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Effects of aerobic and anaerobic exercise

on glucose, lipid, and inflammation-

related gene expression in the brain tissue
of streptozotocin-induced diabetic rat model
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Abstract

Background Type 2 diabetes mellitus (T2DM) is a common metabolic disease characterized by elevated blood
glucose levels accompanied by inadequate insulin secretion. In this study, we aimed to determine the expression
levels of PEPCK, FAS, INSIG-T and TNF-a genes, which play a key role in metabolism and inflammation processes, in
brain tissue of rats with streptozotocin (STZ)-induced diabetes and to investigate how these gene expressions are
affected by different exercise protocols.

Methods In this study, 40 male Wistar albino rats were randomly divided into four groups: Control group (C),
Diabetes Sedentary group (DS), Diabetes Heavy Exercise group (DHE) and Diabetes Light Exercise group (DLE).
Diabetes was induced by a single dose of intraperitoneally administered streptozotocin (STZ, 60 mg/kg). After
diabetes induction, rats were subjected to treadmill exercise 5 days a week for 6 weeks. 24 h after the last exercise
session, rats were sacrificed by decapitation and brain tissues were sent to the laboratory for molecular analysis.

Results A significant decrease in FAS (p=0.002) and TNF-a (p=0.044) levels was observed in the DHE group, while a
significant increase in PEPCK (p=0.009) and INSIGT (p=0.019) levels and a significant decrease in FAS (p=0.037) and
TNF-a (p=0.014) levels were found in the DLE group. In addition, blood glucose levels were significantly decreased in
the exercise groups compared to the diabetic sedentary group (p=0.001).

Conclusion This study revealed that exercise protocols of different intensities induce significant changes in the
expression levels of some metabolic and inflammatory genes in brain tissue and decrease blood glucose levels in rats
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with streptozotocin-induced diabetes model. The findings suggest that exercise may partially modulate the molecular
processes in the central nervous system of diabetes and may offer potential therapeutic contributions.

Keywords Diabetes, Exercise, Brain tissue, Gene expression

Introduction

T2DM is characterized by chronic hyperglycemia, dyslip-
idemia, arterial hypertension, and endothelial dysfunc-
tion [1]. In 2019, it affected 9.3% of the adult population
globally, while this rate is projected to increase to 10.2%
in 2030 [2]. The disease involves a combination of genetic,
metabolic, and environmental factors that interact with
each other. In this context, ethnicity, family history, and
genetic predisposition constitute non-modifiable risk
factors for T2DM, while obesity, sedentary lifestyle, and
unhealthy diet constitute modifiable risks [3]. Although
uniform exercise protocols are more frequently preferred
in determining the pathology of T2DM disease, it has
been suggested that multiple exercise approaches pro-
duce more effective results in patients [4]. The treatment
of T2DM [5], which occurs with impaired carbohydrate,
lipid, and protein metabolism, is managed with anti-dia-
betic drugs [6], pharmacologic drugs [7], and exercise [8].
At this point, exercise interventions are a cornerstone as
they improve endothelial function and blood lipid pro-
files as well as glycemic control in patients [9]. Exercise
therapy is a fundamental approach in the management of
T2DM, providing multifaceted benefits such as improv-
ing glycemic control, increasing insulin sensitivity and
reducing cardiovascular risks [10]. However, aerobic
and anaerobic forms of exercise differ in their effects on
metabolic pathways and pathophysiology. Aerobic exer-
cise promotes glucose uptake and energy expenditure
by increasing the activation of oxidative metabolism,
whereas anaerobic exercise induces adaptations such
as improvements in muscle mass and insulin sensitiv-
ity through high-intensity, short-term muscle contrac-
tions [11]. Therefore, a detailed study of the molecular
and physiological effects of different exercise modalities
in diabetic models is important for mechanistic under-
standing of the disease and optimizing treatment strate-
gies [12].

T2DM is one of the most damaging and common
endocrine diseases affecting glucose and lipid metabo-
lism. Altered genes in pathways such as glucose and lipid
metabolism, the insulin signaling pathway, and the adipo-
cytokine signaling pathway are effective in the develop-
ment of this disease [13]. Therefore, many studies have
been conducted on genes that affect T2DM [14-16].
When examined individually, it is seen that genes such
as TNF-a (Tumor Necrosis Factor Alpha), FAS (Fatty
Acid Synthase), INSIG1 (Insulin Induced Gene 1) and
PEPCK (Phosphoenolpyruvate Carboxykinase) are regu-
lated differently in diabetic brain tissue and the increase

or decrease in the secretion of these genes plays an active
role in T2DM [17-20].

