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1 Inhibition of the type 5 phosphodiesterase and inhibition of Rho kinase are both effective in
reducing pulmonary hypertension (PH). Here we investigate whether Rho kinase inhibition is involved
in the beneficial effect of the type 5 phosphodiesterase inhibitor sildenafil on PH.

2 Chronic hypoxia-induced PH in rats is associated with an increase in RhoA activity in pulmonary
artery that was maximal after 2 days (10.770.9-fold increase, n¼ 6, Po0.001). The activity of Rho
kinase assessed by measuring the level of myosin phosphatase target subunit 1 (MYPT1)
phosphorylation was also increased (5.770.8-fold over control, n¼ 8).
3 Chronic fasudil (30mg kg�1 day�1; 14 days) and sildenafil (25mgkg�1 day�1; 14 days) treatments
reduced PH and pulmonary cardiovascular remodelling, and inhibited the MYPT1 phosphorylation in
pulmonary artery from hypoxic rats by 82.373% (n¼ 4) and by 76.672% (n¼ 4), respectively.
4 The inhibitory effect of sildenafil (10 mM) on MYPT1 phosphorylation was demonstrated by the
loss of actin stress fibres in vascular smooth muscle cells. However, in vitro kinase assays indicated that
sildenafil had no direct inhibitory action on Rho kinase activity.

5 Sildenafil treatment induced increased RhoA phosphorylation and association to its cytosolic
inhibitory protein, guanine dissociation inhibitor (GDI) in pulmonary artery.

6 We propose that sildenafil inhibits RhoA/Rho kinase-dependent functions in pulmonary artery
through enhanced RhoA phosphorylation and cytosolic sequestration by GDI. The inhibition of
intracellular events downstream of RhoA thus participates in the beneficial effect of sildenafil on PH.
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Introduction

The pathogenesis of pulmonary hypertension (PH) is a

complex and multifactorial process. Pathologic changes of

pulmonary arteries, which involve endothelial dysfunction,

endothelial and smooth muscle cell proliferation, and in-

creased vasoconstriction, decrease the lumen area of the

pulmonary microvasculature, causing fixed elevation of

pulmonary resistance. Although these pathological features

are common to all forms of human PH (Rabinovitch, 1997),

the mechanisms responsible for this abnormal vascular

proliferation are unknown. However, impairment of endo-

thelial functions leading to an imbalance of vasodilator and

vasoconstrictor influences is likely to play a central role in the

initiation and progression of PH (Budhiraja et al., 2004).

Drugs that improve the endothelial function or restore the

altered balance of endothelium-derived vasoactive mediators

such as endothelin-1 receptor antagonists and prostacyclin

analogues are used to treat this disease with moderate success

(Runo & Loyd, 2003). The NO/cGMP axis is also considered

as a major target for the treatment of PH. Recently, the type 5

phosphodiesterase inhibitor sildenafil has been identified as a

promising therapeutic agent for PH. The type 5 phosphodies-

terase is the major cGMP-degrading phosphodiesterase in the

pulmonary vasculature and is upregulated in PH (Maclean

et al., 1997; Zhao et al., 2001; Murray et al., 2002; Sebkhi

et al., 2003). Sildenafil reduces right ventricular hypertrophy in

chronic hypoxic mice (Zhao et al., 2001), pulmonary arterial

pressure (PAP) in chronic hypoxic rats (Sebkhi et al., 2003),

and improves survival rate in rats with PH induced by

monocrotaline injection (Itoh et al., 2004; Schermuly et al.,

2004). Short-term studies in patients with PH suggest that

sildenafil is an effective pulmonary vasodilator (Ghofrani

et al., 2002; Michelakis et al., 2002).

