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Cardiac stem cells or myoblasts are vulnerable to in-
flammatory stimulation in hearts with infarction or ische-
mic injury. Widely used for the prevention and treatment
of atherosclerotic heart disease, the cholesterol-lowering
drugs statins may exert anti-inflammatory effects. In this
study, we examined the impact of inhibition of hydroxy-
methylglutaryl coenzyme A (HMG-CoA) reductase with
simvastatin on the expression of inducible nitric-oxide
synthase (iNOS) in embryonic cardiac myoblasts stimu-
lated with the proinflammatory cytokines, interleukin-1
or tumor necrosis factor. Treatment with simvastatin sig-
nificantly reduced the levels of iNOS mRNA and protein
in cytokine-treated rat H9c¢c2 cardiac embryonic myo-
blasts. Addition of the HMG-CoA reductase product, L-
mevalonate, and the by-product of cholesterol synthesis,
geranylgeranyl pyrophosphate, could reverse the statin
inhibitory effect on iNOS expression. Simvastatin treat-
ment lowered the Rho GTPase activities, whereas the
Rho-associated kinase inhibitor Y27632 partially blocked
the statin inhibitory effect on nitrite production in the
cytokine-treated H9c2 cells. Treatment with simvastatin
led to inactivation of NF-kB by elevation of the NF-«B
inhibitor IkB and reduction of the NF-«B nuclear con-
tents in the cytokine-stimulated H9c2 cells. Hence, treat-
ment with simvastatin can attenuate iNOS expression
and NO synthesis in cytokine-stimulated embryonic car-
diac myoblasts. The statin inhibitory effect may occur
through isoprenoid-mediated intracellular signal trans-
duction, which involves several key signal proteins, such
as Rho kinase and IkB/NF-«B. These data suggest that
statin therapy may protect the cardiac myocyte progeni-
tors against the cytotoxicity of cytokine-induced high out-
put of NO production in infarcted or ischemic hearts with
inflammation.
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Transplantation or mobilization of stem cells with growth
factors has been emerging as a potentially novel therapy for
regenerative medicine. However, one of the major challenges to
successful stem cell therapy is the difficulty of stem cell sur-
vival and differentiation in the harsh microenvironment of
diseased tissues or organs, such as infarcted or ischemic hearts
with inflammation (1). Nitric oxide (NO),! a gaseous signaling
molecule, plays an important role in the regulation of myocar-
dial metabolism and function (2). Through NO synthases
(NOS), cardiovascular cells can transiently synthesize in-
creased levels of NO which, in turn, regulate the heart contrac-
tility (3). Exposure to NO at high levels may cause dysfunction
of mitochondria (4, 5) and trigger apoptosis (6). Proinflamma-
tory cytokines, such as interleukin-1 (IL-1) and tumor necrosis
factor-a (TNF-a), can induce expression of inducible NOS
(INOS) that generates large quantities of NO, resulting in
cardiac cell degeneration and apoptosis (7, 8). The cytokine-
induced expression of iNOS can occur in both ischemic and
nonischemic heart failure, septic cardiomyopathy, cardiac al-
lograft rejection, and myocarditis. Suppression of the cytokine-
inducible, NO-synthesizing enzyme may reduce generation of
cytotoxic reactive nitrogen radicals, leading to increased sur-
vival of grafted or preexisting stem cells in the diseased hearts
with inflammation.

3-Hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase
acts as the rate-limiting enzyme for endogenous cholesterol
synthesis. The HMG-CoA reductase inhibitors, statins or vas-
tatins, are widely used cholesterol-lowering medicines for both
primary and secondary prevention of coronary heart disease.
Statins can effectively diminish endogenous cholesterol synthe-
sis and reduce the plasma low density lipoprotein cholesterol
levels in patients with hypercholesterolemia (9, 10). Recent
studies suggest that by blocking the mevalonate pathway,
statins exert pleiotropic effects on vascular cell function which
may not be related directly to cholesterol synthesis (11, 12).
Accumulating evidence indicates the involvement of the inter-
mediates or by-products, e.g. isoprenoids, from the mevalonate-
cholesterol synthesis pathway in the regulation of intracellular
signal transduction and activation of transcriptional factors
critical for inflammatory proteins and iNOS gene expression in
heart failure (13). However, there are controversial reports on
the statin regulation of iNOS expression in different cell types.
For instance, Pahan et al. (14, 15) showed that lovastatin

! The abbreviations used are: NO, nitric oxide; FPP, farnesyl pyro-
phosphate; GGPP, geranylgeranyl pyrophosphate; HMG-CoA, hy-
droxymethylglutaryl coenzyme A; I«B, inhibitor «B; IL-1, interleukin-1;
iNOS, inducible NOS; NOS, nitric-oxide synthase; eNOS, endothelial
NOS; TNF, tumor necrosis factor.
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inhibits iNOS and cytokine expression in rat macrophages,
astrocytes, and microglia by reducing Ras farnesylation and
inactivating NF-«kB. By contrast, Hattori et al. (16) reported
that statins augment cytokine-mediated induction of NO syn-
thesis in vascular smooth muscle cells through altering the
synthesis of tetrahydrobiopterin, a key cofactor for iNOS, with
little influence on NF-«B activities. Recent work has shown
that statin treatment may confer cardioprotection in the iso-
lated perfused hearts during ischemia-reperfusion, which is in
part the result of a reduction in myocyte apoptosis (17).

However, the molecular mechanism underlying the statin
protective effect is unknown. Because stem cells participate in
postischemic heart repair, it is of great interest to determine
whether statin treatment inhibits cytokine-induced expression
of iNOS in premature, undifferentiated cardiac myoblasts. In
this study, we employed an in vitro system to determine
whether inhibition of HMG-CoA reductase by simvastatin al-
ters expression of iNOS in embryonic, undifferentiated cardiac
myoblasts exposed to proinflammatory cytokines. Our data
showed that simvastatin treatment significantly reduced ex-
pression of iNOS in cardiac myoblasts stimulated with cyto-
kines. The statin inhibitory effect might occur through a mech-
anism in which isoprenoids, an intermediate or similar by-
products from cholesterol synthesis, regulate activation of
several key intracellular signaling proteins, such as Rho A
kinase and NF-«B. Taken together, our data strongly support
the notion that statins have regulatory effects on iNOS expres-
sion by undifferentiated myoblasts during the development of
cardiac failure and inflammation.