TNE-a, characterized as an adipocyte, is closely associ-
ated with glucose regulation and cardiovascular function
[21]. TNF-a is an effective proinflammatory cytokine that
induces insulin resistance in this disease [22]. INSIG1
gene expression has a regulatory effect on lipid metabo-
lism. Increased expression prevents the existing disor-
der, while decreased expression is characterized by an
imbalance in metabolism [23, 24]. PEPCK isoforms are
regulated and activated by different physiological and
pathological stimuli such as corticoids, hormones, star-
vation, and hypoxia. However, the effect of this isoform
on glucose homeostasis has not been clarified [25]. FAS
affects cell membrane permeability and the translocation
of glucose transporters. In this context, it can be sug-
gested that it has an important role in the development
of insulin resistance and T2DM. In addition, specific
FAS combinations in phospholipids and triglycerides are
strongly associated with T2DM risk [26].

Pancreas (B-cells and a-cells), liver, skeletal muscle,
kidneys, brain, small intestine, and adipose tissue are
among the organs involved in the development of T2DM
[27]. In this study, we aimed to investigate the effects of
different types of exercise protocols on PEPCK, INSIGI,
FAS, and TNF-a gene expression levels in brain tissue
of STZ-induced diabetes-induced rats and to determine
their potential ameliorative role for T2DM.

Method

Study design

A randomized controlled experimental design was used
in this study. The sample size was determined using
G*Power 3.1.9.7 (Franz Faul, Universitit Kiel, Germany).
Accordingly, using type I error (alpha) 0.05, power
(1-beta) 0.85 and effect size 0.60, it was determined that
the minimum sample size should be at least 10 for each
group (total 40) for a significant difference to occur. The
rats used in the study were Sprague-Dawley rats, 8 weeks
old and male. The rats were housed in plastic cages with
wire lids, with a room temperature of 22+2 °C, relative
humidity of 35-40%, cage light intensity of 40 Ix, and
noise level below 85 dB, and water and feed were given
ad libitum. As inclusion criteria, male Wistar albino rats
with healthy physiological characteristics, 8—10 weeks of
age and weighing 200-250 g were included in the study.
Exclusion criteria included the development of disease,
excessive weight loss, movement restriction, behavioral
abnormalities, post-injection complications and failure
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Table 1 Random assignment of rats to groups
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Subject 1 2 3 4 5 6 7 8 9 10
Groups DHE DS DS DLE DHE DHE DS C C C
Subject 11 12 13 14 15 16 17 18 19 20
Groups DHE DS DS C DLE C DS DS DS C
Subject 21 22 23 24 25 26 27 28 29 30
Groups DLE DLE DS DHE DLE DHE DLE DLE DLE DHE
Subject 31 32 33 34 35 36 37 38 39 40
Groups C DS DHE C DHE DHE DLE C DLE C
Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE; Diabetes Light Exercise
Groups Exercise Intensity Method
n=10
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Fig. 1 Experimental Design. Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE; Diabetes Light Exercise

to comply with exercise protocols during the experi-
mental period. The rats were randomly divided into 4
groups as Control (C), Diabetes sedentary (DS), Diabe-
tes Heavy Exercise (DHE) and Diabetes Light Exercise
(DLE) (Table 1). In group C, diabetes was not induced
and no exercise was performed. In the DS group, diabe-
tes was induced and no exercise was performed. In the
DHE group, diabetes was induced and heavy exercise
was applied. In the DLE group, diabetes was induced
and light exercise was applied (Fig. 1). While diabetes
was induced in rats, the STZ dose was 60 mg/kg, dis-
solved in 0.1 molar citrate buffer with a pH of 4.5 and
administered intraperitoneally [28]. STZ was adminis-
tered 1 time, and the frequency of administration was set

