IN VIVO 40: 1473-1484 (2026)

doi: 10.21873/invivo.14298

Exercise Stimulates PINK-1, PARKIN, MFN-1,
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Abstract

Background/Aim: Adipose tissue is pivotal in regulating metabolism, functioning not only as an energy store but also
as an endocrine organe. Our investigation focused on the gene expression levels of PARKIN, ATG-3, PINK-1 and MFN-1
in C57BL/6] mice subjected to a high-fat diet and exercise regimen. The C57BL/6] mouse model was chosen due to its
well-documented genetic background to diet-induced obesity for studying obesity.

Materials and Methods: The study consisted of three groups: control (C), high-fat diet (HFD), and exercise-high fat diet
(E-HFD) groups. While HFD and E-HFD mice received a 60% fat diet, controls received a 10% fat diet. Real-time
polymerase chain reaction system was applied to evaluate gene expression levels in hepatic, adipose, and heart tissues.
Pro-inflammatory cytokine levels in the serum were quantified using ELISA kits according to the protocols.

Results: In contrast to the control and HFD groups, the E-HFD group exhibited notably elevated gene expressions of
ATG-3 and PINK-1 (p<0.05). In the hepatic tissue of E-HFD group, gene expression of MFN-1 and PARKIN were
significantly upregulated (p<0.05). However, there was a significant reduction in PARKIN and MFN-1 gene expression
in the hepatic tissues of the HFD group (p<0.05).

Conclusion: Exercise and high-fat diet intervention significantly alter expression levels of mitophagy-related genes
PINK-1, PARKIN, MFN-1, and ATG3 and suggest that the examined genes may serve as potential molecular candidates
for further research on obesity-related mitochondrial dysfunction and exercise-mediated metabolic improvement.
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Introduction

Obesity is defined as an abnormal accumulation of fat that
disrupts the balance of metabolism and energy
homeostasis. It is a chronic disease of multifactorial
origin, developing as a result of the interaction of
environmental, metabolic, and molecular factors (1, 2).
Adipose tissue is composed of adipocytes, a matrix
containing collagen, blood and lymphatic vessels,
endothelial cells, epithelial cells, muscle cells, fibroblasts,
immune system cells, preadipocytes, and mesenchymal
stem cells (3). This tissue is highly plastic and primarily
functions in energy homeostasis by storing and releasing
free fatty acids (FFAs). However, recent studies have
demonstrated that functions as a very dynamic endocrine
organ, influencing the functions of various organs,
including skeletal and cardiac muscles (4, 5).

The mitochondrion plays a crucial role in various
pathways of adipocyte, hepatocyte and cardiac cell
metabolism. The synchronized initiation of adipogenesis and
mitochondrial biogenesis indicates that mitochondria are
vital for adipocyte differentiation and maturation (6).
Furthermore, mitochondria are a vital organelles in cellular
metabolism in keeping adipocyte pathophysiology in check,
including lipid and fat homeostasis, hormonal sensitivity,
antioxidantand oxidative capacity, adaptive thermogenesis,
and WAT differentiation (7). In hepatocytes, mitochondria
are important components, especially in nitrogen
metabolism, through ammonia detoxification within the
ornithine cycle. (8). One of the most important and unique
features of liver cell mitochondrial fraction is their
involvement in hepatic process of ketogenesis, where acetyl
coenzyme A (acetyl-CoA) is degraded into ketone bodies
(acetoacetate, 3-D-hydroxybutyrate, and acetone) to supply
energy to peripheral tissues during fasting when fatty acid
supply exceeds cellular energy requirement (8).
Cardiomyocytes have a high number and density of
mitochondria to provide energy for cardiac contraction and
relaxation. Approximately 90% of the cell’s ATP is used to
maintain the process of contraction-relaxation in the
myocardium, and 70% of cardiac ATP is derived from fatty

acid oxidation, thereby leading to increased reactive oxygen
species (ROS) production (9). Mitochondria are the primary
organelles responsible for generating ROS vialipid oxidation
and oxidative phosphorylation reactions (10, 11). A surplus
of ROS beyond the cell’s antioxidant capacity can lead to an
increase in ROS that eventually results in mtDNA and protein
damage. This eventually leads to a reduction in the efficiency
of the electron transport chain (ETC) and beta-oxidation
capacity, resulting in mitochondrial dysfunction (12-14).

Mitophagy, or autophagy of mitochondria, is a
protective process for selective elimination of defective
or structurally impaired mitochondria by autophagic
vesicles and subsequent degradation by lysosomes.
Mitochondrial autophagy is involved in the regulation of
mitochondrial number and quality in cells. Mitochondrial
autophagy is typically initiated by two major pathways:
the ubiquitin-mediated oxidative stress-controlled
PTEN-induced kinase 1(PINK-1)/PARKIN pathway and
the ubiquitin-independent hypoxia-controlled receptor-
mediated pathway (15-17). Physical exercise is a central
component in the management of adult obesity and
plays a major role in obesity complication risk reduction,
weight reduction, and weight maintenance. Exercise can
change the expression of genes involved in mitochondrial
dynamics, oxidative phosphorylation, antioxidant defense
pathways, and cell growth (18, 19). These actions assistin
reducing mortality risk, increasing insulin sensitivity, and
exerting non-pharmacologic effects on several obesity-
linked chronic conditions such as type 2 diabetes (T2DM),
nonalcoholic fatty liver disease (NAFLD), high blood
pressure, and cardiovascular ailments (20-22).

