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Abstract

A number of physiological, pharmacological and pathological stimuli initiate cardiac hypertrophy. The intracellular signalling events
activated by these stimuli are equally complex. Our ability to treat the hypertrophic and failing myocardium effectively will require
clarification of which signalling events regulate growth, remodelling and failure. Much recent attention has focused on the regulation of
the mitogen-activated protein kinase cascades (MAPKS), with the importance of these cascades in the development of cardiovascular
diseases being extensively explored. These signalling pathways may provide one link from the diverse stress and pharmacological
extracellular stimuli to the regulation of gene expression, contractile protein regulation and protein function. This review focuses on the
recent progress made in the understanding of the regulation and function of MAPKs in the cardiovascular system, with particular
emphasis being placed on the events in the cardiac ventricular myocyte. [0 2000 Elsevier Science BV. All rights reserved.
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1. Historical perspective and introduction to the
MAPKs

In 1988 a protein kinase activated in 3T3-L1 cells in
response to insulin was described. By 1991, two members
of this family of protein kinases had been purified, cloned
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and their close similarity to protein kinases involved in the
yeast pheromone response recognised [1]. In the following
years, the combined experimental results from mammalian
cell biology, biochemistry, and genetic studies in yeast,
nematodes and fruit flies allowed the identification of a
superfamily of related Ser/ Thr protein kinases now known
as the mitogen-activated protein kinases or MAPKSs. Their
signature motif is a conserved amino acid sequence Thr—
X=Tyr (T-X=Y) within their activation loop and phos-
phorylation of both Thr and Tyr results in their activation
[2].

Throughout this review, the MAPKSs first recognised to
respond to growth factor stimulation are referred to as
Extracellular Signal Regulated Kinases, or ERK MAPKs.
Principles of the regulation of the ERK MAPKSs including
the regulation by phosphorylation within the T-X-Y motif
and position within the signal transduction cascades, can
be readily applied to the regulation of the other MAPKsS
(Fig. 1). If we first focus on the ERK MAPKs, it is
apparent that the two isoforms, ERK1 and ERK2, are
widely-expressed [1]. In cardiac myocytes, hypertrophic
agents activate both isoforms [3]. In vascular smooth
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stimuli

Fig. 1. Organisation of a typical Mitogen-activated Protein Kinase (MAPK) signalling pathway. Each MAPK subfamily member acts within a distinct
MAPK signalling pathway and a typical pathway is shown to highlight the similarity in organisation. When a hormone or growth factor interacts with its
receptor, a conserved sequence of events follows in which adaptor molecules are recruited and small G-proteins are activated. There are at least three tiers
of protein kinases — the MAPKKKSs that phosphorylate and activate MAPKKs which in turn activate the MAPKs by phosphorylation of both Thr and Tyr
within a conserved Thr—X—Tyr sequence. Despite having this overall similarity in the tiers of organisation, each MAPK pathway does have highly specific
signalling intermediates which maintain fidelity of signalling. At least four mammalian MAPK subfamilies within parallel MAPK pathways have been

characterised.

muscle cells, potent proliferative and hypertrophic stimuli
are also potent ERK MAPK activators [4]. Although this
correlation suggests that ERK MAPKs facilitate growth-
promoting effects, there are conflicting reports [5-8]. It is
difficult to identify the causes for these disagreements,
although subtle differences in model systems and analysis
may be confounding effects mediated by complex interact-
ing signa transduction networks. There has been a recent
focus on other MAPK subfamilies and it may be predicted
that the extent and duration of activation of these kinases
will have consequences for the final responses in cells of
the cardiovascular system. The MAPKs activated by
cellular stresses are the subject of this review.

2. MAPKs activated by extracellular stresses — the
SAPKs

All cells of the body are subjected to extracellular
stresses such as shear stress evoked by blood flow past
endothelia cells, ischemia induced by diminished blood
flow, or stretch imposed upon vascular smooth muscle
cells. Even before the stress-activated cytoplasmic sig-
nalling events in mammalian cells had been fully explored,
the existence of multiple distinct stress-activated MAPK
pathways in yeast suggested the possibility of multiple
mammalian MAPK pathways. At least four groups of
stress-activated MAPKs are characterized in mammalian
cells (Fig. 2).

2.1. INK MAPKs

The first identification of a mammalian stress-activated
MAPK came in 1990 with the observation that intra-
peritoneal injection of the protein synthesis inhibitor
cycloheximide activated a 54 kDa protein kinase. Sub-
sequent characterisation revealed that both Thr and Tyr
phosphorylation were essential for its activation, and that
there was 40-45% sequence identity with the ERK
MAPKs [9]. Ten isoforms have been since identified as the
products of three genes in which alternative splicing
generates the 46 kDa and 55 kDa variants commonly
observed [10]. These protein kinases, the Jun N-terminal
kinases or INK MAPKSs, phosphorylate the N-terminal
transactivation domain of the transcription factor c-Jun
[11]. They are activated by stresses such as heat shock,
protein synthesis inhibition and UV irradiation, and in
initial studies, most growth factors which were good ERK
MAPK activators were poor INK MAPK activators [9].
The activation of INK MAPKs has now been observed in a
variety of cell types of the cardiovascular system [12-16].
The defining motif of this group of kinases is Thr—Pro—
Tyr (T—P-Y) within the activation loop.

2.2, p38 MAPKs: p38a, p38B, p38-2, SAPK-3 (p38y)
and SAPK-4 (p385)

A 38 kDa phosphoprotein was first reported following
the exposure of pre-B cells to endotoxic lipopolysac-
charides. Subsequent purification and cloning revedled a
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Fig. 2. Mitogen-activated Protein Kinase (MAPK) subfamilies within the cardiovascular system. Cells of the cardiovascular system may be exposed to a
diversity of extracellular stimuli which lead to activation of one or more MAPK subfamilies. Most initial work focused on the regulation of ERK MAPKs
by hormones and peptide growth factors (including phenylephrine, endothelin-1 or angiotensin) which are hypertrophic for ventricular myocytes. Cells of
the cardiovascular system also respond to a variety of cytokines and stresses. These cytokines include those providing cardiac protection (cardiotrophin-1
and leukemic inhibitory factor) and pro-inflammatory cytokines (tumour necrosis factor and interleukin). The stresses include hyper- and hypo-osmotic
shock, physical stretch or deformation, increased rates of contraction (pacing), exposure to reactive oxygen species (oxidative stress), chemica stresses
(such as anisomycin or arsenite) and shear stress. To date, at least four MAPK subfamilies have been implicated in the response to these stresses. Each
MAPK subfamily acts within a specific cascade (as summarised in Fig. 1). Activation of each MAPK is achieved by phosphorylation of both Thr and Tyr
within its distinctive Thr—X—Tyr motif as indicated. There may be some cross-talk between these pathways but for simplicity of this representation, these
multiple steps between sensing the extracellular stimuli and MAPK activation have been omitted.

protein kinase with 49% identity to ERK MAPKSs [17].
Closely-related isoforms were identified by their ability to
reactivate MAPK-activated protein kinase-2
(MAPKAPK?2) [18], their &bility to interact with the
cytokine suppressive anti-inflammatory drug SB203580
[19], or their ability to phosphorylate the transcription
factor Max [20]. This has led to names such as p38
MAPK, RK MAPK, CSBP, and Mxi-2. The identification
of another two isoforms of p38 MAPK, p383 and p38-2,
has further emphasized this subfamily complexity [21,22].
The defining motif of the p38 MAPKs is Thr—Gly—Tyr
(T-G-Y) within the activation loop.

