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ABSTRACT

Aim. To study the effect of forced treadmill exercise on lipid and carbohydrate metabolism parameters in liver and
skeletal muscle tissues of mice with a model of type 2 diabetes mellitus, taking into account age and biological
rhythm characteristics.

Materials and methods. To create a model of type 2 diabetes mellitus (T2DM), a high-fat diet was used. Physical
activity in the form of forced treadmill exercise was carried out for 4 weeks. Parameters of lipid and carbohydrate
metabolism in muscle and liver tissues were determined by Western blotting.

Results. A decrease in glycogen content in the muscles in T2DM was associated with activation of its breakdown
rather than with its reduced synthesis. Significant and multidirectional changes were recorded in the content of
glycogen phosphorylase in the liver and skeletal muscle tissues. These changes were significantly influenced by
both the nature of diet and physical activity. The development of T2DM in mice was accompanied by a decrease
in high-density lipoprotein (HDL) content in the liver along with an increase in low-density lipoprotein (LDL) and
very-low-density lipoprotein (VLDL) levels. It is worth noting that physical activity provided partial normalization
of the ratio of lipid fractions, despite the fact that the exercises were performed in the context of a high-fat diet.

In the T2DM group, metabolic changes caused by both T2DM modeling and physical exercises were not only
quantitative, but in some cases also qualitative. The effects of physical exercises performed at different times of the
day on metabolic processes in the liver and muscle tissues varied significantly.

Conclusion. Physical activity can help prevent not only metabolic disorders (obesity and insulin resistance), but
also associated complications on the part of the liver and cardiovascular system.
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PE3IOME

Hean: n3yyanocy BIUSHUEC TPUHYAUTEIBHBIX (PH3MYECKAX HATPY30K HA ITOKA3aTEIH JUIHIHOTO U YTIIEBOHOTO
oOMeHa B TKaHSIX MEYCHH W CKEJICTHBIX MBIIII] Y MBIIIEH ¢ MOJIETbI0 caxapHoro nuabera tuma 2 (CA2) ¢ yaeTom
BO3PACTHBIX U OHOPHTMOJIOTHIECKHX OCOOEHHOCTEH.

MarepuaJjibl 1 MeToAbl. 11 popMHUpoBaHUS MOIETH 3a00I€BaHNMS UCIIONB30BANACh BBICOKOXKUPOBAs UeTa, (hu-
3UYeCKHe Harpy3Kd B BHAE NPHHYAUTEIBHOTO Oera MpOBOIIINCH B TeueHue 4 Hex. [lokaszaTenn JUMUAHOTO M
YTJIEBOAHOTO 0OMEHA B TKAHSX MBIIII U IEUYSHHU ONPEACISUINCH METOAOM BECTEPH-OJIOTTHHTA.

PesyabTaThl. CHIDKEHHE COJIepKaHus TIIMKOreHa B Mpliax npu CJ12 B OoJiblieil cTeneHu cBsA3aHo C aKTUBALHEH
HPOLIECCOB €ro pacrasa, 4YeM CO CHIKEHHEM CHUHTe3a. 3HaYMTeIIbHBIC H Pa3HOHAIPABICHHbIC N3MEHEHUS (pUKCH-
POBAJIKCh B COACPIKAHUH TIUKOreHpochopHiIas3sl B TKAHIX MEYSHH U CKEJICTHBIX MBIIIL, HAa 3TH W3MEHEHU CY-
IIECTBEHHOE BIIMSHUE OKA3bIBAIM M XapaKkTep MUTaHHs, U GpU3NUecKre Harpy3ku. Pa3BUTHE SKCIIEPUMEHTAIBHOTO
C/12 y Mbl1Iel COnpoBOXIaNOCh CHIDKEHUEM COJePIKaHUs JTUIIONIPOTENHOB BHICOKOM INIOTHOCTH B NTEYEHH Mapal-
JIeTIBHO C BO3PAaCTaHUEM JIMIOIPOTEHHOB HU3KOM U OUYeHb HU3KOU IUIOTHOCTH. BakHO, 4TO u3nueckue Harpy3Ku
obecreyrBaIi YaCTHYHYIO HOPMAITU3ALIMIO COOTHOIICHHUS JIMMTUAHBIX (QPAKIMii, HECMOTPS Ha TO YTO BBIMOJHSUTUCH
OHH Ha (hOHE MPOAOIDKAIOLICHCS )KUPOBOU TUETHI.

B rpynne C/12 ¢usmyeckue Harpy3ku HOCHIM HE TOJIBKO KOJIMYECTBEHHBIH, HO B HEKOTOPBIX CIIydasX KaueCTBEH-
HBIH XapakTep. DHPeKTs PU3NUSCKUX HArpy30K, IPUMEHSIEMBIX B pa3HOE BPeMs CyTOK, HA METabOIMIECKHe ITpo-
LIECChI B IICYCHU U MBIIICYHON TKAHU 3HAUUTEIBHO PA3IHMYarOTCs.

3akaoyenne. Ou3udecKre Harpy3KH MOTYT BBICTYIIATh CPEICTBOM MPOPHIAKTHKY HE TOJIBKO HEMOCPEICTBCHHO
MeTabOIMIEeCKUX HapyIICHUH (OKUpEHHE M MHCYIMHOPE3UCTEHTHOCTH), HO M COIyTCTBYIOIIMX OCIIOXKHEHHUI CO
CTOPOHBI [IEYCHH U B JATbHEHIIEM CepeIHO-COCYIUCTOH CHCTEMBI.

