
Background
Chronic metabolic health conditions affect a large 
portion of the global population and have detrimental 
effects on healthcare, economic growth, and personal 
wellbeing. The increase in incidence may be due to 
improved disease detection, population expansion, or 
an aging population. Redox imbalance and low-grade 
chronic inflammation are highly correlated with health 
conditions, such as metabolic syndrome, cardiovascular 
disease, type 2 diabetes, neurodegenerative diseases (1-
4), and liver disease.

Redox imbalance and inflammation share a cyclical 
relationship. Therefore, understanding a mechanism 
whereby there is a reduction in either one or both factors 
would be important for reduction of disease prevalence. 
As such, effective evaluation of this relationship would be 
beneficial to all those afflicted with reactive oxygen species 
(ROS) associated chronic condition. Oxidative stress is 

an imbalance between free radicals and antioxidants in 
your body. Excessive production of ROS or a deformity in 
the internal antioxidant protection machine, containing 
enzymatic and non-enzymatic antioxidants, is generally 
specific as oxidative pressure.

Exercise is a key instrument in the management of 
chronic conditions associated with inflammation and 
oxidative stress (5). Although the prescription of aerobic 
exercise is typically used to improve cardiorespiratory 
fitness (6), there are many other benefits to exercise 
such as improving lipid profile, regulating blood glucose, 
reducing blood pressure, and improving antioxidant 
capacity. Several reports have shown that resistance 
exercise has profound effects on the body’s antioxidant 
defense system (7, 8). In particular, the antioxidant enzyme 
superoxide dismutase has been reported to increase 
significantly in resistance trained individuals compared 
to their sedentary counterparts. This suggests that 
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Abstract
Background: Nuclear factor-erythroid-2-related factor 2 (Nrf2) is an inducible transcription factor that 
improves redox balance through stimulating antioxidant gene expression.
Objectives: Studies have shown that Nrf2 can be modulated by physical exercise. However, the impact of 
resistance training and coenzyme Q10 supplementation has never been investigated. The aim of this study 
was to evaluate the effects of two months of resistance exercise and coenzyme Q10 supplementation on 
the expression of Nrf2 and NAD(P)quinone acceptor oxidoreductase 1 (NQO1) in young male rats.
Methods: In this semi-experimental study, a total of 36 male and young Sprague Dawley rats (age: 8 weeks) 
were randomly assigned into six groups as follows: resistance training (RT), training and supplementation 
of 200 mg/kg of rat weight (RT + Q200), training and supplementation and 300 mg/kg (RT + Q300), 
supplementary group with the value of 200 mg/kg (Q200), supplementary group with the value of 300 mg/
kg (Q300), and control. The resistance training protocol consisted of three set of five repetitions of trained 
rats climbing a vertical ladder with an extra load attached to the tail, representing 30–100% of total body 
mass three times per week for eight weeks. The proteins levels of Nrf2 and NQO1 were measured by 
Western blotting technique. One-way analysis of variance (ANOVA), and in case of statistically significant 
difference, Tukey’s post-hoc test were used to determine the difference between groups. 
Results: The results showed that the expression of Nrf2 and NQO1 levels changed in the groups after the 
end of the period. While the expression of Nrf2 and NQO1 significantly increased in the RT and RT + 
Q200 groups (P < 0.001).  
Conclusion: The results of present study showed that resistance training provides a beneficial adaptation 
to Nrf2 and NQO1 activity, which can be further enhanced by Q10 supplementation with antioxidant 
effects. 
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exercise may be an effective method to promote a cellular 
protective effect through the production of endogenous 
antioxidants. Exercise training elicits a transient increase 
in ROS production through upregulation of energy 
production, the primary source of ROS. During exercise, 
oxygen delivery to acting skeletal muscle can increase 
10- to 20-fold, leading to the creation of more ROS and 
free radicals that can attach to natural macromolecules, 
particularly DNA active proteins (9). Recent research 
has shown that ROS created within sport initiates two 
significant redox-delicate flagging passage, containing 
nuclear factor B (NF-κB) and mitogen activated protein 
kinase (MAPK) (10). 

