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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases. limited studies has been done on the effects of calorie 
restriction (CR) and aerobic exercise (AE) on mitochondrial biogenesis (PGC1α, NRF2) and dynamics (MFN2, DRP1) in NAFLD rats. In this present, the changes 
on PGC1α, NRF2, MFN2 and DRP1 Proteins expression after 12 weeks of CR and AE intervention in the NAFLD rat model were evaluated.

Methods: 40 rats were used, with 32 of them being induced to develop NAFLD through an 8-week high-fat diet. These rats were then divided into five 
groups: control (ate fatty food), sham (ate normal food), CR, AE, and CA (CR & AE). The CA and CR groups received 60% of their daily diet, while the AE and 
CA groups participated in treadmill aerobic exercise sessions five times a week for 12 weeks. After the intervention period, protein expression levels were 
measured in all groups. Data analysis utilized one-way ANOVA with a significance level set at P<0.05.

Results: As shown by the findings, there are significant differences in the expression of proteins between the groups. In PGC1α, NRF2, MFN2 proteins, 
CA group showed higher protein expression than CR group (respectively P=0.045, P=0.028, P=0.025). However, it presented a significant reduction in DRP1 
protein. (P=0.015), and there was no significant difference between CA and AE in expression of PGC1α, NRf2, MFN2 and DRP1 proteins (P=0.995, P=0.44, 
P=0.635, P=0.076).

Conclusion: The results showed that AE combined with CR is able to improve NAFLD.

ABBREVIATIONS

DRP1: Dynamin-related protein 1, MFN2: Mitofusin 2, NRF2: 
Nuclear factor erythroid-related factor 2, PGC1α: Peroxisome 
proliferator-activated receptor-gamma coactivator 

INTRODUCTION

NAFLD, a common liver disease affecting approximately 30% 
of the global population, is known to be closely associated with 
mitochondrial dysfunction¹. Mitochondria have a vital effect in the 
pathogenesis of NAFLD, and promoting mitochondrial biogenesis 
is crucial to enhance mitochondrial capacity and mitigate lipid 
accumulation in the liver. PGC1α is a pivotal energy balance 
regulator since it controls the transcription of genes engaged in 
fatty acid oxidation and mitochondrial function. Other studies 
have indicated that NAFLD patients exhibit a 40% reduction 
in expression of hepatic PGC1α, associated with dysfunction in 
mitochondria [2].

NRF2 has a critical effect in inducing crucial anti-
inflammatory responses, promoting mitochondrial biogenesis, 
enhancing mitochondrial function, and stimulating autophagy. 
In the context of steatohepatitis development, NRF2 serves as a 
crucial regulator of the redox balance, which mediates the anti-
inflammatory and impacts of antioxidants. Moreover, NRF2 
directly influences lipid metabolism [3]. These findings suggest a 
link between alterations in antioxidant pathways and metabolism 
in relation to NAFLD [4].

Mitochondrial function and structure are interconnected, 
and the latter is influenced by the continuous processes of 
mitochondrial fission and fusion, known as mitochondrial 
dynamics. In vertebrates, the regulation of mitochondrial 
fusion is controlled by mitofusin-1/2 (MFN1/2) and optic 
atrophy 1 (OPA1), while mitochondrial fission is governed by 
dynamin-related protein 1 (DRP1) and its receptors. Recent 
research on mitochondrial dynamics has highlighted its 
functional significance in liver diseases [5]. In NAFLD, inhibiting 
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mitochondrial fission has been shown to reduce hepatic 
oxidative stress and steatosis [6]. Additionally, the mitochondria 
fragmentation resulting from the deletion of mitofusin 2 (MFN2) 
in hepatocytes exacerbates NAFLD progress, inflammation, and 
hyperglycemia in mice with a high-fat diet [7]. The deletion of 
MFN2 in hepatocytes leads to significant metabolic consequences, 
such as decreased mitochondrial respiration, reduced fat 
oxidation, and increased production of reactive oxygen species 
(ROS) Lifestyle interventions, particularly focusing on diet and 
physical exercise, play a crucial role in correcting an altered 
energy balance [8]. For NAFLD management, diet and physical 
activity (PA) interventions are of great importance [9]. Studies 
have demonstrated that exercise enhances the activity of 
mitochondrial fatty acid oxidation and helps prevent hepatic fat 
accumulation [10]. Exercise-induced mitochondrial biogenesis is 
an important adaptive mechanism, where PGC1α is stimulated 
[11]. Furthermore, exercise triggers beneficial adaptations 
mediated by the transcription factor NRF2 [12]. Some research 
has indicated that training can improve mitochondrial fusion and 
fission dysfunctions induced by obesity [13]. Calorie restriction 
(CR) has also been shown to induce mitochondrial biogenesis, 
leading to elevated respiration and expression of genes critical 
for dynamic fusion process essential for oxidative functioning 
[14].

