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Role of Bioactive Lipid, Phosphatidic Acid,
in Hypercholesterolemia Drug-Induced
Myotoxicity: Statin-Induced Phospholipase
D (PLD) Lipid Signaling in Skeletal Muscle
Cells

Eric M. Tretter, Patrick J. Oliver, Sainath R. Kotha, Travis O. Gurney,
Drew M. Nassal, Jodi C. McDaniel, Thomas J. Hund,
and Narasimham L. Parinandi

Abstract Cardiovascular diseases (CVDs) are among the leading causes of mortal-
ity in the United States and worldwide. Cholesterol at high levels in circulation has
been established as a major risk factor for CVDs in humans. Statins have been
widely used for lowering and controlling the endogenous levels of cholesterol to
prevent or treat CVDs. Statins lower cholesterol by inhibiting 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMG-CoA reductase), the rate-limiting enzyme in the bio-
synthetic pathway of endogenous cholesterol. Despite their efficacy for
cardiovascular indications, statins may induce undesired side effects, including
cause skeletal muscle damage (myotoxicity and myalgia). However, the mecha-
nisms and treatment of statin-induced myotoxicity and myalgia are not well known.
Phospholipase D (PLD) is a ubiquitous membrane phospholipid-hydrolyzing
enzyme involved in mediating lipid signaling in mammalian cells, including skele-
tal muscle cells (myocytes). Therefore, we hypothesized that statins would mediate
skeletal muscle myocyte damage through activation of the PLD-mediated lipid sig-
naling, and inhibition of PLD activation would protect against the statin-induced
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myotoxicity. In order to test our hypothesis, we used the well-established C2C12
mouse skeletal muscle myoblast cell line and studied the PLD activation and cyto-
toxicity in vitro induced by two different widely prescribed statins (mevastatin and
simvastatin). Our studies revealed that the statins caused dose- (10-100 uM) and
time-dependent (4-24 h) activation of PLD (as determined by the [*?]P-labeling of
cells and thin-layer chromatography of phosphatidylbutanol formation) and cyto-
toxicity and mitochondrial dysfunction (as determined by the release of intracellular
lactate dehydrogenase, suppression of MTT reduction, and alterations in cell mor-
phology) in the C2C12 myoblast cells. Our results also showed that cholesterol
replenishment protected against the statin-induced toxicity to the C2C12 cells.
Furthermore, our results showed that the novel PLD-specific inhibitor, 5-fluoro-2-
indolyl des-chlorohalopemide (FIPI) inhibited the statin-induced PLD activation
and cytotoxicity in the C2C12 myoblast cells. For the first time, our study demon-
strated the role of endogenous cellular cholesterol depletion and PLD-mediated
lipid signaling in statin-induced skeletal muscle myocyte damage and emphasized
the importance of PLD inhibition in attenuating the statin-induced myotoxicity and
myalgia in CVD patients consuming statins to lower the elevated levels of endoge-
nous cholesterol.

Keywords Statins - Cholesterol-lowering drugs - Skeletal muscle cells - PLD -
Phosphatidic acid signaling

Abbreviations

ATP Adenosine 5-phosphate

BCA Bicinchoninic acid

BSA Bovine serum albumin

CHD Chronic heart disease

CoQ10 Coenzyme Q10

CVD Cardiovascular disease

DAG Diacylglycerol

DMEM Dulbecco’s modified Eagle medium

DMSO Dimethylsulfoxide

EDTA Ethylenediaminetetraacetic acid

FBS Fetal bovine serum

FIPI 5-fluoro-2-indolyl des-chlorohalopemide hydrochlo-
ride hydrate

HDL High-density lipoprotein

HMG-CoA reductase
LDH

3-hydroxy-3-methyl-glutaryl-CoA reductase
Lactate dehydrogenase

LDL-C Low-density lipoprotein-cholesterol
LPA Lysophosphatidic acid
MAPK Mitogen-activated protein kinase
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MBCD Methyl-f-cyclodextrin

MEM Minimal essential medium

MTT 3-[4,5-dimethylthiazol-2-y1]-2,5-dipheny] tetrazo-
lium bromide

PA Phosphatidic acid

PBS Phosphate-buffered saline

PBS-T Phosphate-buffered saline-Tween-20

PBt Phosphatidylbutanol

PKC Protein kinase C

PLA, Phospholipase A,

PLD Phospholipase D

ROS Reactive oxygen species

TLC Thin-layer chromatography

Introduction

Cardiovascular Disease

In developed countries across the world, and particularly in the United States, car-
diovascular disease (CVD), including the cerebrovascular diseases, remain the
number one cause of death [1, 2]. CVD is the result of restricted blood vessels that
lead to chest pain, stroke, heart attack, or other painful heart conditions [3-7]. A
host of risk factors have been identified for CVD, including a diet high in fat and
cholesterol, lack of exercise, use of tobacco, drugs, and alcohol, and a stressful
environment [8—15]. High concentrations of circulating blood cholesterol can cause
the deposition of this cholesterol in blood vessels and eventually lead to plaque
formation in the blood vessel and ultimate obstruction of the circulation to vital
organs, including the heart, brain, and kidney [16—19]. Prescription of drugs that
lower endogenously synthesized cholesterol in order to lower the risk for cardiovas-
cular disease have become increasingly common to modify CVD risk [20].

Cholesterol and Cardiovascular Diseases

Cholesterol is the major component of the cell membrane lipid backbone that regu-
lates membrane fluidity, structure, and function [21, 22]. Cholesterol occurs in cir-
culation in two different types: high-density lipoproteins (HDLs) and low-density
lipoproteins (LDLs) [23, 24]. HDLs have been found to reduce the risk for heart
disease when in high concentrations, and thus are often designated as “good choles-
terol” [25]. In contrast, high concentrations of LDLs are associated with coronary
artery disease, earning them the distinction of “bad cholesterol” [26]. Having high
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concentrations of LDL-cholesterol (LDL-C) is referred to as hypercholesterolemia,
and can have genetic or dietary roots [26].

Familial hypercholesterolemia is an inherited condition caused by a defect in
LDL-C receptor expression/function [27]. Dysfunction in LDL-C receptors results
in insufficient uptake of LDL-C into cells, leading to increased circulating LDL-C
in the bloodstream that can accumulate on the vessel walls. In addition, individuals
with familial hypercholesterolemia typically demonstrate a loss of the normal feed-
back inhibition that stops the synthesis of cholesterol by inhibiting 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMG-CoA reductase), a rate-limiting enzyme in
cholesterol synthesis (Schema 1), when high concentrations are detected in the
blood [28-30] (Schema 1). Dietary hypercholesterolemia results from a diet high in
saturated fats and cholesterol, more than recommended daily allowance. The exces-
sive amount of cholesterol consumed finds its way into the blood stream and can
accumulate on vessel walls leading to plaque formation and atherosclerotic lesions

Cholesterol Biosynthesis
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Schema 1 Pathway of cellular cholesterol synthesis in mammalian cells. HMG-CoA reductase is
the rate-limiting enzyme that converts HMG-CoA to mevalonate. HMG-CoA reductase is inhib-
ited by the statins to cause decrease/reduction in the de novo synthesized cellular cholesterol



Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced... 383

in the blood vessel that would obstruct blood flow leading to the CVDs and cerebro-
vascular disorders.