One of the factors that promotes the expression of 
antioxidant genes and the regulation of oxidative stress 
is the nuclear factor-erythroid-2-related factor (Nrf2), 
which is a transcription factor belonging to the leucine 
zipper protein group encoded by the NFE2L2 gene. 
Nrf2 is present in all tissues but is found mostly in the 
brain, kidneys, muscles, lungs, heart, and liver. Evidence 
suggests that Nrf2 is the primary transcriptional 
regulator of most antioxidants, including nicotinamide 
adenine dinucleotide phosphate oxidase, quinone 
dehydrogenase, NAD(P)H dehydrogenase quinone 1 
(NQO1) and superoxide dismutase (11). Recently, the 
molecular mechanism, regulation of Nrf2 function, as 
well as its signaling pathways and relationship with other 
antioxidants have been studied. Nrf2 is closely related 
to the enzyme NQO1, which is a type of Flavonoids 
chemical with a significant part in protecting cells from 
the redox oxidation process induced by quinines. NQO1 
is a cytosolic enzyme regulated by the keep1-Nrf2-ARE 
pathway, a gene that is a two-electron reductase that 
converts active quinone to hydroquinone. The main action 
of this enzyme, which is in phase two of the antioxidant 
pathway, is to reduce ROS formation and quinone toxicity 
(12). Evidence suggests that the presence or absence of 
this enzyme is associated with increased and decreased 
sensitivity to oxidative stress.

Today, antioxidant supplements are used as a factor 
in counteracting oxidative stress in exercise and many 
diseases (13-15). Coenzyme Q-10 (CoQ10) is the 
predominant form of ubiquinone in the human body, 
which is produced as an enzymatic exogenous cofactor in 
all living human cells and as a catalyst in proton transport. 
Electrons play a role in mitochondria and lysosomes and 
protect mitochondria against free radical damage (16, 17). 
Coenzyme Q-10 is mainly transported by lipoproteins in 
the blood and can play an antioxidant role (18). Some 
previous studies have shown that regular exercise reduces 
the expression of oxidative stress, increases antioxidants, 
and in general, reduces inflammation. The use of 
antioxidants to reduce oxidative stress caused by exercise 
and its associated result is one of the most questionable 
issues as to the use of dietary cell reinforcements 
antioxidants, particularly in supplement shape (19, 20).

The ambiguity of research results might bring up 
the issue of whether cell antioxidant supplementation 
within activity or orderly physical education alone has 
positive or negative impacts. Given that no research has 
been conducted on the effect of resistance training with 
coenzyme Q10 supplementation on Nrf2 and NQO1, the 
present research aimed to answer the question whether 
two months of weight training using coenzyme Q10 
supplementation can have an effect on the antioxidant 
levels of Nrf2 and NQO1 in male Sprague Dawley rats.

Objectives 
The current investigation tries to answer the question 
whether two months of weight training using coenzyme 
Q10 supplementation can have an effect on the antioxidant 
levels of Nrf2 and NQO1 in male Sprague Dawley rats.

Materials and Methods
The animals were kept according to the directive of the 
Animal Creature Care Advisory Group of Shiraz College 
of Clinical Sciences, Iran. This semi-experimental study 
was conducted in six groups. In order to conduct the 
research, 36 male rats (weight range: 180 to 200 g) were 
randomly assigned into six groups as follows: resistance 
training (RT), training and supplementation of 200 mg/kg 
of rat weight (RT + Q200), training and supplementation 
and 300 mg/kg (RT + Q300), supplementary group with 
the value of 200 mg/kg (Q200), supplementary group 
with the value of 300 mg/kg (Q300), and control.

Protocol Training
After one week of familiarity with resistance training, 
including eight weeks and three weeks of ascending, a 
100-cm upright stepping stool with 26 stages and four 
centimeters of room among each progression with a slant 
of 85 degrees was performed. During the weight training 
with the appropriate weight, each training intensity was 
tied to the tails according to the weight of the rats. Each 
session consisted of three repetitions with five repetitions, 
with one minute of rest in between each repetition and 
two minutes of rest in between each repetition. In the first 
week, the weights attached to the tails of the rats was 30% 
of their body mass, which gradually increased by 10% 
per week and reached 100% of their body weight (21). 
To prepare coenzyme Q10 supplement, we first weighed 
400 mg of coenzyme Q10 supplement powder from 
Bulk Supplement USA with an accuracy of 0.001, then 
we added 10 cc of olive oil to dissolve the supplement. 
Supplementation was provided on a weekly basis to 
prevent supplemental degradation, which may occur over 
time due to factors such as heat and exposure to direct 
sunlight. The daily intake of Q10 supplement was 200 
and 300 mg/kg of body weight, which was calculated 
at the beginning of each week and was administered by 
gavage for eight weeks simultaneously with the training 
protocol into two groups: supplement-training and 
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supplementation (22).