KawueBsble cjioBa: nieueHb, CKEIETHBIC MBIIIIIBI, OETOBast HATPY3Ka, CaXapHbIi AHA0ET, OKUPEHHE
KoHpuKT HHTepecoB. ABTOPHI ACKIAPUPYIOT OTCYTCTBHE SIBHBIX M MOTECHIMAIBHBIX KOH(IMKTOB HHTEPECOB,
CBSI3aHHBIX C IMyOJIMKalel HaCTOsIIeH CTaTbH.

Hcrounnk ¢punancupoBanmsi. lccienoBanue BHIIOIHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢onma Ne 19-
15-00118, https://rscf.ru/project/19-15-00118-p

CooTBeTCTBHE MPUMHIMIIAM 3THKH. MccnenoBanne 0go0peHo KoMuccHel 1o 0HodTHKe Broornyeckoro HHCTH-
tyra HU TT'Y (mpoTtokon Ne 32 ot 02.12.2019).
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a serious
metabolic disease characterized by insulin resistance
and decreased insulin production, resulting in
abnormally elevated blood glucose levels. It has
been reported that T2DM can induce oxidative stress
and inflammatory responses and promote various
complications, including liver injury [1, 2].

Fatty liver disease associated with metabolic
dysfunction and T2DM are two common metabolic
disorders that often coexist and synergistically
promote each other’s progression [3]. Several
pathophysiological pathways are involved in this
relationship,includinginsulinresistance,inflammation,
and lipotoxicity, contributing to understanding the
complex relationships between these conditions [4].
Dyslipidemia has a significant impact on the risk of
developing T2DM and micro- and macrovascular
complications, and diabetes significantly contributes
to an increased risk of liver fibrosis progression and
hepatocellular carcinoma. Moreover, both pathologies
have a synergistic effect on cardiovascular events and
mortality [5].

The liver helps maintain normal fasting and
postprandial blood glucose levels. Insulin loss affects
the liver, leading to glycogenolysis and increased
hepatic glucose production. Abnormalities in
triglyceride storage and lipolysis in insulin-sensitive
tissues, such as the liver, are early manifestations of
disorders characterized by insulin resistance and are
detected earlier than fasting hyperglycemia [2].

One of the models for the development of T2DM is
feeding animals with a high-fat diet. High-fat diet can
lead to obesity, hyperinsulinemia, and altered glucose
homeostasis due to insufficient compensation by the
islets of Langerhans. Since obesity in this case is
caused by dietary manipulations rather than cytotoxic
substances, such models are considered to be more
similar to the human diseases [6—8].

Physical activity of varying intensity triggers a
large number of biochemical, molecular, genetic,
and epigenetic mechanisms underlying adaptive
responses of the body to physiological stress [9]. In

particular, it has been shown that physical activity
has a positive effect on metabolic disorders [10].
Experiments with animals have shown that physical
activity increases insulin sensitivity and improves
glucose tolerance induced by a high-fat diet not only
in the animals themselves but also in their offspring
[10]. It has also been shown that circadian rhythms
affect the effect of physical exercise. Glucose
uptake by muscles and insulin tolerance also have a
circadian nature and the effects of physical exercises
are associated with the circadian rhythm of these
parameters [11].

Therefore, the aim of this study was to investigate
the effect of forced treadmill exercise on lipid and
carbohydrate metabolism in liver and skeletal muscle
tissue in a mouse model of T2DM, taking into account
age and biological rhythm characteristics.

MATERIALS AND METHODS

Male mice of the C57bl/6 line were used in the
study. The mice were obtained from the vivarium of
the Tomsk National Research Medical Center of the
Russian Academy of Sciences, Goldberg Research
Institute of Pharmacology and Regenerative Medicine.
Animal maintenance regime: 12 h /12 h light / dark
cycle, with daylight starting at 6 am; free access to
food and water; room temperature of 24 °C.

The study was conducted in accordance with the
principles of the Basel Declaration and approved by
the Bioethics Committee at the Biological Institute
of Tomsk State University (Protocol No. 32 of
2.12.2019).

Two groups of mice were used in the experiment:
young mice (112 mice aged 4 weeks at the beginning
of the experiment) and aged mice (112 mice aged
32 weeks at the beginning of the experiment). The
experiment lasted 16 weeks. Until week 12 of the
experiment, the mice were divided into 2 subgroups:
mice receiving a high-fat diet (56 mice) and mice
receiving a standard chow diet (56 mice).

To model T2DM, a high-fat diet was used for 12
weeks, developed specifically for this experiment.
The composition and energy value of the feed are
described in detail in our previous work [12].
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Starting from week 12 of the experiment, each
group of animals was divided into two subgroups —
animals exposed to (main — 21 animals) and not
exposed to (control — 7 animals) forced treadmill
exercises.

Different subgroups of mice in the main group
performed forced treadmill exercise at different times
of the day. Group A performed treadmill exercise in
the morning (from 8:00 to 10:00) — 7 animals. Group
B did treadmill exercise in the dark phase of the cycle
(from 19:00 to 21:00) — 7 animals. In group C, the time
of forced treadmill exercise alternated (shift training
regime): in the first and third weeks, they performed
the exercise in the dark (from 19:00 to 21:00), in the
second and fourth weeks — in the morning (from 8:00
to 10:00) — 7 animals.

