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imvastatin  disrupts  cytoskeleton  and  decreases  cardiac  fibroblast  adhesion,
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a  b  s  t  r  a  c  t

Statins  reduce  the  isoprenoids  farnesyl  and  geranylgeranyl  pyrophosphate,  essential  intermediates,
which  control  a  diversity  of cellular  events  such  as  cytoskeleton  integrity,  adhesion,  migration  and  via-
bility. Cardiac  fibroblasts  are  the  major  non-myocyte  cell  constituent  in the normal  heart,  and  play  a
key  role  in  the  maintenance  of  extracellular  matrix.  The  effects  of  simvastatin  on cardiac  fibroblast  pro-
cesses  previously  mentioned  remain  unknown.  Our  aims  were  to investigate  the effects  of  simvastatin  on
cytoskeleton  structure  and  focal  adhesion  complex  assembly  and  their  relationships  with  cell  adhesion,
migration  and  viability  in cultured  cardiac  fibroblasts.  To  this  end,  cells  were  treated  with  simvastatin
for  24  h  and  changes  in actin  cytoskeleton,  levels  of  vimentin  and paxillin  as well  as  their  subcellu-
lar  localization  were  analyzed  by  Western  blot  and  immunocytochemistry,  respectively.  Cell  adhesion
to  plastic  or  collagen  coated  dishes,  migration  in Transwell  chambers,  and  cell  viability  were  analyzed
after  simvastatin  treatment.  Our  results  show  that  simvastatin  disrupts  actin  cytoskeleton  and  focal

adhesion  complex  evaluated  by  phalloidin  stain  and  immunocytochemistry  for paxillin  and  vinculin.  All
these effects  occurred  by  a cholesterol  synthesis-independent  mechanism.  Simvastatin  decreased  cell
adhesion,  migration  and  viability  in  a  concentration-dependent  manner.  Finally,  simvastatin  decreased
angiotensin  II-induced  phospho-paxillin  levels  and  cell  adhesion.  We  concluded  that  simvastatin  dis-
rupts  cytoskeleton  integrity  and  focal adhesion  complex  assembly  in cultured  cardiac  fibroblasts  by  a
cholesterol-independent  mechanism  and  consequently  decreases  cell  migration,  adhesion  and  viability.
. Introduction

Simvastatin inhibits 3-hydroxy-3-methylglutaryl coenzyme A

HMG-CoA) reductase and suppresses cholesterol biosynthesis.
tatins exert beneficial pleiotropic effects on myocardial remodel-
ng independently of their lipid-lowering properties (van der Harst

Abbreviations: Ang II, angiotensin II; BSA, bovine serum albumin; CF, car-
iac  fibroblasts; ECM, extracellular matrix; FAK, focal adhesion kinase; FBS,
etal bovine serum; FPP, farnesylpyrophosphate; GGPP, geranylgeranyl pyrophos-
hate; HMG-CoA, 3-hydroxy 3-methylglutaryl coenzyme A; MVA, mevalonate; PBS,
hosphate-buffered saline; PI, propidium iodide; RhoA, Ras homologue gene family
ember A; SQ, squalene; �-SMA, alpha-smooth muscle actin; TRITC, tetrarho-

amine isothiocyanate.
∗ Corresponding author at: Centro FONDAP Estudios Moleculares de la Célula, Fac-
ltad Ciencias Químicas y Farmacéuticas, Universidad de Chile, Olivos 1007, Santiago
380492, Chile. Tel.: +56 2 9782975; fax: +56 2 7378920.

E-mail address: gadiaz@ciq.uchile.cl (G. Díaz-Araya).
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et al.,  2006). However, detrimental effects of statin have been
observed in cardiac muscle cells, and in skeletal muscle (Rabkin
and Kong, 2003; Sirvent et al., 2005; Rabkin et al., 2007).

Cellular effects of statins arise from the inhibition of HMG-
CoA reductase, resulting in deprivation of intracellular mevalonate,
and also isoprenoid intermediaries, including farnesyl pyrophos-
phate (FPP) and geranylgeranyl pyrophosphate (GGPP). These
isoprenoids provide lipophilic anchors which are essential for
membrane attachment and biological activity of small GTP binding
proteins (Elson et al., 1999). FPP and GGPP are required for Ras far-
nesylation and Rho geranylgeranylation, respectively. Both Ras and
Rho are necessary for a diversity of cellular events including actin
cytoskeleton organization, cell adhesion and migration (Etienne-
Manneville and Hall, 2002). In addition, Rho effectors are implicated
in the formation of stress fibers and focal adhesions in nonmuscle

cells and contractility of smooth muscle cells (Riento and Ridley,
2003). Stress fibers are composed of actin and actin-associated
proteins including myosin II which plays a critical role in control-
ling actomyosin contractility (Pellegrin and Mellor, 2007). Focal

dx.doi.org/10.1016/j.tox.2012.01.011
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:gadiaz@ciq.uchile.cl
dx.doi.org/10.1016/j.tox.2012.01.011
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dhesion serves as organizing centers for regulatory and structural
roteins so as to facilitate rapid, precise control of cell prolifera-
ion, differentiation and function (Sieg et al., 2000; Wozniak et al.,
004). Among these effectors are anchoring proteins such as vin-
ulin, paxillin, talin and �-actinin, which link the actin cytoskeleton
o transmembrane integrin receptors at focal adhesion (Dugina et
l., 2001).

Cell adhesion is critical for cell migration to occur, and this
rocess is mediated by the continuous formation of cytoplasmic
rotrusions at the leading edge of the cell and controlled retraction
f adhesive contacts at its rear (Werner and Grose, 2003). Focal
dhesions provide dynamic links between the actin cytoskeleton
nd the extracellular matrix (ECM), and �1 integrins and vin-
ulin are considered key proteins that mediate this functional
onnection during migration and adhesion (Friedl and Wolf, 2009).
herefore, alterations in cardiac fibroblasts (CF) number, loca-
ion, adhesion and migration could lead to changes in the amount
nd composition of the cardiac ECM conducting to pathologi-
al cardiac remodeling or can prevent proper healing after tissue
amage.