Western Blot Method
The rats were sacrificed 48 hours after the last training 
session. The rats were first anesthetized with the expressed 
combination of xylazine and ketamine. The gastrocnemius 
muscles were separated with pliers and scissors, washed 
in a petri dish containing normal saline, dehydrated with 
a gas, placed in a cryotype. It was immediately transferred 
to a liquid nitrogen tank and kept temperature at -80 °C. 
Antibodies were used to measure the surfaces of Nrf2 
and NQO1 proteins from antibodies of Santa Cruz 
Biotechnology (USA) and Elabscience, USA, respectively.

Statistical Analysis
In the present study, after data collection, analysis was 
performed using descriptive and inferential statistical 
methods. Kolmogorov-Smirnov test was used to 
determine the normality of data distribution and Levene 
test was used to examine the homogeneity of variance. 
Also, one-way analysis of variance (ANOVA) was used to 
investigate the significant changes in each of the research 
variables between different groups. If a statistically 
significant difference was observed, Tukey’s post-hoc 
test was used. P < 0.00 was considered as a significant 
difference. All statistical tests were performed utilizing 
the SPSS software version 22.

Results
The results showed that the expression of Nrf2 and 
NQO1 levels in the groups changed after the end of the 
period. The expression of Nrf2 and NQO1 significantly 
increased in the RT and RT + Q200 groups (P < 0.001), 
while in resistance training group + Supplement (a dose 
of 300 mg/kg) (P < 0.07) and two groups of supplements 
(at doses of 200 and 300 mg/kg) (P < 0.09) did not change 
significantly. (Figure 1). 

Discussion
This study evaluated the impact of Q10 supplementation 
and resistance training on gastrocnemius muscle Nrf2 

and NQO1 levels in rats after exercise. The results showed 
that the expression of Nrf2 and NQO1 levels in the groups 
changed after the end of the period. The expression of 
Nrf2 and NQO1 significantly increased in the RT and RT 
+ Q200 groups (P < 0.001), while it increased in the Q200 
and RT + Q300 groups (P = 0.9) + Q300 (P = 0.7). 

As far as the researchers investigated, there are no 
studies examining the effect of resistance training and Q10 
supplementation on muscle Nrf2 and NQO1. Previous 
research on the animal model has shown that regular 
exercise regulates Nrf2 protein levels and the amount 
of phase II antioxidant enzyme or enzyme activity (23). 
However, a cross-sectional study comparing the Nrf2 and 
Keap1 protein content of a quadriceps muscle sample of 
active and inactive elderly showed that physically active 
elderly had a higher Nrf2 and NQO1 proteins content 
than inactive elderly. Thus, regular exercise may reduce 
age-related changes in Nrf2 signaling (24). Inconsistent 
with our results, the jumping protocol with weight vests 
was tested as a type of resistance training in rats, and no 
change in Nrf2 expression was observed in young rats 
(25). Further research is needed to determine whether 
resistance training can induce Nrf2 signaling. 

In 2015, Tsu et al examined the activity of NrF2 in 
the gastrocnemius muscles in response to four weeks of 
resistance training, which showed that the expression 
of NrF2 increased significantly with exercise (26). Q10 
can decrease oxidative pressure and be regarded as a 
neutralizer of free radicals (27). It should be noted that, in 
the interior mitochondrial cover, Q10 acts as an electron 
transporter by the enzyme assemble I and assemble II to 
assemble III. Nrf2 and NQO1 levels increased significantly 
in most gatherings compared to the control group, but the 
expression of Nrf2 and NQO1 significantly increased in 
the RT and RT + Q200 groups (P < 0.001). Nrf2 is a record 
divisor that attaches to the response element antioxidant 
(ARE), therefore is this inducing the expression of the 
antioxidant genes. 

