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The effects of exercise training 
on Kinesin and GAP‑43 expression 
in skeletal muscle fibers 
of STZ‑induced diabetic rats
Masoud Rahmati* & Seyed Jalal Taherabadi

Kinesin-1 and Growth Associated Protein 43 (GAP-43) localization in muscle fiber are crucial for proper 
skeletal muscle hypertrophy. To evaluate this assumption, we investigated the beneficial effects of 
endurance training on GAP-43 and Kinesin Family Member 5B (KIF5B) expression in gastrocnemius 
muscle of streptozotocin (STZ)-induced diabetic rats. Fifty-two male rats were randomly divided 
into four groups: healthy control (C), healthy trained (T), diabetic control (DC) and diabetic trained 
(DT). Diabetes was induced by a single intraperitoneal injection of STZ (45 mg/kg). The rats in DT and 
T groups were subjected to treadmill running for 5 days a week over 6 weeks. The results indicated 
that the GAP-43 and KIF5B protein levels in the DC group were significantly lower than those in the 
C group. Additionally, chronic treadmill running in diabetic rats was accompanied by significant 
increase of GAP-43 and KIF5B protein expression, compared to DC group. Furthermore, the endurance 
training in healthy rats was associated with a significant increase of GAP-43 and KIF5B protein levels. 
In addition, we found positive correlation between GAP-43 and KIF5B protein levels and myonuclear 
number per fiber and average gastrocnemius cross-sectional area (CSA). GAP43 and KIF5B protein 
levels were decreased in skeletal muscles of diabetic rats, and exercise training had beneficial effects 
and could restore their abnormal expression. Moreover, there is a strong relationship between muscle 
hypertrophy and GAP-43 and KIF5B protein levels.

Abbreviations
KIF5B	� Kinesin Family Member 5B
GAP-43	� Growth associated protein 43
STZ	� Streptozotocin
CSA	� Cross-sectional area
ET	� Endurance training
BGL	� Blood glucose levels
BW	� Body weight
T2DM	� Type 2 diabetes mellitus

Diabetes mellitus is a group of metabolic diseases associated with numerous systemic complications on several 
organs. Diabetic myopathy is a pathological change of skeletal muscle in response to the diabetic hormonal/
hyperglycemic environment and is characterized by loss of muscle mass and strength1. The literature clearly shows 
that uncontrolled diabetic environment is associated with reductions in skeletal muscle structural, functional, 
and metabolic capacities2; however, the molecular processes governing these changes are still poorly elucidated.

Kinesin-1 (KIF5B) is a microtubule-based motor protein which transports different organelles and macromo-
lecular complex. The KIF5B in muscle cells is related to the anterograde mitochondrial movement3 and myofibril 
assembly4. Furthermore, it has also been observed that KIF5B-dependent nuclear positioning is required for 
proper skeletal muscle function5. Loss of KIF5B in skeletal muscles results in defects in localization and position-
ing of nuclei and causes several muscle dysfunction6, suggesting that normal nuclear positioning is critical for 
skeletal muscle health7. Consequently, we speculated that myonuclei localization by KIF5B may be involved in 
the diabetic myopathy. Growing evidence indicates that KIF5B-driven axonal transport is impaired in diabetes 
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mellitus, probably contributing to the development of subsequently diabetic neurological complications8. In our 
previous study, we observed that diabetic state increases spinal cord KIF5B mRNA expression and sciatic nerves 
KIF5B content, which was attributed to the hyperglycemic condition9. Although, the effect of hyperglycemia 
on KIF5B expression in skeletal muscle fiber is not elucidated yet, KIF5B might be a possible marker of muscle 
impairment in diabetes.

Growth Associated Protein 43 (GAP-43), also known as neuromodulin, abundantly expressed in skeletal 
muscle fibers and regulates calcium handling10. It has been reported that Gap43-knockout mice showed low 
survival rates, decreased body weight and declined muscle strength11. It was also reported that muscle fibers of 
myopathic patients overexpress GAP-4312; however, to the best of our knowledge, there is no data on GAP-43 
in skeletal muscles of STZ-induced diabetic rats. Although, studies revealed a marked reduction in GAP-43 
immunoreactivity in the hippocampus of STZ diabetic rats13 and in the skin nerve fibers of diabetic patients14.

Mounting evidence has demonstrated that endurance training (ET) is associated with multiple health ben-
efits for diabetic patients such as glycemic control and blood lipid improvement2. So far, only few studies have 
investigated the effects of ET on skeletal muscle health in diabetic muscles. Although ET is typically associated 
with aerobic metabolism, it plays a role in muscle health and prevention of atrophy15. It has been reported that 
exercise training could be an effective, non-pharmacological treatment for diabetes muscle atrophy. Some reports 
indicate that endurance training by an increase in protein synthesis and inhibition of proteolysis pathway16 is 
an effective therapeutic intervention to prevent muscle atrophy in diabetic patients17. Hence, in addition to its 
beneficial effects on metabolism, ET may be a good intervention to prevent and treat diabetes3. However, the exact 
mechanisms of ET on regulation of skeletal muscle hypertrophy in diabetes remain elusive. We hypothesize that 
ET has beneficial effects on diabetic myopathy through the maintenance/improvement of muscle mass that might 
be mediated by GAP-43 and KIF5B. In that context, it was shown that low intensity treadmill exercise promotes 
GAP-43 levels in injured sciatic nerve of STZ-induced diabetic rats18. Similarly, in our previous study, exercise 
training modulates KIF5B mRNA and KIF5B content to normal levels in spinal cord of diabetic rats9. Therefore, 
we propose that the beneficial effects of ET on diabetes might be related to GAP-43 and KIF5B expression and 
their co-localization in skeletal muscle.

