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ABSTRACT - Purpose. The aim of this study 
was to examine the mechanism of pravastatin- 
and rosuvastatin-induced cytotoxicity and the 
relationship between pravastatin- and 
rosuvastatin-induced cytotoxicity and medium pH 
using human prototypic embryonal 
rhabdomyosarcoma cell line (RD) and rat 
myoblast cell line (L6) as a model of in vitro 
skeletal muscle. Methods. Statin-induced 
reduction of cell viability and apoptosis was 
measured by 3-(4,5-dimethylthiazol-2-yl)2,5 
-diphenyl tetrazolium bromide (MTT) assay and 
caspase assay. Intracellular accumulation of 
statins was determined using an HPLC system. 
Results. Rosuvastatin cytotoxicity, reduction of 
cell viability, morphological changes and caspase 
activation at acidic pH (pH 6.8) were significantly 
greater than those at neutral pH (pH 7.4). 
Rosuvastatin accumulation at acidic pH was 
greater than that at pH 7.4. On the other hand, 
medium pH had no effect on pravastatin 
accumulation. Conclusions. Rosuvastatin 
cytotoxicity at acidic pH is associated with 
increasing intracellular accumulation of 
rosuvastatin. On the other hand, medium pH had 
no effect on cytotoxicity of pravastatin. 
 
INTRODUCTION 
 
3-Hydroxy-3-methylglutaryl coenzyme A (HMG 

-CoA) reductase inhibitors such as statins are the 
most widely used cholesterol-lowering agents for 
prevention of obstructive cardiovascular events 
[1-3]. However, one of the most important clinical 
adverse effects in therapy with statins is 
drug-induced skeletal muscle toxicity 
(rhabdomyolysis) [4]. Skeletal muscle 
abnormalities can range from benign myalgia to 
myopathy, which is defined as a ten-fold elevation 
of the creatine kinase (CK) concentration [5]. 
When statins are prescribed as monotherapy, the 
incidence of myopathy is approximately 0.1-0.5% 
and is dose-related [6, 7]. The mechanism by 
which statins cause rhabdmyolysis is not precisely 
known. Statins are divided into lipophilic and 
hydrophilic statins. For example, cerivastatin, 
simvastatin, fluvastatin and atorvastatin are 
relatively lipophilic, while pravastatin and 
rosuvastatin are known to be hydrophilic statins. 
There has been little investigation of pravastatin- 
and rosuvastatin-induced cytotoxicity. The 
n-octanol/water partition coefficients of 
pravastatin at pH 6.8 and 7.4 have been reported 
to be –0.23 and –0.7, respectively and those of 
rosuvastatin have been reported to be 0.25 and 
–0.21, respectively [8]. Metabolic acidosis is most 
simply defined as a decline in systemic pH 
induced primarily by a reduction in systemic 
bicarbonate concentrations. We hypothesized that 
a condition of acidosis leads to an increase in 
rosuvastatin and pravastatin intracellular 
accumulation and induction of muscle damage. 
Moreover, the effect of medium pH on the 
cytotoxicity of statins has not been investigated. 
In the present study, we examined the relationship 
between pravastatin- and rosuvastatin-induced 
cytotoxicity and medium pH. 
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MATERIALS AND METHODS 
 
Chemicals 
Pravastatin Na and rosuvastatin Ca were kindly 
donated by Sankyo (Tokyo, Japan). 
All other reagents were of the highest grade 
available and used without further purification. 
 
Cell culture 
The RD cell line, derived from a human 
rhabdomyosarcoma and L6 cell line, derived from 
a rat skeletal muscle were maintained in plastic 
culture flasks (Corning Incorporated, Corning) as 
described previously [9, 10]. The RD and L6 cells 
were kept in Dulbecco's modified Eagle's medium 
(Sigma) with 10% fetal bovine serum (ICN 
Biomedicals, Inc., Aurora, OH) and 1% 
penicillin-streptomycin at 37℃ under 5% CO2. 
 
MTT assay 
The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl 
tetrazolium bromide (MTT) assay was performed 
as described previously [11]. The MTT assay 
relies on the production of a colored formazan by 
the action of mitochondrial enzymes on MTT. For 
the MTT assay, RD and L6 cells were seeded at a 
density of 5 X 103 cells/well on 96-well plastic 
plates. Following cell attachment (24 h), various 
concentrations of pravastatin and rosuvastatin 
were added for the times indicated. At 4 h before 
the end of treatment, 10 µL of PBS-containing 
MTT solution (0.5%) was added, and the cells 
were incubated for a further 4 h. The MTT 
medium was then replaced with 0.2 ml 
dimetylsulfoxide, and absorbance was read at 590 
nm. Absorbance measured in MTT assays was 
expressed as percent of the control (defined as 
100%). 
 
