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The small guanosine triphosphatase Rho and its target,
Rho kinase, play important roles in both blood pressure
regulation and vascular smooth muscle contraction. Rho
is activated by agonists of receptors coupled to cell mem-
brane G protein, such as angiotensin II and phenylephri-
ne. Once Rho is activated, it translocates to the cell mem-
brane where it, in turn, activates Rho kinase. Activated
Rho kinase phosphorylates myosin light chain phosphata-
se, which is then inhibited. This sequence stimulates vas-
cular smooth muscle contraction, stress fiber formation,
and cell migration. In this way, Rho and Rho kinase acti-
vation have important effects on several cardiovascular
diseases. Currently available substances that specifically
inhibit this signaling pathway could offer clinical benefits
in several cardiovascular, as well as non-cardiovascular,
diseases, such as arterial hypertension, pulmonary hyper-
tension, cerebral or coronary spasm, post-angioplasty
restenosis, and erectile dysfunction.

Key words: Rho. Rho kinase. Small G proteins. Arterial
hypertension. Cardiovascular remodeling.

RE V I E W ART I C L E

Rho/Rho Kinase Signal Transduction Pathway 
in Cardiovascular Disease and Cardiovascular Remodeling
Jorge Jalil,a Sergio Lavandero,b,c Mario Chiong,b,c and María Paz Ocaranzaa

aDepartamento de Enfermedades Cardiovasculares, Laboratorio de Cardiología Molecular, Hospital Clínico,
Pontificia Universidad Católica de Chile, Chile.
bDepartamento de Bioquímica y Biología Molecular, Facultad de Ciencias Químicas y Farmacéuticas,
Universidad de Chile, Chile.
cCentro FONDAP Estudios Moleculares de la Célula, Universidad de Chile, Chile.

La vía de señalización Rho/Rho-cinasa 
en la enfermedad y el remodelado cardiovascular

La guanosina trifosfatasa pequeña Rho y su blanco
Rho-cinasa desempeñan un papel importante en la regu-
lación de la presión arterial y en la contracción de la mus-
culatura lisa vascular. 

Diversos agonistas de los receptores acoplados a la
proteína G de la membrana celular como, por ejemplo, la
angiotensina II y la fenilefrina, activan Rho, que se trans-
loca así hacia la membrana plasmática donde activa
Rho-cinasa. 

Al activarse Rho-cinasa por RhoA se fosforila la fosfa-
tasa de la cadena ligera de miosina, con lo cual esta fos-
fatasa es inhibida, y se favorece de esta manera la con-
tracción de las células musculares lisas vasculares, la
formación de fibras de estrés y la migración celular. Así,
la activación de Rho y de Rho-cinasa tiene efectos impor-
tantes en diversas enfermedades cardiovasculares.

Al disponer en la actualidad de inhibidores de esta vía
de señalización, diversas enfermedades cardiovasculares
(y también otras no cardiovasculares) se podrían benefi-
ciar clínicamente, entre ellas la hipertensión arterial, la hi-
pertensión pulmonar, el espasmo cerebral y coronario, la
reestenosis postangioplastia y la disfunción eréctil.

Palabras clave: Rho. Rho-cinasa. Proteínas G peque-
ñas. Hipertensión arterial. Remodelado cardiovascular.

INTRODUCTION

Arterial hypertension is a cardiovascular disorder
characterized by altered vascular tone and increased

vascular contractility. It is accompanied by prolifera-
tion and migration of vascular smooth muscle cells
and differing degrees of inflammation of the arterial
wall, processes that together constitute vascular re-
modeling. Proliferation, migration of vascular
smooth muscle cells from the media to the intima,
and inflammation of the arterial wall participate in a
number of vascular disorders, including for example,
the progression of atherosclerosis, restenosis, rejec-
tion of bypass grafts, and renal failure. In addition to
cardiac remodeling, arterial hypertension is accom-
panied by hypertrophy of cardiac myocytes, hyper-
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plasia of fibroblasts, and alterations of the extracellu-
lar matrix.