Materials and methods
Animals.  A total of 52 adult male Wistar rats were provided from Razi Institute (Karaj, Iran) and housed 
four-per-cage in an animal lab under standard conditions (12-h light/dark cycle in a room at the temperature of 
20–25 °C) with access to food and water ad libitum. All experimental procedures involving animals in this study 
were reviewed and approved by the Lorestan University Animal Ethics Committee (Reference Number: LUNS.
REC.1395.170 at Lorestan University of Medical Sciences) and was according to the NIH guidelines for the care 
and use of laboratory animals. Additionally, the present study was carried out in compliance with the ARRIVE 
guidelines. The animals were divided randomly into four groups: (1) healthy control (C, N = 13), (2) control 
trained (T, N = 13), (3) diabetic control (DC, N = 13) and (4) diabetic trained (DT, N = 13), followed by inducing 
diabetes in DT and DC groups and performing ET in T and DT groups.

Diabetes induction.  To acclimatize and reach optimal weight (at least 250 g), all the rats were kept in an 
animal lab for two weeks before the experiments. Subsequently, after an overnight fasting, diabetes was induced 
through a single intraperitoneal injection of STZ (45  mg/kg; Sigma, St. Louis, MO) solution (dissolved in 
0.5 mol/L citrate buffer at pH 4.0). Two days later, diabetes was confirmed by measuring tail vein blood glucose 
level (> 350 mg/ld.) using an Accu Chek Compact Plus blood glucose meter (Roche Diagnostics K.K., Tokyo, 
Japan). During the study course, blood glucose levels were controlled once every two weeks.

Treadmill training protocol.  The treadmill training protocol was developed according to previous 
protocols19 and consisted in 6 weeks of moderate-intensity (50–55% of maximal oxygen consumption) endur-
ance aerobic exercise on a leveled motor-driven treadmill (Model T510E, Diagnostic and Research, Taoyuan, 
Taiwan). The aerobic power of animals in terms of Vo2max was obtained based on the relation of Vo2max to 
speed and treadmill slope20. In the first week, the speed and duration of the treadmill running were 10 m/min 
and 10 min per day, respectively. The volume of training increased gradually until the fifth week, ending up with 
training speed and duration of 18 m/min and 30 min per day, respectively. Moreover, as rats were more active 
in darkness, the front portion of the treadmill lines was covered with a dark thick paper21. No electronic shocks 
were employed to reduce the stress effect of running on treadmill during training sessions. To stabilize the 
obtained adaptations, training speed and duration were kept constant in the sixth week20.

Measurement of body weight, muscles wet weight and glycosylated hemoglobin (HbA1c).  The 
rats were weighed (to the nearest 0.1 kg) on a digital balance (model 707; Seca, Hamburg, Germany), at the same 
time every day for two weeks during conducting the study. After animal scarification, the gastrocnemius muscle 
was removed by a trained researcher and weighed (to the nearest 0.001 g) on a digital balance (model GX-400; 
A & D Company, Japan). Moreover, whole blood HbA1c level was assessed by enzymatic assay kit (Chrystal 
Chem, USA).

Fluorescent immunohistochemistry analysis.  For fluorescent immunohistochemistry, gastrocnemius 
muscle tissues were removed and mounted immediately on pieces of cork and fixed with tragacanth gum. Mus-
cles were frozen in isopentane cooled by liquid nitrogen and further stored at  − 80 °C. 10 µm-thick cryosec-
tions were labeled against laminin (L9393 Sigma-Aldrich, St. Louis, MO, USA), GAP-43 (ab219582, Abcam, 
Cambridge, MA), KIF5B (ab167429, Abam, Cambridge, MA) and Pax7 (Developmental Studies Hybridoma 
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Bank, Iowa, IA, USA). Secondary antibodies were coupled to FITC, Cy3 or Cy5 (Jackson Immunoresearch Inc). 
Finally, slides were stained with DAPI to detect nuclei. To quantify GAP-43, KIF5B and satellite cell abundance, 
only those cells that were GAP-43+, KIF5B+ and Pax7+ with DAPI+ were counted. For confocal analysis, pictures 
were taken on a TCS SP5 X microscope (Leica Microsystems) at 20X magnification and for each condition of 
each experiment, at least 10–12 fields chosen randomly were counted. The number of labeled GAP-43+, KIF5B+ 
and Pax7+ was calculated using the cell tracker in Image J software and expressed as a percentage of total GAP-
43+, KIF5B+ and Pax7+. Finally, GAP-43+, KIF5B+ and Pax7+ counts were normalized to fiber number. In order to 
calculate the percentage of GAP-43-KIF5B colocalization, only those cells that were GAP-43+ and KIF5B+ with 
DAPI+ were measured and expressed as a percentage of total GAP-43+ cells. To measure CSA, images from whole 
muscle sections were captured at 10X magnification at room temperature using a Carl Zeiss AxioImager fluores-
cent microscope (Carl Zeiss, Jena, Germany). Muscle fiber CSA was analyzed utilizing Open-CSAM software22. 
Using Image J software, nuclei that clearly resided within the laminin border of the gastrocnemius muscle fibers 
were scored as myonuclei. For this analysis, nine rats in each group had been used and all manual counting was 
performed by a blinded, well-experienced technician.

