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Abstract

Ž .3-Hydroxy-3-methyl glutaryl coenzyme A HMG-CoA reductase inhibitors currently used as cholesterol-lowering drugs produce side
effects in patients, one of which is myopathy. In the present study we compared the effect of a 3-month chronic treatment with two
different compounds, simvastatin and pravastatin, on the excitation–contraction coupling of rat skeletal muscle fibers, the mechanism
which links membrane depolarization to the movements of cytosolic Ca2q from intracellular stores. The voltage threshold for mechanical
activation of extensor digitorum longus muscle fibers in response to depolarizing pulses of various durations was studied in vitro by the

Ž .two intracellular microelectrode method in ‘point’ voltage clamp mode. Simvastatin 5–50 mgrkg modified the mechanical threshold of
striated fibers in a dose-dependent manner. The muscle fibers of rats treated with 10 mgrkg and 50 mgrkg of simvastatin needed
significantly less depolarization to contract than did untreated fibers at each pulse duration, suggesting that levels of cytosolic Ca2q were
higher. Consequently, the rheobase voltage for fiber contraction was significantly shifted toward more negative potentials with respect to
controls by 2.4 mV and 7.1 mV in the 10 mgrkg and 50 mgrkg simvastatin-treated animals, respectively. Pravastatin treatment at 100
mgrkg did not produce any alteration of excitation–contraction coupling since the rheobase voltage was similar to that of controls. The
different physicochemical properties of the two drugs may underlie the different effect observed because lipophilic agents, such as
simvastatin, have been shown to affect sterol biosynthesis in many tissues, whereas the hydrophilic pravastatin is hepato-selective. q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Hypercholesterolemia is the major risk factor for
Žatherosclerosis and coronary heart disease Sirtori, 1993;

.Brown et al., 1993 . Therapeutic strategies involving the
use of lipid-lowering drugs, such as 3-hydroxy-3-methyl

Ž . Žglutaryl coenzyme A HMG-CoA reductase inhibitors i.e.,
.simvastatin, pravastatin, lovastatin , are useful in the pre-

vention of dyslipidemias because they cause a large reduc-
Ž .tion in total and low-density lipoprotein LDL cholesterol

Ž .levels Grundy, 1988; Blum, 1994 . One of the most feared
side effects of all such drugs in clinical use is myopathy,
characterized by rhabdomyolysis due to extensive muscle
fiber necrosis, with clinical signs of weakness and pain
Ž .Sirtori, 1993 . Although controversial data exist, there are
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reports showing that hepatoselective drugs, such as pravas-
Žtatin and fluvastatin, have fewer myopathic effects Re-

.ijneveld et al., 1996; Hamelin and Turgeon, 1998 , unless
they are used in combination with fibric acid andror

Žimmunosuppressive agents Pierce et al., 1990; Smith et
.al., 1991; Kobashigawa et al., 1995 . The pharmacological

basis for the muscle toxicity of HMG-CoA reductase
inhibitors is however largely unknown. Myopathic reac-
tions have been previously observed with other hypoc-
holesterolemic drugs such as clofibrate. This drug and its
in vivo metabolite, clofibric acid, may indeed produce
myotonia in the rat by lowering muscle membrane Cly

Ž . Žconductance GCl Conte Camerino et al., 1984; De Luca
.et al., 1992 . This conductance maintains the electrical

Žstability of the sarcolemma Cannon, 1996; Lehmann-Horn
.and Rudel, 1996 . It is known that genetic mutations of the¨

main skeletal muscle Cly channel, which sustains the
macroscopic GCl, are responsible for the hyperexcitability
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Ž .characteristic of myotonic muscles George, 1995 . Pro-
longed chronic treatment of rats with high doses of differ-
ent HMG-CoA reductase inhibitors has shown that simvas-
tatin, a lipophilic compound, unlike the hydrophilic pravas-
tatin, reduces GCl and can give rise to myotonic symp-
toms; however, the drug was tested at doses far exceeding