Of the main complications of arterial hypertension,
those associated with the development of atherosclero-
sis are the least affected by current antihypertensive
treatment. A metaanalysis of the effects of antihyper-
tensive treatment revealed a 48% reduction in the inci-
dence of cerebrovascular accidents compared with
only a 16% reduction in the incidence of heart
disease,1 figures that are markedly lower than would
have been predicted from available epidemiological
studies. This finding can be interpreted in a number of
ways. One of these is that development of atheroscle-
rosis and the associated complications are not effec-
tively prevented by current antihypertensive treatment.
These findings are consistent with the lack of evidence
to support lowering of arterial blood pressure as an ef-
fective mean of reducing atherosclerosis or prolifera-
tion of vascular smooth muscle cells, and provide a
strong incentive to investigate other mechanisms of
vascular damage and remodeling with greater potential
for treatment and prevention.

It has recently been shown that activation of the
Rho/Rho kinase signal transduction pathway is one of
the principal mechanisms of vasoconstriction in arte-
rial hypertension and that this pathway has novel ther-
apeutic potential.2

Studies have suggested that the small guanosine
triphosphatase (GTPase) Rho and its target Rho kinase
play a crucial role in the regulation of arterial blood
pressure.3 In vitro studies have demonstrated that the
activated form of Rho kinase regulates vascular

smooth muscle contraction via phosphorylation of the
myosin light chain, sensitization of contractile proteins
to Ca++, and the formation of stress fibers. Further-
more, Rho kinase may also be regulated by various
components of the cytoskeleton that play an essential
role in the mechanotransduction of flow and pressure
in the blood vessels. In addition to a role in the patho-
genesis of atherosclerosis, Rho kinase participates in
the organization of the actin cytoskeleton, in the
processes of cell adhesion and motility, in cytokinesis,
and in gene expression.4 Prolonged treatment with fa-
sudil (a specific inhibitor of Rho kinase) has been
shown to reduce the development of coronary vascular
lesions such as medial thickening and perivascular fi-
brosis in spontaneously hypertensive rats.5

THE RHO/RHO KINASE SIGNAL
TRANSDUCTION PATHWAY

The small GTPase superfamily contains more than
100 structurally related proteins that undergo confor-
mational changes and alter their subcellular localiza-
tion in a manner that is dependent on guanine nu-
cleotides. Small GTPases are active when bound to
GTP and inactive when bound to GDP. In their activa-
ted state, they bind effectors that, in turn, regulate a
large number of biological processes. They are con-
trolled by various classes of regulatory proteins.6 Fi-
gure 1 shows the cycle of activation and inactivation of
the small GTPases. With few exceptions, their activa-
tion is mediated by guanine nucleotide exchange fac-
tors (GEFs). These factors displace the GDP dissocia-
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Figure 1. Activation-inactiva-
tion cycle of the small GTPa-
ses. External factors activate
guanine nucleotide exchange
factor (GEF). This factor dis-
places GDP dissociation inhi-
bitor (GDI), releasing the
isoprenylated residue that an-
chors the small GTPase to the
plasma membrane, and cataly-
zes the exchange of GDP for
GTP. GTP binding induces a
conformational change in the
small GTPase that activates it
and allows it to bind effectors.
GTPase activating protein
(GAP) stimulates the intrinsic
GTPase activity of the small
GTPase. GTP hydrolysis re-
turns the small GTPase to its
inactive state bound to GDP
and GDI.



tion inhibitor (GDI) and unmask the isoprene group
that anchors the small GTPase to the plasma mem-
brane, as well as catalyzing the exchange of GDP for
GTP. GTP binding induces a conformational change in
the small GTPase that activates it and allows it to bind
effectors. GTPase activating proteins (GAP) stimulate
the intrinsic hydrolysis of GTP and lead to the rapid
conversion of small GTPases to their inactive state
bound to GDP and GDI.

Based on structural and functional relationships, the
small GTPase superfamily is subdivided into 5 fami-
lies: Ras, Rho, Rab, Arf, and Ran (Figure 2).7

Members of the Ras family include the 3 classical
isoforms H-Ras, K-Ras, and N-Ras, and are primarily
involved in the regulation of cell proliferation and dif-
ferentiation. The classical isoforms of Ras also regu-
late apoptosis. As shown in Figure 2, all of these ef-
fects are likely to be regulated by the extracellular
regulated kinases (ERK), a subfamily of the mitogen-
activated protein kinases (MAPK), or phosphatidyli-
nositol-3-kinase (PI3K).8

