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Objective(s): This study aimed to determine the effect of 8-week high-intensity interval training 
(HIIT) on oxidative stress and apoptosis in the hippocampus of male rats with type 2 diabetes (T2D). 
The study focused on examining the role of proliferator-activated receptor gamma co-activator 1α 
(PGC1α)/Kelch-like ECH-associated protein Keap1/nuclear factor erythroid 2-related factor 2 (Nrf2) 
signaling pathway.
Materials and Methods: Twenty-eight 8-week-old Wistar rats were randomly assigned to one of four 
groups (n=7): control (Con), type 2 diabetes (T2D), exercise (Ex), and exercise + type 2 diabetes 
(Ex+T2D). The Ex and Ex+T2D groups completed an 8-week exercise program consisting of 80-100% 
Vmax and 4–10 intervals. The homeostasis model assessment of insulin resistance (HOMA-IR) index 
was used to assess insulin resistance. The levels of Bcl2, BAX, musculoaponeurotic fibrosarcoma 
(Maf), Nrf2, Keap1, and PGC1α in the hippocampus were assessed using the western blot method. 
Additionally, the levels of antioxidant enzymes in the hippocampus were measured using ELISA.
Results: The findings indicated that the T2D group had lower levels of antioxidant enzymes, Maf, 
Bcl2, PGC1α, and Nrf2, and higher levels of BAX and Keap1 in the hippocampus. Conversely, the 
HIIT group exhibited increased levels of antioxidant enzymes, Maf, Bcl2, Nrf2, and PGC1α, along 
with decreased levels of BAX and Keap1 in the hippocampus.
Conclusion: The study demonstrated that 8-week HIIT was effective in reducing hippocampal 
apoptosis and oxidative stress induced by T2D by activating the PGC1α-Keap1-Nrf2 signaling 
pathway. The metabolic changes induced by exercise may lead to an increase in PGC1 expression, 
which is the primary stimulator of the Keap1-Nrf2 signaling pathway.
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Introduction
Type 2 diabetes (T2D) is a chronic metabolic disorder 

characterized primarily by hyperglycemia and insulin 
resistance (IR) (1, 2). The prevalence of T2D has increased 
due to the modern socio-economic lifestyle, which has 
reduced activity and increased fast food consumption, 
reaching epidemic proportions worldwide (3). The global 
prevalence of T2D is expected to reach 592 million by 2035 
(4, 5). The associated health costs of diabetes were estimated 
to be $966 billion in 2021 and are projected to reach $1,054 
billion by 2045 (6).

Oxidative stress is a major causative factor and 
consequence of diabetes (7). Oxidative stress has been found 
in the hippocampus and peripheral organs of T2D patients 
(3, 8). A study (9) demonstrated that oxidative stress in 
the hippocampus can impair its normal function and lead 
to cognitive impairments. Reactive oxygen species (ROS)-
induced oxidative stress can damage the cell membrane and 
adversely affect biological molecules such as proteins, lipids, 
and nucleic acids in the brain, leading to apoptosis (4). 
Apoptosis is a programmed cell death that is modulated by 

the Bcl-2 family proteins, which are classified into those that 
enhance cell survival, such as Bcl-2, and those that promote 
cell death, such as Bax (10). The Bax/Bcl2 ratio is used as 
an apoptosis indicator (11). Researchers (12) reported that 
streptozotocin (STZ) injection increases oxidative stress 
and apoptosis in the hippocampus, resulting in a reduction 
in spatial memory. Moreover, another study reported a 
clear association between IR, oxidative stress, and memory 
impairments in T2D (13).

Peroxisome proliferator-activated receptor-gamma 
coactivator 1-alpha (PGC-1α) is a transcription factor that 
plays crucial roles in mitochondrial biogenesis, regulation 
of mitochondrial function, and detoxification of ROS (14, 
15). In a study (15) on obese rats with T2D, a decrease in 
PGC-1α protein expression and impaired mitochondrial 
function were observed. This suggests that a reduction 
in PGC-1α levels could lead to an increase in ROS and 
ultimately result in memory impairments (16, 17). PGC-
1α is responsible for controlling the expression of anti-
oxidant genes by activating the Keap1-Nrf2-ARE signaling 
pathway (18). Keap1 is an adaptor protein dimer that 
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consists of 624 amino acids and is responsible for cullin3-
based ubiquitin E3 ligase. Keap1 suppresses the activity of 
nuclear factor erythroid 2-related factor 2 (Nrf2). Under 
normal conditions, Keap1 facilitates the degradation and 
ubiquitination of Nrf2 using the ubiquitin-proteasome 
pathway, thereby inhibiting Nrf2 signaling by preventing 
its transportation to the nucleus (19). However, when 
cells experience oxidative stress, Keap1 cysteine residues 
are chemically modified. This modification prevents Nrf2 
protein degradation and ubiquitination, leading to Nrf2 
stabilization and its accumulation in the nucleus. Once 
in the nucleus, Nrf2 forms a heterodimer with small Maf 
proteins and binds to the anti-oxidant response element 
(ARE) sequence located in the promoter of anti-oxidant 
genes, thereby facilitating transcription (20). The Keap1-
Nrf2 mechanism regulates gene response to stress and is an 
essential element in the regulation of protective responses 
to ROS (20). Under normal conditions, there is a balance 
between free radicals and anti-oxidant enzyme levels, which 
is necessary for biological homeostasis (21, 22). However, 
when free radical species are excessively generated in 
the body, a distortion in the balance with the body’s anti-
oxidant capacity leads to oxidative stress. This can occur 
when the production of free radicals exceeds physiological 
levels, which overloads the cell anti-oxidant systems, 
causing oxidative stress (23). Free radicals have a toxic effect 
when the body’s anti-oxidant protective mechanisms are 
overwhelmed by excessive free radical generation, which 
leads to oxidative stress (24).