Uptake study 
In the experiments on uptake of pravastatin and 
rosuvastatin, after removal of the growth medium, 
cells were washed with HEPES buffer (25 mM 
D-glucose, 137 mM NaCl, 5.37 mM KCl, 0.3 mM 
Na2HPO4, 0.44 mM KH2PO4, 4.17 mM NaHCO3, 

1.26 mM CaCl2, 0.8 mM MgSO4 and 10 mM 
HEPES, pH 7.4) and preincubated at 37 °C for 10 
min with 0.5 mL of HEPES buffer (pH 7.4). 
Uptake was initiated by applying HEPES buffer 
(pH 6.8 or 7.4) containing 100 µM pravastatin 
and rosuvastatin. The uptake study was performed 
at 37℃ . After a predetermined time period, 
uptake was terminated by suctioning off the 
applied solution and immersing the plates in 
ice-cold HEPES buffer (pH 7.4) and then 
suspending in 0.5 mL of ice-cold water. Samples 
were frozen at –80℃ until the assay. The cellular 
protein content was determined by the method of 
Lowry et al. with bovine serum albumin as a 
standard [12]. 
 Rosuvastatin concentrations were 
determined using an HPLC system as described 
previously [13]. Pravastatin concentrations were 
determined using an HPLC system equipped with 
a UV detector. The column was Inertsil ODS-2 (5 
µm, 150 mm × 4.6 mm i.d), and a mobile phase 
containing 2.5 mM CH3COONH4 : CH3CN (1 : 1, 
v/v) was used. Column temperature and flow rate 
were 40 °C and 1.0 ml/min, respectively. 
 
Caspase assay  
The caspase assay was performed as described 
previously [13]. RD and L6 cells were lysed with 
a cell culture lysis reagent (Promega, Madison, 
WI). Protein concentration of the cell lysate was 
adjusted to 5 µg/mL, and the cell lysate was 
assayed for caspase-3/7 using Ac-DEVD-pNA as 
colorimetric substrates as described in the 
manufacturer’s protocol (Promega, Madison, WI).  
 
Data analysis 
Student’s t-test was used to determine the 
significance of differences between two group 
means. Comparisons between more than two 
groups were made by using the post-hoc Scheffe 
test. Statistical significance was defined as P < 
0.05. 
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RESULTS 
 
Effects of medium pH on growth inhibition of 
pravastatin and rosuvastatin in RD and L6 cells 
RD and L6 cells cytotoxicity determined with 
MTT assay revealed that rosuvastatin moderately 
reduced the number of viable cells in a 
concentration-dependent manner, but pravastatin 
had negligible influence on the viability of the 
cells (Fig. 1). To clarify the effects of medium pH 
on pravastatin- and rosuvastatin-induced 
cytotoxicity, we examined the cytotoxicity of 
pravastatin and rosuvastatin over the medium pH 
range of 6.8 to 7.4. As shown in Fig. 2, 
rosuvastatin cytotoxicity at acidic pH (medium 
pH 6.8) was significantly greater than that at 
medium pH 7.4. On the other hand, medium pH 
had no effect on pravastatin cytotoxicity.  
 
Effects of medium pH on morphology of 
pravastatin- and rosuvastatin-treated RD and L6 
cells 
In order to clarify the effects of medium pH on 
pravastatin- and rosuvastatin-induced cytotoxicity, 
we examined the morphology of pravastatin- and 
rosuvastatin-treated RD and L6 cells over the 
medium pH range of 6.8 and 7.4. As shown in Fig. 
3, RD and L6 cells underwent dramatic 
morphological changes and became smaller after 
exposure to rosuvastatin at acidic pH (medium pH 
6.8) for 48 hours. RD and L6 cells were shrunken 
and the ratio of nuclear/cytosolic volume 
increased. In contrast, pravastatin had no effect on 
cell morphology. These results are identical to 
those shown in Fig. 2. 
 
Effects of medium pH on accumulation of 
pravastatin and rosuvastatin in RD and L6 cells  
To clarify the difference between the cytotoxicity 
of pravastatin and that of rosuvastatin, we 
examined the accumulation of pravastatin and 
rosuvastatin over the medium pH range of 6.8 to 
7.4 in RD and L6 cells. The time courses of 
accumulation of pravastatin and rosuvastatin 

reached an equilibrium in 30 min (data not 
shown). As shown in Fig. 4, medium pH had no 
effect on pravastatin accumulation. On the other 
hand, rosuvastatin accumulation at acidic pH 
(medium pH 6.8) was significantly greater than 
that at medium pH 7.4. Accordingly, these results 
suggest that statin-induced cytotoxicity is 
associated with intracellular accumulation of 
statins.  
 
Effects of medium pH on caspase activation of 
pravastatin- and rosuvastatin-treated RD and L6 
cells  
In order to confirm apoptosis, we examined the 
activation of caspases of pravastatin- and 
rosuvastatin-treated RD and L6 cells over the 
medium pH range of 6.8 to 7.4. The effector 
caspase 3/7 plays a central role in apoptosis since 
it translocates from the cytosol into the nucleus 
upon activation [14]. As shown in Fig. 5, caspase 
3/7 activity was significantly increased after 
exposure to rosuvastatin at acidic pH (medium pH 
6.8) for 48 hours. On the other hand, rosuvastatin 
at medium pH 7.4 did not markedly enhance the 
activity of caspase 3/7. Moreover, 
pravastatin-induced activation of caspase-3/7 at 
acidic pH (medium pH 6.8) was not significantly 
greater than that of rosuvastatin-induced 
activation(data not shown).  
 
