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Simvastatin induces proliferation inhibition and apoptosis
in C6 glioma cells via c-jun N-terminal kinase
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Abstract

The lipid-lowering drugs, statins, induce apoptosis in a variety of tumor cells. Here we investigated the apoptotic effect of the lipophilic
statin, simvastatin, in C6 glioma cells and the underlying effects on intracellular signal transduction. Simvastatin inhibited cell proliferation
totally after 20 h of treatment as shown by the decrease in proliferating cell nuclear antigen expression in the nucleus. Subsequently, simvastatin
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aused apoptotic cell death by shrinkage of cytoplasm and condensation of chromatin, and DNA fragmentation. The features o
ere visible only after 48 h of treatment, possibly reflecting a requirement for cell commitment to growth arrest. In immunocyto
nd immunoblotting experiments we have shown that simvastatin markedly increased the phosphorylation of ATF-2 and c-jun in t
f the C6 glioma cells at early time points which was preserved even 24 h after treatment. In contrast, activities of protein kinas
nd AKT in the cell survival pathway remained unchanged throughout the treatment. Selective inhibitor of JNK, but not p38 kinase
imvastatin-induced cell death and ATF-2 and c-jun phosphorylation suggesting that JNK-dependent activation of ATF-2 and c-jun
n important role in simvastatin-induced proliferation inhibition and apoptosis in C6 glioma cells. These observations suggest t
ay have clinical significance in the prevention of glial tumors beyond their cholesterol-lowering effect and JNK may be a rational

ensitizing glioma cells to chemotherapeutic agents.
2004 Elsevier Ireland Ltd. All rights reserved.
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he statin family of drugs is widely used in the treatment of
ypercholesterolemia[11]. They are competitive inhibitors of
-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re-
uctase, the rate-limiting enzyme in the synthesis of choles-

erol, which converts HMG-CoA to mevalonate. The statin
amily is composed of six members: lovastatin, simvastatin,
torvastatin, cerivastatin, pravastatin and fluvastatin. The last

wo are hydrophilic, whereas the others are lipid soluble, and
ach member differs in its specificity for HMG-CoA reduc-

ase[5].
The clinical use of statins has revealed that these drugs ex-

rt beneficial effects on cardiovascular functions that do not
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correlate with their ability to lower serum cholesterol lev
[12,23]. In addition, antiproliferative and apoptotic effe
of statins have been observed in several experimenta
tems[10,13,20]. These studies implicated that, by limiti
mevalonate availability, statins may influence not only
cholesterol levels but also the expression of several pro
including Ras/Raf/MAP kinases and Rho GTPases. Altho
inhibition of these G-proteins by impairment of protein i
prenylation has been related to its antiproliferative effe
smooth muscle[17], and cancer cells[9], the molecular mech
anisms responsible for the apoptotic and antiproliferativ
fects of statins are not well understood.

To investigate the signal transduction mechanisms
duced by statins in C6 glioma cells we have chosen a
soluble statin, simvastatin, since it has been reported th
drophilic statins were not able to induce cell death, whe
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all hydrophobic ones were associated with apoptosis in en-
dothelial cells[12]. In the present study, simvastatin time-
and concentration dependently reduced cell proliferation and
induced apoptotic cell death in C6 glioma cells. These effects
induced by simvastatin were shown to be associated with the
activation of intracellular signal transduction systems; an in-
crease in phosphorylation of activating transcription factor-2
(ATF-2) and c-jun, suggesting the involvement of c-jun N-
terminal kinase (JNK)-dependent cell death pathway.