Oxidative stress is one of the important upstreams in 
the development of IR and complications of diabetes (25). 
Exercise has been proven to be one of the most effective non-
pharmacological methods of reducing oxidative stress and 
apoptosis. Endurance training has been shown to reduce 
oxidative stress by increasing mitochondrial biogenesis 
(26) and activating PGC-1α (27). Ran et al. (28) showed 
that hippocampal neuron PGC-1α expression increased 
after 2 weeks of endurance training. The effect of exercise 
on oxidative stress shows a dose-response pattern, and 
intensity is considered the most important factor affecting 
oxidative stress adaptation following exercise training. 
Consequently, high-intensity interval training (HIIT) is 
considered an excellent option for improving oxidative 
status (29). Therefore, it was hypothesized that HIIT could 
improve oxidative stress and apoptosis induced by T2D in 
the hippocampus. This study aimed to investigate the effect 
of 8 weeks of HIIT on the PGC-1α-Keap1-Nrf2 signaling 
pathway, oxidative stress, and apoptosis in the male rats 
hippocampus with T2D.

Materials and Methods
Animal care

A total of twenty-eight male Wistar rats, aged 8 weeks 
and weighing 200 g, were obtained from Kerman University 
of Medical Sciences (KUM) animal farm to be used in the 
study. The rats were housed in specialized polycarbonate 
cages and maintained in a controlled environment with 
a 12-hour light-dark cycle, ad libitum access to food and 
water, and a temperature of 23 ± 2 °C. The study protocol 
was approved by the KUM Ethics Committee (ethics 
code ir.kmu.aec.1401.003). Following habituation to the 
environment, the rats were randomly divided into four 
groups with ten rats in each group: control (Con), diabetes 
(T2D), exercise (Ex), and T2D+exercise (T2D+Ex). The 
Ex and T2D+Ex groups underwent an eight-week high-
intensity interval training (HIIT) program.

Diabetes induction
The T2D and T2D+Ex groups were subjected to a two-

month high-fat diet (HFD) as shown in Table 1. After 
the end of the two-month diet, the animals were fasted 
for 12 hr and then given a single intraperitoneal dose of 
streptozotocin at a concentration of 35 mg/kg. Three days 
after the administration of STZ, blood glucose levels were 
checked using a glucometer (Accu-Chek, USA). Diabetic 
rats (fasting blood glucose (FBG) > 300 mg/dl) were 
included in the study (3).

Exercise protocol
Prior to the start of the experiments, all animals were 

given a five-day familiarization period with the motorized 
treadmill, during which they ran on it for 10 min per day at a 
speed of 8 meters per minute and an incline of 0%. After this 
period, their Vmax was determined, and they participated in 
an 8-week high-intensity interval training (HIIT) program 
developed in our laboratory, which we referred to as the “k1 
protocol.” The details of this protocol have been explained in 
our previous publication, and it involved a 5 min warm-up 
and cool-down period at 40–50% of Vmax (3, 17).

Tissue sampling
After the completion of the final training session, the 

animals were anesthetized 48 hr later using a combination 
of ketamine (80 mg/kg) and xylazine (10 mg/kg). The study 
variables were assessed using the hippocampal tissue.