Western blot analysis.  Western blot analysis was performed based on our previous study20. Polyclonal 
antibodies for GAP-43 (ab219582), KIF5B (ab167429) and GAPDH (sc-32233) were used. Moreover, data was 
normalized to GAPDH in the same membrane and expressed as a percentage of control values. For this analysis, 
four rats in each group had been used.

Statistical analysis.  Statistical analysis was performed using the Graph-Pad Prism statistics software 
(Graph-Pad Software Inc., San Diego, CA, USA free demo version 5.04). Normality and homogeneity of data 
were assessed by Shapiro–Wilk and Levene’s test, respectively. A within-between (groups × time) repeated meas-
ures ANOVA followed by Tukey’s post hoc test were used to compare differences in blood glucose and body 
weight between groups through the study period. Two-way analysis of variance (ANOVA) performed to the 
determining of gastrocnemius muscles’ weight, GAP-43, KIF5B and Pax7 levels and numbers in experimental 
groups. Pearson correlation coefficient was computed to assess the correlation between GAP-43, KIF5B and 
Pax7 protein levels, myonuclear number per fiber, and CSA. Statistical significance level was set at P < 0.05. The 
data was reported as mean ± S.E.M values.

Results
Blood glucose levels (BGL), body weight (BW), HbA1c and muscle mass.  Diabetes type 1 in ani-
mal model showing increased blood glucose levels (BGL) as well as decreased body weight (BW). In this study, 
after injecting a single dose of STZ into DC and DT animals, the diabetic rats exhibited significant hyperglycemia 
and decreased BW, and diabetes was successfully induced in all of them (Table 1). As Table 1 shows, although the 
mean BGL and BW of the rats at the onset of the study were similar, they significantly changed in the animals in 
DC and DT groups compared to the C group following the first, third and sixth weeks of experiment (p < 0.001). 
In addition, BGL and BW remained consistent throughout the entire of the study in diabetic rats, and compared 
with DC animals, ET could attenuate it significantly in DT animals (p < 0.05). We also measured the HbA1c of 
rats in different experimental groups after ET period. Compared with the C group, our results showed that dia-
betes significantly increase HbA1c (Table 1; p ≤ 0.001). In addition, performing ET in diabetic rats significantly 
decreased HbA1c compared with the DC group (p ≤ 0.05).

We measured the gastrocnemius skeletal muscle weight of rats in different experimental groups. Compared 
with the C group, our results showed that diabetes significantly decrease gastrocnemius muscle weight (Table 1; 
p ≤ 0.001). In addition, performing ET in diabetic rats significantly increased gastrocnemius muscle weight com-
pared with the DC group (p ≤ 0.001). However, there was still a significant difference between the gastrocnemius 
muscle weight of C and DT groups (p ≤ 0.039), demonstrating that ET has not been able to fully recover gastroc-
nemius weight loss in diabetic rats (Table 1).

Muscle size and myonuclear number.  We assessed the magnitude of myonuclear number after ET 
period. The average muscle CSA in response to diabetes and ET is shown in Fig. 1. The CSA decreased sig-
nificantly in the gastrocnemius skeletal muscle fibers of diabetic rats compared to the C group (p < 0.001). In 

Table 1.   Blood glucose levels, body weight and muscle mass in different experimental groups. C: control; DC: 
diabetic control; DT: diabetic training; T: control training; BGL: blood glucose levels (mg/dl); BW: body weight 
(g); MM: muscle mass. Repeated measures ANOVA and two-way ANOVA and Tukey’s post hoc test: * and 
** showing p < 0.05 and p < 0.001 versus C, respectively. †p < 0.05 versus DC. Thirteen rats in each group were 
used for this analysis.

Groups

Week 0 Week 1th Week 3th Week 6th

BGL BW BGL BW BGL BW BGL BW HbA1c (%) MM (mg)

C 101.16 ± 1.47 227.97 ± 5.61 100.66 ± 1.63 223.07 ± 4.58 101.16 ± 1.26 232.38 ± 3.52 101.33 ± 1.21 230.49 ± 4.53 5.48 1586 ± 24

T 100.83 ± 1.47 223.07 ± 3.08 101.16 ± 0.0.75 223.81 ± 2.31 100.66 ± 0.51 230.88 ± 3.37 101.83 ± 0.75 226.66 ± 4.90 4.85 1862 ± 51

DC 100 ± 1.54 232.38 ± 3.52 399.83 ± 8.54** 210.69 ± 2.79** 412.66 ± 9.58** 210.55 ± 2.73** 430.5 ± 6.12** 211.87 ± 0.88** 8.64** 1325 ± 45*

DT 99.33 ± 3.14 223.51 ± 4.58 378.66 ± 9.17** 215.08 ± 1.57** 398 ± 10.99** 215.08 ± 1.57** 419 ± 10.91** 216.15 ± 1.27** 6.96*† 1498 ± 37†
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addition, compared to the C group, in the two groups that performed ET (T and DT), CSA was significantly 
increased (Fig. 1c; p < 0.001).