SB202190, SB203580 and SP600125 were from Cal-
biochem. Anti-JNK and anti-rabbit alkaline phosphatase con-
jugated antibodies were from Santa Cruz Biotechnology Inc.
Anti-phospho-c-jun, anti-phospho-ATF-2, anti-ATF-2, anti-
c-jun, anti-phospho-AKT (Thr-308 and Ser-473) and anti-
phospho-ERK antibodies were from New England Biolabs.
Anti-PCNA monoclonal antibody was from Zymed Labora-
tories, USA. Anti-rabbit and anti-mouse biotin conjugated
antibodies, streptavidin, biotinylated horseradish peroxidase
(HRP) and aminoethylcarbazole (AEC) were from DAKO.
Cell culture media, antibiotics and all the other reagents were
from Sigma Chemical Co.

C6-glioma cells were grown on tissue culture flasks in
Dulbecco’s modified Eagle’s medium/F12 medium contain-
ing 5% heat inactivated fetal bovine serum and antibiotics
(100 units/ml penicillin G, 100�g/ml streptomycin) at 37◦C
in 5% CO and 95% air in a humidified incubator.
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ondary antibodies in PBS-3% milk. After washing with PBS,
bands were visualized by using BCIP/NBT as substrates.

Cells grown on coverslips were fixed with methanol for
5 min at −20◦C and then washed with PBS. Then cells
were stained with 4,6-diamidino-2-phenylindole (DAPI)
(0.1 mg/ml) for 15 min at room temperature to allow visu-
alization of the nuclei. Cells were washed and mounted for
fluorescence microscopy and photographed through UV fil-
ter.

To detect DNA fragmentation genomic DNA was isolated
from C6 glioma cells after incubation in the presence or ab-
sence of simvastatin at various time points up to 48 h. Briefly,
cells were lysed in TE buffer (50 mM Tris–HCl, pH 8.0, and
10 mM EDTA) containing 0.5% sodium lauryl sarcosyl and
proteinase K. After chloroform, isopropanol and ethanol pre-
cipitation and wash steps running dye was added and prepa-
rations were electrophoresed in 1.8% agarose gels in TbE
buffer (40 mM Tris–borate and 1 mM EDTA), then ethidium
bromide stained DNA fragments were visualized under UV
light.

Statins have been shown to inhibit proliferation and
to induce apoptosis in a variety of transformed and non-
transformed cell types[4,6,10,20]. We have shown here that,
exposure of C6 glioma cells to simvastatin resulted in a
concentration-dependent (0.5–50�M) cell death by 50% in-
hibition at 2.5�M. This cell death was time-dependent and
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Cells grown on coverslips were incubated with dr

or different time points as indicated. Coverslips w
ashed with phosphate-buffered saline (PBS) and fixed
ethanol for 5 min at−20◦C. In order to avoid nonspecifi

mmunostaining, cells were incubated with 3% bovine se
lbumin (BSA) in PBS for 1 h at room temperature. F

owing PBS washes, primary antibodies specific to the
icated proteins were applied to coverslips overnight at 4◦C.
fter washing with PBS, biotin-conjugated secondary a
odies, streptavidin and biotinylated HRP were applied.

ions were developed by using aminoethylcarbazole (A
s substrate. Cells were photographed through Olympus
0 brightfield microscope and BX-FLA fluorescence atta
ent using UV filter under 400× and 600× magnification a

ndicated.
After treatments cells grown in culture dishes were was

nce with ice-cold PBS, and lysed in a buffer cont
ng 20 mM Tris–Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA
% Nonidet P-40, 2 mM sodium orthovanadate, 10 mM�-
lycerophosphate, 10 mM NaF, 0.5 mM PMSF, 2�g/ml apro-

inin, 2�g/ml leupeptin. Insoluble material was removed
entrifugation at 13,000× g for 20 min at 4◦C.

An equivalent volume of 2× SDS-sample buffer wa
dded to cell lysates and boiled for 5 min. The superna
ere subjected to electrophoresis on SDS–PAGE gels

ransferred to nitrocellulose by using a Bio-Rad appar
embranes were blocked for 1 h at room temperatur
BS containing 3% non-fat dried milk and probed overn
t 4◦C with primary antibodies. The immobilized prote
ere detected by using alkaline phosphatase conjugate
 -

t was observed only after 48 h of treatment with simvast
fter 24 h morphological changes in cells treated with s
astatin were observed: they became smaller and rou
nly after 48 h the cell death induced by simvastatin sho

eatures of apoptosis such as cellular shrinking, chrom
ondensation and apoptotic bodies containing nuclear
ents as shown by staining of DNA in the nucleus with D
nd visualized by fluorescence microscopy (Fig. 1A).

