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Type 2 diabetes is a common metabolic disorder characterized by reduced
insulin sensitivity and alterations in the molecular response of skeletal muscle.
The IRS-1/PIK3R1/Akt axis is one of the key pathways involved in the insulin
response of skeletal muscle, and changes in the expression of genes within this
axis may reflect molecular adaptations or dysfunctions in diabetic conditions.
The present study aimed to compare the effects of aerobic and resistance
training on the expression of IRS-1, PIK3R1, and Akt genes in the skeletal
muscle of mice with type 2 diabetes. This experimental laboratory study was
conducted on 40 male C57BL/6 mice. The animals were randomly assigned to
four groups: healthy control, diabetic control, diabetic with aerobic training, and
diabetic with resistance training. Type 2 diabetes was induced using a high-fat
diet and a low-dose streptozotocin injection. The exercise programs were
performed for 8 weeks, 5 sessions per week. Gene expression levels of IRS-1,
PIK3R1, and Akt were measured in the Soleus and EDL muscles using Real-
Time PCR. Data were reported using the 2*-AACt method, with the healthy
control group serving as the calibrator. Data analysis was performed using two-
way mixed ANOVA followed by the Bonferroni post hoc test. The results
showed that type 2 diabetes was associated with reduced expression of IRS-1,
PIK3R1, and Akt genes in both muscles. Both exercise interventions increased
the expression of these genes compared with the diabetic control group;
however, the pattern of gene response differed between the two training
modalities. IRS-1 expression was higher in the resistance training group,
whereas PIK3R1 and Akt expression levels were greater in the aerobic training
group. Furthermore, significant effects of group, muscle type, and the group x
muscle interaction were observed for all three genes. Overall, aerobic and
resistance training were associated with distinct patterns of changes in the
expression of genes related to the IRS-1/PIK3R1/Akt signaling axis in diabetic
skeletal muscle.
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Extended Abstract

Introduction

Type 2 diabetes mellitus (T2DM) is one of the most prevalent chronic metabolic disorders
worldwide and is characterized by persistent hyperglycemia, insulin resistance, and impaired insulin
signaling in target tissues. Skeletal muscle plays a central role in glucose uptake and metabolism and
therefore represents one of the primary tissues affected by insulin resistance. Physical inactivity, obesity,
and high-fat dietary patterns contribute to metabolic dysfunction and alterations in molecular pathways
involved in insulin action within skeletal muscle. Consequently, understanding the molecular adaptations
induced by exercise interventions has become an important area of investigation in diabetes research
(Colberg et al., 2016; World Health, 2016).

Insulin signaling is initiated through the binding of insulin to its receptor and subsequently
activates a cascade of intracellular molecules that regulate glucose metabolism and cellular homeostasis.
Among the most important components of this pathway is insulin receptor substrate-1 (IRS-1), which
serves as an early signaling mediator. The phosphoinositide 3-kinase regulatory subunit alpha, encoded
by the PIK3R1 gene, participates in downstream signal transduction, while Akt functions as a key effector
molecule regulating glucose transport, glycogen synthesis, protein metabolism, and cell survival.
Alterations in the expression or regulation of these genes may significantly affect insulin responsiveness
and skeletal muscle function (Copps & White, 2012).

Dysregulation of the IRS-1/PIK3R1/Akt signaling axis has been recognized as a major molecular
characteristic of insulin resistance and T2DM. Reduced expression or impaired activity of these molecules
may contribute to defective insulin signaling in skeletal muscle. Previous studies have suggested that
exercise training can positively influence insulin signaling pathways and improve metabolic health in
diabetic conditions. Both aerobic and resistance exercise have demonstrated beneficial effects on
molecular markers associated with insulin sensitivity and glucose regulation (Holten et al., 2004; Mann et
al., 2022).

Despite the well-established role of exercise in diabetes management, the molecular adaptations
induced by aerobic and resistance exercise may differ because of their distinct physiological
characteristics. Aerobic exercise is generally associated with improvements in oxidative capacity,
mitochondrial function, and metabolic efficiency, whereas resistance exercise primarily induces
mechanical loading, muscle hypertrophy, and contractile adaptations. Therefore, these exercise modalities
may produce different effects on the expression of genes involved in insulin signaling pathways (Han et
al., 2023; Holten et al., 2004).