This research aimed at showing the impact of aerobic activity 
and caloric restriction on mitochondrial biogenesis (PGC1 α, 
NRF2) and dynamics (DRP1, MFN2) in NAFLD.

MATERIALS AND METHODS 

Animals 

In our work, 40 male Wistar rats, aged two months, were 
acquired from the Pasteur Institute (Iran). The rats were 
acclimated to the new environment for 14 days, during which they 
had unrestricted accessibility to water and food to avoid stress 
and ensure stable physiological situation. The rats were housed 
in clear polycarbonate cages, kept in pairs, with a temperature 
of 22±3°C and humidity range of 40% to 60%, following a 12-
hour light-dark cycle. Ethical guidelines for working with 
laboratory animals were strictly followed, ensuring no physical 
harm or unnecessary procedures were performed on the animals 
throughout the research. The weight of animals was recorded 
weekly on a certain day. To induce fatty liver, 32 animals were 
put in the high-fat diet (HFD) group randomly, while 8 rats were 
put in the normal diet group (sham). Following eight weeks on the 
fatty food regimen (19% protein, 47% carbohydrates, 34% fat) 
[15], the 32 rats in the HFD group were divided into 4 groups, and 
the 8 rats in the normal diet group served as the sham group. The 
groups included sham, high-fat control, calorie restriction (CR), 
aerobic exercise (AE), and combined calorie restriction-aerobic 
exercise (CA). The CR and CA groups were provided with 60% of 
the daily diet [16]. The AE and CA groups underwent a 12-week AE 
plan on an animal-smart electronic treadmill for five days weekly. 
The exercise program involved maintaining a relative intensity 
of work at 24-33 m/min with a 15% slope. The training period 
started at 10 min daily in the first week and gradually increased 

to 60 min in the 5th week [17]. For determining amount of used 
food and CR, the daily food intake of animals was evaluated for 14 
days, and in groups with caloric restrictions, the food provided 
was 60% of the amount used by normal animals. Following the 
last training session (after a 12-14 hour fasting period), the rats 
were anesthetized with an intraperitoneal injection of combined 
xylazine (5 mg/kg) and ketamine (60 mg/kg). Then, surgery was 
performed [18]. Afterward, the lower lobe of the liver tissue was 
excised, immediately collected, and frozen at -80°C. A portion of 
the tissue was stained with hematoxylin-eosin (H & E) and oil 
red, while other section was employed for Western blot analysis 
and quantification of PGC1α, NRF2, MFN2, and DRP1 proteins.

Western blot analysis

To isolate liver tissue proteins PGC1α, NRF2, MFN2, and 
DRP1, a radioimmunoprecipitation assay buffer (RIPA buffer) 
with 0 Tris buffer (.05 mM) (pH 8), sodium chloride molar (150 
mL), 0.01% EGTA, 0.1% cocktail anti-protease (ROCHE), and 1% 
sodium dodecyl sulfate was employed. To extract proteins, the 
tissue (100 mg) was homogenized using a manual homogenizer 
in buffer (500 μL) that contained antiprotease, leaving at 4°C 
for 30 min. Then, the homogenate was centrifuged for 10 min 
at 4°C and 12,000 rpm by a refrigerated centrifuge (bo, SW14R 
froil). The resulting supernatant was collected, and the related 
protein concentration was assessed at 595 nm using a Bio-Rad 
protein determination kit. The sample was then stored at -20°C 
and mixed with sample loading buffer (2% sodium dodecyl 
sulfate, 50 mM Tris-HCl, 5% beta-mercaptoethanol, 0.005% 
aqueous bromophenol, and 10% glycerol) in a 1:1 ratio. The 
mixture was heated for 5 min to fully denature the proteins. 
Following that, proteins were removed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, being moved to a 
nitrocellulose membrane. 5% bovine serum albumin in 0.1% Tris 
Buffered Saline with Tween 20 was used to block the membrane 
for one hour. Afterward, incubation was done the primary 
antibody (1:500). After one day, we incubated membrane with the 
secondary antibody at ambient temperature for 1 h in 4% TBST. 
Proteins were visualized using electrochemiluminescence and 
quantified through densitometry analysis using ImageJ software 
(Image 1,2). The primary and secondary antibodies used were 
as follows: PGC1α: GTX31921, NRF2: orb224910, MFN2: D2D10, 
DRP1: GTX54040, GAPDH: SC-166545, and the rabbit secondary 
antibody: BA1054-2.