Ž .those used clinically Pierno et al., 1995 . We ascribed the
different result to the diversity in the physicochemical
characteristics of the two drugs, characteristics that regu-
late their tissue distribution and consequently the target of
action and their potential toxicity. Both drugs show similar
strong inhibition of cholesterol biosynthesis in the liver,
but pravastatin does not affect this biosynthesis in extra-

Ž .hepatic tissues Komai and Tsujita, 1994 . In contrast,
simvastatin reduces cholesterol biosynthesis by over 40%

Ž .in almost all tissues Koga et al., 1990; Sirtori, 1993 ,
including skeletal muscle, where the drug may interfere
with the structural and functional integrity of the sar-
colemma and other intracellular membranes. In this regard
it has recently been proposed that simvastatin, but not
pravastatin, may be cytotoxic for muscle function since it
increases cytosolic Ca2q in cultured rat myoblasts
Ž .Nakahara et al., 1994 . It is known that in skeletal muscle
the Ca2q necessary for contraction is released from the
sarcoplasmic reticulum in response to electrical signals
from the sarcolemma triggered by the voltage sensor of

Ž .dihydropyridine receptors Rios and Pizarro, 1991 . The
decrease in the membrane cholesterol content induced by
lipophilic HMG-CoA reductase inhibitors may influence
the function of cellular membranes, including that of intra-
cellular organelles, such as the sarcoplasmic reticulum,
thereby altering the mechanisms involved in Ca2q move-
ments. On the basis of the above findings, the aim of the
present study was to evaluate the effects of pravastatin and
simvastatin on the excitation–contraction coupling mecha-
nism, by measuring the voltage threshold for contraction of
rat skeletal muscle fibers.

2. Materials and methods

2.1. In ÕiÕo studies

ŽAdult male Wistar rats Charles River Laboratories,
.Calco, Italy , weighing 200–250 g at the beginning of the

treatment, were used. Three different groups of animals
were treated with simvastatin at doses of 5–10–50 mgrkg,
respectively. A 4th group of animals was treated with 100
mgrkg of pravastatin and a 5th group was used as control.

ŽAppropriate suspensions of simvastatin kindly provided
.by Merck Sharp and Dohme, West Point, PA, USA and

Žpravastatin kindly provided by Bristol-Myers Squibb,
.Rome, Italy were prepared in 0.5% aqueous methylcellu-

Žlose 1500 mgr20 ml for pravastatin and 350 mgr12 ml
.for simvastatin and administered to animals orally via an

esophageal cannula, once a day, for 3 months. For each

rat, the weight-related dose was formulated so that the
volume of pravastatin- or simvastatin-containing solutions
was 0.3–1 ml. Control animals were dosed in a similar

Ž .fashion with the vehicle aqueous methylcellulose only
Ž .Pierno et al., 1995 .

To evaluate skeletal muscle performance the righting
Žresponse the ability of the rat to straighten itself on four

.legs when turned on its back was assessed daily in each
Ž .rat throughout the treatment period Pierno et al., 1995 .

2.2. In Õitro electrophysiological measurements

The electrophysiological experiments were performed
in vitro with extensor digitorum longus muscle at the end
of the treatment period. Muscles were removed under

Ž .urethane anesthesia 1.2 grkg, i.p. from both treated and
control rats. Soon after dissection, while they were still
anesthetized, the rats were euthanized by a urethane over-
dose. Muscle preparations were immediately placed in a
temperature-controlled muscle chamber at 308C and per-
fused with normal physiological solution of the following

Ž .composition mM : NaCl 148; KCl 4.5; CaCl 2.0; MgCl2 2

1.0; NaH PO 0.44; NaHCO 12 and glucose 5.55. The2 4 3

physiological solution was continuously bubbled with 95%
O and 5% CO and the pH was carefully maintained at2 2