More recently, two additional p38 MAPK isoforms have
been identified. These kinases, SAPK-3 (p38y) and SAPK-
4 (p38d), are 40% identical to ERK MAPKs, 60%
identical to p38 MAPKs, and 65% identical to each other
[23,24]. No studies have directly investigated protein
expression, but RNA analysis indicates SAPK-3 is pre-
dominantly expressed in skeletal muscle, whereas SAPK-4
is ubiquitously expressed [24]. The close similarity to p38
MAPKs is extended to the signature motif of T-G-Y
within the activation loop.

2.3 BMKI/ERKS

Big MAPK or ERK5 was identified independently as a
98 kDa protein kinase [25,26]. BMK1/ERKS is activated
in vascular smooth muscle cells or aortic endothelial cells
exposed to oxidative stress, osmotic shock, laminar flow or
serum but not angiotensin 11, platel et-derived growth factor
(PDGF) or tumour necrosis factor-a (TNF-o) [27,28].
Although the expression of BMK1/ERKS5 in the heart is
high as judged by Northern blot analysis [26], its activa-
tion in cardiac myocytes remains uncharacterised. BMK1/
ERK5 shows similarities to the ERK MAPKs, with a
Thr—Glu-Tyr (T-E=Y) motif within its activation loop.

The significant differences within this activation loop
sequence confirm BMK1/ERKS5 is activated by a distinct
upstream kinase MEK5 [26].

24. ERK MAPKs

The essential features of the ERK MAPKsS have been
discussed in the preceding sections. A wide variety of
growth promoting/hypertophic agents activates these ki-
nases in cardiac myocytes, fibroblasts, smooth muscle cells
or endothelial cells [29-32]. As will become clear in this
review, the activation of ERK MAPKs may also follow
exposure to a variety of extracellular stresses. Such
activation of a potent growth factor-stimulated pathway by
stress may seem contradictory, but if the ERK MAPK
activation that follows cellular insults is chemically in-
hibited, cell death is accelerated [33]. Thus, ERK MAPKs
may contribute to cardiovascular cell survival.

3. Stress stimuli and the identification of ‘‘stress-
receptors’

Studies in a variety of cell types have identified a
diverse range of extracellular stresses that can ultimately
activate one or more MAPK pathways. The identification
of ‘‘stress-receptors’ or ‘‘stress-sensors’ mediating these
events would provide targets for therapeutic intervention.

For in vitro cultured cardiac myocytes, mechanical
stretch, electrical pacing, hyperosmotic shock, or oxidative
stress, rapidly activate ERK, INK or p38 MAPK's [34—36].
The diversity of these stress stimuli and their long-term
effects implies that there may aso be diverse ‘“stress-
receptors’ engaged. Of these stress stimuli, both stretch
and increased electrical pacing have powerful positive
growth effects on the myocyte and promote hypertrophy. It
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has been tempting to propose that the MAPK pathways
provide the link between the initial stimulus and the final
cellular outcome. This has been supported when the co-
expression of the INK MAPK substrate c-Jun enhanced the
hypertrophic effect of pacing [36]. Other physiologically-
relevant stresses for the cardiovascular system accompany
changes in blood flow during ischemia and reperfusion
with the concomitant changes in oxygen and metabolite
concentrations in the immediate environment of the cells.
Accompanying the changes in oxygen and metabolite
concentrations are differences in the MAPK subfamilies
activated. The identification of one or more ‘‘stress-re-
ceptors” either within the cell cytosol or plasma membrane
remains elusive. In the following sections, the ‘‘stress-
receptors’ engaged by three broad categories of stress are
considered.

3.1. Diversity of chemical stress stimuli, ““stress-
receptors”, and MAPK activation

Hypoxia, ischemia/reperfusion and hypertension are
complex and multi-faceted stress stimuli. Therefore more
defined forms of chemica stress have been used to a
limited extent with cells of the cardiovascular system. For
isolated adult cardiac myocytes, short-term exposure to the
arsenic compound arsenite activates the p38 MAPKs [37].
The long-term effects of arsenite largely remains uncharac-
terised but high concentrations are toxic to cultured
neonatal cardiac myocytes (M.A. Bogoyevitch and N.W.
Court, unpublished). When anisomycin, a protein synthesis
inhibitor and activator of both INK and p38 MAPKS, is
added at low concentrations to cultured cardiac myocytes it
effectively protects against subsequent ischemic damage
[38]. In these cases, the exact ** stress-receptor’’ that senses
arsenite or anisomycin remains undefined. Of course, for
cardiac myocytes, smooth muscle cells or endothelia cells,
the stresses of greatest significance are likely to include
stretch, mechanical deformation or shear stress.

32 The identification of “‘stress-receptors’” and the
involvement of autocrine/paracrine growth factor
signalling in mechanical stress

Cellular detection of mechanical stress most likely
involves the integrins and interaction with the extracellular
matrix via focal adhesion sites as shown in Fig. 3(a).
Plasma membrane perturbations may then subvert the
upstream activators in the growth factor-activated path-
ways. There is some direct support for these events. The
exposure of aortic endothelial cells to shear stress resultsin
clustering of receptor tyrosine kinases such as the vascular
endothelial growth receptor FIk-1 [39]. The advantage of
this model is that it simply explains how changes in the
physical environment of the cell modify the physical state
of the cell membrane and subsequent signalling events.

Another model which involves autocrine/paracrine re-

lease of hormones or growth factors is summarized in Fig.
3(b). Signalling by growth factor and/or cytokine re-
ceptors at the surface of the cell is therefore an integrative
step, and this rationalises how stress events are transduced
into signalling pathways normally activated by growth
factor receptors. Thus the autocrine/paracrine release of
growth factors could provide a critical signalling link even
though the initial *‘stress-receptor’” remains unknown.
There is ample evidence to support the release of growth
factors from cells subjected to various forms of stress. If
we take the example of endothelial cells exposed to shear
stress, genes encoding the growth factors Fibroblast
Growth Factor, PDGF and endothelin-1 are upregulated
[40,41]. The growth factors presumably released then act
upon their specific receptors to promote endothelial cell
proliferation. In a similar manner, cyclic stretch of vascular
smooth muscle cells regulates an autocrine production of
insulin-like growth factor-l and PDGF that stimulate
proliferation [42]. It is aso clear that the activation of INK
MAPKSs in vascular smooth muscle cells is mediated via an
autocrine release of ATP that activates P,, 4 purinoceptors
[43]. Thus the exact identity of the released growth factors
(or cytokines) dictate which MAPK cascades are activated.