In experimental studies, the effects of statins have largely
ocused on global myocardial remodeling in vivo or in vitro
Dechend et al., 2001; Patel et al., 2001; Ogata et al., 2002). There are
onsiderably less data related to statin and CF. These cells are the
ajor non-myocyte cell constituent in the normal heart, and they

re responsible for maintaining its structural integrity. In human
ardiac myofibroblast, statins inhibited proliferation and metallo-
roteases (MMPs) activity (Porter et al., 2004); disrupt cytoskeleton

ntegrity and decrease cytokine expression (Turner et al., 2007a,b).
e found that simvastatin alters cytoskeleton structure in human

ingival fibroblasts (Cáceres et al., 2011); and statins inhibited Ang
I-induced collagen synthesis in human and mouse CF (Martin et
l., 2005; Chen and Mehta, 2006, respectively). Our recent findings
howed that simvastatin triggers CF and myofibroblast apoptosis
Copaja et al., 2011). All these evidences suggest that statins could

odulate negatively cell responses involved in the maintenance of
issue integrity, ECM turnover and tissue repair.

Finally, growth factors, cytokines and mechanical stress have
een identified as regulators process associated to tissue repair
uch as CF adhesion, migration and growth (Eghbali, 1992; Camelliti
t al., 2005). However the influence of statins on these processes in
F remained unexplored. Thus, our aims were to study the effects
f simvastatin on CF cytoskeleton, the intracellular mechanisms
nderlying these effects, and whether these effects are linked to
ell adhesion, migration and viability.

. Materials and methods

.1. Reagents

The following reagents were purchased from Sigma Chemical Co. (St. Louis,
O,  USA): trypan blue, simvastatin, farnesyl pyrophosphate (FPP), geranylgeranyl

yrophosphate (GGPP), mevalonate (MVA), squalene (SQ). Trypsin/EDTA, pre-
tained molecular weight standard and fetal bovine serum (FBS) were from Gibco
RL (Carlsbad, CA, USA). All organic and inorganic compounds were from Merck
Darmstadt, Germany). The enhanced chemo-luminescence (ECL) reagent was  from
erKin Elmer Life Sciences, Inc. (Boston, MA,  USA). Sterile plastic materials were
urchased to Falcon® (NJ, USA). The primary antibodies for paxillin, vinculin, and
hospho-paxillin were purchased from Cell Signaling Technology (Boston, MA,  USA).
imentin was  from Sigma Chemical Co. (St. Louis, MO,  USA).

.2. Isolation and culture of cardiac fibroblasts

Rats were obtained from the Animal Breeding Facility of the Faculty of Chemical
nd  Pharmaceutical Sciences, University of Chile. All studies were conformed the

uide for the Care and Use of Laboratory Animals published by the US National

nstitutes of Health (NIH Publication No. 85-23, revised 1996) and experimental
rotocols were approved by our Institutional Ethics Review Committee. CF
ere prepared from hearts of 1–3 day-old Sprague-Dawley rats as described
reviously, and the purity of our cultured CF (more than 95%) was  analyzed by
y 294 (2012) 42– 49 43

immunocytochemistry using antibodies against vimentin or alpha-smooth muscle
actin (�-SMA) as previously described (Vivar et al., 2008).

Cells were treated without or with simvastatin (0.1–10 �M)  for different times,
dependent of each experiment. The intermediaries of cholesterol synthesis (MVA,
100 �M;  SQ, 100 �M;  GGPP, 10 �M;  FPP, 10 �M)  were added to cultures one day
before treatment with simvastatin. Angiotensin II (Ang II, 100 nM)  was  added to
cultures the last 5 min  of treatment with simvastatin.

2.3. Staining for cytoskeletal proteins

Cell cultures were grown close to 70% of confluence on glass coverslips in
complete medium containing 10% fetal bovine serum (FBS). Then cells were
serum-deprived for 24 h, and treated with 0.1–10 �M simvastatin for 0–24 h.
Simvastatin-induced morphologic changes were monitored by phase-contrast
microscopy. After drug treatment, cells were fixed at room temperature for 10 min  in
3.7% formaldehyde (v/v) in phosphate-buffered saline (PBS). They were then washed
with cytoskeletal buffer with the following composition (in mM): 2-[N-morpholino]
ethane sulfonic acid (MES) 10 containing NaCl 150, EGTA 5, MgCl2 5, and glucose 5
[pH 6.1]), followed by permeabilization for 10 min with 0.1% Triton X-100 in PBS and
blocking with serum-containing buffer (10% FBS in PBS with 0.02% sodium azide).
To stain cytoskeletal F-actin, the cells were incubated with tetrarhodamine isoth-
iocyanate (TRITC)-phalloidin in buffer with 0.2% saponin for 45 min. For detection
of  focal adhesions, cells were double immunostained, with monoclonal antibodies
anti-paxillin and anti-vinculin; and anti-phosphopaxillin for 2 h at room temper-
ature. The secondary antibodies used were conjugated with TRITC (paxillin and
phospho-paxillin) and FITC (vinculin). Coverslips were mounted on glass slides with
Dako, and micrographs were obtained with a fluorescence microscope (Axioplan-2;
Zeiss, Germany).

2.4. Western blot analysis

Cell proteins were extracted with a protease inhibitor cocktail-containing
lysis buffer. Aliquots were resolved on 12% SDS-PAGE, transferred to a nitrocel-
lulose membrane and incubated with primary antibodies against paxillin (1:1000),
phospho-paxillin (1:1000), vimentin (1:500). All of them incubated at 4 ◦C overnight.
Bound antibodies were detected by horseradish peroxidase secondary antibody and
visualized by ECL method.

