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Objective: Neuregulin is activated by exercise and has been implicated as a
mediator of the beneficial effects of exercise training on metabolism. The aim
of this study was to effect of high-intensity interval training and high-fat diet
on NRG-1 and PGC-1a in aging rats’ heart tissue.

Materials and Methods: 20 male Wistar rats aged 48 to 52 weeks were
purchased and kept inside standard cages at a temperature of 22+2 degrees
Celsius. After one week of acclimatization to the laboratory environment, the
animals were divided into four groups (normal diet, normal diet+training, high-
fat diet, and high-fat diet+ training). According to the research design, the
training group underwent 8 weeks of training. This was followed by high-
intensity interval training at an intensity of 85% to 90% of VO2max. Two-way
ANOVA (DIETxHIIT) were used to examine (P<0.05).

Results: The findings indicated a High-fat diet had a significant and decreasing
effect on NRG-1 (p=0.004, F=11.17). Exercise did not have a significant effect
(p=0.039, F=5.04) on NRG-1, although it increased NRG-1 levels. The
interactive effect of diet and exercise on NRG-1 was not statistically significant
(p=0.93, F=0.008). The findings indicate that diet reduced and exercise
increased NRG-1 levels. In fact, the effect of exercise in the high-fat diet group
reduced the differences and led to non-significant results statistically.
Conclusion: Eight weeks of HIIT training, along with a normal diet, led to an
increase in the expression of neuregulin in the heart tissue of aged mice. The
expression of PGC-1a also increased following the HIIT. This increase can be
attributed to the increased neuregulin expression, leading to improved
mitochondrial biogenesis.
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1. Introduction

euregulin (NRG) growth factor is from a group of

proteins structurally related to the epidermal growth
factor (EGF) (1). The expression of its isoforms happens in
cells of endothelial, mesenchymal, and neuronal origin being
critical for survival of cardiomyocytes and differentiation of
embryonic steam cell (2, 3).

In the heart, endothelial cells and binds release NRG1 to
ErbB3 or ErbB4 on the adjacent cardiomyocytes’ surface
[36]. Based on previous research, the mice which have
disruption in the expression of NRG1, ErbB2, or ErbB4 die
in the uterus failing in the development their cardiac (4).
NRG-1p differentiates embryonic cardiomyocytes into the
cardiac conduction system’s cells (2). In addition, NRG is
responsible for regulating the expression of mitochondrial
gene (1). They suggest that weakened NRG-ErbB signaling
in cardiomyocytes is one of the factors causing
mitochondrial ~ dysfunction and loss of apoptotic
cardiomyocyte in aging myocardium as well as failing
myocardium (5). The transcriptional coactivator PGC-1a is
the major regulator of mitochondrial biogenesis; NRG-1
causes the stimulation of the phosphorylation of PGC-1a of
peroxisome proliferator-activated receptor (PPAR) as well
as the GA-binding protein, which contributes to the PGC-
l1a’s recruitment to the GA-binding protein complex (6-8).
As additional evidence for promotion of mitochondrial
biogenesis by PGC-1 is the fact that cardiac-specific
overexpression of PGC-1 in transgenic mice led to
mitochondria high proliferation (8-10). Hearts without PGC-
la enjoy normal volume density of their mitochondria but
reduced mitochondrial gene expression, oxidative capacity,
and fatty acid oxidation (8, 11). Exercise is believed to have
protect against a variety of cardiovascular diseases. This
may be due to its ability to reduce cardiovascular risk
factors, increase physiological growth in the heart, enhance
antioxidant capacity, and promote mitochondrial function.

Exercise Training appears to also promote CM growth in
a healthy heart by increasing the expression of NRG1 and
PGC-1a. The results of a study by Cai et al. (2016) pointed
to beneficial effects for only four weeks of endurance
training on health regeneration. However, it remains unclear
whether the increased NRG1 levels are the result of
cumulative effects from long endurance training, or a serious
response to a single exercise session (12).

It has been hypothesized that nutrition is an influential
factor in NRG1 signaling. For Example, treatment using
palmitate causes impaired activation of AKT by NRG1in
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isolated rat cardiac myocytes; nevertheless, the mono-
unsaturated fatty acid oleate has a counteractive effect (13).
In addition, caloric restriction leads to restoration of cardiac
NRG1 signaling in aging rats by upregulating the ErbB
receptors(5). Physical activity may also play a role in
regulation of NRG1 signaling as enhanced intracellular
calcium concentration during skeletal muscle contraction
causes cleavage and release of NRG1 (14).

High-intensity interval training (HIT) involving
alternating periods of vigorous exercise with rest periods,
may be a promising approach to incorporate higher-intensity
physical activity. The intermittent nature of HIT makes it a
favorable option compared to continuous, steady-state
exercise (15).