EXPERIMENTAL PROCEDURES

Materials—All reagents were from Sigma unless otherwise specified.
Human recombinant IL-1a and TNF-a were from R&D Systems, Inc.
(Minneapolis). L-Mevalonate was obtained from Sigma. Geranylgeranyl
pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP) were from
Biomol Research Laboratories, Inc. (Plymouth, PA). Rho inhibitor
Y27632 was from Calbiochem. Simvastatin obtained from Merck Sharp
and Dohme was activated to its active form by alkaline hydrolysis
before use. Briefly, 4 mg of simvastatin prodrug was dissolved in an
8-ml solution of 0.1 N NaOH and 0.154 mol/liter NaCl and then incu-
bated at 50 °C for 2 h. The pH was brought to 7.0 by HCI. The final
concentration of the stock solution was adjusted to 4 mg/ml and stored
at —20 °C.

Cell Cultures—H9c2 cells purchased from American Type Culture
Collection (ATCC, Rockville, MD) are spontaneously immortalized ven-
tricular myoblasts from the rat embryo, with preservation of several
electrical and biochemical characteristics found in adult cardiomyo-
cytes. They were cultured in Dulbecco’s modified Eagle’s medium
(ATCC) supplemented with 10% heat-inactivated fetal bovine serum
under 95% air and 5% CO, at 37 °C. At subconfluence (70—-80%), H9¢c2
myoblasts cultured in Petri dishes or 24-well plates were preexposed to
simvastatin and then stimulated with the proinflammatory cytokines,
IL-1 and TNF-q, in the presence or absence of isoprenoids, the inter-
mediates or by-product from cholesterol synthesis. After certain time
intervals, 100 ul/well culture medium was collected for determination of
nitrite production.

Assay for NO Production—The activity of iNOS was determined in
the culture medium by assaying nitrites, taken as an index of NO
production, using Griess reagent (1% sulfanilic acid and 0.1% N-(1-
naphthyl)ethylenediamine HCI in 5% phosphoric acid) as reported pre-
viously (4, 18, 19). Equal volumes of medium and Griess reagent were
mixed, and the purple products were quantified spectrophotometrically
at 550 nm. Nitrite concentrations were determined from a linear stand-
ard curve constructed with known concentrations of sodium nitrite
(0—40 pumol/liter nitrite).

Immunoblotting—Total proteins were isolated from H9¢2 cells in an
ice-cold lysis buffer containing 10 mmol/liter Tris, pH 7.4, 1% SDS, and
1X protease inhibitor (1 mmol/liter sodium orthovanadate). Proteins
(15 pg/lane) were separated under reducing conditions (125 mm Tris,
pH 6.8, 4% SDS, 10% glycerol, 0.006% bromphenol blue, 2% B-mercap-
toethanol) by electrophoresis onto 5-10% SDS-polyacrylamide gel and
electroblotted to nitrocellulose membranes (Osmonics, Westborough,
MA). The membranes were reversibly stained with Ponceau red (Sigma)
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to verify equal protein loading and/or transfer. After blocking in Tris-
buffered saline (0.2 M Tris and 8% NaCl) containing 5% nonfat pow-
dered milk and 0.1% Tween 20 for 1 h at room temperature, the
membranes were incubated overnight at 4 °C with the following pri-
mary antibodies to 1) iNOS (Transduction Laboratories, Lexington,
KY); 2) NF-«B p65/Rel (Santa Cruz Biotechnology, Santa Cruz, CA); 3)
Ser®2-phosphorylated inhibitor IkBa (Santa Cruz Biotechnology). The
blots were incubated with horseradish peroxidase-coupled secondary
antibodies, washed, and developed using a SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce). The intensity of each immu-
noreactive protein band was quantified by densitometric analysis.
Cytokine-stimulated RAW 264.7 cells (Transduction Laboratories) were
used as positive controls.

RNA Isolation and Reverse transcription-PCR—Total cellular RNA
was isolated by a single extraction using an acid guanidinium thiocya-
nate-phenol-chloroform method with modification as reported else-
where (17). Semiquantitative multiplex reverse transcription-PCR was
performed with a set of specific primers for iNOS. As the housekeeping
controls, the 18 S rRNA was also analyzed by reverse transcription-
PCR. The PCR products were visualized and quantified using a com-
puterized densitometric system (Bio-Rad Gel Doc 1000, Milan, Italy).

Electrophoretic Mobility Gel Shift Assay—Nuclear proteins were ex-
tracted from stimulated or unstimulated H9c2 cells. Cells were har-
vested and homogenized with an Ultra-Turrax T25-tissue homogenizer
(Janke and Kunkel) in a low salt solution (0.6% Nonidet P-40, 150 mm
NaCl, 10 mm HEPES, pH 7.9, 1 mm EDTA, 0.5 mM phenylmethylsulfo-
nyl fluoride) and centrifuged for 30 s at 2,000 rpm. The supernatant was
incubated for 5 min on ice and then centrifuged for 5 min at 5,000 rpm.
The nuclei were resuspended in a high salt solution (25% glycerol; 20
mM HEPES, pH 7.9; 420 mMm NaCl; 1.2 mm MgCl,; 0.2 mM EDTA; 0.5 mMm
dithiothreitol; 0.5 mM phenylmethylsulfonyl fluoride; 2 mM benzami-
dine; 5 g/ml each aprotinin, leupeptin, and pepstatin). Protein concen-
trations were determined by Bio-Rad Laboratories Protein Assay. Dou-
ble-stranded synthetic oligonucleotide NF-«B motif (5'-AGT TGA GGG
GAC TTT CCC AGG C-3' and 5'-CCT GGG AAA GTC CCC TCA
ACT-38') was labeled with [y-*P]JATP. Binding reactions containing 10
ng of crude nuclear extract were performed using the electrophoretic
mobility gel shift assay core system (Promega, Madison WI) according
to the manufacturer’s protocol. For supershift experiments, 1-2 ug of
mouse monoclonal anti-NF-kB antibody was added into the reaction.