The number of myonuclei in gastrocnemius skeletal muscle fibers followed the decrease of CSA in STZ-
induced diabetic rats. The muscle nuclei count analysis showed that compared to the C group, the number of 
gastrocnemius muscle nuclei was significantly lower in DC group (Fig. 1d; p < 0.01). Moreover, performing ET in 
T and DT groups were resulted in increase of the number of gastrocnemius myonuclei (p ≤ 0.001 and p ≤ 0.001, 
respectively).

Satellite cell content in diabetic myofibers.  Further, we decided to quantify the number of satellite 
cells to determine the cause of lower myonuclear number in gastrocnemius muscle of diabetic rats. To test this 
hypothesis, we further evaluated the number of Pax7+ cells in 100 fibers (Fig. 1b). Diabetes in DC group was 
accompanied with decreased number of Pax7 positive cells significantly in the gastrocnemius muscle compared 
to the C group (Fig. 1e; p < 0.001). Moreover, compared to the C group, the number of Pax7+ cells were sig-
nificantly increased in T group (p ≤ 0.001 and p ≤ 0.001, respectively). Further, compared to the DC group, the 
number of Pax7+ cells were significantly increased in DT group (Fig. 1e; p < 0.05) and there was no significant 
difference between DT and C groups (Fig. 1e; p > 0.05).

GAP‑43 and KIF5B protein expression.  We measured GAP-43 and KIF5B protein expression by immu-
nohistochemistry and western blot analyses in the gastrocnemius skeletal muscle fibers of rats after 6 weeks of 
the ET period. Our results demonstrated that GAP-43 and KIF5B protein expression between C, DC, DT and T 
groups was significantly different, demonstrating that GAP-43 and KIF5B protein levels in the rat gastrocnemius 
skeletal muscle fibers were affected by both ET and hyperglycemia (Fig. 2). In this regard, GAP-43 and KIF5B 
protein levels in the DC group were significantly lower than those in the C group, indicating that diabetes caused 
a decreased expression of these proteins in the gastrocnemius skeletal muscle fibers (p ≤ 0.001 and p ≤ 0.001, 
respectively). Furthermore, performing ET in diabetic rats was accompanied by a significant improvement of 
GAP-43 and KIF5B protein expression as compared with DC and C groups (p ≤ 0.001 and p ≤ 0.001, respec-
tively). In other words, ET rescued the GAP-43 and KIF5B level reduction in the gastrocnemius skeletal muscle 
fibers of diabetic rats. Moreover, ET in healthy rats was associated with a significant increase of protein levels of 
GAP-43 and KIF5B in the gastrocnemius skeletal muscle fibers (p ≤ 0.001 and p ≤ 0.001, respectively).

In addition, there were a strong relationship between KIF5B protein levels and myonuclear number per 
fiber (Fig. 2c; r = 0.7443, p < 0.001); GAP-43 protein levels and myonuclear number per fiber (Fig. 2h; r = 0.8541, 
p < 0.0001); KIF5B protein levels and CSA (Fig. 2e; r = 0.5864, p < 0.0001) and GAP-43 protein levels and CSA 
(Fig. 2j; r = 0.8023, p < 0.0001). Finaly, the results of double-immunostained labeling of KIF5B and GAP-43 
protein expression in the rat gastrocnemius muscle showed that compared with the C group, diabetes caused a 
decreased of KIF5B+ Cells (% GAP-43+) in the gastrocnemius skeletal muscle fibers (p ≤ 0.001). Furthermore, 
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Figure 1.   Muscle fiber cross-sectional area (CSA) and satellite cell content in different experimental groups. 
(a) Sections of gastrocnemius muscles immunolabeled for Laminin (red) and Hoechst (blue). (b) Representative 
image of satellite cell showing Laminin (red), Pax7 (green) and myonuclei (blue). (c) Average gastrocnemius 
muscle CSA and (d) myonuclei numbers. (e) Number of Pax7+/100 fibers. White bar = 50 µm. **p < 0.001. 
Statistical analysis was performed using the Graph-Pad Prism statistics software (Graph-Pad Software Inc., San 
Diego, CA, USA free demo version 5.04).
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Figure 2.   Kif5B and GAP-43 expression in different experimental groups. (a) Representative image of Kif5B 
analysis. (e) Number of Kif5B+/100 fibers. (c) Correlation between Kif5B+/100 fibers and the number of nuclei 
per fiber. (d 1–4) Higher magnification of selected area (yellow box) in image (a) showing Laminin (red), Kif5B 
(green) and myonuclei (blue). (e) Correlation between Kif5B+/100 fibers and average gastrocnemius muscle 
CSA. (f) Representative image of GAP-43 analysis. (g) Number of GAP-43+/100 fibers. (h) Correlation between 
GAP-43+/100 fibers and the number of nuclei per fiber. (i 1–4) Higher magnification of selected area (yellow 
box) in image (f) showing Laminin (green), GAP-43 (red) and myonuclei (blue). (j) Correlation between GAP-
43+/100 fibers and average gastrocnemius muscle CSA. (k) Representative Western blot images from different 
experimental groups. Expression of Kif5B (l), and GAP-43 (m) further demonstrated by Western blotting 
normalized to GAPDH. White bar = 50 µm. **p < 0.001. Full gel-images are available in Supplementary Material. 
Statistical analysis was performed using the Graph-Pad Prism statistics software (Graph-Pad Software Inc., San 
Diego, CA, USA free demo version 5.04).
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performing ET in diabetic rats was accompanied by a significant improvement of KIF5B+ Cells (% GAP-43+) as 
compared with DC and C groups (Fig. 3; p ≤ 0.001 and p ≤ 0.001, respectively).

