). The current 

study complies with the ARRIVE Guidelines 

for reporting in vivo experiments (https://ar-

riveguidelines.org/arrive-guidelines). 

 

Authorship contribution statement 

Myroslava Vatashchuk: Investigation, 

data curation, validation and visualization, 

writing of original draft; Maria Bayliak: Con-

ceptualization, supervision, writing of origi-

nal draft, review & editing, funding acquisi-

tion; Viktoriia Hurza and Oleh Demianchuk: 

Investigation and data curation; Dmytro Gos-

podaryov: Statistical analysis; writing – re-

view & editing; Volodymyr Lushchak: Con-

ceptualization, writing – review & editing. 

 

REFERENCES 

Abrigo J, Rivera JC, Aravena J, Cabrera D, Simon F, 

Ezquer F, et al. High fat diet-induced skeletal muscle 

wasting is decreased by mesenchymal stem cells ad-

ministration: implications on oxidative stress, ubiquitin 

proteasome pathway activation, and myonuclear apop-

tosis. Oxid Med Cell Longev. 2016;2016:9047821. 

Andreou AM, Tavernarakis N. Protein metabolism and 

homeostasis in aging. Preface. Adv Exp Med Biol. 

2010;694:vii-viii.  

Barclay CJ. Energy demand and supply in human skel-

etal muscle. J Muscle Res Cell Motil. 2017;38:143-55.  

Bayliak MM, Lushchak VI. Pleiotropic effects of al-

pha-ketoglutarate as a potential anti-ageing agent. Age-

ing Res Rev. 2021;66:101237.  

Bayliak MM, Lylyk MP, Shmihel HV, Sorochynska 

OM, Manyukh OV, Pierzynowski SG, et al. Dietary al-

pha-ketoglutarate increases cold tolerance in Droso-

phila melanogaster and enhances protein pool and an-

tioxidant defense in sex-specific manner. J Therm Biol. 

2016;60:1-11.  

Bayliak MM, Demianchuk OI, Gospodaryov DV, 

Abrat OB, Lylyk MP, Storey KB, et al. Mutations in 

genes cnc or dKeap1 modulate stress resistance and 

metabolic processes in Drosophila melanogaster. 

Comp Biochem Physiol A Mol Integr Physiol. 2020; 

248:110746.  

https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines


EXCLI Journal 2023;22:1264-1277 – ISSN 1611-2156 

Received: September 16, 2023, accepted: November 14, 2023, published: December 05, 2023 

 

 

1275 

Bayliak MM, Vatashchuk MV, Gospodaryov DV, 

Hurza VV, Demianchuk OI, Ivanochko MV, et al. 

High fat high fructose diet induces mild oxidative 

stress and reorganizes intermediary metabolism in 

male mouse liver: alpha-ketoglutarate effects. Biochim 

Biophys Acta Gen Subj. 2022;1866(12):130226.  

Bhatt BA, Dube JJ, Dedousis N, Reider JA, O'Doherty 

RM. Diet-induced obesity and acute hyperlipidemia re-

duce IkappaBalpha levels in rat skeletal muscle in a fi-

ber-type dependent manner. Am J Physiol Regul Integr 

Comp Physiol. 2006;290:R233-40.  

Bradford MM. A rapid and sensitive method for the 

quantitation of microgram quantities of protein utiliz-

ing the principle of protein-dye binding. Anal Bio-

chem. 1976;72:248-54.  

Cai X, Yuan Y, Liao Z, Xing K, Zhu C, Xu Y, et al. 

Alpha-ketoglutarate prevents skeletal muscle protein 

degradation and muscle atrophy through PHD3/ 

ADRB2 pathway. FASEB J. 2018;32:488-99.  

Casimiro I, Stull ND, Tersey SA, Mirmira RG. Pheno-

typic sexual dimorphism in response to dietary fat ma-

nipulation in C57BL/6J mice. J Diabetes Complica-

tions. 2021;35(2):107795.  

Chen J, Su W, Kang B, Jiang Q, Zhao Y, Fu C, et al. 

Supplementation with alpha-ketoglutarate to a low-

protein diet enhances amino acid synthesis in tissues 

and improves protein metabolism in the skeletal mus-

cle of growing pigs. Amino Acids. 2018;50:1525-37.  