2.5. Migration assays

Cell migration was performed with the Costar Transwell system (Corning Life
Sciences, Acton, MA,  USA) which allows cells to migrate through 8 mm pore size
polycarbonate membrane. Briefly, simvastatin-pretreated cells were trypsinized,
washed, and resuspended in serum-free DMEM-F12 (300,000 cells/mL). This sus-
pension (100 �L) was added into the Transwell upper chamber. The lower chamber
was  filled with 500 �L DMEM-12 containing 10% FBS as chemoattractant. After a
2-h  stimulation serum, upper chambers were removed, and cells remaining on the
upper surface of the membrane were removed with a cotton swab. Later, mem-
branes were washed with PBS, and cells present beneath the membrane were fixed
with cold methanol for 15 min  and stained with crystal violet. Cells were counted in
10  high-power microscope fields. Analysis was performed on 3 wells for each con-
dition, and each experiment was repeated 3 times. For experiments using MVA and
SQ, cells were pretreated with this chemical 1 day before the simvastatin treatment.

2.6.  Cell adhesion assays

Assays were performed to determine the effects of simvastatin treatment on the
adhesiveness of CF. Attachment assays were performed in 24-well plates that had
been coated with 5% (w/v) of bovine serum albumin (BSA: as control), collagen type
I  (100 �g/mL) overnight at 4 ◦C in PBS. Simvastatin-pretreated cells were detached
using trypsin EDTA (0.5%), which was inactivated with media containing serum.
Cells were resuspended in serum-free media at a concentration of 20 × 104 cells/mL
and 10 × 103 cells were seeded per well. Unless stated cells were left to attach and
spread for 2 h after which media were aspirated off and the cells were washed twice
with PBS. Cells were stained for 20 min with crystal violet (0.3%, in ethanol 10% v/v),
before washing twice with PBS. Lastly, the attached and stained cells were dissolved
with SDS 1% and the absorbance was  measured at 595 nm.

2.7.  Cell viability

CF were seeded in 60 mm plates at a rate of 2 × 104 cell/cm2, cultured in DMEM-
F12  containing 10% FBS, which was subsequently replaced by DMEM-F12. After 24 h

of  starvation, simvastatin was applied to the times and concentrations indicated for
each experiment. Then cells were released from the plates using 1× trypsin-EDTA
which was inhibited using DMEM-F12 with 10% serum. Subsequently 20 �L cell
suspension was  mixed with 20 �L of trypan blue solution and the living cells were
counted placed in a Neubauer chamber.
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.8.  Statistical analysis

Data are mean ± SD of, at least, 3 independent experiments. Student’s t-test for
omparison between 2 groups or one-way ANOVA followed by a Tukey’s post hoc
est  for multigroup comparisons was used. Significance was set at p < 0.05.

. Results

.1. Simvastatin alters morphology and cytoskeleton in cultured
ardiac fibroblasts

Exposure to simvastatin induced morphological alterations in
ultured CF, characterized by decreased cell size, cell rounding and
timulation of filamentous extension and process formation. Phal-
oidin staining for actin stress fibers in cultures of CF revealed the
resence of regular actin stress fibers in control cells (Fig. 1A). The
ighly organized dense meshwork of actin stress filaments of CF
tained very intensely and appeared to be organized in a transverse
lane throughout the cell body. In contrast, simvastatin treatment
10 �M)  from 16 h resulted in nearly complete disrupts and loss
f actin stress fibers and instead less dense filaments were evi-
ent. Fig. 1B shows that more than 40% of cells were with disrupted
ytoskeleton at 16 h with statin. After 24 h simvastatin treatment,
n increase in damaged cytoskeleton cells (60%) and a reduction in
ell number were observed.

.2. Simvastatin-induced changes on cytoskeleton are prevented
y isoprenoid supplementation

To determine whether the effects of simvastatin on CF are
ependent of cholesterol synthesis, we examined if the isoprenoids
FFP, GGPP), MVA  and SQ may  prevent simvastatin effects. The addi-
ion of GGPP or FPP (10 �M),  MVA  (100 �M)  and SQ (100 �M)  to the
edium of simvastatin-treated cells (10 �M for 24 h), revealed that
Q does not prevent the recovery of cell morphology to the normal
tate (Fig. 2A). Fig. 2B shows that 60% of simvastatin-treated cells

ig. 1. Effect of simvastatin on actin cytoskeleton structure in cultured cardiac
broblasts. Cells were pre-treated with simvastatin (10 �M)  for 0–24 h. (A) Cells
ere fixed, permeabilized, stained with rhodamine–phalloidin and visualized by
uorescence microscopy; simvastatin disrupts actin cytoskeleton in a time depen-
ent manner (scale bar = 50 �m).  (B) Graphics analysis of disrupted cytoskeleton cell
umber. Data are shown as mean ± SD (n = 3 independent experiments), ***p < 0.001
s.  control.
y 294 (2012) 42– 49

had disrupted cytoskeleton; however, this effect was reduced by
GGPP, FPP and MVA  supplementation, but not with SQ.

3.3. Simvastatin modifies the distribution of vinculin and paxillin
in cultured cardiac fibroblasts

To explore whether cytoskeleton changes induced by simvas-
tatin are associated with redistribution or reduction in expression
levels of focal adhesions proteins (detected by inmmunostaining
for vinculin or paxillin). Fig. 3A shows a double labeling of vinculin
and paxillin in cultured CF. The distribution profiles of vinculin and
paxillin displayed a clear pattern mainly localized on cell mem-
brane as punctuate pattern typical for focal adhesions complex.
Simvastatin (10 �M for 24 h) caused a marked redistribution in
staining for both vinculin and paxillin, indicating a loss from focal
adhesions complex (Fig. 3A). This effect was significant from 16 h
(Fig. 3B). Also, vinculin and paxillin protein levels were analyzed
by Western blot. Fig. 3C depicts that vinculin and paxillin expres-
sion levels in simvastatin-treated CF did not change respect to
the untreated cells (control). This result suggests that simvastatin
disrupts focal adhesion complex but it also leads to vinculin and
paxillin accumulation in the cytosol of CF without changes in their
levels.