Members of the Rho family (Rap, Ral, and the Rho
subfamily that includes RhoA, RhoB, Rac1, and
Cdc42) are unique in controlling the formation of the

different conformational forms of the actin cytoskele-
ton.4,8,9 In addition, Rho proteins regulate a large num-
ber of other processes, including gene transcription
and lipid metabolism. RhoB has opposing actions to
RhoA and inhibits RhoA-mediated gene expression.
The effects of Rho A on the cellular architecture are
mediated by Rho-dependent serine/threonine kinases
that fall into 2 subgroups: the related protein kinases
protein kinase C (PKC) and protein kinase N, and the
Rho kinases.8 The latter group, with a mass of appro-
ximately 160 kDa, includes ROKα (or ROCK2) and
ROKβ (or ROCK 1). ROKα can stimulate LIM-ki-
nase, an enzyme that phosphorylates and inactivates
cofilin.10 Given that cofilin stimulates actin depoly-
merization,11 the net effect of RhoA through this path-
way is to stimulate the formation of actin fibers. 

When Rho kinase is activated by RhoA it phospho-
rylates myosin light chain phosphatase (MLCP; Figure
3),4 thereby inhibiting it and favoring the contraction of
vascular smooth muscle cells, the formation of stress
fibers, and cell migration. The availability of Y-27632,
a selective inhibitor of Rho kinase12 (Figure 4), as well
as dominant negative forms of the enzyme, have been
useful in elucidating the roles of this pathway.
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Figure 2. Regulation of cell
responses through activation
of small GTPases (Ras,
RhoA, RhoB, and Rac1). An-
giotensin II (Ang II) stimulates
Ras RhoA, RhoB, and Rac1
through a process dependent
upon the activation of a 
G-protein coupled receptor at
the plasma membrane. The
activation of Ras by Gq/11 is
probably mediated by protein
kinase C (PKC). Ras binds 
3 well-defined effectors: phos-
phatidylinositol 3-kinase (PI3K),
RalGDS, and Raf, the latter
being one of the first compo-
nents in the ERK protein kina-
se cascade. In turn, Raf and
RalGDS regulate gene expre-
ssion associated with hyper-
trophy, PI3K modulates glo-
bal gene expression, and the
ERK cascade regulates cell
survival. RhoA modulates 
the cytoskeleton and hyper-
trophy-associated gene ex-
pression through the action
of Rho kinase. Rac1 activates
NAD(P)H oxidase, which con-
trols global gene expression
via the generation of the su-
peroxide anion. Rac1, either
directly or through NAD(P)H
oxidase, also regulates cell
architecture by modulating the actin-myosin cytoskeleton. RhoB has opposing actions to RhoA and inhibits RhoA-mediated gene expression.
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The processes regulated by the different families of
small GTPases are extremely diverse. In fact, there is
almost no area of cell biology or biomedical science in
which a role for these proteins has not been identified.
Furthermore, there are a large number of interactions
between members of the Ras and Rho families. The
signal transduction pathways regulated by members of
the Rho family play in important role in a number of
pathologic conditions, including cancer, inflammation,
bacterial infection, and arterial hypertension.13-15 Rac
also controls the generation of reactive oxygen species
(ROS), both in leukocytes and nonhematopoietic cells.
In the latter cell type, Rac stimulates the production of
ROS by activating a protein complex similar to
NADPH-oxidase, which has mainly been character-
ized in neutrophils.16

These GTPases act as molecular controls in a wide
variety of cell processes, among which the best cha-
racterized is the regulation of the actin cytoskeleton.
Some actions of G-protein-coupled receptors are me-
diated by small GTPases like Rho. It has been demons-
trated that agonists of G-protein-coupled receptors such
as angiotensin II, lysophosphatidic acid, carbachol, and
phenylephrine increase the concentration of Rho at the
membrane and reduce its levels in the cytosol, indica-
ting translocation and activation of Rho.17

The Rho signal transduction pathway participates in
various pathophysiologic processes in the cardiovascu-

lar system.18-21 The majority of these processes are di-
rectly or indirectly associated with arterial hyperten-
sion and its associated complications (Table 1). 