Research findings point to higher effectiveness of HIT
compared to moderate-intensity continuous training for
promoting aerobic power and dealing with the metabolic
syndrome risk factors (16). HIT leads to improved aerobic
capacity concurrently changing the mitochondrial associated
MRNA, protein levels and mitochondrial enzyme activity,
showing an increase in the oxidative potential (17). The
mechanisms underlying the benefits of cumulative exercise
sessions are well supported by the related studies (18); it
leads to enhanced expression of the PGC-1a gene, which is
upregulated in the skeletal muscle of human as the result of
acute endurance exercise (19, 20) as well as low-volume HIT
(21).

Waring et al. (2014) investigated the impact of low- and
high-intensity exercise on Wistar rats’ NRG1 (22). Based on
their findings, the greatest changes in the NRG1 levels
occurred as the result of the high-intensity exercise. The
peak of this change was on the 7" day and even further
increased until the 14™ day to the baseline levels during the
exercise process (22). According to Waring et al., NRG1 was
involved in cardiac hypertrophy regulation as well as
myocyte replacement after cardiac injuries. They concluded
that vigorous exercise can lead to a significant increase in
the myocyte count and mass pointing to the importance of
this phenomenon as a component of the cardiac physiology
and homoeostasis (22).

Accordingly, as a time-efficient strategy, HIT can
improve the physiological function of the whole body
preventing metabolic diseases. Despite that, only a small
number of studies have examined the metabolic adaptations
involved in which the improved exercise performances (23).

Although there are a large number of studies in this
regard, few have dealt with the mechanisms involved in
stimulation of the mitochondrial biogenesis by exercise.
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On this basis, the present study seeks to examine the
impact of diet and HIIT on NRG1 and PGCla in the rats’
cardiac muscle. We hypothesize that besides the significant
role of NRG/erbB signaling in the development of the
cardiac muscle, this system is also likely to be involved in
acute and long-term proliferative and metabolic adaptative
changes following exercise training playing a mediating role
in this respect. The present study tries to examine and show
the NRG/erbB system’s native expression in cardiac muscle
of rats., The dynamic regulation of NRG and PGCla
expression in response to a HIIT program is also tested in the
present study.

2. Materials and Methods
2.1  Animals

In the present experimental study, 20 male Wistar rats
aged 48 to 52 weeks were purchased and kept inside standard
cages at a temperature of 22+2 degrees Celsius. The light-
dark cycle (12 hours of light and 12 hours of darkness) was
maintained. After one week of acclimatization to the
laboratory environment, the animals were divided into four
groups based on weight matching (mean and standard error
of weight): normal diet, normal diet+training, high-fat diet,
and high-fat diet+ training. This intervention continued until
the end of the research protocol. The animals had free access
to water and food and were fed either a high-fat diet (60% of
kilocalories) or a standard diet. All care and ethical
principles were fully observed based on the guidelines for
using and caring for laboratory animals.

2.2 Familiarization Phase

For familiarity and adaptation to high-intensity training
(HIT), the rats were trained on a treadmill for 2 weeks. At
the beginning of the first week of adaptation to the training,
the rats started exercising at a speed of 10 meters per minute
and a 0% incline for 10 minutes. By the end of the second
week, the exercise duration was increased to 30 minutes at

Table 1. Training Protocol
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the same speed of 10 meters per minute. The rats were
divided into two main groups: the high-intensity training
(HIT) group and the control group. According to the research
design, the training group underwent 8 weeks of training.

2.3 Evaluation of Rats’ Aerobic Capacity

An indirect protocol was used to assess the rats’ aerobic
capacity (24). The protocol began with a 5-minute warm-up
on the treadmill at a speed of 6 meters per minute and 0%
incline, followed by an increase in speed by 3 meters per
minute every 3 minutes until the animals reached exhaustion
and were no longer able to continue. The criterion for
reaching VO2max was the inability of the rats to continue the
exercise protocol with the increase in speed. Therefore, the
rats' VO.max was determined based on the running speed.
To comply with the overload principle in the training
program of the present study, every week the test was
performed to the point of exhaustion to determine the
percentage of VO;max.