Chu DT, Malinowska E, Jura M, Kozak LP. C57BL/6J 

mice as a polygenic developmental model of diet-in-

duced obesity. Physiol Rep. 2017;5(7):e13093. 

Collins S, Martin TL, Surwit RS, Robidoux J. Genetic 

vulnerability to diet-induced obesity in the C57BL/6J 

mouse: physiological and molecular characteristics. 

Physiol Behav. 2004;81:243-8.  

Crescenzo R, Bianco F, Coppola P, Mazzoli A, 

Cigliano L, Liverini G, et al. The effect of high-fat-

high-fructose diet on skeletal muscle mitochondrial en-

ergetics in adult rats. Eur J Nutr. 2015;54:183-92. 

Denies MS, Johnson J, Maliphol AB, Bruno M, Kim 

A, Rizvi A, et al. Diet-induced obesity alters skeletal 

muscle fiber types of male but not female mice. Physiol 

Rep. 2014;2(1):e00204.  

Dobrowolski P, Tomaszewska E, Bienko M, Radzki 

RP, Pierzynowski SG. The effect of dietary administra-

tion of 2-oxoglutaric acid on the cartilage and bone of 

growing rats. Br J Nutr. 2013;110:651-8.  

Flurkey KM, Currer J, Harrison DE. Mouse models in 

aging research. In: Fox JG, Davisson MT, Quimby 

FW, Barthold SW, Newcomer CE, Smith AL (eds). 

The mouse in biomedical research (pp 637-72) (2nd ed). 

Burlington: Academic Press, 2007. 

Fu J, Xiong Z, Huang C, Li J, Yang W, Han Y, et al. 

Hyperactivity of the transcription factor Nrf2 causes 

metabolic reprogramming in mouse esophagus. J Biol 

Chem. 2019;294:327-40.  

Ghosh A, Abdo S, Zhao S, Wu CH, Shi Y, Lo CS, et 

al. Insulin inhibits Nrf2 gene expression via heteroge-

neous nuclear ribonucleoprotein f/k in diabetic mice. 

Endocrinology. 2017;158:903-19.  

Goto-Inoue N, Yamada K, Inagaki A, Furuichi Y, 

Ogino S, Manabe Y, et al. Lipidomics analysis re-

vealed the phospholipid compositional changes in 

muscle by chronic exercise and high-fat diet. Sci Rep. 

2013;3:3267.  

Gyanwali B, Lim ZX, Soh J, Lim C, Guan SP, Goh J, 

et al. Alpha-ketoglutarate dietary supplementation to 

improve health in humans. Trends Endocrinol Metab. 

2022;33:136-46.  

Hargreaves M, Spriet LL. Skeletal muscle energy me-

tabolism during exercise. Nat Metab. 2020;2:817-28.  

Harrison AP, Pierzynowski SG. Biological effects of 

2-oxoglutarate with particular emphasis on the regula-

tion of protein, mineral and lipid absorption/metabo-

lism, muscle performance, kidney function, bone for-

mation and cancerogenesis, all viewed from a healthy 

ageing perspective state of the art-review article. J 

Physiol Pharmacol. 2008;59(Suppl 1):91-106.  

Ishimoto T, Lanaspa MA, Le MT, Garcia GE, Diggle 

CP, Maclean PS, et al. Opposing effects of fructokinase 

C and A isoforms on fructose-induced metabolic syn-

drome in mice. Proc Natl Acad Sci U S A. 2012;109: 

4320-5.  

Jensen J, Rustad PI, Kolnes AJ, Lai YC. The role of 

skeletal muscle glycogen breakdown for regulation of 

insulin sensitivity by exercise. Front Physiol. 2011;2: 

112.  

Jeoung NH, Harris RA. Pyruvate dehydrogenase ki-

nase-4 deficiency lowers blood glucose and improves 

glucose tolerance in diet-induced obese mice. Am J 

Physiol Endocrinol Metab. 2008;295(1):E46-54.  

Khafagy R, Dash S. Obesity and cardiovascular dis-

ease: the emerging role of inflammation. Front Cardi-

ovasc Med. 2021;8:768119.  