Western blot 
Western blotting was used to measure the amount of 

PGC1α (Anti-PGC1 alpha antibody ab54481), KEAP1 
(SANTA CRUZ BIOTECHNOLOGY, INC, sc-365626), Nrf2 
(SANTA CRUZ BIOTECHNOLOGY, INC, sc-365949), Maf 
(SANTA CRUZ BIOTECHNOLOGY, INC, sc-166806), BAX 
(SANTA CRUZ BIOTECHNOLOGY, INC, sc-7480), and 
BCL2 (SANTA CRUZ BIOTECHNOLOGY, INC, sc-492). 
For this purpose, the hippocampal total protein concentration 
was measured using the Lowry method, with bovine serum 
albumin as the standard. Forty micrograms of protein from 
each sample was added to a buffer sample, after matching 
the concentrations. The mixture was then subjected to 75 
min electrophoresis using 11% SDS-PAGE gel. The resulting 
gel, containing the separated proteins, was transferred to 
PVDF paper. This was followed by overnight incubation of 
the membrane at 4 °C in a 2% block solution. The membrane 
was then washed four times with TBST solution for 5 min 
each, and subsequently incubated for 3 hr with the primary 
antibody (1:200 concentration) of each protein, and then for 
1 hr with the secondary antibody (1:1000 concentration). 
Finally, immune detection was recorded using the Chemi 
Doc XRS+ imaging system (Bio-Rad Company, USA), and 
the results were analyzed using the ImageJ software package 
(30), with β-actin serving as the control.

ELISA
ELISA was employed to measure the concentrations 

of insulin and anti-oxidant enzymes (i.e. GPX, SOD, and 
CAT) in the hippocampus supernatant. The anti-oxidant 
enzymes (ZellBio GmbH, ZB-SOD-96A, ZB-CAT-96A, ZB-
GPX-96A) and insulin (Rat ELISA Kit, Eastbiopharm) were 
assayed using appropriate kits.

Calculation of insulin resistance index
IR was evaluated using the homeostasis model assessment 
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(HOMA), and specifically, the HOMA-IR score was calculated 
using the following formula: HOMA-IR = [(fasting glucose 
(mmol/l) × fasting insulin (μU/ml)) / 22.5] (31).

Statistical analysis
The data were expressed as mean±standard deviation (SD). 

Statistical analysis was conducted using SPSS version 21. The 
homogeneity and normality of variances were evaluated 
using the Leven and Shapiro-Wilk tests, respectively. Two-
way ANOVA was performed followed by Tukey post hoc test. 
A P-value<0.05 was considered statistically significant.

Results
Animal blood glucose and weight 

To confirm the effectiveness of our diabetes induction 
method, we evaluated FBG. The results revealed a significant 
increase in FBG levels after diabetes induction (2 months of 
high-fat diet and STZ injection) as compared to the baseline 
(month 0), in both the T2D and T2D+Ex groups (P=0.000). 
There was no significant difference in FBG levels between these 
two groups. Furthermore, the HIIT intervention resulted in a 
significant reduction in FBG (P=0.000), (Figure 1).

Following diabetes induction (2 months of high-fat 
diet and STZ injection), there was a significant increase in 
animal weight in the T2D and T2D+Ex groups (P=0.000). 
Subsequently, there was a decrease in weight observed in 
both these groups (P=0.000), with a greater decrease seen in 
the T2D group (P=0.02) (Figure 2).

Insulin resistance index
To determine whether exercise could improve insulin 

sensitivity, we assessed the insulin sensitivity index (i.e., 

HOMA-IR). Our findings indicate that HOMA-IR increased 
in the T2D group and decreased in the Ex group (P<0.05). 
Furthermore, a significant interaction was observed between 
T2D and Ex (P<0.05) (Figure 3).

Our study results revealed that T2D led to a significant 
decrease in PGC1α levels, while Ex resulted in a significant 
increase in PGC1α levels (P<0.05). Additionally, there was 
a significant interaction observed between T2D and Ex 
(P<0.05) (Figure 4).

The analysis of our findings revealed that T2D led to a 
significant increase in Keap1 levels in the hippocampus, 
while Ex resulted in a significant decrease in Keap1 levels 
(P<0.05). Furthermore, there was a significant interaction 
observed between T2D and Ex (P<0.05) (Figure 5).

Our study results indicate that T2D led to a significant 

Figure 1. Fasting blood glucose levels (mean±SD) at three time points (i.e., 
before the start of the intervention (month 0), after diabetes induction (2 
months of high-fat diet and STZ injection) (month 2), and 48 hr after the 
final training session (month 4)) in all groups (n= 7 in each group)
FBG: Fasting blood glucose, Con: control, T2D: Type 2 diabetic (STZ injected), Ex: 
exercise only, and T2D+Ex: Type 2 diabetic + exercise. * Shows a significant difference 
between T2D and T2D+Ex with other groups

 

  Figure 2. Weight (mean±SD) at four different time points (i.e., before the 
start of the intervention (month 0), after diabetes induction (2 months 
of high-fat diet and STZ injection) (month 2), and 48 hr after the final 
training session (month 4)) in all groups (n=7 in each group)
Con: control, T2D: Type 2 diabetic, Ex: exercise, and T2D+Ex: Type 2 diabetic+ 
exercise. * Shows a significant difference between T2D with other groups

 

  Figure 3.   Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) 
(n=7 in each group)
Con: Control; T2D: Type 2 diabetic, Ex: Exercise 
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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Figure 4. Peroxisome proliferator-activated receptor-gamma coactivator-
1alpha (PGC1α) levels (mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05

 

 

  Figure 5. Kelch-like ECH-associated protein 1 ( Keap1) levels (mean±SD) 
in the hippocampus (n=7 in each group)
Con: Control; T2D: Type 2 diabetic; Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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decrease in Nrf2 levels in the hippocampus, while Ex 
resulted in a significant increase in Nrf2 levels (P<0.05). 
Additionally, there was a significant interaction observed 
between T2D and Ex (P<0.05) (Figure 6).