Statins as the Endogenous Cholesterol-Lowering Drugs

Current therapeutic intervention for hypercholesterolemia involves the use of HMG-
CoA reductase-specific inhibitors, known as statins (Schema 2), to attenuate or sup-
press the synthesis of endogenous cholesterol [28-30]. Suppressing or inhibiting
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Schema 2 Chemical structures of different statins used to lower endogenous cholesterol by inhib-
iting HMG-CoA reductase in mammalian cells
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endogenous cholesterol synthesis lowers the levels of LDL-C in the blood circula-
tion. Among the most common statins in clinical use are atorvastatin (Lipitor),
pravastatin (Pravachol), simvastatin (Zocor), mevastatin (Compactin), and lovas-
tatin (Altoprev) [31-33].

Although statins have dramatically altered the landscape for CVD risk, adverse
effects have been identified, yet are not well understood. Myopathy is a disorder
encompassing an array of ailments that impact the skeletal muscles, and is one of
the most common and significant side effects of statin myotoxicity. Conditions
developed can vary from the milder myalgia or myositis to the possibly life-
threatening rhabdomyolysis [34—40]. Symptoms of statin-induced myopathy
include muscle pain, weakness, and fatigue [35]. Studies have shown that statins use
in certain individuals results in statin intolerance associated with myotoxicity [34—
42]. The exact rate of incidence is still disputed. In observational studies, statin-
associated muscle symptoms (SAMS) have been seen in between 10% and 30% of
statin users [35]. In other randomized control studies, 9.4% of patients taking statins
experienced myalgia compared to the 4.6% of placebo patients that experienced
myalgia [35]. However, a recent study from Jordan found that overall incidence of
myopathy in patients taking statins was 27.8%; specifically, incidence was 31.4% in
males, 22.6% in females, and 34% among patients >60 years old [36]. According to
a separate study of patients experiencing statin myopathy, 13% were hospitalized
for treatment for rhabdomyolysis [37]. More importantly, though, all of the patients
in the study who ceased using statins were able to successfully recover from statin-
associated myopathy within an average of 2.3 months after stopping statin treat-
ment, with over 50% reporting resolution of muscle symptoms within 1 month [37].
Statins have pleiotropic effects in the body, but the mechanism through which they
cause myalgia or other adverse effects remains unclear. If understood, the safety and
effectiveness of statins could increase. It seems there exist multiple mechanisms
through which statins cause myotoxicity, one being the mitochondrial mechanism,
which holds valid to some extent [43]. Previous studies have shown that statins can
cause damage to skeletal myocyte mitochondria, which reduces the energy metabo-
lism of the cell and can ultimately result in cell death [38, 39, 44]. Based on this
previous work, we hypothesized that statins cause membrane lipid signaling pertur-
bation and mitochondrial dysfunction through cholesterol depletion, which ulti-
mately leads to statin-induced myalgia.

Lipid Signaling and Statin-Induced Myotoxicity or Myalgia

The phospholipid bilayer forms a barrier between the cell and the external environ-
ment. Membrane phospholipids, protein channels, and cholesterol compose much of
the membrane bilayer of living cells across species, including in humans [45-47]. An
essential function of the bilayer is to interact with the environment and relay infor-
mation to the cell wherein the membrane lipid signaling accomplishes these goals
[48]. Phospholipases are the house-keeping enzymes that hydrolyze membrane
phospholipids to support turnover/maintenance of the membrane, leading to the
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formation of a host of bioactive lipid molecules, each with an associated membrane
lipid signal as interpreted by the cell. Four major phospholipases exist, including the
phospholipase Al, A2, C, and D, and each catalyzes a specific hydrolysis of the
membrane phospholipid within the cell [49-54]. Specifically, phospholipase D
(PLD) hydrolyzes the membrane phospholipid (phosphatidylcholine, PC) releasing
phosphatidic acid (PA), a potent bioactive cell signaling mediator [53, 55]. The cell
can further convert the PLD-generated PA to potent bioactive lipid signal mediators
such as lysophosphatidic acid (LPA) or diacylglycerol (DAG) upon the actions of
phospholipase Al (PLA1) or PLA2, which can cause myotoxicity (Schema 3) [56—
61]. It has been demonstrated that lowering of cell membrane cholesterol in the vas-
cular endothelial cells leads to the activation of PLD and generation of PA [62].
Therefore, here it is hypothesized that statins cause cholesterol depletion in the mem-
branes of the skeletal muscle cells through the inhibition of HMG-CoA reductase,
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Schema 3 Mechanism of the phospholipase D (PLD)-mediated hydrolysis of the membrane
phospholipids (e.g., phosphatidylcholine, PC) in mammalian cells. PLD hydrolyzes PC at the head
group and forms the bioactive lipid signal mediator, phosphatidic acid (PA). PA can further be
converted to potent bioactive lipid signal mediators such as the lysophosphatidic acid (LPA) by the
action of phospholipases A1/A2 (PLA1 or PLA2) and diacylglycerol (DAG) by the action of lipid
phosphate phosphatase. Both LPA and DAG are potent lipid mediators of cell signaling. PA can
also directly modulate cellular proteins and cause functional alterations in the cells. One salient
feature of PLD is that enzyme is capable of using stereospecifically a primary alcohol instead of
water such as ethanol, 1-butanol, and 1-propanol during the hydrolysis of the membrane phospho-
lipid to convert the PLD-generated PA into the corresponding phosphatidylalcohols (e.g., phospha-
tidylethanol [PEt], phosphatidylbutanol [PBt], and phosphatidylpropanol [PProp]). Hence, the
phosphatidylalcohols serve as the indices of PLD activity in cells in situ
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leading to the activation of PLD that generates the bioactive lipid signal mediator
(PA), resulting in mitochondrial damage and myotoxicity as a mechanistic basis of
the statin-induced myalgia or myotoxicity. In order to test our hypothesis, in the cur-
rent study, we chose the well-established skeletal muscle cell model, C2C12 myo-
blast cells. Our studies revealed that the two widely used statins (HMG-CoA
reductase inhibitors), mevastatin and simvastatin, caused PLD activation and genera-
tion of the bioactive lipid signal mediator (PA), leading to the mitochondrial dysfunc-
tion and cytotoxicity in the C2C12 myoblast cells through cholesterol depletion [63].

Materials and Methods

Materials

Mouse skeletal muscle myoblast cells (C2C12s) (passage 2) were obtained from
Cell Applications Inc. (San Diego, CA). Phosphate-buffered saline (PBS) was pur-
chased from Biofluids Inc (Rockville, Maryland). Minimal Essential Medium
(MEM), FBS, trypsin, nonessential amino acids, penicillin/streptomycin, Dulbecco
Modified Eagle Medium (DMEM) tissue culture reagents, phosphate-free modified
medium, 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide reduction
kit (MTT assay kit), lactate dehydrogenase cytotoxicity assay kit (LDH release
assay kit), and analytical reagents of the highest purity were all obtained from
Sigma Chemical Co (St Louis, Missouri). Phosphatidylbutanol (PBt), was acquired
from Avanti Polar Lipids (Alabaster, Alabama). [*?P]orthophosphate (carrier-free)
was purchased from New England Nuclear (Wilmington, Delaware). Anti-rabbit
AlexaFluor 488-conjugated antibody and the Amplex Red cholesterol determina-
tion kit were purchased from Molecular Probes Invitrogen Co (Carlsbad, California).
5-Fluoro-2-indolyl des-chlorohalopemide hydrochloride hydrate (FIPI) was pre-
pared as described in earlier publications [59, 60]. All other reagents were acquired
from the Sigma Chemical Company (St. Louis, MO).