INTERACTION BETWEEN ANGIOTENS
IN II AND RHO IN THE CARDIOVASCULAR
SYSTEM

Vascular remodeling occurs during normal develop-
ment and participates in various physiologic processes.
However, structural changes to the vasculature can be
pathologic as well as adaptive and can lead to the deve-
lopment of arterial hypertension, atherosclerosis, and
diseased venous bypass grafts. Angiotensin II con-
tributes to vascular remodeling through the activation of
signaling cascades that promote vasoconstriction, cell
proliferation, and inflammation. The cytoskeleton also
participates in adaptive structural responses of the vas-
culature. The cytoskeleton mediates vasoactive respon-
ses and transduces both mechanical stimuli and pharma-
cologic signals. Some of the cytoskeletal changes that
occur in vascular remodeling, specifically in vascular
smooth muscle cells, are induced by angiotensin II. In
fact, Rho has been directly linked to pathologic vascular
remodeling through a series of lines of evidence that
demonstrate that angiotensin II activates the Rho/Rho
kinase pathway and regulates the cytoskeleton.22 Figure
2 summarizes the angiotensin II-mediated regulation of
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Figure 3. Regulation of vascu-
lar smooth muscle cell contrac-
tion by Rho kinase. Regulators
of muscle cell contraction acti-
vate 3 independent processes.
The classical mechanism invol-
ves activation of phospholipase
C (PLC), production of inositol-
1,4,5-triphosphate (IP3), incre-
ased levels of intracellular cal-
cium as a result of calcium
channel activation, and activa-
tion of myosin light chain kina-
se (MLCK). Phosphorylation of
myosin induces and maintains
permanent contraction of actin-
myosin fibers. The second me-
chanism functions through
PLC-mediated activation of
protein kinase C (PKC), which
in turn phosphorylates and
activates CPI-17. CPI-17 inhi-
bits myosin light chain phos-
phatase (MLCP), maintaining
myosin in a phosphorylated
and contracted form. The final
mechanism involves activation
of guanine exchange factor
(GEF), RhoA, and Rho kinase.
Rho kinase phosphorylates
MLCP and inactivates it.



cell responses dependent on the activation of GTPases
(Ras, RhoA, RhoB, and Rac1).

Cardiac Myocyte Hypertrophy

Angiotensin II evokes a variety of hypertrophic re-
sponses in cardiac myocytes, including activation of
various protein kinases, reexpression of fetal genes,
and increased protein synthesis. In cultured rat car-
diac myocytes, angiotensin II activates RhoA, lea-
ding to the formation of premyofibrils and the induc-
tion of genes associated with the hypertrophic
response in a process that appears to differ from that
which occurs in striated muscle.23 In these same
cells, angiotensin II is a potent activator of ERK pro-
teins. This activation is blocked by the administration
of an antagonist of the type 1 angiotensin II receptor,
an effect which is prevented by pretreatment of the
cardiac myocytes with exoenzyme C3, a potent in-
hibitor of Rho. These findings suggest that Rho par-
ticipates in the angiotensin II-mediated activation of
ERK proteins in cardiac myocytes.24,25 In addition, it
has been shown that the activity of the skeletal 
α-actin and c-fos promoters is upregulated by an-
giotensin II, and that this effect is partially inhibited
by pretreatment with exoenzyme C3. Angiotensin II
was found to increase incorporation of tritiated
phenylalanine in cardiac myocytes, an effect that was
also suppressed by pretreatment with exoenzyme C3.
These observations indicate that the Rho family of
small GTPases regulates the hypertrophic response of
cardiac myocytes to angiotensin II.7

Hypertrophy and Hyperplasia of Vascular
Smooth Muscle Cells

Rho and Rho kinase, as well as c-fos, play a key
role in the hypertrophic changes induced in vascular

smooth muscle cells by angiotensin II.26 In this cell
type, Y-27632 abolishes both mRNA and protein ex-
pression of c-fos in response to angiotensin II.26

Mechanotransduction in vascular smooth muscle cells
depends on the presence of intact actin filaments. Fur-
thermore, Rho is activated by stretching, and the
Rho/Rho kinase pathway mediates stretch-induced
ERK activation and vascular hyperplasia.27

Angiotensin II, Vascular Inflammation,
and RhoA

It has been postulated that Rho kinase could parti-
cipate in atherogenesis, based on studies of the role
of this pathway in vascular inflammation. Monocyte
chemoattractant protein-1 (MCP-1) is a chemokine
that regulates monocyte recruitment and participates
in atherogenesis. Rho kinase regulates the an-
giotensin-induced production of MCP-1, indepen-
dently of ERK activation. In vascular smooth muscle
cells, this MCP-1 production is blocked by botulinum
exotoxin C3.28 Overexpression of a dominant-nega-
tive Rho kinase or the use of Y-27632 significantly
inhibit the angiotensin II-dependent expression of
MCP-1.28 