Histopathological analysis 

Oil red analysis: Sections of 8 to 10 microns in size were 
prepared from the frozen tissue samples and allowed to dry 
in open air. The parts were then fixed using formalin (Sigma 
-1.04002) and rinsed with water. Subsequently, they were 
immersed in 60% isopropanol and put in the Oil red working 
solution for 15 min to stain the samples. After staining, the 
slides were rinsed with 60% isopropanol, and the nuclei were 
counterstained with hematoxylin. Following another wash 
with distilled water, the slides were assembled using glycerin 
gel. Finally, photomicrographs were captured using a light 
microscope.
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Image 1: Counting of fat droplets in the liver in different groups with 20 µm magnification
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Image 2: The degree of inflammation and damage in the liver based on the percentage of vacuolated hepatic cells with unclear nucleus and 
nuclear membrane, dead cells with less color sensitivity than living cells in different groups with 100 µm magnification.

assess the data normality for comparing variables between 
groups, the Shapiro-Wilk test was performed. With a normal data 
distribution, one-way ANOVA (P < 0.05) and Tukey’s post hoc 
test were employed for further comparisons between groups.

RESULTS

CR and CA resulted in decreased liver and body weight. 
The control group presented an alteration in body weight just 
before the protocol and at the 11th week following the protocol 
(p=0.045). Nevertheless, we did not notice any significant 

H & E analysis: Initially, the slides were subjected to an 
incubation process for 20 min at 90°C to facilitate the melting 
of paraffin in the samples. Then, the samples were immersed in 
xylene 1 and 2 (730-1330-Sigma) for 15 min. Lastly, Entellan glue 
(Sigma-1.07961) was applied to the samples, and the coverslip 
was attached to the slide. Photomicrographs were captured using 
a light microscope.

Statistical analysis

Descriptive data were presented as the mean and SD. To 
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hepatocytes, along with 5% of nucleated hepatocytes exhibiting 
an apoptotic appearance [15]. In contrast, the Sham group 
showed a normal histological structure with no inflammation 
or steatosis. Significant differences were observed in liver fat 
between the control group and the other groups (AE: P=0.001, CR: 
P=0.001, CA: P=0.001). Moreover, considerable differences were 
noted in liver fat between the CA group and the CR (P=0.001) 
and AE (P=0.001) groups, but there were not any significant 
differences between the CR and AE groups (P=0.26). The liver 
histological structure of the other groups was notably enhanced 
in comparison to the control group, except for the control group, 
which exhibited inflammation and section of the liver tissue 
destruction. We observed dead cells with lower staining in the 
control group because of the absence of tissue staining. Regarding 
the hepatic steatosis severity, significant improvements were 
found merely in CA group (P=0.002) in comparison with the 
control group (Table 2). There was not any significant difference 
concerning inflammation and enhancement between the control 
group and the AE (P=0.061) and CR (P=0.061) groups, nor 
between the AE and CR groups (P=1.00). Additionally, there 
were not any significant differences concerning improving the 
steatosis severity and inflammation between the AE (P=0.2) and 
CR (P=0.2) groups compared to the CA group.

