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ABSTRACT—Extracellular signal-regulated kinases (ERKs) and c-jun NH,-terminal kinases (JNKs), which
belong to the family of mitogen-activated protein kinases (MAPKSs), play a key role in the regulation of cell
growth or apoptosis or various gene expressions. In spite of the critical importance of MAPKSs for cell
function in vitro, the role of MAPKs in the pathophysiology of the cardiovascular system in vivo is poorly
understood. Recently, we have examined the activities of MAPKSs in various cardiovascular disease models.
JNKs activity is chronically enhanced in cardiac hypertrophy of hypertensive rats or angiotensin II-infused
rats, which is followed by the increase in activator protein-1 (AP-1) activity composed of ¢-Fos and ¢-Jun
proteins. In chronic hypertensive rats, vascular ERKs and JNKs activities are continuously increased com-
pared with normotensive rats, with the development of vascular thickening. Furthermore, balloon injury
rapidly and transiently activates vascular ERKs and JNKs, followed by the activation of AP-1. This acti-
vation of ERKs and JNKs in injured artery is in part mediated by angiotensin AT1 receptor. Thus, the en-
hanced activation of JNKs or ERKSs occurs in various cardiovascular disease models, supporting the notion
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that MAPKSs may be a useful target for treatment of cardiovascular hypertrophy and remodeling.
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Extracellular stimuli, including mechanical stretch,
G protein-coupled receptor agonists, growth factors,
cytokines and stresses, cause a wide variety of cellular
responses such as cellular phenotypic changes, growth,
apoptosis, migration and gene expressions. The first
important molecular event involved in cellular responses
is the activation of intracellular signal transduction
pathways, particularly the activation of protein kinases.
Mitogen-activated protein kinases (MAPKs), which are
protein serine/threonine kinases, are regarded as some of
the most important protein kinases responsible for cellu-
lar responses. MAPKSs, composed of extracellular signal-
regulated kinases (ERKS), c-jun NH,-terminal kinases
(JNKs) and p38-MAPKs, are activated by dual phospho-
rylation on both a threonine and a tyrosine residues,
and they play critical roles in cell differentiation, growth
and apoptosis and the regulation of various transcription
factors and gene expressions (1-3) (Fig. 1). A growing
body of in vitro evidence on cultured cells show that
MAPKs may be implicated in cardiovascular cellular
responses induced by external stimuli (4, 5). Recently, we

have determined the activities of MAPKSs in various ex-
perimental cardiovascular and renal diseases, and we ob-

' tained the results that the activation of ERKs and JNKs

was enhanced in cardiovascular and glomerular tissues
of various experimental disease models, supporting the
notion that ERKs and JNKs may be responsible for
the pathophysiology of cardiovascular and renal diseases
(Table 1) (6—11). Furthermore, JNKs or p38-MAPKs in
the heart are activated by ischemia/reperfusion (12), sug-
gesting the involvement of these MAPKSs in ischemia/
reperfusion injury. Thus, the detailed investigations on
the significance of MAPKSs in these experimental models
are necessary to elucidate the molecular and cellular
mechanism of cardiovascular diseases. In this review,
we will discuss the possible roles of MAPKs in cardio-
vascular hypertrophy and remodeling in vivo.

Differential activation and function of MAPKSs

The cascade of ERKs (13), the most characterized of
the three subfamilies of MAPKs, are principally activated
by mechanical stretch, G protein-coupled receptor ago-
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nists (angiotensin II (Ang II), endothelin or a-adrenergic
agonists, etc.), or stimulation of receptors with intrinsic
tyrosine kinase activity. Unlike the activation of ERKs
predominantly by mitogenic stimuli, JNKs (14) and p38-
MAPKs (15) are activated mainly by cellular stresses
such as inflammatory cytokines, ischemia, oxidative
stress, osmotic shock, heat shock, ATP-depleting agent
and endotoxin. As the upstream cascades of MAPKs and
the regulation of transcription factors by MAPKs are
described in detail in recent excellent reviews (4, 5), we
will describe them only briefly in this review. ERKs, JNKs
and p38-MAPKSs are activated by the dual phosphoryla-
tion of a Thr-Xaa-Tyr motif by dual-specificity MAPKSs
kinases (MKKs), although these three subfamilies of
MAPKs are predominantly activated by different MKKs.

Table 1.
diseases

The pathway of three subfamilies of mitogen-activated protein kinases. GPCR, G protein-coupled receptor.