The same model of autocrine/paracrine signalling can
also be invoked for cardiac myocytes subjected to stress.
Specifically for the heart, o ;-adrenergic agents, endothelin-
1, prostaglandin F,_, angiotensin Il and adenosine activate
the INK, p38 and ERK MAPKSs in perfused hearts and/or
cultured cardiac myocytes (Sections 4 and 5). The po-
tential exists for any of these agents to act as autocrine
and/or paracrine mediators of the stress response. Thus
angiotensin 1l released from stretched cardiac myocytes
promotes hypertrophy [44]. Whether angiotensin exclusive-
ly mediates the stretch effects has been criticaly re-
evaluated with the development of a transgenic model that
is homozygous for loss of angiotensinogen. The preserva
tion of the response to activate ERK MAPK (but not INK
MAPK) in this transgenic model suggests that factors other
than angiotensin |l are important for some signaling
events following cellular stretch [45]. A requirement for
factors which act via G-protein coupled receptors is aso
supported by another transgenic model in which the
overexpression of the carboxy-terminus of the Gaq subunit
inhibits signalling and prevents the development of pres-
sure overload hypertrophy [46]. The complexity of these
events is further highlighted with the recent evidence that
the cytokine Leukemic Inhibitory Factor (LIF, Section 4.3)
plays a role in the in vitro responses of cardiac myocytes
to stretch [47].

3.3 The identification of ‘‘stress-receptors’” and the
involvement of reactive oxygen species (ROS) and
autocrine/paracrine signalling in oxidative stress

In the preceding examples, the initiating stress was
mechanical stretch. Another well-studied example of
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Fig. 3. Models for stress-activation of intracellular signalling pathways culminating in activation of one or more MAPK pathways. (8) The activation of
MAPK pathways by mechanical stretch and other physical forces (pacing or shear stress) can be explained by events that lead to deformation of the plasma
membrane. At least two inputs are likely. Following physical stress, growth factor receptors may be clustered and this promotes their activation and
phosphorylation (P) in the absence of growth factors. Simultaneously, physical stress will be detected at the focal adhesion complexes that mediate
interaction of the cell with the substratum, the extracellular matrix. The subsequent activation of integrins and Focal Adhesion Kinase (FAK) activates
intracellular events. There are obvious links between the growth factor receptors or foca adhesion complexes and the activation of the ERK MAPK
pathways. This involves phosphorylation of the adaptor Shc, recruitment of the adaptor Grb2 then the Sos-mediated activation of the small G-protein Ras.
Finally the protein kinase Raf (a MAPKKK) is activated to initiate the tiers of kinases of MEK (a MAPKK) and the ERK MAPKs. The exact links between
the growth factor receptors and activation of INK and p38 MAPKs remain relatively undefined. (b) Although stresses were originally anticipated to directly
activate specific signalling pathways within the cell, it has become clear that many of the events triggered by growth factor receptor engagement are also
triggered following stress. A second model that rationalizes these observations incorporates the release of potent growth factors following cellular exposure
to stress. Suramin, has been used extensively to implicate growth factor receptors in events following cellular exposure to stress. Although the exact sensor
for the stresses is unknown (as shown by ?), the production and/or release of growth factors allows for growth factor receptor binding and initiation of
complex intracellular events. Thus the activated growth factor receptor would recruit the adaptors Shc and Grb2, resulting in Sos-mediated activation of the
small G protein Ras, the activation of Raf (MAPKKK), and the activation of MEK (MAPKK). A prediction made with this model is that the exact nature
of the activated receptor will dictate which MAPK pathways are activated and so this explains the activation of INK and p38 MAPK pathways following
stress.



M.A. Bogoyevitch / Cardiovascular Research 45 (2000) 826-842 831

paracrine/ autocrine events leading to MAPK activation is
observed in cells exposed to oxidative stress in ischemia/
reperfusion. The identity of the *‘stress-receptors’ and the
mediators of these effects of ischemia/reperfusion which
activate MAPKSs remain to be fully elucidated.

One mechanism that has received considerable attention
incorporates the rapid production of reactive oxygen
species (ROS) upon the re-exposure of ischemic cells to
normal oxygen levels. Many sites of ROS generation exist
in the intact heart. Neutrophils and macrophages may
contribute to ROS production and myocytes can them-
selves generate ROS from oxidase enzymes and the
mitochondria electron transport chain. In some situations,
ROS have been shown to ater pathways controlling cell
proliferation, differentiation or death. ROS may also
initiate the protective effects of myocardial ** precondition-
ing” in which the prior exposure of the heart to brief
periods of ischemia ameliorates cell death caused by
longer ischemic episodes [48]. The effects of ROS may be
more simply mimicked by the exposure of isolated or
cultured cells to hydrogen peroxide. This activates MAPKs
in the perfused heart [49] and cultured cardiac myocytes
[50-52].

In numerous cell types, ROS can stimulate the rel ease of
growth factors. Therefore the model presented in Fig. 3(b)
can also explain the response of cells to oxidative stress.
The released factors engage receptors which activate Shc/
Grb2/Sos, Ras, Raf, MEK then ERK MAPKs in the
classic ERK MAPK cascade (Fig. 3(b)). This series of
events follows the exposure of cultured cardiac myocytes
to hydrogen peroxide [50,52]. Furthermore, the effects of
hydrogen peroxide to activate ERK MAPKS, p38 MAPKs
and INK MAPKs could be inhibited by a general inhibitor
of growth factor receptors, suramin [50]. This confirms
that hydrogen peroxide activate can stimulate growth
factor receptors to stimulate secondary signalling events. It
would seem that ROS will play amajor role in intracellular
signal transduction mediated by both growth factors and
stress, thereby providing flexibility in signalling pathways
and the opportunity for crosstalk between signalling
pathways.

34. The identification of ‘‘stress-receptors’” and the
involvement of protein phosphatases

Phosphatase regulation also plays a role in regulating
intracellular signalling pathways, and agents that inhibit
phosphatase activity will allow accumulation of their
substrates in phosphorylated and activated forms. Evidence
suggests that arsenite reacts with the active site cysteine of
JNK MAPK phosphatases to slowly but directly inhibit
phosphatase activity with subsequent accumulation of
activated INK MAPKs [53]. A similar inhibition of INK
MAPK phosphatase activity is also apparent after exposure
of H9c2 cardiac myoblast cells to ethanol, oxidative stress
and heat shock [54]. However, in adult cardiac myocytes,

arsenite failed to activate JNK but activated p38 MAPK,
emphasizing the potential for differences in signaling
related to cell context [37].

