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Abstract

Statins, an anti-hyperlipidemic drug, is associated with skeletal muscle myopathy, which may be severe enough to discontinue
statin therapy. This study assessed the effect of mesenchymal stem cells (MSCs) versus intermittent fasting on simvastatin
induced myopathy in rats and studied the possible autophagy role. This study included forty adult female and four male
Sprague Dawely rats. Male rats were used for MSCs isolation. The female rats were divided as follow: Group | served as the
control group. Group Il (the myopathy group) rats were given a daily oral dose of simvastatin for 30 days. Group Il
(discontinuation group) rats were given a daily oral dose of simvastatin for 30 days and and were left without treatment for 15
days. Group IV (the intravenous stem cell group) rats were given a daily oral dose of simvastatin for 30 days and then a single
stem cell injection was administered intravenously. Group V (the intermittent fasting group) rats were given a daily oral dose
of simvastatin for 30 days and then an intermittent fasting protocol was started. Gastrocnemius muscle contractility,
histopathological examination plus serum creatine kinase (CK) level, autophagy markers (LC3 and P62) expression and
MSCs homing by PCR were carried out.Simvastatin significantly altered contractile properties, induced atrophy of skeletal
muscle, increased CK, LC3 and P62 levels. Meanwhile, MSCs injection and intermittent fasting significantly restored all
these alterations which were confirmed by histopathological improvement. They reduced skeletal muscle atrophy and CK
level, and improve the skeletal muscle contractility and autophagy flux. In conclusion:Statin myopathy is revealed to be due
to autophagy flux inhibition. MSCs injection and intermittent fasting induced pronounced skeletal muscle regeneration with
improvement of functions. The improvement recorded in intermittent fasting group was significantly better than that observed
withMSC injected group.
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1. Introduction

Statins are the cornerstone drugs in reducing
cardiovascular diseases incidence and improving rate
of survival (1, 2). They act by 3 hydroxyl, 3-methyl
glutaryl CoA (HMG co-A) reductase enzyme
inhibition, which is in charge of cholesterol synthesis
(2). Regardless of its clinical benefits, the most well
documented adverse effect of its use is statin-
associated muscle symptoms (SAMSs)(3). The main
manifestations of skeletal muscle myopathy are
decreased muscle mass and muscle force as well as
contractile properties alteration. Reduced compliance
of the patients due to statin-associated myopathy,
exposes them to the high morbidity and mortality
risks(4). In some statin-induced myopathy cases,
despite drug removal, high level of serum creatine
kinase (CK), plus persistent weakness of skeletal
muscules were reported (5).

As regard the exact underlying mechanism(s) of
statin-induced myopathy, a variety of hypotheses

have been proposed. These include the depletion of
cholesterol in the cell membranes of skeletal muscle,
deficiency of ubiquinone, oxidative  stress,
mitochondrial dysfunction, altered ca homeostasis
and induction of apoptosis (6). In addition to the
inhibition of protein geranylgeranylation of RAP1A,
RAP1A regulate the structural organization of late
endosomes and lysosomes and therefore influence
intracellular degradative pathways. Also, statin
treatment reduced PKD activation, impaired
activation of PKD-Vps34, preventing normal
maturation of autolysosomes and reduces the capacity
for autophagy flux. Additionally, statin treatment led
to reduced mTOR activity, which is a trigger for
autophagy induction. The combination of enhanced
autophagy initiation and impaired capacity for flux
induced statin-related myopathy (7).

Mesenchymal stem cells (MSCs) are multipotent
stromal cells that can differentiate into a variety of
lineages(8). From bone marrow and other
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mesenchymal tissues, including dental pulp, adipose
tissue, the umbilical cord and the placenta, they can
be isolated and subsequently rapidly expanded ex
vivo(9).There is growing evidence that suggests that
MSCs augment of autophagy may be an effective
approach to help muscle cells repairing against
various extra-/intracellular noxious stimuli (10). The
differentiation capacity, in addition to the
documented immunomodulatory and trophic effects
of MSCs that protect parenchymal cells from
apoptotic death, and promote endogenous precursors
differentiation and proliferation, hold great promise
for cell therapies and tissue engineering (11).

Intermittent fasting (IF) is a broad term describing
patterns of eating alternating between eating and
extended fasting, occurring on a recurring basis (12).
It includes Ramadan fasting (RF) which is a time
restricted eating pattern, intermittent restriction of
energy (the 5:2 diet), and alternate-day fasting
(consuming no calories for one day and eating the
next day without restriction)(13).Popularity of IF was
attributed to its potential valuable effects on
health(13). One way that intermittent fasting has
proven beneficial is through the increased amount of
autophagy occurring in the body. IF has been found
to promote organs regeneration by increasing
production of stem cell, and increase lifespan (14).

Autophagy is necessary to the human body, as it
breaks down and recycles proteins and organelles.
The purpose of this degradation is either to rid the
cells of misfolded proteins and damaged organelles,
or to use the components at another more vital
location when there is low nutrient availability (15).
Regulated proteins and organelles removal by
autophagy-lysosome system is in fact critical for
homeostasis of the muscle. Excessive activation of
autophagy-dependent degradation contributes to
atrophy of the muscle and cachexia. Conversely,
autophagy inhibition causes protein aggregates and
abnormal organelles accumulation, leading to
myofibers degeneration and myopathy(16, 17).

The purpose of the current study is to assess the
influence of stem cell therapy and fasting on skeletal
muscle in an animal model of simvastatin-induced
myopathy, identify the possible role of autophagy and
compare the potential effect of bone marrow-derived
mesenchymal stem cells and fasting in modulation of
statin induced myopathy

Materials and methods:

Experimental animals

The study was performed using forty adult female
Sprague Dawely rats, aged 6-8 weeks, weighing 150-
200 grams. Females were used as they are reported to
have a higher risk for statin induced myopathy than
males. Animals were housed and maintained at the
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Medical Experimental Research Center (MERC)
animal house, Faculty Of Medicine, Mansoura
University at controlled environmental conditions (12
hours light/dark cycles and temperature of (24 °C)
fed a standard laboratory chow and had a free access
to tap water. AIll experimental protocols were
approved by our local committee of animal care and
ethics. The research protocol was approved by the
Mansoura Institutional Research Board (Code
number MDP.19.03.20).