as a single injection. A blood glucose level of more than
200 mg/dL determined from the tail vein was set as the
threshold value for diabetic assumption [28]. After 72 h,
diabetes was confirmed. Blood glucose level, length, and
body weight of the rats were measured at the 1st and 6th
weeks of the study (Table 2). At the end of the 6th week,
the rats were decapitated and the expression of PEPCK,
INSIG1, FAS, and TNFa was analyzed in brain tissues.
Rats were euthanized under deep anesthesia. A combina-
tion of ketamine (90 mg/kg) and xylazine (10 mg/kg) was
administered intraperitoneally for anesthesia. After deep
anesthesia was achieved, the mice were euthanized by
cervical dislocation when reflexes disappeared and con-
sciousness was completely lost [29]. In addition, the study
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Table 2 Descriptive statistics of rats
C(n=10) DS (n=10) DHE (n=10) DLE (n=10)
Body Weight (g) Pre 196.9+8.40 2263+114 238.1+83 2412+66
Post 250.7 +6.3¢ 207.6+9.3% 216.7+6.1° 219.8+7.2°
Body Height (cm) Pre 19.2+0.6 194+0.3 20.1+0.7 20.7+06
Post 209+04° 212+05° 21.5+0.5°¢ 22.2+09°
Blood Glucose (mg/dl) Pre 101.5+94 2679+173 3286+19.2 311.7+£22.7
Post 139.8+189° 390.3+23.6° 239.1421.7¢ 209.3+17.19

Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE; Diabetes Light Exercise. Different letters symbolize meaningful differences between themselves

was conducted according to the guidelines of the Decla-
ration of Helsinki and approved by Firat University Ani-
mal Experiments and Local Ethics Committee (2020/10).
According to Table 1, it is seen that the rats were
assigned to the groups randomly and in equal numbers.

Exercise training

Treadmill exercise (MAY-TME 0804, Commat Limited)
was performed between 08:00 and 10:00 am every day,
5 days a week for 6 weeks. The aerobic exercise protocol
was applied to rats in the DLE group, which were exer-
cised for 30 min per day at 0° incline and 0.50 km/h in
a low-intensity exercise pattern. The anaerobic exer-
cise protocol was applied to the DHE group and rats in
this group were subjected to higher intensity treadmill
exercise at 15° incline and 1.62 km/h for 30 min. These
exercise protocols were based on established patterns
of exercise intensity in rats. In the literature, it has been
reported that exercises performed at 0° incline and
0.50 km/h speed range correspond to approximately
45-60% VO,max and activate aerobic metabolism. On
the other hand, protocols performed at 15° inclination
and speeds above 1.60 km/h reach 80-100% VO,max lev-
els, activating anaerobic energy systems and generating
physiological responses characterized by muscle fatigue
and lactate accumulation [30-33].

Collection of tissues

The rats were sacrificed under appropriate conditions,
and brain tissues were transferred into RNA Later solu-
tion for preservation of RNA. After incubating the solu-
tion for one day at 4 °C, the excess RNA Later solution
was discarded. Within two weeks, total RNA was isolated
from the tissue samples, which were kept at -20 °C [29].

RNA isolation from tissue samples

The RNA isolation from the samples was performed uti-
lizing the Invitrogen PureLink Total RNA Kit, recom-
mended protocol by the manufacturer was manipulated.
Briefly, Tissue samples of 100 mg that were crushed on ice
were placed into 2-mL Eppendorf tubes. Each tube with
samples was added 1000 mL of Trizol and 5 pL of DTT,
and they were homogenized by being vortexed for 5 min
with one measure of zirconium beads added. Afterwards,

the samples were incubated on ice for 15 min by being
vortexed at 5-minute intervals. Following the incubation,
the samples were centrifuged at 14,000 rpm for 10 min at
4C°. The supernatants were transposed to other Eppen-
dorf tubes to which 200 pl of chloroform was added each,
and the tubes were vortexed until their colours changed.
Following another 10-minute incubation on ice, liquids
consisting of three phases were obtained (DNA in the
lower phase, protein in the middle section, and RNA in
the upper phase). With each sample, the RNA part was
transferred to another Eppendorf tube, and it was diluted
with isopropyl alcohol at a 1:1 volume ratio. After the
solution was vortexed for 3—-5 min, it was incubated on
ice for 10 min. The sample was centrifuged for 15 min at
14,000 rpm at 4C°. Subsequently, the whole supernatant
was removed from the pellet, to which 1 ml of 75% ethyl
alcohol was added, and they were vortexed. The final
5-minute centrifugation was made at 14,000 rpm. The
precipitating pellet obtained was removed and incubated
on ice for 6 min with the lids open. Diethylpyrocarbon-
ate (DEPC) was added according to the amount of RNA
solution. The RNA sample solution was kept on ice for
15-20 min [34].