Ž .7.2–7.3 Pierno et al., 1995 .
The mechanical threshold of the fibers was determined

by using the two microelectrode ‘point’ voltage-clamp
Žmethod as previously described Dulhunty, 1988; Heiny et
.al., 1990; De Luca et al., 1996 . A voltage-sensing elec-

Ž . Žtrode 3 M KCl and a current-passing electrode 2 M
.potassium citrate were inserted within 50 mm of each

other into a randomly selected superficial fiber which was
Žcontinuously viewed under a stereomicroscope 100=

.magnification . The holding potential was set at y90 mV
and depolarizing command pulses of variable duration
were given at a rate of about 0.3 Hz. During recordings

Ž .tetrodotoxin 3 mM was added to prevent action potential
Žgeneration Dulhunty, 1988; Heiny et al., 1990; De Luca et

.al., 1996 . As a standard protocol, the command pulse
duration was set sequentially to each of the following
values: 500, 50, 5, 200, 20, 100 and 10 ms. At each
duration, the command voltage was increased by using an
analogue control until contraction was just visible and then
backed down until the contraction disappeared. A digital
sample-and-hold millivoltmeter stored the value of the
threshold membrane potential at this point. We estimated
the uncertainty of any single measurement for a given fiber
to be 1–2 mV. The measurements were performed for all
experimental conditions in an identical manner, with about
the same length of time involved in each determination so
as to exclude any effect on the mechanical threshold of

Žintracellular citrate ions from the electrodes Dulhunty,
. Ž .1988 . The threshold membrane potential V mV for each

Ž .fiber was averaged at each pulse duration t ms and then
the mean values were plotted against duration, giving a
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‘strength–duration’ relationship. A fit estimate of the
Ž .rheobase voltage R and of the time constant to reach the

rheobase was obtained by using a nonlinear least-squares
walgorithm and the following equation: Vs HyR exp

Ž .x w Ž .xtrt r 1yexp trt ; where H is the holding potential
Ž . Ž .mV , R is the rheobase mV and t is the time constant
Ž .Miledi et al., 1983; De Luca and Conte Camerino, 1992 .
In the fitting algorithm, each point was weighted by the
reciprocal of the variance of that mean V, and the best fit
of the parameters R and t were estimated. We used this
procedure in order to be able to incorporate all of our
determination points and their associated errors into our
estimate of R under each condition. The standard error
Ž .S.E. of the fitted rheobase values were determined from
the variance–covariance matrix in the nonlinear least-
squares fitting algorithm.

The statistical significance of the fitted rheobase values
and their differences from each other were estimated by a
Student’s t-distribution, using a number of degrees of
freedom equal to the total number of threshold values
minus the number of means minus two for the free param-

Ž .eters. One-way analysis of variance ANOVA was used to
compare the threshold membrane potentials at each pulse
duration between each experimental group and the control

Ž .group Tallarida and Murray, 1987 .

3. Results

3.1. In ÕiÕo studies

Ž .As previously reported Pierno et al., 1995 , the righting
reflex was normal in all rats treated with either pravastatin

or simvastatin at all the doses tested, during the whole
period of treatment. Moreover, none of the animals showed
any adverse physical sign or mortality, even after adminis-
tration of the higher doses of the two HMG-CoA reductase
inhibitors.

3.2. In Õitro studies: effects of simÕastatin and praÕastatin
treatment on the mechanical threshold of rat skeletal
muscle fibers

The threshold potential for contraction of extensor digi-
torum longus muscle fibers from both control and HMG-
CoA reductase inhibitor-treated rats showed the typical
dependence on command pulse duration, in that the thresh-
old potential was more negative the longer the duration of
the pulse. Under the experimental conditions used in the

Ž .present study ts308C and rate of about 0.3 Hz , a
constant rheobase value was almost always reached with
the longest pulse duration used, as commonly seen with