3.4. Simvastatin alters phospho-paxillin levels on cultured
cardiac fibroblasts

To study if simvastatin-induced changes in paxillin localiza-
tion on cell membrane are associated to changes in its assembly,
phospho-paxillin localization on cell membrane was investigated.
Ang II is a well known stimulus to induce paxillin phosphoryla-
tion, a key step for its assembly and localization on focal adhesion
complex. As shown in Fig. 4A, a typical localization and low
phospho-paxillin levels on cell membrane were detected under
basal condition. Ang II (100 nM during the last 5 min) induced a sig-
nificant increase in phospho-paxillin levels and their localization on
cell membrane. In contrast, in CF incubated for 24 h with simvas-
tatin (10 �M)  and the last 5 min  stimulated with Ang II (100 nM),
this peptide was  unable to induce paxillin phosphorylation and
their localization on cell membrane. Also, phospho-paxillin levels
were assessed to identify whether the changes associated to distri-
bution profiles on focal adhesion are also linked to activation levels
changes. Fig. 4B shows that phospho-paxillin levels did not change
in untreated (control) and simvastatin-treated CF. However, the
addition of Ang II (100 nM for the last 5 min) stimulated a significant
increase in phospho-paxillin levels, but in CF pretreated with sim-
vastatin (10 mM for 24 h) this peptide was  unable to induce paxillin
phophorylation. Finally, Fig. 4C shows that the pretreatment with
MVA but not with SQ prevent the decrease in phospho-paxillin lev-
els triggers by simvastatin, and also those induced by Ang II. These
results suggest that simvastatin modify focal adhesion assembly
and its localization on cell membrane by a mechanism involving
protein prenylation.

3.5. Simvastatin reduces adhesion, migration, and cell viability in
cultured cardiac fibroblasts

We study whether simvastatin effects on cytoskeleton and
focal adhesion complex are linked to changes in cell adhesion
and migration. Fig. 5A depicts that simvastatin-pretreatment (1
and 10 �M for 24 h) reduces cell adhesion to collagen or plastic
matrix, although higher adhesion was  observed on collagen. Sim-

vastatin decreased cell migration (Fig. 5C). To study whether the
mechanisms involved on these effects are dependent of choles-
terol synthesis, MVA  (100 �M)  or SQ (100 �M)  were added to the
medium of simvastatin-treated cells (10 �M for 24 h). The results
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Fig. 2. Isoprenoid intermediaries prevent disruption of actin cytoskeletal structure induced by simvastatin in cultured cardiac fibroblasts. Cells were pretreated with farnesyl
pyrophosphate (FPP) or geranylgeranyl pyrophosphate (GGPP) (10 �M),  mevalonate (MVA) or squalene (SQ), and then treated with simvastatin (10 �M 24 h). (A) Cells were
fixed,  permeabilized, stained with rhodamine–phalloidin and visualized by fluorescence microscopy. SQ did not prevent actin cytoskeleton changes induced by simvas-
tatin  (scale bar, 50 �m).  (B) Graphics analysis disrupted cytoskeleton cell number. Data are shown as mean ± SD (n = 3 independent experiments), ***p < 0.001 vs. control;
###p < 0.001 vs. simvastatin.
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evealed that SQ does not prevent the decrease in cell adhesion to
ollagen matrix (Fig. 5B) and cell migration (Fig. 5D). These data
how that both effects of simvastatin are independent cholesterol
ynthesis.

.6. Simvastatin pretreatment modifies Ang II-induced cardiac
broblast adhesion

After the morphological changes induced by simvastatin on cul-
ured CF (Fig. 1A), we  evaluate the minimum time where these
ffects of simvastatin become irreversible. For this aim, CF were
reated with simvastatin (10 �M)  for different times (4, 8, 16
nd 24 h), after which the culture medium was replaced by fresh
edium without simvastatin, and the cells were incubated up to

4 h, at which we measure the loss of cell viability. The results show
hat 16 h simvastatin treatment is the minimum time required to
bserve irreversible effects on cell viability (Fig. 6A). As shown in
ig. 5, simvastatin also inhibits paxillin phosphorylation induced
y Ang II, which promotes focal adhesion complex assembly and

ncreasing cell attachment. Therefore, our next aim was to study
hether simvastatin modifies Ang II-induced CF adhesion. To this

nd, CF were treated with simvastatin for 8 and 24 h, time in

hich the effects of simvastatin on cell viability are non lethal

nd lethal respectively. Then the medium was replaced with fresh
edium without simvastatin, but containing Ang II 100 nM,  and

F were cultured up to 24 h, at which time cell adhesion assays
were performed. Our results show that in CF pre-treated for 8 h
with simvastatin, this drug did not reduce cell adhesion in a signif-
icant manner; in addition, in CF pretreated with simvastatin (8 h),
Ang II increased cell adhesion, similar to those treated only with
Ang II (Fig. 6B). As control, in CF treated with simvastatin for 24 h a
significant decrease in cell adhesion was observed.

4. Discussion

Statins have shown to induce toxicity stimulating cardiomy-
ocyte apoptosis (Demyanets et al., 2006). Also, statin produces a
variety of myopathy ranging from muscle pain to rhabdomyolysis
(Thompson et al., 2003), and in vitro studies depicts that simvas-
tatin interferes with mitochondrial permeability transition (Velho
et al., 2006). We have recently showed that simvastatin trigger CF
apoptosis by a caspase-dependent mechanism, but independent of
mitochondrial injury (Copaja et al., 2011), and also that affect actin
cytoskeleton in gingival fibroblast (Cáceres et al., 2011).