In our study, we aimed to investigate the expression
levels of the genes including MFN-1, PINK-1, ATG-3, and E3
PARKIN, which play significant roles in the mitochondrial
and cellular autophagy pathways in the adipose, heart and
liver tissues of experimental C57BL/6] mice subjected
to a 60% high-fed diet and running exercise regimen.
Additionally, we examined whether these genes can serve
as molecular markers for obesity. Understanding the
relationship between exercise and these genes associated
with mitophagy (PINK-1, PARKIN, MFN-1, ATG-3) will
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contribute to the literature by unveiling new pathways in
mitochondrial dynamics associated with obesity.

Materials and Methods

The experimental groups. The research was approved by
the Local Ethics Committee for Animal Experiments at
Istanbul University Rectorate (Ethics Committee Approval
Number: 2021/18). The research investigation was
conducted at the Department of Laboratory Animal
Science and the Department of Molecular Medicine of the
Aziz Sancar Institute of Experimental Medicine in
conjunction with the Institute of Graduate Studies in
Health Sciences, Istanbul, Tirkiye. The animals were
observed every day for the presence of signs of suffering
such as impaired mobility, lack of grooming, and marked
weightloss (>15%). The humane endpoints were used on
the animals, which showed persistent suffering and
anorexia/cachexia. On the completion of the experiment,
the mice were sacrificed via cervical dislocation after
approval by the Department for the Protection of Animal
Welfare & Experimentation at the Institute (HADYEK),
Turkish guidelines for animal welfare (Law No. 5199).

The research was carried out on a total of 30 female
C57BL/6] mice; all were 8 weeks old and had a mean body
weight of 20 grams and included three groups: control
group (n=10), high-fat diet group (HFD, n=10), and
exercise-high-fat diet group (E-HFD, n=10) (23). Female
animals were selected as they have a higher susceptibility
to develop adiposity. Both E-HFD and HFD groups were
provided a diet containing 60% fat kcal, the control group
was given a diet consisting of 10% kcal of fat (Catalog No:
#58Y2, 58Y1; Purina and TestDiet, St. Louis, MO, USA).
Beginning in the sixth week of the study and continuing
until the end, the E-HFD group engaged in daily exercise
using a running wheel. Exercise training was initiated at
the 6th week of the study and continued on a treadmill
until sacrifice, 5 days per week for 1 hour per day. Based
on widely accepted mice endurance exercise protocols,
the intensity was adjusted to correspond approximately
to 60-70% of VO,max, which represents moderate-

intensity endurance training in mice (24-26). Conversely,
the control and HFD groups remained sedentary within
their experimental cages, where they were allowed
standard movement without additional exercise
interventions. For welfare reasons, mice were group-
housed in cages of five; however, for biological and
statistical purposes, each mouse was treated as an
independent experimental unit. A total of 30 mice were
used, and all analyses were performed at the level of the
individual animal. The mice were allocated to the Control,
HFD, and E-HFD groups using simple randomization.
Blinding was not adopted since knowledge of group
allocation was required to conduct dietary and exercise
procedures. We ensured that the study groups were
placed in a noise-controlled environment, provided ad
libitum food and water, maintained at a controlled
laboratory temperature of 21°C with approximately 50%
relative humidity, subjected to 12-hour photoperiod
(light/dark cycle), and exposed to a light intensity of 40
lux. Mice were euthanized by cervical dislocation at the
completion of the experiment. Blood was drawn by
cardiac puncture, and the liver, adipose, and heart tissues
were harvested and stored at -80°C.

RNA isolation and real-time polymerase chain reaction.
RNA isolation from adipose, liver, and heart tissue samples
was carried out using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The isolated RNA was then stored at
-80°C, following established protocols (27). RNA purity
was checked by the A260/280 spectrophotometric ratios,
and only samples possessing acceptable values of purity
were used. cDNA synthesis from 1 ug RNA was performed
using the iScript™ cDNA Synthesis Supermix (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s
protocol. Gene expression was quantified by real-time
quantitative PCR (qRT-PCR) using the Bio-Rad C1000™
Thermal Cycler (Bio-Rad) with each reaction being
performed three times in a final volume of 25 pl. The
reaction mixture included 6.8 ul of nuclease-free water,
0.6 umol/1 of forward and reverse primers, 10 pl of PCR
Master Mix with SYBR green, and 2 pl of cDNA, resulting
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in a total volume of 20 ul. The gQRT-PCR parameters were
optimized to initial denaturation of 5 min at 95°C and then
45 cycles of 10 s at 95°C for denaturation, 30 s at 60°C for
primer-specific annealing temperature, and 20 s at 72°C
for extension. To ensure accurate mRNA expression levels,
mouse-specific primers were employed and S-actin used
as the reference gene for normalization. The primer
sequences were designed by using the Primer3 Program.

ATG-3: Forward primer: 5’ ATAGTTTTTGACTCCCCTGTG
3’ Reverse primer: 5’ CAATGTAGTGGAGAGGCTATA 3’; MFN-
1: Forward primer: 5" ATGACCTGGTGTTAGTAGACAGT 3’,
Reverse primer: 5’ AGACATCAGCATCTAGGCAAAAC 3', PINK-
1: Forward primer: 5’ AGTGATTGACTACAGCAAGGCTGAT 3,
Reverse primer: 5’ ATCTTGTCTAACTTCAGATTCTTCAGG 3,
PARKIN: Forward primer: 5 GTGTTTGTCAGGTTCAACTCCA
3’ Reverse primer: 5 GAAAATCACACGCAACTGGTC 3.,

Enzyme-linked immunosorbent assay (ELISA). At the end
of the experimental period, mice were sacrificed and
blood samples were collected by cardiac puncture. The
samples were stored under appropriate conditions until
ELISA analysis. The blood samples were centrifuged to
obtain serum, which was aliquoted into 15 pl aliquots and
stored at —80 °C until ELISA analysis. Serum levels of
TNF-q, IL-6, and IL-1B were quantified and calculated
using ELISA Kkits, according to the manufacturer’s
instructions (cat. no: ab222503, ab208348, ab205577;
Abcam, Cambridge, MA, USA).