Kelch-like ECH-associated protein 1 (Keap1) is 
delivered by the isolating in protein by specific systems. 
In the lack of Keap1, Nrf2 is transported toward the 

Figure 1. The Effects of RT, Q200, Q300, RT + Q200 and RT + Q300 on the Expression of Nrf2 and NQO1 in gastrocnemius muscle. Control; RT: Resistance 
training; Q200: Supplementary group with value 200 mg/kg; Q300: Supplementary group with value 300 mg/kg; RT + Q200: Training and supplementary group 
with value 200 mg/kg; RT + Q300: Training and supplementary group with value 300 mg/kg. Data are presented as the mean ± SD. ****P value < 0.001 was 
considered as significant.
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core, sticks to ARE, and expresses Nrf2 genes, including 
NQO1 and other genes such as glutamate, cysteine ligase, 
and glutathione (28). Exercise activity along with Q10 
supplementation showed that Nrf2, an antioxidant protein 
mainly produced by ROS, increased during exercise (29). 
According to our results, exercise stimulates Nrf2 and 
NQO1 transcription factors, reduces oxidative stress, 
and enhances antioxidant defense (30). However, the 
signaling pathways that lead to increased Nrf2 expression 
after exercise have not been fully elucidated.  

One study evaluated the effect of resistance training on 
dialysis patients to explore the impact of weight training 
on NRF2 and NF-KB. NRF2 and glutathione oxidase 
activity were presented in the training group compared to 
the control group. This study also showed that resistance 
training improved and strengthened the antioxidant 
defense in these patients (31). Although the set of Nrf2-
mediated antioxidant protection systems is not yet fully 
understood, it has been shown to be effective in responding 
to stimuli such as exercise. Researchers have shown 
that antioxidant supplements protect against alcohol-
induced myopathy through oxidative stress myopathy 
by regulating the Nrf2-1HO- pathways (32). However, 
the organic premise of the exact job of mitochondrial 
function in this disorder is not fully unclear. 

Q10 is a necessary factor in the electron transfer link 
and a powerful antioxidant may defend cells against 
oxidative pressure by inhibiting ROS. In our study, Q10 
supplementation elevated Nrf2 and NQO1 levels more 
significantly in the exercise and supplementation groups 
than in the control group. In a previous report in Q10 
hepatocytes, inhibiting hepatic fibrosis through ARE-
Nrf2 activation, the researchers speculated that Q10-
interceded Nrf2 activation can lead to stable self-acting 
oxidation of the quinone portion (33). Thus, our findings 
support the notion that weight training can increase Nrf2, 
which is more evident in Q10 resistance training and 
supplementation rats. Modulation of Nrf2 by exercise and 
Q10 supplementation points out the potential therapeutic 
role of Q10 in metabolic stress, when the requirement for 
energy is increased. 

One of the strengths of our research is that this is the 
first study to examine the impact of weight training with 
Q10 on Nrf2 and NQO1. However, as a limitation, we 
could not find similar studies to compare the results. 

Conclusion
The present study showed that resistance training 
provides a beneficial adaptation to Nrf2 and NQO activity 
in young male rats.

Acknowledgments
This research has been extracted from a doctoral dissertation at 
Shiraz University, Iran. The authors wish to thanks all the individuals 
who helped us in this study.

Authors’ Contribution
Laboratory studies and tests: MJS, RR; study and review: MJS and 
MS; analysis and interpretation of data: MJS and FD.

Conflict of Interests
The authors express that they have no conflict of interest.

Ethical Approval
The researchers received introduction letters from the Animal 
Care Committee at Shiraz University of Medical Sciences (code: 
IR.SUMS.REC.1399.639).

Funding/Support
The authors received no specific funding for this work.

References
1.	 Saeedi P, Salpea P, Karuranga S, Petersohn I, Malanda B, Gregg 

EW, et al. Mortality attributable to diabetes in 20-79 years old 
adults, 2019 estimates: results from the International Diabetes 
Federation Diabetes Atlas, 9th edition. Diabetes Res Clin Pract. 
2020;162:108086. doi: 10.1016/j.diabres.2020.108086.

2.	 Włodarski A, Strycharz J, Wróblewski A, Kasznicki J, Drzewoski 
J, Śliwińska A. The role of microRNAs in metabolic syndrome-
related oxidative stress. Int J Mol Sci. 2020;21(18):6902. doi: 
10.3390/ijms21186902.