Bradykinins and the Rho Signal Transduction
Pathway

Few studies have assessed the possible interaction
of bradykinins with the Rho signaling pathway, and
even fewer in relation to cardiovascular remodeling. It
has been shown in A549 epithelial cells that
bradykinin stimulates the activation of NFκB and the
synthesis of interleukin-1β, and that RhoA is both ne-
cessary and sufficient to mediate this effect.29

RHO SIGNALING AND ARTERIAL
HYPERTENSION

The role of Rho signaling in arterial hypertension
was first recognized in 1997.3 In that study, a specific
inhibitor of Rho kinase was observed to reduce arterial
blood pressure in 3 experimental models of arterial hy-
pertension. However, the relationship between Rho
signaling and pathologic cardiovascular remodeling,
or with the vasoactive molecules angiotensin II and the
bradykinins, was not studied.

Increases in the expression and activity of RhoA are
associated with an increase in DNA synthesis and a re-
duction in the expression of the cell cycle protein
p27/Kip1 in the aorta and tail artery of spontaneously
hypertensive and L-NAME-treated rats.30 In the aorta,
nitric oxide inhibits the activity of Rho kinase and the
sensitization of the tissue to calcium, leading to the
hypothesis that nitric oxide-mediated vasodilation oc-
curs through inhibition of the vasoconstrictor activity
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TABLE 1. Cardiovascular Processes Involving Rho

and Rho Kinase

Vascular sensitization to calcium through phosphorylation 

of the myosin light chain, causing arterial vasoconstriction, 

increased vascular resistance, and arterial hypertension3,58,59

Activation of ERK protein kinases and arterial contraction 

induced by angiotensin II in resistance vessels18,58,59

Contribution to cerebral arterial tone in chronic arterial 

hypertension19,58

Mediation of the effects of thrombin on the proliferation 

and migration of vascular smooth muscle cells17

Expression of plasminogen activator-1 mRNA, and perivascular 

and left ventricular myocardial fibrosis in arterial hypertension 

induced by chronic administration of angiotensin II20

Early inflammation of the coronary arterial wall and late coronary 

remodeling in experimental arterial hypertension produced by 

chronic inhibition of endothelial nitric oxide synthase21



of Rho kinase.31 Nitric oxide induces vasodilation
through cyclic GMP. A recent study demonstrated that
protein kinase G phosphorylates RhoA and inhibits its
activity.32 In addition, sodium nitroprusside reverses
the RhoA translocation induced by phenylephrine, in-
dicating inhibition of RhoA activity. Figure 3 summa-
rizes the mechanisms through which RhoA has been
observed to cause vasoconstriction in arterial hyper-
tension.

Few studies have addressed the role played by this
signal transduction pathway in arterial hypertension
in humans. In a recent study in hypertensive patients,
fasudil, a specific inhibitor of Rho kinase used in the
treatment of cerebrovascular spasm in subarachnoid
hemorrhage, was seen to induce a stronger vasodila-
tory response in the forearm of hypertensive than
control subjects, while the response to sodium nitro-
prusside was similar in both patient groups. This re-
sult constitutes the first evidence that the Rho/Rho
kinase pathway participates in the pathogenesis of in-
creased systemic vascular resistance in hypertensive
patients.32

THE RELATIONSHIP BETWEEN RHO
SIGNALING AND ATHEROGENESIS

The Role of Rho in the Endothelium

There are various interactions between Rho signa-
ling and the structure and function of the endothelium
in both normal and pathologic conditions. These inter-
actions participate in the development of arterial hy-
pertension and are associated with the progression of
atherosclerosis in various arteries.