To normalize physical activity, the BMELAB
SID-TM10 treadmill for mice was used [13]. Forced
treadmill exercises were performed for 4 weeks.
In the first six days, the duration of the exercise
was gradually increased from 10 to 60 minutes (the
increase by 10 minutes per day) 6 times a week and
did not change during the subsequent three weeks. The
angle of the treadmill (from 0 to 10°) and its rotation
speed (from 15 to 18 m / min) were changed every
week. Once a week (every seventh day), the exercise
was not performed. Body weight was measured using
laboratory scales. The weight of each animal was
measured separately. Measurements were performed
11 times during 16 weeks.

The experimental animals were euthanized by
decapitation 24 hours after the last exercise. We
isolated m.gastrocnemius from both hind limbs and
cleared the muscle tissue of connective and adipose
tissue. The liver was extracted from the abdominal
cavity and also cleared of surrounding tissue.
Homogenization of skeletal muscle and liver tissue
was performed as follows: before lysis, the tissue was
first cut with a scalpel on a glass plate held on ice
into small pieces of ~ 1 mm in size. They were then
transferred to cold 1X RIPA Buffer (137 mM NaCl,
2.7 mM KCI, 1 mM MgCl2, 0.5 mM Na3VO4, 1%
Triton X-100, 10% Glycerol, 20 mM Tris pH 7.8, 1
ug / ml Leupeptin, 0.2 mM PMSF, 10 mM NaF, 1 mM
EDTA, 1 mM DTT, 5 mM Na pyrophosphate, 0.5 ml,
1 ml of 100 mM, 1 mM Benzamidine) in tubes with
airtight caps and thick walls.

Fifty ml of the buffer was used per 20 mg of wet
muscle tissue. The material was kept on ice during
processing. Then, 5 mm stainless steel beads (Qiagen,
Germany) were placed in the tubes. The tubes were

placed in the Digital Vortex-Genie 2 laboratory mixer
(Scientific Industries, Inc., USA) for 15 minutes at 4
°C. Then they were left on a mini-rotor shaker (MP-1,
Biosan, Latvia) in the refrigerator for 1 hour. Next,
they were centrifuged at 13,000 rpm for 5 minutes at
4 °C, after which the clear supernatant was transferred
to new tubes with clear markings. Thirty pl were taken
to determine the concentration of total protein in the
sample (using the Bradford protein assay).

The following parameters were determined in the
tissue homogenate. Muscle tissue — glycogen, lactate,
glycogen synthase (GYS1), glycogen phosphorylase
(PYGM). Liver tissue — liver glycogen synthase
(GYS2), liver glycogen phosphorylase (PYGL), high-
density lipoproteins (HDL), low-density lipoproteins
(LDL), very-low-density lipoproteins (VLDL); alanine
aminotransferase (ALT); aspartate aminotransferase
(AST).

The analysis was performed using ready-made
kits on the Anthos 2010 microplate photometer with
software (Biochrom Ltd., UK). Sample preparation,
colorimetric analysis, and calculations of the obtained
data were carried out according to the manufacturer’s
protocol. Tissue homogenate was obtained according
to the scheme for a sample weighing less than 100 mg.
The concentration of total protein in the sample was
determined using the modified Bradford protein assay.

PAGE electrophoresis was performed under
denaturing conditions and according to the method
described previously (Laemmli, 1970) with 5% stacking
and 7% separating gels using the electrophoresis
system (Mini-PROTEAN Tetra electrophoresis cell,
USA) and the current source (PowerPacBasic, USA)).
The concentration of total protein applied to each well
was 7.5 pg. Using the blotting system (Trans-Blot
Turbo, USA), proteins were transferred from the gel
to a PVDF membrane (BioRad, USA) followed by
blocking with 5% skim milk (BioRad, USA) in 1X
TBSt (TBS with the addition of 0.1% Tween-20) for
1 h at room temperature. The target proteins were
determined by incubation at 4 °C in 5% dry milk in
TBSt overnight at a dilution of 1:1000 with rabbit
polyclonal antibodies against citrate synthetase (cat.
no. ab96600, abcam, UK) and with a cocktail of Total
OXPHOS Rodent WB antibodies (cat. no. ab110413,
abcam, UK), containing 5 mouse antibodies, each
against the subunits of NDUFB8, SDHB, UQCRC2,
MTCOI1, ATP5A. The sample was then incubated
with HRP-conjugated secondary antibodies (anti-
mouse cat. #1706516, anti-rabbit cat. #1706515,
BioRad, USA) for 1 h at room temperature in 3% dry
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milk in TBSt. Antigen — antibody complexes were
visualized using the ECL kit (SuperSigna West Dura,
Thermo Scientific, USA) and the documentation
system (ChemiDoc-It 2, UVP, UK). The densitometric
analysis was performed using ImageJ software.

