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and contributes to progression of cytotoxic changes (4).
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We investigated the effect of cerivastatin on lipo-
olysaccharide (LPS)-induced intercellular adhesion
olecule-1 (ICAM-1) expression in bovine aortic endo-

helial cells. Cerivastatin suppressed LPS-induced
CAM-1 mRNA expression. Cotreatment with gera-
ylgeranylpyrophosphate reversed the effect of ceriv-
statin. Because Rho undergoes geranylgeranyl mod-
fication, we elucidated whether Rho is involved in
PS-induced ICAM-1 expression. Inhibition of Rho ac-

ivity by Clostridium botulinum C3 transferase or by
verexpression of RhoA T19N, a dominant-negative
utant of RhoA, decreased LPS-induced ICAM-1 ex-

ression. Although cerivastatin up-regulated endothe-
ial nitric oxide synthase (eNOS), inhibition of nitric
xide (NO) synthesis by cotreatment with Nv-nitro-L-
rginine methyl ester (L-NAME) exhibited no influ-
nce on the effect of cerivastatin. The present results
ndicate that cerivastatin prevents LPS-induced
CAM-1 expression in endothelial cells via inhibition
f Rho activity. This inhibitory effect is likely unre-
ated to up-regulation of eNOS. © 2000 Academic Press

An attachment of monocytes to endothelial cells is a
ey phenomenon in the pathogenesis of various dis-
ases such as inflammation, vasculitis, and atheroscle-
osis (1). Adhesion molecules including selectins, inter-
ellular adhesion molecule-1 (ICAM-1), and vascular
ell adhesion molecule-1 (VCAM-1), which are induced
y inflammatory cytokines, lipopolysaccharide (LPS)
nd oxidatively modified lipids on the surface of endo-
helial cells, are responsible for the adherence, migra-
ion, and accumulation of monocytes (2, 3). LPS is a
otent activator of cells of immune and inflammatory
ystems, including endothelial cells and myeloid cells,

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 81-78-382-5859. E-mail: kawashim@med.kobe-u.ac.jp.
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wo distinct mechanisms in LPS-induced activation of
ndothelial cells may occur: one is direct activation by
PS and the other is indirect stimulation via cytokines
eleased from LPS-stimulated myeloid cells (5, 6). Al-
hough the LPS-induced intracellular signaling mech-
nisms in monocytes or macrophages are well studied
7, 8), the intracellular signaling pathways that bring
bout these responses in endothelial cells are poorly
nderstood.
Recent studies have shown that 3-hydroxy-3-
ethylglutaryl (HMG)-CoA reductase inhibitors have

nti-atherosclerotic effects, beyond normalization of
ypercholesterolemia, by directly acting on endothelial
ells, macrophages and vascular smooth muscle cells
9). Some of the beneficial effects of HMG-CoA reduc-
ase inhibitors against atherogenic changes could be
ttributed to their ability to suppress the synthesis of
soprenoid intermediates such as geranylgeranylpyro-
hosphate (GGPP) or farnesylpyrophosphate (FPP)
ather than their ability to interrupt cholesterol syn-
hesis (10). These effects of HMG-CoA reductase inhib-
tors beyond normalization of hypercholesterolemia
re thought to operate also in vivo, and may contribute
o clinical outcome that HMG-CoA reductase inhibitors
ecrease the incidence of ischemic strokes and myocar-
ial infarction in atherosclerotic patients. Further-
ore, it was also shown that HMG-CoA reductase in-

ibitors reduce cardiovascular events in patients
ithout hypercholesterolemia (11).
Atherosclerosis has become to be recognized as an

nflammatory disease (1). The cellular interactions in
therogenesis are not fundamentally different from
hose in other inflammatory diseases. It has been
hown that HMG-CoA reductase inhibitors can pre-
ent or restore changes in endothelial cells, macro-
hages, and vascular smooth muscle cells associated
ith atherosclerosis by altering intercellular signal-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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ings or cellular interactions. We hypothesized that
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MG-CoA reductase inhibitors may exert beneficial
otency towards inflammatory cellular responses in
eneral by modulating expression of adhesion mole-
ules via inhibition of intracellular signaling pathways
n endothelial cells.