Our results showed that simvastatin disrupts the actin
cytoskeleton, and this effect was prevented by MVA, GGPP and
FPP, but not by SQ. This result agrees with Turner et al.  (2007a),
who  described that simvastatin disrupts actin fibers in human

cardiac myofibroblasts. However our data are partially consis-
tent with those works describing that simvastatin disrupts the
actin fibers in endothelial cells and this disruption is reversed by
MVA and GGPP but not by FPP (Pozo et al., 2006), suggesting that
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Fig. 3. Simvastatin changes levels and localization of paxillin and vinculin in cul-
tured cardiac fibroblasts. (A) Cells treated with simvastatin (0.1–10 �M)  for 24 h and
then were fixed, permeabilized, and double immunostained with antibodies to pax-
illin (red) or vinculin (green), and visualized by fluorescence microscopy (scale bar,
50  �m). In control cells, vinculin and paxillin were localized in focal adhesion com-
plex on cell membrane (arrow), while they were in the cytosol at 16 and 24 h. (B)
Graphic analysis of focal adhesion complex number by cells, evaluated as number
of  positive immunostained dots for vinculin and paxillin respectively. (C) Cells were
treated with simvastatin (0.1–10 �M)  for 24 h. Then cells were lysed and paxillin
and  vinculin levels were analyzed by Western blot, vimentin was used as load con-
trol.  The results are shown as mean ± SD (n = 3 independent experiments). **p < 0.01
and ***p < 0.001 vs. control to vinculin; ##p < 0.01 and ###p < 0.001 vs. control to pax-
illin. (For interpretation of the references to color in this figure legend, the reader is
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simvastatin inhibits geranylgeranylation of RhoA, preventing its
eferred to the web  version of the article.)

soprenylated rather than farnesylated proteins are necessary. Rho
nd/or Ras proteins are required for maintenance of actin filaments
nd cytoskeletal structure (Fenton et al., 1992; Bifulco et al., 1993;
och et al., 1997; Evers et al., 2000), and, Rho activity is required to
aintain focal adhesions in cells attached to a matrix (Hall, 1998).
ur data did not show changes in the levels of vinculin and paxillin;
owever, simvastatin stimulates the subcellular redistribution of
inculin and paxillin, and a decrease in focal adhesion complex
umber was observed. These effects were prevented by the addi-
ion of MVA, GGPP and FPP, whereas no such effect was  observed

ith SQ. In this sense, our previous findings show that simvastatin
id not modify RhoA levels in CF and myofibroblast, but reduced
hoA-GTP levels (Copaja et al., 2011). Collectively, these results
y 294 (2012) 42– 49

suggest that isoprenylated proteins maintain focal adhesions and
cytoskeleton integrity.

To understand the effects of simvastatin on focal adhesions
assembly and to evaluate the role of the Rho family in this
process, CF were exposed to Ang II and phospho-paxillin levels
were assessed. Our results showed that simvastatin reduced the
phospho-paxillin levels induced by Ang II. This effect was  pre-
vented by MVA  but not by SQ. Thus, this effect was regulated by
isoprenylated proteins. On the other hand, it has also shown that
phosphorylation of paxillin is important for the assembly of focal
adhesions, specifically triggered by focal adhesion kinase (FAK),
and it has been showed that Ang II induce paxillin phosphoryla-
tion through FAK activation (Zouq et al., 2009). Thus, by inhibiting
the synthesis of GGPP and FPP, simvastatin prevents the activa-
tion of these small GTPases, and it has been reported that the small
GTPase Rho regulates FAK functions (Ren et al., 2000). Our  results,
demonstrate that simvastatin prevents paxillin phosphorylation
Ang II-induced. In this way, it is possible that simvastatin affects
multiple cellular functions by interfering with basic cell signaling
pathways that lead to cytoskeletal organization, localization of pax-
illin and vinculin, cell adhesion, migration, and lastly survival. Our
results show that simvastatin disrupt cytoskeleton and disassembly
focal adhesions, conducting to loss in cell attachment, which could
stimulate CF death, probably by anoikis. We  find that pretreatment
for 8 h with simvastatin is not enough to deplete of farnesyl and
geranylgeranyl intermediates in CF; however, simvastatin effects
on cell viability are irreversible from 16 h of treatment; thus mean
that previous to cell death by anoikis a disassembly of focal adhe-
sion complex conducting to loss of cell attachment take place. Thus,
it is possible that after 16 h of treatment with simvastatin the deple-
tion of farnesyl and geranylgeranyl intermediates triggers the loss
of cell adhesion and viability. In this sense, has been showed that
statin induces anoikis (Valentijn et al., 2004; Li et al., 2006), specif-
ically, phospho-paxillin and the FAK play an important role in the
suppression of anoikis (Zouq et al., 2009). Together these results
suggest that simvastatin effects on CF viability could be associated
with loss of cell attachment by decreasing the Rho-FAK signal-
ing and to disassembly of focal adhesion complex conducting to
anoikis.

Simvastatin decreased cell adhesion which could be explained
by decreases in cell adhesion proteins levels like integrins, intra-
cellular adhesion molecule-1, E-selectin and CD40 (Mulhaupt et
al., 2003; Cernuda-Morollon and Ridley, 2006; Takeda et al., 2007;
Eccles et al., 2008). This result is coincident with our data observed
in human gingival fibroblast were after 16 h of exposition to statin
a decrease in �1 integrin was  observed (Cáceres et al., 2011). Other
studies have shown that the isoprenylated Rho GTPase protein fam-
ily, and specifically Rac regulates cell adhesion because of its ability
to stimulate lamellipodium extension (Riento and Ridley, 2003). To
this end we  sought to prevent the effect of simvastatin on isopreny-
lated protein, pretreating CF with MVA  and SQ. Supplementation
with SQ did not overcome the inhibitory effect of simvastatin on cell
adhesion, however, these effects were prevented by MVA, showing
that isoprenylated intermediates are necessary and probably iso-
prenylated proteins could be involved. In this sense, we find that
Ang II can to trigger cell adhesion, in cell where the intermedi-
ate levels are enough to ensure the assembly of focal adhesion
complex. However, in CF where farnesyl or geranylgeranyl interme-
diates depletion was strongly induced by simvastatin, Ang II was
unable to prevent the loss of cell adhesion simvastatin-induced.
On the other hand, our results show that simvastatin reduces CF
migration. In this regard, Porter et al.  (2004),  demonstrated that
translocation to the plasma membrane and subsequent activation
of downstream activators, including ROCK, and through of this
mechanism disrupts the cytoskeleton and inhibits human cardiac
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Fig. 4. Simvastatin reduces paxillin phosphorylation stimulated by angiotensin II in cultured cardiac fibroblasts. Cells were treated with simvastatin (10 �M for 24 h) and
during  the last 5 min  were stimulated with Ang II 100 nM. (A) Cells were fixed, permeabilized and immunostained with antibody to phospho-paxillin, and visualized by
fluorescence microscopy. (B) Cells were lysed and phospho-paxillin protein levels were analyzed by Western blot. The results of western blot analysis are shown as mean ± SD
( ) or s
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n  = 3 independent experiments). (C) Cells were pretreated with mevalonate (MVA
 min  were stimulated with Ang II 100 nM.  Cells were lysed and phospho-paxillin p
hown as mean ± SD (n = 3 independent experiments). *p < 0.05 Ang II vs. control; #