Quality and control of RNAs

Gels with 1% agarose and 5 ul of Red Safe stain were used
to run the isolated RNA samples for 20-30 min. The RNA
18 S 28 S bands were projected on the Invitrogen IBright
750 UV gel imaging system to examine the degradation
of RNAs. The RNA samples that were found suitable
were used for cDNA synthesis. Further, the concentra-
tions of RNA samples were assessed in a Qubit Fluoro
Meter instrument using Qubit HS RNA Assay Kit. Based
on the results, an average value for concentrations was
set, and from this initial concentration, cDNA synthesis
was carried out. Complementary DNA was synthesized
from suitable quality RNA samples using Applied Biosys-
tems High-Capacity cDNA Reverse Transcription Kits
(Lot: 01096160 REF: 4368814) with processes of 10 min
at 25 °C, 120 min at 37 °C, 5 min at 85 °C, and 4 °C [35].

Quantitative Real-Time (qRT)-PCR
For the normalization of the mRNA gene, the GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) gene was
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used as the control (housekeeping) gene during Real-
Time PCR. The mRNA gene expression level was deter-
mined through a qRT-PCR reaction after the cDNA
synthesis. The Applied Biosystem Step One Plus Real-
Time instrument performed the PCR in the synthesized
c¢DNA samples. The conditions for the qRT-PCR were
one cycle at 95 °C for 3 min, 15 s at 95 °C, 10 s at 54 °C,
and 15 s at 72 °C, and 40 at 95 °C for 20 s. The cycle was
determined as 1 min at 60 °C and 15 s at 95 °C. The Rela-
tive Gene Expression algorithm was used to determine
the expression level of each gene during qRT-PCR. Fold
changes (Fc) were used to convey changes in gene expres-
sion [35].

Statistical analysis

The data obtained were analyzed in SPSS 22.0 (IBM,
Armonk, NY, USA) package program. GraphPad Prism
8 was also used to prepare the figures. Since the sample
size was less than 50, the Shapiro-Wilk test was applied
to evaluate the normality assumption of the data sets.
According to the p value obtained, it was decided that the
data were suitable for parametric analysis (p>0.05) [36].
ANCOVA test was used for post-test comparisons in
descriptive statistics between groups of rats. A one-way
ANOVA test was used for comparisons between groups.
The homogeneity of group variances in the data set was
checked by Levene’s test and the variances were found
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to be homogeneous (p>0.05). Therefore, LSD (Least Sig-
nificant Difference) post hoc test, which is parametric
and has high statistical power, was preferred for multiple
comparisons between groups. In addition, the effect sizes
of the ANOVA test results of the participants were deter-
mined according to the partial eta squared (n 2) result.
Accordingly, small (n 2>0.01), medium (n 2>0.06), and
large (n 2>0.14) effect sizes were interpreted [37]. The
significance level was set as p <0.05 in all tests.

Results

In Table 2, a significant difference was found according to
the results of the analysis performed on the posttest mea-
surements between the groups for height (F=112.761;
p<0.05). According to the results of the analysis per-
formed on the post-test measurements between the
groups for the height of the groups, a significant differ-
ence was found (F=14.320; p<0.05). According to the
results of the analysis performed on the post-test mea-
surements between the groups for the blood glucose lev-
els of the groups, a significant difference was determined
(F=581.786; p<0.05).

According to the results of the analysis in Fig. 2, PEPCK
mRNA level in brain tissue had the lowest value in the
diabetes sedentary group, while the expression level of
the gene was found to be upregulated as a result of heavy
exercise and light exercise. A significant difference was

p=0.009"

0.8

PEPCK

C DS DHE DLE

Fig. 2 PEPCK gene expression analysis results in four different groups. *;p <0.05. C; Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE;

Diabetes Light Exercise
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found between the diabetes mild exercise and sedentary
diabetes groups (p <0.05).