Immunoblotting. Proteins were transferred from
the gel to the PVDF membrane (BioRad, USA) in
transfer buffer (25 mM Tris — 192 mM glycine (pH
8.3), 20% ethanol) for 1.5 h at 400 mA. To check
the quality of protein transfer to the membrane, the
membrane was stained with Ponceau S dye. The dye
reversibly binds to proteins, staining them red. To
prepare the membrane for immunochemical staining,
it was washed several times in a TBS solution (50
mM Tris, pH 7.4, 150 mM NaCl). Then, blocking
was performed with 5% dry skim milk (Valio,
Finland) prepared in PBST (PBS with the addition of
0.1% Tween-20). Blocking was carried out for one
hour at room temperature and constant stirring. The
membrane was then transferred into a TBST solution
(50 mM Tris, pH 7.4, 150 mM NacCl, 0.1% Tween-20)
containing 5% BSA and primary antibodies (1:1000
ratio by volume) and left for 14-17 hours at +4 °C and
constant stirring. Next, the membrane was washed
three times for 15 minutes with a TBST solution and
then incubated at room temperature with constant
stirring in a separate container for 1 hour in 10 ml of
a TBST solution containing 5% dry skim milk and
HRP-conjugated secondary antibodies in a ratio of
1:5000. Then the membrane was washed 3 times with
a TBST solution for 15 min.

The bands of the formed protein complexes
with primary and secondary antibodies on the
membrane were visualized using the enhanced
chemiluminescence (ECL) method, using the
chemiluminescence kit (SuperSigna West Dura,
Thermo Scientific, USA), developing the membranes
on a documentation system (ChemiDoc-It 2, UVP,
UK). The densitometric analysis was performed using
ImagelJ software.

Statistical data processing was performed using
the GraphPad Prism package (academic license No.
1531155, valid until 21.12.2024). The significance
level when testing the hypothesis of equality of two
samples was estimated using the Kruskal — Wallis
ANOVA test. All data had non-normal distribution
of the variables. To compare the groups, two-way
analysis of variance with Tukey’s multiple comparison
criterion and Holm — Sidak adjustment was used. The
data were presented as the median and the interquartile

range Me (Q,; 0,).

RESULTS

In the previous publication [14], we described
changes in the body weight of mice during the
experiment. Already starting from week 4 of the
experiment, a significant increase in the body weight
of mice fed with a high-fat diet was observed (p <
0.05). At week 12, the differences between the high-fat
diet group and the standard chow diet group increased.

From week 12, both groups were divided into 4
subgroups, in which physical exercise was performed
at different times of the day (light phase, dark
phase, shift regimen). At week 16 (final week) of
the experiment, we found that in the group of mice
receiving a high-fat diet and in the standard chow
diet group, the differences in body weight remained
statistically significant (p < 0.05).

In the group receiving a high-fat diet, statistically
significant differences (p < 0.05) in body weight
compared to the control group were observed in all
3 subgroups that were exposed to physical activity.
The most effective exercise was in the shift training
regimen group. In this group, body weight was 1.2
times lower than in the control group.

In the first part of the work, we studied the level
of glycogen, lactate, and carbohydrate metabolism
enzymes in the tissues of skeletal muscles and the
liver. The content of glycogen in the muscles of young
animals receiving a high-fat diet decreased by 20%.
Physical exercise led to an increase in the glycogen
content in muscle tissue in mice receiving a standard
chow diet and did not affect this parameter in the
group of animals receiving a high-fat diet (Table 1).
In aged mice, the content of glycogen in muscle tissue
was lower than in young animals by 12%. Receiving
a high-fat diet led to a decrease in this parameter by
17%. In both groups, physical activity performed in
the morning or in the shift training regimen contributed
to an increase in glycogen content, whereas exercise
performed in the evening did not affect this parameter
(Table 1).

The lactate content in the muscles of young
animals fed with a high-fat diet decreased by 9%.
Regular physical exercise led to a decrease in the
lactate content in muscle tissue in both groups of
young mice. In the group of animals fed with a high-
fat diet, the decrease was pronounced to a greater
extent and reached 50% in the shift training regimen
group (Table 1). In aged animals, the lactate content
in muscle tissue was lower by 25% than in young
animals, while receiving a high-fat diet did not affect
the lactate content. In the group of animals fed with
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a standard chow diet, regular physical exercise led to
a decrease in the lactate content in muscles by 1.5-2
times (the effect of exercises performed in the morning

In aged mice fed with a high-fat diet, the shift training
regimen reduced lactate levels by half, while morning
or evening exercises had no effect on this parameter

or in the alternating regimen was more pronounced). (Table 1).
Table 1
Carbohydrate metabolism parameters in skeletal muscle and liver tissues of mice, ng / ml, Me (Q,; Q,),n =6
Diet | Ace | Exercise Skeletal muscles Liver
X
g GYS1 PYGM Glycogen Lactate GYS2 PYGL
217236 4385.71
Control | 13753 736449y | 22(16:29) | LS(ATLS3) | 57(55639) | 4rsra agiang)| 187 (16:5:22)
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Shift R p.<0.05 p,<0.05 P.<0.05 p.<0.05 Pt
p,<0.05 s 1 5 5 p,<0.05
7 p,<0.05 p,<0.05 s
Py< 005 '<0.05 <005
<0. <0,
5145.71 15.75
2365.62 2.8(2.6;3) 1.0 (0.74; 1.28) | 4.4 (4.1;4.8) : _
Control | (2181.35;2431.91) |  p,<0.05 p,<0.05 p,<0.05 (5“7'11’ 5321.43) | (14.06; 16.58)
- 0,05 p,<0.05 p,<0.05
§D p,=U. p,<0.05
< 248921 46(3.9:52) 4985.71
Mormin (2448.76;270 | 28(22;2.8) | 122(089%;1.22) | "I 5 (4707.14; 5250) | 15.4 (14.16; 15.95)
& 9.44) ,<0.05 p,<0.05 b 008 p,<0.05 p,<0.05
p,<0.05 b= p,<0.05
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End of table 1