On the other hand, recent pharmacological studies have

suggested a role for the serine/threonine kinase Rho kinase in

the development of PH. In vivo, intravenous or oral treatment

with Rho kinase inhibitor (Y-27632 or fasudil) nearly

normalizes the high pulmonary AP in chronically hypoxic

rats, attenuates the development of chronic hypoxia-induced
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PH in mice, and reduces pulmonary arterial lesions in the

model of monocrotaline-induced PH in rats (Abe et al., 2004;

Fagan et al., 2004; Nagaoka et al., 2004). In addition, inhaled

Y-27632 or fasudil causes sustained and selective pulmonary

vasodilation in monocrotaline-induced PH and in spontaneous

PH in fawn-hooded rats, as well as in chronically hypoxic

rats (Nagaoka et al., 2005). Rho kinase is one of the main

downstream effectors of the small G protein RhoA, which

functions as a tightly regulated molecular switch that governs a

wide range of cellular functions (Van Aelst & D’Souza-

Schorey, 1997). In particular, Rho kinase phosphorylates the

myosin phosphatase target subunit 1 (MYPT1) of smooth

muscle myosin phosphatase at Thr-696, leading to the

inhibition of its activity (Feng et al., 1999). This inhibition of

smooth muscle myosin phosphatase activity is a primary

mechanism of the Ca2þ sensitization of smooth muscle

contraction (Feng et al., 1999; Somlyo and Somlyo, 2003). A

large body of evidence has now been obtained regarding the

important functions of RhoA in the vasculature, and RhoA

has been shown to play a major role in the regulation of

vascular cell processes such as actin cytoskeleton organization,

contraction, gene expression, and differentiation (Somlyo &

Somlyo, 2000; Mack et al., 2001). In vascular smooth muscle

cells, RhoA has been shown to be regulated by the NO/cGMP

pathways. RhoA is phosphorylated by cGMP-dependent

protein kinase (PKG) (Sauzeau et al., 2000). This phosphor-

ylation prevents the translocation of active GTP-bound RhoA

to the membrane, which is an obligatory step for the activation

of its downstream effectors. Activation of the NO/cGMP

pathway thus leads to the inhibition of RhoA-dependent

functions, including actin cytoskeleton organization, Ca2þ

sensitization of the contraction, and gene transcription

(Sauzeau et al., 2000; Gudi et al., 2002).

The purpose of this study was thus to investigate whether

the beneficial effect of sildenafil on chronic hypoxia-induced

PH in rats is mediated through the inhibition of RhoA-

dependent pathways.

Methods

Animals

All experiments were conducted in accordance with institu-

tional guidelines for the care and use of laboratory animals.

Male Wistar rats (250 g) were used. The normoxic rats were

housed in room air at a normal atmospheric pressure

(760mmHg). The hypoxic rats were housed in a hypobaric

chamber at 380mmHg (Vacucell 111 L, Medcenter, Munich,

Germany) for 0–14 days. Sildenafil (25mg kg�1 day�1) and

fasudil (30mg kg�1 day�1; LC Laboratories, Woburn, MA,

U.S.A.) were administrated by gavage. At completion of the

exposure to hypoxia or treatment, lungs and extralobar

pulmonary arteries were removed. Tissues were then prepared

as indicated for histologic or Western blot analyses.

Western blot analysis

Pulmonary arteries were harvested and de-endothelialized,

then homogenized in NETF buffer (100mM NaCl, 2mM

EGTA, 50mM Tris-Cl, pH 7.4 and 50mM NaF) containing

1% NP-40, 2mM orthovanadate, protease inhibitors, and

phosphatase inhibitor cocktail (Sigma). Nuclei and unlysed

cells were removed by low-speed centrifugation at 10,000� g for

15min at 41C. After determination of protein concentration in

lysates from pulmonary artery samples, equal amounts of

protein were loaded in each lane of polyacrylamide/SDS gels,

which were then electrophoresed and transferred to nitrocellu-

lose. Lysates were analysed by Western blot with mouse

monoclonal antibodies against RhoA (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, U.S.A.) or rabbit polyclonal anti-Rho

guanine dissociation inhibitor (GDI) antibody (Upstate Bio-

technology, Lake Placid, NY, U.S.A.). Equal loading was

confirmed by reprobing the membrane with anti-b-actin anti-
body (Sigma, Saint Quentin Fallavier, France). When needed,

cell fractionation was performed according to Dignam (1990).

Rho kinase inhibits myosin phosphatase activity by

phosphorylation of MYPT1 on Thr-696 (Feng et al., 1999).

Rho kinase activity in rat pulmonary artery samples was

quantified by Western blot analysis for MYPT1 using a sheep

polyclonal anti-MYPT1 antibody (Upstate, Euromedex,

Munolsheim, France) and for phosphorylated MYPT1 using

a rabbit polyclonal anti-phospho-MYPT1 (Thr-696) (Upstate).