In Vitro Cell Culture

The C2C12 myoblast cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS and antibiotics up to 90-100% confluence
in sterile 35-mm or 60-mm dishes and in 96-well plates under a sterile and humidi-
fied atmosphere of 95% air—5% CO, at 37 °C. C2C12s were used up to passage 20
for experiments.
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Assay of Phospholipase D (PLD) Activation

PLD activity in the C2C12 myoblast cells was determined according to our previ-
ously published procedure [59, 60]. C2C12 myoblast cells cultured in 35-mm dishes
were labeled with [**Plorthophosphate (5 mCi/ml) in DMEM phosphate-free
medium containing 2% (vol/vol) fetal bovine serum for 14 h. Following the experi-
mental treatments for the chosen periods of time, [*?P]-labeled phosphatidylbutanol
([**P]PBY), formed from the PLD activation and transphosphatidylation reaction in
cellular lipid extracts as an index of PLD activity in intact cells, was separated by
thin-layer chromatography (TLC). Radioactivity associated with the [*?P]PBt was
quantified by liquid scintillation counting and data were expressed as DPM normal-
ized to the total [*2P] in the lipid extract of the cells in the dish.

Lactate Dehydrogenase (LDH) Release Assay of Cytotoxicity

The C2C12 myoblast cells were grown up to 90-100% confluence in sterile 15.5-
mm dishes (24-well culture plate) and treated with DMEM alone or DMEM con-
taining the chosen concentrations of statins and/or FIPI at designated time points. At
the end of the incubation period, the supernatant was removed, and the level of
lactate dehydrogenase (LDH) activity was measured spectrophotometrically accord-
ing to the manufacturer’s protocol (Sigma Chemical Co., St. Louis, MO).

MTT Cell Proliferation Assay

The C2C12 myoblast cells were grown up to 90-100% confluence in sterile 15.5-
mm dishes (24-well culture plate) and treated with DMEM alone or DMEM con-
taining the chosen concentrations of statins and/or FIPI at designated time points. At
the end of the incubation period, the supernatant was removed, and the extent of
MTT reduction was measured spectrophotometrically according to the manufac-
turer’s protocols (Cayman Chemical Co., Ann Arbor, MI).

Cellular Morphology

Morphological changes in the C2C12 myoblast cells grown in the sterile 35-mm
dishes up to 90-100% confluence, following their exposure to the chosen concentra-
tions of statins and/or FIPI for different time periods, were examined under light
microscope as an index of cytotoxicity. Images of cell morphology were digitally cap-
tured using the Zeiss Axioskop 200 with Zen 2011 software at 20x magnification.
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Cholesterol Determination

The C2C12 myoblast cells were grown up to 90-100% confluence in sterile 60-mm
dishes, and treated with DMEM alone or DMEM containing the chosen concentra-
tions of statins and/or FIPI for the chosen periods of time. Cells were then liberated
from dish, reconstituted in PBS, and protein was determined following the protein
determination by the BCA assay. Cholesterol contents in the samples was normalized
to the total cellular protein (1 mg) according to our previously published method [64].

Phospholipase D1 (PLD1) Phosphorylation Visualization by
Confocal Immunofluorescence Microscopy

The C2C12 myoblast cells were grown on sterile glass cover slips (~90% confluence)
and treated with DMEM alone or DMEM containing chosen concentrations of statins
for 12 h. Cover slips were then rinsed three times with PBS, and fixed with 3.7%
formaldehyde in PBS for 10 min. at room temperature. The cells were permeabilized
in 0.25% Triton X-100 prepared in PBS containing 0.01% Tween-20 (PBS-T) for
5 min. The cells were again washed three times with PBS-T, and treated with PBS-T
containing 1% BSA blocking buffer for 30 min. at room temperature. Cover slips
were then incubated overnight at room temperature with the primary antibody [phos-
pho-PLDI1 (1:150 dilution)] in 1% BSA solution. After rinsing three times with PBS-
T, the cells were labeled with secondary AlexaFluor 488 (1:100 dilution) in 1% BSA
in PBS-T for 1 h. Finally, the cells were washed three times with PBS-T, mounted,
and examined under Zeiss LSM 710 Confocal/Multiphoton Microscope powered by
Argon-2 laser with 500-550 BP filter. The images were captured digitally, and the
average fluorescent intensity of triplicate samples was determined using ImageJ.

Preparation of Solutions Containing Pharmacological Agents
Jor Treatment of Cells

All water-soluble pharmacological agent solutions were freshly formulated in
DMEM for treatment of cells. The stock solutions of lipophilic pharmacological
agents, including all statins and FIPI, were freshly assembled in DMSO and then
diluted in DMEM for treatment of cells. The final DMSO concentration in the cell
treatment medium did not exceed 0.1% (vol/vol) and did not appear to have any
influence on experimental outcomes.
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Statistical Analysis

All experiments were completed in triplicate. Results were reported as mean =+ stan-
dard deviation (SD). Statistical analysis of data was accomplished by one-way anal-
ysis of variance (ANOVA) by use of the SigmaStat (Jandel Scientific, San Rafael,
California). The statistical significance level was taken as p < 0.05.

Results

Statins induce PLD activation in C2C12 myoblast cells Statins are HMG-CoA
reductase inhibitors and lower endogenous levels of cholesterol by inhibiting cel-
lular cholesterol synthesis [65, 66]. We have previously shown that the cholesterol-
depleting agent such as the methyl-p-cyclodextrin (MPCD) lowers cholesterol
levels and causes activation of PLD in the vascular endothelial cells [62, 64]. Taking
these as the premise, here we hypothesized that statin-induced decrease of cellular
cholesterol would lead to activation of PLD in C2C12 myoblast cells. To test our
hypothesis, we treated C2C12 cells with two selected statins, mevastatin and simv-
astatin, for different periods of time (4-24 h) and assayed the activation of PLD. We
determined the activity of PLD by analyzing the intracellular formation of phospha-
tidylbutanol as the transphosphatidylation reaction product of PLD, which is an
established and widely used assay of cellular PLD activity [67]. Both mevastatin
and simvastatin (10 pM) caused significant time-dependent activation of PLD in the
C2C12 myoblast cells (Fig. 1a, b). Although the PLD activity peaked at 12 h for
mevastatin-treated cells, simvastatin caused a significant linear increase of the PLD
activity from 4 h up to 24 h compared to the untreated control cells (Fig. 1a, b). At
12 h, mevastatin caused a 4.5-fold increase of PLD activation in the C2C12 cells
compared to control untreated and mevastatin-treated cells at 4 h. PLD activity
remained significantly elevated at 24 h compared to control, although not to the
level observed at 12 h. On the other hand, simvastatin caused a significant and
approximately sevenfold increase in PLD activity at 24 h as compared to the same
in the control untreated and simvastatin-treated cells at 4 h (Fig. 1b). One notewor-
thy response of the control untreated cells was that the basal PLD activity (forma-
tion of PA without statin treatment) also linearly increased with time (Fig. 1a, b).
These results revealed that both mevastatin and simvastatin caused a significant
activation of PLD in the C2C12 myoblast cells and simvastatin apparently was more
potent than mevastatin in inducing the activation of PLD and generating the bioac-
tive lipid signal mediator (PA) in cells.