In this study, we demonstrate that LPS-induced
CAM-1 expression pathway is suppressed by cerivas-
atin, an HMG-CoA reductase inhibitor. This suppres-
ive effect of cerivastatin is independent of up-
egulation of endothelial nitric oxide synthase (eNOS),
ut reversed by cotreatment with GGPP. Clostridium
otulinum C3 transferase or overexpression of a
ominant-negative mutant of RhoA, prevents LPS-
nduced ICAM-1 expression. These results indicate
hat Rho is involved in LPS-induced ICAM-1 expres-
ion pathway, and that cerivastatin down-regulates
his pathway by blocking geranylgeranylation of Rho.

ATERIALS AND METHODS

Materials. All standard culture reagents were obtained from
ibco BRL (Grand Island, NY). Cerivastatin was kindly provided

rom Bayer. LPS, GGPP, and FPP were from Sigma Chemical Co.
St. Louis, MO). Clostridium botulinum C3 transferase was from

ako Pure Chemicals (Osaka, Japan). [a-32P]dCTP was from Amer-
ham International.

Cell culture. Bovine aortic endothelial cells (BAECs) were har-
ested from bovine thoracic aorta as described previously (12) and
dentified by their typical cobblestone appearance and positive im-

unofluorescence for factor VIII. Cells were cultured in Dulbecco’s
odified Eagle’s medium (DMEM) supplemented with 15% fetal calf

erum, 10 mg/ml sulbenicillin and 15 mg/ml gentamicin at 37°C in a
5% air and 5% CO2 atmosphere. Cells were used between passages
and 13.

Overexpression of a mutant of RhoA. Transient transfection was
arried out using replication-defective recombinant adenoviral vectors
repared as described previously (13). Briefly, a dominant-negative
utant of RhoA (Thr 19 to Asn, RhoA T19N), which was generously

rovided by Dr. Y. Takai (Osaka University, Osaka, Japan), was placed
nto pAdex1CAwt, a cassette cosmid vector (kindly provided by Dr. I.
aito (University of Tokyo) under a CA promoter comprising a cytomeg-
lovirus enhancer and a chicken b-actin promoter (pAdex RhoA T19N).

recombinant adenovirus was constructed by in vitro homologous
ecombination in 293 cells using pAdex RhoA T19N and the adenovirus
NA-terminal protein complex. Cells were grown on 6 cm culture
ishes. After reaching confluence, cells were infected with recombinant
denovirus expressing RhoA T19N, a dominant-negative mutant of
hoA, or LacZ diluted in DMEM with 5% fetal calf serum at a multi-
licity of infection (MOI) of 30 particles/cell and incubated for 24 h. The
iral suspension was removed and cells were cultured in the serum
epleted medium for 24 h.

cDNA probes of bovine ICAM-1 and bovine eNOS. Total RNA (1
g), extracted from LPS-stimulated BAEC, was reverse transcripted
ith Oligo dT (Promega) and M-MLV reverse transcriptase (Pro-
ega) at 37°C for 3 h. One mg of the reverse-transcripted material
as amplified with Taq DNA polymerase (Takara) using a primer
air specific to bovine ICAM-1 cDNA (59-gtgaattccatggcaccaatttctct-
9, 39-gtgaattcacttcacgggtgactctg-59) (14). PCR product was digested
ith EcoRI and ligated into EcoRI-site of pBluescript. The cDNA

nsert was confirmed by sequenced by the dideoxy termination
ethod. ICAM-1 cDNA probe was obtained from the amplified

Bluescript containing ICAM-1 cDNA.
98
racted from fragments of 1.1 kbp was used as eNOS cDNA probe for
orthern blot analysis (15).

Northern blot analysis. Total RNAs were extracted from cells
ith ISOGEN (Wako). Equal amounts of total RNA (15 mg) were

ize-fractionated on 1% agarose gel containing 5% formaldehyde, and
NAs were transferred to a Hybond-N membrane (Amersham) by
lotting using 103 SSC buffer. Blots were hybridized at 42°C in
uffer containing 50% formamide, 53 SSC, 13 Denhardt’s solution,
nd 0.5% SDS. cDNA probes of bovine ICAM-1 or bovine eNOS were
abeled by random priming (Amersham) using [a-32P]dCTP. After
ashed twice at 55°C in 0.2% SSC and 0.1% SDS for 30 min, filters
ere exposed to imaging plates for 45 min, and processed to the

maging analysis. RNA loading was determined by ethidium bromide
taining of 18S and 28S ribosomal RNA.