According to the results of the analysis in Fig. 3,
INSIG1 mRNA level in brain tissue had the lowest value
in the diabetes sedentary group, while the expression
level of the gene was found to be upregulated as a result
of heavy and light exercise. A significant difference was
found between the diabetes mild exercise and diabetes
sedentary groups (p <0.05).

According to the results of the analysis in Fig. 4, the
FAS mRNA level in the brain tissue was highest in the
sedentary group, while the expression level of the gene
was found to be downregulated as a result of heavy and
light exercise. Significant differences were found between
the diabetes heavy exercise and diabetes sedentary, the
diabetes light exercise and diabetes sedentary groups
(p<0.05).

According to the results of the analysis in Fig. 5, TNF-a
mRNA level in brain tissue was highest in the sedentary
group, whereas the expression level of the gene was found
to be downregulated as a result of heavy and light exer-
cise. Significant differences were found between the dia-
betes heavy exercise and diabetes sedentary, the diabetes
light exercise and diabetes sedentary groups (p <0.05).
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Discussion

According to this study, light and heavy exercise pro-
grams down-regulated FAS and TNF-a mRNA levels in
the brain tissue of rats compared to the DS group, while
INSIG1 and PEPCK mRNA levels were up-regulated. In
addition, when the mean values are analyzed, it is seen
that exercises of different intensities have different effects
on the expression levels of the genes examined.

Exercise is one of the important treatment elements
in T2DM disease, along with diet and medication [38].
When the literature is examined, it is seen that there are
studies examining the effect of different exercise proto-
cols on T2DM [39, 40]. However, due to the focus on light
exercise [41], there is no consensus on the relative effects
of different types of exercise. In addition, the limited
number of studies on genes from brain tissue that play a
key role in glucose and lipid metabolism is noteworthy.

In this study, PEPCK mRNA levels were found to be
significantly increased after mild exercise in brain tissues
of rats modeled for diabetes. PEPCK is a critical enzyme
in gluconeogenesis and is highly expressed in classical
metabolic tissues such as liver and kidney, while its pres-
ence and function in the brain has received increasing
attention in recent years [42]. There are different find-
ings in the literature regarding the effects of exercise on
PEPCK expression. PEPCK plays an important role in the

p=0.019"

INSIG1

C DS DHE DLE

Fig. 3 INSIGT gene expression analysis results in four different groups. *;p <0.05. C; Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE;

Diabetes Light Exercise
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Fig. 4 FAS gene expression analysis results in four different groups. *;p <0.05. C; Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE;

Diabetes Light Exercise

regulation of glycogenolysis and gluconeogenesis [43]. In
a study, it was reported that acute responses of PEPCK
mRNA levels changed in rats exposed to 60 min of mod-
erate exercise. Accordingly, mRNA levels decreased
4 h after exercise and increased 10 h later compared
to resting rats [44]. In our study, the chronic effect of
PEPCK mRNA levels after different exercise treatments
was examined and it was reported that mRNA levels
increased as a result of both light and heavy exercise. A
significant difference was found especially between DLE
and DS groups. However, in a study by Li et al. (2023), it
was shown that post-exercise conditioning applied after
ischemic brain injury reduced ischemic damage by sup-
pressing cerebral gluconeogenesis. In this study, it was
reported that PEPCK1/2 expression decreased and this
contributed to the suppression of gluconeogenesis [45].
This finding contrasts with the increase in PEPCK mRNA
levels in our study and suggests that the effects of exer-
cise may vary depending on factors such as tissue type,
exercise intensity and duration. Furthermore, differ-
ences in pathological models (ischemia versus diabetes)
may explain these discrepancies and highlight the com-
plex regulation of PEPCK in the brain under different
conditions.