Rho Kinase Assay—Cell pellets were homogenized in the lysis buffer
(50 mMm NaCl, 50 mmol/liter Tris-HCI, pH 8.0, 0.1% Triton X-100, 0.5
mM EDTA, 1 mm EGTA, 1 pg/ml pepstatin, 1 ug/ml leupeptin, 2 mm
NaF, 2 mM sodium orthovanadate, 5 mM B-mercaptoethanol). After the
cell lysates were centrifuged at 30,000 X g for 30 min, supernatants
were collected for assessing Rho kinase activities using the Rho kinase
assay kit (Cyclex MBL International Corporation, Woburn, MA). In
brief, the supernatants of lysed cells were measured for protein concen-
trations and justified to the same protein concentration and then added
(10 ul/well) into 96-well plates precoated with a substrate correspond-
ing to the C terminus of the recombinant myosin-binding subunit of
myosin phosphate (MSB), which contains a threonine residue that may
be phosphorylated by Rho kinase. Subsequently, 90 ul of kinase reac-
tion buffer (containing 0.1 mm ATP diluted in kinase buffer)/well was
added to the kinase reaction, incubated for 60 min at room temperature,
washed five times in washing buffer provided in the kit, and incubated
with 100 ul of horseradish peroxidase-conjugated monoclonal anti-
phospho-specific MSB antibody, which specifically detects only the
phosphorylated form of threonine 697 on MSB (provided in the kit).
The colored products were developed by incubating with 100 ul of the
horseradish peroxidase substrate tetramethylbenzidine at room tem-
perature for 10 min. The reaction was stopped by adding 100 ul of stop
solution containing 0.5 M H,SO,, The colored products were quantified
by spectrophotometry at 450 nm. All samples were assayed in duplicate,
and each experiment was repeated three times. Purified Rho kinase
was used as a positive control, and cell lysates from the cultures treated
with the Y27632 were the negative controls.

Statistical Analysis—Two-group comparisons were performed by
Student’s ¢ test for unpaired values. Comparisons of means of multiple
groups were performed by analysis of variance, and the existence of
individual differences, in case of significant F' values at analysis of
variance, were tested by Scheffé’s multiple contrasts.

RESULTS

Simuvastatin Inhibits iNOS Expression and Nitrite Produc-
tion in Cardiac Myoblasts Induced by Proinflammatory Cyto-
kines—Exposure to 20 ng/ml IL-1a or 20 ng/ml TNF-« signifi-
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Fic. 1. Simvastatin treatment reduces iNOS mRNA levels in
TNF-a- and IL-la-stimulated cardiac myoblasts. Reverse tran-
scription-PCR for iNOS mRNA and 18 S rRNA was performed using
total RNA isolated from H9c2 cardiac myoblasts exposed to 10~ to 10~°
mol/liter simvastatin in the presence of 20 ng/ml TNF-« (closed squares)
or 20 ng/ml IL-1« (closed triangles) for 24 h. PCR products were semi-
quantified by densitometry after electrophoresis on agarose gels stained
with ethidium bromide. The steady-state level of iNOS mRNA was
normalized to the level of the 18 S rRNA against unstimulated controls.
Data show the mean * S.D. from triplicate experiments.

cantly increased the levels of iNOS mRNA in H9c¢2 cardiac
myoblasts (Fig. 1) compared with those in normal, untreated
H9c2 cells. To determine whether statins affect iNOS expres-
sion in embryonic cardiac cells, we added simvastatin into the
cell cultures simultaneously with the cytokines. We observed
that in a concentration-dependent fashion, simvastatin mark-
edly diminished expression of iNOS mRNA in H9c2 cells stim-
ulated with the proinflammatory cytokines (Fig. 1). Under the
same concentrations, both IL-1a- and TNF-a-stimulated cells
showed a similar response to simvastatin in terms of iNOS
mRNA expression. In the presence of simvastatin, IL-la-
treated cells showed a dose-dependent decline in iNOS mRNA
to the same or similar degrees as that in TNF-a-treated cells
(Fig. 1). Thus, simvastatin reduced steady-state levels of iNOS
mRNA in H9¢2 cardiac myoblasts stimulated with the proin-
flammatory cytokines.

Further analysis of iNOS protein expression by immunoblot-
ting with antibodies against iNOS confirmed the presence of
high levels of iNOS expression in H9¢2 cardiac myoblasts stim-
ulated with IL-1 « and TNF-a. Intense protein bands immuno-
reactive to anti-INOS antibody corresponding to a molecular
mass of 130 kDa were detected in the cytokine-stimulated H9¢2
cells (Fig. 2, A and B). At the same concentrations, both of the
proinflammatory cytokines exerted stimulatory effects on
iNOS protein expression in the cells. Interestingly, consistent
with its effect on iNOS mRNA expression, simvastatin (108 to
1075 mol/liter) reduced expression of iNOS protein in H9c2
cells stimulated with IL-1a (Fig. 2, A and C) as well as TNF-«
(Fig. 2, B and D). Thus, treatment with simvastatin inhibited
expression of both iNOS mRNA and protein in cardiac myo-
blasts induced by proinflammatory cytokines. To verify the
statin inhibitory effect on iNOS gene expression, we examined
the accumulation of nitrite, a stable NO end product reflecting
the NOS activities, in the cultures treated with or without
IL-1a and simvastatin. Under the base-line condition without
cytokine stimulation, H9¢2 cells generated nitrite at the rates
of ~0.8 umol/10° cells/24 h (Fig. 3). Stimulation with 20 ng/ml
IL-1a increased nitrite production markedly. The rates of ni-
trite production were more than 3.5 umol/10° cells/24 h in the
cytokine-stimulated cells for the period of incubation from 24 to
48 h (p < 0.05). Simvastatin (up to 10~ ¢ mol/liter) significantly
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diminished cytokine-induced nitrite production in H9c2 cells
(Fig. 3). The range of simvastatin concentrations leading to
inhibition of nitrite production in cytokine-stimulated cells is
comparable with the plasma levels of the drug in patients
treated (20). Thus, at the pharmacological doses, simvastatin
markedly reduced production of nitrite by H9c2 cells stimu-
lated with the proinflammatory cytokines.