ERKs are activated by MKK1 and MKK2, JNKs are
mainly activated by MKK?7, while p38-MAPKs are acti-
vated by MKK3 and MKK6. Downstream targets are also
different among the three MAPKs (Fig. 1). ERKs increase
the enzymatic activity of cytoplasmic phospholipase A,
by phosphorylation of its Ser505, leading to the increase
in the release of arachidonic acid and the formation of
lysophospholipids. Furthermore, ERKs phosphorylate
Elk-1, a ternary complex factor, which forms a complex
with serum response factor and together binds to the
promoter of numerous genes such as c-fos containing the
serum response element. Therefore, phosphorylation and
activation of Elk-1 by ERKSs lead to the increased induc-
tion of ¢-fos mRNA (16). Because c-Fos protein is an im-
portant component of transcription factor activator pro-

Enhanced activation of ERKs and JNKs in experimental models of cardiovascular hypertrophy and remodeling, and glomerular

Experimental models (References)

Ang II-induced hypertension (11)
Stroke-prone SHR (7)

DS rat (8)

Balloon injury (9)
Glomerulonephritis (10)

Cardiac JNKSs activation precedes cardiac hypertrophy

JNKs and ERXSs activities are chronically increased in the heart and aorta

Aortic ERKs activities are chronically increased by salt loading

Both JNKs and ERKs are rapidly and transiently activated, partially mediated by AT1 receptor

Both JNKs and ERKs are activated in glomerular tissues; this activation is suppressed by prednisolone

SHR, spontaneously hypertensive rats; DS rat, Dahl salt-sensitive hypertensive rat.
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tein-1 (AP-1), the activation of ERKs is thought to cause
the activation of AP-1 (16). JNKs and p38-MAPKs phos-
phorylate different transcription factors from ERKs.
INKs are the predominant c-Jun kinases and readily
phosphorylate ¢c-Jun at Ser 63/73 (14). JNKs also phos-
phorylate the N-terminal transcriptional activation
domain of activating transcription factor-2 (ATF-2),
leading to its increased transcriptional activating activity
(17). p38-MAPKs activate ATF-2, serum response factor
accessory protein-1 (SAP-1) and CHOP (17). However,
the downstream target genes of these three MAPKs
remain to be determined.

Controversial findings on the role of MAPKSs in cardiac
myocyte hypertrophy in vitro

The role of ERKs, JNKs and p38-MAPKSs in cardiac
myocyte hypertrophy has been examined under in vitro
conditions, mainly using neonatal rat cardiac myocytes.
Recent work, investigating the effects of antisense
oligodeoxynucleotide directed against ERKs on the
phenylephrine-induced hypertrophic response in cultured
rat cardiac myocytes, demonstrate that ERKs are respon-
sible for the development of hypertrophy (18). On the
other hand, other studies do not support the important
contribution of ERKs to the cardiac myocyte hyper-
trophic response (5, 19, 20). The activation of p38 in neo-
natal rat cardiac myocytes, by transfection with MKK6,
augments cell size, enhances atrial natriuretic factor
(ANF) and skeletal a-actin promoter activities and elicits
sarcomeric organization, supporting the important role
of p38 in myocardial cell hypertrophy (21). In more
recent work, specific activation of the JNK pathway in
neonatal rat cardiac myocytes with the infection of re-
combinant adenoviral vectors expressing MKK?7 induces
characteristic features of hypertrophy, including an in-
crease in cell size, elevated expression of ANF and induc-
tion of sarcomere organization, supporting the notion
that JNK may play an active role in the development of
cardiac myocyte hypertrophy (22). Thus, in contrast to
the important role of p38-MAPKs and JNKs in apoptosis
observed in PC-12 cells (3), the above reports suggest
that p38-MAPKSs or JNKs activations may cause cardiac
myocyte hypertrophy rather than apoptosis (21, 22).
However, co-activation of JNKs by MKK7 with p38-
MAPKSs by MKKS6 in neonatal rat cardiac myocytes leads
to an induction of cytopathic responses and suppression
of JNKs-induced hypertrophic responses (22), suggesting
that p38-MAPKs may contribute to myocyte apoptosis
rather than hypertrophy. Thus, there exist conflicting in
vitro data on the role of three families of MAPKSs in the
cardiac myocyte hypertrophic response. The in vivo in-
vestigation must be awaited to conclude the exact role of
each subfamily of MAPKs in cardiac myocyte hyper-

trophy.

