LONGEVITY

Article history:
Received 29 May 2026
Revised 07 June 2026

Vol. 4 No. 3 (2026): 1-14 Accepted 14 June 2026

Initial Publication 14 June 2026
Final Publication 23 September 2026

Mitochondrial Bioenergetic Remodeling in Type 2 Diabetes: A
Comparative Analysis of the Effects of Continuous and Interval Aerobic
Training on the Mitochondrial Biogenesis Axis (PGC-10/TFAM) and
Mitochondrial Fusion—Fission Homeostasis (MFN1/DRP1) in the Skeletal

Muscle of Diabetic Rats

Elham. Fanaei’ ©, Elham Eftekhari Gheinani'” ©, Jamshid. Banaei Borojeni®

1. Department of Sport Sciences, Na.C., Islamic Azad University, Najafabad, Iran

* Corresponding author email address: elhameftekhari@iau.ac.ir

Article Info

ABSTRACT

Article type:
Original Research

How to cite this article:

Fanaei, E., Eftekhari Gheinani. E., & Banaei
Borojeni, J.  (2026). Mitochondrial
Bioenergetic Remodeling in Type 2 Diabetes:
A Comparative Analysis of the Effects of
Continuous and Interval Aerobic Training on
the Mitochondrial Biogenesis Axis (PGC-
1o/TFAM) and Mitochondrial Fusion—Fission
Homeostasis (MFN1/DRP1) in the Skeletal
Muscle of Diabetic Rats. Longevity, 4(3), 1-
14.
https://doi.org/10.61838/kman.longevity.91

© 2026 the authors. This is an open access
article under the terms of the Creative
Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) License.

CrossMasks

Mitochondrial dysfunction in type 2 diabetes is one of the major mechanisms
underlying the reduced metabolic capacity of skeletal muscle. The present study
was conducted to compare the effects of continuous and interval aerobic training
on the mitochondrial biogenesis axis, including PGC-1a and TFAM, and on the
mitochondrial fusion—fission balance, including MFN1 and DRP1, in the
gastrocnemius muscle of diabetic rats. In this experimental study, male Wistar
rats were assigned, following environmental acclimatization, to six groups:
healthy control, healthy + continuous training, healthy + interval training,
diabetic control, diabetic + continuous training, and diabetic + interval training
(n 8 per group). Diabetes was induced through a high-fat diet and
intraperitoneal injection of streptozotocin. The exercise protocols were
performed for eight weeks, five sessions per week. At the end of the
intervention, the gastrocnemius muscle was harvested, and the relative
expression levels of PGC-10, TFAM, MFN1, and DRPI1 genes were assessed
using quantitative real-time polymerase chain reaction (qQRT-PCR) and analyzed
using the 2"—~AACt method. Type 2 diabetes was associated with decreased
expression of PGC-1a, TFAM, and MFN1 and increased expression of DRP1.
Both exercise interventions improved mitochondrial indices. Interval training
produced a more pronounced increase in PGC-lo. and TFAM expression,
whereas continuous training demonstrated a more distinct effect on modulating
the MFN1 and DRP1 expression profile. The findings suggest that the structure
of exercise intensity may activate different pathways of mitochondrial
adaptation in diabetic skeletal muscle. Nevertheless, due to the animal-based
nature of the study and the absence of certain technical qRT-PCR details in the
initial version, the practical interpretation of the findings should be approached
with caution and following completion of the methodological reporting.
Keywords: Type 2 Diabetes; Continuous Aerobic Training; Interval Aerobic
Training; PGC-1a, TFAM; MFNI1; DRPI, Skeletal Muscle
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Extended Abstract

Introduction

Type 2 diabetes mellitus (T2DM) is among the most prevalent metabolic disorders worldwide
and is characterized by chronic hyperglycemia, insulin resistance, and profound disturbances in energy
metabolism. Skeletal muscle is the principal site of glucose disposal and energy expenditure; therefore,
impairments in muscle metabolic function play a critical role in the progression of insulin resistance and
metabolic dysfunction. Recent evidence suggests that mitochondrial dysfunction is a central pathological
feature of T2DM and contributes significantly to reduced oxidative capacity, impaired substrate
utilization, and diminished physical performance. Mitochondria are no longer viewed merely as ATP-
producing organelles but rather as dynamic intracellular networks whose function depends on the
coordinated regulation of mitochondrial biogenesis, fusion, fission, and turnover (International Diabetes
Federation, 2025; World Health Organization, 2024). Alterations in these processes can disrupt cellular
energy homeostasis and accelerate the development of metabolic diseases.