Statistical analysis. RT-PCR Cycle threshold (CT) values
were normalized to the reference housekeeping gene
[-actin to compensate for potential variations in RNA
quantity and quality. Relative gene expression fold change
differences (FC, 222°T) and log2 and fold change
differences (log2FC) were computed based on the Livak
method. GraphPad Prism 6.2 software (GraphPad
Software, San Diego, CA, USA) was applied for analysis of
all statistical data (28). Gene expression among groups
and tissues was compared performing the Mann-Whitney
U test for ATG3, PINK-1, PARKIN and MFN-1 gene
expression values and their correlation was assessed

using Spearman’s correlation test, data being presented
as meanzstandard error of the mean (SEM). The
discriminatory power of the gene expression between the
three groups and tissues was evaluated through receiver
operating characteristic (ROC) curve analysis, performed
using MedCalc Statistical Software (Version 12.7, MedCalc
Software Ltd., Ostend, Belgium). The p-value <0.05 was
taken as indicating statistical significance.

Results

Analysis of animal body and organ weights. The study
evaluated the influence of HFD and exercise (E-HFD) on
gene expressions in the heart, liver, and adipose tissues of
mice, as well as their body and tissue weights (grams). The
findings revealed that total body weight and individual
tissue weights in the HFD group were significantly
elevated compared to the E-HFD group and the control
(respectively, control: 26.89+0.94, HFD: 39.36+4.28,
E-HFD: 18.93+2.66) (Figure 1).

mRNA expression levels of related genes. Substantial
increases in ATG-3 gene expression were observed in the
heart tissue of E-HFD group (2.87-fold, p=0.0164), liver
(12.96-fold, p<0.0001), and adipose (9-fold, p=0.002)
tissues compared to the control. In the HFD group, a
notable increase was noted only in the adipose tissue
(4.26-fold, p=0.0001), with no important changes in the
heart and liver tissues (p>0.05) (Table I). The relative
log2FC of ATG-3 in the E-HFD group were 1.75 for the
heart and liver, 3.83 for the heart and adipose, and 2.08
for the liver and adipose tissues. In the HFD group, the
log2FC for ATG-3 were 8.95 (p<0.0001) for the heart and
liver, 7.34 (p<0.0001) for the heart and adipose, and -0.29
for liver and adipose tissues (Figure 2).

For the PINK-1 gene, expression markedly increased in
the E-HFD group across all tissues: heart (p=0.0079), liver
(p=0.001), and adipose (p<0.0001) tissues compared with
the control. In the HFD group, significant increases were
found in the liver (p=0.0158) and adipose (p=0.0013)
tissues, but not in the heart tissue (p>0.05) (Table I). The
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Figure 1. The body and tissue weight of mice in the study groups. After 24 weeks of feeding and exercise, the body and tissue weight of the mice in the high-
fat diet (HFD) group are dramatically higher than that of the control and exercise and high-fat diet group (E-HFD) group. A) the total body weight (g) of
mice in each experimental group. B) Individual organ and tissue weights (g), including the heart, adipose tissue, and liver for each mouse. C) Compares
organ weights (g) across the experimental groups. All values represent individual animals, and units are reported in grams (g). C: Control group.

relative log2FC of PINK-1 in the E-HFD group were 1.75
for the heart and liver, 3.83 for the heart and adipose, and
2.08 for the liver and adipose tissues. In the HFD group,
the log2FC for PINK-1 were 3.59 (p=0.0065) for the heart
and liver, 19.19 (p<0.0001) for the heart and adipose, and
5.34 for the liver and adipose tissues (Figure 2).

The PARKIN gene showed significant increases
in expression in the E-HFD group’s heart (16.66-fold,
p<0.0001) and liver (3.11-fold, p<0.0001) tissues in
comparison with control group, with no significant
change in adipose tissue (p>0.05). PARKIN gene

expression levels significantly increased in the heart
(6.37-fold, p<0.0001) and significantly decreased in the
liver (2.7-fold, p<0.0001) tissues relative to the control,
with no significant change in adipose tissues (p>0.05) in
the HFD group (Table I). The relative log2FC of PARKIN
in the E-HFD group were 0.44 for the heart and liver,
5.94 for the heart and adipose and 5.50 for the liver
and adipose tissues. In the HFD group, the log2FC for
PARKIN were 1.84 for the heart and liver, 4.26 for the
heart and adipose, and 2.42 for the liver and adipose
tissues (Figure 2).
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Table I. Fold-change in expression levels of ATG3, PINK-1, MFN-1, and PARKIN in the study groups.