The analysis of our findings revealed that T2D led to a 
significant decrease in Maf levels in the hippocampus, while 
Ex resulted in a significant increase in Maf levels (P<0.05). 
Furthermore, there was a significant interaction observed 
between T2D and Ex (P<0.05) (Figure 7).

Our study findings indicate that T2D led to a significant 
decrease in CAT levels in the hippocampus, while Ex 
resulted in a significant increase in CAT levels (P<0.05). 
Additionally, there was a significant interaction observed 
between T2D and Ex (P<0.05) (Figure 8).

Our study results indicate that T2D led to a significant 
decrease in SOD levels in the hippocampus, while Ex 
resulted in a significant increase in SOD levels (P<0.05). 
Additionally, there was a significant interaction observed 
between T2D and Ex (P<0.05) (Figure 9).

Our study findings reveal that T2D led to a significant 

decrease in GPX levels in the hippocampus, while Ex 
resulted in a significant increase in GPX levels (P<0.05). 
Furthermore, there was a significant interaction observed 
between T2D and Ex (P<0.05) (Figure 10).

The analysis of our findings indicates that T2D led to 
a significant decrease in BCL2 levels in the hippocampus, 
while Ex resulted in a significant increase in BCL2 levels 
(P<0.05). Additionally, there was a significant interaction 
observed between T2D and Ex (P<0.05) (Figure 11).

Our study results indicate that T2D led to a significant 
increase in BAX levels in the hippocampus, while Ex resulted 
in a significant decrease in BAX levels (P<0.05). Moreover, 
there was a significant interaction observed between T2D 
and Ex (P<0.05) (Figure 12).

The analysis of our findings indicates that T2D led to a 
significant increase in BAX/BCL2 levels in the hippocampus, 
while Ex resulted in a significant decrease in BAX/BCL2 levels 
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Figure 6. Nuclear factor erythroid 2–related factor 2 (Nrf2) levels 
(mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05

Figure 7. Maf levels (mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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Figure 8. Catalase (CAT) levels (mean±SD) in the hippocampus (n=7 in 
each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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Figure 9. Superoxide dismutase (SOD) levels (mean±SD) in the hippocampus 
(n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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Figure 10. Glutathione peroxidase (GPX) levels (mean±SD) in the 
hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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Figure 11. Bcl2 levels (mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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(P<0.05). Additionally, there was a significant interaction 
observed between T2D and Ex (P<0.05)(Figure 13).

Discussion
The present study aimed to investigate the effects of 

8 weeks of HIIT on the PGC1α-Keap1-Nrf2 signaling 
pathway, the Bax/Bcl2 ratio, and the levels of anti-oxidant 
enzymes (i.e., SOD, CAT, GPX) in the hippocampus of 
male rats with T2D. However, HIIT increased the levels of 
PGC1α, Nrf2, Maf, Bcl2, and anti-oxidant enzymes in the 
hippocampal region of T2D rats, but the levels of Keap1 and 
Bax decreased.

A previous study has shown that increased oxidative 
stress and mitochondrial dysfunction in the hippocampus 
are among the most significant causes of memory disorders 
in diabetic patients (32). PGC1α has been identified as 
a potential therapeutic target due to its crucial role in 
regulating mitochondrial biogenesis and resistance to 
oxidative stress. PGC1α also regulates the expression of 
anti-oxidants via the Keap1-Nrf2 pathway (33). The present 
study findings are consistent with previous research (34) 
that has reported a decrease in PGC1α levels in diabetic rats. 
IR, which is common in T2D, can increase ROS production 
and oxidative stress (35), resulting in decreased PGC1α 
expression (36). However, the present study also found that 
8 weeks of HIIT increased PGC1α levels in the hippocampal 
region, which is consistent with previous studies by Zoladz 
et al. (37) and Steiner et al. (38). Zoladz et al. reported that 
eight weeks of endurance training, five times per weeks, 
increased the oxidative capacity in rats. Furthermore, a study 
(39) demonstrated that 6 weeks of HIIT and endurance 
training resulted in metabolic adaptations and an increase 
in PGC-1α levels, which is consistent with the results of 
the present study. However, Ikeda et al. (40) and Little et al. 
(41) did not observe significant changes in muscular levels 
of PGC-1α after exercise training. This may be due to the 
insufficient training intensity (voluntary wheel running) 
in Ikeda et al.’s study and the short duration of the training 
protocol (two weeks) in Little’s study. Additionally, while we 
measured PGC-1α levels in the hippocampus, Ikeda et al. 
and Little et al. measured it in muscles. 