DISCUSSION 
 
In terms of the more safety use of statins, the 
effects of various conditions on statin-induced 
cytotoxicity must be clarified. However, 
cytotoxicity of the hydrophilic statins pravastatin  
and rosuvastatin has not fully investigated. 
Metabolic acidosis is most simply defined as a 
decline in systemic pH induced primarily by a 
reduction in systemic bicarbonate concentrations. 
It has previously been reported that the 
lipophilicity of pravastatin and that of 
rosuvastatin were increased in acidic pH [9].  
 



J Pharm Pharmaceut Sci (www. cspsCanada.org) 10 (3): 332-339, 2007 
 
 

 
 

335 

 

Figure 1. Effects of pravastatin and rosuvastatin on the viability of RD (a) and L6 (b) cells. Cell viability 
was measured by the MTT assay. RD and L6 cells were exposed to various concentrations of pravastatin and 
rosuvastatin for 48 hours. Each point represents the mean with S.D. of 4-6 determinations. *; significantly 
different from control (no drug) at P < 0.05. 

 

 
 
Figure 2. Effects of medium pH on growth inhibition of pravastatin and rosuvastatin in RD (a) and L6 (b) 
cells. The reduction of RD and L6 cell viability induced by pravastatin (100 µM) and rosuvastatin (100 µM) 
at each pH for 48 hours was assessed by the MTT assay. Each point represents the mean ± S.D. of 5-6 
determinations. *; significantly different from pH 7.4 at P < 0.01 
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      .......... 
Figure 3. Effects of medium pH on morphological degeneration in pravastatin- and rosuvastatin-treated RD 
(a) and L6 (b) cells. RD and L6 cells were exposed to pravastatin (100 µM) and rosuvastatin (100 µM) at pH 
6.8 and 7.4 for 48 hours, and the cells were examined by microscopy (×100). 
 
 
Accordingly, it is important to clarify the effect of 
medium pH on statin-induced cytotoxicity. Firstly, 
to confirm the effects of medium pH on growth 
inhibition of pravastatin and rosuvastatin, we 
examined the effects of statins on viability, 
morphology and caspase-3/7 activation of RD and 
L6 cells. Rosuvastatin-induced reduction of cell 
viability, morphological degeneration and 
caspase-3/7 activation at acidic pH were 
significantly greater than those at medium pH 7.4 
(Figs.2, 3, 5). On the other hand, medium pH had 
no effect on those of pravastatin. Rosuvastatin 
accumulation at acidic pH (medium pH 6.8) was 
significantly greater than that at medium pH 7.4. 
On the other hand, medium pH had no effect on 
pravastatin accumulation (Fig. 4). Accordingly, 
these results suggest that statin-induced  

 
cytotoxicity is associated with intracellular 
accumulation of statins. We found that 
rosuvastatin cytotoxicity and pravastatin 
cytotoxicity were weaker than the cytotoxicity of 
the lipophilic statin cerivastatin. Moreover, 
cerivastatin accumulation was greater than that of 
hydrophilic statins [13]. An acidosis condition, an 
increased acidity (i.e., increased hydrogen ion 
concentration) of blood plasma, is said to occur 
when arterial pH falls below 7.35. Although 
hydrophilic statins are safer than lipophilic statins, 
an acidosis condition may lead to a risk of 
cytotoxicity due to an increase in rosuvastatin 
accumulation. On the other hand, we speculate 
that rosuvastatin accumulation in hepatocyte may 
increase under acidosis condition, leading to 
potentiate choresterol-lowering effect of tissue 
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Figure 4. Effects of medium pH on accumulation of pravastatin and rosuvastatin in RD (a) and L6 (b) cells. 
The accumulation of pravastatin (100 µM) and rosuvastatin (100 µM) in RD and L6 cells was measured at 
pH 6.8 and 7.4 for 1 hour. Each column represents the mean with S.D. of 3-9 determinations. *; significantly 
different from pH 7.4 at P < 0.01. 
 
 
rosuvastatin. Further investigations to clarify the 
effect of pH on hydrophilic statin-induced 
damage in vivo and examine the rosuvastatin 
accumulation and its choresterol-lowering effect 
in hepatocyte in acidic pH are in progress. The 
results of this study suggest that the rosuvastatin 
cytotoxicity at acidic pH is associated with 
increased intracellular accumulation of the drug. 
On the other hand, medium pH had no effect on 
cytotoxicity of pravastatin. 
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Figure 5. Effects of medium pH on caspase-3/7 activity ratio in rosuvastatin-treated RD (a) and L6 (b) cells. 
RD and L6 cells were exposed to rosuvastatin (100 µM) at pH 6.8 and 7.4 for 48 hours, and the cell lysate 
was used to determine the caspase-3/7 activity ratio. Each column represents the mean with S.D. of 3 
determinations. *; significantly different from pH 7.4 at P < 0.05 
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