Apoptosis was also verified by detection of DNA fra
entation, which is another classical marker of apopt
onsistent with the DAPI staining data inFig. 1A, simvas-

atin (10�M) treated C6 glioma cells showed DNA ladd
ormation in agarose gel electrophoresis after 48 h of t
ent (Fig. 1C).
Analysis of variety of cell types demonstrated that reac

xygen species may function as intracellular second me
ers to induce apoptosis[26]. We have examined wheth
imvastatin treatment increases free radical generation
ng to apoptosis in these cells. The pretreatment of cells

general antioxidantN-acety-l-cysteine, which increas
evel of intracellular glutathione, did not prevent simvasta
nduced cell death in these cells (data not shown) sugge
hat oxidative mechanisms may not be involved, albeit
oint deserves further investigation.

We investigated whether the apoptotic effect of sim
atin was preceded by the growth arrest of C6 glioma c

e have detected the expression of the proliferating ce
lear antigen (PCNA), by immunocytochemical metho
6 glioma cells. PCNA or cyclin, is elevated in the nucl
uring late G1 phase and becomes maximal during S-p
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Fig. 1. Simvastatin-induced apoptotic cell death of C6 glioma cells with the
shrinkage of cytoplasm and nuclear chromatin condensation. At day 2 after
plating cells were incubated with (A) and without (B) simvastatin (10�M)
for 48 h. Then they were fixed and stained with DAPI for nuclear visualiza-
tion and photographed with fluorescence microscope using UV filter under
600× magnification. (C) DNA fragmentation analysis of cell death in C6
glioma cells by agarose gel electrophoresis. Cells treated with simvastatin
(10�M) for 48 h, then DNA was extracted and analyzed as described in the
text.

and its level correlates directly with rates of cellular pro-
liferation and DNA synthesis. PCNA/cyclin functions as a
cofactor of DNA-polymerase to play a fundamental role in
the initiation of cell proliferation[18]. Simvastatin caused a
concentration-dependent decrease in cell proliferation of C6
glioma cells as detected by immunocytochemical analysis
by using antibodies against PCNA protein. At 10�M sim-

Fig. 2. Inhibition of proliferation of C6 glioma cells by simvastatin as shown
by PCNA staining in the nuclei of C6 glioma cells. At day 2 after plating,
cells were incubated without (A) and with (B) simvastatin (10�M) for 20 h.
Cells were fixed, stained with a monoclonal antibody against PCNA, then
visualized by using biotinylated secondary antibody, streptavidin/HRP and
AEC chromogen. Cells were photographed through brightfield microscope
under 600× magnification.

vastatin concentration, expression of PCNA protein in the
nucleus was inhibited nearly totally at 20 h after treatment
(Fig. 2B). In parallel, apoptotic death of C6 glial cells was
gradually increased up to 48 h. This raises the possibility that,
as described in other systems, cells undergoing cell cycle pro-
gression are more sensitive to apoptosis by simvastatin.