yofibroblast migration. In addition, they showed that the ROCK
nhibitor Y27632 mimics the effect of simvastatin suggests that
he anti-migratory effects of simvastatin are mediated via inhibi-
ion of the RhoA/ROCK pathway. Collectively, these results suggest
hat following the depletion of farnesyl and geranylgeranyl inter-

ediates by statins, a wide range of cellular processes, including
hose triggered by Ang II, a major modulator of cardiac function
nd remodeling could be affected.

Finally, we do not believe that the effects of simvastatin on
ardiac fibroblasts observed in the present study are reflective

f all statin drugs, because other statins do not show toxicity
o similar degree in CF (data not shown). The difference toxic-
ty could be explained maybe for its different chemical structure,

hich is associated to different profile in potency and toxic effects;
qualene (SQ), and then treated with simvastatin (10 �M 24 h), and during the last
 levels were analyzed by Western blot, and the results of western blot analysis are
5 simvastatin plus SQ vs. Ang II; ###p < 0.001 simvastatin vs. Ang II.

similar results had been observed in other cells (Skottheim et al.,
2008).

One of our study limitations was that the results described here
on the effects of simvastatin on cell adhesion, migration and via-
bility were performed in cultured CF. The relevance of this finding
reported in this paper for CF in intact hearts is unclear and this point
should be addressed in further studies.

In conclusion, simvastatin disrupts cytoskeleton and disas-
sembly focal adhesion complex in cultured CF. Based on these
evidences, simvastatin shows toxic effects on CF decreasing cell

adhesion, migration and viability. These biological processes are
key components of a physiological response that must be preserved
to allow cardiac tissue function under physiological and patholog-
ical states including those regulated by Ang II.
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Fig. 5. Effects of simvastatin on cardiac fibroblasts adhesion, migration and viability. Cells were treated for 24 h with simvastatin. Then cells were detached and counted
for  cell viability assays. Viable cells were seeded on culture dishes or collagen coated dishes, or on Transwell chambers for attachment or migration assays, respectively,
as  indicated in Section 2. Simvastatin reduces cell attachment to plastic (white bar) or collagen (black bar) matrix (A), and cell migration (C) in a concentration dependent
manner. Pretreatment with mevalonate (MVA) but not squalene (SQ) prevents decrease i
Data  are shown as mean ± SD. Data are representative of three independent experiment
#p < 0.05 vs. simvastatin.

Fig. 6. Simvastatin modifies Ang II-induced cardiac fibroblast adhesion. (A) Cardiac
fibroblasts were treated with simvastatin (10 �M)  for 0, 4, 8, 16 and 24 h, after each
time culture medium was replaced by a fresh medium without simvastatin and
cells were incubated up to 24 h, and cell viability was determined by trypan blue
method. The results are expressed as ±SD (n = 3), *p < 0.05, **p < 0.01 vs. control.
(B)  Cells were treated with simvastatin (10 �M)  for different times, and after the
culture medium were replaced by fresh medium without simvastatin and cells were
incubated up to 24 h with/without Ang II 100 nM.  Then cells were detached and
counted for cell adhesion assays. Viable cells were seeded on culture dishes for
a
i

C
inhibitor. Circulation 104, 576–581.
ttachment as indicated in Section 2. The results are shown as mean ± SD (n = 3
ndependent experiments). *p < 0.05, and ***p < 0.001 vs. control.
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nduced by simvastatin in cell attachment to collagen matrix (B) and migration (D).
s. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. control; ###p < 0.001 vs. control collagen;

Acknowledgments

This work was supported by Comisión Nacional de Ciencia y
Tecnología (CONICYT)-Chile [FONDECYT 1061059 to G.D.-A and
FONDAP 15010006 to S.L., G.D.A., M.C. and L.G.] and Fondo Mejo-
ramiento de la Calidad de la Educación Superior (MECESUP)
UCHO802. MC,  PA, RV, IO, and MC  hold Ph.D. fellowship from CON-
ICYT, Chile. We  also appreciate the excellent technical assistance of
Fidel Albornoz. S.L is on a sabbatical leave at the University of Texas
Southwestern Medical Center, Dallas, TX, USA.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tox.2012.01.011.

References

Bifulco, M.,  Laezza, C., Aloj, S.M., Garbi, C., 1993. Mevalonate controls cytoskeleton
organization and cell morphology in thyroid epithelial cells. J. Cell. Physiol. 155,
340–348.

Cáceres, M.,  Romero, A., Copaja, M.,  Diaz-Araya, G., Martinez, J., Smith, P.C., 2011.
Simvastatin alters fibroblastic cell responses involved in tissue repair. J. Peri-
odontal Res. 46, 456–463.

Camelliti, P., Borg, T.K., Kohl, P., 2005. Structural and functional characterization of
cardiac fibroblasts. Cardiovasc. Res. 65, 40–51.

Cernuda-Morollon, E., Ridley, A.J., 2006. Rho GTPases and leukocyte adhesion recep-
tor  expression and function in endothelial cells. Circ. Res. 98, 757–767.

Copaja, M.,  Venegas, D., Aranguiz, P., Canales, J., Vivar, R., Catalan, M.,  Olmedo, I.,
Rodríguez, A.E., Chiong, M.,  Leyton, L., Lavandero, S., Díaz-Araya, G.,  2011. Sim-
vastatin induces apoptosis by a Rho dependent mechanism in cultured cardiac
fibroblasts and myofibroblasts. Toxicol. Appl. Pharmacol. 255, 57–64.