Drug used

Simvastatin is a drug available commercially and
manufactured by Egypharma for pharmaceutical
industries, Egypt.

Experimental design

The animals were randomly divided into five
groups each contain eight rats as follows: Group |
(C): served as a control group receiving distilled
water by gastric gavage. Group Il (S): was
administered simvastatin at a dose of 50 mg/kg body
weight /day for 30 days by gastric gavage tube. By
the end of 30 days rats were sacrificed. Group IlI
(D):Simvastatin was administered for 30 days by
gastric gavage tube at a dose of 50 mg/kg body
weight /day, and then after 15 days of simvastatin
discontinuation rats were sacrificed.Group IV (M):
Simvastatin was administered for 30 days at a dose of
50 mg/kg body weight/day by gastric gavage tube,
with mesenchymal stem cells intravenous injection
via rat tail vein once on day 31, each rat received
1x10% cells suspended in 0.5mL of phosphate-
buffered saline then rats were sacrificed after 15
days(18, 19). Group V (F): Simvastatin was
administered for 30 days by gastric gavage tube at a
dose of 50 mg/kg body weight /day, then rats were
submitted to a program of intermittent fasting for
another 15 days. The intermittent fasting program
includes alternate periods of 24hrs of fasting and
feeding and then rats were sacrificed after 15 days.

Blood samples collection

At the day of sacrifaction, overnight fasting
animals were anesthetized with a piece of cotton
soaked with 10 ml halothane and then rats were left
for 30 seconds. On the dissecting table, the animals
were fixed and the abdominal cavity was opened
longitudinally. After that, the samples of blood were
collected directly from the heart by cardiac puncture
and centrifuged at 2000 rate per minute (rpm) for 10
minutes to obtain serum that stored at —20 °C for
subsequent biochemical assay.

Preparation of (MSCs) from male rats:
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By flushing the tibiae and femurs of male Sprague
Dawely rats, bone marrow was harvested. Nucleated
cells were isolated and cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine medium and 1% penicillin-
streptomycin. Cultures were incubated at 37°C in 5%
humidified CO2. After 24 or 48 h, non-adherent cells
were discarded and the adherent cells were washed
thoroughly with phosphate buffered saline (PBS).
The fresh complete medium was added and replaced
every 2 or 3 days. Wash of the primary cultures when
it became almost confluent (80-90%) was done for 2
times with PBS, and digested for 2 minutes at 37°C
With 0.25% trypsin and 0.01% EDTA. The confluent
cells were dissociated, and sub-cultured. These
procedures were repeated several times(18, 20). In
culture, MSCs were characterized by their
adhesiveness, fusiform shape, and by flow cytometry
analysis of rat MSCs surface markers.

Biochemical investigation:

Using the kit obtained from Sigma Aldrich Company,
Cairo, Egypt, plasma level of total CK was
determined through standard enzymatic
spectrophotometric analysis following the
manufacturer’s instructions (4).

Harvesting muscle specimens

In order to detach the tendon of the right
gastrocnemius muscle from the underlying bone,
careful dissection was done. And then with a thread,
the tendon was tied maintaining the muscle’s nerve
supply and the knee joint attachment. This specimen
was immersed in Krebs solution at 30°C and used for
skeletal muscle contractility recording. For further
histopathological and immunostaining tests, the left
gastrocnemius muscle was taken and left in formalin
(10%). In MSCS injected group fresh specimens were
preserved and stored in liquid nitrogen for PCR.

Detection of muscle homing of the male-derived
mesenchymal stem cells by Polymerase Chain
Reaction: By real time PCR, the presence or absence
of sex determination region on the Y chromosome
male (sry) gene in muscle of recipient female rats
was assessed(18, 20). From homogenate of the
muscle tissue of rats injected with stem cells,
genomic DNA was extracted. The sequences of the
primer pairs are: sex determining region Y (Sry):
Reverse 5’-TGCCTTCCTCATCAGATGGG- 37/
Forward 5’-TTGGCTCAACAGAATCCCAG- 3’
glyceraldehyde-3-phosphate dehydrogenase (Gapdh):
Forward 5’-TTGTGCAGTGCCAGCCTCGT-3’/
Reverse 5> TGCCGTTGAACTTGCCGTGG - 3°.
Muscle contractility recordings:
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By using a Biopac Lab system (BSL 3.7.5
software), (MP36) data analysis unit, isometric force
transducer assembly (SS12LA), BIOPAC BSLSTM
stimulator and needle electrodes (ELSTM2),
gastrocnemius muscle contractility was recorded. The
stimuli intensity was adjusted up to 80V and directly
delivered to the gastrocnemius preparation of rats
(21). The following parameters of contractilty were
recorded; Twitch Kinetics (maximal twitch force,
time to peak (time taken to reach maximum force)
and half-relaxation time (time taken for force to fall
to half of the maximum), Tetanus Kinetics
(maximum tetanic force). Fatigue was measured by
repetitive tetanic stimuli until the force decreased to
about 50% of the original force.

Histopathological study:

Collected muscle tissues were washed with saline
and immediately stored in 10% buffered neutral
formalin solution. Then, by standard procedure
processed for paraffin embedding and serial sections
were cut (5 p). The sections were stained with
hematoxylin and eosin. Under light microscope X:
400, bar = 50 um, histopathological evaluation was
performed. Cross sectional areas were measured by
scaling histopathological specimens.