3.	 García N, Zazueta C, Aguilera-Aguirre L. Oxidative stress 
and inflammation in cardiovascular disease. Oxid Med Cell 
Longev. 2017;2017:5853238. doi: 10.1155/2017/5853238.

4.	 Vargas-Mendoza N, Morales-González Á, Madrigal-Santillán 
EO, Madrigal-Bujaidar E, Álvarez-González I, García-Melo LF, 
et al. Antioxidant and adaptative response mediated by Nrf2 
during physical exercise. Antioxidants (Basel). 2019;8(6):196. 
doi: 10.3390/antiox8060196.

5.	 Handy DE, Loscalzo J. Redox regulation of mitochondrial 
function. Antioxid Redox Signal. 2012;16(11):1323-67. doi: 
10.1089/ars.2011.4123.

6.	 Bryan HK, Olayanju A, Goldring CE, Park BK. The Nrf2 
cell defence pathway: Keap1-dependent and -independent 
mechanisms of regulation. Biochem Pharmacol. 
2013;85(6):705-17. doi: 10.1016/j.bcp.2012.11.016.

7.	 Su X, Jiang X, Meng L, Dong X, Shen Y, Xin Y. Anticancer 
activity of sulforaphane: the epigenetic mechanisms 
and the Nrf2 signaling pathway. Oxid Med Cell Longev. 
2018;2018:5438179. doi: 10.1155/2018/5438179.

8.	 Golbidi S, Badran M, Laher I. Antioxidant and anti-inflammatory 
effects of exercise in diabetic patients. Exp Diabetes Res. 
2012;2012:941868. doi: 10.1155/2012/941868.

9.	 Tebay LE, Robertson H, Durant ST, Vitale SR, Penning TM, 
Dinkova-Kostova AT, et al. Mechanisms of activation of the 
transcription factor Nrf2 by redox stressors, nutrient cues, and 
energy status and the pathways through which it attenuates 
degenerative disease. Free Radic Biol Med. 2015;88(Pt 
B):108-46. doi: 10.1016/j.freeradbiomed.2015.06.021.

10.	 Dinkova-Kostova AT, Liby KT, Stephenson KK, Holtzclaw WD, 
Gao X, Suh N, et al. Extremely potent triterpenoid inducers 
of the phase 2 response: correlations of protection against 
oxidant and inflammatory stress. Proc Natl Acad Sci U S A. 
2005;102(12):4584-9. doi: 10.1073/pnas.0500815102.

11.	 Dinkova-Kostova AT, Talalay P. NAD(P)H:quinone acceptor 
oxidoreductase 1 (NQO1), a multifunctional antioxidant 
enzyme and exceptionally versatile cytoprotector. Arch 
Biochem Biophys. 2010;501(1):116-23. doi: 10.1016/j.
abb.2010.03.019.

12.	 Vargas-Mendoza N, Ángeles-Valencia M, Madrigal-Santillán 
EO, Morales-Martínez M, Tirado-Lule JM, Solano-Urrusquieta 
A, et al. Effect of silymarin supplementation on physical 

 [
 D

ow
nl

oa
de

d 
fr

om
 h

m
j.h

um
s.

ac
.ir

 o
n 

20
24

-0
4-

27
 ]

 

                               4 / 5

https://hmj.hums.ac.ir
https://doi.org/10.1016/j.diabres.2020.108086
https://doi.org/10.3390/ijms21186902
https://doi.org/10.1155/2017/5853238
https://doi.org/10.3390/antiox8060196
https://doi.org/10.1089/ars.2011.4123
https://doi.org/10.1016/j.bcp.2012.11.016
https://doi.org/10.1155/2018/5438179
https://doi.org/10.1155/2012/941868
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1073/pnas.0500815102
https://doi.org/10.1016/j.abb.2010.03.019
https://doi.org/10.1016/j.abb.2010.03.019
https://hmj.hums.ac.ir/article-1-1031-en.html


Hormozgan Med J . Vol 26, No 1, 2022 11hmj.hums.ac.irhttp

Shafahi et al

hmj.hums.ac.irhttp

performance, muscle and myocardium histological changes, 
bodyweight, and food consumption in rats subjected to 
regular exercise training. Int J Mol Sci. 2020;21(20):7724. doi: 
10.3390/ijms21207724.