Discussion
In the present study, we observed that diabetic rats experience decreased average muscle CSA in gastrocnemius 
muscle. Diabetes is characterized by muscle atrophy and muscular weakness as a result of increased proteolysis 
and decreased protein synthesis which is the final consequences of diabetic myopathy1. Likewise, Liu and their 
colleagues (2018) demonstrate that muscle weights and the average CSA of tibialis anterior and gastrocnemius 
muscle were reduced significantly in diabetic db/db mice16. In addition, several studies have shown beneficial 
effects of treadmill exercise training on decreased fiber CSA in diabetic rodent models23,24. In addition, according 
to Liu et al. study, the average CSA of tibialis anterior and gastrocnemius muscles were increased significantly in 
db/db mice after moderate treadmill exercise training16. Interestingly, it has been reported that the body weight 
and CSA of the myofibrils and fibers of the diaphragms of the neonatal GAP-43−/− mice were smaller compared 
to those of the wild-type and GAP-43+/− mice11. In agreement with this findings, in the present study we found 
lower levels of GAP-43 in atrophied gastrocnemius muscle in diabetic animals. These data suggest that the level 
of GAP-43 is a critical factor for skeletal muscle mass and size. However, the exact mechanism of muscle hyper-
trophy through exercise training and the role of GAP-43 in diabetes remains unclear.

In the present study we observed that diabetes reduces myonuclei content and CSA in gastrocnemius mus-
cle of STZ-induced diabetic rats. It has been reported that diabetes causes skeletal muscle atrophy and loss of 
myonuclei25, although underlying mechanisms remain unknown. Likewise, Ato and their colleagues (2019) report 
that type 2 diabetes mellitus (T2DM) deteriorated fiber CSA and number of myonuclei in rats compared with 
healthy control rats, which this decrement might be part of a mechanism inducing muscle atrophy in T2DM. 
They also observed a significant correlation between myonuclear number and fibre CSA in both T2DM and 
healthy rats25. In the present study, next we decided to quantify the number of satellite cells to determine the 
cause of lower myonuclear number in gastrocnemius muscle of STZ-induced diabetic rats and we found lower 
pax7 positive cells in these animals. In accordance with these findings, muscle stem cells dysfunction had been 
observed in skeletal muscle of diabetic animals26. Satellite cells are essential source of myonuclei and supply 
additional myonuclei for muscle hypertrophy27, while their dysfunction might partly be the cause of muscle 
atrophy in diabetes28. These finding suggest that gastrocnemius muscle atrophy in STZ-induced diabetic rats is 
related to lower nuclear number which might be caused by failed nuclear accretion from satellite cells, while 
treadmill running exercise thereby restoring satellite cell numbers is capable to produce significant physiological 
hypertrophic stimuli.
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Figure 3.   Double-immunostained labeling of KIF5B and GAP43 protein expression in the rat gastrocnemius 
muscle. (a) Representative image of KIF5B and GAP43 co-localization analysis showing GAP-43 (green), 
KIF5B (red) and myonuclei (blue). (b 1–3) Higher magnification of selected area (yellow box) in image (a). (c) 
GAP-43-KIF5B positive Cells (% GAP-43+) in different experimental groups. White bar = 50 µm. **p < 0.001. 
Statistical analysis was performed using the Graph-Pad Prism statistics software (Graph-Pad Software Inc., San 
Diego, CA, USA free demo version 5.04).
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We also observed a possitive relatioship between myonuclear numbers with fiber CSA after ET in gastrocne-
mius muscle. It has been reported that myonuclei are necessary for adaptive hypertrophy and myofiber growth 
throughout the exercise regimen29. It is well documented that the myonuclear accretion is nessecary during 
skeletal muscle hypertrophy and it might serve other purposes such as muscle repair and remodeling29. However, 
only few studies so far have investigated the effects of exercise training on the myonuclear accretion in diabetic 
states. For instance, Ato et al. (2019) have investigated the effect of resistance training (RT) on myonuclear con-
tent in T2DM rats skeletal muscle and reported that RT significantly increased myonuclear content and show a 
positive relationship between myonuclear number and fibre CSA25. They also obserevd that RT-mediated muscle 
mass gain and myonuclear accretion were similar in diabetic and healthy rats. According to our results, it can be 
argued that ET could improve myonuclear accretion in diabetic muscle accompanying with muscle hypertrophy. 
In the present study, we confirmed that myonuclear number was significantly correlated with fibre CSA in both 
diabetic and healthy rats. Althought, the underlying mechanisms and physiological significance of ET on the 
myonuclear accretion in diabetes model remains unknown.