Immunohistochemical examination for LC3 and
P62:

The tissue sections were deparaffinized,
rehydrated, washed, immersed in 3% H202, and then
with pepsin were digested for retrieval of antigen.
After the unspecific binding blocking by serum, the
sections were incubated with polyclonal LC3B (cat#
A5601, 1:150) and P62 (cat# A7758, 1:75)
antibodies, purchased from Abclonal, USA, at 4°C
overnight. To produce a brown-colored signal,
Diaminobenzidine / peroxidase substrate was used.
The section was counterstained, dehydrated, cleared,
and cover slipped. To replace primary antibody,
phosphate buffered solution (PBS) was used and
adjacent sections were used as negative control. For
the semi-quantitative morphometric analysis, the
numbers of LC3 and p62 positive cells was quantified
as the percent of muscle area occupied by positive
staining (calculated by averaging five fields per slide
at a 100X) for each muscle area by using image J
software.

Statistics analysis

Via using SPSS Package version 23, statistical
analysis was performed. As the mean + standard
deviation, data were represented. For detection of
variation between different groups, the ANOVA test
was used. p- value <0.05 was considered to be
statistically significant.
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Table (1): Contractility parameters in different experimental groups

C S D M F

Isometric twitch 80.09+3.74 41.44+3.72" 60.68+4.92"# 72.74+4.38"% 77.43+3.35%

tension

(SMTMax)(gm)

Percent of change 75.5309% 86.8485%
increase increase

Time to peak(sec) 0.035+0.003  0.091+0.004" 0.0655+0.004™  0.0376+0.004**  0.0361+0.003"®

Percent of change 58.6813% 60.3297%
decrease decrease

Half relaxation 0.0525+0.004 0.1029+0.004" 0.0877+0.003™* 0.0718+0.002™*°  0.0575+0.004*@

time(HRT)(sec)

Percent of change 30.2235% 44.1205%
decrease decrease

Maximum tetanic 115.74+5.75 68.19+5.41" 89.51+3.14™ 98.49+4.34™ 111.71+6.59%%@

tension(gm)

Percent of change 44.4347% 63.8217%
increase increase

Time to fatigue(sec) 134.52+4.33  89.40+4.85" 99.09+3.98™  114.38+5.89™  125.60+5.68"5@

Percent of change 27.9418% 40.4922%
increase increase

C: control group, S: simvastatin treated group, D: discontinuation group, M: mesenchymal stem cells injected group F:
intermittent fasting treated group. Parameters described as mean +SD, P: Probability, *: significance <0.05, Test used: One
way ANOVA followed by Tukeyposthoc test. *: significance with control group, #: significance with S group, $: Significance

with D group, @: Significance with M group

Fig (1): Record of Contractile properties of rat gastrocnemius muscle in different experimental groups. (C) Control group. (S)
simvastatin treated group. (D) discontinuation group. (M) mesenchymal stem cells injected group. (F) intermittent fasting

treated group.
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Results
Contractility recording

Regarding the isometric contractile properties,
simvastatin show a significant decrease in forces of
contraction (maximum twitch force, maximum Tetanic
force) and decreased fatigue resistance together with a
significant increase in twitch times (time to peak
twitch, half relaxation time twitch) when compared to

Biochemical analysis

As regard the biochemical analysis, the present
study revealed that administration of simvastatin
significantly results in serum CK level increase,
exceeding the control group by several folds. This
elevated level of creatine kinase was significantly
decreased in discontinuation group compared to
simvastatin treated group, but still significantly
higher than normal control group. It was apparent
that creatine kinase level was significantly decreased
in mesenchymal stem cells injected group in
comparison with both simvastatin and
discontinuation group. Also, intermittent fasting
treated group showed significant decrease in creatine
kinase level when compared to simvastatin and
discontinuation groups. (Figure2).

Cross sectional area of gastrocnemius muscle:

It was significantly decreased in simvastatin
treated group when compared to normal control
group. A significant increase in its value was shown
in discontinuation group compared to simvastatin
treated group, but still significantly lowers than the
value of normal control group. Also a significant
increase was observed in mesenchymal stem cells
injected group and intermittent fasting treated group
when compared with simvastatin treated and
discontinuation groups (figure 3).

CK(IL)

Mean (SD}

Ieo

Fig (2): Serum levels of creatine kinase in different studied
groups. C: control group, S: simvastatin treated group, D:
discontinuation group,  M: mesenchymal stem cells
injected group F: intermittent fasting treated group. All
parameters described as mean + SD. *: significance with
control group, #: significance with S group, Significance
with D group, @:

Significance with M group. One-way ANOVA with post
hoc Tukey test.
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the control group (Table 1, Figure 1). These
parameters  were  significantly  enhanced in
discontinuation group, mesenchymal stem cells

injected group, and intermittent fasting treated group
when compared to the simvastatin group. Intermittent
fasting treated group revealed the best significant
improvement.

Cross sectional area

€ 15 T
1
) I I I I
0
( S D M F

Fig (3): Mean cross sectional area among studied groups.
C: control group, S: simvastatin treated group, D:
discontinuation group, M: mesenchymal stem cells injected
group F: intermittent fasting treated group. All parameters
described as mean + SD. *: significance with control
group, #: significance with S group, $: Significance with D
group, @:Significance with M group. One-way ANOVA
with post hoc Tukey test

Histopathological examination

Figure (4) shows normal architecture of muscle
fibers with regular parallel arrangement and
peripherally placed nuclei in the gastrocnemius
specimen obtained from the control group (C).
Simvastatin treated muscles (S) showed loss of
striations, splitting of muscle fibers, hyper-cellularity
with  numerous enlarged  vesicular  nuclei,
inflammatory cells infiltration, congestion, fibrosis
and interstitial edema. Discontinuation group (D)
showed loss of striations, focal area of fibrosis and
few inflammatory cells infiltration. While, muscle
specimens obtained from the stem cells injected
group (M) still show loss of striations, minimal
degenerative changes and very few inflammatory
cells infiltration. Meanwhile, skeletal muscles
sections from intermittent fasting group showing
retained normal histological appearance.

Immunohistochemical examination for autophagy
(LC3 markers (LC3 and P62)

In the simvastatin treated rats LC3I1 expression in
gastrocnemius muscle was  significantly increased
compared to normal control group. In discontinuation
group this value was significantly increased when
compared with simvastatin treated rats and normal
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control group. Further increase was detected in
mesenchymal stem cells injected group when
compared with the simvastatin treated rats,
discontinuation and normal control  group.
Intermittent fasting treated group showed significant

increase when compared with normal control,
discontinuation, simvastatin treated and
mesenchymal stem cells injected group (figure 5, 6).