Tissues and Genes Control E-HFD HFD p1 (Control p2 (Control HFD E-HFD p3 (E-HFD
(Mean+SE) (Mean+SE) (Mean#SE) & E-HFD) & HFD) (Mean#SE) (Mean#SE) & HFD)
ATG3 1.00+0.13 12.96+3.01  1.187+0.39 <0.0001 0.4813 1.00+0.33 10.92+2.53 <0.0001
) PINK1 1.00+0.33  32.10+12.22 6.10+2.638 <0.0001 0.036 1.00+0.43 5.26+2.00 0.0068
Liver MFN1 1.00+0.086 2.61+0.88 0.22+0.11 0.05 0.0002 1.00£1.53 12.02+4.07 0.0001
PARKIN ~ 1.00+0.086 3.11+0.47 0.37+0.11 <0.0001 <0.0001 1.00+0.51 6.92+1.26 0.0002
ATG3 1.00+£0.26 9.00+1.71 4.26+0.97 0.0002 0.0001 1.00£0.23 2.114+0.40 0.0338
] PINK1 1.00£0.39  180.7+80.63 29.49+23.58 <0.0001 0.013 1.00+0.80 6.13+2.73 0.0021
Adipose  ppNy 1.00+0.27 1.58+1.12 0.63+0.28 0.3054 0.1835 1.00+0.45 2.52+1.78 0.7959
PARKIN 1.00+0.23 2.13+0.87 2.60+1.16 0.469 0.2101 1.00+0.45 0.82+0.34 0.9705
ATG3 1.00+£0.18 2.87+0.57 0.70+0.03 0.0164 0.0829 1.00+0.05 4.09+0.82 0.0048
PINK1 1.00£0.15 4.47+0.78 0.82+0.19 0.0079 0.3784 1.00+0.22 5.44+0.95 0.001
Heart MFN1 1.00+0.12 4.81+0.60 6.81+0.99 0.0009 <0.0001 1.00+0.15 0.71+0.09 0.159
PARKIN 1.00+0.09 16.66+1.60 6.37+0.91 <0.0001 <0.0001 1.00+0.14 2.61+0.25 <0.0001

The significance between groups was analyzed using the non-parametric Mann-Whitney U test, and the fold changes are presented as Mean+Standard
Error of the Mean (SEM). Statistically significant values are shown in bold (p<0.05). p1: mRNA expression fold change of the E-HFD group compared
to the control group; p2: mRNA expression fold change of the HFD group compared to the control group; p3: mRNA expression fold change of the
E-HFD group compared to the HFD group. C: control group; HFD: high-fat diet group; E-HFD: exercise and high-fat diet group; PINK-1: PTEN-induced
kinase 1; PARKIN: E3 ubiquitin-protein ligase Parkin; MFN-1: mitofusin-1; ATG-3: autophagy-related gene 3.

For the MFN-1 gene, significantincreases were detected
in the E-HFD group in the heart (4.81-fold, p=0.0009)
and liver (2.61-fold, p=0.05) tissues in comparison to
the control, with no significant change in adipose tissue
(p>0.05). In the HFD group, significant increases were seen
in the heart tissue (6.81-fold, p<0.0001) and significant
decreases in the liver tissues (4.55-fold, p=0.0002) in
comparison to the control, with no significant change in
adipose tissue (p>0.05) (Table I). The relative fold changes
(log2FC) of MFN-1 in the E-HFD group were 1.95 (p=0.023)
for the heart and liver, 37.63 (p<0.0001) for the heart and
adipose, and 19.32 (p<0.0001) for the liver and adipose
tissues. In the HFD group, the log2FC for MFN-1 were 33.15
(p<0.0001) for the heart and liver, 134.2 (p<0.0001) for
the heart and adipose, and 4.05 for the liver and adipose
tissues (Figure 2).

ELISA results. We also determined the levels of the serum
pro-inflammatory cytokines interleukin-6 (IL-6), IL-13,
and tumor necrosis factor alpha (TNF-a) in the HFD and
control groups. The results indicated that the serum levels
of IL-6, IL-1B, and TNF-a in the HFD group were

considerably greater than those in the controls, indicating
a higher systemic inflammatory response in the setting of
HFD consumption (IL-6: 47.39-94.7, p=0.0234; IL-1B:
26.1-73.3, p=0.0052; TNF-a: 39.65-110.7, p=0.0173).
Furthermore, TNF-a correlated significantly with MFN-1,
PINK-1, and PARKIN gene expression in the liver tissue of
the HFD group (PINK-1 vs. TNF-a: r=0.8146, p=0.006;
PARKIN vs. TNF-a: r=0.8268, p=0.0048; MFN-1 vs. TNF-a:
r=0.8511, p=0.0029). In addition, IL-6 correlated with
ATG-3 gene expression in adipose and heart tissues of the
HFD group (Adipose: ATG-3 vs. IL-6,r=-0.8085, p=0.0065;
Heart: ATG-3 vs. IL-6,r=-0.7477, p=0.0161) (Figure 3).

Discussion

Obesity, defined as deranged or abnormal lipid
accumulation that adversely affects health, occurs when
calorie intake exceeds calorie expenditure, resulting in the
storage of excess calories as triacylglycerol in adipose
tissue (29). Adipose tissue not only regulates energy
metabolism but is also considered an endocrine organ
because it secretes adipokines, which are key players in
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Figure 2. The log2FC of ATG3, PINK1, PARKIN and MFN1 expression in the liver, adipose and heart tissue of mice in the study groups. Exercise and high-
fat diet group (E-HFD) and high-fat diet group (HFD) groups are compared to the control group, while the comparison between the exercise and HFD
groups is conducted relative to the HFD group. Data are shown as log; fold change (log;FC). C: Control group.

carbohydrate and lipid metabolism (30). Mitochondria
are the cell powerhouses and are engaged in cellularr
homeostasis, cellular energy metabolism, and cell
signaling pathways (31). Obesity is associated with
increased generation of ROS, which are primarily
generated in mitochondria as byproducts of imperfect
oxidative phosphorylation. The overproduction of ROS
results in oxidative stress, thereby leading to damage of
cellular components like lipids, proteins, and nucleic acids