2.4 The Exercise Procedure

After determining the average maximum speed to
determine the maximum oxygen consumption in all the rats,
an 8-week interval training program was planned. The
interval training was as follows:

At the beginning of each session, the warm-up phase
included running for 2 minutes at an intensity of 6 meters per
minute, followed by 2 minutes at an intensity of 10 meters
per minute. This was followed by high-intensity interval
training at an intensity of 85% to 90% of VO2max, which
corresponded to 7 1-minute attempts at a speed of 18 to 20
meters/minute, with 2 minutes of active recovery at a speed
of 5 meters per minute between the attempts. This protocol
was performed in the first and second weeks, and then the
speed was incrementally increased by an average of 2
meters/minute every two weeks, reaching 7 1-minute
attempts at a speed of 24 to 26 meters/minute in the seventh
and eighth weeks (17).

Week Session Intensity (meters Set Slope
per second) (degree)
land 2 1-6 18-20 7 1-minute attempts with two minutes of active recovery at 5 meters per minute .
3and 4 7-12 20-22 7 1-minute attempts with two minutes of active recovery at 5 meters per minute +5
5and 6 13-18 22-24 7 1-minute attempts with two minutes of active recovery at 5 meters per minute +10
7 and 8 19-24 24-26 7 1-minute attempts with two minutes of active recovery at 5 meters per minute +15
INTJSSH
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2.5  The Experimental Methods
2.5.1  Tissue Sampling

Forty-eight hours after the last training session and after
12 hours of fasting, the rats were anesthetized with a
combination of ketamine (50 mg/kg) and xylazine (5 mg/kg)
injected intraperitoneally. The rats were then sacrificed by
removing the heart, and the tissue samples were rapidly
dissected and stored at -80°C until RNA extraction.

2.5.2 NRG-1 and PGC-Ia expression analysis

To assess the expression of NRG-1 and PGC-1a genes,
real-time PCR was used. All primers were designed using

Table 2. Training Protocol
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Allele 1Dv7.8 software, and B2m (B2 microgloboline) was
used as the internal control gene. All primbers were designed
as exon-exon junction primers. To ensure no genomic DNA
amplification, 25 ng of cDNA and 25 ng of RNA were tested
separately with PCR and 1.5% agarose gel electrophoresis.
Amplification of cDNA and observation of the expected
bond by the specific primer and non-amplification of RNA
after PCR reaction signify the absence of genomic DNA
amplification. PCR efficiency was measured for each primer
set and standard curves were generated. Then, to examine
the expression of NRG-1 and PGC-la, total RNA was
extracted from the tissue samples using a commercial RNA
extraction kit (FavorPrep™ Tissue Total RNA Mini Kit)
made in Hong Kong.

Genes Primer Sequences Sizes (bp)

PGCla Forward: 5’- CAGAAGCAGAAAGCAATTGAAGA -3’ 230
Reverse: 5°- GTTTCATTCGACCTGCGTAAAG -3’

Nrgl (neuregulin 1) Forward: 5’- GCTGCCCCAGCCATTTT -3’ 299

Reverse: 5°- GTGGATGTCGATGTGGAAAGT -3’

2.6 Data analysis

Mean standard error of the means (SEM) represents the
data values, which were analyzed using a two-way ANOVA
(DIETxHIIT). We also ran a one-way ANOVA and
Bonferroni's post hoc test to compare the groups in the HFD
regimen. P<0.05 was set as the significance value.

3.  Results

Based on the findings, diet had a significant effect
(p=0.0001, F=49.67), decreasing PGCL1 levels, also the
results further showed that training had a significant effect
(p=0.0001, F=19.41), increasing PGC1 levels, but the
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interactive effect of diet and training on PGC1 was not found
to be statistically significant (p=0.63, F=0.232). It means
that diet decreased and training increased PGCL. The effect
of training in the high-fat diet group reduced the differences
and led to non-significant results statistically.

High-fat diet had a significant and decreasing effect on
NRG-1 (p=0.004, F=11.17).

Training did not have a significant effect (p=0.039,
F=5.04) on NRG-1, although it increased NRG-1 levels. The
interactive effect of diet and training on NRG-1 was not
statistically significant (p=0.93, F=0.008). The findings
indicate that diet reduced and training increased NRG-1
levels. In fact, the effect of training in the high-fat diet group
reduced the differences and led to non-significant results
statistically.
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Figure 2. PGC-1a levels in the heart tissue of rats in the research groups (*Significant Increase compared to the Normal diet group;

#*Significant decrease compared to the Normal diet group; #Significant decrease compared to the Normal diet group).

The high-intensity interval training (HIIT) consisted of
30-second bouts of high-intensity exercise followed by 30
seconds of active low-intensity rest. The training protocol
included 20-meter sprints with varying repetitions over six
weeks. Rest intervals between sprints ranged from 20 to 30
seconds. To ensure progressive overload and effectiveness
of the training, the number of short-distance sprint
repetitions was set at four in the first and second weeks, five
in the third and fourth weeks, and six in the fifth and sixth
weeks. Each session included a 5-minute warm-up and a 5-
minute cool-down. The HIIT was performed three days a
week for six weeks. At the end of the study, data were
collected and analyzed using descriptive statistics (mean and
standard deviation) and inferential statistics. Paired t-tests
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were used to compare pre-test and post-test values, and
independent t-tests were used to compare differences
between groups. All data analysis was conducted using
SPSS version 26, with a significance level set at less than
0.05.