Fig (4): Microscopic pictures of H&E stained sections from gastrocnemius muscles of control group (C) showing normal
elongated muscle fibers with numerous flattened peripheral nuclei. Muscles sections from simvastatin treated group (S) group
showing loss of striations (black arrowheads), splitting of muscle fibers (blue arrows), hyper-cellularity with numerous
enlarged vesicular nuclei (black arrows), inflammatory cells infiltration (white arrows), congestion (red arrow), fibrosis (green
arrows) and interstitial edema (asterisks). Microscopic pictures of sections muscles from discontinuation group (D) showing
loss of striations (black arrowheads), focal area of fibrosis (green arrows) and few inflammatory cells infiltration (white
arrows). Muscles sections from mesenchymal stem cells injected group (M) showing loss of striations (black arrowheads) and
very few inflammatory cells infiltration (white arrow). Meanwhile, skeletal muscles sections from intermittent fasting treated
group (F) showing retained normal histological appearance. X: 400, bar = 50 pm.

It was noticed that P62 expression was significantly
increased in simvastatin treated rats in comparison
with normal control group. With discontinuation
group the value was decreased significantly when
compared to simvastatin treated rats, but still
significantly higher than normal control group. In
mesenchymal stem cells injected group its expression
was significantly decreased as compared to
simvastatin treated rats and discontinuation group.
The most obvious decrease in p62 value was detected
in intermittent fasting treated group when compared
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with simvastatin treated rats, discontinuation group
and mesenchymal stem cells injected group, but
insignificant change with normal control group
(figure 7,8).

Morphological features of cultured rat BM-MSCs:

On Day 1, most of the cells were still
mononuclear cells and fat droplets were frequently
seen. On Day 2, some spindle shaped cells appeared
among the mononuclear cells and fat droplets. On
Day 3, the number of spindle-shaped cells continued
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increasing. On Day 4, the spindle-shaped -cells
reached about 60-80% confluence. On Day 5, the
spindle-shaped cells already formed cell layers

(Fig.9)

Confirmation of phenotype of rat BM-MSCs:

Flow cytometry analysis results showed that the
established cells were strongly positive for MSC
markers CD90, CD105, and negative for the
haematopoietic cell marker CD45 and cell marker
CD34 (Fig.10).
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Detection of male derived (MSCs) homing in
female rats muscles:

In myopathic rats that received simvastatin for 30
days (50 mg/kg body weight/day) with injection of
MSC on day 31, a marker of Y chromosome, Sry
gene was expressed. The sry gene expression by the
female rat’s injured muscle tissue after intravenous
injection of male derived MSCs, proved homing of
injected cells in the affected muscles (Figure 11).

expressions in muscle fibers from simvastatin treated (S) group (black arrows) when compared to control (C) group. The
positive immune reaction slightly increased in discontinuation (D) group, moderately increased in mesenchymal stem cells
injected group (M) and markedly increased in intermittent fasting (F) group. IHC counterstained with Mayer's
hematoxylin.X:400, bar = 50 um.

Image analysis LC3
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Fig (6): Mean image analysis LC3 between studied groups*: significance with control group, #: significance with S group, $:
Significance with D group, @:Significance with M group
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Fig (7): Microscopic pictures of immunostained sections from skeletal muscles against P62 showing higher expressions in
muscle fibers from simvastatin treated (S) group (black arrows) when compared control (C) group. The positive immune
reaction slightly decreased in discontinuation (D) group, moderately decreased in mesenchymal stem cells injected group (M)
and markedly decreased in intermittent fasting treated (F) group. IHC counterstained with Mayer's hematoxylin.X:400, bar =
50 pm.

image analysis P62
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Fig (8): Mean image analysis P62 between studied groups. *: significance with control group, #: significance with S group, $:
Significance with D group, @:Significance with M group.
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Fig (9): Morphological features of the cultured rat bone marrow mesenchymal stem cells
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Fig (10): Flow cytometry analysis of rat bone marrow mesenchymal stem cell (MSC) surface markers, showed that the cells
were positive for MSC markers CD90 and CD105. Cells were negative for CD45 and CD34
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Fig (11): Real time PCR expression of Sry gene for detection of MSCs homing.

Discussion

Statins are statins are a widely prescribed
anti-hyperlipidemic drugs. Despite the widespread
use of statins to reduce cardiovascular morbidity and
mortality, their therapeutic application can be
rigorously restricted due to statin-associated muscle
symptoms (SAMSs)(22). These can present as
myalgia, nocturnal muscle cramping, myopathy and
myositis, up to its most severe form,
rhabdomyolysis(23).Simvastatin was chosen because
it has been hypothesized that lipophilic statins (e.g.,
simvastatin or atorvastatin) are more likely to cause
muscular side effects than hydrophilic statins due to
increased passive diffusion into muscle cells (24). In
this study, the gastrocnemius muscle was selected
because most of its fibers are formed of type Il white
muscle fibers. Type Il muscle fibers were reported by
previous studies to be selectively vulnerable to statin
induced myotoxicity(25).

In this study, the injurious effect of simvastatin
administration on skeletal muscles was detected by
significant increase in serum level of creatine
kinase(CK) by several folds, and dramatic decrease in
muscle cross sectional area, as compared to the
control group. This result is contradictory to Piette et
al.(26)who reported that short-term statin treatment
for 28 days did not induce muscle mass loss, muscle
fiber atrophy, or creatine kinase (CK) release. Yet it
is coherent with several other reports (27-29).These
findings could be explained by the activation of
muscle atrophy genes(30). It has been postulated
thatstatins stimulate the induction of muscle—specific
lysosomal proteolysis and ubiquitin proteasome
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system by the FOXO downstream target genes
upregulation, Muscle Ring Finger 1 (MuRF1),
cathepsin-L mRNA and F-box (MAFbx), as well as
apoptotic caspases activation resulting in accelerated
myofibrillar degradation, protein synthesis reduction,
and atrophy of myotubes(31, 32).