In this study, FAS mRNA levels were found to be
decreased after both light and heavy exercise in the brain

tissues of diabetic model rats. The suppression of brain
FAS expression by different intensities of exercise may
have important implications for diabetic brain metabo-
lism [46]. Decreased FAS mRNA levels suggest reduced
fatty acid synthesis and altered metabolic adaptation pro-
cesses in brain tissue. Previous studies emphasize that
fatty acid metabolism is critical for neuronal functions
and neuroprotection. However, it is not yet clear what
kind of effects this reduction in FAS levels would have
[47]. Given the diabetes-induced impairments in energy
utilization in the rat brain, the suppression of FAS expres-
sion by exercise may be related to a reduced need for fatty
acid synthesis. One potential mechanism underlying this
effect is that AMP-activated protein kinase (AMPK) acti-
vated during exercise inhibits lipogenic enzymes such as
FAS to promote energy homeostasis. Furthermore, exer-
cise-induced suppression of the NF-kB signaling pathway
may contribute to the reduction of neuroinflammation,
which affects lipid metabolism and FAS expression [48—
50]. However, a decrease in FAS levels may affect the
synthesis of cellular membrane components and alter
neurological function in the long term. There are a lim-
ited number of studies examining the effects of different
exercises on FAS expression. Some studies reported that
6 weeks of moderate exercise reduced oxidative stress
and apoptosis in diabetic rat brains [51]. In conclusion,
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Fig. 5 TNFa gene expression analysis results in four different groups. *;p <0.05. C; Control, DS; Diabetes Sedentary, DHE; Diabetes Heavy Exercise, DLE;

Diabetes Light Exercise

more research is needed to determine the effects of dif-
ferent types of exercise on FAS mRNA expression. In
particular, understanding the effects of exercise on brain
lipid metabolism and FAS expression may be important
in the management of neurological complications of
diabetes.

Genome-wide association studies have been con-
ducted to better define diabetes and in this direction,
TNF-a is defined as one of the susceptible genes [52]. The
-308G > A polymorphism in the promoter region of the
associated gene creates upregulation in its transcriptional
activation [53], and obesity and insulin resistance are
clinically linked to this variable [54]. There are conflicting
results that TNF-a is positively affected by exercise. In
fact, in one study, exercise decreased the level of leptin,
which is associated with diabetes and lipid metabolism,
but did not cause a significant difference in the expres-
sion level of the related gene [55]. In another study, it was
reported that resistance exercise gave positive results
with downregulation of this gene [56]. In a different
study, it was reported that TNF-a expression decreased
in the hippocampus of rats subjected to treadmill exer-
cise for 4 weeks, and this may be attributed to the fact
that exercise decreases neuroinflammation and causes
an increase in synaptic protein expression [57]. Mul-
tiple mechanisms may be involved in exercise regulation

of TNF-a expression, including AMP-activated pro-
tein kinase (AMPK) activation and suppression of the
nuclear factor kappa B (NF-kB) signaling pathway, as well
as reduction of oxidative stress, improvement of mito-
chondrial function, regulation of the hypothalamic-pitu-
itary-adrenal (HPA) axis and exercise-induced release of
myokines (e.g. interleukin-6). Together, these processes
contribute to the reduction of neuroinflammation and
maintenance of metabolic balance of brain tissue [58, 59].
In our study, we found that different types of exercise led
to an improvement in TNF-« levels, suggesting a com-
plex response to conflicting findings. Detailed analysis
shows that heavy exercise is more effective on the basis
of mean values.

INSIG-1 plays an important role in the regulation of
lipid metabolism. According to the results of many stud-
ies, it is shown that the relevant gene has lower-than-
normal values based on disorders in lipid metabolism. It
is also thought that lipid disorders can be prevented by
reaching high expression levels [60, 61]. When the litera-
ture studies were examined in detail, it was determined
that the response of the gene to exercise therapy in diabe-
tes was not sufficiently included. In a limited number of
studies, it was found that resistance and endurance exer-
cises positively affected the brain in rats with induced
diabetes [62]. In addition, it has been stated that studies
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involving exercise protocols of different intensities are
needed to determine the optimum exercise intensity
[63]. In our study, when the chronic results of the exer-
cise protocols applied in response to this deficiency
in rats were examined, it was concluded that there was
an increase in mRNA levels and that the increase was
more dominant in mild exercise, although it was signifi-
cantly different from the average values. This increase in
INSIG-1 expression may be driven by exercise-induced
activation of sterol regulatory element-binding proteins
(SREBPs) feedback pathways and upregulation of peroxi-
some proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), which enhance mitochondrial biogen-
esis and lipid homeostasis. Furthermore, the anti-inflam-
matory and antioxidative effects of exercise may stabilize
INSIG-1 mRNA, facilitating sustained expression in dia-
betic brain tissue. The more pronounced effect of mild
exercise could be due to optimal cellular stress levels that
favor adaptive gene regulation without inducing exces-
sive metabolic strain [49, 64, 65].