Immunoreactive bands were visualized using horseradish

peroxidase-conjugated secondary antibody and subsequent

ECL detection (Amersham Pharmacia Biotech, Orsay,

France), then quantified by densitometric analysis using

QuantityOne (Biorad, Hercules, CA, U.S.A.).

RhoA activity

RhoA activity was assessed in de-endothelialized pulmonary

artery samples by a pulldown assay using the Rho-binding

domain of the Rho effector protein Rhotekin as described

previously (Ren et al., 1999). cDNA encoding for the Rhotekin

RBD was kindly provided by Dr Martin Schwartz (The

Scripps Research Institute, La Jolla, CA, U.S.A.). Briefly, the

pulmonary arteries were rapidly removed, rinsed and placed in

ice-cold phosphate-buffered saline (PBS) and dissected on ice.

Artery samples were then lysed in a lysis buffer (50mM Tris,

pH 7.2, 500mM NaCl, 10mM MgCl2, 1% Triton X-100, 0.5%

sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail

(Sigma), 1mM phenylmethylsulphonyl fluoride). After centri-

fugation at 12,000� g at 41C for 10min, the extracts were

incubated at 41C for 45min with glutathione-Sepharose 4B

beads coupled with glutathione-S-transferase (GST)–rhotekin

fusion protein to determine RhoA activity. Precipitated GTP-

bound RhoA and total RhoA were then analysed by Western

blotting using a mouse monoclonal anti-RhoA antibody.

Immunoreactive bands were detected using ECL detection

and quantified by densitometric analysis.

Pressure measurements

Rats were anaesthetized by intraperitoneal injection of 250mg

urethane. Mean PAP was measured by the insertion of a

catheter connected to a pressure transducer into the right jugu-

lar vein, then through the right atrium and the right ventricle

(RV) into the pulmonary artery. Pressure was then displayed on

a HP 78353A recorder (Hewlett-Packard, Issy-Les-Moulineaux,

France). Systemic arterial pressure (AP) was measured by

another catheter inserted into the left femoral artery.
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Histologic analysis

The left lung was sectioned, fixed in 4% paraformaldehyde in

PBS, and processed for paraffin-embedded sections. Sections

(10mm) were stained with haematoxylin–eosin–saffron. A total
of 15–20 vessels was examined in each section. Pulmonary

arteries (50–150mm in diameter) associated with an airway

distal to the respiratory bronchiole were analysed. The relative

wall thickness ((external diameter�internal diameter)/external
diameter) was quantified using using Metamorph-Metaview

software (Universal Imaging Co., West Chester, PA, U.S.A.)

and normalized to values obtained under control conditions.

These observations were made by experimenters ‘blinded’ to

conditions and treatments.

Actin staining

Smooth muscle cells from rat pulmonary artery were isolated

by enzymatic dissociation and cultured in DMEM with 10%

foetal calf serum (FCS), 100Uml�1 penicillin, and 100mgml�1

streptomycin. Secondary cultures were obtained by serial

passages after the cells were harvested with 0.5 g l�1 trypsin and

0.2 g l�1 EDTA (trypsin–EDTA) and reseeded in fresh DMEM

containing 10% FCS and antibiotics. After dissociation,

myocytes at passage 2 were seeded on glass coverslips and

cultured in DMEM with 10% FCS for 2 days. The cells were

then washed and maintained in serum-free DMEM in the

absence or presence of 10mM sildenafil or fasudil for 0.5–12 h.
Cells were then fixed for 30min in 4% paraformaldehyde,

permeabilized in 0.5% Triton X-100, and then rinsed in PBS.

To quantify actin cytoskeleton organization, dual labelling of

monomeric G-actin and polymerized F-actin was performed

(Knowles & McCulloch, 1992). Cells were simultaneously

stained with FITC-conjugated phalloidin (5 mgml�1) to label
F-actin and Texas red-labelled DNase I (10 mgml�1) to localize
monomeric G-actin, then washed in PBS. Coverslips were