The exact mechanism by which exercise increases 
PGC-1α expression and promotes adaptation is not yet 
clear. However, several mechanisms have been suggested, 
including the calcineurin A, Ca²⁺/calmodulin-dependent 
protein kinase (CaMK), p38 mitogen-activated protein 

kinases (p38MAPK), and AMP-activated protein kinase 
(AMPK) pathways (42). Among these pathways, the 
calcineurin A and CaMK pathways appear to be more 
important because exercise-induced neuromuscular input 
and muscle contraction stimulate the expression of various 
transcription factors, such as the myocyte enhancer factor 
2 (MEF2) and cAMP response element-binding protein 
(CREB), which are induced by calcineurin and CaMK 
(43). This leads to an increase in PGC-1α expression (44). 
The increase in PGC-1α levels stimulates the Keap1/Nrf2 
signaling pathway, ultimately resulting in the expression of 
anti-oxidant enzymes. Keap1 protein negatively regulates 
Nrf2, and Nrf2 activation requires the oxidation of SH groups 
in Keap1 (45). HIIT decreases the Keap1 protein due to the 
increase in ROS, leading to the oxidation and modification 
of cysteine residues in Keap1. As a result, the degradation 
of the Nrf2 protein is prevented, and Nrf2 accumulates in 
the nucleus, inducing anti-oxidant gene expression (46-48). 
This finding is consistent with another study (49), which 
showed that 8 weeks of treadmill running at 60% maximum 
speed, 5 days a week, increased Nrf2 expression and anti-
oxidant levels in rats. 

The levels of anti-oxidant enzymes, such as SOD, CAT, 
and GPx, also increased in the present study, which is in 
line with other studies (49, 50). Additionally, researchers 
(51) reported that regular physical activity can improve 
anti-oxidant defense in individuals with type 2 diabetes. 
Long-term high levels of ROS in individuals with diabetes 
can damage cellular macromolecules such as proteins, 
membrane lipids, and DNA. Extensive damage to these 
biomolecules in the brain can cause neuronal dysfunction 
and initiate apoptosis (52). Therefore, the increase in 
PGC1-α protects neurons from apoptosis by increasing 
the expression of anti-oxidant genes, and it also helps in 
maintaining synapses in the hippocampus. The present 
study also showed a reduction in the BAX/Bcl2 ratio after 
8 weeks of HIIT and an increase in this ratio in T2D rats. 
An increase in the BAX/Bcl2 ratio indicates an increase in 
apoptosis, while a decrease in this ratio indicates a decrease in 
apoptosis. Hyperglycemia has been shown to cause high Bax 
protein expression by increasing free radicals (53). Previous 
studies (54-57) have reported a decrease in the BAX/Bcl2 
ratio after exercise training. Bertram et al. (57) further 
reported that regular exercise can activate and strengthen 
the anti-oxidant defense system to compensate for adverse 
outcomes, such as neurodegeneration, apoptosis, and 
synapse damage resulting from increased oxidative stress 
and metabolic changes caused by type 2 diabetes. As the 
hippocampus plays a critical role in learning and memory 
(58), oxidative damage and increased apoptosis in this 
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Figure 12. BAX levels (mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05

Figure 13. BAX/Bcl2 levels (mean±SD) in the hippocampus (n=7 in each group)
Con: Control, T2D: Type 2 diabetic, Ex: Exercise
T2D effect: P<0.05, Ex effect: P<0.05, Interaction: P<0.05
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brain region can impair cognitive function (59). Therefore, 
maintaining the normal redox state in hippocampal neurons 
is crucial in preventing memory disorders.

Conclusion
The present study indicates that a duration of eight weeks 

of high-intensity interval training (HIIT) can activate the 
Keap1-Nrf2 signaling pathway via an increase in PGC1α levels, 
resulting in increased anti-oxidant enzymes and resistance to 
oxidative stress, ultimately preventing apoptosis. Therefore, 
HIIT can potentially serve as a non-pharmacological 
approach to prevent and treat disorders associated with 
oxidative stress in diabetic brains. However, further clinical 
studies are necessary to validate these findings.

Acknowledgment
The authors would like to thank the student research 

committee, Kerman University of Medical Sciences, Iran, 
for financial support (Grant number: 401000078).

Authors’ Contributions
K K conceived the study, contributed to methodology, 

writing, reviewing, and editing, supervised, performed 
project administration, and helped acquire funds; Sh N 
provided software assistance, formal analysis, data curation, 
and visualization; N E helped validate, investigate, and write 
the original draft; Z S acquired resources. 

Supplementary Information
The datasets generated and/or analyzed during the 

current study are available in the Sara research lab repository, 
[https://www.sara-co.com/]. 

Data Availability
The original contributions presented in the study are 

included in the article/supplementary material, and further 
inquiries can be directed to the corresponding author.