Žmammalian muscle fibers De Luca and Conte Camerino,
.1992 . However, simvastatin treatment affected, in a dose-

dependent manner, the mechanical threshold of the fibers.
Indeed, at each pulse duration, muscle fibers of rats treated

Ž .with the highest dose of simvastatin 50 mgrkg needed a
significantly smaller depolarization to contract with respect

Ž .to that of controls Table 1 . Consequently, the strength–
duration curve constructed as described in Section 2 was
shifted toward more negative potentials in the 50 mgrkg
simvastatin-treated rats with respect to that of untreated

Ž .controls Fig. 1 . This curve was based on the mean results
from five animals, all of which were significantly affected

Table 1
Effects of chronic treatment with pravastatin and simvastatin on the mechanical threshold of rat extensor digitorum longus muscle fibers

Ž .Experimental condition Dose Duration ms

5 10 20 50 100 200 500

Mean 4 y43.5"1.2 y55.1"1.5 y58.0"1.6 y59.0"1.2 y60.0"1.4 y62.0"0.8 y63.1"0.6
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Control rats 20 17 20 24 17 20 26

Mean 5 100 mgrkg y43.3"0.8 y55.6"0.9 y58.7"0.8 y59.1"0.6 y61.2"0.6 y62.8"0.5 y63.3"0.4
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Pravastatin-treated rats 45 40 43 48 41 45 48

Mean 3 5 mgrkg y44.6"1.6 y54.2"1.5 y60.5"1.4 y60.9"1.3 y61.1"1.4 y62.0"1.6 y62.0"1.1
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Simvastatin-treated rats 18 16 18 22 21 25 32

Mean 3 10 mgrkg y45.6"1.3 y56.0"1.8 y59.9"1.7 y63.9"1.6 y64.0"2.1 y65.3"1.5 y66.0"1.2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Simvastatin-treated rats 19 16 17 22 19 19 26

Mean 5 50 mgrkg y48.0"1.1 y60.0"1.0 y66.0"0.9 y68.0"1.2 y68.0"1.1 y70.0"0.8 y70.0"0.6
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Simvastatin-treated rats 33 29 32 37 29 31 43

The columns from left to right are as follows: Experimental conditions: fibers sampled from extensor digitorum longus muscles of control, pravastatin- and
simvastatin-treated rats. For each experimental condition are shown the threshold membrane potential values obtained with a depolarizing command pulse
of duration ranging from 5 ms up to 500 ms. The values are expressed as means"S.E.M. from the number of fibers shown in brackets below each value.
Statistical differences between treated and control rats were evaluated by one-way ANOVA. Rats treated with 10 mgrkg simvastatin showed significant

Ž Ž . . Ž Ž . . Ž Ž . .differences vs. untreated controls at 50 ms F 1,44 s8.74, P-0.01 , 200 ms F 1,37 s5.03, P-0.05 and 500 ms F 1,50 s5.39, P-0.05 . Rats
Ž Ž . .treated with 50 mgrkg simvastatin showed significant differences vs. untreated control rats at all the duration tested: 5 ms F 1,51 s5.51, P-0.025 ,

Ž Ž . . Ž Ž . . Ž Ž . . Ž Ž . .10 ms F 1,44 s5.00, P-0.05 , 20 ms F 1,50 s15.89, P-0.005 , 50 ms F 1,59 s195.6, P-0.005 , 100 ms F 1,44 s12.9, P-0.005 ,
Ž Ž . . Ž Ž . .200 ms F 1,49 s16.22, P-0.005 and 500 ms F 1,67 s5.09, P-0.05 . No significant differences were observed between the rats treated with 5

mgrkg simvastatin or 100 mgrkg pravastatin vs. control rats.
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by the treatment. In rats treated with 10 mgrkg of simvas-
tatin the threshold membrane potentials at all the pulse
durations tested were more negative with respect to the
control values and at pulse durations of 50, 200 and 500