(32). Consequently, elevated mutation frequencies are
observed in nuclear and mtDNA, resulting in genomic
instability and mitochondrial dysfunction. Exercise plays
a crucial role in promoting weight loss, maintaining
current weight, and decreasing the risk of developing
obesity-associated complications (Type 2 diabetes, heart
diseases, stroke, sleep apnea and fatty liver disease) (33).
In the present research, we examined the expression of
mitophagy genes (ATG-3, PINK-1, PARKIN, MFN-1) in
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Figure 3. Proinflammatory cytokine serum levels and correlation analyses of their relationship with mitophagy-related genes. A) The serum levels of
TNF-qa, IL-6 and IL-1B in the high-fat diet (HFD) and control groups. B) TNF-a, IL-6 and IL-1B correlation with ATG3, PINK1, PARKIN and MFN1 in the
heart tissue of the HFD group. C) TNF-a, IL-6 and IL-1B correlation with ATG3, PINK1, PARKIN and MFN1 in the liver tissue of the HFD group. D) TNF-a,
IL-6 and IL-1B correlation with ATG3, PINK1, PARKIN and MFN1 in the adipose tissue of the HFD group. C: Control group.

adipose, liver and cardiac tissues of C57BL/6] mice
subjected to HFD and running exercise regimen (32, 34).
The PINK-1-PARKIN pathway represents one of the key
processes regulating mitophagy to remove damaged
mitochondria for the purpose of maintaining cellular
homeostasis. When the mitochiondrial membrane

potential is compromised, the buildup of PINK-1 on the
outer membrane leads to recruitment and subsequent
ubiquitination of the outer membrane proteins, thus
triggering the initiation of the mitophagic process,
especially during oxidative stress conditions. Zhao et al.
reported the expression levels of both PINK-1 and PARKIN
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within the heart tissue of mice undergoing swimming
exercise and a low-calorie diet. The results showed an
induction in the gene and protein expression levels of PINK-
1 and aninduction in the gene level of PARKIN, although the
protein level remained unchanged. Notably, swimming
exercise alone significantly elevated PINK-1 expression,
whereas a low-calorie diet did not induce a significant
increase (35). As expected, the levels of PINK-1 gene
expression in the E-HFD group showed a marked increment
compared to the control and HFD groups. Unlike the result
obtained by the study of Zhao et al, the levels of gene
expression for the PARKIN gene showed marked increment
in the E-HFD group than in the control and HFD groups.
In the same context, Rosa-Caldwell et al. examined the
protein expression levels of PINK-1 and PARKIN in the
liver under the high-fat and regular diets, with the
inclusion of exercise. Their results showed that the
protein levels of PINK-1 among mice fed the low-fat diet
without exercise increased by approximately 40%
compared to those fed the low-fat diet with exercise.
Furthermore, the protein levels of PARKIN among mice
fed the low-fat diet and having exercise decreased by
approximately 40% compared to those fed the low-fat diet
only (36, 37). Cui et al. found enhanced mRNA levels of
both PINK-1 and PARKIN in the adipose tissue of HFD-
treated mice, consistent with the results obtained in the
current study showing enhanced level of PINK-1 mRNA
expression in the HFD and E-HFD groups. Furthermore, it
has been shown that palmitic acid regulates the levels of
mitophagy markers in pre-adipocytes in a dose-
dependent manner, where low concentrations enhance
the levels of both PINK-1 and PARKIN mRNAs, whereas
high concentrations inhibit their levels (38). HFD-induced
circulating FFAs have been proposed to chronically
suppress PARKIN activation and contribute to impaired
mitochondrial function. In contrast, the results
unequivocally indicate the capability of exercise to
abrogate these inhibitory effects. Specifically, the level of
PARKIN mRNA was increased in the E-HFD group.
MFN-1 is a crucial regulator for the process of
mitochondrial fusion. Through the maintenance of the

mitochondrial structure and function, MFN-1 facilitates
the metabolic functions of the cell and has also previously
been associated with the dysfunction of the mitochondria
during conditions of metabolic stress (39). Rosa-Caldwell
et al. found an insignificant difference in the gene
expression of MFN-1 in the liver of mice fed a Western
diet and undergoing exercise compared to the control
group. Although the protein levels of MFN-1 showed a
considerably high difference between the exercise and non-
exercise group (36). Conversely, Gongalves et al. found a
significant upregulation of the protein levels of MFN-1 in
the liver, indicating an increased activity of mitochondrial
fusion under conditions of metabolic stress and exercise
(40). In agreement with the literature, we found that the
MFN-1 gene expression was significantly decreased in
the liver tissue of the HFD group compared to the control
group, while a significant upregulation was observed in the
exercise group compared to controls (41). Furthermore,
the present experiment found the MFN-1 gene to be
significantly decreased in the liver of HFD-fed mice, yet
significantly induced by exercise. Conversely, in the adipose
tissue, the MFN-1 gene showed non-significant differences
among the groups, which correlates well with the variable
effects of exercise on the MFN-1 gene in the literature. This
increased expression of hepatic MFN-1 after exercise may
indicate the restoration of mitochondrial fusion, which is
important for improving fatty acid oxidation capacity to
counteract lipotoxicity (42).