Diet | A E . Skeletal muscles Liver
et | Age | Exercise GYSI PYGM Glycogen Lactate GYS2 PYGL
26 %3’025'7) 3 (43(’) f)'s) 4814.29 15.68
. 2442.02 7= 127 (1.17; 2.5) P,=9 (4575, 5042.86) |  (13.61;17.15)
Evening | 5398 2. 2515.06) | #2500 p,=0.05 £.<0.05 p <0.05
S0 p,<0.05 p,<0.05 2= 0 =9
£.<0.05
22(2.1;23) 24(24;34) | 19.8(18.7;23.65)
2668.99 (2636.4; | p,<0.05 126(1.04;147) | p<00s5 | 477! :;3,5§41642)] 43 p,<0.05
Shif 2691.46) ,<0.05 p,<0.05 p,<0.05 5 20,05 ,<0.05
p,<0.05 p,<0.05 ,<0.05 p,<0.01 D 008 p,<0.05
p,<0.05 ,<0.001 5= 0 ,<0.05
p,<0.05 ,<0.001

Note. Here and in Table 2: p, — significant differences between the standard diet group and the high-fat diet group; p,— significant differences
between the young and adult mice; p, — significant differences between the control group and the morning group; p, — significant differences
between the control group and the evening group; p,— significant differences between the control group and the shift training group; p,— significant
differences between the morning group and the evening group; p,— significant differences between the evening group and the shift training group.

The changes in glycogen synthase levels in muscle
and liver tissues were generally similar (Table 1). In
young animals fed with a high-fat diet, the levels of
this enzyme did not change in either muscle or liver
tissues. At the same time, exercise led to a significant
increase in enzyme levels in both tissues, with the
shift training regimen having the greatest effect. In
aged animals, a high-fat diet also had no effect on
glycogen synthase levels, but the effects of exercise
differed.

In the group of animals receiving a standard chow
diet, the levels of the enzyme increased significantly
in both muscle and liver tissues. At the same time, in
aged animals fed with a standard diet, the glycogen
synthase content increased in the muscle tissues, but
decreased in the liver tissue. In both cases, the greatest
effect was produced by exercises performed in the
alternating regimen.

The changes in glycogen phosphorylase levels in
muscle and liver tissues, on the contrary, had a number
of significant differences (Table 1). In young animals
fed with a standard diet, physical exercise led to a
significant increase in the enzyme content in the liver
and a decrease in the muscle tissue, with the greatest
effect produced by exercises performed in the shift
training regimen. In young animals receiving a high-fat
diet, the content of this enzyme doubled in the muscle
tissue and increased only by 10% in the liver tissue.
At the same time, physical exercise led to a significant
increase in the enzyme content in muscles, while in the
liver its content, on the contrary, decreased. In aged
animals, a high-fat diet did not affect the glycogen
phosphorylase content in the muscles, while in the

liver, a decrease of 12% was noted. Regular exercise
increased the enzyme levels in both tissue types, but
the effect of exercise was greater in the standard diet
group. Here, too, the greatest effect was seen with the
shift training regimen.

In the second part of the work, we examined the
content of HDL, LDL, and VLDL in the liver tissue
of mice, as well as the content of aminotransferases
(ALT, AST) (Table 2).

In young mice receiving a high-fat diet, the
content of HDL in the liver decreased by 20%, while
the content of LDL and VLDL increased by 15 and
10%, respectively. Physical exercise led to a reliable
decrease in all three parameters in mice receiving a
standard diet. In the animals receiving a high-fat diet,
we observed a slight increase in the content of HDL in
the liver under the influence of physical exercise along
with a reliable decrease in LDL and VLDL (Table
2). In all cases, the greatest effect was produced by
exercise performed in the morning hours and in the
shift training regime.

In aged mice, the content of HDL in the liver was
slightly lower, and the content of LDL and VLDL,
on the contrary, was slightly higher than in young
animals. The effects of physical exercise in the aged
groups of animals were greater than in young mice.

