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Aims/Introduction: Atorvastatin is usually used to decrease the amount of fatty sub-
stances in individuals with type 2 diabetes mellitus. However, it can cause side-effects,

such as breakdown of skeletal muscle tissue. The present study focused on the effects of
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atorvastatin on autophagy of the skeletal muscles in diabetic rats.

Materials and Methods: Diabetes in rats in the diabetic (D) and atorvastatin (T) groups
was induced using streptozotocin (65 mg/kg, intraperitoneal injection). Next, rats in the

T group were treated with atorvastatin (10 mg/kg/day, intragastric administration), whereas
rats in the control and D groups were given water. Additionally, the rats in T .and D groups
were fed a high-fat and high-sugar diet for 10 weeks. Subsequently, the histopathological
changes, and expression levels of microtubule-associated protein 1 light chain 3 (LC3)-I/-l

and p62 in the skeletal muscle specimens in the three groups were analyzed.

doi: 10.1111/jdi.12789

Results: Rats in the T group had reduced lipid droplets, cholesterol and low-density

lipoprotein (P < 0.05) levels than those in the D group. Disordered atrophic myocytes,
incrassated vascular walls and decreased cross-sectional area of type | fibers were found
using hematoxylin—eosin and adenosine triphosphatase staining in the D and T groups.
The messenger ribonucleic acid and protein levels of LC3-ll and the LC3-II/LC3-I ratio were
increased in the T group compared with those in the other groups (P < 0.05), whereas
the protein level of p62 showed the opposite trend.

Conclusions: Atorvastatin enhanced the autophagy level of skeletal muscles to
decrease lipid deposition, which possibly exacerbated myopathy.

INTRODUCTION

Diabetes has become a major threat to human health globally.
In China, the overall incidence of diabetes is approximately
9.7%, particularly in those aged >60 years, in whom the inci-
dence rate is >20%". Previous studies found that the incidence
of skeletal muscle disease, which is independently associated
with diabetes mellitus, in diabetes patients is double than in
healthy individuals™’.

Recently, abnormal autophagy has been confirmed to be
an important factor in the induction of skeletal muscle
injury. A report suggested that excessive accumulation of
autophagosomes in skeletal muscle leads to autophagy-
associated myopathy syndrome*. Elucidation of the mech-
anism underlying autophagy in diabetic skeletal muscle
might be very important for the prevention and treatment
of diabetic myopathy.
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The autophagy-related microtubule-associated protein 1 light
chain 3 (LC3) is commonly used for the quantification of autop-
hagic activity. The cytosolic form of LC3-I is immediately yielded
after the cleavage of LC3 at the carboxy terminus. During autop-
hagy, it is conjugated to a phospholipid to form endogenous
LC3-IP, and the LC3-II/LC3-I ratio increases®. Therefore, the
LC3-II/LC3-I ratio is often used to determine the activation of
autophagy’. In addition, p62 facilitates the degradation of ubiqui-
tinated protein aggregates by autophagy®. It is a selective substrate
for autophagy and directly interacts with LC3 to mediate the
degradation of ubiquitinated protein aggregates by autophagy’.

Atorvastatin is not only used to decrease the amount of fatty
substances, such as cholesterol and triglycerides, but also to
lower the risk of vascular complications in individuals with
type 2 diabetes mellitus'®"". However, it can cause potentially
serious side-effects, including the breakdown of skeletal muscle
tissue'”. Whether atorvastatin is associated with the level of
autophagy and how atorvastatin affects skeletal muscle autop-
hagy in diabetes patients remain unclear. In the present study,
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the autophagy and lipid deposition levels before and after treat-
ment with atorvastatin in different types of skeletal muscle in
diabetic rats were determined. The results might help to further
investigate the effects of atorvastatin in skeletal muscle and
atorvastatin-induced autophagy in diabetic rats.