L-Mevalonate Mediates the Simuvastatin Inhibitory Effect on
iNOS Expression in Cardiac Myoblasts—Generated by HMG-
CoA reductase, L-mevalonate serves as a key intermediate of
cholesterol synthesis from acetyl-CoA. To determine whether
the statin inhibition of iNOS gene expression occurred through
blocking the HMG-CoA reductase activity or reduction in L-
mevalonate synthesis, we added exogenous L-mevalonate into
the cultures of H9¢2 cells with 20 ng/ml IL-1« in the presence
or absence of 10~ mol/liter simvastatin. We observed that the
addition of L-mevalonate in excess amounts significantly in-
creased the nitrite concentrations in the cultures of H9c2 cells
exposed to a combination of IL-la and simvastatin (Fig. 3).
Examination of iNOS protein by immunoblotting revealed that
L-mevalonate diminished the inhibitory effect of simvastatin by
increasing iNOS protein expression in H9c2 cells treated with
simvastatin plus IL-1a (Fig. 4, A and C) or TNF-« (Fig. 4, B and
D). In the absence of simvastatin, L-mevalonate had no or little
effect on cytokine-induced iNOS expression in H9¢2 cells (Fig.
4), suggesting that L-mevalonate selectively blocked the sim-
vastatin inhibitory effect on cytokine induction of iNOS in
cardiac myoblasts. Because there was no major difference in
induction of iNOS expression between IL-la- and TNF-a-
treated cells, the following experiments with simvastatin were
performed mainly on the cells stimulated with IL-1a.

The Isoprenoid Intermediate GGPP, but Not FPP, Blocks the
Simuvastatin Inhibitory Effect on iNOS Expression—In addition
to L-mevalonate, several downstream intermediates or by-prod-
ucts from the cholesterol biosynthetic pathway (21) may con-
tribute to the inhibitory effect of simvastatin on expression of
iNOS protein and activities. To exhaust the endogenous inter-
mediates and by-products from cholesterol synthesis, we pre-
treated H9c2 cells with 108 to 10~ 7 mol/liter simvastatin up to
24 h and then stimulated the cells with 20 ng/ml IL-1« in the
presence or absence of the isoprenoid intermediates, such as
GGPP and FPP. Immunoblotting showed that the addition of
1077 to 10~ ° mol/liter GGPP reversed the simvastatin-medi-
ated suppression of the cytokine-induced expression of iNOS
protein (Fig. 5, A and B) and nitrite production (Fig. 5C) at
almost the same levels as those in the L-mevalonate-treated
cells. In contrast, however, treatment with FPP at the same
concentrations as GGPP did not alter nitrite accumulation in
the cells pretreated with simvastatin and then IL-1« (Fig. 50).
These results suggested that GGPP but not FPP can reverse
the statin-induced inhibition of iNOS expression in the cardiac
myoblasts stimulated with IL-1a.

Rho Kinase Contributes to the Statin Inhibitory Effect on
iINOS Expression in Cardiac Myoblasts Treated with IL-1a—
The Rho family of small GTP-binding proteins consists of three
subfamilies, Rho, Rac, and Cdc42, which play important roles
in signal transduction and cell cycle regulation (22, 23). The
intermediate derivative of L-mevalonate, GGPP, acts as a lipid
attachment to the Rho proteins, whereas FPP mainly targets
Ras. Therefore, we investigated whether Rho kinase mediates
the simvastatin effect on iNOS expression. The Rho kinase
inhibitor Y27632 (24) specifically inactivates p160ROCK, a key
subunit of this kinase, known to regulate NO synthesis (11).
We tested whether Y27632 could mimic the regulatory effect of
simvastatin on iNOS expression in IL-1-treated H9c2 cells. We
observed that inhibition of Rho kinase with Y27632 (10~¢ to
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Fic. 3. Time course of nitrite production in cardiac myoblasts
treated with IL-1a alone or in combination with simvastatin or
L-mevalonate. The logarithmic regression curves show the time-de-
pendent nitrite production in H9¢2 cardiac myoblasts exposed to 20
ng/ml IL-1e in the presence (closed squares) and absence (closed dia-
monds) of 10~ mol/liter simvastatin, or pretreated with simvastatin in
combination with 10~* mol/liter L-mevalonate (closed triangles) for 30
min prior to the addition of IL-1a. Data represent the means + S.D.
from three separate experiments. * p < 0.05.