Chen, J., Mehta, J.L., 2006. Angiotensin II-mediated oxidative stress and procollagen-
1  expression in cardiac fibroblasts: blockade by pravastatin and pioglitazone.
Am.  J. Physiol. Heart Circ. Physiol. 291, H1738–H1745.

Dechend, R., Fiebeler, A., Park, J.K., Muller, D.N., Theuer, J., Mervaala, E., Bieringer,
M.,  Gulba, D., Dietz, R., Luft, F.C., Haller, H., 2001. Amelioration of angiotensin II-
induced cardiac injury by a 3-hydroxy-3-methylglutaryl coenzyme a reductase
Demyanets, S., Kaun, C., Pfaffenberger, S., Hohensinner, P.J., Rega, G., Pammer,
J.,  Maurer, G., Huber, K., Wojta, J., 2006. Hydroxymethylglutaryl-coenzyme A
reductase inhibitors induce apoptosis in human cardiac myocytes in vitro.
Biochem. Pharmacol. 71, 1324–1330.

http://dx.doi.org/10.1016/j.tox.2012.01.011


icolog

D

E

E

E

E

E

F

F

H
K

L

M

M

O

P

P
P

P

R

tion of cell behavior. Biochim. Biophys. Acta 1692, 103–119.
M. Copaja et al. / Tox

ugina, V., Fontao, L., Chaponnier, C., Vasiliev, J., Gabbiani, G., 2001. Focal adhesion
features during myofibroblastic differentiation are controlled by intracellular
and extracellular factors. J. Cell Sci. 114, 3285–3296.

ccles, K.A., Sowden, H., Porter, K.E., Parkin, S.M., Homer-Vanniasinkam, S., Gra-
ham, A.M., 2008. Simvastatin alters human endothelial cell adhesion molecule
expression and inhibits leukocyte adhesion under flow. Atherosclerosis 200,
69–79.

ghbali, M.,  1992. Cardiac fibroblasts: function, regulation of gene expression, and
phenotypic modulation. Basic Res. Cardiol. 87 (Suppl. 2), 183–189.

lson, C.E., Peffley, D.M., Hentosh, P., Mo,  H., 1999. Isoprenoid-mediated inhibition of
mevalonate synthesis: potential application to cancer. Proc. Soc. Exp. Biol. Med.
221, 294–311.

tienne-Manneville, S., Hall, A., 2002. Rho GTPases in cell biology. Nature 420,
629–635.

vers, E.E., Zondag, G.C., Malliri, A., Price, L.S., ten Klooster, J.P., van der Kammen,
R.A., Collard, J.G., 2000. Rho family proteins in cell adhesion and cell migration.
Eur. J. Cancer 36, 1269–1274.

enton, R.G., Kung, H.F., Longo, D.L., Smith, M.R., 1992. Regulation of intracellular
actin polymerization by prenylated cellular proteins. J. Cell Biol. 117, 347–356.

riedl, P., Wolf, K., 2009. Plasticity of cell migration: a multiscale tuning model. J.
Cell  Biol. 188, 11–19.

all, A., 1998. Rho GTPases and the actin cytoskeleton. Science 279, 509–514.
och, G., Benz, C., Schmidt, G., Olenik, C., Aktories, K., 1997. Role of Rho protein in

lovastatin-induced breakdown of actin cytoskeleton. J. Pharmacol. Exp. Ther.
283, 901–909.

i, Y.C., Park, M.J., Ye, S.K., Kim, C.W., Kim, Y.N., 2006. Elevated levels of cholesterol-
rich  lipid rafts in cancer cells are correlated with apoptosis sensitivity induced
by  cholesterol-depleting agents. Am.  J. Pathol. 168, 1107–1118.

artin, J., Denver, R., Bailey, M.,  Krum, H., 2005. In vitro inhibitory effects of atorvas-
tatin  on cardiac fibroblasts: implications for ventricular remodelling. Clin. Exp.
Pharmacol. Physiol. 32, 697–701.

ulhaupt, F., Matter, C.M., Kwak, B.R., Pelli, G., Veillard, N.R., Burger, F., Graber,
P., Luscher, T.F., Mach, F., 2003. Statins (HMG-CoA reductase inhibitors) reduce
CD40 expression in human vascular cells. Cardiovasc. Res. 59, 755–766.

gata, Y., Takahashi, M.,  Takeuchi, K., Ueno, S., Mano, H., Ookawara, S., Kobayashi, E.,
Ikeda, U., Shimada, K., 2002. Fluvastatin induces apoptosis in rat neonatal cardiac
myocytes: a possible mechanism of statin-attenuated cardiac hypertrophy. J.
Cardiovasc. Pharmacol. 40, 907–915.

atel, R., Nagueh, S.F., Tsybouleva, N., Abdellatif, M.,  Lutucuta, S., Kopelen, H.A.,
Quinones, M.A., Zoghbi, W.A., Entman, M.L., Roberts, R., Marian, A.J., 2001. Sim-
vastatin induces regression of cardiac hypertrophy and fibrosis and improves
cardiac function in a transgenic rabbit model of human hypertrophic cardiomy-
opathy. Circulation 104, 317–324.

ellegrin, S., Mellor, H., 2007. Actin stress fibres. J. Cell Sci. 120, 3491–3499.
orter, K.E., Turner, N.A., O’Regan, D.J., Ball, S.G., 2004. Tumor necrosis factor alpha

induces human atrial myofibroblast proliferation invasion and MMP-9 secre-
tion: inhibition by simvastatin. Cardiovasc. Res. 64, 507–515.

ozo, M.,  de Nicolas, R., Egido, J., Gonzalez-Cabrero, J., 2006. Simvastatin inhibits the

migration and adhesion of monocytic cells and disorganizes the cytoskeleton of
activated endothelial cells. Eur. J. Pharmacol. 548, 53–63.

abkin, S.W., Kong, J.Y., 2003. Lovastatin-induced cardiac toxicity involves both
oncotic and apoptotic cell death with the apoptotic component blunted by both
caspase-2 and caspase-3 inhibitors. Toxicol. Appl. Pharmacol. 193, 346–355.
y 294 (2012) 42– 49 49

Rabkin, S.W., Lodha, P., Kong, J.Y., 2007. Reduction of protein synthesis and statin-
induced cardiomyocyte cell death. Cardiovasc. Toxicol. 7, 1–9.