Ž .ms the differences were statistically significant Table 1 .
The voltage at rheobase estimated from the fit of the
available experimental points was y69.0"0.39 mV and
y64.3"0.7 mV for 50 mgrkg and 10 mgrkg simvas-
tatin-treated rats, respectively, and both values were signif-
icantly different with respect to the control value, which

Ž .was y61.86"0.41 mV. The time constant t to reach
the rheobase, obtained from the fit, was also significantly
increased from 5.50"0.26 ms in controls to 7.53"0.33
ms in 50 mgrkg simvastatin-treated rats. However the
time constant recorded for the 10 mgrkg simvastatin-
treated rats was not significantly different with respect to

Ž .the control value, being 5.94"0.38 ms Fig. 2 .
Ž .Lower doses of simvastatin 5 mgrkg did not affect

Ž .the mechanical threshold for contraction Table 1 . As a
consequence, the rheobase voltage and the time constant
did not differ with respect to control values, being y61.27

Ž ."0.6 mV and 5.2"0.35 ms, respectively Fig. 2 .
Pravastatin treatment at 100 mgrkg did not alter the

mechanical threshold of any of the 5 treated rats and the
Žmean values were similar to those of controls Table 1;

. ŽFig. 1 . As expected, neither the rheobase voltage y61.84

Fig. 1. Strength-duration curves for threshold of mechanical activation of
Žextensor digitorum longus muscle fibers from control 4 muscle prepara-

. Ž .tions , 50 mgrkg simvastatin-treated 5 muscle preparations and 100
Ž .mgrkg pravastatin-treated 5 muscle preparations rats. At each pulse

duration the threshold voltage was determined in 17–48 fibers and the
mean"S.E.M. values were plotted against duration. Smooth curves were
fitted to the points by a nonlinear least-squares algorithm, as described in
Section 2. The voltage at rheobase estimated from the fit was y61.86"

0.41 mV for control rats, y61.84"0.24 mV for pravastatin-treated rats
and y68.99"0.39 mV for simvastatin-treated rats. The difference be-
tween control and simvastatin-treated rats, determined by one-way analy-

Ž .sis of variance ANOVA , was statistically significant at each duration
Ž .P -0.05 or less .

Ž .Fig. 2. Effects of chronic treatment with pravastatin 100 mgrkg and
Ž .simvastatin 5–50 mgrkg on the rheobase voltage and the time constant

of rat extensor digitorum longus muscle fibers. The values"S.E. were
obtained from the fit of the experimental points. The number of fibers
was calculated as described in Section 2. )Significantly different from

Ž .untreated control P -0.005 or less by Student’s t-test.

. Ž ."0.24 mV nor the time constant 5.5"0.17 ms differed
Ž .from that of controls Fig. 2 .

4. Discussion

The present results showed that simvastatin administra-
tion affects dose dependently the mechanical threshold of
rat skeletal muscle fibers. The rheobase voltage for con-
traction was significantly more negative in the rats treated
with simvastatin than it was in untreated controls, espe-
cially in those rats treated with the highest doses tested. It
should be underlined that the doses of the drugs used in
the present study were far higher than those used clinically
to lower cholesterol levels. However pravastatin, even at a

Ž .dose exceeding the therapeutic dose 100 mgrkg , did not
modify this parameter; indeed the rheobase voltage was
not different from that of control fibers. The changes in the
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rheobase voltage for contraction observed in the rats treated
with simvastatin are consistent with a modification of the
excitation–contraction coupling and then of muscle con-
tractility. In fact, the rheobase, the lowest voltage threshold
needed to elicit contraction, is shifted in a negative direc-
tion by any pathological or pharmacological intervention
that either increases the release of Ca2q from the sarco-
plasmic reticulum to a greater extent than it affects uptake,

2q Ž .or reduces the uptake of Ca Dulhunty, 1988 . One such
pathophysiological situation is aging. In fact, the shift in
the mechanical threshold toward negative potentials ob-
served by us in extensor digitorum longus muscle from
aged rats is correlated to the aging-induced decrease in the
Ca2q transport activity of sarcoplasmic reticulum de-

Žscribed by others Larsson and Salviati, 1989; Lompre et´
.al., 1991; De Luca and Conte Camerino, 1992 . Moreover,

drugs able to increase the cytosolic Ca2q levels, such as
the Ca2q ionophore A23187, also shift the mechanical

Žthreshold toward more negative potentials Morgan and
.Bryant, 1977 .

