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Abstract

The aim of this study was to investigate the short-term effects of statins on rat skeletal
muscle with the use of electrophysiological methods. A total of 28 adult male Wistar
albino rats were given atorvastatin, rosuvastatin, and pravastatin (40 mg/kg each)
intragastrically for four weeks. At the end of the study, the gastrocnemius muscle was
isolated from the surrounding tissues under deep anaesthesia. It was tied with silk
thread in the Achilles tendon area and then connected to an isometric force transducer.
The contractile properties of the gastrocnemius muscle were assessed. Serum levels of
total cholesterol and creatine kinase (CK) were measured. The muscle tissue samples
were stained with hematoxylin eosin and histopathologically evaluated under light
microscope. The findings revealed that cholesterol levels were significantly lower in all
groups except the control group, whereas CK levels were higher in the statin groups than
the control group. All three statins decreased the contractile strength and caused fatigue
quickly in the gastrocnemius muscle. Histopathological changes in gastrocnemius
muscle were more related to early moderate necrosis in rats that were received statins.
This study demonstrates that all three statins decrease the ability of skeletal muscle to
generate force and its resistance to fatigue in rats.
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INTRODUCTION

Cardiovascular diseases have remained one of the most
important health problems for all over the world. The
total number of cases increased from 271 million in
1990 to 523 million in 2019, while the number of related
deaths increased from 12.1 million to 18.6 million [
Statins significantly reduce the incidence of coronary
heart disease, being the most effective hypolipidemic
compounds that reduce mortality in patients with cardio-
vascular diseases . A study that was conducted in the
US from 2003-2012 reported that approximately 71% of
adults diagnosed with cardiovascular diseases, 63% of
those diagnosed with diabetes and 54% of patients with
hypercholesterolemia were taking cholesterol-lowering
medications .

Statins are very well tolerated by most patients. However,
10-12% of patients may develop muscle-related side
effects 1. Other side effects of statins include new-onset
type 2 diabetes, neurological and neurocognitive effects,
hepatotoxicity, renal toxicity, and the adverse effects on
gastrointestinal, urogenital, and reproductive systems "#l.
In a survey study conducted in France, muscle symptoms

such as muscle pain, tenderness or weakness were reported
in 10% of patients taking statins for the treatment of
hypercholesterolemia and one third of these patients had
to discontinue the treatment. The most prescribed statins
are low dose rosuvastatin and atorvastatin. Soreness
was the most described symptom and many patients
reported stiffness during exercise, cramps, weakness, or
loss of strength. About 38% of patients reported that their
symptoms prevented even moderate exertion during daily
activities, while 42% of patients experienced significant
interference with daily activities .

Lovastatin, pravastatin, and simvastatin are grouped as
type 1 statins, while fluvastatin, cerivastatin, atorvastatin,
and rosuvastatin are grouped as type 2 statins ['%.. The side
effects of statins may vary depending on the metabolic
profile of statins. Moreover, other medications taken
in combination may interfere with the mechanisms
responsible for the metabolism or clearance of statins,
leading to increased statin exposure and a significantly
increased risk of myotoxicity M.

This study aimed to investigate the possible short-term
effects of three statins (atorvastatin, rosuvastatin, and
pravastatin) from two different groups mentioned above,
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widely used in clinical practice, on the skeletal muscles of
rats with the use of electrophysiological methods.

MATERIAL AND METHODS
Ethical Statement

This study was approved by the Aydin Adnan Menderes
University Animal Experiments Local Ethics Committee
(Approval no: 64583101/2018/054).

Animals

A total of 28 male Wistar albino rats weighing ~350 g
were used. The rats were housed in a research room with
a 12/12 light/dark cycle, a temperature of 22+2°C, and
50-70% humidity. The rats were randomly divided into
four groups (n=7/group) as atorvastatin, rosuvastatin,
pravastatin, and control groups. Commercially available
statins were purchased, grounded into powder, dissolved
in saline, and administered via the intragastric gavage
at a dosage of 40 mg/kg per day for four weeks. The
control group received equal volume saline for the same
period. The animals were weighed weekly throughout the
experiment.