Ethical Approval
This study was performed in line with the principles 

of the Declaration of Helsinki. Approval was granted by 
the Ethics Committee of Kerman University of Medical 
Sciences, Iran (IR.KMU.AEC.1401.003). 

Conflicts of Interest
The authors have no relevant financial or non-financial 

interests to disclose.

References
1. Zephy D, Ahmad J. Type 2 diabetes mellitus: role of melatonin 
and oxidative stress. Diabetes Metab Syndr 2015; 9:127-131.
2. Khoramipour K, Hekmatikar AA, Sotvan H. An overview of 
Fatmax and MFO in exercise. Razi J Med Sci 2020; 27:49-59.
3. Orumiyehei A, Khoramipour K, Rezaei MH, Madadizadeh 
E, Meymandi MS, Mohammadi F, et al. High-intensity interval 
training-induced hippocampal molecular changes associated with 
improvement in anxiety-like behavior but not cognitive function 
in rats with type 2 diabetes. Brain Sci 2022; 12:1-13.
4. Bi Y, Wang T, Xu M, Xu Y, Li M, Lu J, et al. Advanced research 
on risk factors of type 2 diabetes. Diabetes Metab Res Rev 2012; 
28:32-39.
5. Bommer C, Heesemann E, Sagalova V, Manne-Goehler J, Atun 
R, Bärnighausen T, et al. The global economic burden of diabetes 

in adults aged 20–79 years: a cost-of-illness study. Lancet Diabetes 
Endocrinol 2017; 5:423-430.
6. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, 
Duncan BB, et al. IDF diabetes atlas: Global, regional and country-
level diabetes prevalence estimates for 2021 and projections for 
2045. Diabetes Res Clin Pract 2022; 183:109119.
7. Rajabi A, Khajehlandi M, Siahkuhian M, Akbarnejad A, 
Khoramipour K, Suzuki K. Effect of 8 weeks aerobic training and 
saffron supplementation on inflammation and metabolism in 
middle-aged obese women with type 2 diabetes mellitus. Sports 
2022; 10:1-15.
8. Nishikawa T, Edelstein D, Du XL, Yamagishi S-i, Matsumura 
T, Kaneda Y, et al. Normalizing mitochondrial superoxide 
production blocks three pathways of hyperglycaemic damage. 
Nature 2000; 404:787-790.
9. Li J, O W, Li W, Jiang Z-G, Ghanbari HA. Oxidative stress and 
neurodegenerative disorders. Int J Mol Sci 2013; 14:24438-24475.
10. Bar‐Am O, Weinreb O, Amit T, Youdim MB. Regulation of 
Bcl‐2 family proteins, neurotrophic factors, and APP processing 
in the neurorescue activity of propargylamine. FASEB J 2005; 
19:1899-1901.
11. Adams JM, Cory S. Bcl-2-regulated apoptosis: mechanism and 
therapeutic potential. Curr Opin Immunol  2007; 19:488-496.
12. Mohammadzadeh E, Alipour F, Khallaghi B. Evaluation 
of spatial memory impairment after intracerebroventricular 
streptozocin injection in adult rats. Shefaye Khatam 2014; 2:40-45.
13. Sergi D, Naumovski N, Heilbronn LK, Abeywardena M, 
O’Callaghan N, Lionetti L, et al. Mitochondrial (dys) function and 
insulin resistance: from pathophysiological molecular mechanisms 
to the impact of diet. Front Physiol 2019; 10:532.
14. McMeekin LJ, Fox SN, Boas SM, Cowell RM. Dysregulation 
of PGC-1α-dependent transcriptional programs in neurological 
and developmental disorders: Therapeutic challenges and 
opportunities. Cells 2021; 10:1-20.
15. Holmström MH, Iglesias-Gutierrez E, Zierath JR, Garcia-
Roves PM. Tissue-specific control of mitochondrial respiration 
in obesity-related insulin resistance and diabetes. Am J Physiol 
Endocrinol Metab 2012; 302:E731-E739.
16. Kim S-B, Heo J-I, Kim H, Kim KS. Acetylation of PGC1α by 
histone deacetylase 1 downregulation is implicated in radiation-
induced senescence of brain endothelial cells. J Gerontol A Biol Sci 
Med Sci 2019; 74:787-793.
17. Khoramipour K, Bejeshk MA, Rajizadeh MA, Najafipour 
H, Dehghan P, Farahmand F. High-intensity interval training 
ameliorates molecular changes in the hippocampus of male rats 
with the diabetic brain: The role of adiponectin. Mol Neurobiol 
2023; 60:3486-3495.
18. Cherry AD, Suliman HB, Bartz RR, Piantadosi CA. Peroxisome 
proliferator-activated receptor γ co-activator 1-α as a critical co-
activator of the murine hepatic oxidative stress response and 
mitochondrial biogenesis in Staphylococcus aureus sepsis. J Biol 
Chem 2014; 289:41-52.
19. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, 
et al. Keap1 represses nuclear activation of anti-oxidant responsive 
elements by Nrf2 through binding to the amino-terminal Neh2 
domain. Genes Dev 1999; 13:76-86.
20. Ishii T, Itoh K, Takahashi S, Sato H, Yanagawa T, Katoh Y, et 
al. Transcription factor Nrf2 coordinately regulates a group of 
oxidative stress-inducible genes in macrophages. J Biol Chem 
2000; 275:16023-16029.
21. Yaribeygi H, Atkin SL, Butler AE, Sahebkar A. Sodium–glucose 
cotransporter inhibitors and oxidative stress: An update. J Cell 
Physiol 2019; 234:3231-3237.
22. Khajehlandi M, Bolboli L, Siahkuhian M, Rami M, Tabandeh 
M, Khoramipour K, et al. Endurance training regulates 
expression of some angiogenesis-related genes in cardiac tissue of 
experimentally induced diabetic rats. Biomolecules 2021; 11:1-9.