The regulation of MAPKs by phosphatases has been
more directly addressed with the use of specific inhibitors.
The use of okadaic acid, a cell-permeable inhibitor of
protein phosphatase 2A, has revealed activation of JNK
MAPKs in angiotensin Il-treated ventricular myocytes
[32], and the regulation of novel kinases and ERK MAPKs
in ventricular myocytes, fibroblasts and H9c2 myoblasts
(Ref. [55] and M.A. Bogoyevitch and M. Thien, un-
published). It remains possible that phosphatase inhibition
during ischemia will facilitate higher levels and/or pro-
longed phosphorylation of proteins that provide protection.
Direct effects of phosphatases have also been investigated
by their congtitutive overexpression. In these well-defined
in vitro protocols, the dual-specificity phosphatase MAPK -
Phosphatase-1 (MKP-1), inhibited the expression of atrial
natriuretic factor (ANF) with only small effects on cell
morphology [56]. The maintenance of signalling specificity
remains a problem of these overexpression studies [57—
60]. Thus a role for one or more MAPKs seems critical,
but it remains difficult to assign the importance of the
individual MAPK subfamilies based solely on these
studies.

4. Activation of stress-activated MAPKSs by cytokine
receptors

As mentioned in the previous section, the release of
soluble factors following stress provides an attractive link
to intracellular signalling events. An obvious class of
mediators includes the pro-inflammatory cytokines re-
leased from cells of the cardiovascular system, the resident
inflammatory cells or infiltrating inflammatory cells. If
these inflammatory events accelerate progression towards
cardiovascular dysfunction, then preventing the synthesis
and/or release of these cytokines would be of therapeutic
benefit. In support of this proposal, the cardioprotective
effect of insulin-like growth factor-1 correlates with its
ability to inhibit leukocyte-induced cardiac cell death [61].
So even if the ‘‘stressreceptors’ themselves remain
unidentified, the identification of which pro-inflammatory
cytokine act as mediators can provide a target to prevent
further damage.

Enhanced levels of expression of TNF-«, interleukin-13
(IL-1B) and interleukin-6 (IL-6) have been observed in the
heart following infarction. The highest levels were re-
corded for IL-1B, with macrophages, endothelial cells and
vascular smooth cells contributing to expression. A se-
guential increase suggests that I1L-1B induces IL6 pro-
duction [62]. Because the events triggered by TNF-a and
IL-18 converge, we will concentrate on the signaling
events and long-term events stimulated by these two
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cytokines and then consider the effects of Leukemic
Inhibitory Factor (LIF) and Cardiotrophin-1 (CT-1).

4.1. Tumour necrosis factor-a (TNF-a)

The cardiac myocytes together with resident macro-
phages are capable of producing TNF-a with infection or
endotoxemia enhancing production. Myocardia TNF-«
contributes to myocardia dysfunction via both its rapid
and long-term actions on a variety of different cell types of
the heart [63]. In vivo evidence from the transgenic mouse
model of cardiac-specific overexpression of TNF-a, sup-
ports a role for TNF-« in cardiac failure [64]. In isolated
myocytes, TNF-« inhibits L-type calcium transients, alters
contractility, enhances synthesis of heat shock proteins,
increases cell size and protein synthesis rates, or stimulates
controlled cell death [65-70]. This range of actions of
TNF-a from pro-survival to pro-death most likely reflects
the differences in each experimental condition. The sig-
nalling events associated with TNF-o are initiated by two
classes of TNF receptor, namely the type | (p55/60TNFR)
and the type Il (p75/80TNFR) receptor, and the adult heart
expresses receptors of the type | class [65]. By analogy
with the signalling events initiated in other tissues, it is
expected that the TNF | Receptor will activate both cell
death pathways in addition to cell survival pathways [71].
Multiple MAPK pathways are aso activated by TNF-q,
but whether these promote death or survival remains
controversial [72]. It is most likely that the interplay of
MAPKs and other signalling pathways determines final
cellular outcome.

4.2 Interleukin-1 (1L-1)

The fibroblasts of the heart together with smooth muscle
cells, endothelial cells and inflammatory cells can produce
IL-18. This can ater the growth of cultured myocardial
cells, specifically decreasing cardiac fibroblast DNA syn-
thesis whilst increasing rates of cardiac myocyte rates of
protein synthesis [73—75]. The signalling events associated
with IL-1 are initiated by the type | IL-1 receptor in
association with an essential accessory protein [76]. By
analogy with the signalling events initiated in other tissues,
it is expected that the IL1 receptor will activate all three
MAPK pathways. Again we expect that the interplay of
these signalling pathways will determine final cellular
outcome.

4.3 Leukemic inhibitory factor (LIF) and
Cardiotrophin-1 (CT-1)

Together with cytokines such as IL-6, LIF and CT-1
form a family of cytokines that use a common gpl30

signalling subunit to initiate intracellular signalling [77].
The identification of CT-1 as a potent hypertrophic cyto-
kine produced by neonatal cardiac myocytes has heigh-
tened the interest in this family of cytokines [78]. Further-
more, the expression of CT-1 is enhanced in the hearts of
genetically hypertensive rats in vivo [79]. The signalling
events associated with LIF and CT-1 are initiated by the
LIF-Receptor in association with gpl130. This receptor
complex activates the JAK/Stat and ERK MAPK path-
ways in cardiac myocytes [47,80-83]. It is currently
unclear whether LIF or CT-1 activate the other stress-
activated MAPK pathways in cardiac myocytes or other
cells of the cardiovascular system.

5. Activation of stress-activated MAPKs by receptors
for hypertrophic agents

There is now increasing evidence that receptors for
growth-promoting factors may regulate the intracellular
cascades leading to activation of JINK and p38 MAPKs. Of
particular relevance to signalling in the cardiovascular
system is the finding that receptors utilising heterotrimeric
G-proteins can be potent activators of these pathways.
When the effects of hypertrophic agents were examined in
intact heart, p38, INK MAPKs and ERK MAPKs were
activated during perfusion with phenylephrine. These
effects of phenylephrine were independent of the positive
inotropic/chronotropic effects, suggesting that JNK and
p38 MAPK activation was not secondary to stress associ-
ated with atered contractility or ion-handling [84]. INK
MAPKSs are also activated, albeit at low levels for more
than 24 h, in cultured cardiac myocytes exposed to
phenylephrine [85]. A second major group of well-studied
hypertrophic agents are the vasoactive peptides,
endothelin-1 and angiotensin Il. The exposure of neonatal
cardiac myocytes to angiotensin Il rapidly and transiently
activated the INK MAPKSs [14]. In adult cardiac myocytes,
angiotensin Il in the presence of okadaic acid activated
ERK MAPKs and JNK MAPKs. In the same study, the
exposure of cardiac microvascular endothelial cells to
angiotensin 11 aone activated ERK MAPKSs and co-incuba
tion with okadaic acid alowed for ERK and INK MAPK
activation [32]. The relevance of these in vitro studies to
our understanding of the activation of MAPKs in vivo is
confirmed in studies in which conscious rats were infused
with angiotensin 1. Both ERK and JNK MAPKs were
activated in the heart with INK MAPK activation occur-
ring in both ventricles and likely to be mediated directly by
angiotensin 1l receptor engagement. ERK MAPK activa
tion occurred only in the left ventricle and was likely to be
aresult of elevation of blood pressure [86]. The chalenge
is to now relate these observations of protein kinase
activation to long term biological effects in the car-
diovascular system.
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6. Possible physiological substrates for the stress-
activated MAPKs in the cardiovascular system