ESULTS

erivastatin Suppressed LPS-Induced ICAM-1
mRNA Expression

Northern blot analysis showed that LPS (50 ng/ml)
nduced a time-dependent increase up to 24 h in
CAM-1 mRNA expression in BAECs (data not shown).
retreatment of BAECs with cerivastatin (0.1–10 mM)

or 16 h prior to stimulation with LPS (50 ng/ml) re-
ulted in a concentration-dependent suppression of
PS-induced ICAM-1 expression (Fig. 1A). In contrast,
umor necrosis factor-a (TNF-a) (100–500 U/ml)-
nduced ICAM-1 mRNA expression reached the maxi-

al level at 3–6 h and then decreased gradually (data
ot shown). Pretreatment with cerivastatin had no
uppressive effect on TNF-a-induced ICAM-1 expres-
ion (Fig. 1B). Thus cerivastatin suppressed LPS-
nduced ICAM-1 mRNA expression in BAECs, whereas
his agent failed to modify TNF-a-induced ICAM-1
RNA expression.

ffect of Cerivastatin on eNOS mRNA Expression

Recent reports demonstrated that HMG-CoA reduc-
ase inhibitors up-regulate eNOS expression and nitric
xide (NO) production (16, 17), and NO is revealed to
nhibit ICAM-1 expression in endothelial cells (18). We
xamined whether the suppression of LPS-induced
CAM-1 mRNA expression by cerivastatin is caused by
O production via up-regulation of eNOS. To this end,
e first assessed the effect of cerivastatin on eNOS
RNA expression levels. Treatment with LPS alone only
inimumly modified eNOS mRNA expression. Cerivas-

atin induced up-regulation of eNOS mRNA expression
n LPS-treated endothelial cells, which was inhibited by
otreatment with isoprenoid intermediates, geranylgera-
ylpyrophosphate (GGPP) at a concentration of 10 mM,
ut not farnesylpyrophosphate (FPP) (1–10 mM) (Fig.
A). This finding is in accordance with the report of Laufs
t al., where they demonstrated that HMG-CoA reduc-
ase inhibitors up-regulate eNOS mRNA expression by
ncreasing its stability via blocking of geranylgeranyla-
ion of Rho (19).
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Next we examined whether the inhibitory effect of
erivastatin on LPS-induced ICAM-1 mRNA expres-
ion could be mediated by NO. We found that inhibi-
ion of NO synthesis by pre-treatment with Nv-nitro-
-arginine methyl ester (L-NAME) (1 mM) exhibited no
nfluence on the effects of cerivastatin (Fig. 2B).

ffect of Isoprenoids on LPS-Induced ICAM-1
Expression

Then we examined the direct effect of cerivastatin on
PS-induced ICAM-1 mRNA expression. BAECs, pre-
reated with cerivastatin (10 mM), were stimulated with

FIG. 1. Cerivastatin suppressed LPS-induced ICAM-1 expres-
ion. After pretreatment with cerivastatin (0.01–10 mM) for 16 h,
onfluent BAECs were treated with LPS (50 ng/ml) for 10 h (A) or
NF-a (100 U/ml) for 3 h (B), and subsequently total RNAs were
xtracted. Northern blot analysis was performed using cDNA probes
f bovine ICAM-1. Representative results are shown in the upper
anel. Fold increases of ICAM-1 mRNA expression compared with
asal expression are shown in the lower panel. The values are
eans 6 SEM of at least 3 independent experiments.
99
ent with FPP (1–10 mM) did not reverse the suppres-
ive effect of cerivastatin on LPS-induced ICAM-1 ex-
ression. In contrast, cotreatment with GGPP at a
oncentration of 10 mM, but not 1 mM, reversed the sup-
ressive effect of cerivastatin (Fig. 3A). These findings
ndicate that LPS-induced ICAM-1 expression pathway
s positively regulated by geranylgeranyl synthesis, and
hat cerivastatin suppresses this pathway by blocking
eranylgeranyl synthesis. In addition, treatment with
GPP or FPP did not affect basal levels of ICAM-1 ex-
ression or LPS-induced ICAM-1 expression.