EXCLI Journal 2023;22:1264-1277 – ISSN 1611-2156 

Received: September 16, 2023, accepted: November 14, 2023, published: December 05, 2023 

 

 

1276 

Lambert BD, Filip R, Stoll B, Junghans P, Derno M, 

Hennig U, et al. First-pass metabolism limits the intes-

tinal absorption of enteral alpha-ketoglutarate in young 

pigs. J Nutr. 2006;136:2779-84.  

Leblanc PJ, Mulligan M, Antolic A, Macpherson L, In-

glis JG, Martin D, et al. Skeletal muscle type compari-

son of pyruvate dehydrogenase phosphatase activity 

and isoform expression: effects of obesity and endur-

ance training. Am J Physiol Regul Integr Comp Phys-

iol. 2008;295:R1224-30.  

Lechuga-Sancho AM, Gallego-Andujar D, Ruiz-

Ocana P, Visiedo FM, Saez-Benito A, Schwarz M, et 

al. Obesity induced alterations in redox homeostasis 

and oxidative stress are present from an early age. 

PLoS One. 2018;13(1):e0191547.  

Lee Y, Fluckey JD, Chakraborty S, Muthuchamy M. 

Hyperglycemia- and hyperinsulinemia-induced insulin 

resistance causes alterations in cellular bioenergetics 

and activation of inflammatory signaling in lymphatic 

muscle. FASEB J. 2017;31:2744-59.  

Lepczynski A, Ozgo M, Michalek K, Dratwa-Cha-

lupnik A, Grabowska M, Herosimczyk A, et al. Effects 

of three-month feeding high fat diets with different 

fatty acid composition on myocardial proteome in 

mice. Nutrients. 2021;13(2):330.  

Lushchak VI, Bahnjukova TV, Storey KB. Effect of 

hypoxia on the activity and binding of glycolytic and 

associated enzymes in sea scorpion tissues. Braz J Med 

Biol Res. 1998;31:1059-67.  

Martinez-Huenchullan SF, Maharjan BR, Williams PF, 

Tam CS, McLennan SV, Twigg SM. Differential met-

abolic effects of constant moderate versus high inten-

sity interval training in high-fat fed mice: possible role 

of muscle adiponectin. Physiol Rep. 2018;6(4):e13599. 

Muta K, Morgan DA, Rahmouni K. The role of hypo-

thalamic mTORC1 signaling in insulin regulation of 

food intake, body weight, and sympathetic nerve activ-

ity in male mice. Endocrinology. 2015;156:1398-407.  

Rabaglia ME, Gray-Keller MP, Frey BL, Shortreed 

MR, Smith LM, Attie AD. Alpha-ketoisocaproate-in-

duced hypersecretion of insulin by islets from diabetes-

susceptible mice. Am J Physiol Endocrinol Metab. 

2005;289:E218-24.  

Rachek LI. Free fatty acids and skeletal muscle insulin 

resistance. Prog Mol Biol Transl Sci. 2014;121:267-92.  

Rapley J, Oshiro N, Ortiz-Vega S, Avruch J. The 

mechanism of insulin-stimulated 4E-BP protein bind-

ing to mammalian target of rapamycin (mTOR) com-

plex 1 and its contribution to mTOR complex 1 signal-

ing. J Biol Chem. 2011;286:38043-53.  

Rasool S, Geetha T, Broderick TL, Babu JR. High fat 

with high sucrose diet leads to obesity and induces my-

odegeneration. Front Physiol. 2018;9:1054. 

Rinnankoski-Tuikka R, Silvennoinen M, Torvinen S, 

Hulmi JJ, Lehti M, Kivela R, et al. Effects of high-fat 

diet and physical activity on pyruvate dehydrogenase 

kinase-4 in mouse skeletal muscle. Nutr Metab (Lond). 

2012;9(1):53.  

Schmidt SL, Bessesen DH, Stotz S, Peelor FF 3rd, Mil-

ler BF, Horton TJ. Adrenergic control of lipolysis in 

women compared with men. J Appl Physiol (1985). 

2014;117:1008-19.  

Shinozaki K, Naritomi H, Shimizu T, Suzuki M, Ikebu-

chi M, Sawada T, et al. Role of insulin resistance asso-

ciated with compensatory hyperinsulinemia in is-

chemic stroke. Stroke. 1996;27:37-43.  

