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Abstract

Purpose: Type 2 diabetes originates from impaired fasting glucose or impaired glucose
tolerance, which is known as prediabetes. Prediabetes is known as a serious condition in
developed and non-developed countries, and treatments for prediabetes will reduce the
number of diabetics. The present study aimed to investigate the effect of endurance
training on the mechanism of glycogen investments in the gastronome of prediabetic mice.
Methods & Materials: Fifteen C57BL/6 male mice were randomly divided into two
groups. First, mice were fed for 12 weeks on a normal diet (ND, 5) or a high-fat diet (HFD,
10). After the induction of prediabetes in the HFD group, they were divided into two
subgroups: prediabetic (PD) and prediabetic with endurance exercise (PD-Ex) which
trained on a treadmill, 5 days a week, and 45 minutes each day. The velocity also increased
from 15 to 23 m/min.

Results: The results showed a significant decrease (p<0.0001) in blood glucose level and
insulin resistance in the PD-Ex group compared to PD. Moreover, the PAS technique
presented a significant decrease in the glycogen level (p<0.001) of the HFD group
compared to the ND group, while endurance training increased glycogen accumulation in
this muscle. The gene expression of markers involved in muscle glycogen content via RT-
PCR, indicated a significant decrease (p<0.05) in PI3K, AKT, GYS1 and LRRCB8A genes,
and a significant increase (p<0.05) in GSK3 between the ND group compared to the HFD
group. This indicates the disruption of the signaling pathway of glycogen storage in the
HFD group. However, endurance training (PD-EX) led to a significant improvement in the
expression level of PI3K, AKT, GYSL1, and LRRCS8A.
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Conclusion: In general, endurance training seems to improve the harmful effects of
prediabetic conditions on the signaling pathway of glycogen synthesis in the muscle of
prediabetic mice.

Keywords: Prediabetes, Glycogen Synthase, High Fat Diet, Endurance Training

Extended Abstract

Background and Purpose

Diabetes, as one of the most important health problems in the world today, is
associated with an increase in mortality (1, 2). Prediabetes is considered as the
borderline of diabetes in which blood glucose is abnormally high but does not
reach the threshold considered for the diagnosis of diabetes (3). The increase of
insulin in the blood circulation is one of the factors of pre-diabetes, which is
worsen with the development of insulin resistance (4, 5). Insulin resistance leads
to changes in insulin-dependent metabolic processes such as glucose transport and
glycogen synthesis. In fact, disruption in glycogen synthesis leads to an increase
in blood sugar and diabetes. Therefore, one of the strategies to improve diabetic
conditions is the stimulation of glucose uptake by skeletal muscles, the glycogen
synthesis enzyme GYS1, which synthesizes glycogen through the AKT signaling
pathway (6). Indeed, it can be said that the PI3K, AKT, GSK3, and GYS1 pathway
is one of the effective pathways in glucose uptake in muscle, as a defect in it leads
to insulin resistance. On the other hand, the growth and maintenance of skeletal
muscle are largely regulated by insulin. Findings indicate that LRRC8A, also
known as SWELLL, is an essential subunit of volume-regulated anion channels
(VRAC) and may link mechanical stress transmission to AKT/PI3K insulin
signaling, which is predicted in skeletal muscle to differentiate muscle. It
regulates skeletal, functional, and potentially obesity and systemic glucose
metabolism (7). Considering the importance of pre-diabetes and the unknown
pathways involved in creating insulin resistance and their relationship with
physical activity, it is necessary for people with pre-diabetes to make a procedural
change in their lifestyle in the form of physical activities.. Therefore, The present

study aimed to investigate the effect of endurance training on the mechanism of
glycogen investments in the gastronome of prediabetic mice.

Materials and Methods

Fifteen C57BL/6 male mice were randomly divided into two groups and at first,
mice were fed for 12 weeks on a normal diet (ND, 5) or a high-fat diet (HFD, 10).
After the induction of prediabetes in the HFD group, they were divided into two
subgroups: prediabetic (PD) and prediabetic with endurance exercise (PD-Ex)
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which trained on a treadmill, 5 days a week, and 45 minutes each day. Besides,
the velocity increased from 15 to 23 m/min. Mice were anesthetized 24 hours after
the last training session, and after 12 hours of fasting by intraperitoneal injection
of the anesthetic ketamine (50-30 mg/kg) and xylazine (3-5 mg/kg), the muscle
tissue was quickly separated and weighed. It was measured by a digital scale.
Then, the findings were transferred to liquid nitrogen, and finally, the frozen
tissues were kept in a freezer at -40°C for mMRNA extraction. The gene expression

of markers involved in muscle glycogen content was measured using RT-PCR.
The PAS technique was used for histological evaluation. Data were analyzed
using a t-test and P <0.05 was considered as a significant change.