The HDL content in the liver increased by 1.5
times, while the LDL and VLDL levels decreased,
with the decrease in VLDL being more significant —
in some cases, the parameter declined by two times
(Table 2). Traditionally, exercises performed in the
morning hours and in the shift training regimen were
the most effective.
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Table 2
Lipid metabolism parameters and the level of aminotransferases in the liver tissue of mice, ng / ml, Me (Q; 0,), n = 6
Diet | Age | Exercise HDL LDL VLDL ALT AST
Control | 2053 (1771.7;2420) | 1390.8 (1367.8; 1436.8) | 6338.4 (5294.2; 7581) | 101.6(85.6; 108.4) |308.8 (306; 332.4)
Morning 1800 (1540; 1020) | 1282.8 (1282.8; 1340.2) 4333'889(333?1'2; 126.2 (114.7; 140.7) |378 (377.2; 398.2)
p,<0.05 p,<0.05 < 0.05 p,<0.05 p,<0.05
1673 8 1308.1 (1276.15; 1352.9) | 5956 (4698.6; 6926.6) | 118 (103.5; 128.4) 3234 (296.6;
2 | Evenin (1554.3; 1877.9) 0,05 20,05 369.4)
5| Ve ,<0.05 Pe=: py=0 p,<0.05
>~ p,<0.05
968.8 . , . 392.8 (342.8;
(937.6: 1234.4) 1298.9 (1273; 1344.85) | 4691.2 (4180.2; 5250) | 154.8 (1380.4(;5172.4) 397.2)
Shift p,<0.05 250,05 Ps=002 b o p,<0.05
p,<0.05 Pe=" Pe=" 008 p,<0.05
p,<0.05 5=
1674 ] 7544.2 (6672.8; ] 188.8 (166.4;
§ Control (1586.8; 1739.2) | 2074 (22501 '070’12235 -6) 8099.4) 726 z’%’ 552‘8) 192.8)
= p,<0.001 Pp=" p,<0.05 b= p,<0.001
x .
17551?81-9607 . “551'217(21(;2‘)“55 159852 (4930; 6014.7) | 63.6 (60.6; 67.8) | 160 (134.4; 187.6)
Morning ( - ) X p,<0.05 p,<0.05 p,<0.05
p;=005 p,<0.05 1<0.05 <005
p,<0.05 Ps=" Py="
< 160818§71“717 , | 11207104025, 1281.6) | 6058.8 (5573.6: 84.4 (16361;;99'4) 168 (156.2; 180.4)
2| Evening | ¢ s ) ,<0.05 6110.2) P=00 ,<0.05
6= <0.05 P=Y <
p,<0.05 p< /<005 p,<0.05
. 4279.4 (3558.7; i 192.2 (182.5;
2120 (19<3§~3,12140) 1195.4 (1103.5; 1290.2) 4853.1) 93.6 (8<3642)‘597.6) 236.2)
p,=0. <0. p,<0.
Shift ,,2< 0.05 P;=005 p,=0.05 p2< 0.05 p,<0.05
p: 0-05 P;<0.05 pf; 0'05 p,<0.05
T~ p,<0.05 =" p,<0.05
p,<0.05 <005 P,<0.05
1630.6 1602.2 (1567.8; 1648.2) | 7029.6 (6956: 7382.4) | 133.8 (123.3; 150.8) | -2** (305.6;
Control (1540.3; 1699.1) 0,05 = 0.05 Z 005 347.2)
p,<0.05 p,=0 pi=" pi=" p,<0.05
1708.8 5073.6 (5029.4; 243.2 (240.4;
Morning (1632.6; 1774) 1247.2 (1151.1; 1324.75) 6308.8) 100.4 (9<4.1; 103.3) 257.2)
<005 p;=0.01 p,<0.05 p,<0.05 p,<0.05
Pr=" £,<0.001 p,<0.05
&0 6647 (6022; 6988.9
5 17412 1396.5 (1281.55; 1497.1) ( <0’05 ) | 1192 (1045:1299) |, oo ie a0y
>~ | Evening (1681.5; 1789) p,<0.05 p,=0 .<005 (280.8; 332.4)
.<0.05 p,<0.05 /<005 p,<0.05
= p,<0.05 =
B 231.2 (213.9;
jo 1752 1206.9 (1181.05; 99.2 (94.8; 108.4) '
< : it . ’ 243.1
&0 ) (1710.8; 1795.3) 1224.15) 49264 (4625, 6213.2) p,<0.05 )
T Shift - p.<0.05 1 p,<0.05
p,<0.05 p,<0.05 <005 p,<0.05 <005
p,<0.05 p,<0.05 8 p,<0.05 PE 0.05
1439.2 2811.4 (2711.4;3083.25) | 8088.4 (7639.8: 98.6(92.9;101.6) | 178.2 (156.3;
(1409.2; 1550) ; ;
Control <0.05 p,<0.05 9051.6) p,<0.05 205.4)
p,<0.
- piS 0.05 p,<0.05 p,<0.05 p,<0.05 P,<0.05
[
2 1695.6 2195.4 (2091.9; 2264.35) | 6558.8 (6492.6; 84.2 (69.8; 93.6) 175.6 (174.6;
. (1489.2; 1695.6) p,<0.01 6945.6) p,<0.05 : "
Morning ! 1 176.6)
p,<0.05 p,<0.05 p,=0.05 p,=0.05 p,<0.05
p,<0.05 p,<0.05 p,<0.05 p,<0.05 =
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End of table 2

Diet | Age | Exercise HDL LDL VLDL ALT AST
2172.4 (2155.2;22873) | 1257:4(7005.9; 77:2(73.8; 86)
‘ 1674 p <0.05 7393.4) p,;=0.05 185 (164.5; 207.7)
Evening (1625.1; 1695.7) 1< 0.05 p,<0.05 p,<0.05 <0.05
p,<0.05 Py=" p,<0.05 2,<0.05 Pa="
p,<0.05 ,<0.05 pZS 0.05
2000 ;1933.2,52040) 2092 (2063.2: 2155.2) | 31324 ;4;5(())0(,) 55577_2) 77.}27 (Zz).f),szso)
Shift p-: 0.05 p,<0.05 p: 008 p’; 0.05 188.4 (181; 198.9)
= p,<0.05 = -" p,=0.05
p,<0.05 i< 0.05 p,<0.05 . <0.05
p<0.05 3 < 0.05 p,<0.05

In young mice receiving a high-fat diet, the ALT
and AST levels in the liver increased by 30 and 5%,
respectively. Physical exercises led to a significant
increase in the content of both enzymes in the liver of
mice receiving a standard chow diet. When performing
exercise in the shift regimen, the increase was 30—
50%. In the meantime, in the high-fat diet group, we
observed a decrease in the content of these enzymes
in the liver tissue by 1.5 times. Here, too, the greatest
effect was observed exercises performed in the shift
regimen (Table 2).