13.	 Sun Z, Zhang S, Chan JY, Zhang DD. Keap1 controls 
postinduction repression of the Nrf2-mediated antioxidant 
response by escorting nuclear export of Nrf2. Mol Cell Biol. 
2007;27(18):6334-49. doi: 10.1128/mcb.00630-07.

14.	 Ebadi M, Sharma SK, Wanpen S, Amornpan A. Coenzyme 
Q10 inhibits mitochondrial complex-1 down-regulation 
and nuclear factor-kappa B activation. J Cell Mol Med. 
2004;8(2):213-22. doi: 10.1111/j.1582-4934.2004.
tb00276.x.

15.	 Garrido-Maraver J, Cordero MD, Oropesa-Ávila M, Fernández 
Vega A, de la Mata M, Delgado Pavón A, et al. Coenzyme 
Q10 therapy. Mol Syndromol. 2014;5(3-4):187-97. doi: 
10.1159/000360101.

16.	 Kon M, Kimura F, Akimoto T, Tanabe K, Murase Y, Ikemune 
S, et al. Effect of Coenzyme Q10 supplementation on 
exercise-induced muscular injury of rats. Exerc Immunol Rev. 
2007;13:76-88.

17.	 Sarter B. Coenzyme Q10 and cardiovascular disease: a review. 
J Cardiovasc Nurs. 2002;16(4):9-20. doi: 10.1097/00005082-
200207000-00003.

18.	 Toledo-Arruda AC, Sousa Neto IV, Vieira RP, Guarnier FA, 
Caleman-Neto A, Suehiro CL, et al. Aerobic exercise training 
attenuates detrimental effects of cigarette smoke exposure on 
peripheral muscle through stimulation of the Nrf2 pathway 
and cytokines: a time-course study in mice. Appl Physiol Nutr 
Metab. 2020;45(9):978-86. doi: 10.1139/apnm-2019-0543.

19.	 Ryu JS, Kang HY, Lee JK. Effect of treadmill exercise and 
trans-cinnamaldehyde against D-galactose- and aluminum 
chloride-induced cognitive dysfunction in mice. Brain Sci. 
2020;10(11):793. doi: 10.3390/brainsci10110793.

20.	 Samuel B, Adedamola A, Oladayo A, Temitope I. Role of 
exercise and physical activity in prevention and management 
of chronic diseases. GSC Biol Pharm Sci. 2020;12(3):90-7. 
doi: 10.30574/gscbps.2020.12.3.0277.

21.	 Ahmadi F, Ghanbar Zadeh M, Habibi AH, Karimi F. Effect 
of resistance training with Spirulina platensis on PI3K/Akt/
mTOR/p70S6k signaling pathway in cardiac muscle. Sci 
Sports. 2020;35(2):91-8. doi: 10.1016/j.scispo.2019.06.003.

22.	 Pala R, Orhan C, Tuzcu M, Sahin N, Ali S, Cinar V, et al. 
Coenzyme Q10 supplementation modulates NFκB and 
Nrf2 pathways in exercise training. J Sports Sci Med. 
2016;15(1):196-203.

23.	 Zhang YP, Song CY, Yuan Y, Eber A, Rodriguez Y, Levitt RC, et 
al. Diabetic neuropathic pain development in type 2 diabetic 
mouse model and the prophylactic and therapeutic effects 
of coenzyme Q10. Neurobiol Dis. 2013;58:169-78. doi: 

10.1016/j.nbd.2013.05.003.
24.	 Nakhzari Khodakheir J, Haghighi AH, Hamedinia MR, 

Ahmadi A. The effects of combined exercise training with 
aerobic dominant and coenzyme Q10 supplementation on 
muscular function in patient with multiple sclerosis. Horizon 
Med Sci. 2018;24(4):286-93.

25.	 Alexandre-Santos B, Alves R, Matsuura C, Sepúlveda-Fragoso 
V, Velasco LL, Machado MV, et al. Modulation of cardiac 
renin-angiotensin system, redox status and inflammatory 
profile by different volumes of aerobic exercise training 
in obese rats. Free Radic Biol Med. 2020;156:125-36. doi: 
10.1016/j.freeradbiomed.2020.05.019.