FIPI, the PLD-specific inhibitor attenuates statin-induced PLD activation in
C2C12 cells In previous studies, we have demonstrated efficacy of FIPI, the only
available PLD-specific pharmacological inhibitor, in PLD inhibition in cell culture
models [59, 60]. Here, we used FIPI (i) to investigate its inhibitory action on the
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Fig. 1 (a) Mevastatin induces PLD activation in C2C12 cells. C2C12 myoblast cells (2 x 10°
cells) were pre-labeled for 12 h with carrier free [**P] orthophosphate in complete medium, follow-
ing which cells were treated with mevastatin (10 pM) for different time periods (4-24 h) in 95%
air-5% CO, under humidified sterile environment at 37 °C. Under identical conditions, appropriate
controls were established without the statin treatment. At the end of the experiment for the desig-
nated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/vol)
and separated by thin-layer chromatography (TLC) as described in the section “Materials and
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard
as described in the section “Materials and Methods”. The PBt spots on the TLC plates were
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statin-induced PLD activation and (ii) to confirm that statins indeed activate PLD in
the C2C12 myoblast cells. By virtue of its PLD-specific inhibitory action, FIPI
(0.1-1 uM, 12 h of pretreatment) significantly and drastically inhibited the basal
PLD activity in the control untreated C2C12 myoblast cells at 24 h (Fig. 2a, b). At
1 pM concentration, FIPI caused ~85-92% decrease of basal PLD activation in the
control untreated cells (Fig. 2a, b). Furthermore, FIPI, in a dose-dependent manner
(0.1-1 pM), significantly and robustly attenuated the statin-induced PLD activation
in cells treated with both mevastatin (10 pM) and simvastatin (10 pM) for 24 h as
compared with the cells treated with statins alone (Fig. 2a, b). FIPI (1 pM) signifi-
cantly attenuated the statin-induced PLD activation by ~90-95% in cells treated
with both mevastatin (10 pM) and simvastatin (10 pM) for 24 h as compared to the
same in the C2C12 myoblast cells treated with statins alone (Fig. 2a, b). These
results clearly revealed that (i) FIPI was a potent inhibitor of the statin-induced PLD
activation at doses ranging between 0.1-1 pM and the 1 pM dose was the most
efficacious in causing effective inhibition of the statin-induced PLD activation and
(ii) indeed, statins, induced the activation of PLD in the C2C12 myoblast cells.

Statins induce cytotoxicity in C2C12 cells It is becoming increasingly evident
that the lipid-lowering and cholesterol-depleting drugs such as the lipophilic statins
cause cytotoxicity to mammalian cells including the normal and malignant cells
[68-71]. Also, our earlier studies revealed that cyclodextrin-induced cellular cho-
lesterol depletion causes cytotoxicity in the vascular endothelial cells in culture [62,
64]. Based on these findings, we investigated whether statins (simvastatin and
mevastatin) induce cytotoxicity in C2C12 cells as determined by lactate dehydroge-
nase (LDH) release. Our results revealed that both simvastatin and mevastatin
(10-100 pM) significantly induced LDH release from cells in a dose-dependent
fashion at 24 h of exposure as compared to control untreated cells (Fig. 3a, b). Both

<
<

Fig. 1 (continued) scrapped and [**P] radioactivity was determined on a liquid scintillation coun-
ter and normalized to the total lipid phosphorus [**P] of the cells and expressed as DPM/cells in the
dish. Each histogram is an average of results obtained from three independent experiments under
identical conditions with = S.D. *Significantly different from the untreated control cells at
p < 0.05. (b) Simvastatin induces PLD activation in C2C12 cells. C2C12 myoblast cells (2 x 10°
cells) were pre-labeled for 12 h with carrier free [*’P] orthophosphate in complete medium, follow-
ing which cells were treated with simvastatin (10 pM) for different time periods (4-24 h) under a
humidified sterile atmosphere of 95% air—5% CO, at 37 °C. Under identical conditions, appropri-
ate controls were established without the statin treatment. At the end of the experiment for the
designated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/
vol) and separated by thin-layer chromatography (TLC) as described in the section “Materials and
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard
as described in the section “Materials and Methods”. The PBt spots on the TLC plates were
scrapped and [*?P] radioactivity was determined on a liquid scintillation counter and normalized to
the total lipid phosphorus [*2P] of the cells and expressed as DPM/cells in the dish. Each histogram
is an average of results obtained from three independent experiments under identical conditions
with + S.D. *Significantly different from the untreated control cells at p < 0.05
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Fig. 2 (a) FIPI, the PLD-specific inhibitor, attenuates mevastatin-induced PLD activation in
C2C12 cells. C2C12 myoblast cells (2 x 10° cells) were pre-labeled for 12 h with carrier free [**P]
orthophosphate in complete medium, following which cells were first treated with the PLD-
specific pharmacological inhibitor, FIPI (0.1-1 pM) for 12 h and then treated with mevastatin
(10 pM) for 24 h in absence and presence of FIPI under a humidified sterile atmosphere of 95%
air-5% CO, at 37 °C. Under identical conditions, appropriate controls were established without
FIPI and the statin treatment and with FIPI treatments alone. At the end of the experiment for the
designated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/
vol) and separated by thin-layer chromatography (TLC) as described in the section “Materials and
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard
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statins at 10 pM dose caused robust and significant increase in the LDH release
from cells (twofold increase by simvastatin; 3.7-fold increase by mevastatin) and
further increase in release of the intracellular LDH was not markedly enhanced by
increasing the dose of statins at 24 h of treatment of the C2C12 cells (Fig. 3a, b).
Therefore, our current results revealed that statins (simvastatin and mevastatin)
induced cytotoxicity in the C2C12 cells even at 10 pM dose as demonstrated by the
release of intracellular LDH, the standard mammalian cytotoxicity assay.
Furthermore, mevastatin was more potent than simvastatin at 10 pM dose in causing
cytotoxicity in the C2C12 myoblast cells (Fig. 3a, b).

Statins decrease cholesterol in C2C12 cells As statins are established to lower or
decrease the cellular levels of cholesterol [70], here we investigated whether statins
would decrease/lower the cholesterol levels in the C2C12 myoblast cells. All the
three tested statins (simvastatin, mevastatin, and lovastatin) at 10 pM dose caused
significant decrease of intracellular cholesterol (25%, 21%, and 46%, respectively)
as compared to that in the control untreated cells at 24 h of treatment (Fig. 4a).
Among all the chosen statins, lovastatin was the most effective statin in decreasing
the intracellular cholesterol levels in the C2C12 myoblast cells. Therefore, these
results revealed that statins caused significant decrease of the intracellular levels of
cholesterol in the C2C12 myoblast cells.