Our results revealed significant prolongation in
time of contraction and relaxation together with
decrease in forces of contraction and time to fatigue
in gastrocnemius of rats supplemented with
simvastatin as compared with control ones suggesting
muscular dysfunction which is in line with previous
studies (4, 33, 34).These contractile effects could be
understood by statin induced skeletal muscle
functional and structural alterations .These include
cholesterol depletion in the skeletal muscle cell
membranes which destabilizes the muscle membrane,
mitochondrial dysfunction, deficiency of ubiquinone
(coenzyme Q10), cellular oxidative stress, disturbed
Ca homeostasis and induction of apoptosis(31, 35). It
affected also the function and kinetics of ion channels
and carriers and results in hyperpolarizing potentials
of the contraction mechanical threshold, an
excitation-contraction ~ coupling  index(4).Statin
mediated inhibition of pyruvate dehydrogenase
complex and oxidation of CHO may contribute to
these side-effects (36).

All of the previous findings were confirmed by the
histopathological examinations. In the present study
there was a structural change in gastrocnemius
muscle that confirm myopathic changes of
simvastatin, which is consistent with previous studies
as (18, 19, 25).

Moreover, this study try to explain the role of
autophagy in statin induced myopathy, as regulated
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proteins and organelles removal by autophagy-
lysosome system is in fact vital for muscle
homeostasis. Autophagy deficient muscles also show
abnormal mitochondria accumulation,
disorganization  of  sarcomeres,  sarcoplasmic
reticulum distension, and activation of apoptosis,
contributing to a dramatic myofiber size and force
generationdecrease (37, 38). It has been shown that
constitutive autophagy is required for satellite cells to
maintain their stem cell fitness (39).

The process of autophagy starts with formation

of isolation membrane, phagophore, which engulf
certain cargo (protein aggregates or damaged
organelles) forming autophagosome (AP). The
process is completed by fusion of AP with lysosomes
to form autolysosomes where cargo is degraded by
lysosomal enzymes(40). LC3I1 is considered the only
reliable protein marker associated with
autophagosomes formation. Meanwhile, p62 is
responsible for attraction of ubiquitinated cargo
proteins to the autophagosomes facilitating their
degradation by fusion with the lysosome and
completion of autophagic process(41). Therefore,
accumulation of p62 denotes inability to complete
autophagic process (42).
In order to assess autophagy, LC3 and P62
expression in gastrocnemius muscle were detected in
our study through immunohistochemical examination
and it has been shown that LC3 expression was
significantly increased in simvastatin treated rats
when compared to normal control group. This finding
came in accordance with Ghavami et al. (43) who
stated that statins can induce autophagy in different
types of cells. It can be attributed to mTOR
(mammalian target of rapamycin) inhibition and that
its inhibition stimulates autophagy (44). Also,
simvastatin inhibits autophagy flux as, P62
expression was significantly increased, and this is in
line with previous study(45).

Our study results revealed that discontinuation of
simvastatin results in partial recovery as there were
still significant myopathic changes as compared to
the control, which is in agreement with several
studies (18, 46). This could be due to the adult
skeletal muscle normal regenerative capacity. This
regenerative response is due to the effect of resident
stem cells, including satellite cells chiefly, and other
progenitor cells (47).

At the level of skeletal muscle, the satellite cells
are low in intact skeletal muscle (48). So, it is
suggested that derived stem cells from other sources,
such as bone marrow stem cells, would participate in
injured skeletal muscle regenerative process.
Consequently, by their myogenic potential, bone
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marrow mesenchymal stem cells constitute an
attractive candidate for regeneration of muscle tissue
in cases of diseases associated with muscle
dysfunction(49).

In the current work Mesenchymal stem cells
administered intravenously to simvastatin treated rats
improved the isometric twitch tension by 75.5309%
increase, and tetanic tension by 44.4347% increase. It
shortened time taken to peak twitch by 58.6813%
decrease and half relaxation time by 30.2235%
decrease, while time taken to fatigue was prolonged
by 27.9418% increase. Also, resulted in Improvement
of histopathological findings, decreased CK level by
79.201%, increased cross sectional area by
93.8976%, increased LC3 by 77.8719% and
decreased P62 expression by 35.9429%, all as
compared to the simvastatin group. In accordance,
Farouk et al (18)and Salem et al (19)reported that
mesenchymal stem cells administration has
significant effects on improving simvastatin induced
myopathy.

These findings may be due to improved
autophagy flux, and secretion of a wide range of
paracrine bioactive growth factors that finally
improve muscle strength, such as IGF, bFGF, VEGF,
HGF, EGF and Wntl. Therefore, MSCs could
provide trophic support for injured tissue by
induction of differentiation and proliferation of local
precursor to improve irrigation of damaged tissue and
prevent cell apoptosis (50). MSC treatment also
produces an anti-inflammatory response, prevented
oxidative stress, and Ubiquitin  proteasome
pathwayoveractivation(11).MSCs mediated repair
can be also through release of microvesicles,
exosomes microRNAs, and mitochondrial transfer.
Mitochondrial dysfunction is associated with a
majority ~ of  degenerative  diseases.  Thus,
mitochondrial transfer has appeared as a great
therapeutic strategy as it can restore the bioenergetic
needs of damaged cells (51).

In contrast to the results of the present study, one
study stated that MSCs intravenous injection had a
non-beneficial effect in myopathy treatment. This
study attributed the failure to the possibility that the
degenerated muscle background fails to stimulate
stem cells to trigger their expansion and myogenic
differentiation and to the poor survival of stem cells
after transplantation and their limited migratory
ability(52).

Intermittent ~ fasting  protocol applied to
simvastatin treated rats in form of alternate-day
fasting revealed marked improvement in simvastatin
myopathic changes. It resulted in Improved
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histopathological findings showing almost normal
muscle fibers, decreased CK level by 80.1119%,
increased cross sectional area by 103.74%, improved
contractile forces as the isometric twitch tension and
tetanic tension increased by 86.8485% and 63.8217%
respectively. It also shortened time taken to peak
twitch by 60.3297% decrease and half relaxation time
by 44.1205% decrease, while time taken to fatigue
was prolonged by 40.4922% increase, increased LC3
by 99.9751% and decreased P62 expression by
53.5619%, all when compared to the simvastatin

group.