Although previous investigations have examined exercise-induced adaptations in insulin-resistant
states, direct comparisons of aerobic and resistance training effects on the simultaneous expression of IRS-
1, PIK3R1, and Akt genes in skeletal muscle remain limited. Furthermore, many previous studies have
focused primarily on physiological or metabolic outcomes rather than examining molecular responses
within key insulin-signaling pathways. Accordingly, the present study aimed to compare the effects of
aerobic and resistance training on the expression of IRS-1, PIK3R1, and Akt genes in the Soleus and
extensor digitorum longus (EDL) muscles of mice with type 2 diabetes. It was hypothesized that both
exercise interventions would increase the expression of genes involved in insulin signaling compared with

E-ISSN: 3060-6195


https://portal.issn.org/resource/ISSN/3060-6195

Alizadeh Behbahani et al. Longevity 4:2 (2026) 1-16

diabetic controls, although the patterns of adaptation would differ between aerobic and resistance training
(Han et al., 2023; Holten et al., 2004).

Methods and Materials

This experimental laboratory study employed a post-test control-group design. Forty male
C57BL/6 mice aged 4-6 weeks and weighing approximately 18-22 g were used. Animals were housed
under standardized laboratory conditions and randomly allocated into four groups: healthy control,
diabetic control, diabetic plus aerobic training, and diabetic plus resistance training.

Type 2 diabetes was induced through a high-fat diet administered for six weeks followed by
intraperitoneal injections of low-dose streptozotocin (30 mg/kg body weight) for three consecutive days.
Fasting blood glucose levels were measured seventy-two hours after the final injection, and animals
exhibiting fasting glucose concentrations above 250 mg/dL were considered diabetic and included in
subsequent procedures.

The aerobic training protocol was performed on a motorized treadmill for eight weeks, five
sessions per week. Training intensity progressed gradually from approximately 10 m/min to 12—-15 m/min
during the intervention period. Each session lasted approximately sixty minutes and was designed to
represent moderate-intensity aerobic exercise.

The resistance training protocol consisted of ladder-climbing exercise performed for eight weeks,
five sessions per week. External loads attached to the animals' tails were progressively increased from
approximately 30% to 80-100% of body weight. Each session included 8-10 climbing repetitions
separated by 60—90-second recovery periods.

Forty-eight hours after the final exercise session and following a twelve-hour fasting period,
animals were anesthetized and skeletal muscle samples were collected. Both Soleus and EDL muscles
were excised, immediately frozen in liquid nitrogen, and stored at —80°C until molecular analyses were
performed.

Total RNA was extracted from muscle tissue and reverse-transcribed into complementary DNA.
Gene expression levels of IRS-1, PIK3R1, and Akt were measured using Real-Time Polymerase Chain
Reaction (Real-Time PCR), with GAPDH serving as the reference gene. Relative gene expression was
calculated using the 2"-AACt method, and the healthy control group was used as the calibrator. Fold-
change values were subsequently transformed into log2 fold-change values for statistical analysis.

Normality and homogeneity assumptions were assessed before conducting inferential analyses.
Two-way mixed analysis of variance was used to examine the effects of group, muscle type, and their
interaction on gene expression. Bonferroni post hoc tests were applied to determine pairwise differences
among groups. Statistical significance was established at p < 0.05.

Findings

The diabetic model was successfully established in all animals assigned to diabetic groups, as
fasting blood glucose concentrations exceeded 250 mg/dL. Analysis of relative gene expression revealed
that type 2 diabetes markedly reduced the expression of IRS-1, PIK3R1, and Akt in both Soleus and EDL
muscles.

In the Soleus muscle, IRS-1 expression decreased from 1.00 + 0.09 fold in healthy controls to 0.48
+ 0.07 fold in diabetic controls. Aerobic training increased IRS-1 expression to 1.42 + 0.19 fold, whereas
resistance training resulted in a greater increase to 1.81 + 0.23 fold. Similarly, PIK3R1 expression declined



to 0.41 = 0.06 fold in diabetic controls and increased to 2.71 + 0.34 and 2.36 = 0.29 fold in the aerobic
and resistance training groups, respectively. Akt expression demonstrated a comparable pattern,
increasing from 0.46 + 0.05 fold in diabetic controls to 2.28 + 0.31 fold following aerobic training and
1.94 + 0.26 fold following resistance training.