Cholesterol replenishment protects against statin-induced cytotoxicity in
C2C12 cells Our earlier studies demonstrated that cholesterol replenishment
offered protection against the cyclodextrin-induced cytotoxicity mediated through
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Fig.2 (continued) as described in the section “Materials and Methods”. The PBt spots on the TLC
plates were scrapped and [*’P] radioactivity was determined on a liquid scintillation counter and
normalized to the total lipid phosphorus [*°P] of the cells and expressed as DPM/cells in the dish.
Each histogram is an average of results obtained from three independent experiments under identi-
cal conditions with + S.D. *Significantly different from the untreated control cells at p < 0.05.
**Significantly different from the statin-treated cells at p < 0.05. (b) FIPI, the PLD-specific inhibi-
tor, attenuates simvastatin-induced PLD activation in C2C12 cells. C2C12 myoblast cells (2 x 10°
cells) were pre-labeled for 12 h with carrier free [**P] orthophosphate in complete medium, follow-
ing which cells were first treated with the PLD-specific pharmacological inhibitor, FIPI (0.1-1 pM)
for 12 h and then treated with simvastatin (10 pM) for 24 h in absence and presence of FIPI under
a humidified sterile atmosphere of 95% air—5% CO, at 37 °C. Under identical conditions, appropri-
ate controls were established without FIPI and the statin treatment and with FIPI treatments alone.
At the end of the experiment for the designated time, lipids were extracted under acidic conditions
with 2:1 chloroform-methanol (vol/vol) and separated by thin-layer chromatography (TLC) as
described in the section “Materials and Methods”. Phosphatidylbutanol (PBt) as the product of
PLD activity generated by the transphosphatidylation reaction was identified by iodination on the
TLC plate with authentic PBt standard as described in the section “Materials and Methods”. The
PBt spots on the TLC plates were scrapped and [*’P] radioactivity was determined on a liquid
scintillation counter and normalized to the total lipid phosphorus [**P] of the cells and expressed as
DPM/cells in the dish. Each histogram is an average of results obtained from three independent
experiments under identical conditions with + S.D. *Significantly different from the untreated
control cells at p < 0.05. **Significantly different from the statin-treated cells at p < 0.05
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a Simvastatin-induced LDH release from C2C12 cells in 24 h
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Fig. 3 (a) Simvastatin induces lactate dehydrogenase (LDH) release from C2C12 cells. C2C12
myoblast cells were cultured up to ~90-100% confluence in 15.5-mm sterile dishes (24-well cell
culture plate) in complete medium and then treated with complete medium or medium containing
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the intracellular cholesterol depletion in the vascular endothelial cells [64]. In the
current study, we showed that statins cause both cytotoxicity (LDH release) and
cholesterol depletion. Therefore, we investigated whether cholesterol replenishment
would offer protection against the statin-induced cytotoxicity (LDH release) in the
C2C12 myoblast cells. Our results revealed that both mevastatin (10 pM) and sim-
vastatin (10 pM) caused significant cytotoxicity as revealed by the intracellular
LDH release assay at 24 h of treatment with statins as compared to the control
untreated cells (Fig. 4b, c). Furthermore, treatment of cells with the water-soluble
(methylcyclodextrin-conjugated) cholesterol (1%) offered significant protection of
the statin-induced cytotoxicity (attenuation of release of intracellular LDH) (Fig. 4b,
c). However, cholesterol at 2% dose was not effective in lowering the mevastatin-
induced release of intracellular LDH and failed to protect against the mevastatin-
induced cytotoxicity in the C2C12 cells as opposed to the protective action offered
by cholesterol at 1% dose (Fig. 4b). On the other hand, cholesterol at 2% dose,
although effective in significantly protecting against the simvastatin-induced cyto-
toxicity in the C2C12 cells, its protective action was less effective than that was
offered by cholesterol at 1% dose (Fig. 4c). Overall, these results revealed that (i)
cholesterol replenishment offered protection against the statin-induced cytotoxicity
in the C2C12 cells as revealed by the intracellular LDH assay and (ii) lower dose of
cholesterol (1%) was more effective in significantly protecting against the statin-
induced cytotoxicity.

FIPI, the PLD-specific inhibitor attenuates statin-induced cytotoxicity in
C2C12 cells We have earlier reported that the PLD-specific pharmacological
inhibitor, FIPI protected against the oxidant- and drug-induced cytotoxicity medi-
ated by the PLD-depended bioactive lipid signaling in the vascular endothelial cells
[59, 60]. Therefore, here we investigated to show whether FIPI would offer protec-
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Fig. 3 (continued) different concentrations of simvastatin (10-100 pM) for 24 h under a humidi-
fied sterile atmosphere of 95% air-5% CO, at 37 °C. Appropriate controls without the statin treat-
ments were established simultaneously under identical conditions. At the end of the treatment, the
supernatant was removed, and the extent of release of LDH was determined on a plate reader
(visible) by the commercially available LDH spectrophotometric assay kit (Sigma Chemical Co.,
St. Louis, MO) according to the manufacturer’s recommendations as described in the section
“Materials and Methods”. Each histogram is an average of results obtained from three independent
experiments under identical conditions with + S.D. *Significantly different from the untreated
control cells at p < 0.05. (b) Mevastatin induces lactate dehydrogenase (LDH) release from C2C12
cells. C2C12 myoblast cells were cultured up to ~90-100% confluence in 15.5-mm sterile dishes
(24-well cell culture plate) in complete medium and then treated with complete medium or medium
containing different concentrations of mevastatin (10-100 pM) for 24 h under a humidified sterile
atmosphere of 95% air-5% CO, at 37 °C. Appropriate controls without the statin treatments were
established simultaneously under identical conditions. At the end of the treatment, the supernatant
was removed, and the extent of release of LDH was determined on a plate reader (visible) by the
commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., St. Louis, MO)
according to the manufacturer’s recommendations as described in the section ‘“Materials and
Methods”. Each histogram is an average of results obtained from three independent experiments
under identical conditions with + S.D. *Significantly different from the untreated control cells at
p <0.05
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tion against the statin-induced cytotoxicity (intracellular LDH release) in the C2C12
myoblast cells to demonstrate the role of PLD therein, since in the current study, it
was revealed that statins caused significant activation of PLD which was signifi-
cantly attenuated by FIPI in the C2C12 myoblast cells (Figs. 1 and 2). FIPI (1 pM,
pretreatment for 12 h) offered significant protection against simvastatin (10 pM)-
and mevastatin (10 pM)-induced cytotoxicity at 24 h as demonstrated by the release
of intracellular LDH (Fig. 5). Overall, the current study demonstrated that (i) the
PLD-specific pharmacological inhibitor, FIPI offered significant protection of the
statin-induced cytotoxicity and (ii) the PLD-mediated bioactive lipid signaling also
was involved in the statin-induced cytotoxicity in the C2C12 myoblast cells.