It is clear that the MAPKs comprise a complex family of
conveyers of intracellular signa information. It is likely
that some of the specificity of cellular responses to any
particular stimulus is imparted by the specific activation of
individual MAPKs. However, some stimuli do activate
multiple MAPKs. Overall thereis 40 to 50% identity in the
catalytic domains of these enzymes and this high degree of
identity suggest the potentia for overlap of functions, but
distinct differences will allow for a degree of specificity of
information transfer.

As experimental techniques for identifying protein ki-
nases both in vitro and in vivo become more sophisticated,
the numbers of MAPK substrates of potential biological
importance have increased. Two major classes of sub-
strates will be examined. First, transcription factors will be
examined. These factors regulate gene expression and
modulating long-term changes in the cell. Secondly, we
will consider the protein kinases that are themselves
substrates of the MAPKs. These kinase substrates allow
signal diversification and amplification downstream of the
MAPKSs. Other important substrates such as regulators of
contractility are beyond the scope of this review.

6.1. Phosphorylation of transcription factors

Transcription factors form a major group of MAPK
substrates. Phosphorylation may alter DNA binding activi-
ty or interactions with other proteins to increase or
decrease transcriptiona activity. Consistent with this no-
tion that MAPKs can access transcription factors, are the
initial observations that, once activated, ERK MAPKSs
translocate from the cell cytoplasm to the nucleus [87].
Similar observations of nuclear localization have been
made for INK MAPKs in ischemic heart [88]. Studies have
not examined p38 MAPK locdlization in the heart, but
when overexpressed p38 MAPKs are localized in the
nucleus [89]. This suggests that these MAPKs are dl
potentially able to access nuclear transcription factor
substrates. The major examples of the transcription factor
substrates for MAPKs are shown in Fig. 4. This review
concentrates on the MEF2 family, c-Jun, ATF family and
Elk which have been well-characterized and which play
significant roles within cells of the cardiovascular system.
The example of CREB illustrates that transcription factors
may be substrates for kinases downstream of MAPKSs.

The myocyte enhancer factor 2 (MEF2) family of
transcription factors can bind as homodimers or hetero-
dimers to A/T-rich DNA sequences in promoters of
muscle-specific genes and additionally participate in the
control of non-muscle specific gene expression. An essen-
tial role for MEF2C in cardiac development has been
recently demonstrated in MEF2C homozygous null mutant
[90]. Also MEF2C C-terminus phosphorylation by BMK1

JNK p38a and ﬂ
MAPKs MAPKs

MAPKAPK2
MEF2

ERK MAPKs

Fig. 4. Substrates for the ERK, JNK and p38a/B8 MAPKs. Although the
MAPKs al share a high degree of sequence homology, these different
subfamilies show substrate preferences. Both transcription factors (shown
in black) and protein kinases (shown in gray) may act as substrates. Some
substrates such as Elk can act as substrates for all three subfamilies,
whilst others such as ATF2, MSK1, and Mnk are suitable substrates for
only two subfamilies. Other substrates such as c-Jun, MAPKAPK2,
MEF2 and p90™%* are suitable for only one of the three subfamilies.

or p38 MAPK increases transcriptional activity [91,92].
Potential sites for MEF2 binding aso occur within the
a-cardiac myosin heavy chain promoter [93]. Thus when
MEF2C is phosphorylated by p38 MAPKS, it confers
transcriptional inducibility in a muscle-specific context
[94].

The existence of a viral form of Jun, together with the
rapid induction of c-Jun expression following exposure to
extracellular stimuli, emphasizes the importance of Jun
transcriptiona activation [95]. The c-Jun knockout mouse
dies without any obvious cardiac abnormalities but recent
reports do show that c-Jun is involved in heart outflow
tract development [96]. For the heart, the expression of
c-Jun is enhanced by a wide variety of factors including
hypertrophic agents [97,98] or physical stresses [99,100].
Transcriptional activation by c-Jun is controlled by phos-
phorylation within its N-terminal transactivation domain
catalyzed by JINK MAPKs [11]. The binding of phos-
phorylated Jun to Fos forms the AP-1 complex that is
contained within the promoters of a number of genes of
importance in the heart, namely skeletal muscle a-actin
and ANF [101]. In addition, c-Jun plays an important role
in regulation of cytochrome c expression during electrical
pacing of myocytes. In these hypertrophied myocytes,
enhanced c-Jun transcriptional activity allows for increases
in mitochondria number and cytochrome oxidase activity
which are vital for meeting the increased energy demand
[102].

The control of transcriptional activation of ATF-2 is
similar to that observed for c-Jun and phosphorylation
within its transactivation domain enhances transcriptional
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activity. Phosphorylated ATF-2 can form homodimers or
heterodimers with ATF-3, CREB, c-Jun or NF-kB. This
suggests a potential for widespread roles in promoter
activation. In cardiac myocytes, ATF-6 is phosphorylated
by p38 MAPK alowing for binding to the serum response
factor (SRF) and participation in ANF induction in re-
sponse to phenylephrine, serum or endothelin [103]. This
implicates phosphorylation of ATF family members in the
hypertophic gene programme.

Phosphorylation of the ternary complex factor Elk-1
within its C-terminal activation domain enhances ternary
complex formation and transcriptional activity. ERK, INK
and p38 MAPKs al directly phosphorylate Elk and
enhance transcription from the c-fos promoter Serum
Response Element (SRE) [104]. However, skeletal a-actin,
cardiac a-actin and ANF promoters possess SREs which
do not have Elk-binding flanking sequences, and expres-
sion of ANF is primarily dependent on the non-consensus
SRE motif [105]. In these cases, accessory proteins may
play a role [103].