The integrity of the endothelium depends on inter-
cellular adhesions mediated by vascular-endothelial
(VE) cadherin that, in turn, depend on connections to
the actin cytoskeleton. Rho controls cytoskeletal dy-
namics and cadherin function in epithelial and en-
dothelial cells. The function of these cadherins is also
regulated by ROS, which control the pathophysiologic
changes associated with inflammation and endothelial
damage, and with migration of endothelial cells and
angiogenesis.33 Endothelial dysfunction is characte-
rized by an altered endothelial response that favors the
processes of vasoconstriction, cell adhesion, and coa-
gulation. The statins, inhibitors of HMG-CoA reduc-
tase, are useful for reversing endothelial dysfunction,
an effect that appears to be independent of the reduc-
tion of serum cholesterol concentration. Rho-depen-
dent activation of preproendothelin-1 expression is in-
hibited by statins. Thus, control of vascular tone and
proliferation mediated by endothelin-1 is regulated at
multiple levels, and Rho signaling may play a signifi-
cant role.34

Rho modulates the permeability of endothelial
monolayers and regulates actin filament assembly,

contractile activity due to myosin, and the distribu-
tion of the calcium dependent cell adhesion molecule
VE cadherin. Rho and the contractile processes
mediated by RhoA do not participate in the increased
permeability induced by bradykinin and platelet acti-
vating factor in intact microvessels.35 The regulation
of the endothelial cell barrier is absolutely dependent
on components of the cytoskeleton. Factors that
cause edema induce contraction of this barrier
through actomyosin, associated with phosphorylation
of myosin light chain and reorganization of fila-
ments. Alteration of this structural assembly increa-
ses dysfunction of the endothelial barrier by activa-
ting specific signaling pathways that “talk” to
networks of microfilaments and increase the Rho-
mediated contractility of the endothelial barrier.36

The migration of endothelial cells induced by vascu-
lar endothelial growth factor (VEGF) is a critical step
in angiogenesis, and requires the participation of
Rac, another small GTPase.37

THE RELATIONSHIP BETWEEN 
RHO SIGNALING AND VASCULAR
INFLAMMATION, ADHESION MOLECULES,
AND PROCOAGULATION IN ARTERIAL
HYPERTENSION

Inflammation is crucial to the pathogenesis of
atherogenesis and plays an important role in the vascu-
lar complications associated with arterial hyperten-
sion. Transmigration of monocytes into the suben-
dothelial space, via integrin activation and chemotaxis,
is the initial step in atherosclerotic plaque formation
and inflammation. Integrins are activated by ERK,
while p38-MAPK and Rho control chemotaxis media-
ted by MCP-1. Rho and Rho kinase are upstream of
p38-MAPK in MCP-1 signaling. Thus, ERK and p38-
MAPK regulate distinct signal cascades that lead to in-
tegrin activation and chemotaxis induced by MCP-1.38

In addition to regulating fibrinolytic activity, plas-
minogen activator inhibitor type 1 (PAI-1) also plays a
role in the pathogenesis of atherosclerosis and arterial
hypertension. Angiotensin II, acting through the type 1
angiotensin II receptor, upregulates protein and mRNA
expression of PAI-1 in vascular smooth muscle cells.39

Overexpression of a dominant-negative Rho kinase or
the use of Y-27632 completely blocks the induction of
PAI-1 expression by angiotensin II, without affecting
ERK activation. These observations indicate that acti-
vation of the ERK and Rho kinase pathways is neces-
sary for the induction of PAI-1 expression by an-
giotensin II. Rho kinase could be a novel target
through which to inhibit the effects of angiotensin II in
the treatment of arterial hypertension and atherosclero-
sis.

In rat fibroblasts, inhibition of PKC or RhoA selec-
tively inhibits induction of c-fos by transforming
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growth factor β1 (TGF-β1), indicating possible roles
for both PKC and RhoA in the induction of c-fos by
TGF-β1.40

Rho participates in signaling through chemoattrac-
tant receptors that initiates rapid adhesion in leuko-
cytes.41 The interactions of endothelial ICAM-1 and
VCAM-1 with their ligands are involved in the differ-
ential regulation of distinct steps in diapedesis by
modulating the balance of active and inactive forms of
small GTPases.42 In endothelial cells of the aorta, the
statin cerivastatin blocks lipopolysaccharide-induced
expression of ICAM-1 mRNA. Cotreatment with ge-
ranylgeranyl pyrophosphate reverses the effect of the
statin, indicating that this effect is caused by inhibition
of Rho activity.43

Rho mediates the assembly of focal adhesions
through integrins and actin stress fibers. Genetic inhibi-
tion of RhoA in human endothelial cells has demons-
trated a requirement for Rho in the assembly of stable
adhesions with monocytes through clustering of the
receptors E-selectin, ICAM-1, and VCAM-1, which
recognize ligands present on monocytes.44