CR and AE resulted in increased PGC1α protein expression, 
as indicated in Table 2. The CR group presented a significant 
increase in PGC1α protein expression than control group 
(P=0.019), as did the CA and AE (P=0.002) groups (P=0.001). 
Nevertheless, there were no significant difference in PGC1α 
protein expression between AE and CR groups (P=0.063). The 
CA group exhibited higher PGC1α protein expression than CR 
(P=0.045). Nonetheless, there were no significant differences 
between AE and CA groups (P=0.995).

CR and AE resulted in a significant boost in NRF2 protein 
expression (Table 2). The CR group presented a significant boost 
in expression of NRF2 protein in comparison with the control 
group (P=0.037), as in AE (P=0.004) and CA groups (P=0.002). 
Nevertheless, there were not any significant difference in 
expression of NRF2 protein between the AE and CR groups 

difference in body weight in the sham group (p=0.89). In the 
AE group, it was found that there is no significant intra-group 
difference in body weight (P=0.737). On the other hand, body 
weight showed a significant change in CR group (P=0.001). 
Similarly, the CA group showed significant changes in body 
weight at weeks 8 (P=0.008), 11 (P=0.002), and 12 (P=0.001) 
following the protocol in comparison with before the protocol 
(Table 1).

Noteworthy variations were noted in liver weight among 
the Sham (P=0.001), CR group, Control (P=0.001), and AE 
groups (P=0.001). Nonetheless, researchers did not observe any 
significant difference between the CR and CA groups (p=0.363), 
as well as between the AE and control groups (p=0.572). In the 
AE model, liver weight showed a substantial increase compared 
to both the CR group (P=0.001) and the CA group (P=0.001) 
(Figure 1).

AE, CA, and CR were found to improve the hepatic 
histopathological changes caused by HFD. The mean and SD of the 
observations and the significant differences between the groups 
are presented in Table 2. Histological examinations of the model 
rats’ livers revealed microvesicular steatosis, characterized by 
excessive small lipid droplets in the cytoplasm and swelling of 

Table 1: Comparison of body weight at the beginning and the following weeks. AE, CR, and CA.

Groups CONTROL SHAM AE CR
weeks Mean±SD p-value Mean±SD p-value Mean±SD p-value Mean±SD p-value

0 269.33±54.60 313.66±22.94 360.66±27.09 320.00±26.08
1 324.66±62.85 0.934 315.66±22.94 1.00 363.33±26.0 1.00 301±3.60 0.001*
2 355±43.85 0.489 309.66±24.66 1.00 368±26.85 1.00 286.66±2.30 0.001*
3 366±42.03 0.317 328±18.24 1.00 374.33±26.63 1.00 289.66±3.05 0.001*
4 349.66±41.13 0.583 326±21.93 1.00 370.66±25.57 1.00 285.66±0.57 0.001*
5 375.66±41.64 0.201 340.66±24.94 0.971 377.66±25.42 1.00 303.33±4.04 0.002*
6 369.33±37.07 0.273 342.66±27.42 0.952 369.33±23.07 1.00 299.33±3.21 0.001*
7 377.33±34.12 0.185 341.33±24.44 0.965 348.66±55.77 1.00 308±4.58 0.076
8 374.33±43.14 0.215 326.66±27.53 1.00 374.33±19.39 1.00 299.33±4.04 0.001*
9 400±41.21 0.051 354±24.51 0.702 389±18.35 0.981 300.66±3.05 0.001*

10 400±46.8 0.051 362.33±2542 0.439 392.66±16.28 0.955 312.33±9.01 0.479
11 402±43.58 0.045* 369±27.02 0.263 393.33±20.23 0.948 288.33±8.50 0.001*
12 393±34.21 0.078 355±21.64 0.671 383.33±17.55 0.997 263.33±3.78 0.001*

* P<0.05 level as significance level
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Figure 1 CA and CR decrease liver weight. Dissimilar acronyms imply significant 
differences.
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Table 2.Comparison of inflammation, liver fat, and damage and relative expression of PGC1α, Nrf2, MFN2, DRP1 proteins in each group. CR, AE, and 

Variable Groups Mean± Std. Deviation

Difference 
between control 

group & other 
groups

 p-value

Difference 
between Sham 
group & other 

groups
 p-value

Difference 
between AE 

group and other 
groups

 p-value

Difference 
between CR 

group & other 
groups

 p-value

Difference 
between CA 

group & other 
groups

 p-value

Liver fat
(Counting fat droplets)