Siersbæk MS, Ditzel N, Hejbol EK, Praestholm SM, 

Markussen LK, Avolio F, et al. C57BL/6J substrain 

differences in response to high-fat diet intervention. 

Sci Rep. 2020;10(1):14052.  

Sishi B, Loos B, Ellis B, Smith W, du Toit EF, Engel-

brecht AM. Diet-induced obesity alters signalling path-

ways and induces atrophy and apoptosis in skeletal 

muscle in a prediabetic rat model. Exp Physiol. 2011; 

96:179-93.  

Sorochynska OM, Bayliak MM, Gospodaryov DV, 

Vasylyk YV, Kuzniak OV, Pankiv TM, et al. Every-

other-day feeding decreases glycolytic and mitochon-

drial energy-producing potentials in the brain and liver 

of young mice. Front Physiol. 2019;10:1432.  

Spooner HC, Derrick SA, Maj M, Manjarin R, Hernan-

dez GV, Tailor DS, et al. High-fructose, high-fat diet 

alters muscle composition and fuel utilization in a ju-

venile iberian pig model of non-alcoholic fatty liver 

disease. Nutrients. 2021;13(12):4195.  

Tian Q, Zhao J, Yang Q, Wang B, Deavila JM, Zhu 

MJ, et al. Dietary alpha-ketoglutarate promotes beige 

adipogenesis and prevents obesity in middle-aged 

mice. Aging Cell. 2020;19(1):e13059.  

Urschel KL, McKenzie EC. Nutritional influences on 

skeletal muscle and muscular disease. Vet Clin North 

Am Equine Pract. 2021;37(1):139-75.  

van Herpen NA, Schrauwen-Hinderling VB. Lipid ac-

cumulation in non-adipose tissue and lipotoxicity. Phy-

siol Behav. 2008;94:231-41.  

Varma V, Boros LG, Nolen GT, Chang CW, Wabitsch 

M, Beger RD, et al. Metabolic fate of fructose in hu-

man adipocytes: a targeted (13)C tracer fate association 

study. Metabolomics. 2015;11:529-44.  



EXCLI Journal 2023;22:1264-1277 – ISSN 1611-2156 

Received: September 16, 2023, accepted: November 14, 2023, published: December 05, 2023 

 

 

1277 

Vatashchuk MV, Bayliak MM, Hurza VV, Storey KB, 

Lushchak VI. Metabolic syndrome: lessons from ro-

dent and drosophila models. Biomed Res Int. 2022; 

2022:5850507.  

Wang L, Yi D, Hou Y, Ding B, Li K, Li B, et al. Die-

tary supplementation with alpha-ketoglutarate acti-

vates mTOR signaling and enhances energy status in 

skeletal muscle of lipopolysaccharide-challenged pig-

lets. J Nutr. 2016;146:1514-20.  

Wang X, Hu Z, Hu J, Du J, Mitch WE. Insulin re-

sistance accelerates muscle protein degradation: acti-

vation of the ubiquitin-proteasome pathway by defects 

in muscle cell signaling. Endocrinology. 2006;147: 

4160-8.  

Willenborg M, Panten U, Rustenbeck I. Triggering and 

amplification of insulin secretion by dimethyl alpha-

ketoglutarate, a membrane permeable alpha-ketoglu-

tarate analogue. Eur J Pharmacol. 2009;607(1-3):41-6.  

Yamamoto DL, Hutchinson DS, Bengtsson T. Beta(2)-

adrenergic activation increases glycogen synthesis in 

L6 skeletal muscle cells through a signalling pathway 

independent of cyclic AMP. Diabetologia. 2007;50(1): 

158-67.  

Yuan Y, Xu P, Jiang Q, Cai X, Wang T, Peng W, et al. 

Exercise-induced alpha-ketoglutaric acid stimulates 

muscle hypertrophy and fat loss through OXGR1-de-

pendent adrenal activation. EMBO J. 2020;39(7): 

e103304. 

Zhang S, Hulver MW, McMillan RP, Cline MA, Gil-

bert ER. The pivotal role of pyruvate dehydrogenase 

kinases in metabolic flexibility. Nutr Metab (Lond). 

2014;11(1):10. 

 

 