MAPKSs in experimental cardiac hypertrophy and re-
modeling

Stroke-prone  spontaneously  hypertensive  rats
(SHRSP) are well established to be a useful model to ex-
amine the pathophysiology of not only hypertension but
also cardiac hypertrophy and remodeling. To examine the
possible contribution of MAPKSs to cardiac hypertrophy
and remodeling, we have determined cardiac MAPKs ac-
tivities in SHRSP and compared them with those in con-
trol normotensive Wistar-Kyoto rats (WKY) at various
ages (7). In WKY, left ventricular ERKs and JNKs activ-
ities decrease with age. Left ventricular ERKs and JNKs
activities in prehypertensive SHRSP do not differ from
those in WKY, while these activities begin to increase in
SHRSP from the phase of mild hypertension and remain
increased until the establishment of cardiac hypertrophy.
Thus, the enhanced activation of left ventricular ERKs
and JNKs in SHRSP compared with WKY occurs
throughout the development of cardiac hypertrophy.
Regression of cardiac hypertrophy of SHRSP with im-
idapril (10 mg/kg/day), an angiotensin-converting en-
zyme inhibitor, is accompanied by decreases in left ven-
tricular JNKs activities but not ERKSs activities. Thus, the
mechanism of the increased activities in SHRSP differs
between ERKs and JNKs. JNKs, rather than ERKs, may
be involved in the pathophysiology of cardiac hyper-
trophy and remodeling in SHRSP.

AngIT directly causes cardiac hypertrophy and
remodeling in vivo as shown by the fact that continuous
infusion of Ang II to rats causes cardiac hypertrophy and
fibrosis via ATI1 receptors, independently of a blood
pressure-elevating effect (23, 24). We have examined the
effect of Angll infusion on cardiac MAPKs (11). Left
ventricular INKs and ERKSs are significantly activated by
Ang IT infusion via the AT1 receptor. Interestingly, Ang
II-induced cardiac activation of JNK in vivo occurs in a
more sensitive manner than that of ERK. Furthermore,
left ventricular hypertrophy, induced by chronic Ang II
infusion, is preceded by the significant activation of INK
without ERK activation. Thus, as in the case of cardiac
hypertrophy of SHRSP, JNK may participate in the Ang
Ii-induced cardiac hypertrophic response in vivo.

Possible implication of JNKs in activation of AP-1 in
cardiac hypertrophy and remodeling

Which downstream cascades JNKs activate in vivo
must be clarified to determine the exact role of JNKs in
cardiac hypertrophy. As described above, as JNKs are the
predominant c-Jun kinase, JNKs are the potent activator
of AP-1 (16). Therefore, we have examined cardiac AP-1
activity in SHRSP and Ang Il-infused rats. Left ventricu-
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lar AP-1 DNA binding activity is significantly increased
by AngII infusion via the AT1 receptor, following the
activation of JNKs (11). This increased AP-1 activity is
due to c-Fos and c-Jun proteins. Furthermore, left ven-
tricular AP-1 activity is also enhanced in SHRSP com-
pared with WKY (Y. Izumiet al., unpublished data).
Thus, it is postulated that the activation of JNKs in Ang
II-infused rats or SHRSP may lead to the activation of
AP-1.

Postulated role of JNKs/AP-1 cascade in cardiac gene
expressions

Cardiac hypertrophy and remodeling, which play a
central role in the development of various cardiac diseases
and heart failure, are characterized not only by the

increase in cell size but also by the significant changes

in various cardiac performance-related gene expressions
such as contractile proteins and extracellular matrix com-
ponents (Table 2) (25, 26). AP-1 importantly regulates the
expression of various genes by binding the AP-1 consen-
sus sequence present in their promoter region (16). In-
terestingly, the fetal phenotype of cardiac genes such as
skeletal a-actin and ANF and cardiac fibrosis-associated
genes such as transforming growth factor-g1 (TGF-51)
and collagen typeI have an AP-1 responsive sequence
in their promoter region (16). Indeed, in cultured cells,
AP-1 activation has been demonstrated to lead to the in-
creased promoter activity of skeletal ¢-actin and TGF-g1.
Furthermore, we have previously reported that the ex-
pression of the above mentioned cardiac genes is sig-
nificantly enhanced in SHRSP and Ang Il-infused rats
(24, 27). These results suggest that INK/AP-1 cascade
may be involved in the increased expression of ANF,
skeletal a-actin, TGF-81 and collagen typeI in cardiac
hypertrophy (Fig. 2). However, the investigation on the
effect of a dominant interfering mutant of JNKs or com-
ponents of AP-1 such as c-Jun on cardiac gene expres-
sions in Vivo is essential to demonstrate our suggestion.