We have examined the signaling intermediates which may
be involved in the apoptosis inducing affect of simvastatin in
C6 glioma cells. Hydrophobic statins have been associated
with an increase in phosphorylation of JNK, c-jun[14], and
Akt [15] in vascular endothelial cells, and with a decrease of
phosphatidylinositol-3 kinase (PI3K) activity and phospho-
rylation of its downstream effector Akt[25] or Erk1/2[22] in
vascular smooth muscle cells with different functional con-
sequences. In immunocytochemical analysis with antibodies
against the phosphorylated residues at Ser-63/73 of c-jun and
Thr-71 of ATF-2, we found that treatment with simvastatin
(0.5–50�M) increased the phosphorylation of ATF-2 and c-
jun in a concentration- and time-dependent manner in the
nuclei of the C6 glioma cells. Simvastatin at 10�M concen-
tration increased the phosphorylation of ATF-2 (Fig. 3A) and
c-jun (Fig. 3B) within 10 min with sustained phosphorylation
up to 24 h after treatment. Western blot analysis by using an-
tibodies recognizing the phosphorylated and native forms of
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Fig. 3. Stimulation of the phosphorylation of ATF-2 and c-jun by simvastatin (10�M) in the nuclei of C6 glioma cells in immunocytochemical analysis. Cells
were incubated for 24 h with (A and B) and without (C and D) simvastatin at day 2 after plating. Cells were fixed, stained with polyclonal antibodies against
phosphorylated forms of ATF-2 (A and C) and c-jun (B and D). Cells were visualized by using biotinylated secondary antibody, streptavidin/HRP and AEC
chromogen. Cells were photographed through brightfield microscope under 400× magnification.

ATF-2 and c-jun showed a significant increase in the phos-
phorylation of these proteins by simvastatin with the similar
time course seen in immunocytochemical analysis (Fig. 4left,
upper panels). The increase in the phosphorylation of ATF-2
and c-jun was not due to the increase of the synthesis because
in western blot analysis an antibody recognizing ATF-2 and
c-jun independently from its phosphorylation status did not
detect any increase in the expression of these proteins in sim-
vastatin treated cells (Fig. 4 left, lower panels).
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The transactivation capacities of the N-terminal domains
of ATF-2 and c-jun can be enhanced through phosphoryla-
tion by the MAP kinase members p38 kinase and JNK[3,8].
The involvement of p38 kinase in the induction of apopto-
sis by simvastatin was excluded by the fact that the specific
inhibitors of p38 kinase, SB202190 and SB203580, were
not able to reverse the phosphorylation of ATF-2 and also
the apoptotic effect of simvastatin, indicating that JNK most
likely phosphorylates ATF-2 as well as c-jun. We found that
ig. 4. Stimulation of phosphorylation of ATF-2 and c-jun by simvasta
after plating cells were incubated with simvastatin (10�M) for the indic

olyclonal antibodies against phosphorylated forms of ATF-2 (pATF-
pper panel) and ERK1/2 (pERK1/2) (right, lower panel), and their co
hosphatase conjugated secondary antibodies and BCIP/NBT as sub
stern blot analysis of ATF-2 and c-jun in cell lysates of C6 glioma celt day
es. Cell lysates were separated by 10% SDS–PAGE, western blott

, upper panel), c-jun (pc-jun) (left, lower panel), AKT (pAKT, Thr-308(right,
nding native proteins in separate membranes. Then visualized by ualine
.
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inhibiting JNK with a specific inhibitor, SP600125, reduced
the levels of ATF-2 and c-jun phosphorylation, but partly pro-
tected C6 glioma cells from apoptosis induced by simvastatin.
After 24 h, apoptotic morphological changes in cells treated
with simvastatin in the presence of SP600125 (20�M) were
less significant than the cells treated with simvastatin in the
absence of SP600125. After 48 h, simvastatin-treated cells in
the absence of the JNK inhibitor were totally rounded up and
detached from the plate, while in the presence of SP600125,
approximately 90% of the cells were viable and processes
bearing, but slightly rounded. After 72 h, the apoptotic effect
of simvastatin was visible in most of the SP600125 treated
cells as stained with DAPI (not shown). These observations
indicate that the reversible inhibitor of JNK, SP600125 de-
lays and reduces the toxic effect of simvastatin, however this
does not exclude the participation of another pathway in the
apoptotic effect of simvastatin. Altogether these results sug-
gest the involvement of JNK pathway in the proapoptotic
effect of simvastatin. The expression of JNK was not al-
tered by simvastatin treatment in western blot analysis (not
shown).