107° mol/liter) did not alter cytokine-induced iNOS protein
expression in H9¢c2 cells (Fig. 6A). However, addition of the Rho
kinase inhibitor into the cell cultures almost abolished the
inhibitory effect of simvastatin on iNOS protein expression
(Fig. 6A) as well as nitrite production (Fig. 6B). The reversal of
the statin-induced reduction in iNOS expression by Y27632
occurred to the same extent as seen in the cells treated with
L-mevalonate (Fig. 6B). To elucidate further that Rho kinase A
participates in the statin suppression of iNOS expression, we
examined the Rho kinase A bioactivities in H9¢2 cells treated
with both IL-1a and simvastatin with purified Rho kinase as
the positive controls and the Y27632-treated cell lysates as the
negative controls. We found that simvastatin dose-dependently
reduced the Rho kinase activities (Fig. 6C). Thus, the statin-
mediated Rho kinase inactivation was concurrent with down-
regulation of iNOS expression, albeit in a fashion that was
opposite that in Y27632-treated cells.
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Simvastatin Inactivates NF-«kB through Elevation of Intra-
cellular IkB in Cardiac Myoblasts Stimulated with Cytokines—
The nuclear transcription factor NF-«B binds to the iNOS gene
promoter critical for iNOS gene transcription (25). We exam-
ined the effect of simvastatin on IL-la-induced activation of
NF-«kB in H9c2 cells by using the gel shift assay with a 32P
end-labeled NF-«B oligonucleotide. The nuclear proteins ex-
tracted from serum-starved H9c2 cells showed a stronger
NF-«kB activity after stimulation by IL-1a for 15 min (Fig. 7A).
The specificity of the NF-«B-DNA protein complex formation
was verified by competition with unlabeled, cold oligonucleo-
tides and by the addition of anti-NF-«B antibody which super-
shifted the bands of NF-«B-DNA complexes (Fig. 7A). In addi-
tion, there was no significant binding with the oligonucleotide
probe alone or by omitting protein substrate or using the nu-
clear protein extract from the unstimulated H9c2 cells. In the
subsequent experiments, we treated the cells with 1 um sim-
vastatin before IL-1a stimulation. We found a time-dependent
decline in NF-kB-DNA binding (Fig. 7A, lanes 7-10). Simvas-
tatin treatment for 24 h markedly inhibited IL-la-induced
activation of NF-kB (Fig. 7A, lane 11) (p < 0.001 versus IL-1a-
stimulated cells). Inclusion of antibody directed against NF-«B
in the binding reactions resulted in a further reduction in the
IL-1a-induced mobility of the complex (Fig. 7A, lane 12). The
reduction in the nuclear NF-«B activity did not appear to be
caused by overall inhibition of expression of this transcription
factor by the statin because immunoblotting analysis of total
cellular NF-«B levels showed no significant difference between
simvastatin-treated or untreated cells with cytokine stimula-
tion (Fig. 7, B and C). We further delineated the potential
mechanism underlying the simvastatin inhibitory effect on
NF-kB activation by performing immunoblotting analysis on
the same nuclear protein extracts from IL-1a-stimulated H9¢2
cells with an antibody specific for the p65 subunit of NF-«xB. We
observed a time-dependent decrease in the p65 NF-«B protein
nuclear translocation with pretreatment with simvastatin (Fig.
7, D and F). The statin-suppressed NF-«B nuclear transloca-
tion was clearly related to the HMG-CoA reductase activity
because addition of L-mevalonate could elevate the nuclear
p65/Rel protein levels in the statin-treated, cytokine-stimu-
lated cells (Fig. 7, E and G). In addition, the Rho kinase inhib-
itor Y27632 showed no major effect on nuclear NF-«B translo-
cation. Although 10~ * mol/liter Y27632 reversed the statin
inhibitory effect on iNOS activities, this Rho kinase inhibitor
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did not influence the nuclear p65 translocation because there
was no difference in the nuclear p65 concentration between the
cells treated with and without Y27632 in the presence of IL-1«
(Fig. 7, E and G). These observations suggest a discrepancy
between L-mevalonate and the Rho inhibitor in regulating the
statin modulation of iNOS expression and activation in the
cytokine-stimulated cells.

Simuvastatin Increases the Phosphorylated IkBa in the Cy-
tosol without Subsequent Degradation—Under physiological
conditions, NF-kB is sequestered as an inactive form in the
cytosol through noncovalent interactions with inhibitory pro-
teins, such as IkBa, B, and €. Each I«B isoform contains, in its
N-terminal region, a pair of serine residues. In the case of IkBa,
these serine residues (amino acids 32 and 36) become phospho-
rylated by a serine-specific kinase after stimulation. Phospho-
rylation does not disassociate IkBa from NF-«B but renders
IkBa a substrate for ubiquitination and then degradation by
the 26 S proteasome. To provide further insight into the regu-
latory role of simvastatin, by immunoblotting with a specific
antibody to IxkBa, we examined the IL-1a-induced degradation
of IkBa phosphorylated at Ser®” in the presence or absence of
simvastatin. After a 15-min treatment with 20 ng/ml IL-1a, we
detected a decrease in the cellular content of Ser®2-phosphoryl-
ated IkBa in H9¢2 cells. However, in the cytokine-stimulated
cells, pretreatment with 1078 to 107 mol/liter simvastatin
increased the levels of Ser®2-phosphorylated IxkBa in a dose-de-
pendent manner (Fig. 8). The highest levels of the phosphoryl-
ated IkBa were detected in H9¢2 cells exposed to the statin at
10~ 7 mol/liter for 24 h (Fig. 8). The increased accumulation of
phosphorylated IkBa in the simvastatin-treated cells impli-
cates a prolonged life span or a lower rate of degradation of
phosphorylated I«B protein that inactivates NF-«B.

DISCUSSION

The embryonic H9¢2 cardiac myoblast model has been used
widely to study cardiac stem cell development and differentia-
tion. Highly resembling premature cardiac myogenic cells,
H9c2 cells show well characterized cardiac properties in elec-
trophysiology as well as in cellular receptor and signal trans-
duction (26, 27). It is notable that the embryonic H9¢2 cardiac
myoblasts can constitutively express iNOS as well as eNOS at
low levels under the normal cell culture. The constitutively

TNF-Fa 0 + + + + + + +

expressed, moderate NOS activities may reflect the role of NO
in intracellular signaling of undifferentiated, premature myo-
blasts. Bloch et al. (28, 29) have reported that both iNOS and
eNOS exist in E9.5 rat and murine embryos, correlated with
high expression of soluble guanylyl cyclase as well as a high
cyclic GMP content. The NO production mediated by the NOS
isoforms present constitutively in the cardiac myogenic cells
contributes to cardiomyogenesis because continuous incubation
of embryoid bodies with the NOS inhibitors results in a pro-
nounced differentiation arrest in the premature cardiomyocytes,
and coapplication of NO-donors reverses the inhibitory effect.

However, the high output, persistent NO production by
overexpression of iNOS induced by proinflammatory cyto-
kines may have deteriorating effects on cardiac cells (8, 13).
In this study, we showed that the H9¢2 embryonic cardiac
myoblasts are sensitive to stimulation of proinflammatory
cytokines, such as IL-1a and TNF«. The high levels of iNOS
expression and NO production in this premature, delicate
myocyte progenitor cell line suggest a vulnerability of cardiac
stem cells to the proinflammatory environment of a heart
with acute infarction or ischemic injury. Because the high
output of NO production causes cardiac cell dysfunction and
even apoptotic cell death, inhibition of iNOS expression may
have beneficial impacts on stem cell survival and differenti-
ation. Increased resistance to proinflammatory or proapop-
totic insults may represent a key factor that leads to success-
ful cardiac stem cell therapy. Our current data from the in
vitro studies provide evidence that the cholesterol-lowering
drugs, statins, can regulate iNOS expression.