4. Discussion

NRG is expressed in the endothelial cells of the adult
heart and plays an important role in the regulation, survival,
hypertrophy, and proliferation of cardiomyocytes. In
addition, NRG protects the heart against apoptosis and
fibroblastic disorder (3). These factors emphasize the
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importance of NRG in cardiovascular growth and supporting
the heart throughout adulthood.

The results of the present study showed that eight weeks
of high-intensity interval training along with a normal diet
led to an increase in NRG expression in the hearts of aged
mice. On the other hand, a high-fat diet led to disrupted
expression of NRG and PGC-1a.

Increased levels of saturated fatty acids in the diet led to
damage to the NRG signaling pathway. Saturated fatty acids
lead to harmful effects on the insulin signaling pathway,
which has common signaling pathway with NRG (25).
Additionally, Miller (2009) showed that saturated fatty acids
lead to the disruption of the NRG/ErbB signaling pathway in
cardiac myocytes. To further investigate this issue, the
present study examined the effect of a high-fat diet on NRG
expression in the hearts of aged mice with the results
showing that a high-fat diet led to a decrease in NRG
expression in the mouse heart compared to a normal diet
(13).

Ennequein (2015) found that a high-fat diet does not alter
NRG/ErBb expression. In this study, the effect of a 16-week
high-fat diet on NRG/ErBb expression was examined
following a normal diet and eight weeks of endurance
training, and no change was observed in NRG/ErbB
expression (26). However, in the present study, the effect of
a high-fat/normal diet and HIIT on NRG expression was
examined with the results showing a positive effect for
interval training and the damaging effect of a high-fat diet.

Exercise and a balanced diet are the cornerstones of
overweight and obesity management (27). The results of the
present study showed that the body weight of aged mice
decreased after 8 weeks of HIIT.

Previous studies have examined the effect of endurance
and resistance training on the expression of NRG/ErbB
showing contradictory results. In our previous study we
showed that six weeks of circuit resistance training led to an
increase in plasma NRG/ErbB levels in young men, and this
increase was greater at higher intensities (28). Further
investigation is needed on the effects of different intensity
levels of exercise training on NRG/ErbB expression.

Rohrbach et al. (2006) reported that energy restriction led
to increased expression of NRG receptors and restoration of
mitochondrial metabolism in the hearts of old mice. The
receptors are sensitive to both interventional strategies in
cardiac tissue (5).

Previous studies suggest that proteases play an important
role in the release of NRG from the membrane and activation
of its receptors, initiating intracellular signaling cascades
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(29). However, a decrease in the TIMP3 protein has been
reported. The results of Enneqein et al.’s study revealed that
protein levels of the ADAMI17 protease increased
significantly only in the exercise and normal diet group (26).
These results strongly suggest that ADAM17 activity
increases in skeletal muscle of obese individuals following
exercise. ADAM17 expression is sensitive to nutritional
interventions, especially moderation of dietary fat intake
(30).

On this basis, considering the results of the present study,
the increase in neuregulin following interval training and a
normal diet may be due to increased ADAML17 levels.
Previous results on mouse myoblasts support the
relationship between these two components. ADAM17 can
trigger NRG odomain cleavage from the membrane and
increase NRG phosphorylation (26, 31).

Lebresseur (2005) reported that acute exercise stimulates
NRG in mice and humans. In contrast, chronic resistance
training had no effect on NRG in human skeletal muscle
(31).

NRG plays an important role in improving mitochondrial
biogenesis (7). It is produced by myoblast cells and initiates
an autocrine signaling pathway that enhances myogenic
differentiation (32).

Chronic  treatment with NRG promotes the
reprogramming of gene expression, leading to increased
expression of genes related to the respiratory chain and beta-
oxidation in cardiomyocytes (33). Additionally, the notion
that NRG regulates mitochondrial gene expression has led to
the suggestion that reduced NRG/ErbB signaling in
cardiomyocytes is a contributive factor in mitochondrial
dysfunction (1).

Canto, et. al (2007)showed that NRG stimulates the
expression of PGC-1a and PPAR, and that neuregulin is
necessary for increasing cellular mitochondrial content (7).
The increased expression of PGC-1a observed in the present
study is attributable to the effect of increased NRG.