26.	 Mei T, Liu Y, Wang J, Zhang Y. miR-340-5p: A potential direct 
regulator of Nrf2 expression in the post-exercise skeletal 
muscle of mice. Molecular medicine reports. 2019 Feb 
1;19(2):13408. doi:10.3892/mmr.2018.9762.

27.	 Wang L, Yang S, Yan L, Wei H, Wang J, Yu S, et al. 
Hypoxia preconditioning promotes endurance exercise 
capacity of mice by activating skeletal muscle Nrf2. J 
Appl Physiol (1985). 2019;127(5):1267-77. doi: 10.1152/
japplphysiol.00347.2019.

28.	 Shanmugam G, Challa AK, Devarajan A, Athmanathan B, 
Litovsky SH, Krishnamurthy P, et al. Exercise mediated Nrf2 
signaling protects the myocardium from isoproterenol-
induced pathological remodeling. Front Cardiovasc Med. 
2019;6:68. doi: 10.3389/fcvm.2019.00068.

29.	 Monir DM, Mahmoud ME, Ahmed OG, Rehan IF, Abdelrahman 
A. Forced exercise activates the NrF2 pathway in the striatum 
and ameliorates motor and behavioral manifestations of 
Parkinson’s disease in rotenone-treated rats. Behav Brain 
Funct. 2020;16(1):9. doi: 10.1186/s12993-020-00171-9.

30.	 Huang DD, Yan XL, Fan SD, Chen XY, Yan JY, Dong QT, et al. 
Nrf2 deficiency promotes the increasing trend of autophagy 
during aging in skeletal muscle: a potential mechanism 
for the development of sarcopenia. Aging (Albany NY). 
2020;12(7):5977-91. doi: 10.18632/aging.102990.

31.	 Rybalka E, Goodman CA, Campelj DG, Hayes A, 
Timpani CA. Adenylosuccinic acid: a novel inducer of the 
cytoprotectant Nrf2 with efficacy in Duchenne muscular 
dystrophy. Curr Med Res Opin. 2021;37(3):465-7. doi: 
10.1080/03007995.2020.1865699.

32.	 Neilson LE, Quinn JF, Gray NE. Peripheral Blood NRF2 
Expression as a Biomarker in Human Health and Disease. 
Antioxidants (Basel). 2020;10(1):28. doi: 10.3390/
antiox10010028.

33.	 Alves R, Suehiro CL, Oliveira FG, Frantz EDC, Medeiros RF, 
Vieira RP, et al. Aerobic exercise modulates cardiac NAD(P)
H oxidase and the NRF2/KEAP1 pathway in a mouse model 
of chronic fructose consumption. J Appl Physiol (1985). 
2020;128(1):59-69. doi: 10.1152/japplphysiol.00201.2019.

 [
 D

ow
nl

oa
de

d 
fr

om
 h

m
j.h

um
s.

ac
.ir

 o
n 

20
24

-0
4-

27
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               5 / 5

https://hmj.hums.ac.ir
https://hmj.hums.ac.ir
https://doi.org/10.3390/ijms21207724
https://doi.org/10.1128/mcb.00630-07
https://doi.org/10.1111/j.1582-4934.2004.tb00276.x
https://doi.org/10.1111/j.1582-4934.2004.tb00276.x
https://doi.org/10.1159/000360101
https://doi.org/10.1097/00005082-200207000-00003
https://doi.org/10.1097/00005082-200207000-00003
https://doi.org/10.1139/apnm-2019-0543
https://doi.org/10.3390/brainsci10110793
https://doi.org/10.30574/gscbps.2020.12.3.0277
https://doi.org/10.1016/j.scispo.2019.06.003
https://doi.org/10.1016/j.nbd.2013.05.003
https://doi.org/10.1016/j.freeradbiomed.2020.05.019
https://doi.org/10.1152/japplphysiol.00347.2019
https://doi.org/10.1152/japplphysiol.00347.2019
https://doi.org/10.3389/fcvm.2019.00068
https://doi.org/10.1186/s12993-020-00171-9
https://doi.org/10.18632/aging.102990
https://doi.org/10.1080/03007995.2020.1865699
https://doi.org/10.3390/antiox10010028
https://doi.org/10.3390/antiox10010028
https://doi.org/10.1152/japplphysiol.00201.2019
https://hmj.hums.ac.ir/article-1-1031-en.html
http://www.tcpdf.org