mounted on a glass slide and examined with a fluorescence

microscope (Eclipse E-600, Nikon, Champigny-sur-Marne,

France). The background fluorescence signal was estimated by

collecting planes from areas of the slide without cells, and was

electronically subtracted before analysis. Images were collected

with a cool-SNAP camera (Princeton Instruments, Evry,

France), stored, and analysed using Metamorph software

(Universal Imaging, West Chester, PA, U.S.A.). For each area

examined, images of FITC-phalloidin and Texas Red-DNase I

fluorescence were collected. The time of measurements and

image capturing and the image intensity gain at both

wavelengths were optimally adjusted and kept constant. The

ratio of fluorescence of FITC-phalloidin and Texas Red-

DNase I (F- to G-actin ratio), used to quantify actin

cytoskeleton organization, was calculated for at least 20 cells

in each experimental condition and expressed as a percentage

of the ratio obtained under control condition. A decrease in

the F- to G-actin ratio was assumed to represent depolymer-

ization of actin filaments.

Rho kinase assay

The kinase reaction was carried out in 50ml kinase buffer
(20mM Tris, 25mM b-glycerol phosphate, 1mM EGTA,

0.1mM sodium orthovanadate, 1mM dithiothreitol, pH 7.5)

containing 90 mM [g-32P]ATP (2.2mCimmol�1), 50 mM S6

kinase substrate peptide, 20mU Rho kinase (Upstate), without

or with 10mM of sildenafil or fasudil. After incubation for

30min at 301C with agitation, the reaction mixtures were

spotted onto Whatman P81 paper. The paper was washed

three times for 5min with 0.75% phosphoric acid, once for

3min with acetone. 32P incorporation into substrate was then

determined by Cerenkov counting.

Coimmunoprecipitation

Pulmonary artery samples were lysed in NETF buffer

containing 1% NP-40, 2mM orthovanadate, protease inhibi-

tors, and phosphatase inhibitor cocktail (Sigma). Samples were

precleared with 40 ml of protein A-Sepharose beads (which
have been washed in NETF buffer to give a 50% slurry), and

immunoprecipitations were carried out with rabbit polyclonal

anti-GDI antibody (Upstate) or anti-phosphoserine antibody

(Zymed, CliniSciences, Montrouge, France) preadsorbed on

protein A-Sepharose beads. The protein A-Sepharose-bound

immune complexes were washed twice in NETF buffer

containing NP-40 (1% wv�1) and once in NETF without

detergent. Pellets from the immunoprecipitations were heated

at 951C for 5min in 70ml of Laemmli sample buffer for SDS–
polyacrylamide gel electrophoresis and analysed by immuno-

blot for RhoA and/or GDI. Signals from immunoreactive

bands were detected by ECL (Amersham) and quantified using

QuantityOne (BioRad).

Statistical analysis

Values are expressed as means7s.e.m. Statistical analysis
was performed by Student’s t-test or ANOVA. Po0.05 was
considered significant.

Results

Fasudil reduces chronic hypoxia-induced PH

As classically described, rats chronically exposed to hypoxia

(14 days) showed an increase in PAP associated with RV

hypertrophy, assessed by the ratio of RV weight to left

ventricle (LV) plus interventricular septum weight (RV/

LVþ S) (Figure 1a). Lung specimen from hypoxic rats

demonstrated severe pulmonary arteriolar hyperplasia; the

relative wall thickness of small pulmonary vessels was

increased by more than 400% in hypoxic rats (Figure 1b).

Although we cannot exclude that pulmonary vasoconstriction

could contribute to this medial thickness, the increased nucleus

number in the medial layer of pulmonary vessels indicated

smooth muscle cell proliferation in hypoxic rats (Stenmark &

McMurtry, 2005). To assess the effect of Rho kinase inhibition

on these parameters, rats were treated with fasudil

(30mg kg�1 day�1, by gavage) during 15 days of hypobaric

hypoxia. As shown in Figure 1, fasudil treatment strongly

attenuated the rise in PAP and the right ventricular remodel-

ling induced by chronic hypoxia (Figure 1a). Fasudil also

significantly reduced pulmonary arterial remodelling in rats

exposed to chronic hypoxia (Figure 1b). Fasudil treatment

induced a slight but nonsignificant decrease in systemic AP

(Figure 1a). These observations are thus consistent with the

effects of Rho kinase inhibition previously reported in other

1012 C. Guilluy et al Sildenafil inhibits RhoA/Rho kinase signalling

British Journal of Pharmacology vol 146 (7)



PH models or with other pharmacological Rho kinase

inhibitors (Abe et al., 2004; Fagan et al., 2004; Nagaoka

et al., 2004; Hyvelin et al., 2005).