NRG also increases insulin sensitivity through the
upregulation of PPAR and PGC-la,
mitochondrial biogenesis, and enhances glucose uptake
through the translocation of GLUT4 to the cell membrane.
Canto (2007) also reported a similar relationship between
increased insulin sensitivity and increased mitochondrial
metabolism following the response to the presence of NRG
in skeletal muscle cells, consistent with the role of
mitochondrial metabolism in insulin sensitivity (7).

In Vincent’s study (2015), it was reported that two weeks
of HIT exercise led to increased PGC-1a expression. It was

stimulating
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suggested that extending the HIT training duration to six
weeks or more may increase the total PGC-la protein
content in the muscles of healthy young individuals by up to
100% (34). Therefore, considering the effect of HIT training
on improving mitochondrial capacity, the increase in PGC-
lo expression observed after eight weeks of HIIT training
may be due to the effect of the exercise.

5. Conclusion

The results of the present study showed that eight weeks
of HIIT training, along with a normal diet, led to an increase
in the expression of neuregulin in the heart tissue of aged
mice. Additionally, the expression of PGC-1a also increased
following the HIIT. This increase can be attributed to the
increased neuregulin expression, leading to improved
mitochondrial biogenesis. This mechanism may contribute
to the improved energy metabolism that is regularly
observed following dietary and exercise interventions. On
the other hand, a high-fat diet led to a decrease in the
expression of neuregulin and PGC-1a in the heart tissue, and
HIIT improved these two variables compared to the high-fat
diet group without training.

Acknowledgements

We express our sincere gratitude and appreciation to all
individuals who cooperated in conducting the present study.

Declaration

In order to correct and improve the academic writing of
our paper, we have used the language model ChatGPT.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

M.M. conceptualized the study, designed the research
methodology, and supervised the experimental procedures
involving the rats. M. M. was responsible for data collection,
analysis, and interpretation. They also contributed
significantly to drafting and revising the manuscript for
intellectual content. P. N. provided expertise and guidance
in the design of the animal experiment protocols, particularly
focusing on the dietary aspects and biochemical analyses
related to NRG-1 and PGC-1a expressions. P.N. played a
crucial role in interpreting the biochemical results and

88

International Journal of Sport Studies for Health, 2024, VOL. 7, NO. 1, 82-89

integrating them into the broader context of aging and
cardiovascular health. N. R. contributed to the experimental
design and execution, particularly in the implementation of
the high-intensity interval training protocols and monitoring
the physiological responses of the rats. N. R. also assisted in
data analysis and interpretation, ensuring the accuracy and
reliability of the findings related to HIIT effects on NRG-1
and PGC-la. Together, the authors collaborated in
discussing the results, critically reviewing the manuscript,
and approving the final version for submission. Their
combined efforts contributed to advancing the
understanding of how exercise and diet interventions
influence molecular markers associated with cardiovascular
health in aging rats.

Data Availability Statement

Data are available for research purposes upon reasonable
request to the corresponding author.

Ethical Considerations

This research was conducted with the approval of the
Ethics Committee with the number: IR.ILAM.REC.1402.020.

Funding

The present research was not funded from any
organization or institution.

References

1. Guma A, Martinez-Redondo V, Ldpez-Soldado I, Canto
C, Zorzano A. Emerging role of neuregulin as a modulator of
muscle metabolism.  American Journal of Physiology-
Endocrinology and Metabolism. 2010;298(4):E742-E50. [PMID:
20028964] [DOI]

2. Alieva AM, Teplova NV, Reznik EV, Strangul El,
Baikova IE, Kotikova IA, et al. Diagnostic and therapeutic aspects
of neuregulin-1: A review. Russian Medicine. 2023;29(2):127-40.
[DOI]

3. Wang Y, Wei J, Zhang P, Zhang X, Wang Y, Chen W, et
al. Neuregulin-1, a potential therapeutic target for cardiac repair.
Frontiers in Pharmacology. 2022;13:945206. [PMID: 36120374]
[PMCID: PMC9471952] [DOI]

4, Sarkdzy M, Watzinger S, Kovacs ZZ, Acar E,
Marvanykévi F, Sziics G, et al. Neuregulin-18 improves uremic
cardiomyopathy and renal dysfunction in rats. Basic to
Translational Science. 2023;8(9):1160-76. [PMID: 37791301]
[PMCID: PMC10543921] [DOI]

5. Rohrbach S, Niemann B, Abushouk AM, Holtz J. Caloric
restriction and mitochondrial function in the ageing myocardium.
Experimental gerontology. 2006;41(5):525-31. [PMID: 16564664]
[DOI]