Muscle Preparation

At the end of the experiment, the rats were anesthetized
with a combination of ketamine HCI (60 mg/kg) and
xylazine HCI (10 mg/kg) and placed on a warm pad to
help regulate their body temperature when they are
under deep anaesthesia. The rats were then positioned
on their right side and their tail and right hind leg were
immobilized with flaster. The left hind leg was shaved,
the skin was cut (between the lumbar vertebrae and the
achilles tendon) and separated from the underlying tissues
by using blunt dissection. The gastrocnemius muscle was
isolated from the surrounding tissues and ligated with a
silk thread at the achilles tendon area. The achilles tendon
was then connected to an isometric force transducer (BSL,
SS12LA, BIOPAC', USA) 112, After this, the stimulator
(BSLTSMA, BIOPAC®, USA) was set to deliver one
stimulus at a time (0.5 ms and 0.5 V). The stimulus was
increased until the twitch amplitude remained constant.
The maximum voltage was determined to be 3 V. The
optimal length was determined by gradually stretching
the muscle by 1 mm after each stimulus until the twitch
amplitude was stabilized. This length was used for all
subsequent measurements. The following parameters
were determined from the recordings: single twitch force
(g), time to peak twitch (ms), half relaxation time (ms),
force-frequency relationship (muscle responses obtained
by nerve stimulation at frequencies of 10, 20, 40, 60, 80,
and 100 Hz for 0.5 ms and a total of 200 ms), maximum
isometric tetanic contraction (the frequency with the
strongest contraction was determined from 10, 20, 40, 60,

80 and 100 Hz frequencies), and muscle fatigue protocol
(50 Hz frequency, 0.5 ms stimulation duration, and
300 ms). This procedure was repeated every second for
five minutes, and the values for fatigue initial force (g)
and fatigue duration (s) were calculated based on
these data . The muscle was allowed to rest for 5 min
following the muscle fatigue protocol. The single-twitch
protocol was performed again to determine the value
of the amplitude of the recovery period (g).

Biochemical and Histopathological Analyses

After evaluating the contractility properties of the muscles,
the animals were euthanized following intracardiac blood
collection. Using commercial kits, the total cholesterol
(Abbot® 7D62-21, USA) and creatine kinase (CK) levels
(Abbot® 7D63, USA) were measured in the serum. The
muscle tissue samples were stained with the hematoxylin
and eosin and evaluated under a light microscope.

Statistical Analysis

The data were analyzed using IBM SPSS Statistics for
Windows, version 19.0 (IBM Co., Armonk, NY, USA).
Mean and standard error of the mean were presented. The
distribution of the obtained data was evaluated using the
Shapiro-Wilk test. Changes in body weight were analyzed
by repeated measures ANOVA, while other variables were
analyzed by one-way ANOVA followed by Duncan’s post
hoc test.

RESULTS

As shown in Fig. 1, the body weights of all groups were
normally distributed and there was no significant difference
among groups at the beginning of the experiment
(P=0.437, F=0.931). The differences among the groups
remained statistically insignificant throughout the
experiment while the body weights of the animals were
seen to increase by time (P=0.026, F=4.141). Cholesterol
levels were significantly lower in the rats that received
statins than those of the controls. In addition, atorvastatin
led to further reduction in cholesterol levels compared
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Fig 1. Body weight changes of the rats (g). The body weights of the animals
were seen to increase by time (P=0.026).
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Table 1. Cholesterol and creatine kinase levels (mean + SD)

Parameters CON ATV RSV PRV
CHL (mg/dL) 116.06+3.61* 47.96+2.44° 75.23+4.81°¢ 68.16+1.89¢
CK (U/L) 626.50+6.02° 1489.25+163.66° 998.00+43.62° 707.75+54.31%

Values in the same row with different superscript letters differed significantly (P<0.001).
CON: Control group; ATV: Atorvastatin group; RSV: Rosuvastatin group; PRV: Pravastatin group; CHL: Cholesterol;
CK: Creatine kinase
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Fig 2. Values of the force (g)-frequency (Hz) of the gastrocnemius muscle.
The control group differs significantly from the other groups at all
measurement points (P<0.001).