Chronic hypoxia induces RhoA activation

To test whether the involvement of Rho kinase in the

pathogenesis of hypoxia-induced PH was related to the

activation of RhoA, we directly analysed RhoA activity by

pulldown assay in the rat pulmonary artery. As shown in

Figure 1c, exposure to hypobaric hypoxia induced an increase

in RhoA activity that started the first day of exposure to

hypoxia. The maximal RhoA activity (10.770.9-fold increase
over control, n¼ 6; Po0.001) was measured after 2 days of
exposure to hypoxia. Then, after 3 days, the level of RhoA

activity remained higher than that in normoxia (day 0),

although the level of RhoA expression was decreased, as

described previously (Sauzeau et al., 2003a). These results thus

demonstrated that the development of chronic hypoxia-

induced PH is associated with the activation of RhoA in

pulmonary artery.

Sildenafil reduces chronic hypoxia-induced PH

Recent studies have reported the beneficial effect of sildenafil

in animal models of PH and in humans. Our results confirm

that treatment with sildenafil resulted in a decrease in PAP

(Figure 2a), and demonstrate that it also reduced the right

ventricular hypertrophy (Figure 2a) and the pulmonary artery

thickening in hypoxic rats (Figure 2b) without significant

effect in normoxic animals (Figure 2). Sildenafil treatment had

no effect on systemic AP (Figure 2a). To determine whether

attenuation of chronic hypoxia-induced PH by sildenafil was

associated with decreased RhoA activity, we measured the

amount of GTP-bound RhoA in pulmonary artery from

control and treated rats exposed to hypoxia for 2 days. As seen

in Figure 3a, hypoxia-induced RhoA activation was not

inhibited by sildenafil treatment; in contrast, both the amount

of RhoA and the level of active RhoA are increased in

sildenafil-treated hypoxic rats, in agreement with the positive

regulation of PKG signalling and sildenafil on RhoA

expression (Sauzeau et al., 2003a, b).

The target of RhoA, Rho kinase, phosphorylates the

MYPT1 subunit of myosin light-chain phosphatase at the

Figure 1 Chronic hypoxia-induced PH is associated with RhoA
activation and is reduced by Rho kinase inhibition. (a) PAP, right
ventricular hypertrophy (RV/LVþ S), and systemic AP determined
in control rats (normoxia), rats chronically treated for 14 days with
fasudil (30mgkg�1 day�1), rats exposed to hypoxia for 14 days, and
fasudil-treated rats exposed to hypoxia. (b) Sections of lung tissue
and quantification of the relative thickness of the pulmonary artery
wall in the different experimental conditions (*Po0.01 vs control,
**Po0.01, n¼ 5–10). (c) Amount of active GTP-bound RhoA in
pulmonary arteries obtained from rats exposed to hypoxia for 0–14
days. Total RhoA and b-actin amounts were also assessed in each
sample. Data shown are representative of four independent
experiments.

Figure 2 Sildenafil reduces chronic hypoxia induced-PH. (a) PAP,
right ventricular hypertrophy (RV/LVþ S), and systemic AP
determined in control rats (normoxia), rats chronically treated for
14 days with sildenafil (25mgkg�1 day�1), rats exposed to hypoxia
for 14 days, and sildenafil-treated rats exposed to hypoxia. (b)
Sections of lung tissue and quantification of the relative thickness of
the pulmonary artery wall in the different experimental conditions
(*Po0.01 vs control, **Po0.01, n¼ 5–10).
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Thr-696 residue and this phosphorylation serves as a marker

for Rho kinase activity (Feng et al., 1999). We therefore

examined the activity of Rho kinase by measuring the level of

MYPT1 phosphorylation in pulmonary artery from control

and treated rats exposed to hypoxia for 2 days.

Inhibitory effect of Sildenafil treatment on hypoxia-
induced increase in Rho kinase activity

In agreement with the observed increase in RhoA activity,

analysis of MYPT1 phosphorylation indicated that exposure

to hypoxia for 2 days induced Rho kinase activation (5.770.8-
fold over control, n¼ 8) in pulmonary artery (Figure 3). This
hypoxia-induced Rho kinase activation was inhibited by

sildenafil treatment (76.672%, n¼ 4) (Figure 3a and c). The
inhibitory effect of sildenafil on MYPT1 phosphorylation is

similar to that obtained by treatment with fasudil (82.373%,
n¼ 4), which occurred without any effect on Rho activity and
expression (Figure 3b and c).