Since there has been reports indicating the activation of
Ras and PI3K pathways by statins[15,17,22], we have ex-
amined whether these signaling pathways were also involved
in the response of these cells to simvastatin. Immunocyto-
chemical staining and immunoblot analysis using antibodies
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test this idea we have investigated the correlation between
cell growth and cell death in C6 glioma cells. Proliferation
of cells was studied by detecting PCNA expression in the
nucleus of glioma cells by immunocytochemical analysis.
Simvastatin caused a concentration-dependent decrease
in the expression of PCNA in the nucleus of C6 glioma
cells indicating the inhibition of proliferation of these
cells.

Several studies have shown that lipophilic statins can trig-
ger a variety of cells to undergo apoptosis both in vitro and
in vivo [4,9,10,20]. However, the signaling events involved
in this effect of statins have not been well defined. We have
further investigated the intracellular signaling mechanisms
of simvastatin-induced cell death in glioma cells. ATF-2 is
a member of the ATF-2/cAMP-response element binding
protein family of basic leucine zipper proteins involved in
cellular stress response[16]. The transcriptional potential of
ATF-2 is induced by NH2-terminal domain phosphorylation
by JNK and p38 kinase which mediates stress responses
including DNA damaging events. JNK and p38 kinase-
dependent N-terminal phosphorylation of ATF-2 in response
to cellular stress or electrical activity has been shown in a
variety of cell types[1,2]. In C6 glioma cells, simvastatin
strongly increased the phosphorylation of ATF-2 and c-jun
via JNK rather than p38 kinase. Simvastatin mediated ATF-2
and c-jun phosphorylation and apoptosis were reduced by
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gainst the phosphorylated and native forms of these
eins showed that phosphorylation of ERK1/2 and AKT,
ownstream effectors of Ras and PI3K, respectively,
naffected from 10 min to 48 h of simvastatin treatmen
ells (Fig. 4right panels).

Taken together, these data strongly suggest that, sim
atin causes apoptosis and proliferation inhibition by act
ng, at least partially, the JNK-dependent cell death path
n C6 glioma cells.

The statin family of drugs inhibits the mevalonate path
y targeting HMG-CoA reductase and has been shown
fficacious in treating hypercholesterolemia[11]. Although

he well-accepted effects of these drugs are explained by
eneficial actions on the lipid profile, increasing evide
uggests that statins may also exhibit effects unrelated to
eduction[23,24]. The potential of this family of drugs h
et to be fully explored.

The present data show that simvastatin induces cell d
n C6 glioma cells with characteristics of apoptosis such
hromatin condensation and laddering, nuclear fragm
ion, and shrinkage of cytoplasm. The antiproliferative ef
f simvastatin was closely correlated with apoptotic cha

n C6 glioma cells. Simvastatin treated C6 glioma cells ex
ted typical apoptotic morphology visualized by fluoresc
taining of nuclear chromatin with DAPI at 48 h of tre
ent. This delay may reflect a change in the expressio
ene products, such p53, p21/WAF1, Bcl-2, BAD that h
een implicated in apoptotic cell death pathways[7].

It has been described in other systems that cells und
ng cell cycle progression are more sensitive to apoptos
reatment with the JNK specific inhibitor SP600125 w
he p38 kinase specific inhibitors SB202190 and SB20
ad no effect. These results indicate that JNK-depen
hosphorylation of ATF-2 and c-jun plays an import
ole in the cell death induced by simvastatin in C6 glio
ells.