Table 2. Contractile properties of gastrocnemius muscle (mean + SD)
Parameters CON ATV RSV PRV P Value
TPT (msec) 47.50+1.68* 36.57+3.41° 40.17+3.12%® 40.75+2.13® P<0.05
HRT (msec) 34.00£1.90 31.14£2.03 29.67+2.58 30.25%1.79 NS
STF (g) 535.96+50.99* 194.90+14.00° 181.17+22.63° 157.89+26.35° P<0.0001
MITC (g) 998.67+77.79* 438.94+52.58° 437.21+42.95° 396.97+67.54° P<0.0001
FD (s) 53.28+5.66* 16.21+1.12° 17.88+3.66° 14.48+3.25° P<0.0001
FIF (g) 815.53+76.55* 309.78+60.86" 358.73+38.90 354.31+65.80° P<0.0001
ARP (g) 198.69+32.85* 127.64+13.72% 81.24+24.63" 70.03+12.09° P<0.01
Values in the same row with different superscript letters differed significantly. CON: Control group;; ATV: Atorvastatin group; RSV: Rosuvastatin
group; PRV: Pravastatin group. TPT: Time to peak twitch; HRT: Half relaxation time; STF: Single twitch force; MITC: Maximum isometric
tetanic contraction; FD: Fatigue duration; FIF: Fatigue initial force; ARP: Amplitude of the recovery period.

to rosuvastatin and pravastatin (P<0.001, F=36.634). CK
levels in the rats, received statins (especially atorvastatin
and rosuvastatin), were higher than the controls (P<0.001,
F=19.210) (Table 1).

Single twitch force of the rats that were received statins
decreased compared to the controls (P<0.0001, F=30.128).
The difference regarding time to peak twitch was
significant between the control and atorvastatin groups
(P<0.05, F=3.302), whereas the difference among groups
in respect of half relaxation time was not significant
(P=0.446, F=0.919). The statin administration caused a
reduction (P<0.001) in force at all frequency ranges that
were used in the force-frequency evaluation (Fig. 2). The
initial force and duration of fatigue were also reduced
in the statin-received rats compared with the controls
(P<0.0001, F=14.215, F=23.654 respectively). Single

twitch force, which is the recovery time value taken after
fatigue, was found to decrease in statin-received rats.
The difference was significant in the rosuvastatin, and
pravastatin groups compared to the control group (P<0.01,
F=6.164), whereas the difference between the atorvastatin
group and other groups was not significant (Table 2).

The transverse and longitudinal sections of the muscle
tissue, stained with the hematoxylin and eosin, were
analyzed under the light microscope (Fig. 3, Fig. 4).
Necrosis was objectively scored as minimal (1)-up to
%10 individual fibers involved in the whole area; mild
(2)-up to 20% of fibers in the area; moderate (3)-up to
50% of fibers in the area; or severe (4)-greater than 50%
of fibers in the area ["l. Degenerative necrotic changes in
the muscles were mild in the rats, treated with atorvastatin
and rosuvastatin, and moderate in the rats treated with
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staining, scale bar: 50 um

Fig 3. A-D: Cross-section of the gastrocnemius muscle. Atorvastatin, rosuvastatin, pravastatin, and
control group, respectively. Thick arrow: myofibrillar rupture; arrowhead: hyper-eosinophilic fibres. H&E

Fig 4. A-D: Longitudinal section of the gastrocnemius muscle. Atorvastatin, rosuvastatin, pravastatin, and
control group, respectively. *: coagulation-like appearance, swelling; thin arrow: oedema between muscle
bundles. H&E staining, scale bar: 50 um

pravastatin. A marked disorganization of the muscle
bundles, myofibrillar rupture, hypereosinophilic staining,
coagulation-like appearance, fiber breakdown, and
myofibrillar swelling and disintegration were observed
in the longitudinal sections of the muscles in the statin-
treated rats. In the rosuvastatin group, there was loss