The statin regulatory effect on iNOS expression appears
through specific inhibition of HMG-CoA reductase, reversibly
blocked by excess amounts of L-mevalonate. The statin effect
seems, however, independent of the statin-mediated reduc-
tion in cholesterol synthesis because addition of exogenous
cholesterol does not prevent the statin effect. The concentra-
tions for simvastatin achieving its inhibitory effect are as low
as 108 mol/liter. The dose range of simvastatin used in this
study is about 1078 to 10~ ¢ mol/liter, very close to the ex-
pected plasma levels of simvastatin in patients (20). This
suggests that statins, at therapeutic doses, may block iNOS
expression during inflammation.
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Fic. 5. GGPP attenuates the simvastatin inhibitory effect on
IL-1a-induced iNOS expression and nitrite production in car-
diac myoblasts. A and B, immunoblotting with anti-iINOS antibody
was conducted with total proteins extracted from H9c2 cells treated
with increasing concentrations of simvastatin (10™® to 10~¢ mol/liter)
alone or in combination with 10~ mol/liter GGPP for 30 min, followed
by stimulation with 20 ng/ml IL-1a for 24 h. Immunoreactive iNOS
bands were quantified by densitometry. Data represent the means =
S.D. from three separate experiments. C, nitrite concentrations were
determined by the Griess reaction in the media of H9¢2 cells under the
same treatment shown in A and B. Data show the means * S.D. from
three experiments. * p < 0.05.
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In this study, we exploited the mechanism by which statins
regulate iNOS expression in embryonic cardiac myoblasts. We
observed that simvastatin acts multilaterally at different
phases of iNOS expression and on the levels of mRNA, protein,
and enzymatic activities. Recently, the isoprenoid intermedi-
ates, including GGPP and FPP, have been implicated in con-
tributing to the statin regulatory effects on expression of NOS
expression. This is largely because the addition of GGPP can
significantly diminish the statin inhibitory effect. It has been
demonstrated previously that in addition to reducing hepatic
cholesterol biosynthesis by inhibiting HMG-CoA reductase,
statins may display biological activities associated with deple-
tion of L-mevalonate as well as biologically active isoprenoid
intermediates. Some of the isoprenoids (e.g. GGPP) play an
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Fic. 6. Rho-associated kinase mediates simvastatin suppres-
sive effect on iNOS expression in IL-1a-stimulated cardiac myo-
blasts. A, immunoblotting with anti- iNOS antibody in H9c2 cardiac
myoblasts pretreated with 107¢ to 10~° mol/liter Y27632 alone or in
combination with 10~¢ mol/liter simvastatin for 30 min followed by the
addition of 20 ng/ml IL-1« for 24 h. Immunoreactive iNOS bands were
quantified by densitometry. Each bar represents the means = S.D. from
three separate experiments. * p < 0.05. B, nitrite production deter-
mined by the Griess reaction with the media of H9¢2 cell cultures
treated under the same conditions shown in A. Each bar represents the
means + S.D. from five separate experiments. * p < 0.05. C, Rho kinase
assays. After treatment with cytokine and simvastatin or Y27632, cells
were lysed, centrifuged, and resulting supernatants collected for enzy-
matic assays. Rho kinase-mediated protein phosphorylation was quan-
tified by spectrophotometry at 450 nm. Data are presented as the
means * S.D. (n = 5). ¥ p < 0.05; ** p < 0.01.

important role in the covalent attachment to cell membranes,
subcellular localization, and intracellular trafficking of mem-
brane-associated proteins, including regulating endothelial cell
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function (30). In this study we observed that the addition of
GGPP, but not FPP, prevented the inhibitory effect of simvas-
tatin on cytokine-induced iNOS expression and activity, indi-
cating that the inhibition of post-translational geranylgerany-
lation, but not of farnesylation, can be related to the inhibitory
effect of simvastatin on cytokine-induced iNOS expression in
premature myoblasts.

The Rho proteins (23) are a group of small GTP-binding
molecules involved in the control of NOS protein expression
and turnover in cardiovascular cells (11, 31, 32). The members
of the Rho family, including RhoA, RhoB, Rac, and Cdc42
proteins, are normally geranylgeranylated, whereas Ras pro-
teins are predominantly farnesylated. Our current data from
the studies with the Rho kinase inhibitor point to the involve-
ment of Rho proteins in simvastatin-associated iNOS inhibi-
tion in premature cardiac myoblasts. Rho kinase activation has
been implicated in reducing iNOS activities. In this study, we
found that inhibition of Rho kinase with Y27632 enhances NO
production in cytokine-stimulated H9c2 cells. Furthermore,
with enzymatic assays, we demonstrated that statin treatment
can reduce the Rho kinase activity, suggesting that the Rho
signaling pathway may participate in statin regulation of iNOS
expression. Our observation confirms previous work by other

0
+ + + o+ IL-la 0 + + + +
Simvastatin 0 0 + + 0
0+ + + Mevalonate 0 0 0 4+ O
8§ 16 24 Y2632 0 0 0 0 4

laboratories showing that lipid-soluble statins (e.g. lovastatin,
simvastatin, and atorvastatin) inhibit Rho kinase activity (33).
Although Rho kinase inactivation may contribute to regulation
of iNOS expression by statins, the impact of the Rho kinase
inhibition on iNOS expression remains uncertain because
treatment of cytokine-stimulated cells with the Rho kinase
inhibitor Y27632 could not mimic the statin effect. In addition,
from the data generated in this study, we found that simvas-
tatin treatment did not appear to cause superinduction but
suppression of iNOS expression by IL-1 in H9¢2 cells, in oppo-
sition to a recent report showing the statin potentialization of
iNOS expression in cytokine-treated vascular smooth muscle
cells (33). The different statin effects between the embryonic
cardiac myoblasts and mature smooth muscle cells may reflect
the fact that different signal transduction pathways may oper-
ate between those cells.