The Ras/Raf/MEK/ERK kinase cascades occupy piv
osition in signal transduction processes that send replic
ignals from the cell’s plasma membrane to the nucleus.
everal studies have suggested that survival signals are
ted by the PI3K-dependent activation of the protein ki
KT [7]. However, in immunocytochemical and western
nalysis we have found that ERK1/2 and AKT were not

ivated by simvastatin in C6 glial cells.
JNKs phosphorylate and activate various cellular fac

mplicated in regulating altered gene expression in cel
urvival and proliferation[8,16]. Because these events
ommonly associated with the pathogenesis of a numb
iseases, the potential of JNK inhibitors as therapeutic
ttracted considerable interest[19]. We show in this repo

hat JNK activation by simvastatin in glioma cells indu
-jun and ATF-2 activation. Furthermore, these data sug
hat, JNK-mediated signals may be regarded as targe
uppression of proliferation and induction of apoptosi
lial tumors. Components of this cascade provide viable
ets for therapeutic intervention in glial tumors, while th
on-lipid-related effects of lipophilic statins in glial cells m
lso be beneficial in treatment of other central nervous

em conditions such as, multiple sclerosis and Alzheim
isease[21].



M. Koyuturk et al. / Neuroscience Letters 370 (2004) 212–217 217

Acknowledgements

We thank Dr. Ayhan Bilir for providing C6 glioma cell
line. We would also like to thank Merck & Co., Inc., USA
for providing simvastatin used in this study. This study was
supported by K. Has University Institute of Medical Sciences.

References

[1] N. Altiok, J.P. Changeux, Electrical activity regulates AChR gene
expression via JNK, PKC and Sp1 in skeletal muscle, FEBS Lett.
487 (2001) 333–338.

[2] M. Bae, B.J. Song, Critical role of c-jun N-terminal protein kinase
activation in troglitazone-induced apoptosis of human HepG2 hep-
atoma cells, Mol. Pharmacol. 63 (2003) 401–408.

[3] L. Chang, M. Karin, Mammalian MAP kinase signaling cascades,
Nature 410 (2001) 37–40.

[4] J.W. Choi, S.E. Jung, Lovastatin-induced proliferation inhibition and
apoptosis in C6 glial cells, JPET 289 (1999) 572–579.

[5] A. Corsini, F.M. Maggi, A.L. Catapano, Pharmacology of competi-
tive inhibitors of HMG-CoA reductase, Pharmacol. Res. 31 (1995)
9–27.

[6] D.C. Crick, D.A. Andres, R. Danesi, M. Macchia, C.J. Waechter,
Geranylgeraniol overcomes the block of cell proliferation by lovas-
tatin in C6 glioma cells, J. Neurochem. 70 (1998) 2397–2405.

[7] S.R. Datta, H. Dudek, X. Tao, S. Masters, H. Fu, Y. Gotoh, M.E.
Greenberg, Akt phosphorylation of BAD couples survival signals to
the cell intrinsic death machinery, Cell 91 (1997) 231–241.

ses,

. So-
y of

hu-

[ H.
cute
ther-

[ rlipi-

[ la, G.
y-3-
vas-
xide

synthase in vascular endothelial cells, J. Clin. Invest. 101 (1998)
2711–2719.

[13] D.Z. Hillyard, A.J. Kameron, A.H. McIntyre, M.H. Hadden, H.E.
Marshall, N. Johnston, A.G. Jardine, Inhibition of proliferation and
signaling mechanisms in human lymphocytes by fluvastatin, Clin.
Exp. Pharmacol. Physiol. 29 (2002) 673–678.

[14] S. Kaneta, K. Satoh, S. Kano, M. Kanda, K. Ichihara, All hydropho-
bic HMG-CoA reductase inhibitors induce apoptotic death in rat pul-
monary vein endothelial cells, Atherosclerosis 170 (2003) 237–243.

[15] Y. Kureishi, Z. Luo, I. Shiojima, A. Bialik, D. Fulton, D.J. Lefer,
W.C. Sessa, K. Walsh, The HMG-CoA reductase inhibitor simvas-
tatin activates the protein kinase Akt and promotes angiogenesis in
normocholesterolemic animals, Nat. Med. 6 (2000) 1004–1010.