METHODS

Animals

Six-week-old male Sprague-Dawley rats (weight 200.15 +
20.46 g) purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China), were pre-housed in a specific
pathogen-free environment and maintained at the Animal
Experiment Center of Southeast University. This study was
approved by the institutional review board of Southeast Univer-
sity. The rats were kept in cages (34 rats per cage), and were
permitted free access to both feed and water.

Groups and treatment

After 7 days of pre-adaptation, the rats were randomly divided
into three groups: the control group (C; six rats), the diabetic
model group (D; six rats) and the atorvastatin group (T; six
rats). To establish a rat model of streptozotocin (STZ)-induced
diabetes, the rats of the latter two groups were injected intraperi-
toneally with STZ (65 mg/kg; Sigma, St. Louis, MO, USA),
which was dissolved in 0.1 mmol/L citric acid buffer. Rats in
the C group were injected intraperitoneally with equal doses of
citrate buffer. The oral glucose tolerance test was carried out to
verify the diabetes model. Next, rats in the T group were treated
with atorvastatin (10 mg/kg/day, dissolved in distilled water;
Sigma) by gavage, while the other groups were given the same
amount of water. The rats of the D and T groups were fed with
a high-fat and high-sugar diet for 10 weeks.

Sampling

The rats were anesthetized intraperitoneally with 2% thiopental
sodium (50 mg/kg; Zhejiang Otsuka Pharmaceutical Co., Ltd.,
Zhejiang, China). The extensor digitorum longus (EDL), soleus
and plantaris were removed from the hind limb of the rat on
ice. Some fresh tissues were snap-frozen in isopentane, embed-
ded by optimal cutting temperature compound, quick frozen in
liquid nitrogen and sliced on a cryostat microtome (CM 1850;
Leica Instruments, Wetzlar, Germany).

Hematoxylin—eosin staining, oil red O staining and adenosine
triphosphatase staining on frozen sections

Hematoxylin—eosin (HE) staining was carried out using HE
staining kits (KGA224; Nanjing KeyGen Biotech Co., Ltd,
Nanjing, China), in accordance with the manufacturer’s instruc-
tions. Neutral lipid-fixed stromal-vascular cells were subjected
to conventional histochemical staining with oil red O and
hematoxylin'. Histochemical adenosine triphosphatase staining
was carried out as previously described'*. Images of the stained
sections were obtained under a microscope (BX52; Olympus,
Tokyo, Japan). The acquired signals of different types of muscle
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fibers were analyzed using Simple PCI software (Meyer Instru-
ments, Inc.,, Houston, TX, USA), and the physiological cross-
sectional area of each muscle and the percentage of total mus-
cle area were determined.

Real-time polymerase chain reaction analysis of the
expression level of LC3-lI

Total ribonucleic acid (RNA) was extracted from the skeletal
muscle samples stored at —80°C using TRIzol (Invitrogen,
Carlsbad, CA, USA). Denaturing formaldehyde agarose gel elec-
trophoresis was carried out to determine RNA integrity, and a
GeneQuant spectrophotometer (Pharmacia, Piscataway, NJ,
USA) was used to measure the concentration and purity of the
RNA. Reverse transcription was carried out following the
instructions of the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Waltham, MA, USA). The messenger RNA
(mRNA) level of LC3-II was determined by real-time poly-
merase chain reaction analysis using IQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA). B-Actin was used as an internal
control. The primers of LC3-II were forward primer, 5'-
GATGTCCGACTTATTCGAGAGC-3' and reverse primer,
5-TTGAGCTGTAAGCGCCTTCTA-3'. The primers of glycer-
aldehyde 3-phosphate dehydrogenase were forward primer,
5-CACCCATGACGAACATGGG-3' and reverse primer, 5'-
TTCCAGGAGCGAGATCCCT-3' (reverse).

Western blotting assay in skeletal muscle samples

The skeletal muscle samples stored at —80°C were homoge-
nized; the supernatant was collected using total protein extrac-
tion kits (Nanjing KeyGen Biotech Co., Ltd.). The total protein
content of the pooled supernatants was measured using the
bicinchoninic acid method (Nanjing KeyGen Biotech Co., Ltd.).
The protein levels of LC3-II and p62 were determined using
anti-LC3-I (1:1000), anti-LC3-II (1:1000) and anti-p62 (1:800)
antibodies (Sigma). The secondary antibody was horseradish
peroxidase-labeled antibody (1:5000), and glyceraldehyde 3-
phosphate dehydrogenase was used as a control.