6. Lin J, Handschin C, Spiegelman BM. Metabolic control
through the PGC-1 family of transcription coactivators. Cell
metabolism. 2005;1(6):361-70. [PMID: 16054085] [DOI]

LI

I Journal of Sport Studi


https://jpsad.com
https://jpsad.com
https://pubmed.ncbi.nlm.nih.gov/20028964
https://pubmed.ncbi.nlm.nih.gov/20028964
https://doi.org/10.1152/ajpendo.00541.2009
https://doi.org/10.17816/medjrf115277
https://pubmed.ncbi.nlm.nih.gov/36120374
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471952
https://doi.org/10.3389/fphar.2022.945206
https://pubmed.ncbi.nlm.nih.gov/37791301
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10543921
https://doi.org/10.1016/j.jacbts.2023.03.003
https://pubmed.ncbi.nlm.nih.gov/16564664
https://doi.org/10.1016/j.exger.2006.02.001
https://pubmed.ncbi.nlm.nih.gov/16054085
https://doi.org/10.1016/j.cmet.2005.05.004

INTJSSH

O Sport Studies for Health

Mobaseri et al.

7. Canto C, Pich S, Paz JC, Sanches R, Martinez V, Orpinell
M, et al. Neuregulins increase mltochondrlal oxidative capacity and
insulin  sensitivity in  skeletal muscle cells. Diabetes.
2007;56(9):2185-93. [PMID: 17563068] [DOI]

8. Cheng C-F, Ku H-C, Lin H. PGC-1a as a pivotal factor
in lipid and metabolic regulation. International journal of molecular
sciences. 2018;19(11):3447. [PMID: 30400212] [PMCID:
PMC6274980] [DOI]

9. Wang J, Wei L, Tian K, Xu M, Chen X, Chen F, et al.
NRG1/ErbB2 axis regulated mitochondrial function and
antioxidant enzymes of neural stem cells in the cochlear nucleus

partially through PGC-1a. Neuroscience Letters.
2023;792:136942. [PMID: 36328292] [DOI]
10. Baar K, Wende AR, Jones TE, Marison M, Nolte LA,

Chen M, et al. Adaptations of skeletal muscle to exercise: rapid
increase in the transcriptional coactivator PGC-1. The FASEB
journal. 2002;16(14):1879-86. [PMID: 12468452] [DOI]

11. Ramadhan AY, Soetikno V. Molecular Adaptation of
Cardiac Remodeling in Metabolic Syndrome: Focus on AMPK,
SIRT1 and PGC-1a. Molecular and Cellular Biomedical Sciences.
2024;8(1):15-22. [DOI]

12. Ghanbari-Niaki A. Neuregulins response to exercise: a
mini review. Annals of Applied Sport Science. 2016;4(1):3-7.
[DO1]

13. Miller TA, Icli B, Cote GM, LeBrasseur NK, Borkan SC,

Pimentel DR, et al. Palmitate alters neuregulin signaling and
biology in cardiac myocytes. Biochemical and biophysical research
communications. 2009;379(1):32-7. [PMID: 19070592] [PMCID:
PMC2654183] [DOI]

14, Cant6 C, Chibalin AV, Barnes BR, Glund S, Suarez E,
Ryder JW, et al. Neuregulins mediate calcium-induced glucose
transport during muscle contraction. Journal of Biological
Chemistry. 2006;281(31):21690-7. [PMID: 16740635] [DOI]

15. Little JP, Gillen JB, Percival ME, Safdar A, Tarnopolsky
MA, Punthakee Z, et al. Low-volume high-intensity interval
training reduces hyperglycemia and increases muscle
mitochondrial capacity in patients with type 2 diabetes. Journal of
applied physiology. 2011;111(6):1554-60. [PMID: 21868679]
[PMCID: 10.1152/japplphysiol.00921.2011]

16. Tjenna AE, Lee SJ, Rognmo @, Stelen TO, Bye A,
Haram PM, et al. Aerobic interval training versus continuous
moderate exercise as a treatment for the metabolic syndrome: a
pilot study. Circulation. 2008;118(4):346-54. [PMID: 18606913]
[PMCID: PMC2777731] [DOI]

17. Hood MS, Little JP, Tarnopolsky MA, Myslik F, Gibala
MJ. Low-volume interval training improves muscle oxidative
capacity in sedentary adults. Medicine and science in sports and
exercise. 2011;43(10):1849-56. [PM1D: 21448086] [DOI]

18. Wright DC, Geiger PC, Han D-H, Jones TE, Holloszy
JO. Calcium induces increases in peroxisome proliferator-activated
receptor y coactivator-la and mitochondrial biogenesis by a
pathway leading to p38 mitogen-activated protein kinase
activation. Journal of Biological Chemistry. 2007;282(26):18793-
9. [PMID: 17488713] [DOI]