[16] J.M. Kyriakis, J. Avruch, Mammalian mitogen-activated protein sig-
nal transduction pathways activated by stress and inflammation,
Physiol. Rev. 81 (2001) 807–869.

[17] U. Laufs, H. Kilter, C. Konkol, S. Wassmann, M. Bohm, G. Nick-
enig, Impact of HMG-CoA reductase inhibition on small GTPases
in the heart, Cardiovasc. Res. 53 (2002) 911–920.

[18] G. Maga, U. Hubscher, Proliferating cell nuclear antigen (PCNA): a
dancer with many partners, J. Cell Sci. 116 (2003) 3051–3060.

[19] A.M. Manning, R.J. Davis, Targeting JNK for therapeutic benefit:
from junk to gold, Nat. Rev. Drug Discov. 2 (2003) 554–565.

[20] C. Muller, M.G. Kiehl, J. van de Loo, O.M. Koch, Lovastatin induces
p21WAF1/Cip1 in human vascular smooth muscle cells: influence
on protein phosphorylation, cell cycle, induction of apoptosis, and
growth inhibition, Int. J. Mol. Med. 3 (1999) 63–68.

[21] O. Stuve, S. Youssef, L. Steinman, S. Zamvil, Statins as potential
therapeutic agents in neuroinflammatory disorders, Curr. Opin. Neu-
rol. 16 (2003) 393–401.

[22] M. Takenaka, K. Hirade, K. Tanebe, S. Akamatsu, S. Dohi, H. Mat-
4/p42
hys.

[ han

[ ci.

[ iates
sig-

l. 10

[ ra-
acti-
tein

. 17
[8] R.J. Davis, Signal transduction by the JNK group of MAP kina
Cell 103 (2000) 239–252.

[9] C. Denoyelle, P. Albanese, G. Uzan, L. Hong, J.P. Vannier, J
ria, C. Soria, Molecular mechanism of the anti-cancer activit
cerivastatin, an inhibitor of HMG-CoA reductase on aggressive
man breast cancer cells, Cell Signal. 15 (2003) 327–338.

10] J. Dimitroulakos, D. Nohynek, K.L. Backway, D.W. Hedley,
Yeger, M.D. Minden, L.Z. Penn, Increased sensitivity of a
myeloid leukemias to lovastatin-induced apoptosis: a potential
apeutic approach, Blood 93 (1999) 1308–1318.

11] M. Farnier, J. Davignon, Current and future treatment of hype
demia: the role of statins, Am. J. Cardiol. 82 (1998) 3J–10J.

12] O. Hernandez-Perera, D. Perez-Sala, R. Sanchez-Pascua
Hernandez, C. Diaz, S. Lamas, Effects of the 3-hydrox
methylglutaryl-CoA reductase inhibitors, atorvastatin and sim
tatin, on the expression of endothelin-1 and endothelial nitric o
suno, O. Kozawa, Simvastatin stimulates VEGF release via p4
MAP kinase in vascular smooth muscle cells, Biochem. Biop
Res. Commun. 301 (2003) 198–203.

23] C.J. Vaughan, M.B. Murphy, B.M. Buckley, Statins do more t
just lower cholesterol, Lancet 348 (1996) 1079–1082.

24] N.R. Veillard, F. Mach, Statins: the new aspirin, Cell. Mol. Life S
59 (2002) 1771–1786.

25] R.H. Weiss, A. Ramirez, A. Joo, Short-term pravastatin med
growth inhibition and apoptosis, independently of Ras, via the
naling proteins p27Kip1 and PI3 kinase, J. Am. Soc. Nephro
(1999) 1880–1890.

26] D. Wilhelm, K. Bender, A. Knebel, P. Angel, The level of int
cellular glutathione is a key regulator for the induction stress
vated signal transduction pathways including jun-N-terminal pro
kinases and p38 kinase by alkylating agents, Mol. Cell. Biol
(1997) 4792–4800.