FIG. 2. L-NAME has no effects on suppression of ICAM-1 expres-
ion. (A) Confluent BAECs were pretreated with cerivastatin (10 mM) in
he presence or absence of GGPP or FPP for 16 h and subsequently
timulated with LPS for 10 h. (B) BAECs were pretreated with ceriv-
statin (0.1–10 mM) for 16 h and subsequently stimulated with LPS in
he presence or absence of L-NAME (1 mM), added 1 h prior to stimu-
ation with LPS. Northern blot analysis was performed using cDNA
robes of bovine eNOS (A) or ICAM-1 (B). Representative results are
hown in the upper panel. Fold increases of ICAM-1 mRNA expression
ompared with basal expression are shown in the lower panel. The
alues are means 6 SEM of at least 3 independent experiments.
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ffects of Rho Modulators on ICAM-1 Expression

By addition of GGPP, Rho is geranylgeranylated and
ranslocated to the membrane (20, 21). We investi-
ated whether Rho is involved in the signal pathway of
PS-induced ICAM-1 expression. Prior to LPS stimu-

ation, BAECs were treated with Clostridium botuli-
um C3 transferase (1–10 mg/ml), an exoenzyme which

nactivates Rho by ADP-ribosylation, for 48 h. C3 de-
reased LPS-induced ICAM-1 mRNA expression in a
ose dependent manner (Fig. 3B). Inhibition of Rho
ctivity by overexpression of RhoA T19N, a dominant-
egative mutant of RhoA, decreased LPS-induced

FIG. 3. Effects of Rho A modulators on ICAM-1 expression. (A)
bsence of GGPP or FPP and subsequently stimulated with LPS stim
3 transferase (1–10 mg/ml) for 48 h, BAECs were stimulated with
xpressing RhoA T19N or LacZ at 30 MOI for 48 h and subsequently s
DNA probes of bovine ICAM-1. Representative results are shown in
n the lower panel. The values are means 6 SEM of at least 3 indep
100
CAM-1 expression by 60% (Fig. 3C). In contrast, over-
xpression of LacZ showed a minimum effect on
CAM-1 expression. These findings indicate that RhoA
ssociates with LPS-induced ICAM-1 expression path-
ay in BAEC, and that cerivastatin down-regulates

his pathway by blocking geranylgeranylation of Rho.

ISCUSSION

The present results demonstrated that cerivastatin
uppressed LPS-induced ICAM-1 mRNA expression in
AECs. HMG-CoA reductase inhibitors are shown to

fluent BAECs were pretreated with cerivastatin in the presence or
ation for 10 h. (B) After pre-treatment with Clostridium botulinum
S for 10 h. (C) BAECs were infected with recombinant adenovirus
ulated by LPS for 10 h. Northern blot analysis was performed using
upper panel. Fold increases of ICAM-1 mRNA expression are shown

dent experiments.
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enes including eNOS, metalloproteinase-9, and tiss-
ue factor (14, 22, 23). Recently, Laufs et al. revealed
hat HMG-CoA reductase inhibitors including mevas-
atin increase eNOS mRNA expression in endothelial
ells. They demonstrated that HMG-CoA reductase in-
ibitors yield their effect on eNOS mRNA by increas-

ng mRNA stability rather than acting on transcription
19). In accordance with their report, we found that
NOS mRNA was up-regulated by cerivastatin. NO is
hown to inhibit LPS-induced ICAM-1 mRNA expres-
ion (18). However, as revealed by L-NAME treatment,
he inhibitory effect of cerivastatin on LPS-induced
CAM-1 mRNA expression was not mediated by NO.
urthermore, the inhibitory effect was unlikely to be
ediated by the effects of cerivastatin on ICAM-1
RNA stability, since the inhibitory effect was specif-

cally observed in the stimulation with LPS, but not
ith TNF-a (Fig. 1). Then we examined the possibility

hat cerivastatin exerts its inhibitory effect by directly
cting on the signal pathway from LPS stimulation to
CAM-1 mRNA induction.

LPS, released from the outer membrane of Gram-
egative bacteria, triggers cells to synthesize inflam-
atory mediators and induces expression or activation

f adhesion molecules (4). Although the mechanisms by
hich LPS activates cells remain largely unexplored,
oth plasma LPS-binding protein (LBP) and CD14
ave been shown to be required (24). Recent studies
emonstrated that interaction between the ternary
embrane CD14 (mCD14)-LPS-LBP complex and Toll-

ike receptor 2 (TLR2) on cell surface initiates the
ntracellular signal transduction for LPS in myeloid
ells including monocytes (6). LPS induces adhesion of
onocytes to endothelial cells, which is dependent on