of transverse striation in some areas of the muscle.
Additionally, there was dilation caused by edema between
muscle bundles. Perivascular cell infiltration was seen in
some muscle sections of the atorvastatin-received rats.
Hypereosinophilic staining, coagulation-like appearance,
fiber breakdown, and myofibrillar swelling were more
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prominent in the pravastatin-received rats. Cross
sectional evaluation revealed that the angular appearance
of the muscle bundles disappeared, became rounded and
separated. Hypereosinophilic staining and a coagulated
appearance were observed in some of the transverse
sections in the atorvastatin-received rats. In addition,
degeneration in muscle bundles was prominent in the
pravastatin-received rats.

Di1SCUSSION

Long-term low dose of statin does not have a negative effect
on body weight "*! which is consistent with this study. The
increase in body weight by time in this study is due to the
ongoing development of the rats. In rats, all three statins
caused a decrease in cholesterol levels compared to the
control group. It has been reported that different statins
either do not lower cholesterol levels '®”) or cause a weak
reduction *! in normo-cholesterolemic rats. However, the
selected statins in this study led to significant reductions
in cholesterol levels. The differences between studies
may be due to the fact that the cholesterol-lowering
effects of statins vary between species and depend on
the dosage. Pecoraro et al.l'¥ stated that statins reduced
total cholesterol in different species and the reduction was
greater in animals that were fed with a high cholesterol
diet. It was found that lipophilic statins (cerivastatin,
simvastatin, fluvastatin, atorvastatin, lovastatin, and
pitavastatin) had significantly greater cytotoxic effects
in cell culture than hydrophilic statins (pravastatin and
rosuvastatin) in a concentration-dependent manner '),
Previous studies in rats have emphasized that a particularly
high dose of statins is required to induce muscle necrosis ),
Degenerative changes in the muscles have been reported
to occur after a certain amount of time, such as 43 days,
after administering simvastatin at a dose of 60 mg/kg/day
in rats °l It has been suggested that myopathy may be
initiated as early as the first day of statin administration
and the necrosis may develop as early as 5 days after
administration Y. However, the data obtained in this
study revealed that there was no evidence of statin-
induced muscle severe necrosis. In our study, changes in
gastrocnemius muscle were more related to early mild
to moderate necrosis. We found a more pronounced
degeneration in rats that received pravastatin. In contrast
to the findings in our study, Bergman et al.?? did not
observe significant changes in the muscles of the mice
that received pravastatin. El-Ganainy et al.”? observed
mild to severe necrosis in 60% of rats received atorvastatin
(100 mg/kg/day), and mild necrosis in only 10% of rats,
received rosuvastatin (80 mg/kg/day), after three weeks
of statin administration. The changes in CK levels were
one of the findings that reflects the severity of muscle
degeneration. The known mechanism for the release of
CK is the damage in the muscle tissue or changes in the

permeability of the myocyte membrane. The rats, received
atorvastatin, had the highest CK levels, followed by those
received rosuvastatin when compared to the control rats.
The CK levels of the control rats were above the normal
levels. The reason for this may be that the blood samples
were collected immediately after the in situ muscle
protocol. This could be the same effect through which
extended and intense training can harm muscle tissue and
lead to a rise in serum CK levels which can be caused by
both metabolic and mechanical factors 2%, It was reported
that CK values doubled in rats, received 100 mg/kg/day
of atorvastatin compared to the control rats . CK levels
increased in rats treated with high dose rosuvastatin.
Interestingly, the increase in CK was started after the first
10 days of treatment and returned to normal levels by
day 16 . The CK values of the rats in the pravastatin
group were similar to those in the control group, although
slightly elevated. However, pravastatin group also
displayed more prominence histopathologic findings of
muscle degeneration. It is worth noting that some patients
with statin-induced muscle symptoms had normal serum
CK levels, despite the presence of marked weakness and
histopathologic myopathy findings .. Reijneveld et al.*”
found that CK levels were similar to the control group
after administration of pravastatin to young rats. However,
elevated plasma CK levels can be used as a biomarker of
tissue histopathology and severity of muscle toxicity .
According to the aforementioned studies, it can be stated
that there is an increase in CK levels depending on the
dose of statin.