Lastly, we should consider transcription factors as
indirect targets of the MAPK pathways. The phosphoryla
tion of the transcription factor CREB is implicated in
cardiac disease [106]. In this case, overexpression of
CREB in a form that can no longer be phosphorylated at
one of its critical sites results in cardiac dilation, interstitial
fibrosis, and severe chronic venous congestion. The identi-
ty of the protein kinase responsible for phosphorylation of
CREB remains controversial. One of the protein kinases
acting downstream of the ERK MAPKs, p90~>, may
translocate to the nucleus, phosphorylate CREB, allowing
Fos expression [107]. Two protein kinases acting down-
stream of p38 MAPK, namely MAPKAPK2 and Mitogen-
and Stress-activated protein Kinase 1 (MSK1), may phos-
phorylate CREB, and this most likely explains CREB
activation following cellular stress [108,109]. It is clear
that another degree of complexity in intracellular signalling
has been introduced.

6.2. Phosphorylation of protein kinases

A second major class of MAPK substrates are them-
selves protein kinases. This gives the MAPK pathways
additional opportunities for amplification and/or integra-
tion, and the potential to ater events in various cellular
compartments.

The first MAPK substrate characterised was p90~>¢
which phosphorylates ribosomal protein S6 and has the
potential to regulate protein synthesis. Within the car-
diovascular system, p90~™ can be activated by stretch,
a-adrenergic agonists, endothelin and angiotensin I1 [110],
p90~* [111]. A second protein kinase, MAPKAPK?2, is a
physiologically important substrate of the p38 MAPKs
[18]. MAPKAPK2 is highly-expressed in heart and is-
chemia alone can activate this protein kinase in the heart
[112]. MAPKAPK2 can directly phosphorylate the heat

shock protein hsp27, which in turn prevents stress-me-
diated depolymerisation of actin filaments [38]. In endo-
thelial cells, p38 MAPK and MAPKAPK2 have been
implicated in actin organisation and cell migration in
response to vascular endothelial growth factor [113].

Many substrates of the MAPKs may aso be phos
phorylated by more than one MAPK subfamily. Thus,
MAPK interacting kinase (Mnk) is phosphorylated and
activated by ERK and p38 MAPKs in vivo [114,115]. This
integrates the signals from two pathways and results in
direct phosphorylation of eukaryotic initiation factor-4E
and subsequent regulation of protein synthesis [115]. The
activation of the protein kinase MSK1 is aso mediated by
phosphorylation catalysed by either ERK MAPKs or p38
MAPKs and this again allows for signal integration [109].
This example emphasizes that there is potential for integra-
tion and reinforcement of signalling events when multiple
MAPK pathways are activated.

7. Complex cellular outcomes — the balance of cell
death, survival and adaptation

Although it is well established that ERK, JNK and p38
MAPKs are activated during cellular stress, one of the
greatest controversies surrounds the ultimate role of these
protein kinases. There are at least two possibilities. These
activated protein kinases may contribute to signal transduc-
tion pathways that culminate in the death of cells following
stress. However, these MAPKs may also act to prevent
wide-spread cell death, limit damage or mediate adapta-
tion.

7.1 Initiating cell death

The original studies examining a role for INK and p38
MAPKSs in regulating cell death described events following
withdrawal of growth factors [116]. The correlation of
apoptosis with JINK and p38 MAPK activation was
strengthened when the overexpression of activators of INK
or p38 MAPKs promoted apoptosis [116]. Although
withdrawing serum from cardiac myocytes also initiates
apoptosis [83], subjecting cells or tissues to low oxygen
concentrations is a physiologically-relevant stimulus that
warrants further investigation. In response to an ischemic
episode in the heart, the most severely affected myocytic
cellswill die, either by necrosis or controlled apoptosis. Of
the stress-activated MAPK s that may mediate these events,
the INK MAPKs are activated in ischemic/reperfused
areas as well as the remote areas of the myocardium
[117-119]. The remote activation of INK MAPKSs corre-
lates with enhanced myocyte apoptosis, and suggests that
the INK MAPKSs contribute directly to the apoptotic cell
death [119].

Specific assessment of the role of stress-activated
MAPKS requires the use of specific inhibitors, overexpres-
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sion of MAPKs, or transgenic approaches. This first
approach using chemical inhibitors has led to the conclu-
sion that the p38 MAPKs promote cardiac myocyte death
during extended periods of ischemia or exposure to
hydrogen peroxide [120,121]. More recently, studies in
isolated perfused hearts have concluded that p38 MAPK
plays a pivotal role in promoting myocardia apoptosis
[122]. Similarly, cardiac injury in response to oxidative
stress induced by hydrogen peroxide is apparently me-
diated by a p38 MAPK-dependent production of TNF-«
[121]. Cardioprotection may therefore be correlated with
the ability of a compound or intervention to inhibit p38
MAPK activation.

The second approach using overexpression of MAPK
pathway members has yielded more complex results.
Whilst p38 MAPKSs have been implicated in the surviva
response of cardiac myocytes [123], it may be the p38a
isoform is specifically involved in cell death [123]. To date
the use of transgenic animals has not been specifically
applied to evaluating the role of stress-activated MAPKs in
apoptosis in the cardiovascular system, but studies on
fibroblast and neuronal apoptosis have confirmed that INK
MAPKs mediate cell death [124]. One possible explana
tion for continuing a disagreement on the role of stress-
activated MAPKs is that these kinases will play a subordi-
nate role in the control of cell death processes.

7.2. Initiating a survival response

In the heart subjected to an ischemic episode, the
myocytes surrounding the region of dying cells increase in
size in an attempt to replace the lost contractile activity.
Stress stimuli may provide the survival signal. This is
supported by ischemic preconditioning which attenuates
apoptotic cell death following ischemia and reperfusion
[125]. The candidate signalling pathways promoting cell
recovery should be active during either the ischemic period
and/or the reperfusion period. Despite the suggestion that
JNK and p38 MAPKs mediate cell death, ample evidence
also supports their role in cell survival. The clearest
evidence comes from targeted gene disruption of the INK
upstream activator MEKK1 which defines a role for the
JNK MAPK pathway in the survival of embryonic stem
cells [126]. This seemingly contradicts initial observations
that MEKK overexpression leads to apoptosis, however,
the effects of MEKK overexpression may be modified to
promote differentiation when high levels of c-Jun are
expressed [127]. In other well-defined cultured cell sys
tems, TNF-a activation of INK and p38 MAPK's enhances
fibroblast survival [72], JNK and p38 MAPKs protect
during photodynamic therapy [128], and one INK MAPK
isoform maintains survival following hypertonic shock
[129].