19. Cartoni R, Léger B, Hock MB, Praz M, Crettenand A,
Pich S, et al. Mitofusins 1/2 and ERRa expression are increased in
human skeletal muscle after physical exercise. The Journal of
physiology. 2005;567(1):349-58. [PMID: 15961417] [PMCID:
PMC1474174] [DOI]

20. Handschin C, Spiegelman BM. Peroxisome proliferator-
activated receptor y coactivator 1 coactivators, energy homeostasis,
and metabolism. Endocrine reviews. 2006;27(7):728-35. [PMID:
17018837] [DOI]

21. Gibala MJ, McGee SL, Garnham AP, Howlett KF, Snow
RJ, Hargreaves M. Brief intense interval exercise activates AMPK
and p38 MAPK signaling and increases the expression of PGC-1a

INTJSSH

ternational Jaurnal of Sport Studies for Health

International Journal of Sport Studies for Health, 2024, VOL. 7, NO. 1, 82-89

in human skeletal muscle. Journal of applied physiology.
2009;106(3):929-34. [PMID: 19112161] [DOI]

22. Waring CD, Vicinanza C, Papalamprou A, Smith AJ,
Purushothaman S, Goldspink DF, et al. The adult heart responds to
increased workload with physiologic hypertrophy, cardiac stem cell
activation, and new myocyte formation. European heart journal.
2014;35(39):2722-31. [PMID: 23100284] [PMCID:
PMC4196078] [DOI]

23. Jacobs RA, Flick D, Bonne TC, Burgi S, Christensen
PM, Toigo M, et al. Improvements in exercise performance with
high-intensity interval training coincide with an increase in skeletal
muscle mitochondrial content and function. Journal of applied
physiology. 2013;115(6):785-93. [PMID: 23788574] [DOI]

24, Li F-H, Sun L, Zhu M, Li T, Gao H-E, Wu D-S, et al.
Beneficial alterations in body composition, physical performance,
oxidative stress, inflammatory markers, and adipocytokines
induced by long-term high-intensity interval training in an aged rat
model. Experimental gerontology. 2018;113:150-62. [PMID:
30308288] [DOI]

25. Canto C, Suarez E, Lizcano JM, Grin6 E, Shepherd PR,
Fryer LG, et al. Neuregulin signaling on glucose transport in
muscle cells. Journal of  Biological Chemistry.
2004;279(13):12260-8. [PMID: 14711829] [DOI]

26. Ennequin G, Boisseau N, Caillaud K, Chavanelle V,
Gerbaix M, Metz L, et al. Exercise training and return to a well-
balanced diet activate the neuregulin 1/ErbB pathway in skeletal
muscle of obese rats. The Journal of physiology.
2015;593(12):2665-77.  [PMID:  25820551]  [PMCID:
PMC4500351] [DOI]

27. Laddu D, Dow C, Hingle M, Thomson C, Going S. A
review of evidence-based strategies to treat obesity in adults.
Nutrition in Clinical Practice. 2011;26(5):512-25. [PMID:
21947634] [DOI]

28. Alizadeh AG-Nnrnr. The effect of different Intensities of
circuit resistance training on plasma neuregulin and leptin
concentrations in young men. Sport and Exercise Physiology. 2019;
11:1-12.

29. Horiuchi K, Zhou H-M, Kelly K, Manova K, Blobel CP.
Evaluation of the contributions of ADAMs 9, 12, 15, 17, and 19 to
heart development and ectodomain shedding of neuregulins $1 and
B2. Developmental biology. 2005;283(2):459-71. [PMID:
15936750] [DOI]

30. Junyent M, Parnell LD, Lai C-Q, Arnett DK, Tsai MY,
Kabagambe EK, et al. ADAM17_i33708A> G polymorphism
interacts with dietary n-6 polyunsaturated fatty acids to modulate
obesity risk in the Genetics of Lipid Lowering Drugs and Diet
Network study. Nutrition, Metabolism and Cardiovascular
Diseases. 2010;20(10):698-705. [PMID: 19819120] [PMCID:
PMC4361226] [DOI]

31. LeBrasseur NK, Mizer KC, Parkington JD, Sawyer DB,
Fielding RA. The expression of neuregulin and erbB receptors in
human skeletal muscle: effects of progressive resistance training.
European journal of applied physiology. 2005;94:371-5. [PMID:
15875210] [DOI]

32. Kim D, Chi S, Lee KH, Rhee S, Kwon YK, Chung CH,
et al. Neuregulin stimulates myogenic differentiation in an
autocrine  manner.  Journal of Biological ~Chemistry.
1999;274(22):15395-400. [PMID: 10336427] [DOI]