The results of present study point to the fact that diabetes decreases GAP-43 protein levels in gastrocnemius 
muscle. Although GAP-43 evaluation has not been studied in skeletal muscle fibers of diabetic rats, several 
studies have indicated that this protein undergoes major changes in diabetes state. For example, Maeda et al. 
(1996) reported that mRNA for GAP-43 levels in dorsal root ganglia was lower in diabetic than in control rats30. 
Zhou et al. (2007) demonstrated that GAP-43 expression decreased in the hippocampal CA1 area and dentate 
gyrus in diabetic rats13. Renno et al. (2012) observed that induction of diabetes for 30 days resulted in decreased 
expression of GAP-43 in various CNS regions31. These findings suggest that GAP-43 plays a crucial role in the 
physiological functioning of the nervous system, and its abnormal expression is associated with various disorders. 
However, there is no finding related to GAP-43 changes in skeletal muscles in diabetes. Since it was proposed 
that GAP-43 was involved in regulation of the calcium handling of skeletal muscles, in our study, the GAP-43 
decreased levels might be related to diabetic-induced calcium handling impairments. In line with this hypothesis, 
previous studies reported deficiency of the skeletal muscle calcium handling in STZ- induced diabetic rats in 
animals model32 and diabetic patients10. Nonetheless, in the present study, calcium handling was not evaluated, 
and evaluation of the relationship between impaired calcium homeostasis and GAP-43 in skeletal muscles needs 
further investigation.

Our other finding was that diabetes significantly decreased the KIF5B protein levels in gastrocnemius muscles. 
Based on the author’s knowledge, muscular KIF5B expression in diabetes has not been investigated yet, but it 
has been reported that KIF5B in skeletal muscles is responsible for protein transportation. For instance, Wang 
et al. (2013) reported that rats with KIF5B conditionally knocked out in myogenic cells show aggregation of actin 
filaments and intermediate filament proteins in differentiating skeletal muscle cells4. In the study conducted by 
Argyropoulos et al. (2009) silencing KIF5B with siRNA resulted in reduction of endogenous expression of KIF5B 
in the heart muscle, which is accompanied by a reduction of mitochondrial fluorescence in transfected cells33. 
These scant findings demonstrate that decreased levels of KIF5B in muscles might cause several prominent dis-
ruptions. Determining the relationship between KIF5B, mitochondrial dysfunction and aggregation filaments 
in diabetes is unclear, and it is an interesting topic for future studies.

Remarkably, we found a significant correlation between KIF5B and myonuclei in gastrocnemius muscle, which 
may confirm myonuclear positioning mediated by KIF5B34. It was also observed that the KIF5B and myonuclei 
expression, experience similar reduction and elevation in diabetic states and trained regimen. In line with our 
assumption, it was reported that defects in myonuclear positioning is crucial in skeletal muscle cells and its 
mispositioning was associated with muscular dystrophy and cardiomyopathy25. Myonuclear positioning is a 
KIF5B dependent manner, which its impairments has been noted in many muscle diseases35. With considering 
alteration of KIF5B which was correlated with myonuclei number and fiber CSA in the gastrocnemius muscle of 
diabetic and trained rats, it can be hypothesized that myonuclear positioning by KIF5B is impaired in diabetic 
myopathy and ET could improve these abnormalities, whereas proof of this claim needs further investigation.

The evidence shows that in STZ-induced diabetes, myostatin/protein kinase B (Akt)/ mammalian target of 
rapamycin (mTOR) and forkhead box protein O1 (FoxO1) signaling pathway downregulates the expression of 
glucose transporter 4 (GLUT4) and induces skeletal muscle atrophy36. Additionally, it has been suggested that 
Kinesin motor protein directs the translocation of GLUT4 to the plasma membrane in response to insulin37. 
Further, the positive effects of exercise training on GLUT4 expression and insulin resistance improvement is well 
documented, in both muscle38 and adipocytes39. Taken together, these studies implicate kinesin motor protein as 
potential modulator of skeletal muscle atrophy. Further studies are needed to examine the direct effect of kinesin 
and the role of exercise training in controlling fiber CSA in the skeletal muscle of STZ-induced diabetic rats.

Interestingly, our results of double-immunofluorescence labeling in the present study demonstrate KIF5B-
GAP-43 co-localization in skeletal muscle of diabetic rats. However, future studies will reveal the role of this 
transportation, especially in diabetic conditions. The results of present study provided notably useful insights 
into the positive relation between GAP-43 expression with myonuclei number and fiber CSA in the gastrocnemius 
muscle of diabetic and trained rats. Based on the previous study40, we speculated that GAP-43 may has myogenic 
effects on skeletal muscle, but the proof of this claim remains as a noteworthy topic for future studies. The effects 
of ET on GAP-43 and KIF5B in skeletal muscle is sparse. For instance, Tsai et al. (2012) investigated the GAP43 
gene expression in rat gastrocnemius and observed that treadmill running upregulates myogenesis and muscle 
strength following botulinum toxin injection. Hence, GAP43 was proposed as a molecular mechanism of tread-
mill therapy on neuromuscular atrophy40. Consistent with our observation, these findings demonstrated that 
GAP-43 and KIF5B were affected by ET, and based on its physiologic function, it could be concluded that the 
elevated GAP-43 and KIF5B protein levels in the gastrocnemius muscle of diabetic and non-diabetics rats might 
be related to improvement of muscle hypertrophy, but proof of this claim requires further research.
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In conclusion, the present study shows that diabetes decreases GAP-43 and KIF5B protein levels in gastrocne-
mius muscle of STZ-induced diabetic rats and as a non-pharmacologic therapeutic intervention, ET can modify 
it. Additionally, we observed that GAP-43 and KIF5B expression might be related to impaired muscle CSA and 
myonuclei content, and ET attenuates their abnormal expression and prevents from skeletal muscle atrophy in 
STZ-induced diabetic rats.

