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Abstract

Background and Aim: Type 2 diabetes mellitus (T2DM), as a pathological stressor, can impair the function
of key cellular signaling pathways in skeletal muscle. In contrast, acrobic exercise, as a physiological stressor,
may modulate these dysfunctions. Therefore, the present study aimed to investigate the effects of eight weeks of
moderate-intensity continuous training (MICT) on the expression of muscle mass regulatory proteins within the
MAPK signaling pathway in the gastrocnemius muscle of male Wistar rats with T2DM.

Methods: In this experimental study, 18 male rats were used. Twelve rats were induced to develop type 2
diabetes using a high-fat diet (60% of calories from fat) combined with streptozotocin (60 mg/kg body weight)
and nicotinamide (110 mg/kg body weight). These animals were then randomly assigned to two groups: diabetic
training (MICT) and diabetic control (n = 6 per group). In addition, a healthy control group (n = 6) was included.
The training protocol was performed for 8 weeks, five sessions per week, with progressively increasing workload.
Forty-eight hours after the final exercise session, gastrocnemius muscle samples were collected, and protein
expression levels were assessed using Western blot analysis. Data were analyzed using SPSS and GraphPad Prism
software, with statistical significance set at P < 0.05.

Results: The expression levels of RAF-1 (n?=0.961; P = 0.001; F(2,15) = 183.06) and p-ERK1 (n? = 0.960;
P =0.001; F(2,15) = 181.85) were significantly increased in the MICT group compared with both diabetic and
healthy control groups. In contrast, a significant reduction in blood glucose levels was observed following the
MICT protocol (n>=0.967; P =0.001; F(2,15) =221.64).

Conclusion: The upregulation of RAF-1 and p-ERK1 following eight weeks of MICT suggests the activation
of the MAPK signaling pathway, which may contribute to skeletal muscle protein synthesis processes. Therefore,
moderate-intensity continuous training may serve as an effective non-pharmacological intervention for improving
metabolic status and enhancing skeletal muscle health in individuals with type 2 diabetes.

Keywords: Moderate-intensity continuous training, Type 2 diabetes mellitus, MAPK signaling pathway,
Skeletal muscle
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Extended Abstract

Background and Objective

Type 2 diabetes mellitus (T2DM) has
reached epidemic proportions globally,
affecting over 500 million individuals. This
multifactorial metabolic  disorder is
characterized by impaired pancreatic B-cell
function and peripheral insulin resistance,
leading to chronic hyperglycemia (Ahmad
et al., 2022). Beyond its systemic metabolic
consequences, T2DM exerts profound
effects on skeletal muscle, a tissue
responsible for approximately 80% of
postprandial glucose disposal. Diabetes-
induced muscle atrophy and dysfunction
significantly compromise metabolic health
and quality of life in affected patients
(Lopez-Pedrosa et al., 2024).

The mitogen-activated protein kinase
(MAPK) signaling pathway, specifically
the Ras/Raf/MEK/ERK cascade, plays a
critical role in regulating muscle mass,
protein synthesis, and cellular adaptation to
stress (Bahar et al., 2023). RAF kinase
serves as a central mediator within this
pathway, activating downstream targets
including MEK and ultimately ERK, which
translocates to the nucleus to regulate
transcription factors involved in cell growth
and survival. However, T2DM, as a
pathological stressor, can disrupt these key
cellular signaling pathways in skeletal
muscle, contributing to reduced anabolic
capacity and accelerated muscle wasting
(Cao et al., 2023).

In contrast, aerobic exercise represents a
physiological  stressor  capable  of
modulating diabetes-induced dysfunctions.
Moderate-intensity — continuous training
(MICT) has been shown to improve
cardiovascular capacity, induce muscle
hypertrophy, and enhance glycemic control
(de Melo Portela et al., 2023). Nevertheless,
direct evidence regarding the effects of
standardized @~ MICT  protocols  on
quantitative changes of key MAPK
pathway proteins—specifically RAF-1 and
phosphorylated  ERK1/2—in  skeletal
muscle of T2DM models remains limited.
Therefore, this study aimed to investigate

the effects of eight weeks of MICT on RAF-
1 and p-ERKI protein expression in the
gastrocnemius muscle of male Wistar rats
with T2DM.