<
<

Fig. 4 (a) Statins induce decrease of cholesterol in C2C12 cells. C2C12 myoblast cells were cul-
tured in complete medium up to ~90-100% confluence in 60-mm sterile culture dishes and treated
with different statins at 10 pM concentration for 24 h under a humidified sterile atmosphere of 95%
air—5% CO, at 37 °C. Appropriate controls were established simultaneously under identical condi-
tion without statin treatments. At the end of the treatment, the cholesterol content in the cells was
then determined spectrofluorometrically on a plate reader (fluorescence) with the commercially
available cholesterol determination kit according to the manufacturer’s recommendation
(Molecular Probes — Invitrogen Detection Technologies, Grand Island, NY) as described in the
section “Materials and Methods”. The cellular levels of cholesterol were normalized to protein and
expressed as pg/mg protein. Each histogram is an average of results obtained from three indepen-
dent experiments under identical conditions with + S.D. *Significantly different from the untreated
control cells at p < 0.05. (b) Cholesterol replenishment protects against mevastatin-induced lactate
dehydrogenase (LDH) release from C2C12 Cells. C2C12 myoblast cells were cultured up to
~90-100% confluence in 15.5-mm sterile dishes (24-well cell culture plate) in complete medium
and then treated with complete medium or medium containing different concentrations of water-
soluble cholesterol alone (1-2%) or mevastatin (10 pM) alone or water-soluble cholesterol
(1-2%) + mevastatin (10 pM) for 24 h under a humidified sterile atmosphere of 95% air-5% CO,
at 37 °C. Appropriate controls without the water-soluble cholesterol and statin treatments were
established simultaneously under identical conditions. At the end of the treatment, the supernatant
was removed, and the extent of release of LDH was determined on a plate reader (visible) by the
commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., St. Louis, MO)
according to the manufacturer’s recommendations as described in the section ‘“Materials and
Methods”. Each histogram is an average of results obtained from three independent experiments
under identical conditions with + S.D. *Significantly different from the untreated control cells at
p < 0.05. #*Significantly different from the statin-treated cells at p < 0.05. #Significantly different
from the untreated control cells at p < 0.05. (¢) Cholesterol replenishment protects against
simvastatin-induced lactate dehydrogenase (LDH) release from C2C12 Cells. C2C12 myoblast
cells were cultured up to ~90-100% confluence in 15.5-mm sterile dishes (24-well cell culture
plate) in complete medium and then treated with complete medium or medium containing different
concentrations of water-soluble cholesterol alone (1-2%) or simvastatin (10 pM) alone or water-
soluble cholesterol (1-2%) + simvastatin (10 pM) for 24 h under a humidified sterile atmosphere
of 95% air-5% CO, at 37 °C. Appropriate controls without the water-soluble cholesterol and statin
treatments were established simultaneously under identical conditions. At the end of the treatment,
the supernatant was removed, and the extent of release of LDH was determined on a plate reader
(visible) by the commercially available LDH spectrophotometric assay kit (Sigma Chemical Co.,
St. Louis, MO) according to the manufacturer’s recommendations as described in the section
“Materials and Methods”. Each histogram is an average of results obtained from three independent
experiments under identical conditions with + S.D. *Significantly different from the untreated
control cells at p < 0.05. **Significantly different from the statin-treated cells at p < 0.05
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Statins induce mitochondrial dysfunction in C2C12 cells It is rapidly emerging
that statins cause mitochondrial dysfunction and damage in different organs/cells,
including the skeletal muscle, especially during the statin-induced myopathy [34,
72]. Although MTT reduction by the mitochondria is used as a valid indicator of cell
proliferation and cytotoxicity, the assay is also utilized to ascertain the mitochon-
drial function [73]. Therefore, we utilized MTT reduction by the cellular mitochon-
dria in the C2C12 cells to demonstrate the statin-induced mitochondrial dysfunction,
since MTT is reduced by a mitochondria-specific dehydrogenase [73]. Both statins,
simvastatin and mevastatin, caused significant dose-dependent decrease of MTT
reduction in the C2C12 cells at 24 h of treatment as compared to the control
untreated cells (Fig. 6a, b). Simvastatin (10 pM) and mevastatin (10 pM) significantly
decreased MTT reduction, by 51% and 60%, respectively, by the C2C12 myoblast
cells treated for 24 h as compared to the same in the control untreated cells (Fig. 6a,
b). Therefore, these studies demonstrated that both mevastatin and simvastatin

FIPI attenuates statin-induced LDH release in C2C12s
(12 h FIPI Pretreat and 24 h Statin Challenge)
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Fig. 5 FIPI, the PLD-specific inhibitor, attenuates statin-induced lactate dehydrogenase (LDH)
release from C2C12 cells. C2C12 myoblast cells were cultured up to ~90-100% confluence in
15.5-mm sterile dishes (24-well cell culture plate) in complete medium and then pretreated for
12 h with FIPI, and then treated with simvastatin (10 pM) and mevastatin (10 uM) for 24 h under
a humidified sterile atmosphere of 95% air-5% CO, at 37 °C. Appropriate controls without and
with FIPI and statins alone were established simultaneously under identical conditions. At the end
of the treatment, the supernatant was removed, and the extent of release of LDH was determined
on a plate reader (visible) by the commercially available LDH spectrophotometric assay kit (Sigma
Chemical Co., St. Louis, MO) according to the manufacturer’s recommendations as described in
the section “Materials and Methods”. Each histogram is an average of results obtained from three
independent experiments under identical conditions with + S.D. *Significantly different from the
untreated control cells at p < 0.05. **Significantly different from the statin-treated cells at p < 0.05
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induced the mitochondrial dysfunction as revealed by the decrease in the MTT
reduction by the C2C12 cells.

FIPI, the PLD-specific inhibitor attenuates statin-induced mitochondrial dys-
function by C2C12 cells In the earlier experiments of the current study, we had
shown that (7) statins induced PLD activation; (i7) FIPI, the PLD-specific pharmaco-
logical inhibitor, attenuated the statin-induced PLD activation; and (iii) FIPI offered
protection against the statin-induced cytotoxicity (intracellular LDH release) in the
C2C12 myoblasts. Hence, here we investigated whether FIPI would attenuate the
statin-induced mitochondrial dysfunction as assayed by the decrease of MTT reduc-
tion by the C2C12 cells to establish a link between the statin-induced PLD activa-
tion and bioactive lipid signal mediator (PA) generation and mitochondrial
dysfunction. FIPI (1 pM, 12 h of pretreatment) significantly and markedly attenu-
ated the simvastatin (10 pM)- and mevastatin (10 pM)-induced decrease of MTT
reduction by the C2C12 cells (Fig. 7a). Furthermore, the protective action of FIPI
against the simvastatin-induced decrease of MTT reduction by the C2C12 cells was
more pronounced than that induced by mevastatin (Fig. 7a). Overall, these studies
demonstrated that FIPI significantly attenuated the statin-induced mitochondrial
dysfunction in the C2C12 myoblast cells as demonstrated by the mitochondria-
specific MTT reduction assay, suggesting the role of PLD-generated bioactive lipid
signal mediators therein.

FIPI, the PLD-specific inhibitor attenuates statin-induced morphological
alterations in C2C12 Cells Our results so far revealed that statins (mevastatin and
simvastatin) induced cytotoxicity and mitochondrial dysfunction that was mediated
by the PLD-generated bioactive lipid signaling and cholesterol depletion in the
C2C12 myoblast cells. Cell morphology alterations serve as an index of cytotoxic-
ity induced by toxic stresses [73, 74]. Here, we sought to test whether statins would
induce morphological alterations in the C2C12 myoblast cells, which might be pro-
tected by the PLD-specific pharmacological inhibitor, FIPI. Simvastatin, mevas-
tatin, and lovastatin at 10 pM dose caused severe cell morphological alteration at
24 h of treatment characterized by the light microscopic examinations, including
elongated myoblast cells turning into round and circular cells (Fig. 7b). This indi-
cated the drastic changes in the morphological nature of the cells upon the statin
treatment. However, FIPI pre-treatment (1 uM for 12 h) offered almost complete
protection of the statin-induced morphological alterations in the C2C12 myoblast
cells (Fig. 7b). These results further confirmed that the statin-induced cell morpho-
logical alterations (cytotoxicity) was (i) protected by the PLD-specific pharmaco-
logical inhibitor, FIPI and (ii) PLD-generated bioactive lipid signaling through PA
formation played a role in the statin-induced cell morphology alterations in the
C2C12 cells.