Received: 5 November 2020; Accepted: 21 April 2021

References
	 1.	 Krause, M. P., Riddell, M. C. & Hawke, T. J. Effects of type 1 diabetes mellitus on skeletal muscle: clinical observations and physi-

ological mechanisms. Pediatr. Diabetes 12, 345–364 (2011).
	 2.	 Colberg, S. R. et al. Physical activity/exercise and diabetes: a position statement of the American Diabetes Association. Diabetes 

Care 39, 2065–2079 (2016).
	 3.	 Wang, X. & Schwarz, T. L. The mechanism of Ca2+-dependent regulation of kinesin-mediated mitochondrial motility. Cell 136, 

163–174 (2009).
	 4.	 Wang, Z. et al. Kif5b controls the localization of myofibril components for their assembly and linkage to the myotendinous junc-

tions. Development 140, 617–626 (2013).
	 5.	 Metzger, T. et al. MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function. Nature 484, 120–124 

(2012).
	 6.	 Wilson, M. H. & Holzbaur, E. L. Nesprins anchor kinesin-1 motors to the nucleus to drive nuclear distribution in muscle cells. 

Development 142, 218–228 (2015).
	 7.	 Folker, E. & Baylies, M. Nuclear positioning in muscle development and disease. Front. Physiol. 4, 363 (2013).
	 8.	 Pesaresi, M. et al. Axonal transport in a peripheral diabetic neuropathy model: sex-dimorphic features. Biol. Sex Differ. 9, 6 (2018).
	 9.	 Rahmati, M. et al. Treadmill training modifies KIF5B moter protein in the STZ-induced diabetic rat spinal cord and sciatic nerve. 

Arch. Iran. Med. 18, 94–101 (2015).
	10.	 Monaco, C. M. et al. Altered mitochondrial bioenergetics and ultrastructure in the skeletal muscle of young adults with type 1 

diabetes. Diabetologia 61, 1411–1423 (2018).
	11.	 Caprara, G. A. et al. Evidence for altered Ca2+ handling in growth associated protein 43-knockout skeletal muscle. Front. Physiol. 

7, 493 (2016).
	12.	 Heuβ, D., Engelhardt, A., Göbel, H. & Neundörfer, B. Light-microscopic study of phosphoprotein B-50 in myopathies. Virchows 

Arch. 426, 69–76 (1995).
	13.	 Zhou, J., Wang, L., Ling, S. & Zhang, X. Expression changes of growth-associated protein-43 (GAP-43) and mitogen-activated 

protein kinase phosphatase-1 (MKP-1) and in hippocampus of streptozotocin-induced diabetic cognitive impairment rats. Exp. 
Neurol. 206, 201–208 (2007).

	14.	 Bursova, S. et al. Expression of growth-associated protein 43 in the skin nerve fibers of patients with type 2 diabetes mellitus. J. 
Neurol. Sci. 315, 60–63 (2012).

	15.	 Theilen, N. T., Kunkel, G. H. & Tyagi, S. C. The role of exercise and TFAM in preventing skeletal muscle atrophy. J. Cell. Physiol. 
232, 2348–2358 (2017).

	16.	 Liu, H.-W. & Chang, S.-J. Moderate exercise suppresses NF-κB signaling and activates the SIRT1-AMPK-PGC1α Axis to attenuate 
muscle loss in diabetic db/db mice. Front. Physiol. 9, 636 (2018).

	17.	 Perry, B. D. et al. Muscle atrophy in patients with type 2 diabetes mellitus: roles of inflammatory pathways, physical activity and 
exercise. Exerc. Immunol. Rev. 22, 94 (2016).

	18.	 Kim, J.-O., Seo, T.-B. & Yoon, J.-H. Effects of treadmill training on axonal regeneration, spinal cord motor neuron, GAP-43 & 
GLUT-4 protein expression after sciatic nerve injury in the streptozotocin-induced diabetic rats. Int. J. Appl. Sports Sci. 19, 117–133 
(2007).

	19.	 Høydal, M. A., Wisløff, U., Kemi, O. J. & Ellingsen, Ø. Running speed and maximal oxygen uptake in rats and mice: practical 
implications for exercise training. Eur. J. Cardiovasc. Prev. Rehabil. 14, 753–760 (2007).

	20.	 Rahmati, M. & Kazemi, A. Various exercise intensities differentially regulate GAP-43 and CAP-1 expression in the rat hippocampus. 
Gene 692, 185–194 (2019).

	21.	 Zolfagharzadeh, F. & Roshan, V. D. Pretreatment hepatoprotective effect of regular aerobic training against hepatic toxicity induced 
by doxorubicin in rats. Asian Pac. J. Cancer Prev. 14, 2931–2936 (2013).

	22.	 Desgeorges, T. et al. Open-CSAM, a new tool for semi-automated analysis of myofiber cross-sectional area in regenerating adult 
skeletal muscle. Skelet. Muscle 9, 2 (2019).

	23.	 Chen, G.-Q., Mou, C.-Y., Yang, Y.-Q., Wang, S. & Zhao, Z.-W. Exercise training has beneficial anti-atrophy effects by inhibiting 
oxidative stress-induced MuRF1 upregulation in rats with diabetes. Life Sci. 89, 44–49 (2011).