Control 63.35±1.606 0.001* 0.001* 0.001* 0.001*
Sham 11.24±2.570 0.001* 0.001* 0.001* 0.394

AE 31.94±5.567 0.001* 0.001* 0.260 0.001*
CR 36.19±3.234 0.001* 0.001* 0.260 0.001*
CA 14.86±1.468 0.001* 0.394 0.001* 0.001*

Inflammation and liver 
damage(percentage of 

vacuolated hepatic cells with 
indistinct nucleus and nuclear 

membrane, dead cells with less 
staining than living cells)

Control 1.333±0.2887 0.001* 0.061 0.061 0.002*
Sham 0.00±000 0.001* 0.061 0.061 0.928

AE 0.6667±0.2887 0.061 0.061 1.00 0.20
CR 0.6667±0.2887 0.061 0.061 1.00 0.20
CA 0.1667±0.2887 0.002* 0.928 0.20 0.20

PGC1α
(Relative percentage of protein 

expression)

Control 0.2425±0.0439 0.001* 0.002* 0.019* 0.001*
Sham 1.387±0.0740 0.001* 0.037* 0.002* 0.051

AE 1.011±0.0367 0.002* 0.037* 0.063 0.995
CR 0.6861±0.0451 0.019* 0.002* 0.063 0.045*
CA 1.043±0.1627 0.001* 0.051 0.995 0.045*

NRF2
(Relative percentage of protein 

expression)

 

Control 0.2239±0.0579 0.001* 0.004* 0.037* 0.002*
Sham 1.336±0.1384 0.001* 0.023* 0.003* 0.130

AE 0.8830±0.0564 0.004* 0.023* 0.163 0.442
CR 0.6270±0.0566 0.037* 0.003* 0.163 0.028*
CA 1.055±0.1126 0.002* 0.130 0.442 0.028*

MFN2
(Relative percentage of protein 

expression)

Control 0.2299±0.0689 0.001* 0.002* 0.018* 0.001*
Sham 1.285±0.0176 0.001* 0.015* 0.002* 0.050

AE 0.8733±0.0833 0.002* 0.015* 0.096 0.635
CR 0.6239±0.0531 0.018* 0.002* 0.096 0.025*
CA 0.9820±0.1174 0.001* 0.050 0.635 0.025*

DRP1
(Relative percentage of protein 

expression)

Control 1.362±0.0677 0.001* 0.001* 0.001* 0.001*
Sham 0.4707±0.0597 0.001* 0.019* 0.005* 0.561

AE 0.7411±0.0499 0.001* 0.019* 0.432 0.076
CR 0.8392±0.0379 0.001* 0.005* 0.432 0.015*
CA 0.5538±0.0409 0.001* 0.561 0.076 0.015*

* Significance at P<0.05 level
CR groups (P=0.432). The CA group exhibited significantly lower 
DRP1 protein expression compared to the CR group (P=0.015), 
while there were no significant differences between CA and AE 
groups (P=0.076)

DISCUSSION

Over the past two decades, the incidence of NAFLD has 
doubled, but effective drugs for its management are still 
unavailable in clinical practice due to limited understanding of 
the disease mechanisms [1]. In the current work, a NAFLD animal 
model was recognized by nourishing them a high-fat diet for 8 
weeks. Subsequently, the rats were grouped and subjected to 
calorie restriction (CR) and aerobic exercise (AE) for 12 weeks. 
The control group presented an increase in body weight, while 
the CR group experienced weight loss, which has been shown 
to improve NAFLD. A reduction of 5%-10% in excess body 
weight has been associated with improvements in fibrosis, liver 
histology, and serum markers of liver damage in patients with 
NAFLD [19]. Additionally, recent observations indicate that 
regular exercise, including resistance exercise, aerobic activity, 
and flexibility training, can enhance NAFLD independent of 
weight loss. Besides, exercise reduces intrahepatic fat and 

(P=0.163). The CA group exhibited greater NRF2 protein 
expression compared to the CR group (P=0.028), but we did not 
note any significant difference between the AE and CA groups 
(P=0.442).