33. Gassmann M, Casagranda F, Orioli D, Simon H, Lai C,
Klein R, et al. Aberrant neural and cardiac development in mice
lacking the ErbB4 neuregulin receptor. Nature.
1995;378(6555):390-4. [PMID: 7477376] [DOI]

34. Vincent G, Lamon S, Gant N, Vincent PJ, MacDonald
JR, Markworth JF, et al. Changes in mitochondrial function and
mitochondria associated protein expression in response to 2-weeks

89


https://jpsad.com
https://jpsad.com
https://pubmed.ncbi.nlm.nih.gov/17563068
https://doi.org/10.2337/db06-1726
https://pubmed.ncbi.nlm.nih.gov/30400212
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6274980
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6274980
https://doi.org/10.3390/ijms19113447
https://pubmed.ncbi.nlm.nih.gov/36328292
https://doi.org/10.1016/j.neulet.2022.136942
https://pubmed.ncbi.nlm.nih.gov/12468452
https://doi.org/10.1096/fj.02-0367com
https://doi.org/10.21705/mcbs.v8i1.367
https://doi.org/10.18869/acadpub.aassjournal.4.3.1
https://pubmed.ncbi.nlm.nih.gov/19070592
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2654183
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2654183
https://doi.org/10.1016/j.bbrc.2008.11.150
https://pubmed.ncbi.nlm.nih.gov/16740635
https://doi.org/10.1074/jbc.M600475200
https://pubmed.ncbi.nlm.nih.gov/21868679
http://www.ncbi.nlm.nih.gov/pmc/articles/10.1152/japplphysiol.00921.2011
https://pubmed.ncbi.nlm.nih.gov/18606913
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2777731
https://doi.org/10.1161/CIRCULATIONAHA.108.772822
https://pubmed.ncbi.nlm.nih.gov/21448086
https://doi.org/10.1249/MSS.0b013e3182199834
https://pubmed.ncbi.nlm.nih.gov/17488713
https://doi.org/10.1074/jbc.M611252200
https://pubmed.ncbi.nlm.nih.gov/15961417
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1474174
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1474174
https://doi.org/10.1113/jphysiol.2005.092031
https://pubmed.ncbi.nlm.nih.gov/17018837
https://pubmed.ncbi.nlm.nih.gov/17018837
https://doi.org/10.1210/er.2006-0037
https://pubmed.ncbi.nlm.nih.gov/19112161
https://doi.org/10.1152/japplphysiol.90880.2008
https://pubmed.ncbi.nlm.nih.gov/23100284
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4196078
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4196078
https://doi.org/10.1093/eurheartj/ehs338
https://pubmed.ncbi.nlm.nih.gov/23788574
https://doi.org/10.1152/japplphysiol.00445.2013
https://pubmed.ncbi.nlm.nih.gov/30308288
https://pubmed.ncbi.nlm.nih.gov/30308288
https://doi.org/10.1016/j.exger.2018.10.006
https://pubmed.ncbi.nlm.nih.gov/14711829
https://doi.org/10.1074/jbc.M308554200
https://pubmed.ncbi.nlm.nih.gov/25820551
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4500351
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4500351
https://doi.org/10.1113/JP270026
https://pubmed.ncbi.nlm.nih.gov/21947634
https://pubmed.ncbi.nlm.nih.gov/21947634
https://doi.org/10.1177/0884533611418335
https://pubmed.ncbi.nlm.nih.gov/15936750
https://pubmed.ncbi.nlm.nih.gov/15936750
https://doi.org/10.1016/j.ydbio.2005.05.004
https://pubmed.ncbi.nlm.nih.gov/19819120
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4361226
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4361226
https://doi.org/10.1016/j.numecd.2009.06.011
https://pubmed.ncbi.nlm.nih.gov/15875210
https://pubmed.ncbi.nlm.nih.gov/15875210
https://doi.org/10.1007/s00421-005-1333-4
https://pubmed.ncbi.nlm.nih.gov/10336427
https://doi.org/10.1074/jbc.274.22.15395
https://pubmed.ncbi.nlm.nih.gov/7477376
https://doi.org/10.1038/378390a0

I N TJ S S H Mobaseri et al. International Journal of Sport Studies for Health, 2024, VOL. 7, NO. 1, 82-89

International Journal of Sport Studies for Ifealth

of high intensity interval training. Frontiers in physiology.
2015;6:51. [DOI]

INTJSSH

9 0 International Journal of Sport Studies for Health


https://jpsad.com
https://jpsad.com
https://doi.org/10.3389/fphys.2015.00051