The endothelium of the cerebral blood vessels,
which constitutes the blood-brain barrier, controls the
adhesion and migration of lymphocytes into the brain.
The cell adhesion molecule ICAM-1 participates in
the extravasation, morphological changes, and gene
regulation associated with the migration of lympho-
cytes across the blood-brain barrier through activation
of Rho and phosphorylation of the endothelial actin
cytoskeleton.45,46 In the brain, the signaling pathway
mediated by ICAM-1 in the endothelial cells is a cen-
tral element in facilitating lymphocyte migration. Rho
proteins, which require posttranslational prenylation to
be functionally active, are essential components of this
signaling cascade. It has been suggested that the signal
transduction systems of cerebral endothelial cells, par-
ticularly Rho proteins, could be attractive pharmaco-
logical targets through which to recruit leukocytes to
the central nervous system.47

It has been observed in experiments with human T
lymphocytes that Rho and Rho kinase regulate the ty-
rosine kinase PYK2 by controlling F-actin-mediated
control of the integrin lymphocyte function-associated
antigen-1, highlighting a novel form of modulating the
activity of this cytoplasmic tyrosine kinase. In addi-
tion, Rho regulates the chemokine-induced polariza-
tion and migration of lymphocytes, in which cdc42
plays a key role.48 Antithrombin directly inhibits
chemokine-induced migration of monocytes and lym-
phocytes via the effects of its heparin binding site by
activating PKC and Rho.49

Disequilibrium between nitric oxide and endothe-
lin-1 plays an important role in cardiovascular dis-
eases. Thrombin exerts powerful effects on endothe-
lial function. A study has addressed the molecular
mechanisms through which thrombin regulates the ex-

pression of endothelial nitric oxide synthase (eNOS)
and endothelin converting enzyme-1 (ECE-1) in hu-
man endothelial cells. Incubation of human umbilical
cord endothelial cells with thrombin caused a marked
downregulation of eNOS expression and increased the
levels of ECE-1 protein in a concentration dependent
manner. Thrombin also downregulated and upregula-
ted mRNA expression of eNOS and ECE-1, respec-
tively. The effects of thrombin on eNOS and ECE-1
were found to be mediated by the Rho and ERK path-
ways, respectively.50

NADH/NAD(P)H OXIDASES, REACTIVE
OXYGEN SPECIES, AND RHO

The NADH/NAD(P)H oxidase pathway is one of
the main producers of ROS in the vascular system. Su-
peroxide (O2

–) anions are generated that can react with
nitric oxide to form the peroxynitrite anion, which
lacks the relaxant activity of nitric oxide on the
smooth muscle. Angiotensin II induces activation of
NADH/NAD(P)H oxidases in vascular smooth muscle
cells, leading to increased production of O2

– and inac-
tivation of nitric oxide. In phagocytes, the NAD(P)H
oxidase system that generates O2

– is regulated by small
G proteins related to Rac.51

In the vascular smooth muscle cells of the rat aorta,
inhibition of Gαi with pertussis toxin and inhibition of
NADH/NAD(P)H oxidase reduces stimulation of p21-
activated kinase (PAK) induced by lysophosphatidic
acid (LPA). Thus, in these cells, LPA activation of
PAK is mediated by Gαi and is dependent on Src. In
addition, activation of PAK by LPA requires genera-
tion of ROS.52

Tissue factor activates the extrinsic pathway of co-
agulation, which leads to thrombin formation. Throm-
bin induces expression of tissue factor mRNA in
vascular smooth muscle cells and, consequently, con-
tributes to prolonged procoagulant activity and in-
creased thrombogenicity at sites of vascular lesion.
NAD(P)H oxidase participates in the redox-sensitive
induction of tissue factor mRNA expression and the
surface procoagulant activity activated by thrombin.
This response is mediated by the NAD(P)H oxidase-
dependent activation of MAPK and by the PI3K/pro-
tein kinase B pathway. Given that active tissue factor
promotes the formation of thrombin, NAD(P)H oxi-
dase could play a crucial role in perpetuating thrombo-
genic effects in lesioned vessel walls.53