Studies have demonstrated that the effect of IF is
related to the adaptive energy metabolic response of
organs, tissues, and cells triggered by IF (mainly the
metabolic conversion from glucose to ketone bodies
as an energy source), which manifested as increased
ketone body production, autophagy induction, DNA
repair, and anti-stress abilities, and antioxidant
defense. During periods of recovery (including eating
and sleeping), the conversion from ketones to glucose
as the main energy source of cells results in an
enhanced ability to produce glucose and synthesize
intracellular proteins and increased mTOR expression
and mitochondrial biogenesis (53). Also, metabolic
switch flipping in muscle cells enhanced AMPK
activation (54). Consequently, programs of gene
expression that promote cellular stress resistance and
mitochondrial biogenesis are activated. PGC-1a, a
master regulator that mediates the growth and
division of mitochondria, expression is up-regulated
by AMPK. Fasting induces SIRT3 expression in
skeletal muscle cells that results in protection of
muscle cells against oxidative stress by deacetylating
and activating SOD2 (12).

Data also revealed that in muscle cells fasting
stimulates autophagy through mechanisms including
AMPK-mediated mTOR signaling inhibition and
autophagy-promoting proteins up-regulation (55).
AMPK also contributes to anti-inflammatory effect of
fasting and increased muscle cells sensitivity to
insulin. Moreover, muscle-specific AMPK knockout
mice  show  hyperglycemia and  impaired
gluconeogenesis, which may be a result of autophagy
impairment in muscle cells (56). AMPK is involved
also in muscle stem cells (MuSCs) themselves
regulation. Via the Notch signaling activation, an
essential pathway for the maintenance of MuSC, the
AMPK-regulated  transcription  factor FOXO3
enhances MuSC self-renewal (57).

In conclusion, we found that simvastatin inhibits
autophagy flux, which was reported to increases the
simvastatin myotoxicity. Simvastatin-induced
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myopathy is proved by the altered parameters of
contractility as regard to the force, time to peak, half
relaxation time and time to fatigue, elevation of
plasma CK levels, muscle atrophy and decrease
muscle mass and histopathological degenerative
changes. Mesenchymal stem cells and intermittent
fasting improve autophagy flux and play a role in
ameliorating these myopathic changes. The
improvement recorded in intermittent fasting group is
significantly better than that observed withMSC
injected groups. Marked improvement in the skeletal
muscles regenerative capacity after intermittent
fasting provides a new hope for patients suffering
from myopathies as a natural health protocol that can
avoid potential drawbacks of stem cell therapy as
immunogenicity, short survival after administration,
differentiation into undesirable tissue plus high
maintenance cost.
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bFGF: basic fibroblast growth factor
EGF: epidermal growth factor

HGF: hepatocyte Growth Factor

Acknowledgements: We acknowledged Dr Walaa
Fekry for the pathological analysis, Dr Amal Awad
for the wveterinary care and our Physiology
Department for significant assistance in the
experimental part of the present study.

Author contribution: All authors have accepted
responsibility for the entire content of this manuscript
and approved its submission.

Conflict of interests: The authors declare that there
is no conflict of interest.

References:

1. Vaughan CJ, Gotto Jr AM. Update on statins:
2003. Circulation. 2004;110(7):886-92.

2. Raju SB, Varghese K, Madhu K. Management of
statin  intolerance.  Indian  journal  of
endocrinology and metabolism. 2013;17(6):977.

3. Maghsoodi N, Wierzbicki AS. Statin myopathy:
over-rated and under-treated? Current Opinion in
Cardiology. 2016;31(4):417-25.

4. Ghalwash M, Elmasry A, El-Adeeb N. Effect of
L-carnitine on the skeletal muscle contractility in
simvastatin-induced myopathy in rats. Journal of
Basic and  Clinical Physiology  and
Pharmacology. 2018;29(5):483-91.

5. Mohassel P, Mammen AL. Statin- associated
autoimmune myopathy and anti- HMGCR
autoantibodies. Muscle & nerve.
2013;48(4):477-83.



MESENCHYMAL STEM CELLS VERSUS INTERMITTENT FASTING ON STATIN...... 379

10.

11.

12.

13.

14.

15.

16.

El-Ganainy SO, EI-Mallah A, Abdallah D,
Khattab MM, EI-Din MMM, El-Khatib AS.
Elucidation of the mechanism of atorvastatin-
induced myopathy in a rat model. Toxicology.
2016;359:29-38.

Jaskiewicz A, Pajak B, Litwiniuk A, Urbanska
K, Orzechowski A. Geranylgeraniol prevents
statin-dependent myotoxicity in C2C12 muscle
cells through RAP1 GTPase prenylation and
cytoprotective autophagy. Oxidative medicine
and cellular longevity. 2018;2018.

Ullah 1, Subbarao RB, Rho GJ. Human
mesenchymal stem cells-current trends and
future  prospective. Bioscience  reports.
2015;35(2).

Hoogduijn  MJ, Betjes MG, Baan CC.
Mesenchymal  stromal cells for organ

transplantation: different sources and unique
characteristics? Current opinion in organ
transplantation. 2014;19(1):41-6.

Ebrahim N, Ahmed IA, Hussien NI, Dessouky
AA, Farid AS, Elshazly AM, et al. Mesenchymal
stem cell-derived exosomes ameliorated diabetic
nephropathy by autophagy induction through the
mTOR signaling pathway. Cells.
2018;7(12):226.

Abrigo J, Rivera JC, Aravena J, Cabrera D,
Simon F, Ezquer F, et al. High fat diet-induced

skeletal muscle wasting is decreased by
mesenchymal  stem  cells  administration:
implications on oxidative stress, ubiquitin

proteasome pathway activation, and myonuclear
apoptosis. Oxidative medicine and cellular
longevity. 2016;2016.