Among the key regulators of mitochondrial biogenesis, peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-1a) occupies a central position because it coordinates
transcriptional programs involved in oxidative metabolism, fatty acid oxidation, and mitochondrial
adaptation in skeletal muscle (Gerhart-Hines et al., 2007). Mitochondrial transcription factor A (TFAM) is
another critical component of mitochondrial biogenesis that is required for mitochondrial DNA
replication, transcription, and maintenance. Reductions in PGC-1a and TFAM expression have been
associated with diminished mitochondrial content and impaired oxidative function. In addition to
mitochondrial biogenesis, mitochondrial quality is maintained through a dynamic balance between
fusion and fission processes. Mitofusin-1 (MFNZ1) plays a crucial role in mitochondrial fusion and
network integrity, whereas dynamin-related protein-1 (DRP1) is a principal mediator of mitochondrial
fission. Excessive mitochondrial fission has been linked to increased oxidative stress, mitochondrial
fragmentation, and metabolic dysfunction (Giacomello et al., 2020; Liesa & Shirihai, 2013). Previous
studies have demonstrated that mitochondrial dynamics are disrupted in T2DM and contribute to insulin
resistance and defective skeletal muscle metabolism (Fealy et al., 2018; Pinti et al., 2019).

Aerobic exercise is recognized as one of the most effective non-pharmacological interventions
for improving glycemic control and metabolic health in individuals with diabetes. However, different
exercise modalities may stimulate distinct molecular pathways and produce varying mitochondrial
adaptations. Continuous aerobic training typically provides a sustained oxidative stimulus that promotes
endurance-related adaptations, whereas interval aerobic training imposes repeated fluctuations in
metabolic demand that may induce stronger activation of energy-sensing pathways and mitochondrial
remodeling mechanisms (Colberg et al., 2016; Little et al., 2011; Wang et al., 2017). Experimental evidence
has further suggested that high-intensity interval training can improve glucose-lipid metabolism and
mitochondrial function in diabetic models (Zheng et al., 2020). Nevertheless, the comparative effects of
continuous and interval aerobic exercise on both mitochondrial biogenesis and mitochondrial fusion—
fission homeostasis within the same experimental framework remain insufficiently understood.
Therefore, the present study aimed to compare the effects of eight weeks of continuous and interval
aerobic training on the expression of PGC-1a, TFAM, MFNI1, and DRP1 in the gastrocnemius muscle of
diabetic rats.
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Methods and Materials

This experimental laboratory study employed a comparative intervention design using male
Wistar rats aged approximately 8-10 weeks with an initial body weight ranging from 200 to 250 g.
Following a one-week acclimatization period under controlled environmental conditions, the animals
were randomly assigned to six groups: healthy control, healthy continuous training, healthy interval
training, diabetic control, diabetic continuous training, and diabetic interval training, with eight animals
in each group.

Type 2 diabetes was induced through a combination of a high-fat diet and intraperitoneal
streptozotocin administration. Animals assigned to diabetic groups received a high-fat diet for twelve
weeks and subsequently underwent a single streptozotocin injection. Seven days later, fasting blood
glucose concentrations were assessed, and animals exceeding the predefined diabetic threshold were
included in the diabetic cohorts. Body weight, food intake, and general health status were monitored
throughout the experiment.

Before the intervention period, all exercise groups underwent a treadmill familiarization
protocol. The continuous aerobic training program was performed for eight weeks, five sessions per
week, with progressive increases in exercise duration and intensity. Training intensity began at
approximately 55-60% of aerobic capacity and gradually increased to 70-75% by the final weeks of
intervention. Running speed and exercise duration were progressively elevated throughout the training
period.

The interval aerobic training protocol was also performed for eight weeks and five sessions per
week. Each session began with a warm-up period followed by ten intervals of high-intensity running
interspersed with active or passive recovery periods. Exercise intensity and running speed progressively
increased across the intervention period, while treadmill inclination was adjusted to maintain the
intended workload.

Forty-eight hours after the final exercise session and following overnight fasting, animals were
anesthetized and the gastrocnemius muscle was harvested. Tissue samples were rapidly frozen and
stored at —80°C until analysis. Total RNA was extracted from muscle tissue, and complementary DNA
was synthesized. Quantitative real-time polymerase chain reaction (QRT-PCR) was employed to
quantify the expression of PGC-1a, TFAM, MFN1, and DRP1. GAPDH served as the reference gene,
and relative gene expression was calculated using the 2"-AACt method. Data normality and variance
homogeneity were assessed before statistical analysis. Two-way analysis of variance and Tukey post hoc
tests were used to examine the effects of metabolic status, exercise intervention, and their interaction.
Statistical significance was established at p <.05.