Statins induce threonine phosphorylation of PLD1 in C2C12 cells Our earlier
reports revealed that oxidant stress and heavy metal toxicity cause the protein
kinase-mediated serine-threonine phosphorylation of PLD isoenzymes upstream of
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Fig. 6 (a) Simvastatin induces decrease of MTT reduction by C2C12 cells. C2C12 myoblast cells
were cultured up to ~90-100% confluence in 15.5-mm sterile dishes (24-well cell culture plate) in
complete medium and then treated with complete medium or medium containing different concen-
trations of simvastatin (10-100 pM) for 24 h under a humidified sterile atmosphere of 95% air-5%
CO, at 37 °C. Appropriate controls without the statin treatments were established simultaneously
under identical conditions. At the end of the treatment, the supernatant was removed, and the
extent of MTT reduction by the cells was determined on a plate reader (visible) by the
commercially
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PLD activation [60, 67]. Since the protein kinase-mediated serine-threonine phos-
phorylation regulates the activity of PLD isoenzymes, in this study, we investigated
whether statins would induce threonine phosphorylation of PLD1 isoenzyme in the
C2C12 myoblast cells as examined by the confocal immunofluorescence micros-
copy with the aid of PLD-phosphothreonine-specific antibody immunostaining.
Both mevastatin and simvastatin at 10 pM dose induced intense phosphorylation of
PLD1 isoenzyme in intact C2C12 myoblast cells at 12 h of treatment of cells with
the statins (upstream of maximal PLD activation at 24 h) as compared to the same
in the control untreated cells (Fig. 8a, b). This study demonstrated that statins induce
serine phosphorylation of PLD1 isoenzyme upstream of the activation of the enzyme.

Discussion

High cholesterol levels (hypercholesterolemia) in circulation have been considered
as a risk factor for human vascular disorders, cardiovascular diseases (CVDs), cere-
brovascular diseases, and chronic heart diseases (CHD). Therefore, aggressive ther-
apy with cholesterol-lowering drugs to lower the endogenously synthesized
cholesterol is common clinical practice [28-33]. Among the most successful and
widely prescribed cholesterol-lowering drugs are the statins that target the HMG-
CoA reductase as a rate-limiting enzyme in the cholesterol biosynthetic pathway
[28-30] (Schema 1). However, it is becoming increasingly evident that statins are
associated with adverse effects such as statin myalgia or statin myotoxicity [41, 42].
Mitochondrial dysfunction, apoptosis, and coenzyme-Q10 (CoQ10) depletion have
been identified as potential cellular mediators of statin-induced dysfunction, but the
precise mechanism remains unknown [34, 43, 44, 70]. In the current study, we
hypothesized that statins would cause cholesterol depletion in the membranes of the
skeletal muscle cells through the inhibition of HMG-CoA reductase (Schema 1),
leading to the activation of PLD that could generate the bioactive lipid signal
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Fig. 6 (continued) available MTT reduction spectrophotometric assay kit (Cayman Chemical Co.,
Ann Arbor, MI) according to the manufacturer’s recommendations as described in the section
“Materials and Methods”. Each histogram is an average of results obtained from three independent
experiments under identical conditions with + S.D. *Significantly different from the untreated
control cells at p < 0.05. (b) Mevastatin induces decrease of MTT reduction by C2CI12 cells.
C2C12 myoblast cells were cultured up to ~90-100% confluence in 15.5-mm sterile dishes (24-
well cell culture plate) in complete medium and then treated with complete medium or medium
containing different concentrations of mevastatin (10-100 pM) for 24 h under a humidified sterile
atmosphere of 95% air-5% CO, at 37 °C. Appropriate controls without the statin treatments were
established simultaneously under identical conditions. At the end of the treatment, the supernatant
was removed, and the extent of MTT reduction by the cells was determined on a plate reader (vis-
ible) by the commercially available MTT reduction spectrophotometric assay kit (Cayman
Chemical Co., Ann Arbor, MI) according to the manufacturer’s recommendations as described in
the section “Materials and Methods”. Each histogram is an average of results obtained from three
independent experiments under identical conditions with + S.D. *Significantly different from the
untreated control cells at p < 0.05
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Fig. 7 (a) FIPI, the PLD-specific inhibitor, attenuates statin-induced decrease of MTT reduction
by C2C12 cells. C2C12 myoblast cells were cultured up to ~90-100% confluence in 15.5-mm
sterile dishes (24-well cell culture plate) in complete medium, pre-treated with the PLD-specific
pharmacological inhibitor (FIPI, 1 pM) for 12 h, and then treated with complete medium alone or
medium containing FIPI alone or medium containing simvastatin (10 pM) and mevastatin (10 pM)
for 24 h under a humidified sterile atmosphere of 95% air—5% CO, at 37 °C. Appropriate controls
without FIPI treatment and the statin treatments were established simultaneously under identical
conditions. At the end of the treatment, the supernatant was removed, and the extent of MTT reduc-
tion by the cells was determined on a plate reader (visible) by the commercially available MTT
reduction spectrophotometric assay kit (Cayman Chemical Co., Ann Arbor, MI) according to the
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mediator (PA) (Schema 3), which in turn induces mitochondrial damage and myo-
toxicity as a mechanistic basis of the statin-induced myalgia or myotoxicity. To test
our hypothesis, we utilized the well-established skeletal muscle cell model, the
C2C12 myoblast cells. The current study demonstrated that the two widely used
statins, mevastatin and simvastatin, induced PLD activation and formation of the
bioactive lipid signal mediator (PA) causing mitochondrial dysfunction and cyto-
toxicity in a skeletal muscle cell model (C2C12 myoblast cells) through the decrease
of endogenous cholesterol (Schema 4).

By virtue of their ability to selectively inhibit the rate-limiting enzyme in the
cholesterol biosynthetic pathway in the mammalian cells, statins drastically decrease
or deplete the endogenous levels of cholesterol. On the other hand, cholesterol is an
important lipidic component of the cell membranes that regulates the membrane
structure and function [21, 22]. Our earlier studies demonstrated that the widely
used experimental cholesterol-depleting agent, methyl-p-cyclodextrin (MBCD)
causes cytotoxicity to vascular endothelial cells through cellular cholesterol deple-
tion, which can be reversed with cholesterol replenishment, indicating that cellular
cholesterol plays a crucial role in maintaining the viability of the mammalian cells
[62, 64]. We propose that statin-induced cytotoxicity in C2C12 myoblast cells
observed in the current study was caused by a similar depletion of cellular choles-
terol in the skeletal muscle cell model. This was also confirmed by replenishing the
cells with the water-soluble cholesterol which rescued the cells from statin-induced
cytotoxicity. Together, these data suggest that statin-mediated cellular cholesterol
depletion promotes statin-induced myotoxicity and myalgia.