Anton SD, Moehl K, Donahoo WT, Marosi K,
Lee SA, Mainous Il AG, et al. Flipping the
metabolic switch: understanding and applying
the health benefits of fasting. Obesity.
2018;26(2):254-68.

Mattson MP, Longo VD, Harvie M. Impact of
intermittent fasting on health and disease
processes. Ageing research reviews. 2017;39:46-
58.

Harvie M, Howell A. Potential benefits and
harms of intermittent energy restriction and
intermittent fasting amongst obese, overweight
and normal weight subjects—a narrative review
of human and animal evidence. Behavioral
Sciences. 2017;7(1):4.

Arakawa S, Honda S, Yamaguchi H, Shimizu S.
Molecular mechanisms and physiological roles
of Atg5/Atg7-independent alternative autophagy.
Proceedings of the Japan Academy, Series B.
2017;93(6):378-85.

Merlini L, Nishino I. 201st ENMC International
Workshop: Autophagy in muscular dystrophies—
Translational approach, 1-3 November 2013,

Egypt. J. Chem. 65, No. 10 (2022)

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Bussum, The Netherlands. Neuromuscular
Disorders. 2014;24(6):546-61.

Xia Q, Huang X, Huang J, Zheng Y, March ME,
Li J, et al. The role of autophagy in skeletal
muscle diseases. Frontiers in Physiology.
2021;12:638983.

Farouk AA, EI-Stoohy F, El-Arab Ali S, El-Atty
HA, Rashed L, Krysha NA, et al. Influence of
Stem Cell Therapy on Statin-induced Myopathy
of Skeletal Muscle in Female Rats. Turkish
Journal of Neurology/Turk Noroloji Dergisi.
2012;18(4).

Salem MY, El-Eraky El-Azab N, lbrahem R.
Effect of the route of stem cell transplantation on
its therapeutic potential on induced myopathy in
rats: a histological and immunohistochemical
study. The Egyptian Journal of Histology.
2016;39(1):74-86.

Roudkenar MH, Halabian R, Tehrani HA, Amiri
F, Jahanian-Najafabadi A, Roushandeh AM, et
al. Lipocalin 2 enhances mesenchymal stem cell-
based cell therapy in acute kidney injury rat
model. Cytotechnology. 2018;70(1):103-17.
Nakae Y, Dorchies OM, Stoward PJ,
Zimmermann BF, Ritter C, Ruegg UT.
Quantitative evaluation of the beneficial effects
in the mdx mouse of epigallocatechin gallate, an
antioxidant  polyphenol  from green tea.
Histochemistry and cell biology.
2012;137(6):811-27.

Hess CN, Low Wang CC, Hiatt WR. PCSK9
inhibitors: mechanisms of action, metabolic
effects, and clinical outcomes. Annual review of
medicine. 2018;69:133-45.

Selva-O’Callaghan A, Alvarado-Cardenas M,
Pinal-Fernandez |,  Trallero-Araguds E,
Milisenda JC, Martinez MA, et al. Statin-induced
myalgia and myositis: an update on pathogenesis
and clinical recommendations. Expert review of
clinical immunology. 2018;14(3):215-24.

Bitzur R, Cohen H, Kamari Y, Harats D.
Intolerance to  statins: mechanisms and
management. Diabetes care.

2013;36(Supplement_2):S325-S30.

Soliman ME, Atteia SE, Kefafy MA, Ali AF,
Radwan EM. Histological study on the effect of
rosuvastatin (Crestor) on the skeletal muscle of
adult male albino rats and the possible protective
effect of coenzyme Q10. Menoufia Medical
Journal. 2017;30(4):1117.

Piette AB, Dufresne SS, Frenette J. A short-term
statin  treatment changes the contractile
properties of fast-twitch skeletal muscles. BMC
Musculoskeletal Disorders. 2016;17(1):1-7.
Osaki Y, Nakagawa Y, Miyahara S, Iwasaki H,
Ishii A, Matsuzaka T, et al. Skeletal muscle-
specific HMG-CoA reductase knockout mice



380

S.S. Oaf et.al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

exhibit rhabdomyolysis: a model for statin-
induced myopathy. Biochemical and biophysical
research communications. 2015;466(3):536-40.
Choi H-K, Won E-K, Choung S-Y. Effect of
coenzyme Q10 supplementation in statin-treated
obese rats. Biomolecules & therapeutics.
2016;24(2):171.

Ren L, Xuan L, Han F, Zhang J, Gong L, Lv Y,
et al. Vitamin D supplementation rescues
simvastatin induced myopathy in mice via
improving  mitochondrial ~ cristae  shape.
Toxicology and  Applied Pharmacology.
2020;401:115076.

Bonifacio A, Sanvee GM, Bouitbir J,
Kréhenbihl S. The AKT/mTOR signaling
pathway plays a key role in statin-induced
myotoxicity. Biochimica et Biophysica Acta
(BBA)-Molecular Cell Research.
2015;1853(8):1841-9.

Mallinson JE, Constantin- Teodosiu D, Glaves
PD, Martin EA, Davies WJ, Westwood FR, et al.
Pharmacological activation of the pyruvate
dehydrogenase complex reduces
statin- mediated upregulation of FOXO gene
targets and protects against statin myopathy in
rodents. The Journal of  Physiology.
2012;590(24):6389-402.

Sahebkar A, Cicero AF, Di Giosia P, Pomilio I,
Stamerra  CA, Giorgini P, et al
Pathophysiological mechanisms of
statin- associated myopathies: possible role of
the ubiquitin- proteasome system. Journal of
Cachexia, Sarcopenia and Muscle.
2020;11(5):1177-86.