ATG-3 plays an essential role in lipidation during
autophagosome formation and macroautophagy. Fang
et al. found that ATG-3 expression was significantly
increased in the heart tissues of exercised animals
compared to controls (43). Our study confirmed this,
showing a significant increase in ATG-3 gene expression
in the heart tissue of the E-HFD group. Pires et al. reported
a 40% reduction in ATG-3 protein in obese mice hearts,
which we also observed as a non-significant decrease in
ATG-3 mRNA expression in the obese group (44). Han et
al. noted increased ATG-3 expression in maternal obese
mice livers, though not statistically significant, consistent
with our findings of non-significant increases in the HFD
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group (45). Interestingly, the HFD group displayed a
reduction in MFN-1 gene expression in adipose tissue,
hinting at unresolved mitochondrial dysfunction through
the fusion process. Conversely, the heightened ATG-3 gene
expression-suggests that adipocytes may be involved in
the autophagic process.

A comprehensive review of the literature combined
with our study’s findings suggests that inactive mice on a
HFD demonstrate increased gene expressions of PINK-1
and ATG-3, which are involved in mitochondrial quality
control and macroautophagy, respectively, in adipose
tissue. This observation is consistent with the recognized
roles of PINK-1 in marking damaged mitochondria for
degradation and ATG-3’s crucial role in macroautophagy
(37,46,47). The protective effects of exercise, as evidenced
through mitochondrial biogenesis, suggest a potential
regulation of genes involved in the mitophagy pathway,
such as PINK-1, PARKIN, MFN-1, and ATG-3, during
physical activity. Exercise seems to facilitate the clearance
of damaged mitochondria, thus maintaining cellular
homeostasis. Additionally, the significantincrease in ATG-
3 and PINK-1 gene expression levels in the liver, heart,
and adipose tissues of the E-HFD group raises questions
regarding the possibility biological agents (adipokines?)
to promote gene interactions throughout various tissues.
Exercise produced more significant increases in ATG-3
and PINK-1 expression levels in the E-HFD group versus
the two other groups, both in adipose and liver tissues.
This pattern of expression suggests that these genes are
major markers of the exercise-mediated enhancement of
mitochondrial quality control, biogenesis, and autophagic
activity. The gene expression profile further validates
that exercise supports not just mitochondrial biogenesis
but also enhances the autophagic apparatus, providing
an potentially protective effect against metabolic
disturbances in high-fat diets. Future research should
explore various diet and exercise protocols with larger
sample sizes to enhance the accuracy and generalizability
of the findings. Such studies will contribute to the
development of more effective strategies for the treatment
of obesity and related metabolic disorders.

Conflicts of Interest

The Authors declare that there are no non-financial or
financial conflicts of interest in relation to this study:.

Authors’ Contributions

All Authors contributed to the study project conception
and design; collection of data: 0.K,, LY, Y.Y.; examination
and evaluation of data: U.Z,, S.D., 0.K; writing of the article:
S.D. and S.B.A.S.; critical revision of the manuscript: U.Z.
and F.C.; managerial and technical support: S.D.and A.C..;
and project and article supervision: U.Z. and S.D.

Acknowledgements

The Istanbul University Research Fund actively supported
this study under Project Number: TDK-2021-38008.

Artificial Intelligence (AI) Disclosure

No artificial intelligence (Al tools, including large language
models or machine learning software, were used in the
preparation, analysis, or presentation of this manuscript.

References

1 World Health Organization: Global Health Estimates 2022.
Available at: https://www.who.int/data/gho [Last accessed
on September 6, 2022]

2 World Obesity Federation: World Obesity Federation website.
Available at: https://www.worldobesity.org/ [Last accessed
on September 5, 2022]

3 Mariman EC, Wang P: Adipocyte extracellular matrix
composition, dynamics and role in obesity. Cell Mol Life Sci
67(8):1277-1292,2010.D0I: 10.1007/s00018-010-0263-4

4 Koenen M, Hill MA, Cohen P, Sowers JR: Obesity, adipose
tissue and vascular dysfunction. Circ Res 128(7): 951-968,
2021.DOI: 10.1161/CIRCRESAHA.121.318093

5 Petrick HL, Foley KP, Zlitni S, Brunetta HS, Paglialunga S, Miotto
PM, Politis-Barber V, O'Dwyer C, Philbrick D], Fullerton MD,
Schertzer |D, Holloway GP: Adipose tissue inflammation is
directly linked to obesity-induced insulin resistance, while gut
dysbiosis and mitochondrial dysfunction are not required.
Function (0xf) 1(2): zqaa013, 2020. DOI: 10.1093 /function/
zqaa013

1482



Durak et al: Mitophagy and Obesity

6 Pan],DingY,SunY,LiQ WeiT,GuY,ZhouY,PangN, Pei L, Ma
S, Gao M, Xiao Y, Hu D, Wu F, Yang L: Associations between
adipokines and metabolic dysfunction-associated fatty liver
disease using three different diagnostic criteria. ] Clin Med
12(6): 2126,2023.D0I: 10.3390/jcm12062126

7 Boudina§, Graham TE: Mitochondrial function/dysfunction
in white adipose tissue. Exp Physiol 99(9): 1168-1178,2014.
DOI: 10.1113/expphysiol.2014.081414

8 Morio B, Panthu B, Bassot A, Rieusset J: Role of mitochondria
in liver metabolic health and diseases. Cell Calcium 94:
102336,2021.DOI: 10.1016/j.ceca.2020.102336

9 Boengler K, Kosiol M, Mayr M, Schulz R, Rohrbach S:
Mitochondria and ageing: role in heart, skeletal muscle and
adipose tissue. ] Cachexia Sarcopenia Muscle 8(3): 349-369,
2017.DOI: 10.1002/jcsm.12178