The groups of CR, AE, and CA exhibited a significant elevation 
in expression of MFN2 protein, as shown in Table 2. A significant 
elevation was noted in CR group in MFN2 protein expression 
in comparison with the control group (P=0.018), as in AE 
(P=0.002) and CA (P=0.001) groups. Nevertheless, there were 
not any significant differences in expression of MFN2 protein 
between the CR and AE groups (P=0.09). The CA group exhibited 
significantly higher MFN2 protein expression compared to the CR 
group (P=0.025), while we did not find any significant differences 
between the CA and AE groups (P=0.635).

The groups of CR, AE, and CA exhibited a significant 
reduction in expression of DRP1 protein, as shown in Table 2. 
A significant reduction was found in CR group in DRP1 protein 
expression than control group (P=0.001), as in AE (P=0.00) and 
CA (P=0.001) groups. Nevertheless, there were no significant 
differences in expression of DRP1 protein between the AE and 
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increase in mitochondrial protein content or biogenesis due to 
CR [27]. An alternative explanation is that CR safeguards against 
mitochondrial dysfunction by enhancing mitochondrial dynamics 
and the effectiveness of mitochondrial processes [27].

Caloric restriction (CR) stimulates mitochondrial biogenesis 
through the activation of the transcriptional coactivator 
PGC-1α [28], which, in turn, synergistically activates nuclear 
respiratory factor-2 (NRF2) [3]. Our findings are consistent 
with this mechanism as we observed increased expression of 
PGC1α and NRF2 proteins under CR conditions. The expression 
and activation of PGC1α under CR conditions lead to enhanced 
mitochondrial biogenesis via the involvement of coactivators like 
NRF2 and NRF1 [29].

In this study, we observed that DRP1 increased and MFN2 
decreased in the control group. A study revealed that during 
caloric excess, the coordinated processes of mtDNA fission 
and replication becomes disrupted, resulting in fragmented 
mitochondria with both functional and non-functional mtDNA 
copies (heteroplasmy) [3]. On the other hand, caloric restriction 
(CR) causes mitochondrial biogenesis by boosting respiration 
and the expression of genes critical for dynamic fusion process 
essential for oxidative function [14]. As a consequence, CR can 
upregulate fusion proteins and downregulate fission proteins. 
In the present study, 40% of caloric restriction increased MFN2 
protein expression and decreased DRP1.

Our study demonstrated that engaging in aerobic training for 
12 weeks, five days a week, at a specific intensity, resulted in the 
elevation of the PGC1α protein expression. This finding aligns 
with another research that indicated exercise boosts hepatic 
PGC1α levels in rat models using running wheels [10]. Moreover, 
exercise activity was shown to enhance the expression of PGC1α, 
thereby improving mitochondrial function and reducing liver 
steatosis, inflammation, and fibrosis [30]. To further confirm 
mitochondrial biogenesis in exercised mice, imaging with 
MitoTimer, a new fluorescent probe distinguishing between 
newly generated mitochondria (in green fluorescence) and 
older ones (in red fluorescence), revealed encouraging results. 
High-fat diet feeding caused a change to red fluorescence, 
indicating downregulated biogenesis, while exercise effectively 
hindered this shift [11].

Wafi et al. demonstrated that exercise has a regulatory effect 
on NRF2 expression and antioxidant levels in animals [31]. 
The current work also showed that aerobic exercise elevated 
expression of NRF2 protein in animals with NAFLD. Similarly, 
another research indicated that moderate-intensity physical 
exercises for six weeks significantly elevated NRF2 protein 
expression in the heart of both old and young animals, suggesting 
that moderate exercise can enhance NRF2 expression [32]. 
Additionally, according to another research, 5 weeks of moderate-
intensity endurance exercise improved antioxidant defense in 
young subjects and acute aerobic exercise performed through 
two cycling protocols of 30 min (constant load and intense 
interval) increased NRF2 protein expression in young men [32]. 
However, according to Gomez et al, resistance exercise did not 

enhances systemic markers of liver function in mild-to-advanced 
NAFLD [20]. These findings highlight the potential of lifestyle 
interventions, such as calorie restriction and aerobic exercise, as 
promising strategies for NAFLD management.

The liver weight in the AE group was considerably larger than 
the CR and CA groups. This difference could be attributed to the 
elevation of liver glycogen capacity and muscle in the AE model.