Statistical analysis

All of the data were tested for a normal distribution. When the
criteria for a normal distribution were not met, the data were
converted to a normally distributed form through logarithmic
transformation. The obtained data are expressed as mean = s-
tandard deviation. Differences between groups were analyzed
using one-way anova followed by post-hoc analysis using the
Student-Newman—Keuls test. Data analysis was carried out
using SPSS18.0 (SPSS Inc., Chicago, IL, USA). A P-value of
<0.05 was considered statistically significant.

RESULTS

Bodyweight, blood lipid and blood glucose of Sprague—
Dawley rats in the three groups

The bodyweight of the rats in the D group was significantly
lower than that in the C group (D: 303.00 £ 1857 g, C:
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46040 * 21.41 g; P < 0.05). There was no significant difference
in the bodyweight between the rats in the T and D groups
(P > 0.05; Table 1).

The blood glucose level in the rats in the D group was signifi-
cantly higher than that in the C group (D: 25.52 * 2.87 mmol/
L, C: 6.40 £ 0.61 mmol/L; P < 0.05); however, there was no sig-
nificant difference in this regard between the rats in the T and

Table 1 | Biochemical parameters of rats in different groups
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D groups (T: 2348 £ 597 mmol/L, D: 25.52 + 2.87 mmol/L;
P > 0.05; Table 1).

The levels of triglyceride, cholesterol and low-density lipopro-
tein in the rats in the D group were significantly higher than
that in the C group (all P < 0.05). In addition, the cholesterol
and low-density lipoprotein levels in the rats in the T group
were lower than those of the rats in the D group (all

Control Diabetes Atorvastatin treated
Weight (g) 46040 + 2141 303.00 + 1857* 296.00 + 4966
Blood glucose (mmol/L) 640 £ 061 2552 £ 287* 2348 £ 597
Triglyceride (mmol/L) 038 £ 009 1.89 £ 0.25* 1.08 £ 088
Cholesterol (mmol/L) 170 £ 024 1160 + 398* 443 + 235%
Low-density lipoprotein (mmol/L) 0.76 £ 007 472 £ 090* 187 £ 0.73**

Data presented as mean + standard deviation. *P < 0.05 compared with the control group; **P < 0.05 compared with the diabetic group

Plantaris

Soleus

Control

Diabetes

1Y =5
Atorvastatin

Figure 1 | Hematoxylin—eosin staining images of the extensor digitorum longus (EDL), plantaris and soleus in control, diabetes and atorvastatin
groups. (@) EDL. (d-f) Plantaris. (g—i) Soleus. Muscle fiber atrophy and disruption (black arrow) or centralized nuclei (white arrow) were observed
in the EDL, plantaris and soleus of the diabetes and atorvastatin groups (original magnification: x 200).
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P < 0.05); however, the triglyceride level in the rats of the
T group showed no significant difference (P > 0.05; Table 1).

Morphological changes of skeletal muscle

The HE staining showed that, compared with the rats in the
C group, disordered arrangement of cells, interstitial edema,
cytoplasmic autolysis, actin filament disruption, muscle fiber
atrophy, muscle cell hyperplasia and inflammatory cell infiltra-
tion were observed in the EDL (Figure la), plantaris (Fig-
ure 1b) and soleus (Figure 1c) of the rats in the D group. No
significant differences in these variables were found between
the rats in the T and D groups.

The oil red O staining showed that there were a large num-
ber of lipid droplets in the rats in the D group, a small amount
of lipid droplets in the rats in the T group and especially in
that of the C group (Figure 2).