Results

After the induction of prediabetes, the results showed a significant increase
(p<0.0001) in blood glucose level, insulin resistance, and glucose tolerance test in
the HFD group compared to ND. However, endurance training caused a
significant decrease p<0.0001) in blood glucose, insulin level resistance, and
glucose tolerance test in the PD-Ex group compared to PD. Moreover, the PAS
technique presented a significant decrease in the glycogen level (p<0.001) in the
HFD group compared to the ND group, while endurance training increased
glycogen accumulation in this muscle. The gene expression of markers involved
in muscle glycogen content via RT-PCR indicated a significant decrease (p<0.05)
in PI3K, AKT, GYS1, and LRRCB8A genes and a significant increase (p<0.05) in
GSKa3 in the ND group compared to the HFD group. Additionally, endurance
training caused an increase in PI3K, AKT, GYS1, and LRRCB8A genes and a
decrease (p<0.05) in GSK3 in the ND group compared to the HFD group.

Conclusion

In general, the HFD disruption of the glycogen synthesis signaling pathway
reversed in the pre-diabetes group, and endurance training (PD-EX) led to a
significant improvement in the mRNA expression of PI3K, AKT, GYS1, and
LRRCB8A. The endurance training seems to improve the negative effects of pre-
diabetic on the signaling pathway of glycogen in the muscle of pre-diabetic mice.
Therefore, it seems that in the present study, training recovered the PI3K-AKT
axis and LRRCB8A expression from HFD injuries and led to the improvement of
muscle glycogen in the exercise group compared to the pre-diabetes group. As the
result, improvement of skeletal muscles would help insulin resistance conditions.
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The Article Message

The results of this study showed that aerobic exercise as a prevention method leads
to the improvement of metabolic factors (blood sugar and insulin levels) and has
a potential effect on the improvement of glycogen synthesis activity impaired by
PI3K-AKT-GYSI and LRRCS8A signaling. In pre-diabetic mice fed with a high-
fat diet, it, in turn, leads to the return of glycogen reserves. These data support
further studies on long-term effects aimed at possible applications.
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Figure 1 - The effect of pre-diabetic stress status and endurance training on skeletal
muscle glycogen stores.

In the above figure, a summary of the methodology of the current protocol is
depicted. As can be seen, in the current research, the effect of endurance training
was used to affect muscle tissue and the path of glycogen synthesis. Under normal
circumstances, insulin binds to its receptor (IRS1) at the skeletal muscle cell
surface. IRS1 then activates various pathways to build muscle glycogen, one of
the most important of which is the PI3K-AKT signalling pathway. Activation of
this molecular pathway leads to inhibition of GSK3 molecule through
dephosphorylation. Subsequent inhibition of GSK3 activity leads to activation of
the major isoform of glycogen synthase in skeletal muscle (GYS1), which is
accompanied by a sharp increase in glycogen synthesis. Meanwhile, the LRRC8A
gene may regulate mechanical stress transfer to PI3K / AKT insulin signalling. In
pre-diabetic conditions (PD) (induced by excessive consumption of a high-fat
diet), the glycogen-related pathway associated with glycogen stores in skeletal
muscle is disrupted, leading to muscle glycogen loss. But when pre-diabetic rats
undergo endurance training (PD-EX) intervention, skeletal muscle glycogen

stores return to normal.
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Table 1-Specific Primers (Forward and Reverse) for Each Gene
Annealin
Gene Forward primer Reverse primer g
(5'-39 (5'-39 temperat
ure (°C)
PI3K CAGATACTCAGATGCCA CGCTCTTCATAACGATG 58
CACCAA CTCCC
CTTACAGCCCTCAAGTAT TCCGTGAAGACTCGCTC
AKT ace cC 56
AGTTATTTGACCGCATAG GACTCTAGCACGCACAC
GSK3 TTCC C 50
GTCTTCACTACCGTATCC TCTTCACATTCAGCCCGT
GYS1 CA TG 54
LRCC TCCTCGCCTTAGATCAAT GACGCAGAAAACACAAA 56
8a CACA TGGAC
18sR  TGTCACCAACTGGGACG GGGGTGTTGAAGGTCTC 60
NA ATA AAA
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Diagram 1 - The effect of pre-diabetes on blood glucose and insulin. A comparison
Fasting blood sugar (FBS) levels and Plasma insulin level between the HFD group
and the ND group. All graphs are presented based on (mean + SD) as well as
significance levels ** (p <0.001), *** (p <0.0001). ND: The group that received a
normal diet. HFD: The group that received the high-fat diet.
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Figure 2- Effect of pre-diabetes on glucose tolerance test. Comparison of blood
glucose levels (GTT) at the end of 23 weeks compared to the end of 12 weeks between
the HFD group and the ND group. All graphs are presented as (mean + standard