Sildenafil inhibits RhoA/Rho kinase-dependent actin
cytoskeleton organization without direct effect on Rho
kinase activity

Actin stress fibre oganization in vascular smooth muscle cells

is controlled by the RhoA/Rho kinase pathway through

MYPT1 phosphorylation (Fukata et al., 2001). To confirm the

inhibitory action of sildenafil on the RhoA/Rho kinase

pathway, we assessed the effect of sildenafil treatment on

actin cytoskeleton organization in smooth muscle cells.

Sildenafil treatment (10 mM) for 0.5–12 h induced a decrease
in actin stress fibre organization, thus confirming the

inhibitory effect of sildenafil on cell functions downstream of

RhoA/Rho kinase (Figure 4a and b). As expected, Rho kinase

inhibition by fasudil (10 mM, 12 h) inhibited actin stress fibre
organization in vascular smooth muscle cells (Figure 4b).

To address whether the inhibitory action of sildenafil

involved a direct effect on Rho kinase, in vitro Rho kinase

assay has been performed. Figure 4c shows that the Rho

kinase activity was inhibited by B95% by 10 mM fasudil, but

was not modified in the presence of 10 mM of sildenafil. This

result thus provides evidence that sildenafil-induced inhibition

of events downstream of Rho kinase such as MYPT1

phosphorylation or actin stress fibre formation was not due

to the direct effect on the enzyme activity of Rho kinase.

Sildenafil increases phosphorylation of RhoA
and its interaction with GDI

Phosphorylation of Ser-188 of RhoA by cAMP-dependent

protein kinase or PKG has been shown to increase its

association to the inhibitory regulating protein GDI indepen-

dently of its GDP or GTP loading, thereby forcing the

cytosolic location of RhoA and preventing the activation of its

downstream effectors (Lang et al., 1996; Sauzeau et al., 2000;

Sawada et al., 2001; Forget et al., 2002; Ellerbroek et al., 2003).

The inhibitory action of sildenafil on Rho kinase-dependent

phosphorylation, which is associated with a high level of GTP-

bound RhoA, could thus result from an increased phosphor-

ylation of RhoA by PKG and cytosolic sequestration through

enhanced GDI association. To address this hypothesis, serine-

phosphorylated proteins were immunoprecipitated from the

pulmonary artery of control- and sildenafil-treated rats, and

RhoA was detected with specific anti-RhoA antibodies.

Figure 5 shows that serine-phosphorylated RhoA is detected

under control condition. The amount of serine-phosphorylated

RhoA immunoprecipitated from the pulmonary artery of

sildenafil-treated rats was strongly increased compared to

control (2.870.14-fold over control, n¼ 3) (Figure 5a and b).
This increase in serine-phosphorylated RhoA correlated with

an increase in the amount of RhoA that coimmunoprecipitated

with GDI (Figure 5a and b). These results thus provide

evidence that inhibition of type 5 phosphodiesterase by

sildenafil increases RhoA phosphorylation and its interaction

with cytosolic GDI in pulmonary artery. To confirm that

sildenafil induced relocalization of RhoA in the cytosol, we

directly examined the subcellular distribution of RhoA and

GDI in membrane and cytosolic fractions from the pulmonary

Figure 3 Effect of sildenafil and fasudil on hypoxia-induced rise in
RhoA and Rho kinase activity in rat pulmonary artery. RhoA
activity has been analysed by pull-down assay and Rho kinase
activity has been assessed by the extent of phosphorylation of
MYPT1 in pulmonary artery from control rats, rats exposed
to hypoxia for 2 days, and rats treated with sildenafil
(25mgkg�1 day�1) (a) or fasudil (30mgkg�1 day�1) (b) and exposed
to hypoxia for 2 days. Total RhoA, total MYPT1, and b-actin
amounts were also assessed in each sample corresponding to
proteins extracted from two pooled pulmonary arteries in each
group. (c) Corresponding densitometric analyses. Rho kinase
activity was quantified by the ratio of the amount of phosphorylated
MYPT to total MYPT and expressed relative to the control
considered as 1. The data presented are representative of four
independent experiments (eight rats in each group) (#Po0.001 vs
control; *Po0.001 vs hypoxia).
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artery of control and hypoxic rats. Results shown in Figure 5c

confirm that hypoxia-induced RhoA activation is associated to

membrane translocation of RhoA and that sildenafil treatment

of hypoxic rat relocalized RhoA in the cytosolic fraction.