The cross-sectional areas of type 1 fibers in the EDL, plantaris
and soleus muscles of the rats in the D group were significantly

(a)

EDL

(d)

Plantaris

(9)

Soleus

Control

Diabetes
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lower than those of the rats in the C group (all P < 0.001). No
significant differences were found between the EDL, plantaris
and soleus muscles of the rats in the T and D groups (P = 0.139,
P = 0.258 and P = 0.241, respectively; Figure 3).

mRNA levels of LC3-Il and LC3-l in the three groups

The mRNA levels of LC3-II in the EDL, plantaris and soleus
muscles in the rats in the D group were significantly higher
than those in the rats in the C group (P = 0.012, P = 0.011
and P = 0.019, respectively; Figure 4). The mRNA levels of
LC3-II in the plantaris and soleus muscles in the rats in the
T group were higher than those in the D group (P = 0.039
and P = 0.002, respectively; Figure 4).

LC3-1I/LC3-I ratio in the three groups

The LC3-II/LC3-I ratios in the EDL, plantaris and soleus mus-
cles of the rats in the D group were higher than those of the
rats in the C group (P =0.013, P =0.009 and P = 0.027,

Atorvastatin

Figure 2 | Oil red O staining images of (a—) the extensor digitorum longus, (d—) plantaris and (g—i) soleus in the three groups. The lipid droplets
(black arrow) in the rats of the three groups were found (original magnification: x200).
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Figure 3 | The cross-sectional area (CSA) of type | muscle fibers (upper) and the adenosine triphosphatase staining of different skeletal muscles in
rats (lower). Type | muscle fibers (white arrow) were stained in all the skeletal muscles of rats in the three groups (original magnification: x200).
*P < 005 indicates that there are significant differences when compared with the control group; *P > 0,05 indicates that there are significant
differences when compared with the diabetic group. (@—c) Extensor digitorum longus (EDL). (d—f) Plantaris. (g—i) Soleus.
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Figure 4 | Relative expression of microtubule-associated protein 1 light chain 3 (LC3)-Il messenger ribonucleic acid in different skeletal muscles in
rats. *P < 005 indicates that there are significant differences when compared with the control group; P < 005 indicates that there are significant
differences when compared with the diabetic group. EDL, extensor digitorum longus.
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Figure 5 | (a) Western blotting of microtubule-associated protein 1 light chain 3 (LC3)-I/LC3-ll and (b) the LC3-I/LC3A ratio in different skeletal
muscles in rats. *P < 005 indicates that there are significant differences when compared with the control group; P < 005 indicates that there are
significant differences when compared with the diabetic group. EDL, extensor digitorum longus.

respectively). The LC3-II/LC3-I ratios in the plantaris and
soleus muscles of the rats in the T group were higher than
those in the D group (P = 0.017 and P = 0.002, respectively;
Figure 5).

Protein level of p62 in the three groups

The protein levels of p62 in the EDL, plantaris and soleus mus-
cles of the rats in the D group were lower than that of the rats
in the C group (P =0.010, P = 0.027 and P = 0.034, respec-
tively; Figure 6), and those of the rats in the T group were the

lowest (P = 0.049, P = 0.019 and P = 0.026, respectively; Fig-
ure 6).

DISCUSSION

Skeletal myopathy is one of the serious complications of dia-
betes patients. Autophagy has been found to be involved in
atrophy and myopathy in skeletal muscles'”. In the present
study, a diabetic rat model was established by the intraperi-
toneal injection of STZ. The change of autophagy in different
skeletal muscles and the effects of atorvastatin on autophagy of
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Figure 6 | Western blotting of p62 (a) and the expression of p62 in different skeletal muscles in rats (b). *P < 0.05 compared with the control
group; *P < 005 compared with the diabetic group. EDL, extensor digitorum longus; GAPDH, glyceraldehyde 3-phosphate dehydrogenase C, the

control group; D, the diabetic model group; T, the atorvastatin group.

these skeletal muscles in diabetic rats are discussed in this arti-
cle.