In cells of the cardiovascular system, evidence aso
supports these pro-survival signalling cascades. Thus,
anisomycin, an activator of JNK and p38 MAPKS,

protected myocytes from ischemic injury [120] and phos-
phorylation of p38 MAPK s correlated with preconditioning
protection [38]. Although contradictory findings of
anisomycin-initiated cell death have also been reported,
specific activation of p38 MAPKs by overexpression of
pathway components may also mediate a survival response
in cardiac myocytes [130]. This is supported by p383
MAPK mediating cell survival, sarcomeric organisation
and gene expression changes [123]. In addition, there have
been reports of INK and/or p38 MAPK involvement in
endothelia cell proliferation [131], myotube differentiation
[132], and the expression of smooth muscle a-actin in
vascular smooth muscle cells [133]. The effects of the
different p38 and INK MAPK isoforms are therefore likely
to be complex and dependent on stimulus and cellular
context. Both the duration and intensity of the stress may
ultimately determine the regulation of MAPKs and the
final cellular outcome. For example, the extent of p38
MAPK activation may dictate whether a cardiac myocyte
is committed to death or survival [134].

Finally we should consider the role that ERK MAPKs
play in the response to stress. The well-defined role of
ERK MAPKs in modulating growth responses points to
this MAPK subfamily as an obvious candidate for mediat-
ing cell survival. In support of this, cells overexpressing
constitutively-activated MEK are less likely to die when
exposed to hydrogen peroxide than cells expressing domi-
nant-negative or wild-type MEK [135]. Similarly the
cardioprotective properties of the cytokine CT-1 have been
attributed to its ability to activate ERK MAPK [83]. Any
conclusion on the role of MAPKs in cell survival is likely
to be controversial. Again this may be explained by the
MAPKSs playing a subordinate role in cell survival.

7.3. Initiating cardiac hypertrophy

In addition to the survival response of cells in the heart
post-infarction, the individual myocytes adapt to increased
workload by an increase in size (hypertrophy). The
MAPKs have been explored as mediators of this adaptive
response under situations in which growth factors, cyto-
kines, mechanical stress and chemical stress contribute to
the ensuing cellular events. Circumstantial evidence of
ERK MAPK involvement in these events might be ob-
tained from the initial observations that the activation of
this pathway correlated with hypertrophy. However, a
number of agents potently activate ERK MAPKs in cardiac
myocytes but fail to induce hypertrophy [7]. Most recent
studies to address how MAPK pathway activation contri-
butes to hypertrophy have relied on overexpression of
MAPK pathway components.

7.3.1. The use of constitutively-active mutants

Studies utilising constitutively-active mutants of MAPK
pathways have specifically addressed the consequences of
ERK MAPK pathway activation. Two studies, supporting
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involvement of Ras, demonstrated that overexpression of
constitutively-active Ras stimulated the hypertrophy of
isolated myocytes [136] and a genera increase in cardiac
gene expression [137]. There are a number of signalling
pathways downstream of Ras, including phosphatidylino-
sitol 3-kinase (PI3K), Ral.GDS and possibly al MAPK
signalling pathways [138,139]. Therefore, the effects of
Ras overexpression do not solely implicate the ERK
MAPKs in the hypertrophic response. There are two
approaches to confirm which Ras-effectors may contribute
to the final response. The most widely-used approach has
employed constitutively-active mutants of other compo-
nents of the MAPK cascades. The overexpression of
congtitutively-activated MEK together with wild-type
ERK2 MAPK enhanced the gene expression but did not
ater cell size or morphology [140]. Similar effects are
found upon overexpression of activated Raf [141]. A
second approach has capitalized on the observation that
additional mutation within the effector domain of active
Ras permits selective coupling to only one of the Ras
effector pathways. This approach has demonstrated that
long-term activation of the ERK MAPKs via the
V12RasD38E mutant, that selectively stimulates the Raf-
dependent pathway, leads to alterations in calcium hand-
ling in cardiac myocytes [142]. Transfections with this and
the other mutants such asV12RasE37G and V12Rasy 40C
either alone or in combination, suggests that Raf, Ral.GDS
and PI3K al contribute to Ras-induced changes in gene
expression and cell size [143].

These studies have not directly addressed whether
stress-activated MAPKs mediate the cellular response to
constitutive Ras activation. The overexpression of acti-
vated Ras mutants activates the INK MAPK pathway in a
variety of cells including cardiac myocytes [85], poten-
tially via the INK MAPK activator, MEKK. Overexpres-
sion of a MEKK1 mutant that preferentially activated INK
MAPKs enhanced myocyte hypertrophy [60,85,94], but
these results have not been confirmed in al subsequent
studies. Low levels of expression of INK1 or its upstream
activator SEK1 (or INKK1 or MKK4) inhibited rather than
enhanced the MEKK-stimulated activation of ANF expres-
sion [144]. Whilst some studies indicate MEKK can alter
the morphological features of hypertrophy [117], other
studies have shown MEKK disrupts muscle fibre organisa-
tion [60]. Some of the confusion surrounding the role of
MEKK, and hence INK MAPKS, in myocyte hypertrophy
may result from the loss of signaling fidelity upon
overexpression of the mutant active form of MEKK (AN-—
MEKK). Increased specificity with the use of the INK
MAPK activator MKK?7, resulted in increased cell size,
myofilament organization and ANF expression [145]. This
suggests that INK MAPK activation is sufficient for a
hypertrophic response. However, this is unlikely to be the
complete story, with conflicting reports suggesting that
JINK' suppresses hypertrophy [144].

The results of overexpression of p38 MAPKs and

constitutively-activated mutants of their specific activators,
MKK3 and MKK®6 indicate that this pathway aso plays a
complex role in the cardiac myocyte. Whilst the over-
expression of MKK3 or MKK6 increased surface area,
sarcomeric organisation and ANF expression, the co-ex-
pression of MKK3 with p38a prevented these changes and
induced cell death. In contrast, p383 expression in the
presence of MKK3 augmented hypertrophy and promoted
cell survival [123]. Thus p38a apparently promotes cell
death whilst p38p3 promotes cell hypertrophy. The effects
of LIF, endothelin-1 and phenylephrine to stimulate ex-
pression of ANF expression is adso enhanced by co-
transfection with MKK6 and p38 MAPK [144], suggesting
that the levels of expression of these protein kinases may
limit the extent of signalling in the cardiac myocyte.

As mentioned previoudly, many stimuli are now known
to co-activate the p38, INK and ERK MAPK pathways in
the heart. It would be anticipated that this could be
modelled by the co-expression of a number of different
pathway components. The co-activation of p38 and JNK
MAPKs as it occurs in ischemia/reperfusion and pressure
overload hypertrophy could therefore be mimicked by the
co-expression of activators of these pathways [117]. It
would be initially hypothesised that the co-expression of
two positive modulators of hypertrophy would result in a
more striking response. Surprisingly the co-expression of
the JNK activator MKK7 with the p38 activator MKK6
inhibited the hypertrophic response whereas the coexpres-
sion of MKK7 with the MKK3 resulted in cell death [145].
However, in these studies signalling pathways stimulated
by congtitutive overexpression are chronically activated.
The effects of transient activation under physiological
conditions may not be faithfully reproduced by prolonged
overexpression and further work must use systems that
rapidly turn these pathways on and off.