Ren, X.D., Kiosses, W.B., Sieg, D.J., Otey, C.A., Schlaepfer, D.D., Schwartz, M.A.,
2000. Focal adhesion kinase suppresses Rho activity to promote focal adhesion
turnover. J. Cell Sci. 113 (Pt. 20), 3673–3678.

Riento, K., Ridley, A.J., 2003. Rocks: multifunctional kinases in cell behaviour. Nat.
Rev. Mol. Cell Biol. 4, 446–456.

Sieg, D.J., Hauck, C.R., Ilic, D., Klingbeil, C.K., Schaefer, E., Damsky, C.H., Schlaepfer,
D.D.,  2000. FAK integrates growth-factor and integrin signals to promote cell
migration. Nat. Cell Biol. 2, 249–256.

Sirvent, P., Bordenave, S., Vermaelen, M.,  Roels, B., Vassort, G., Mercier, J., Ray-
naud, E., Lacampagne, A., 2005. Simvastatin induces impairment in skeletal
muscle while heart is protected. Biochem. Biophys. Res. Commun. 338,
1426–1434.

Skottheim, I.B., Gedde-Dahl, A., Hejazifar, S., Hoel, K., Asberg, A., 2008. Statin induced
myotoxicity: the lactone forms are more potent than the acid forms in human
skeletal muscle cells in vitro. Eur. J. Pharm. Sci. 33, 317–325.

Takeda, I., Maruya, S., Shirasaki, T., Mizukami, H., Takahata, T., Myers, J.N., Kake-
hata, S., Yagihashi, S., Shinkawa, H., 2007. Simvastatin inactivates beta1-integrin
and  extracellular signal-related kinase signaling and inhibits cell proliferation
in  head and neck squamous cell carcinoma cells. Cancer Sci. 98, 890–899.

Thompson, P.D., Clarkson, P., Karas, R.H., 2003. Statin-associated myopathy. JAMA
289, 1681–1690.

Turner, N.A., Aley, P.K., Hall, K.T., Warburton, P., Galloway, S., Midgley, L., O’Regan,
D.J., Wood, I.C., Ball, S.G., Porter, K.E., 2007a. Simvastatin inhibits TNFalpha-
induced invasion of human cardiac myofibroblasts via both MMP-9-dependent
and -independent mechanisms. J. Mol. Cell. Cardiol. 43, 168–176.

Turner, N.A., Mughal, R.S., Warburton, P., O’Regan, D.J., Ball, S.G., Porter, K.E., 2007b.
Mechanism of TNFalpha-induced IL-1alpha, IL-1beta and IL-6 expression in
human cardiac fibroblasts: effects of statins and thiazolidinediones. Cardiovasc.
Res. 76, 81–90.

Valentijn, A.J., Zouq, N., Gilmore, A.P., 2004. Anoikis. Biochem. Soc. Trans. 32,
421–425.

van  der Harst, P., Voors, A.A., van Gilst, W.H., Bohm, M.,  van Veldhuisen, D.J., 2006.
Statins in the treatment of chronic heart failure: biological and clinical consid-
erations. Cardiovasc. Res. 71, 443–454.

Velho, J.A., Okanobo, H., Degasperi, G.R., Matsumoto, M.Y., Alberici, L.C., Cosso, R.G.,
Oliveira, H.C.F., Vercesi, A.E., 2006. Statins induce calcium-dependent mitochon-
drial permeability transition. Toxicology 219, 124–132.

Vivar, R., Soto, C., Copaja, M.,  Mateluna, F., Aranguiz, P., Munoz, J.P., Chiong, M.,  Garcia,
L.,  Letelier, A., Thomas, W.G., Lavandero, S., Diaz-Araya, G., 2008. Phospholi-
pase C/protein kinase C pathway mediates angiotensin II-dependent apoptosis
in  neonatal rat cardiac fibroblasts expressing AT1 receptor. J. Cardiovasc. Phar-
macol. 52, 184–190.

Werner, S., Grose, R., 2003. Regulation of wound healing by growth factors and
cytokines. Physiol. Rev. 83, 835–870.

Wozniak, M.A., Modzelewska, K., Kwong, L., Keely, P.J., 2004. Focal adhesion regula-
Zouq, N.K., Keeble, J.A., Lindsay, J., Valentijn, A.J., Zhang, L., Mills, D., Turner, C.E.,
Streuli, C.H., Gilmore, A.P., 2009. FAK engages multiple pathways to maintain
survival of fibroblasts and epithelia: differential roles for paxillin and p130Cas.
J.  Cell Sci. 122, 357–367.


	Simvastatin disrupts cytoskeleton and decreases cardiac fibroblast adhesion, migration and viability
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Isolation and culture of cardiac fibroblasts
	2.3 Staining for cytoskeletal proteins
	2.4 Western blot analysis
	2.5 Migration assays
	2.6 Cell adhesion assays
	2.7 Cell viability
	2.8 Statistical analysis

	3 Results
	3.1 Simvastatin alters morphology and cytoskeleton in cultured cardiac fibroblasts
	3.2 Simvastatin-induced changes on cytoskeleton are prevented by isoprenoid supplementation
	3.3 Simvastatin modifies the distribution of vinculin and paxillin in cultured cardiac fibroblasts
	3.4 Simvastatin alters phospho-paxillin levels on cultured cardiac fibroblasts
	3.5 Simvastatin reduces adhesion, migration, and cell viability in cultured cardiac fibroblasts
	3.6 Simvastatin pretreatment modifies Ang II-induced cardiac fibroblast adhesion

	4 Discussion
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