Phospholipase D (PLD) is ubiquitously present in mammalian cells and belongs
to the family of phospholipases that drive membrane phospholipid hydrolysis
(Schema 3) [56-61]. Although PLD is a house-keeping enzyme involved in the
metabolism of membrane phospholipids, the enzyme is known to be activated by a
variety of agonists, including hormones, reactive oxygen species, heavy metals, tox-
ins, and metabolic stresses [56—61]. PLD exists in cells as two isoforms, PLD1 and
PLD2 [56-61]. Protein kinases such as mitogen-activated protein kinases (MAPKs),
protein tyrosine kinases, protein kinase C, G-protein coupled receptors, and
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Fig. 7 (continued) manufacturer’s recommendations as described in the section “Materials and
Methods”. Each histogram is an average of results obtained from three independent experiments
under identical conditions with + S.D. *Significantly different from the untreated control cells at
p < 0.05. **Significantly different from the statin-treated cells at p < 0.05. (b) FIPI, the PLD-
specific inhibitor, attenuates statin-induced morphological alterations in C2C12 cells. C2C12 myo-
blast cells were cultured in sterile 35-mm dishes up to ~90-100% confluence in complete medium
under a humidified atmosphere of 95% air-5% CO, at 37 °C, and then pre-treated with the PLD-
specific pharmacological inhibitor, FIPI (1 pM) alone for 12 h, following which the cells were
treated with medium alone or medium containing simvastatin (10 pM), mevastatin (10 pM), and
lovastatin (10 pM), or FIPI (1 pM) + statin (10 pM) for 24 h. Appropriate controls were established
with cells treated with medium alone or FIPI alone under identical conditions. At the end of the
experiment, the images of cellular morphology were digitally captured using the Zeiss Axioskop
200 with Zen 2011 software at 20x magnification. Each photomicrograph is a typical representa-
tive of at least three independent observations from three different experiments conducted under
identical conditions
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a Statin-induced PLD1 phosphorylation in C2C12s
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Control
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*
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Fig. 8 (a) Statins induce threonine phosphorylation of PLD1 in C2C12 cells. C2C12s were cul-
tured on sterile glass cover slips (90% confluence) in complete medium under a humidified atmo-
sphere of 95% air-5% CO, at 37 °C and then treated with complete medium alone or medium
containing chosen concentrations of statins for 12 h. As described in the section “Materials and
Methods”, the cells on the cover slips were treated overnight at room temperature with the primary
antibody [phosphothreonine-PLD1 (1:150 dilution)] in 1% BSA solution. Following that, the cells
were labeled with the secondary AlexaFluor 488 (1:100 dilution) for 1 h and then the cells were



Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced... 405

receptor-mediated kinases phosphorylate the PLD isoforms at the corresponding
amino acid residues (serine or threonine or tyrosine), leading to their translocation
and activation [56—61]. Upon activation, PLD hydrolyzes cell membrane phospho-
lipids (e.g., phosphatidylcholine) to form PA, a highly potent bioactive signal lipid
linked to cellular cytoskeletal alterations and cytotoxicity [59, 60]. Our earlier stud-
ies demonstrated that cholesterol depletion mediated by MBCD in the vascular
endothelial cells activates PLD, causing cytotoxicity through the generation of the
lipid signal mediator, PA [62]. Along these lines, in the current study, it was demon-
strated for the first time that statins induced the activation of PLD in the C2C12 cells
which was attenuated by the PLD-specific inhibitor, FIPI. Furthermore, the current
study also showed that the PLD-specific inhibitor, FIPI effectively protected against
the statin-induced cytotoxicity. The results of the current study also revealed that
statins induced the upstream threonine phosphorylation of PLD1 isoenzyme in the
C2C12 cells that could have been mediated by the MAPKSs or PKC, leading to the
translocation and activation of the enzyme as previously observed in other cellular
models. Thus, a connection between statin-induced PLD activation and statin cyto-
toxicity in the C2C12 muscle cell model offers a PLD-dependent mechanism of
statin myotoxicity and myalgia, suggesting a role of the PLD-generated bioactive
lipids such as PA, LPA, and DAG therein.

In the current study, it was shown that statins caused the mitochondrial dysfunc-
tion as determined by the MTT reduction ability in the C2C12 cells [73]. The statin-
induced mitochondrial dysfunction (decrease in MTT reduction catalyzed by the
mitochondrial dehydrogenase) and cytotoxic cell morphology alterations were
attenuated by the PLD-specific inhibitor. This suggested a reasonable connection or
association with the PLD activation and subsequent generation of the bioactive sig-
nal lipid mediators (PA, LPA, and DAG) and the mitochondrial dysfunction and
cytotoxicity in the C2C12 myoblast cells. However, other mitochondria-driven
mechanisms of the statin-induced myotoxicity such as apoptosis, CoQ10 loss,
decline of ATP production, and reactive oxygen species generation are not ruled out
in mediating the statin-induced cytotoxicity in the C2C12 cells.

Fig. 8 (continued) examined under the Zeiss LSM 710 Confocal/Multiphoton Microscope pow-
ered by Argon-2 laser with 500-550 BP filter. The images were captured digitally. Each confocal
fluorescence micrograph is a typical representative of three independent observations from three
different experiments conducted under identical conditions. The bright green fluorescence in situ
depicts the threonine phosphorylation of PLD1 isoform. (b) Quantitative Analysis of Phospho-
PLD1 by Confocal Fluorescence Microscopy. C2C12s were cultured on sterile glass cover slips
(90% confluence) in complete medium under a humidified atmosphere of 95% air-5% CO, at
37 °C and then treated with complete medium alone or medium containing chosen concentrations
of statins for 12 h. As described in the section “Materials and Methods”, the cells on the cover slips
were treated overnight at room temperature with the primary antibody [phosphothreonine-PLD1
(1:150 dilution)] in 1% BSA solution. Following that, the cells were labeled with the secondary
AlexaFluor 488 (1:100 dilution) for 1 h and then the cells were examined under the Zeiss LSM 710
Confocal/Multiphoton Microscope powered by Argon-2 laser with 500-550 BP filter. The images
were captured digitally. Each histogram is an average intensity of fluorescence of three indepen-
dent confocal fluorescence micrographs of untreated control cells and treatments in triplicates with
+ standard deviations. *Significantly different from the untreated control cells at p < 0.05.
**Significantly different from the statin-treated cells at p < 0.05
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Loss of Membrane
Cholesterol

Phosphorylation &
Activation

Schema 4 Proposed mechanism of statin-induced PLD activation leading to cytotoxicity through
depletion of endogenous cholesterol in C2C12 myoblast cells. In addition to loss of cellular cho-
lesterol, the PLD-generated lipid signal mediator, phosphatidic acid (PA) apparently is responsible
for causing the statin-induced myotoxicity in the cells. Also, mitochondrial dysfunction, as
observed by the loss of MTT reduction appears to be a critical player in statin-induced cytotoxicity
in the C2C12 myoblast cells. Statin-induced PLD activation appears to be mediated by the
upstream threonine phosphorylation of PLDs that may be regulated by the statin-mediated loss of
membrane cholesterol and subsequent activation of the serine-threonine protein kinases. Both cho-
lesterol replenishment and the pharmacological inhibition of PLD by the PLD-specific inhibitor,
FIPI, offer protection against the statin-induced cytotoxicity in C2C12 myoblast cells. Overall, the
results of the present study suggest that the statin-induced myotoxicity is mediated by the upstream
cholesterol loss and the associated PLD activation leading to generation of the bioactive lipid sig-
nal mediator (PA) and also the mitochondrial dysfunction

Overall, the current study demonstrated that the cholesterol-lowering HMG-
CoA inhibitor drugs, statins, caused the cellular cholesterol depletion leading to the
activation of PLD, which in turn caused the mitochondrial dysfunction and cytotox-
icity in the skeletal muscle cell model, C2C12 cells (Schema 4). Thus, it is highly
reasonable to ascertain that PLD activation and formation of the PLD-generated
bioactive lipids could act as potential players in the statin-induced myalgia and
myotoxicity. Therefore, PLD could be a pharmacological target for combating the
statin myotoxicity.
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