7.3.2. The use of dominant-negative mutants or chemical
inhibitors

There are two additional strategies to identify which
MAPKs, if any, are most likely to contribute to the
development of hypertrophy. The first method that has
been widely used entails the overexpression of dominant-
negative mutants of the ERK MAPK cascade. Again initial
studies examined upstream events by the microinjection of
a dominant-interfering Ras demonstrated to block the
phenylephrine-induced increases in ANF protein and cell
size [136]. Other conflicting studies have demonstrated
that a dominant-interfering mutant of Raf could not block
the phenylephrine-stimulated ANF luciferase activity [85].
Differences in culture conditions, expression levels of the
constructs or other experimental protocols may explain the
differences in results. Thus, the importance of these
pathways must be evaluated at events further downstream.

When an interfering mutant of ERK1 MAPK blocked
ANF reporter activation induced by phenylephrine expo-
sure, this confirmed the significant role that ERK MAPKs
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play in hypertrophy [5]. But again there have been
differences of results, and dominant-negative (kinase-inac-
tive) mutants of ERK1 or ERK2 MAPKSs failed to prevent
phenylephrine stimulated ANF-luciferase, but inhibited
phenylephrine-stimulated Fos expression and Ras activa-
tion of ANF-luciferase [7]. Furthermore, the expression of
activated MEK paradoxically inhibited ANF expression
[146]. This conflict in results has led to the examination of
other MAPK pathways. Specifically, a dominant-negative
MEKK mutant inhibited phenylephrine-induced ANF re-
porter gene expression [85], suggesting a role for MEKK-
dependent pathways. Confirming this, an inactive IJNK
MAPK mutant inhibited ANF expression [60], but poten-
tiated ANF expression in a separate study [144]. These
contradictory results suggest that overexpression of domi-
nant-negative regulators may not have the desired level of
specificity. Recent advances in development of protein
kinase inhibitors showing greater degrees of specificity
have accelerated progress. As with all inhibitors, care
should be exercised to not exceed the doses at which
specificity can be achieved.

The ERK MAPK pathway inhibitor, PD098059, at a
concentration sufficient to completely inhibit ERK MAPK
activation, has faled to inhibit phenylephrine-induced
ANF expression [7] and only partialy inhibited the
ouabain-induction of ANF and fos mRNA whilst not
atering skeletal muscle «-actin expression [147]. This
suggests that ERK MAPK activation contributes to some,
but not all, of the hypertrophic responses. In contrast,
PD098059 enhanced ANF-luciferase expression stimulated
in response to MEKK transfection, implying that ERK
MAPKs inhibit the signalling from MEKK to hypertrophic
changes [60].

Specific inhibitors of p38-« and p38- MAPKS,
SB203580 and the related compound SB202190, have also
been extensively used. Incubation in the presence of
SB202190 dlters the responses to endothelin-1, LIF or
phenylephrine [144]. Thus the p38 MAPKs have been
proposed as regulators of cardiac hypertrophy. More
recently studies with SB203580 have demonstrated its lack
of effect on the early changes in cell size stimulated by
phenylephrine or endothelin-1, implying that the role of
p38 MAPKs may actually be in the maintenance of the
hypertrophic response/survival over a long period of time
[148].

8. Examining physiological roles in vivo

As can be seen from the preceding sections, most work
addressing the activation and functional consequences of
the MAPK pathways activation has utilised cell culture
models. Although these results have made significant
contributions to our understanding of MAPK pathway
function, it is clear that the hypotheses developed in simple
in vitro models must ultimately be tested in vivo.

In some of the first studies to address the cardiovascular
functions of the MAPKSs in vivo, transgenic animals have
been used. In this way, a defined initiating signal can be
examined in an intact animal model. Targeting expression
of activated Ras to the ventricular myocyte has been
sufficient to elicit the development of the hypertrophy in
vivo [149]. The phenotype most closely resembled com-
pensated hypertensive heart disease with diastolic dysfunc-
tion and concentric chamber hypertrophy [149]. The INK
MAPKs (not the ERK MAPKS) were activated [85]. This
suggests that chronic low levels of INK MAPK stimulation
may be sufficient to mediate the long-term changes.
However, the major difficulty in assessing in vivo MAPK
activation is in selecting the time-points for sampling. In
the model of Ras-overexpression, it may be that the
activation of ERK MAPKs precedes INK MAPK activa
tion. Thus, ERK MAPKs may play a role in the initia
stages of the development of hypertrophy but without
samples at earlier time points during the development of
hypertrophy this is impossible to confirm or refute.

Despite these problems, MAPK activation can accom-
pany a hypertrophic response in other in vivo models. In
the hearts of stroke-prone spontaneously hypertensive rats,
left ventricular ERK and JNK activities are significantly
elevated in the mild hypertension, and remained elevated
during the development of left ventricular hypertrophy.
Furthermore, antihypertensive treatment prevented hyper-
trophy and also decreased the left ventricular JINK ac-
tivities, thereby implicating the JNK MAPKs in the
development of hypertrophy [150]. In hypertension elicited
by acute angiotensin 1l infusion, the ERK and JNK
MAPKs were rapidly activated in the left ventricles. In the
right ventricles of these rats, only JINK MAPKs were
activated whereas both MAPK s were activated in the aorta
[86]. This implies that activation of ERK MAPKs maybe
predominantly mediated by changes in blood pressure,
whereas the activation of INK MAPKSs is more direct and
mediated by the actions of angiotensin Il and its specific
receptor.

9. General conclusions on the roles of MAPKs
activated during stress

Physiologically-important stimuli activate a number of
families of MAPKs in the cardiovascular system. The
major focus in recent years has moved from the traditional
growth factor-activated pathway, the ERK MAPK path-
way, towards the JNK and p38 MAPK pathways. The
investigation of the role of the BMK1/ERKS5 pathway will
take on greater importance with the observations of its
stress-activation in vascular smooth muscle cells exposed
to stress.

The overall conclusion on the contributions of these
pathways to the cellular response to stress remains contro-
versia with different reports variously demonstrating the
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importance of activation of ERK, JNK or p38 MAPKs.
The situation in vivo obvioudly has added complexity, and
the interactions between these pathways must be more
thoroughly addressed. Studies must also evaluate the roles
of these protein kinases in dysfunction and disease in vivo
in transgenic mice that conditionally express or fail to
express components of these complex protein kinase
cascades. Only then, can the specific effects of these
protein kinases on cardiovascular function be assessed.
What is clear from al of these studies is that the signalling
pathways initiated in the cardiovascular system are com-
plex, inter-connected and possibly redundant. With the
American Heart Association and World Health Organiza-
tion statistics clearly showing that cardiovascular diseases
remain a major cause of death world-wide, the search for
understanding stress-activated signalling cascades in the
cardiovascular system will certainly continue well into the
next millennium.
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