Methods

Eighteen male Wistar rats (initial weight,
180 + 30 g) were used in this controlled
experimental study. Animals were housed
under standard conditions (22 + 2°C, 55—
60% humidity, 12-hour light-dark cycle)
with free access to water and standard
chow. Type 2 diabetes was induced in 12
rats using a high-fat diet (60% of calories
from fat) for four weeks, followed by
intraperitoneal injection of nicotinamide
(110 mg/kg) and, after 15 minutes,
streptozotocin (60 mg/kg dissolved in 0.1
M citrate buffer, pH 4.5). Animals with
fasting blood glucose levels between 126—
260 mg/dL were considered successfully
diabetic (Karimi et al., 2020). These
diabetic rats were randomly assigned to
either a diabetic MICT training group (n =
6) or a diabetic control group (n = 6). A
healthy control group (n = 6) was also
included.

The MICT protocol was performed for
eight weeks, five sessions per week. Each
session included a 5-minute warm-up at 10
m/min (~40% VO:max), a main training
phase, and a 5-minute cool-down. Training
intensity and duration progressively
increased: weeks 1-2 at 14 m/min (~58%
VO:max) for 12-20 minutes; weeks 3—4 at
16 m/min (~64% VO:max) for 22-30
minutes; weeks 5-6 at 18 m/min (~70%
VO:max) for 32—40 minutes; and weeks 7—
8 at 20 m/min (~75% VO:max) for 42-50
minutes (Paramita et al., 2022).

Forty-eight hours after the final exercise
session to eliminate acute effects, animals
were deeply anesthetized with ketamine (50
mg/kg) and xylazine (5 mg/kg).
Gastrocnemius muscle samples were
harvested, immediately frozen in liquid
nitrogen, and stored at -80°C. Protein
expression levels of RAF-1 and p-ERK1
were assessed using Western blot analysis
with specific primary antibodies (Raf-1 sc-
7267, p-ERK1/2 sc-16981-R) and B-actin
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as loading control. Data were analyzed
using one-way ANOVA with LSD post hoc
tests in SPSS version 29 and GraphPad
Prism version 10.6, with statistical
significance set at P < (.05.

Results

Eight weeks of MICT significantly reduced
blood glucose levels in diabetic trained rats
compared with diabetic controls (F(2,15) =
221.64,P=0.001,12=0.967). Body weight
also decreased significantly in the MICT
group relative to both healthy and diabetic
control groups (P =0.001).

Regarding MAPK pathway proteins, one-
way ANOVA revealed significant
differences among the three groups for
RAF-1 expression (F(2,15) = 183.06, P =
0.001, m* = 0.961). Post hoc analysis
showed that the MICT group had
significantly higher RAF-1 protein levels
compared with both healthy controls (mean
difference = 0.45, P = 0.001) and diabetic
controls (mean difference = 0.73, P =
0.001). Notably, the diabetic control group
exhibited significantly lower RAF-1
expression than the healthy control group
(mean difference = 0.28, P = 0.001),
confirming diabetes-induced suppression
of this anabolic signaling protein.
Similarly, p-ERK1 expression differed
significantly among groups (F(2,15) =
181.85, P =0.001, n? = 0.960). The MICT
group demonstrated substantially higher p-
ERK1 levels compared with healthy
controls (mean difference = 0.43, P =
0.001) and diabetic controls (mean

difference = 091, P = 0.001). Again,
diabetic controls showed significantly
lower p-ERK1 expression than healthy
controls (mean difference = 0.48, P =
0.001). These findings indicate that eight
weeks of MICT not only restored but
actually increased MAPK signaling protein
expression above healthy baseline levels.

Conclusion

This study demonstrates that eight weeks of
moderate-intensity  continuous training
significantly upregulates RAF-1 and p-
ERKI1 protein expression in the
gastrocnemius muscle of rats with type 2
diabetes, despite the persistence of diabetic
pathophysiology. These findings suggest
that MICT effectively activates the MAPK
signaling pathway, which plays a crucial
role in regulating skeletal muscle protein
synthesis and maintaining muscle mass.
The hierarchical RAF-ERK axis enables
efficient transmission of environmental
signals to the nucleus, coordinating
processes such as cell growth, survival, and
muscle mass regulation (Lavoie et al.,
2020; Ng et al., 2024). The magnitude of
effect sizes observed (N> = 0.961 for RAF-
I; n* = 0.960 for p-ERK1) indicates that
MICT has a robust impact on these
molecular targets. Therefore, moderate-
intensity continuous training may serve as
an effective non-pharmacological
intervention for improving metabolic status
and enhancing skeletal muscle health in
individuals with type 2 diabetes, acting
through activation of anabolic signaling
pathways compromised by the disease.
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