In the EDL muscle, diabetic animals also exhibited reduced expression of all three genes. IRS-1
expression increased to 1.37 + 0.18 fold following aerobic training and 1.92 + 0.25 fold following
resistance training. PIK3R1 expression increased from 0.39 + 0.05 fold in diabetic controls to 2.58 + 0.32
fold and 2.21 + 0.27 fold following aerobic and resistance training, respectively. Likewise, Akt expression
rose from 0.43 + 0.06 fold in diabetic controls to 2.19 £ 0.28 fold after aerobic training and 1.86 + 0.24
fold after resistance training.

The two-way mixed ANOVA demonstrated significant group effects for IRS-1 (F = 28.63, p <
0.001, partial n?> = 0.70), PIK3R1 (F = 36.12, p < 0.001, partial n> = 0.75), and Akt (F =33.48, p <0.001,
partial n2 = 0.74). Significant muscle effects were also observed for IRS-1 (F =4.91, p = 0.033), PIK3R1
(F=5.26, p =0.028), and Akt (F = 4.67, p = 0.037). Furthermore, significant group x muscle interactions
were detected for IRS-1 (F = 3.87, p = 0.017), PIK3R1 (F = 4.14, p = 0.013), and Akt (F = 3.95, p =
0.016).

Bonferroni post hoc analyses demonstrated that both exercise interventions significantly increased
gene expression relative to diabetic controls. However, distinct patterns of adaptation emerged. Resistance
training produced higher IRS-1 expression levels, whereas aerobic training elicited greater increases in
PIK3R1 and Akt expression in both skeletal muscles.

Discussion and Conclusion

The present study demonstrated that type 2 diabetes substantially reduced the expression of IRS-
1, PIK3R1, and Akt genes in both Soleus and EDL muscles, indicating impairment of key molecular
components involved in insulin signaling. These findings support the concept that diabetic conditions
adversely affect skeletal muscle at the molecular level and contribute to disruptions in pathways
responsible for maintaining glucose homeostasis.

Both aerobic and resistance exercise effectively counteracted the diabetes-induced reductions in
gene expression. The observed increases in IRS-1, PIK3R1, and Akt expression suggest that exercise
training may promote favorable molecular adaptations in skeletal muscle and partially restore signaling
mechanisms associated with insulin responsiveness. Nevertheless, the two exercise modalities did not
induce identical responses, highlighting the specificity of exercise-induced molecular adaptations.

One of the most notable findings was the greater IRS-1 expression observed following resistance
training. This response may reflect the unique mechanical and contractile stimuli associated with
resistance exercise, which can activate signaling pathways involved in muscle remodeling and adaptation.
In contrast, aerobic training produced superior increases in PIK3R1 and Akt expression, suggesting a
stronger influence on molecular mechanisms related to metabolic regulation and oxidative adaptations.

The significant effects of muscle type and the group x muscle interaction indicate that Soleus and
EDL muscles responded differently to both diabetes and exercise interventions. These differences are
likely related to their distinct structural, metabolic, and functional characteristics. Soleus muscle possesses
a more oxidative phenotype, whereas EDL muscle is relatively more glycolytic, which may contribute to
variations in gene expression responses.
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Overall, the findings indicate that aerobic and resistance exercise exert beneficial but distinct
effects on genes associated with the IRS-1/PIK3R1/Akt signaling pathway in diabetic skeletal muscle.
Resistance training appears to exert a stronger influence on IRS-1 expression, whereas aerobic training
more effectively enhances PIK3R1 and Akt expression. These results suggest that exercise modality
should be considered when designing interventions aimed at improving molecular markers associated with
insulin signaling in type 2 diabetes. Future studies should investigate combined exercise protocols, longer
intervention periods, additional skeletal muscles, and downstream functional outcomes to provide a more
comprehensive understanding of exercise-induced molecular adaptations in diabetic conditions.
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