1319Iran J Basic Med Sci, 2023, Vol. 26, No. 11

HIIT affects PGC1α-Keap1-Nrf2 pathway Ebrahimnezhad et al.

23. Mahmoud AM, Hozayen WG, Ramadan SM. Berberine 
ameliorates methotrexate-induced liver injury by activating Nrf2/
HO-1 pathway and PPARγ, and suppressing oxidative stress and 
apoptosis in rats. Biomed Pharmacother 2017; 94:280-291.
24. Yaribeygi H, Atkin SL, Sahebkar A. Mitochondrial dysfunction 
in diabetes and the regulatory roles of antidiabetic agents on the 
mitochondrial function. J Cell Physiol 2019; 234:8402-8410.
25. Yaribeygi H, Mohammadi MT, Sahebkar A. Crocin potentiates 
anti-oxidant defense system and improves oxidative damage in liver 
tissue in diabetic rats. Biomed Pharmacother 2018; 98:333-337.
26. Bruce C, Kriketos A, Cooney G, Hawley J. Disassociation of 
muscle triglyceride content and insulin sensitivity after exercise 
training in patients with Type 2 diabetes. Diabetologia 2004; 
47:23-30.
27. Lee S-D, Shyu W-C, Cheng I-S, Kuo C-H, Chan Y-S, Lin Y-M, 
et al. Effects of exercise training on cardiac apoptosis in obese rats. 
Nutr Metab Cardiovasc Dis 2013; 23:566-573.
28. Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, 
Wu J, Ma D, et al. Exercise induces hippocampal BDNF through a 
PGC-1α/FNDC5 pathway. Cell Meta 2013; 18:649-659.
29. Maillard F, Pereira B, Boisseau N. Effect of high-intensity 
interval training on total, abdominal and visceral fat mass: A meta-
analysis. Sports Med 2018; 48:269-288.
30. Frankenberg ADv, Reis AF, Gerchman F. Relationships between 
adiponectin levels, the metabolic syndrome, and type 2 diabetes: A 
literature review. Arch Endocrinol Metab 2017; 61:614-622.
31. Sims-Robinson C, Kim B, Rosko A, Feldman EL. How does 
diabetes accelerate Alzheimer disease pathology? Nat Rev Neurol 
2010; 6:551-559.
32. Youn J-Y, Siu KL, Lob HE, Itani H, Harrison DG, Cai H. Role 
of vascular oxidative stress in obesity and metabolic syndrome. 
Diabetes 2014; 63:2344-2355.
33. Rius-Pérez S, Torres-Cuevas I, Millán I, Ortega ÁL, Pérez S. 
PGC-1α, inflammation, and oxidative stress: An integrative view 
in metabolism. Oxid Med Cell Longev 2020; 2020:1-20.
34. Ortiz-Avila O, Esquivel-Martínez M, Olmos-Orizaba BE, 
Saavedra-Molina A, Rodriguez-Orozco AR, Cortés-Rojo C. 
Avocado oil improves mitochondrial function and decreases 
oxidative stress in brain of diabetic rats. J Diabetes Res 2015; 
2015:1-9.
35. Marín-Royo G, Rodríguez C, Le Pape A, Jurado-López R, 
Luaces M, Antequera A, et al. The role of mitochondrial oxidative 
stress in the metabolic alterations in diet-induced obesity in rats.  
FASEB J 2019; 33:12060-12072.
36. Dreger H, Westphal K, Wilck N, Baumann G, Stangl V, Stangl K, 
et al. Protection of vascular cells from oxidative stress by proteasome 
inhibition depends on Nrf2. Cardiovasc Res 2010; 85:395-403.
37. Zoladz JA, Koziel A, Broniarek I, Woyda-Ploszczyca AM, 
Ogrodna K, Majerczak J, et al. Effect of temperature on fatty acid 
metabolism in skeletal muscle mitochondria of untrained and 
endurance-trained rats. PLoS One 2017; 12:e0189456.
38. Steiner JL, Murphy EA, McClellan JL, Carmichael MD, Davis 
JM. Exercise training increases mitochondrial biogenesis in the 
brain. J Appl Physiol 2011; 111:1066-1071.
39. Burgomaster KA, Howarth KR, Phillips SM, Rakobowchuk M, 
MacDonald MJ, McGee SL, et al. Similar metabolic adaptations 
during exercise after low volume sprint interval and traditional 
endurance training in humans. J Physiol 2008; 586:151-160.
40. Ikeda S, Kawamoto H, Kasaoka K, Hitomi Y, Kizaki T, Sankai 
Y, et al. Muscle type‐specific response of PGC‐1α and oxidative 