	24.	 Ostler, J. E. et al. Effects of insulin resistance on skeletal muscle growth and exercise capacity in type 2 diabetic mouse models. 
Am. J. Physiol. Endocrinol. Metab. 306, E592–E605 (2014).

	25.	 Ato, S., Kido, K., Sato, K. & Fujita, S. Type 2 diabetes causes skeletal muscle atrophy but does not impair resistance training-
mediated myonuclear accretion and muscle mass gain in rats. Exp. Physiol. 104, 1518–1531 (2019).

	26.	 D’Souza, D. M. et al. Decreased satellite cell number and function in humans and mice with type 1 diabetes is the result of altered 
notch signaling. Diabetes 65, 3053–3061 (2016).

	27.	 Murach, K. A., Englund, D. A., Dupont-Versteegden, E. E., McCarthy, J. J. & Peterson, C. A. Myonuclear domain flexibility chal-
lenges rigid assumptions on satellite cell contribution to skeletal muscle fiber hypertrophy. Front. Physiol. 9, 635 (2018).

	28.	 D’Souza, D. M., Al-Sajee, D. & Hawke, T. J. Diabetic myopathy: impact of diabetes mellitus on skeletal muscle progenitor cells. 
Front. Physiol. 4, 379 (2013).

	29.	 Psilander, N. et al. Effects of training, detraining, and retraining on strength, hypertrophy, and myonuclear number in human 
skeletal muscle. J. Appl. Physiol. 126, 1636–1645 (2019).

	30.	 Maeda, K., Fernyhough, P. & Tomlinson, D. R. Regenerating sensory neurones of diabetic rats express reduced levels of mRNA 
for GAP-43, γ-preprotachykinin and the nerve growth factor receptors, trkA and p75NGFR. Mol. Brain Res. 37, 166–174 (1996).

	31.	 Renno, W. M. et al. Angiotensin-(1–7) via the Mas receptor alleviates the diabetes-induced decrease in GFAP and GAP-43 immu-
noreactivity with concomitant reduction in the COX-2 in hippocampal formation: an immunohistochemical study. Cell. Mol. 
Neurobiol. 32, 1323–1336 (2012).

	32.	 Krause, M. P. et al. Diabetic myopathy differs between Ins2 Akita+/− and streptozotocin-induced type 1 diabetic models. J. Appl. 
Physiol. 106, 1650–1659 (2009).

	33.	 Argyropoulos, G. et al. KIF5B gene sequence variation and response of cardiac stroke volume to regular exercise. Physiol. Genomics 
36, 79–88 (2009).



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9535  | https://doi.org/10.1038/s41598-021-89106-6

www.nature.com/scientificreports/

	34.	 Goh, Q. et al. Myonuclear accretion is a determinant of exercise-induced remodeling in skeletal muscle. eLife 8, e44876 (2019).
	35.	 Azevedo, M. & Baylies, M. K. Getting into position: nuclear movement in muscle cells. Trends Cell Biol. 30, 303–316 (2020).
	36.	 Katharine, H. E. et al. The role of resistance and aerobic exercise training on insulin sensitivity measures in STZ-induced Type 1 

diabetic rodents. Metabolism 62, 1485–1494 (2013).
	37.	 Emoto, M., Stephen, E. L. & Michael, P. C. A role for kinesin in insulin-stimulated GLUT4 glucose transporter translocation in 

3T3-L1 adipocytes. J. Biol. Chem. 276, 10677–10682 (2001).
	38.	 Hussey, S. E., McGee, S. L., Garnham, A., McConell, G. K. & Hargreaves, M. Exercise increases skeletal muscle GLUT4 gene 

expression in patients with type 2 diabetes. Diabetes Obes. Metab. 14, 768–771 (2012).
	39.	 Hussey, S. E. et al. Exercise training increases adipose tissue GLUT4 expression in patients with type 2 diabetes. Diabetes Obes. 

Metab. 13, 959–962 (2011).
	40.	 Tsai, S. W. et al. Treadmill running upregulates the expression of acetylcholine receptor in rat gastrocnemius following botulinum 

toxin A injection. J. Orthop. Res. 31, 125–131 (2013).

Acknowledgements
This research was supported by the Lorestan University through Grant Number 95101418. We thank Sajjad 
Fouladvand (University of Kentucky) for critical reading and discussions.

Author contributions
M.R. and S.J.T. conceptualized and designed the research; M.R. performed the data analysis and interpretation; 
M.R. and S.J.T. wrote the article.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​89106-6.

Correspondence and requests for materials should be addressed to M.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-89106-6
https://doi.org/10.1038/s41598-021-89106-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effects of exercise training on Kinesin and GAP-43 expression in skeletal muscle fibers of STZ-induced diabetic rats
	Materials and methods
	Animals. 
	Diabetes induction. 
	Treadmill training protocol. 
	Measurement of body weight, muscles wet weight and glycosylated hemoglobin (HbA1c). 
	Fluorescent immunohistochemistry analysis. 
	Western blot analysis. 
	Statistical analysis. 

	Results
	Blood glucose levels (BGL), body weight (BW), HbA1c and muscle mass. 
	Muscle size and myonuclear number. 
	Satellite cell content in diabetic myofibers. 
	GAP-43 and KIF5B protein expression. 

	Discussion
	References
	Acknowledgements