In aged mice, we observed a significant decrease
in the ALT and AST levels in the liver. In the animals
receiving a high-fat diet, the ALT content in the liver
slightly increased. Physical exercise in mice fed with
a standard chow diet had opposite effects. Exercise
performed in the morning hours contributed to a
decrease in the content of both enzymes in the liver
tissue, while exercise done in the shift regimen, on the
contrary, led to a significant increase (Table 2). In aged
animals fed with a high-fat diet, physical exercise led
to a decrease in the content of ALT and an increase in
the content of AST — the effects of exercise performed
in the shift regimen were the most pronounced.

DISCUSSION

The obtained results show that the use of a high-
fat diet in mice led to an increase in body weight and
the development of obesity (body weight increased by
25% compared to the control group). Forced treadmill
exercise had a pronounced effect on metabolism
in mice with a model of T2DM. First of all, this
was manifested by a decrease in the body weight of
animals and depended on the time of the day when the
exercise was performed.

Aswehave already mentioned above, the liver plays
an important role in the regulation of carbohydrate
and lipid metabolism, therefore, it becomes a target

for pathological processes in metabolic disorders,
primarily in T2DM [15]. Muscles contain the largest
reservoir of glycogen, the depot of which is carefully
regulated and affects insulin sensitivity. In our study,
we recorded a decrease in glycogen content in the
muscles with the development of metabolic disorders.
It is important to note that physical exercise is unable
to replenish glycogen depot in the context of a high-
fat diet, whereas in animals receiving a standard diet,
muscle glycogen depot increases significantly against
the background of regular physical exercise. According
to J. He, D.E. Kelley, a decrease in muscle glycogen
correlates with a decrease in the oxidative capacity
of mitochondria and the accumulation of lipids in the
muscle tissue, and is also directly associated with the
level of insulin resistance [16]. The disproportionality
of these relationships may play a certain role in the
pathogenesis of intracellular metabolic disorders
in T2DM. In the meantime, the observed changes
in lactate levels after regular physical exercise are
most likely associated with the training effect on the
cardiovascular system and are weakly associated with
metabolic changes in the muscle tissue.

A decrease in the glycogen content is apparently
associated with the activation of its breakdown
processes rather than with a decrease in its synthesis.
This is evidenced by the fact that the content of
glycogen synthase in both muscles and liver did not
change during the formation of metabolic disorders in
mice, but increased during physical activity, primarily
in healthy animals. Thus, the effects of this enzyme
are more pronounced during physical activity than in
the pathogenesis of metabolic disorders.

Yet, significant and multidirectional changes were
recorded in the content of glycogen phosphorylase in
the liver and skeletal muscle tissue. These changes
were significantly influenced by both the nature of
nutrition and physical activity. In all likelihood,
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this enzyme is involved both in the mechanisms of
development of pathological processes and in the
mechanisms of adaptive effects of motor activity. This
is evidenced by often oppositely directed changes in
the content of glycogen phosphorylase in the muscle
and liver tissue during physical activity.

The mechanisms of the identified differences in
the reaction of carbohydrate metabolism to physical
activity in healthy animals and animals with T2DM
may be associated with the restructuring of gene
expression mechanisms in metabolic disorders. Thus,
pathway analysis of differentially regulated genes
during exercise revealed upregulation of regulators
of GLUT4 (SLC2A4RG, FLOT1, EXOC7, RABI3,
RABGAPI1, and CBLB), glycolysis (HK2, PFKFBI,
PFKFB3, PFKM, FBP2, and LDHA), and insulin
signaling mediators in individuals with T2DM
compared to healthy controls [17]. It is worth noting
that T2DM patients also demonstrated exercise-
induced compensatory regulation of genes involved
in amino acid biosynthesis and metabolism (PSPH,
GATM, NOSI1, and GLDC), which responded to
differences in amino acid profile (consistently lower
plasma glycine, cysteine, and arginine levels).

We have already mentioned above the
close association between T2DM and lipid
metabolism disorders in the liver. These disorders
synergistically promote each other’s progression.
Several pathophysiological pathways are involved
in this association, including insulin resistance,
inflammation, and lipotoxicity [3]. Our results
are in good agreement with this point of view: the
development of experimental T2DM in mice is
accompanied by a decrease in the HDL content in the
liver in parallel with an increase in LDL and VLDL. It
is important to stress that physical exercise provided
partial normalization of the ratio of lipid fractions,
despite the fact that it was performed in the context
of a continuous high-fat diet. Thus, it can be argued
that physical activity is able to partially neutralize the
pathological effects of a high-fat diet even without
dietary adjustments.