10 Advani D, Sharma S, Tripathi R, Gupta R, Jaiswal A, Ambasta
RK, Kumar P: Mitochondrial dysfunction in metabolic
disorders. Mitochondrial Dysfunction and Nanotherapeutics:
91-137,2021.D0I:10.1016/B978-0-323-85666-9.00015-2

11 de Mello AH, Costa AB, Engel DG, Rezin GT: Mitochondrial
dysfunction in obesity. Life Sci 192: 26-32, 2018. DOI:
10.1016/j.1fs.2017.11.019

12 Peoples ]N, Saraf A, Ghazal N, Pham TT, Kwong ]Q:
Mitochondrial dysfunction and oxidative stress in heart
disease. Exp Mol Med 51(12): 1-13,2019. DOI: 10.1038/
s12276-019-0355-7

13 Manna P, Jain SK: Obesity, oxidative stress, adipose tissue
dysfunction, and the associated health risks: causes and
therapeutic strategies. Metab Syndr Relat Disord 13(10):
423-444,2015.DO0I: 10.1089/met.2015.0095

14 Bhansali S, Bhansali A, Walia R, Saikia UN, Dhawan V:
Alterations in mitochondrial oxidative stress and mitophagy
in subjects with prediabetes and type 2 diabetes mellitus.
Front Endocrinol (Lausanne) 8: 347, 2017. DOI: 10.3389/
fendo.2017.00347

15 Ding WX, Yin XM: Mitophagy: mechanisms, pathophysiological
roles, and analysis. Biol Chem 393(7): 547-564, 2012. DOI:
10.1515/hsz-2012-0119

16 MacVicar T: Mitophagy. Essays Biochem 55: 93-104, 2013.
DOI:10.1042/bse0550093

17 Youle R], Narendra DP: Mechanisms of mitophagy. Nat Rev
Mol Cell Biol 12(1): 9-14,2011.DOI: 10.1038/nrm3028

18 Bouchard C, Deprés JP, Tremblay A: Exercise and obesity. Obes
Res 1(2): 133-147,1993. DOI: 10.1002/j.1550-8528.1993.
tb00603.x

19 Sorriento D, Di Vaia E, Iaccarino G: Physical exercise: a novel
tool to protect mitochondrial health. Front Physiol 12:
660068,2021.DOI: 10.3389/fphys.2021.660068

20 GuanY, Yan Z: Molecular mechanisms of exercise and healthspan.
Cells 11(5):872,2022.D0I: 10.3390/cells11050872

21 Alex S, Boss A, Heerschap A, Kersten S: Exercise training
improves liver steatosis in mice. Nutr Metab (Lond) 12: 29,
2015.D0I: 10.1186/s12986-015-0026-1

22 Ghanemi A, Melouane A, Yoshioka M, St-Amand J: Exercise
and high-fat diet in obesity: functional genomics perspectives
of two energy homeostasis pillars. Genes (Basel) 11(8): 875,
2020.DOI: 10.3390/genes11080875

23 Boivin GP, Platt KM, Corbett ], Reeves ], Hardy AL, Elenes EY,
Charnigo R], Hunter SA, Pearson KJ: The effects of high-fat
diet, branched-chainamino acids and exercise on female
C57BL/6 mouse Achilles tendon biomechanical properties.
Bone Joint Res 2(9): 186-192, 2013. DOI: 10.1302/2046-
3758.29.2000196

24 Kemi 0], Loennechen JP, Wislgff U, Ellingsen @: Intensity-
controlled treadmill running in mice: cardiac and skeletal
muscle hypertrophy. ] Appl Physiol 93(4): 1301-1309, 2002.
DOI: 10.1152 /japplphysiol.00231.2002

25 Lira VA, Benton CR, Yan Z, Bonen A: PGC-1alpha regulation
by exercise training and its influences on muscle function and
insulin sensitivity. Am ] Physiol Endocrinol Metab 299(2):
E145-E161,2010.DOI: 10.1152/ajpendo.00755.2009

26 Holloszy ]JO, Booth FW: Biochemical adaptations to
endurance exercise in muscle. Annu Rev Physiol 38(1): 273-
291,1976.DOI: 10.1146/annurev.ph.38.030176.001421

27 Bhansali S, Bhansali A, Dhawan V: Favourable metabolic profile
sustains mitophagy and prevents metabolic abnormalities in
metabolically healthy obese individuals. Diabetol Metab Syndr
9:99,2017.DO0I: 10.1186/s13098-017-0298-x

28 Schmittgen TD, Livak KJ: Analyzing real-time PCR data by the
comparative CT method. Nat Protoc 3(6): 1101-1108, 2008.
DOI: 10.1038/nprot.2008.73

29 Huang CJ, Tsai SC, Yang]S, Shieh PC, Chiu Y], Bau DT, Hung CH:
Pterostilbene attenuates high fat diet-induced obesity and
hepatic dysfunction in rats: a functional evaluation based on
Taiwan's health food assessment criteria. In Vivo 40(1): 628-
639,2026.DOI: 10.21873/invivo.14225

30 Zhang Y, Sowers JR, Ren ]: Targeting autophagy in obesity:
from pathophysiology to management. Nat Rev Endocrinol
14(6): 356-376,2018.D0I: 10.1038/s41574-018-0009-1

31 Hernandez-Aguilera A, Rull A, Rodriguez-Gallego E, Riera-
Borrull M, Luciano-Mateo F, Camps ], Menéndez JA, Joven J:
Mitochondrial dysfunction: a basic mechanism in inflammation-
related non-communicable diseases and therapeutic
opportunities. Mediators Inflamm 2013: 135698, 2013. DOI:
10.1155/2013/135698