Although this study was conducted with an experi-
mental rat model, the regulatory effects of aerobic and
anaerobic exercise on metabolic and inflammatory gene
expressions in brain tissue provide meaningful clues for
clinical translation to humans. In the context of neuro-
logical complications associated with type 2 diabetes,
exercise-induced modulation of genes such as PEPCK,
FAS, INSIG1 and TNF-a may contribute to the mainte-
nance of metabolic homeostasis and reduction of neu-
roinflammation. These molecular adaptations may help
delay diabetes-related cognitive impairments or neu-
rodegenerative processes. Although clinical validation
is required, these findings suggest that exercise-based
interventions could be considered as a therapeutic strat-
egy to reduce the central nervous system effects that
accompany diabetes.

Limitations

The exercise interventions applied in this study were lim-
ited to a 6-week period only, and long-term effects were
not assessed. Subject groups were not examined for levels
of psychological stress potentially induced by the exer-
cise protocols. Furthermore, insulin tolerance testing and
glucose tolerance testing were not performed to further
evaluate the metabolic effects of exercise on the devel-
opment of T2DM. The study focused only on brain tis-
sue and did not evaluate the expression levels of PEPCK,
FAS, TNF-a and INSIG1 genes in other metabolically
important peripheral tissues. Furthermore, the findings
obtained at the mRNA level were not confirmed at the
protein level, thus post-translational regulatory processes
were ignored. In this context, further studies supported
by protein level analyses such as Western blotting will
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contribute to a more holistic understanding of the bio-
logical relevance of the gene expression data obtained.

Future research should adopt a more comprehensive
and multi-layered approach that includes not only tran-
scriptome but also proteome analyses. It is also impor-
tant to apply behavioral and cognitive tests to evaluate
the functional correlates of molecular findings. Evaluat-
ing the effects of exercise on peripheral organs other than
brain tissue, investigating gender differences, implement-
ing long-term exercise programs and studies on the com-
bination of exercise and pharmacological agents should
be among the priority research topics in the future in
order to expand the scope of therapeutic strategies in this
field.

Conclusion

With reference to the DS group, significant impair-
ments were observed in the mRNA levels of PEPCK,
FAS, TNF-a and INSIG1 genes in diabetic rats. Regu-
lar heavy and light exercise protocols resulted in sig-
nificant improvements in the expression levels of these
genes compared to the DS group, but gene expressions
did not reach the levels of the healthy C group. The fact
that different exercise intensities did not cause signifi-
cant changes in mRNA levels compared to the C group
suggests that the effects of exercise on target genes may
be more limited or complex, and more detailed studies
are needed in this regard. In particular, DLE and DHE
exercise protocols seem to lead to different results at the
molecular level, suggesting mechanistic differences in the
effects of exercise types on neurometabolic regulation.
DLE was particularly more effective in increasing INSIG1
and PEPCK expressions, and this effect is thought to be
associated with lower metabolic stress. On the other
hand, DHE was more prominent in suppressing TNF-a
expression, which may be related to anti-inflammatory
pathways induced by exercise-induced lactate accumu-
lation. These differences suggest that exercise intensity
should be carefully selected to achieve targeted molecular
effects in diabetes-related brain disorders. According to
the findings, significant decreases were observed in FAS
(F=4.818; p=0.002) and TNE-a (F = 2.672; p = 0.044) gene
expressions in the DHE group compared to the DS group.
Similarly, significant increases in PEPCK (F=3.022;
»=0.009) and INSIG1 (F=2.264; p=0.019) gene expres-
sion and significant decreases in FAS (F=4.818; p=0.037)
and TNF-a (F=2.672; p=0.014) gene expression were
detected in the DLE group. These results suggest that
exercise may lead to favorable changes in energy metabo-
lism-related gene expressions in the diabetic brain. How-
ever, it should be taken into account that these effects do
not provide a complete normalization, and more detailed
studies should be conducted at the mechanistic level con-
sidering the contradictory findings in the literature.
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This study provides a scientific basis for future research
on the prevention of diabetes-related neurological com-
plications by revealing the potential regulatory effects of
exercise on neurometabolic processes.
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