Pretreatment with lovastatin, an inhibitor of protein preny-
lation, resulted in superinduction of iNOS. This superinduction
can be reversed by geranylgeraniol, but not by farnesol, sug-
gesting that inhibition of geranylgeranylation, not farnesyla-
tion, is responsible for enhanced iNOS expression. The results
demonstrate that a farnesylated protein(s) mediates IL-18 in-
duction of iNOS, whereas a geranylgeranylated protein(s) re-
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Fic. 8. Simvastatin elevates the phosphorylated IkBa intracel-
lular pool without subsequent degradation in IL-1a-stimulated
cardiac myoblasts. Immunoblotting with antibody against Ser®2-
phosphorylated IkBa in total proteins extracted from IL-la-induced
H9c2 cells after 24 h preincubation with 1078 to 10~ mol/liter simvas-
tatin (A). Immunoreactive bands were quantified by densitometry (B).
Each bar represents the means *= S.D. from three separate experi-
ments. * p < 0.05.

presses this induction. Also, by modulating Ras farnesyl pro-
tein transferase, lovastatin blocks lipopolysaccharide-induced
iNOS expression in rat primary astrocytes in a manner revers-
ible by L-mevalonate and FPP (14). However, on the contrary,
treatment with cerivastatin and fluvastatin was recently re-
ported to enhance cytokine induction of NO synthesis in rat
vascular smooth muscle cells (16). An increase in IL-1B-in-
duced nitrite production and apoptosis in adult cardiac myo-
cytes may occur after treatment with very high concentrations
(107° and 10™* mol/liter) of fluvastatin through inhibition of
Rho-associated kinase (34, 35). In addition, there have been
reports showing that statin treatment may induce apoptosis of
vascular cells (35-37). However, in our system, we did not
observe any appreciable cell death via apoptosis in the statin-
treated cardiac myoblasts, regardless of the presence or ab-
sence of the proinflammatory cytokines. Recent studies (38, 39)
have also demonstrated that statin treatment can increase the
numbers of circulating endothelial cell progenitors, suggesting
that statins are cytoprotective rather than cytotoxic to undif-
ferentiated stem cells.

The cytokine induction of iNOS expression involves multiple
transcription factors, in particular the nuclear factor NF-«B.
Upon activation by cytokines (e.g. IL-1 and TNF-«), NF-«B
translocates from the cytosolic compartment to the nucleus,
where it binds to the iNOS gene promotor and ultimately
triggers iNOS gene transcription. This process is mediated by
kinase-mediated protein phosphorylation and requires disasso-
ciation between NF-«B and its native inhibitor IxB. One of the
statins, mevastatin, has been reported to inactivate NF-«B and
reduce NF-kB-dependent expression of the endothelial adhe-
sion proteins, vascular cellular adhesion molecules (VCAM),
and E-selectin (40). Consistently, the data from our current
study clearly show that simvastatin treatment can reduce
NF-«B nuclear translocation and elevate the cytosolic content
of phosphorylated IxBa. Rho-associated kinases have been re-
ported to mediate the regulatory effect of statins on iNOS
expression in airway epithelial cells (41). Rho-associated ki-
nases may control the iNOS gene promoter activities via NF-
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Fic. 9. Schematic presentation of the potential signal path-
ways underlying statin inhibition of iNOS expression in embry-
onic myoblasts induced by cytokines. GG-Rho-GTP, geranylgera-
nyl-Rho-guanosine triphosphate; IL-IR, IL-1 receptor; L-Arg,
L-arginine; ROCK, Rho-associated protein kinase.

kB; however, the Rho-associated kinase inhibitor Y27632
shows effects that are different from those of statins in terms of
iNOS gene activation. Thus, it is likely that statins may regu-
late cytokine-induced iNOS expression through different signal
pathways that involve both Y27632-sensitive and -insensitive
molecular signaling, in particular the NF-«kB/IkBa pathway
(Fig. 9).

There is still a dispute as to whether NO protects or damages
the myocardium during inflammation or whether statin sup-
pression of iNOS expression is beneficial or harmful to the
heart (2). We have recently established that simvastatin re-
duces reperfusion injury in the isolated perfused working rat
heart by preventing eNOS from inactivation and by suppress-
ing ischemia-related iNOS induction, which correlates with a
reduction in cardiomyocyte apoptosis (17). Our current finding
that simvastatin decreases cytokine-induced iNOS expression
in cultured premature cardiac myoblasts illustrates a causal
relationship between increased NO and depressed cardiac con-
tractility in heart failure. Further clarification of the mecha-
nism underlying the statin effect on NO production and sur-
vival of cardiac stem cells may provide valuable information
that helps design therapies for patients with myocardial infarc-
tion or ischemic heart failure.

Acknowledgments—We are grateful to Dr. Elisabetta Cerbai, Depart-
ment of Pharmacology, University of Florence, Italy, and Drs. Michael
Wassler and Mitra Rajabi, University of Texas Health Science Center
at Houston, for expert assistance and advice in experimental perform-
ance and data analysis.

REFERENCES

1. Geng, Y. J. (2003) Ann. N. Y. Acad. Sci. 1010, 687-697

2. Massion, P. B., Feron, O., Dessy, C., and Balligand, J. L. (2003) Circ. Res. 93,
388-398

3. Kim, S. J., Kim, Y. K., Takagi, G., Huang, C. H., Geng, Y. J., and Vatner, S. F.
(2002) Am. J. Physiol. 282, H423-H428

4. Geng, Y.-J., Hansson, G. K., and Holme, E. (1992) Circ. Res. 71, 1268-1276

5. Geng, Y. J., Almqvist, M., and Hansson, G. K. (1994) Biochim. Biophys. Acta
1218, 421-424

6. Geng, Y. d., Hellstrand, K., Wennmalm, A., and Hansson, G. K. (1996) Cancer
Res. 56, 866—874

7. Birks, E. J., Yacoub, M. H., Burton, P. S., Owen, V., Pomerance, A.,

2T0Z ‘€T udy uo ‘1sanb Aq 610 ogl-mmm wol) papeojumoq


http://www.jbc.org/

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

Simuvastatin Attenuates iNOS in Embryonic Cardiac Myoblasts

O’Halloran, A., Banner, N. R., Khaghani, A., and Latif, N. (2000) Trans-
plantation 70, 1498-1506

. Birks, E. J., and Yacoub, M. H. (1997) Coron. Artery Dis. 8, 389—402
. Gotto, A. M., Jr. (2001) Am. J. Cardiol. 87, 13B-18B

10.
11.