The average blood glucose level of the rats in the D group
was significantly higher than that of the rats in the C group,
which indicated the successful establishment of the diabetic
model. Previous studies have shown that atorvastatin can
reduce triglyceride and leptin levels to improve insulin resis-
tance'®. A study showed that atorvastatin cannot improve insu-
lin sensitivity; however, it could increase the risk of diabetes'’.
In addition, an animal experiment showed that insulin signaling
was impaired after atorvastatin treatment, along with reduced
glucose uptake in adipocytes and inhibited insulin secretion in
islet cells'®. In the present study, the blood glucose of the rats
in the D group was not changed after atorvastatin treatment.
This might be because atorvastatin dose-dependently inhibited
the secretion of insulin. A high dose of atorvastatin can inhibit
the secretion of insulin, while at the same time, atorvastatin
can increase the sensitivity to insulin, with the two effects
essentially offsetting each other.

The HE staining results suggested that varying degrees of
muscle atrophy were shown in different muscle fiber types.
Because soleus and EDL mainly comprise type I'” and type II
fibers®, respectively, whereas plantaris comprises both type 1
and type 2 fibers>', the results suggested that the conversion of
type II to type I fibers was found in diabetic rats, and the ator-
vastatin treatment could not counteract these changes. In addi-
tion, the alteration of glycolytic muscle fibers into oxidative

muscle fibers was also found in diabetic rats, which was also
not changed after atorvastatin treatment. Furthermore, skeletal
muscle structure abnormalities were found in both the T and
D groups. In addition, the oil red O staining assay showed that
atorvastatin treatment reduced skeletal muscle lipid deposition
in diabetic rats, which is consistent with previous research®.
Furthermore, atorvastatin as a 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase inhibitor can prevent the development
of cardiovascular and atherosclerotic diseases. In a previous
study, statin-induced myopathy was shown to be due to the
blockade of cholesterol synthesis dependent on the deficiencies
of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase enzyme
activity in the skeletal muscle”. Therefore, atorvastatin can
reduce lipid levels and affect lipid metabolism, but has little
effect on glucose metabolism and muscle cell injury.

The reverse transcription polymerase chain reaction and
western blotting assay showed significant differences among the
three groups in the expression levels of LC3-II, LC3-I and p62.
This suggested that the autophagy level is tightly associated
with blood glucose concentration and atorvastatin treatment. A
previous study proved that diabetes induced by STZ increases
skeletal muscle autophagy activity, which is consistent with the
results of the present study24. Therefore, the increase of the
autophagy level might be due to the increased lipid deposition
in skeletal muscle activating the autophagolysosome system. In
addition, inflammatory cell infiltration, enhanced inflammatory
response and oxidative stress in the skeletal muscle induce the

© 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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increased production of reactive oxygen species, thereby result-
ing in an increase in autophagy levels. The activation of autop-
hagy can be a protective mechanism to maintain the balance of
glycolipid metabolism, thereby reducing the risk of damage to
the body. Atorvastatin protects vascular smooth muscle cells
from calcification by the induction of autophagy in cardiovas-
cular remodeling”. The present study shows that atorvastatin
can enhance the autophagy level of skeletal muscles through
lipid deposition and inflammatory response.

Several limitations in the present study should be empha-
sized. In this study, neither normal rats treated with atorvas-
tatin were used as controls, nor were they used in a different
time-course of diabetes. In addition, the dose of atorvastatin
was not set at different concentrations, and it was unclear
whether different doses of atorvastatin caused different levels of
autophagy in skeletal muscle. Furthermore, additional factors
involved in the autophagy-related pathway should be deter-
mined to clarify the precise signaling mechanism mediating
autophagy.

In conclusion, the present study showed that blood glucose
and triglyceride levels were not significantly impacted by ator-
vastatin. In addition, the drug did not affect muscle glu-
cose metabolism, and can enhance the autophagy level of
different skeletal muscles, possibly through increased lipid depo-
sition, enhanced inflammatory response and oxidative stress. In
other words, the activation of autophagy possibly exacerbated
atrorvastatin-induced myopathy.
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