32 Fernandez-Sanchez A, Madrigal-Santillan E, Bautista M,
Esquivel-Soto ], Morales-Gonzalez A, Esquivel-Chirino C,
Durante-Montiel |, Sdnchez-Rivera G, Valadez-Vega C, Morales-
Gonzalez JA: Inflammation, oxidative stress, and obesity. Int ]
Mol Sci 12(5):3117-3132,2011.D0I: 10.3390/ijms12053117

33 Chen N: Exercise, autophagy and chronic diseases. Springer
Singapore, 2022.DO0I: 10.1007/978-981-16-4525-9

34 Fernandez CJ, George AS, Subrahmanyan NA, Pappachan JM:
Epidemiological link between obesity, type 2 diabetes
mellitus and cancer. World ] Methodol 11(3): 23-45, 2021.
DOI: 10.5662 /wjm.v11.i3.23

1483



IN VIVO 40: 1473-1484 (2026)

35 Zimmermann A, Madeo F, Diwan A, Sadoshima ], Sedej S,
Kroemer G, Abdellatif M: Metabolic control of mitophagy. Eur
] Clin Invest 54(4): e14138,2024.D0I: 10.1111/eci.14138

36 Zhao Y, Zhu Q, Song W, Gao B: Exercise training and dietary
restriction affect PINK1/Parkin and Bnip3/Nix-mediated
cardiac mitophagy in mice. Gen Physiol Biophys 37(06): 657-
666,2018.DOI: 10.4149/gpb_2018020

37 Rosa-Caldwell ME, Lee DE, Brown JL, Brown LA, Perry RA Jr,
Greene ES, Carvallo Chaigneau FR, Washington TA, Greene NP:
Moderate physical activity promotes basal hepatic autophagy
in diet-induced obese mice. Appl Physiol Nut Metab 42(2):
148-156,2017.DOI: 10.1139/apnm-2016-0280

38 Rosa-Caldwell ME, Harris M, Brown JL, Lee DE, Poole K, Seija
A, Brown LA, Perry RA Jr.,, Washington TA, Wooten S, Greene
NP: Mitophagy regulation after diet and exercise in non-
alcoholic fatty liver disease. FASEB ] 31(Suppl 1): 1041.5,
2018.DOI: 10.1096/fasebj.31.1_supplement.1041.5

39 CuiC, ChenS, Qiao], Qing L, Wang L, He T, Wang C, Liu F, Gong
L, Chen L, Hou X: PINK1-Parkin alleviates metabolic stress
induced by obesity in adipose tissue and in 3T3-L1
preadipocytes. Biochem Biophys Res Commun 498(3): 445-
452,2018.D0I:10.1016/j.bbrc.2018.02.199

40 Alghamdi A: A detailed review of pharmacology of MFN1
(mitofusion-1)-mediated mitochondrial dynamics:
Implications for cellular health and diseases. Saudi Pharm J
32(4):102012,2024.D0I: 10.1016/j.jsps.2024.102012

41 Gongalves 10, Passos E, Diogo CV, Rocha-Rodrigues S, Santos-
AlvesE, Oliveira PJ, Ascensdo A, Magalhdes J: Exercise mitigates
mitochondrial permeability transition pore and quality control
mechanisms alterations in nonalcoholic steatohepatitis. Appl
Physiol Nutr Metab 41(3):298-306,2016.DOI: 10.1139 /apnm-
2015-0470

42 Santos-Alves E, Marques-Aleixo |, Rizo-Roca D, Torrella]R, Oliveira
PJ,Magalhdes ], Ascensdo A: Exercise modulates liver cellular and
mitochondrial proteins related to quality control signaling. Life
Sci135:124-130,2015.D0I: 10.1016/j1fs.2015.06.007

43 Borquez]C, Diaz-Castro F, La Fuente FP, Espinoza K, Figueroa
AM, Martinez-Ruiz I, Hernandez V, Lopez-Soldado I, Ventura
R, Domingo JC, Bosch M, Fajardo A, Sebastian D, Espinosa A,
Pol A, Zorzano A, Cortés V, Hernandez-Alvarez MI, Troncoso
R: Mitofusin-2 induced by exercise modifies lipid droplet-
mitochondria communication, promoting fatty acid
oxidation in male mice with NAFLD. Metabolism 152:
155765,2024.D0I: 10.1016/j.metabol.2023.155765

44 Fang D, Xie H, Hu T, Shan H, Li M: Binding features and
functions of ATG3. Front Cell Dev Biol 9: 685625,2021. DOI:
10.3389/fcell.2021.685625

45 Pires KM, Buffolo M, Schaaf C, David Symons ], Cox ], Abel ED,
Selzman CH, Boudina S: Activation of IGF-1 receptors and Akt
signaling by systemic hyperinsulinemia contributes to
cardiac hypertrophy but does not regulate cardiac autophagy
in obese diabetic mice. ] Mol Cell Cardiol 113: 39-50, 2017.
DOI:10.1016/j.yjmcc.2017.10.001

46 Han S, Zhu F, Huang X, Yan P, Xu K, Shen F, Sun ], Yang Z, Jin G,
Teng Y: Maternal obesity accelerated non-alcoholic fatty liver
disease in offspring mice by reducing autophagy. Exp Ther
Med 22(1): 716,2021.DOI: 10.3892 /etm.2021.10148

47 Porter C, Reidy PT, Bhattarai N, Sidossis LS, Rasmussen BB:
Resistance exercise training alters mitochondrial function in
human skeletal muscle. Med Sci Sports Exerc 47(9): 1922-
1931,2015.DOI: 10.1249/MSS.0000000000000605

1484