Gotto, A. M., Jr. (2001) Am. J. Cardiol. 88, 36F—40F

Laufs, U., Kilter, H., Konkol, C., Wassmann, S., Bohm, M., and Nickenig, G.
(2002) Cardiovasc. Res. 53, 911-920

Wassmann, S., Laufs, U., Baumer, A. T., Muller, K., Ahlbory, K., Linz, W.,
Itter, G., Rosen, R., Bohm, M., and Nickenig, G. (2001) Hypertension 37,
1450-1457

von Haehling, S., Anker, S. D., and Bassenge, E. (2003) Heart Fail. Rev. 8,
99-106

Pahan, K., Sheikh, F. G., Namboodiri, A. M., and Singh, I. (1997) «J. Clin.
Invest. 100, 2671-2679

Pahan, K., Liu, X., McKinney, M. J., Wood, C., Sheikh, F. G., and Raymond,
J. R. (2000) JJ. Neurochem. 74, 2288-2295

Hattori, Y., Nakanishi, N., and Kasai, K. (2002) Cardiovasc. Res. 54, 649—658

Di Napoli, P., Antonio Taccardi, A., Grilli, A., Spina, R., Felaco, M., Barsotti,
A., and De Caterina, R. (2001) Cardiovasc. Res. 51, 283293

Geng, Y. J., Petersson, A. S., Wennmalm, A., and Hansson, G. K. (1994) Exp.
Cell Res. 214, 418-428

Geng, Y. J., Wu, Q., Muszynski, M., Hansson, G. K., and Libby, P. (1996)
Arterioscler. Thromb. Vasc. Biol. 16, 19-27

Desager, J. P., and Horsmans, Y. (1996) Clin. Pharmacokinet. 31, 348-371

Takemoto, M., and Liao, J. K. (2001) Arterioscler. Thromb. Vasc. Biol. 21,
1712-1719

Mackay, D. J., Esch, F., Furthmayr, H., and Hall, A. (1997) J. Cell Biol. 138,
927-938

Mackay, D. J., and Hall, A. (1998) J. Biol. Chem. 273, 20685-20688

Ishizaki, T., Uehata, M., Tamechika, 1., Keel, J., Nonomura, K., Mackawa, M.,
and Narumiya, S. (2000) Mol. Pharmacol. 57, 976-983

Xie, Q. W., Kashiwabara, Y., and Nathan, C. (1994) J. Biol. Chem. 269,
4705-4708

Hescheler, J., Meyer, R., Plant, S., Krautwurst, D., Rosenthal, W., and Schultz,

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

13511

G. (1991) Circ. Res. 69, 1476-1486

Hescheler, J., Fleischmann, B. K., Wartenberg, M., Bloch, W., Kolossov, E., Ji,
G., Addicks, K., and Sauer, H. (1999) Cells Tissues Organs 165, 153-164

Bloch, W., Fleischmann, B. K., Lorke, D. E., Andressen, C., Hops, B., Hes-
cheler, J., and Addicks, K. (1999) Cardiovasc. Res. 43, 675-684

Bloch, W., Addicks, K., Hescheler, J., and Fleischmann, B. K. (2001) Microsc.
Res. Tech. 55, 259-269

Vincent, L., Chen, W., Hong, L., Mirshahi, F., Mishal, Z., Mirshahi-Khoras-
sani, T., Vannier, J. P., Soria, J., and Soria, C. (2001) FEBS Lett. 495,
159-166

Laufs, U., Endres, M., Custodis, F., Gertz, K., Nickenig, G., Liao, J. K., and
Bohm, M. (2000) Circulation 102, 3104-3110

Laufs, U., Gertz, K., Huang, P., Nickenig, G., Bohm, M., Dirnagl, U., and
Endres, M. (2000) Stroke 31, 2442-2449

Finder, J. D., Litz, J. L., Blaskovich, M. A., McGuire, T. F., Qian, Y., Hamilton,
A. D., Davies, P., and Sebti, S. M. (1997) J. Biol. Chem. 272, 13484-13488

Ikeda, Y., Young, L. H., and Lefer, A. M. (2003) J. Cardiovasc. Pharmacol. 41,
649-656

Ogata, Y., Takahashi, M., Takeuchi, K., Ueno, S., Mano, H., Ookawara, S.,
Kobayashi, E., Ikeda, U., and Shimada, K. (2002) J. Cardiovasc. Pharma-
col. 40, 907-915

Guijarro, C., Blanco-Colio, L. M., Ortego, M., Alonso, C., Ortiz, A., Plaza, J. J.,
Diaz, C., Hernandez, G., and Egido, J. (1998) Circ. Res. 83, 490-500

Kaneta, S., Satoh, K., Kano, S., Kanda, M., and Ichihara, K. (2003) Athero-
sclerosis 170, 237-243

Llevadot, J., Murasawa, S., Kureishi, Y., Uchida, S., Masuda, H., Kawamoto,
A., Walsh, K., Isner, J. M., and Asahara, T. (2001) J. Clin. Invest. 108,
399-405

Vasa, M., Fichtlscherer, S., Adler, K., Aicher, A., Martin, H., Zeiher, A. M., and
Dimmeler, S. (2001) Circulation 103, 2885-2890

Rasmussen, L. M., Hansen, P. R., Nabipour, M. T., Olesen, P., Kristiansen,
M. T., and Ledet, T. (2001) Biochem. <J. 360, 363-370

Kraynack, N. C., Corey, D. A., Elmer, H. L., and Kelley, T. J. (2002) Am. <.
Physiol. 283, 1.604-1L611

2T0Z ‘€T udy uo ‘1sanb Aq 610 ogl-mmm wol) papeojumoq


http://www.jbc.org/