enzymes during voluntary wheel running in mouse skeletal 
muscle. Acta Physiol 2006; 188:217-223.
41. Little JP, Safdar A, Wilkin GP, Tarnopolsky MA, Gibala MJ. 
A practical model of low‐volume high‐intensity interval training 
induces mitochondrial biogenesis in human skeletal muscle: 
Potential mechanisms. J Physiol 2010; 588:1011-1022.
42. Jung S, Kim K. Exercise-induced PGC-1α transcriptional 
factors in skeletal muscle. Integr Med Res 2014; 3:155-160.
43. Czubryt MP, McAnally J, Fishman GI, Olson EN. Regulation of 
peroxisome proliferator-activated receptor γ coactivator 1α (PGC-
1α) and mitochondrial function by MEF2 and HDAC5. Proc Natl 
Acad Sci U S A 2003; 100:1711-1716.
44. Wang L, Xu X, Jiang C, Ma G, Huang Y, Zhang H, et al. 
mTORC 1‐PGC 1 axis regulates mitochondrial remodeling during 
reprogramming. FEBS J 2020; 287:108-121.
45. Kansanen E, Kuosmanen SM, Leinonen H, Levonen A-L. The 
Keap1-Nrf2 pathway: Mechanisms of activation and dysregulation 
in cancer. Redox Biol 2013; 1:45-49.
46. Di Meo S, Napolitano G, Venditti P. Mediators of physical 
activity protection against ROS-linked skeletal muscle damage. Int 
J Mol Sci 2019; 20:1-38.
47. Done AJ, Traustadóttir T. Nrf2 mediates redox adaptations to 
exercise. Redox Biol 2016; 10:191-199.
48. Kobayashi M, Li L, Iwamoto N, Nakajima-Takagi Y, Kaneko H, 
Nakayama Y, et al. The anti-oxidant defense system Keap1-Nrf2 
comprises a multiple sensing mechanism for responding to a wide 
range of chemical compounds. Mol Cell Biol 2009; 29:493-502.
49. Wafi AM, Yu L, Gao L, Zucker IH. Exercise training upregulates 
Nrf2 protein in the rostral ventrolateral medulla of mice with heart 
failure. J Appl Physiol 2019; 127:1349-1359.
50. Stone V, Kudo KY, Marcelino TB, August PM, Matté C. 
Swimming exercise enhances the hippocampal anti-oxidant status 
of female Wistar rats. Redox Rep 2015; 20:133-138.
51. Golbidi S, Badran M, Laher I. Anti-oxidant and anti-
inflammatory effects of exercise in diabetic patients. Exp Diabetes 
Res 2011; 2012:1-16.
52. Emerit J, Edeas M, Bricaire F. Neurodegenerative diseases and 
oxidative stress. Biomed Pharmacother 2004; 58:39-46.
53. Reed JC. Bcl-2 and the regulation of programmed cell death. J 
Cell Biol 1994; 124:1-6.
54. Um H-S, Kang E-B, Koo J-H, Kim H-T, Kim E-J, Yang C-H, 
et al. Treadmill exercise represses neuronal cell death in an aged 
transgenic mouse model of Alzheimer’s disease. Neurosci Res 
2011; 69:161-173.
55. Shin M, Kim B, Lee S, Heo Y, Kim C, Lee S. Effect of treadmill 
exercise according to gender on spatial memory in old-aged rats. 
Korean J Stress Res 2012; 20:51-60.
56. Yonguc GN, Dodurga Y, Adiguzel E, Gundogdu G, Kucukatay 
V, Ozbal S, et al. Grape seed extract has superior beneficial 
effects than vitamin E on oxidative stress and apoptosis in the 
hippocampus of streptozotocin induced diabetic rats. Gene 2015; 
555:119-126.
57. Bertram S, Brixius K, Brinkmann C. Exercise for the diabetic 
brain: How physical training may help prevent dementia and 
Alzheimer’s disease in T2DM patients. Endocrine 2016; 53:350-363.
58. Meissner WW. Hippocampus and learning. Int J Neuropsychiatry 
1967; 3:298-310.
59. Serrano F, Klann E. Reactive oxygen species and synaptic plasticity 
in the aging hippocampus. Ageing Res Rev 2004; 3:431-443.