nteraction between lymphocyte function-associated
ntigen-1 (LFA-1) on the surface of monocytes and its
ounter-receptor ICAM-1 on endothelial cells LPS is
elieved to activate both LFA-1 and ICAM-1. As for
FA-1 activation, a recent study demonstrated that
ho and phosphatidylinositol (PI) 3-kinase are located
ownstream of mCD14 (25). On the other hand, in
ndothelial cells, which do not express mCD14 on cell
urface, the formation and subsequent cell surface
inding of ternary soluble form CD14 (sCD14)-LPS-
BS complex are shown to induce intracelluar signal

ransduction including phosphorylation of MAP ki-
ases (26, 27). However, the role of Rho in LPS-induced
ignal transduction in endothelial cells has not yet
een examined.
HMG-CoA reductase inhibitors prevent the synthe-

is of important isoprenoid intermediates of the choles-
erol biosynthetic pathway, such as farnesylpyrophos-
hate (FPP) and geranylgeranylpyrophosphate (GGPP).
e examined the possibility that cerivastatin inhibits

PS-induced ICAM-1 mRNA expression by suppress-
ng the synthesis of isoprenoid intermediates. As
101
as reversed by co-treatment with GGPP. This finding
ndicates that the signal pathway of LPS-induced
CAM-1 expression is positively regulated by gera-
ylgeranyl synthesis, and that cerivastatin suppresses
his pathway by blocking geranylgeranyl synthesis.

The Rho family proteins, which include RhoA, RhoB,
ac, and Cdc42, are major substrates for post-

ranslational modification by geranylgeranylation.
ranslocation to membrane by geranylgeranyl modifi-
ation is necessary for activation of Rho. We found that
nhibition of Rho by Clostridium botulinum C3 trans-
erase or by overexpression of a dominant-negative
hoA decreased LPS-induced ICAM-1 expression.
hese results indicate that Rho is involved in LPS-

nduced signal transduction of ICAM-1 mRNA expres-
ion in BAEC, and that cerivastatin attenuates
CAM-1 mRNA expression by inhibiting Rho activa-
ion. The details of signal pathway in which Rho is
nvolved are unclear, and further studies are necessary
o clarify the mechanisms by which inhibition of Rho
ctivation results in suppression of ICAM-1 expres-
ion. Recently, it was shown that Rho is required in
ndothelial cells for the assembly of stable adhesions
ith monocytes through regulation of clustering of
-selectin, ICAM-1, and VCAM-1, and these regulation

s associated with actin cytoskeleton (28). Therefore,
ho is likely involved in LPS-induced leukocyte-
ndothelial adhesion by increasing both clustering and
xpression of ICAM-1.
The present results suggest that cerivastatin, an
MG CoA reductase inhibitor, may serve as a poten-

ial therapeutic tool toward inflammation in general,
part from atherosclerosis, by modulating expression
f adhesion molecules.
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(1998) J. Leukocyte Biol. 63, 732–739.
102
24271.
0. Casey, P. J. (1995) Science 268, 221–225.
1. Gebbink, M. F. B. G., Kranenburg, O., Poland, M., Horck,

F. P. G., Houssa, B., and Moonlenaar, W. H. (1997) J. Cell Biol.
137, 1603–1613.

2. Bellosta, S., Via, D., Canavesi, M., Pfister, P., Fumagalli, R.,
Paoletti, R., and Bernini, F. (1998) Arterioscler. Thromb. 18,
1671–1678.

3. Colli, S., Eligini, S., Lalli, M., Camera, M., Paoletti, R., and
Tremoli, E. (1997) Arterioscler. Thromb. 17, 265–272.

4. Ulevitch, R. J., and Tobias, P. S. (1994) Curr. Opin. Immunol. 6,
125–130.

5. Hmama, Z., Knutson, K. L., Herrera-Velit, P., Nandan, D., and
Reiner, N. E. (1999) J. Biol. Chem. 274, 1050–1057.

6. Tapping, R. I., and Tobias, P. S. (1997) J. Biol. Chem. 272,
23157–23164.

7. Arditi, M., Zhou, J., Torres, M., Durden, D. L., Stins, M., and
Kim, K. S. (1995) J. Immunol. 155, 3994–4003.

8. Wojciak-Stothard, B., Williams, L., Ridley, A. J. (1999) J. Cell
Biol. 145, 1293–1307.

9. Essig, M., Nguyen, G., Prie, D., Escoubet, B., Sraer, J. D., and
Friedlander, G. (1998) Circ. Res. 83, 683–690.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