Ozek NS, Bal IB, Sara Y, Onur R, Severcan F.
Structural and functional characterization of
simvastatin-induced myotoxicity in different
skeletal muscles. Biochimica et Biophysica Acta
(BBA)-General Subjects. 2014;1840(1):406-15.
Kader AA, Azmy R, Maher EA, El Sayed BB,
Khalil AS, Ghalwash M, et al. Assessment of bee
venom therapy in animal model of statin-induced
myopathy. The Egyptian Journal of Neurology,
Psychiatry and Neurosurgery. 2019;55(1):1-6.
Crisan E, Patil VK.  Neuromuscular
complications of statin therapy. Current
Neurology and  Neuroscience  Reports.
2020;20(10):1-7.

Irwin  JC, Fenning AS, Vella RK
Geranylgeraniol prevents statin-induced skeletal
muscle fatigue without causing adverse effects in
cardiac or vascular smooth muscle performance.
Translational Research. 2020;215:17-30.

Ogata T. The role of autophagy in skeletal
muscle homeostasis. The Journal of Physical
Fitness and Sports Medicine. 2012;1(1):159-62.

Egypt. J. Chem. 65, No. 10 (2022)

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Garcia-Prat L, Martinez-Vicente M, Perdiguero
E, Ortet L, Rodriguez-Ubreva J, Rebollo E, et al.
Autophagy maintains stemness by preventing
senescence. Nature. 2016;529(7584):37-42.

Tang AH, Rando TA. Induction of autophagy
supports the bioenergetic demands of quiescent
muscle stem cell activation. The EMBO journal.
2014;33(23):2782-97.

Kim KH, Lee M-S. Autophagy—a key player in
cellular and body metabolism. Nature Reviews
Endocrinology. 2014;10(6):322-37.

Komatsu M, Waguri S, Koike M, Sou Y-s, Ueno
T, Hara T, et al. Homeostatic levels of p62
control cytoplasmic inclusion body formation in

autophagy-deficient mice. Cell.
2007;131(6):1149-63.
Abas E, Sabry MM. Intermittent fasting

attenuates apoptosis, modulates autophagy and
preserves telocytes in doxorubicin induced
cardiotoxicity in albino rats: A Histological
Study. Egyptian Journal of  Histology.
2020;43(3):663-83.

Ghavami S, Shojaei S, Yeganeh B, Ande SR,
Jangamreddy JR, Mehrpour M, et al. Autophagy
and apoptosis dysfunction in neurodegenerative
disorders. Progress in neurobiology.
2014;112:24-49.

Andres AM, Hernandez G, Lee P, Huang C,
Ratliff EP, Sin J, et al. Mitophagy is required for
acute cardioprotection by  simvastatin.
Antioxidants & redox signaling.
2014;21(14):1960-73.

Emami A, Shojaei S, da Silva Rosa SC, Aghaei
M, Samiei E, Vosoughi AR, et al. Mechanisms
of simvastatin myotoxicity: The role of
autophagy flux inhibition. European Journal of
Pharmacology. 2019;862:172616.

Soininen K, Niemi M, Kilkki E, Strandberg T,
Kivist KT. Muscle symptoms associated with
statins: a series of twenty patients. Basic &
clinical pharmacology & toxicology.
2006;98(1):51-4.

Martin CM, Hawke TJ, Garry DJ. Stem cells and
muscle regeneration. Principles of Molecular
Medicine: Springer; 2006. p. 682-7.

Tedesco FS, Dellavalle A, Diaz-Manera J,
Messina G, Cossu G. Repairing skeletal muscle:
regenerative potential of skeletal muscle stem
cells. The Journal of clinical investigation.
2010;120(1):11-9.

Lo Sicco C, Reverberi D, Balbi C, Ulivi V,
Principi E, Pascucci L, et al. Mesenchymal stem
cell-derived extracellular vesicles as mediators of
anti-inflammatory  effects:  endorsement of
macrophage polarization. Stem cells translational
medicine. 2017;6(3):1018-28.



MESENCHYMAL STEM CELLS VERSUS INTERMITTENT FASTING ON STATIN...... 381

50.

51.

52.

53.

Santos JM, Camdes SP, Filipe E, Cipriano M,
Barcia RN, Filipe M, et al. Three-dimensional
spheroid cell culture of umbilical cord tissue-
derived mesenchymal stromal cells leads to
enhanced paracrine induction of wound healing.
Stem cell research & therapy. 2015;6(1):1-19.
Paliwal S, Chaudhuri R, Agrawal A, Mohanty S.
Regenerative abilities of mesenchymal stem cells
through mitochondrial transfer. Journal of
biomedical science. 2018;25(1):1-12.

Salama NM, Abo-Elnour RK. Can human cord
blood-derived stem cells improve statin-induced
myopathy in rats? A histological and
immunohistochemical study. Egyptian Journal of
Histology. 2012;35(4):640-9.

Gotthardt JD, Verpeut JL, Yeomans BL, Yang
JA, Yasrebi A, Roepke TA, et al. Intermittent

fasting promotes fat loss with lean mass
retention, increased hypothalamic
norepinephrine  content, and  increased

neuropeptide Y gene expression in diet-induced
obese male mice. Endocrinology.
2016;157(2):679-91.

Egypt. J. Chem. 65, No. 10 (2022)

54.

55.

56.

57.

Cant6 C, Jiang LQ, Deshmukh AS, Mataki C,
Coste A, Lagouge M, et al. Interdependence of
AMPK and SIRT1 for metabolic adaptation to
fasting and exercise in skeletal muscle. Cell
metabolism. 2010;11(3):213-9.

Fritzen AM, Frgsig C, Jeppesen J, Jensen TE,
Lundsgaard A-M, Serup AK, et al. Role of
AMPK in regulation of LC3 lipidation as a
marker of autophagy in skeletal muscle. Cellular
signalling. 2016;28(6):663-74.

Bujak AL, Crane JD, Lally JS, Ford RJ, Kang
SJ, Rebalka 1A, et al. AMPK activation of
muscle autophagy prevents fasting-induced
hypoglycemia and myopathy during aging. Cell
metabolism. 2015;21(6):883-90.

Kjgbsted R, Hingst JR, Fentz J, Foretz M, Sanz
MN, Pehmgller C, et al. AMPK in skeletal
muscle function and metabolism. The FASEB
journal. 2018;32(4):1741-77.