Discussion

Results of the present study demonstrate that the type 5

phosphodiesterase inhibitor sildenafil inhibits RhoA/Rho

kinase-dependent functions in pulmonary artery. This inhibi-

tory effect resulted from increased RhoA phosphorylation and

association to the cytosolic inhibitory protein GDI. Our results

thus suggest that the inhibition of intracellular events down-

stream of RhoA, such as Rho kinase activation, participates in

the beneficial effect of sildenafil on PH.

Recent data from pharmacological studies have suggested

a role for Rho kinase in the development of PH. In vivo

treatment with Rho kinase inhibitor reduced the PAP and

pulmonary arterial remodelling in rat and mice models of PH

(Abe et al., 2004; Fagan et al., 2004; Jernigan et al., 2004;

Nagaoka et al., 2004; 2005; Hyvelin et al., 2005). Our results,

showing that the Rho kinase inhibitor fasudil prevented

hypoxia-induced PH and cardiovascular remodelling in rats,

are in agreement with these data and suggest that, independent

of the cause of PH, activation of Rho kinase is a common

point in downstream signalling and a critical component of the

Figure 4 Effect of sildenafil on actin stress fibre organization and
Rho kinase activity. (a) Sildenafil (10 mM) induced a time-dependent
inhibition of actin stress fibres visualized by F-actin staining
using FITC-phalloidin. (b) Quantification of the time-dependent
inhibitory effect of sildenafil on actin cytoskeleton organization
by the ratio of F- to G-actin. The inhibitory effect of fasudil
(10 mM, 12 h) is also shown. Results are expressed as a percentage of
ratio of F- to G-actin in control cells. (c) Sildenafil (10mM) had
no effect on Rho kinase activity, which was strongly inhibited by
fasudil (10mM). Results are expressed as a percentage of Rho kinase
activity in control conditions (*Po0.001 and **Po0.0001 vs
control, n¼ 4–6).

Figure 5 Sildenafil increases RhoA phosphorylation and regulates
RhoA association to GDI in vivo. (a) Protein samples were extracted
from pooled pulmonary arteries of control rats (n¼ 3) and sildenafil-
treated rats (25mgkg�1 day�1) (n¼ 3). Serine-phosphorylated RhoA
was detected by Western blotting with anti-RhoA antibody in
protein extract immunoprecipitated with anti-phosphoserine anti-
body. RhoA binding to GDI was detected by Western blotting with
anti-RhoA antibody in protein extract immunoprecipitated with
anti-GDI andibody. RhoA expression was examined by Western
blotting in total lysates. Western blotting with anti-GDI antibody
shows the presence of similar amounts of GDI in the samples, and
equal loading was confirmed by examination of b-actin expression.
(b) Corresponding densitometric analyses. The amounts of phos-
phorylated RhoA and RhoA/Rho-GDI binding in treated rats are
expressed relative to their respective controls considered as 1
(*Po0.01). (c) Subcellular distribution of RhoA and GDI was
analysed by Western blotting in membrane and cytosolic fractions of
control, hypoxic and sildenafil-treated hypoxic rats. Each sample
corresponded to a pool of three pulmonary arteries. The data
presented are representative of three independent experiments (nine
rats in each group).
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pathogenesis of PH. The beneficial effect of Rho kinase

inhibitor on PH could be ascribed to multiple mechanisms,

including its inhibitory effect on pulmonary vasoconstriction

(Robertson et al., 2000; Wang et al., 2001; Nagaoka et al.,

2004), the prevention of mechanical stress-induced expression

of growth factors (Wilson et al., 1993), or the inhibition of Rho

kinase-mediated mitogenic effects of serotonin (Liu et al.,

2004) and Rho kinase-mediated inhibition of nitric oxide

synthase (Takemoto et al., 2002).