With regard to the mechanism through which simvas-
tatin exerted the observed effect on the mechanical thresh-
old, it is likely that the lipophilic nature of simvastatin vs.
the hydrophilic nature of pravastatin plays a role. Lipophilic
drugs, such as simvastatin, have easy access to the intra-
cellular space of skeletal muscle fibers and can directly

Ž .inhibit tissue sterol synthesis Komai and Tsujita, 1994 .
Cholesterol has an essential role in modulating membrane
fluidity in mammalian cells, and small changes in the ratio
between cholesterol and phospholipids may be sufficient to
induce significant perturbations in membrane properties
Ž .Goldstein and Brown, 1990; Ng et al., 1994 . Such a
mechanism has been already proposed to account for the
different effect of the two compounds on the electrical
properties of rat skeletal muscle fibers and in particular on
GCl, were simvastatin produces a significant lowering of
this parameter compared with the effect of pravastatin
Ž .Conte Camerino et al., 1984; Pierno et al., 1995 . In a
previous study we ruled out the possibility that a decrease
in GCl, by modulating the voltage sensitivity in the trans-
verse tubular membranes, could directly affect the thresh-

Žold membrane potential for contraction De Luca et al.,
.1996 . Thus, simvastatin may independently affect the two

functions, probably through a common mechanism, i.e.,
the modification of the membrane composition and micro-
viscosity. Such a modification at the level of the intra-
cellular stores may lead to an increased membrane perme-
ability to Ca2q, thereby facilitating Ca2q release and af-
fecting mechanical threshold. The few and controversial
data available in the literature about the role of membrane

Žcholesterol in the function of cation pumps Lijnen and
Petrov, 1995, Lijnen et al., 1996; Makarov and Kuznetson,

.1995 do not allow us to exclude the possibility that the
change in microviscosity could also affect the activity of
the Ca2q-ATPase, thus reducing the calcium reuptake
mechanism.

The hypothesis that simvastatin may directly affect the
intracellular sites responsible for Ca2q homeostasis in-
volved in excitation–contraction coupling is supported by
the finding that the acute application of simvastatin to
cultured rat myoblasts increased cytosolic free Ca2q both
by enhancing Ca2q release from intracellular stores and
Ca2q influx from the extracellular solution, thus account-

Žing for muscle cell damage and necrosis Nakahara et al.,
.1994 . In contrast, pravastatin did not induce an increase in

2q Ž .intracellular Ca or cell damage Nakahara et al., 1994 .
Other studies of vascular smooth muscle cells showed that
simvastatin promotes the release of calcium from a thapsi-

Ž .gargin-sensitive pool Escobales et al., 1996 . Thus the
proposed ability of simvastatin to alter the composition of
membranes and the movement of Ca2q can explain the
signs of myopathy and muscle pain reported by various
patients during therapy. Although statins are generally well
tolerated, the results of the present study suggest that the
tissue-selectivity of pravastatin may be clinically advanta-
geous since the inhibitory effect on cholesterol biosynthe-
sis is maintained in the liver, thus reducing the potential
risk of side effects in peripheral organs such as skeletal
muscle. This is of clinical interest for subjects affected by
severe hyperlipidemia, who often require combined ther-
apy with HMG-CoA reductase inhibitors and other lipid-
lowering drugs and also for transplanted patients cotreated

Ž .with cyclosporine A Smith et al., 1991 , drug combina-
tions that are known to increase the incidence of myopa-
thy.
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