Phagocytes produce O2
– through the reduction of

molecular oxygen by the NAD(P)H oxidase complex.
This complex is formed from a membrane-bound fla-
vocytochrome and 3 cytosolic proteins, one of which
is a dimer of Rac1 p21 or Rac2 p21 and the Rho-gua-
nine nucleotide dissociation inhibitor (RhoGDI). It has
been proposed that, following dissociation of RhoGDI,
Rac1 p21 bound to GDP is the physiologic activator of
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NAD(P)H-oxidase in macrophages, and that nu-
cleotide exchange or the conversion of GTP are not
necessarily involved.54

The role of the Rho kinase p160-ROCK in the pro-
duction of O2

– by human polymorphonuclear leuko-
cytes, and in the aggregation and adhesion of this cell
type has been investigated under physiologic condi-
tions using the selective p160-ROCK inhibitor 
Y-27632.55 Here it was observed that production of
O2

– stimulated by phorbol ester was inhibited by 
Y-27632 in a concentration-dependent manner, indi-
cating that p160-ROCK participated in this process
and in the aggregation of human polymorphonuclear
leukocytes.

Hydrogen peroxide, a reactive oxygen species, caus-
es pulmonary edema, and increases hydrostatic pres-
sure and vascular permeability. Increased permeability
is accompanied by contraction and reorganization of
the cytoskeleton in endothelial cells that leads to the
formation of intercellular adhesions. The Rho family
is also implicated in cell contraction. It has been
demonstrated that an inhibitor of Rho kinase blocks
the generation of this type of edema in rabbit lung, an-
tagonizing the effects of H2O2. This finding indicates
that Rho is involved in H2O2-induced pulmonary ede-
ma.56

PLEIOTROPIC EFFECTS OF THE STATINS
THROUGH THE RHO SIGNALING PATHWAY

Statins, inhibitors of HMG-CoA reductase, are po-
tent inhibitors of cholesterol biosynthesis. A number
of clinical studies have demonstrated beneficial ef-
fects of statins in the primary and secondary preven-
tion of heart disease. However, their action seems to
extend beyond what would be expected on the basis
of hypolipidemic effects alone. Recent experimental
and clinical evidence reveals that the pleiotropic ef-
fects of statins are independent of their actions on
cholesterol and involve an improvement or restora-
tion of endothelial function, increasing plaque stabil-
ity and reducing oxidative stress and vascular inflam-
mation. A number of the pleiotropic effects of the
statins are mediated by their capacity to block the
synthesis of important isoprenoid intermediates (far-
nesyl or geranylgeranyl) that serve as lipid anchors
for various intracellular signaling molecules. In par-
ticular, the inhibition of small GTPases (Figure 4),
whose membrane localization and function depend
on the process of isoprenylation (specifically farnesy-
lation or geranylgeranylation), would play an impor-
tant role in mediating the direct cellular effects of the
statins on the vessel wall.57

Despite all of the recent findings that have been dis-
cussed here, a number of questions remain to be an-
swered in the coming years. It will be important to ad-
dress whether similar patterns of cardiovascular

activation of the Rho signaling pathway occur in dif-
ferent experimental models of arterial hypertension, to
identify the main stimuli, and to assess how activation
of the pathway is linked to the expression of genes that
encode proteins with proinflammatory, profibrotic, and
prothrombotic effects on the arteries. Furthermore, it
will be of interest to determine whether there is any re-
lationship between vascular activation of Rho signa-
ling and local or systemic changes in vasoactive pep-
tides, cell adhesion molecules, and/or prooxidant
pathways in the development of arterial hypertension.
Finally, it will be important to determine whether inhi-
bition of distinct points in the Rho signaling pathway,
once activated, affects the process of vascular remod-
eling in arterial hypertension or only blood pressure,
given the many possible therapeutic targets beyond ar-
terial hypertension (Table 2 and Figure 4).

In conclusion, the Rho/Rho kinase signal transduc-
tion pathway represents a newly recognized mecha-
nism of vasoconstriction in arterial hypertension,
pathologic cardiovascular remodeling, and a number
of other cardiovascular and noncardiovascular condi-
tions, and may represent a novel and promising thera-
peutic target.
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by statins and farnesyltransfera-
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me in the regulation of isopre-
noid synthesis from acetyl-CoA,
while FTIs directly inhibit far-
nesyltransferase. Y-27632 and
fasudil inhibit Rho kinase. All of
these are potential therapeutic
targets for the treatment of car-
diovascular diseases.
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