The mechanism of such an effect can be associated
with increased production of anti-inflammatory
myokines under the influence of physical exercise,
which are capable of blocking chemotactic factors,
such as monocyte chemoattractant protein-1, and/or
proinflammatory mediators, such as IL-13, TNFa,
visfatin and plasminogen activator inhibitor-1, and/or
increased synthesis of adipokines, such as adiponectin
and apelin [17].

An important aspect of our results is the identified
numerous differences in the age parameter—in the group
of aged mice, metabolic changes caused by both the
T2DM modeling and physical exercise were not only
quantitative, but in some cases qualitative. In general,
a completely expected correlation is observed — in
the group of aged animals, disorders in carbohydrate
and lipid metabolism were more pronounced, and the
corrective effect of physical exercise was weaker in
most cases [18]. However, we recorded a number
of exceptions that distinguish aged animals from
younger ones, such as a decrease in glycogen synthase
and an increase in glycogen phosphorylase in the liver
tissue. Qualitative differences were also found in liver
aminotransferase levels.

It is worth noting that the effects of physical
activity on the content of lipid fractions in the liver
in aged animals were more pronounced than in young
mice. In light of the above hypothesis about the role
of myokines and adipokines in these processes, it can
be assumed that this feature may be associated with a
larger volume of adipose tissue in aged animals.

The explanation for the revealed differences may
also be associated with the features of the transcription
of muscle genes in response to physical activity. In
the work by U. Raue et al., 661 genes were identified
whose expression differed when performing exercises
with weights in young and elderly people [19].

The results indicating a significant difference
in the effects of physical activity performed at
different times of the day on metabolic processes in
the liver and muscle tissue are of great interest. In
almost all cases, the least effective were exercises
performed in the evening hours, that is, during the
period of natural activity of the animals. The effects
of exercises in the period of low activity (morning)
were most often higher, but the greatest effect was
produced by physical exercise performed in the shift
training regimen — for one week in the morning and
for another week in the evening. It should be noted
that we have previously described similar patterns
for the effects of physical activity on body weight
and insulin tolerance [14].

There are few works in the literature devoted to
the role of circadian rhythms on the effects of physical
activity in general, and studies on the role of circadian
rhythms in metabolic disorders are isolated. Therefore,
there has been no consensus on the mechanisms of
this effect yet. A number of authors associate this with
the effect of stress, since a greater effect is inherent
in exercises performed at an unusual time. This
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hypothesis is partially consistent with our data on
serum cortisol levels in mice [20].

At the same time, work [11] showed that circadian
rhythmicity in insulin tolerance was also observed in
the signaling pathways regulating insulin- and exercise-
induced glucose uptake in skeletal muscles, including
AKT, 5’-adenosine monophosphate-activated protein
kinase (AMPK), and phosphorylation of the TBC1 4
domain family. Basal and insulin-stimulated glucose
uptake by skeletal muscles and adipose tissues in vivo
also differed during the day and at night. However,
the rhythmicity of glucose uptake differed from the
rhythm of insulin tolerance as a whole. Both insulin
sensitivity and signaling of isolated skeletal muscles
reached a maximum in the dark period. These results
indicate that the mechanisms of circadian rhythmicity
of carbohydrate metabolism cannot be limited to the
stress factor alone.

CONCLUSION

The obtained results allow us to draw several
important conclusions:

1. A decrease in the muscle glycogen content
in T2DM is associated with the activation of its
breakdown rather than with a decrease in its synthesis.
This is evidenced by the fact that the content of
glycogen synthase in both the muscles and the liver
did not change during the formation of metabolic
disorders in mice, but increased during physical
activity, primarily in healthy animals.

2. Significant and multidirectional changes were
recorded in the content of glycogen phosphorylase
in the liver and skeletal muscle tissue; these changes
were significantly influenced by both the type of diet
and physical activity. In all likelihood, this enzyme
is involved both in the mechanisms of pathological
processes and in the mechanisms of adaptive effects
of motor activity.

3. The development of experimental T2DM in mice
is accompanied by a decrease in the content of HDL
in the liver in parallel with an increase in LDL and
VLDL. It is important that physical activity provided
partial normalization of the lipid fraction ratio despite
the fact that it was performed in the context of a
continuous high-fat diet. Thus, it can be argued that
physical activity is able to partially neutralize the
pathological effects of a high-fat diet even without
dietary adjustments.

4. In the group of aged mice, metabolic changes
caused by both the T2DM modeling and physical
activity were not only quantitative, but in some

cases qualitative. In general, a completely expected
correlation is observed — in the group of aged animals,
carbohydrate and lipid metabolism disorders were
more pronounced, and the corrective effect of physical
activity was weaker in most cases. However, we
recorded a number of exceptions that distinguish aged
animals from young ones.

5. The effects of physical activity applied at
different times of the day on metabolic processes
in the liver and muscle tissue vary significantly. In
almost all cases, the weakest effect was shown by
exercises performed in the evening hours, that is,
during the period of natural activity of rodents. The
effects during the period of low activity (morning)
were most often higher, but the greatest effect was
produced by physical activity performed in the shift
regimen — for one week in the morning and for one
week in the evening.

The obtained results allow us to conclude that
physical activity can act as a means of preventing
not only metabolic disorders (obesity and insulin
resistance), but also concomitant complications in the
liver and, subsequently, the cardiovascular system.
Due to the partial normalization of the parameters of
carbohydrate and, most importantly, lipid metabolism,
they are likely to reduce the risk of both fatty liver
disease and vascular disorders.
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