Table 2. General characteristics of cardiac hypertrophy and
remodeling

Cardiac myocyte hypertrophy
Decreased gene expression of a-MHC (adult phenotype of gene)
Increased gene expression of fetal phenotype of genes
B-MHC, skeletal a-actin, ANF, etc.
Increased gene expression of extracellular matrix components
fibronectin, collagen types I, III and IV, laminin, etc.
Interstitial collagen deposition

MHC, myosin heavy chain; ANF, atrial natriuretic factor.

Activation of MAPKSs in rat balloon-injured artery and
role of angiotensin AT1 receptor

Vascular remodeling is characterized by an active
process of structural changes involving cellular responses
such as cell growth, cell death, cell migration, and ac-
cumulation or degradation of extracellular matrix; and
it plays a key role in the pathophysiology of various vas-

- cular diseases (28). As shown by the findings on balloon

injuy-induced vascular remodeling in vivo (28, 29),
numerous gene expressions, such as proto-oncogenes,
growth factors or extracellular matrices, are activated
in the onset and development. of vascular remodeling.
However, the signal transduction pathway underlying the
changes in gene expression is unclear. Recently, we have
obtained evidence that both JNKs and ERKs are rapidly
and transiently activated in rat balloon-injured artery (9).
Furthermore, accumulating evidence on the in vivo effects
of ATl-receptor antagonists indicates that Ang II, via
AT1 receptors, plays a crucial role in the development of
neointimal formation induced by balloon injury (23, 29).
To examine the possible contribution of the AT1 receptor
to ERKs and JNKs activation in balloon-injured artery,
we have examined the effects of an AT1-receptor antago-
nist and have found that the ATI-receptor antagonist
significantly inhibits the activation of ERKs and JNKs in
injured artery, demonstrating that AngII, via the ATI1
receptor, is responsible for balloon injury-induced arteri-
al ERKs and JNKs activation (9). Furthermore, arterial
ERKSs and JNKs activation is followed by the increase in
c-fos and ¢-jun mRNAs and AP-1 activitiy, which is also
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Fig. 2. Proposed role of ERKs and JNKs in cardiac hypertrophy
and remodeling.
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significantly suppressed by an ATl-receptor antagonist
(29). Therefore, it is likely that AT1-receptor-mediated
activation of ERKs and JNKs in injured artery may lead
to the activation of AP-1.

Chronic activation of ERKs and JNKs in hypertensive
vascular remodeling

We have examined vascular MAP kinase activities in
hypertensive rats in vivo (8). Hypertension in Dahl salt-
sensitive rats (DS rats), induced by a high-salt diet, is ac-
companied by the increased activity of aortic ERKs and
JNKs, suggesting the involvement of hypertension in the
activation of ERKs and JNKs. Of note, the sustained ac-
tivation of aortic ERKs in DS rats is longer than JNKs.
To examine whether the chronic increase in aortic ERKs
and JNKs are events specific to hypertensive DS rats, we
have also examined aoritc ERKs and JNK in- SHRSP,
which spontaneously develop hypertension, without salt
loading. As in the case of DS rats, the development of
hypertension in SHRSP is accompanied by the progres-
sive increase in aortic ERKs activities. Thus, chronic
hypertension leads to the sustained increase in aortic
ERKSs and JNKs activities. ERKs may be involved in the
process of vascular remodeling in chronic hypertension.
It remains to be elucidated why the increase in ERKs
activities is not transient but chronic in hypertensive
models.

Conclusions and future directions

As described above, the activation of ERKs and
JNKs is increased in acute or chronic phase of various
experimental cardiovascular and renal diseases. Taken
together with accumulating in vitro evidence that MAPKSs
play key roles in cellular responses including cell pro-
liferation, apoptosis or gene expression, our in vivo data
(6—11) support the notion that ERKs and JNKs may be
responsible for the pathophysiology of cardiovascular
and renal diseases. Unfortunately, at present, there are no
available specific and potent pharmacological inhibitors
of MAPKSs for in vivo experiments. Therefore, to eluci-
date the in vivo role of MAPKSs in the pathophysiology of
cardiovascular hypertrophy and remodeling, the most
powerful approaches are to create transgenic animals
expressing MAPKSs in cardiovascular tissues in a specific
manner or to examine the effect of in vivo gene transfer
of dominant interfering mutants of MAPKSs on various
cardiovascular disease models. These strategies may allow
us to elucidate the in vivo role of MAPKSs in cardiovascu-
lar diseases.
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