RhoA is considered as the main upstream activator of Rho

kinase. Here we show that exposure to hypoxia rapidly

induced RhoA activation. The maximal activation of RhoA

was detected after 2 days of exposure to hypoxia, in agreement

with previous results showing a moderated increase in RhoA

activity in pulmonary arteries from rats exposed to hypoxia for

4 weeks (Jernigan et al., 2004). The identification of upstream

signalling pathway responsible for RhoA activation therefore

constitutes an important question. As the RhoA/Rho kinase

signalling seems to be a common component of different

models of PH, it is conceivable that the impairment of

endothelial functions and the subsequent imbalance of

vasodilator and vasoconstrictor actions could be involved in

its activation. In fact, the increased influence of serotonin and

endothelin-1 reported in PH could account for the enhanced

RhoA activity in pulmonary artery observed in hypoxic

rat as both vasoconstrictor receptors could couple to RhoA

signalling pathway (Giaid et al., 1993; Li et al., 1994;

Frasch et al., 1999; Somlyo & Somlyo, 2000). On the other

hand, the impaired production/bioavailability of NO induced

by chronic hypoxia could also participate in the increased

RhoA activity (Hampl & Herget, 2000). The NO/PKG

pathway mediated RhoA phosphorylation, which led

to its cytosolic sequestration through enhanced interaction to

GDI and thus prevented activation of downstream effector

target activation (Lang et al., 1996; Sauzeau et al., 2000;

Ellerbroek et al., 2003). Accordingly, a decreased influence of

NO/PKG signalling would reduce the phosphorylation and the

cytosolic sequestration of RhoA and, thus, would increase the

amount of available RhoA, able to activate downstream

pathways such as Rho kinase activation and MYPT1

phosphorylation.

On the opposite, by promoting cytosolic sequestration of

RhoA through enhanced association with GDI, sildenafil-

mediated increase in RhoA phosphorylation prevents activa-

tion of downstream effectors, as shown by the decreased

phosphorylation of MYPT1. Rho kinase-mediated MYPT1

phosphorylation and the subsequent inhibition of myosin

phosphatase activity is a major mechanism of Ca2þ sensitiza-

tion of smooth muscle contraction, and decreased MYPT1

phosphorylation is expected to be associated with Ca2þ

desensitization (Somlyo & Somlyo, 2003). Accordingly,

sildenafil should inhibit Ca2þ sensitization of smooth muscle

contraction. In agreement with the present finding, our

previous results indicated that sildenafil is indeed an inhibitor

of Ca2þ sensitization of the contraction in arterial smooth

muscle contraction (Sauzeau et al., 2003a, b). Sildenafil-

induced RhoA phosphorylation and subsequent inhibition of

Rho kinase-mediated MYPT1 phosporylation is therefore

involved in the relaxing effect of sildenafil. However, other

mechanisms depending on PKG activity could contribute to

this effect. PKG has been shown to phosphorylate MYPT1 at

Ser-695 and, although this phosphorylation had no direct

effect on myosin phosphatase activity, in vitro experiments

using recombinant proteins have suggested that phosphoryla-

tion of Ser-695 could reduce phosphorylation of Thr-696,

thereby limiting the inactivation of myosin phosphatase

(Wooldridge et al., 2004).

By promoting GDI-mediated cytosolic sequestration of

RhoA, sildenafil prevents activation of downstream effectors

and could thus affect RhoA-mediated effects that are

independent of Rho kinase. This suggests that drugs able to

interfere with RhoA protein would have beneficial effects on

PH. Statins represent such drugs. By inhibiting HMG-CoA

reductase, statins prevent the synthesis of isoprenoid inter-

mediates, including farnesyl- and geranylgeranyl-pyrophos-

phate. By this way, statins inhibit the isoprenylation of RhoA,

which results in the accumulation of cytoplasmic RhoA and

the inhibition of dowstream pathway (Liao & Laufs, 2005).

Simvastatin treatment has been shown to potently attenuate

chronic hypoxic PH in rats and inhibit vascular remodelling

(Girgis et al., 2003). Furthermore, simvastatin rescues rats

from fatal PH induced by monocrotaline (Nishimura et al.,

2003). Although the activation of RhoA-dependent signalling

pathways has not been analysed in these reports, these data

support our hypothesis that drugs affecting RhoA should be

effective on PH.
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