Simvastatin ), rosuvastatin "#*!, and atorvastatin 2>**! have
been shown to cause muscle necrosis in rats. However, the
doses used in the studies mentioned above are higher than
those used in this study. In addition, the severity of the
lesions varies depending on the statin dose administered.
The muscles contain a significant proportion of type IIB
fibers 14202 and in these muscles, type IIB fibers become
necrotic first . Each of the three sections that make up
the gastrocnemius has a different fibre composition. The
red part has a high proportion of type I (slow twitch) fibers
and low oxidative capacity fibers are absent, and therefore
this muscle part has a high degree of fatigue resistance.
The mixed part, adjacent to the red part and separated
from it by a fibrous septum, contains a low proportion
of type I fibers and a high proportion of IIB fibers. The
largest white part contains only IIB fibers ©*'.. Therefore,
there might be a correlation between the metabolic nature
of muscle fibers and their susceptibility to statin-induced
necrosis and these changes can be observed in fibers
without concomitant changes in contractile elements, the
endoplasmic reticulum or other subcellular components,
suggesting that different parts of the muscle may be
affected 12\,
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All three statins decreased the contractile strength of the
gastrocnemius muscles and caused them to fatigue quickly.
It was also determined that the time to twitch peak was
shortened in the atorvastatin group compared with the
control group. The administration of atorvastatin in rats
results in a decrease in exercise capacity and impairment of
the mitochondrial respiratory chain complexes in skeletal
muscle. The correlation between exercise capacity and
muscular oxidative capacity suggests that atorvastatin-
induced mitochondrial dysfunction is responsible for
the reduction in exercise capacity *2. It is expected that
some aspect of the intracellular Ca®* transient, such as
the peak amplitude and/or duration of the Ca** transient,
will correlate with the contractile response during an
isometric twitch . Statins have been found to affect
calcium channels that are crucial for muscle contraction
and other fundamental functions B4. The disruption of
calcium homeostasis by statins is thought to be due to
impairment of mitochondrial respiration or disturbance
of intracellular calcium signaling %!, We suggest that the
decrease in the time to peak caused by the administration
of atorvastatin may be due to a disturbance in the
homeostasis of calcium.

Within the statin groups, the amplitude of the recovery
period was closest to the control in atorvastatin group.
However, amplitudes were significantly decreased in other
statin groups compared to the control group. Sustained
physical exercise reduces the ability to produce voluntary
force. After this period, a rapid recovery of strength
occurs due to the restoration of central fatigue (usually
within 2 min) and aspects of peripheral fatigue related to
excitation-contraction coupling and muscle reperfusion
(usually within 3 to 5 min). Muscle function may not fully
recover for several hours due to prolonged impairment in
intracellular Ca*" release or sensitivity 78l The muscle
phosphocreatinine metabolic recovery rate is an index
of muscle oxidative capacity in vivo. A longer recovery
time indicates impaired oxidative phosphorylation and/
or mitochondrial ATP synthesis. The exposure to statins
leads to a significant increase in metabolic recovery time
after exertion. This suggests that statins may impair
mitochondrial oxidative function P>*%). The reduction
in exercise endurance in mice by atorvastatin has been
linked to muscle mitochondrial dysfunction as a result of
ubiquinone deficiency. Pravastatin does not have a similar
effect both on ubiquinone levels and exercise endurance in
mice. The difference in membrane permeability of statins
is thought to be the reason for their effect on muscle
ubiquinone levels 1.

In conclusion, this study demonstrates that all three statins
decrease the ability of skeletal muscle to generate force
and its resistance to fatigue in rats. While the severity of
degeneration and impairments in the contractile properties

of the muscle are similar, there are differences in recovery
period and time to peak twitch, suggesting that there may
be other potential mechanisms besides common ones.
This study attempted to examine the effects of statins by
mechanical assessment of the muscle. For further studies,
it will be important to conduct comprehensive analyses
and approaches to explain the underlying mechanisms
and to consider the time factor.
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