Findings

The diabetic model was successfully established, as evidenced by elevated fasting blood glucose
concentrations, increased food consumption, and attenuation of normal body weight gain. Among
diabetic groups, the diabetic interval training group exhibited the lowest fasting blood glucose values,
indicating a superior metabolic response to the intervention.

Type 2 diabetes markedly reduced the expression of genes associated with mitochondrial
biogenesis. Relative PGC-1a expression decreased to 0.63-fold and TFAM expression decreased to



0.72-fold in diabetic controls compared with healthy controls. Both exercise interventions improved
these indices; however, interval training produced a substantially greater response. In diabetic animals,
continuous training increased PGC-la expression to 1.07-fold and TFAM expression to 1.04-fold,
whereas interval training elevated PGC-1a to 1.74-fold and TFAM to 1.31-fold. These findings indicate
a stronger stimulatory effect of interval training on mitochondrial biogenesis-related pathways.

The diabetic condition also altered mitochondrial fusion—fission homeostasis. MFN1 expression
decreased to 0.71-fold, while DRP1 expression increased to 1.56-fold in diabetic controls, demonstrating
a shift toward excessive mitochondrial fission. Both exercise protocols attenuated these alterations.
Continuous training increased MFN1 expression to 1.06-fold and reduced DRP1 expression to 1.21-fold.
Interval training increased MFN1 expression to 1.23-fold and reduced DRP1 expression to 1.11-fold.
Although both exercise modalities improved mitochondrial dynamics, continuous training demonstrated
a more distinct effect on restoring the balance between fusion and fission processes.

Post hoc analyses confirmed significant differences between healthy and diabetic control groups
for all mitochondrial markers. Significant improvements were observed in both exercise groups
compared with diabetic controls. Interval training produced significantly greater increases in PGC-1la
and TFAM than continuous training, whereas continuous training showed a relatively stronger influence
on DRP1 modulation and restoration of mitochondrial structural balance. Overall, the results
demonstrated that exercise intensity structure differentially influenced mitochondrial adaptations in
diabetic skeletal muscle.

Discussion and Conclusion

The present study demonstrated that type 2 diabetes induced profound alterations in
mitochondrial biogenesis and mitochondrial dynamics within skeletal muscle. Reduced expression of
PGC-1a, TFAM, and MFNI1 together with elevated DRP1 expression suggests impaired mitochondrial
renewal, diminished mitochondrial network integrity, and an increased tendency toward mitochondrial
fragmentation. These changes are consistent with the concept that mitochondrial dysfunction is a major
contributor to metabolic impairment in diabetic skeletal muscle.

Both exercise interventions effectively reversed many of these molecular disturbances. The
enhancement of PGC-la and TFAM expression following exercise indicates that aerobic training
stimulates mitochondrial biogenesis and improves the oxidative capacity of skeletal muscle. The
particularly strong response observed following interval training suggests that repeated fluctuations in
energy demand may provide a more potent stimulus for activating transcriptional pathways involved in
mitochondrial remodeling. Greater metabolic stress during interval exercise may promote stronger
adaptive signaling responses and consequently greater enhancement of mitochondrial biogenesis.

The observed modifications in MFN1 and DRP1 expression further indicate that exercise
contributes to the restoration of mitochondrial network homeostasis. Improvements in fusion—fission
balance are important because mitochondrial morphology and connectivity are closely linked to cellular
energy efficiency and metabolic flexibility. The results suggest that continuous aerobic training may be
particularly effective in reducing excessive mitochondrial fission and preserving mitochondrial
structural integrity. Consequently, the two exercise modalities appear to influence different dimensions
of mitochondrial adaptation, with interval training exerting stronger effects on mitochondrial biogenesis
and continuous training exerting more pronounced effects on mitochondrial fusion—fission regulation.
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From a translational perspective, these findings highlight the importance of exercise prescription
characteristics in the management of metabolic disorders. The structure and intensity of exercise may
determine the predominant cellular pathways that are activated during adaptation. Therefore, selecting
an appropriate exercise modality could allow targeted enhancement of specific mitochondrial functions
depending on therapeutic objectives.

In conclusion, eight weeks of continuous and interval aerobic training effectively ameliorated
diabetes-induced disturbances in mitochondrial gene expression within skeletal muscle. Interval training
produced greater increases in PGC-1o and TFAM, whereas continuous training demonstrated a more
pronounced influence on MFN1 and DRP1 regulation. These findings indicate that exercise intensity
structure can activate distinct pathways of mitochondrial remodeling in diabetic skeletal muscle.
Although both training modalities were beneficial, their differential effects on mitochondrial biogenesis
and mitochondrial dynamics suggest complementary mechanisms of adaptation that may be valuable for
future metabolic intervention strategies.
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