As revealed by Oil red staining, the control group exhibited 
significantly higher liver lipid levels compared to the other 
groups, leading to damage and inflammation within this group. 
Both aerobic exercise and caloric restriction proved effective 
in reducing liver fat. The present work showed a notable 
enhancement in liver fat following 12 weeks of aerobic exercise. 
It is in consistency with the results by Oh et al. (2017), who 
demonstrated significant decline in intrahepatic fat content 
following 12 weeks of either moderate-intensity continuous 
cycling or vigorous-intensity interval cycling [21]. Moreover, 
some studies showed the reduction of hepatic fat content 
independent of weight loss by resistance training [20]. Shojaee-
Moradie et al. (2016) reported that intrahepatocellular fat was 
significantly reduced in patients with NAFLD who experienced 
with a combination of resistance and aerobic training [22]. 
Moreover, a study indicated the reduction of fat accumulation 
and maintenance of lipid homeostasis, occurring by swimming, 
as a possible positive response of zebrafish liver to exercise [23]. 
Researchers also indicated that CR hinders the glycerolipids 
accumulation in the liver of animals under calorie restriction and 
and they are degraded to FFAs by increased autophagy [16].

In our work, H&E staining indicated that the combined 
intervention of caloric restriction and aerobic exercise 
improved inflammation and tissue damage. While both caloric 
restriction and aerobic exercise separately showed reductions 
in inflammation and damage, the changes were not statistically 
significant. Another study demonstrated that obesity leads to 
intrahepatic lipid oxidative damage, which can be reduced to 
normal levels with weight loss [24].

We investigated the impact of aerobic exercise and calorie 
restriction on PGC1α, NRF2, MFN2 and DRP1 Proteins expression 
in rats with NAFLD. 

We observed a reduction in the NRF2 and PGC1α protein 
expression in the control group, which is in line with studies that 
showed that, the expression of PGC1α is decreased in steatotic 
liver in NAFLD mouse model. Consequently, the coactivator did 
not show interaction with the promoters having the NRF2 and 
NRF1 response elements, which reduces the levels of antioxidant 
and mitochondrial proteins and results in the accumulation of 
ROS [25] and the incapability for adapting to hepatic oxidative 
stress can speed up the development of NAFLD in NRF2 deficient 
mice [26]. Calorie restriction and aerobic exercise can be 
effective in treating NAFLD. Preliminary evidence has shown 
that CR increases mitochondrial content [14]. These results 
validate that caloric restriction (CR) promotes mitochondrial 
biogenesis, although certain studies have reported no significant 
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In contrast to our study, previous research revealed that 
MFN1/2 mRNA expression did not change 2 hours after a single 
intense exercise session, while it was elevated after 24 hours, 
mediated by exercise-responsive co-activators PGC1α and ERRα, 
promoting mitochondrial biogenesis. However, a different study 
did not observe any alterations in MFN2 protein levels at the 
evaluated time points [35]. Subsequent studies reported no 
significant changes in FIS1, MFN1/2, and DRP1 protein levels 
after a single session of high intensity interval exercise (HIIE) 
in humans, but a significant increase was observed after two 
weeks of HIIE training [35]. Another study revealed that exercise 
triggers the phosphorylation of DRP1 at Ser637 through protein 
kinase A (PKA), resulting in the inhibition of DRP1 activity 
and subsequent elongation of the mitochondrial network. 
Furthermore, both mRNA and protein levels of MFN were found 
to increase in human skeletal muscle after physical exercise [11]. 
In humans, the mRNA expression of MFN1 and MFN2 exhibited an 
increase for 24 hours following intense continuous exercise, and 
there were rapid upregulations in MFN2 mRNA expression after 
performing sprint exercises involving repeated 20- to 30-second 
all-out efforts, as well as after 25- to 50-minute moderate-
intensity exercise at the lactate threshold [36]. These results are 
in line with our study, supporting the notion that alterations in 
MFN1/2 and mitochondrial dynamics induced by exercise might 
be vital for enhancing mitochondrial function and adaptations in 
response to physical activity.

Contradictory results have been reported in which exercise 
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Collectively, it is revealed that PGC1α, NRF2, MFN2 and 
DRP1 have been found to have an important role in inhibiting 
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