error). ND: group that received a regular diet. HFD: group that received a high-fat
diet.
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Figure 3 - The effect of prediabetes on glycogen stores in skeletal muscle tissue. A (1)
and A (2) Accumulation of muscular glycogen content in ND group. B (1) and B (2)
of the PD group show a decrease in the accumulation of glycogen content. All blue
dots in the images show the accumulation of muscle glycogen, which is indicated by

a red arrow.
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Diagram 3 - The effect of prediabetes on glycogen content of skeletal muscle tissue.
The mean percentage of muscle glycogen accumulation between interventions. All
graphs are presented based on (mean + SD) as well as significance levels ** (p
<0.001), *** (p <0.0001). ND: The group that received a normal diet. HFD: The
group that received the high-fat diet.
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Diagram 4. Effect of prediabetes on PI3K gene involved in glycogen storage. The
mean relative gene expression of PI3K ND group vs. HFD group. All graphs are
presented based on (mean + SD) as well as significance levels ** (p <0.001), *** (p
<0.0001), * (p <0.05). ND: The group that received a normal diet. HFD: The group
that received the high-fat diet.
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Diagram 5. Effect of prediabetes on AKT gene involved in glycogen storage. The
mean relative gene expression of AKT in ND group vs. HFD group. All graphs are
presented based on (mean = SD) as well as significance levels ** (p <0.001), *** (p
<0.0001) * (p <0.05). ND: The group that received a normal diet. HFD: The group
that received the high-fat diet.
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Diagram 6. Effect of prediabetes on GSK3 gene involved in glycogen storage. The
mean relative gene expression of GSK3 ND group vs. HFD group. All graphs are
presented based on (mean £ SD) as well as significance levels ** (p <0.001), *** (p

<0.0001) * (p <0.05). ND: The group that received a normal diet. HFD: The group
that received the high-fat diet.
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Diagram 7. Effect of prediabetes on GYS1 gene involved in glycogen storage. The
mean relative gene expression of GYS1 ND group vs. HFD group. All graphs are
presented based on (mean + SD) as well as significance levels ** (p <0.001), *** (p
<0.0001) * (p <0.05). ND: The group that received a normal diet. HFD: The group
that received the high-fat diet.
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Diagram 8. Effect of prediabetes on LRRCB8A gene involved in glycogen storage. The
mean relative gene expression of LRRC8A ND group vs. HFD group. All graphs are
presented based on (mean + SD) as well as significance levels ** (p <0.001), *** (p
<0.0001) * (p <0.05). ND: The group that received a normal diet. HFD: The group
that received the high-fat diet.
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Diagram 8 - The effect of endurance training on blood glucose and insulin. A Fasting
blood sugar (FBS) levels and B Plasma insulin level between PD group and PD-EX
group. All graphs are presented based on (mean + SD) as well as significance levels
** (p <0.001), *** (p <0.0001). PD: Pre-diabetic group. PD-Ex: Pre-diabetic group
with endurance training.
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Diagram 9- Effect of pre-diabetes on glucose tolerance test. Comparison of blood
glucose levels (GTT) at the end of 23 weeks compared to the end of 12 weeks between
the endurance training group and the control group. All graphs are presented as

(mean + standard error). EX: The group that did endurance training. HFD: group
that received a high-fat diet.
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Figure 10 - The effect of endurance training on glycogen stores in skeletal muscle
tissue. A (1) and A (2) of the PD group show a decrease in the accumulation of
glycogen content. B (1) and B (2) PD-Ex group shows an increase in the accumulation

of glycogen content. All blue dots in the images show the accumulation of muscle
glycogen, which is indicated by a red arrow.
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Diagram 12. Effect of endurance training on PIK3 gene involved in skeleton muscle
volume. The mean relative gene expression of PIK3 PD group vs. PD-EX group. All
graphs are presented based on (mean * SD) as well as significance levels ** (p
<0.001), *** (p <0.0001), * (p <0.05). PD: Pre-diabetic group. PD-Ex: Pre-diabetic
group with endurance training.
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Diagram13. Effect of endurance training on AKT gene involved in skeleton muscle
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<0.001), *** (p <0.0001), * (p <0.05). PD: Pre-diabetic group. PD-Ex: Pre-diabetic
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