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The renin-angiotensin system and cardiac
hypertrophy

Tsutomu Yamazaki, Issei Komuro, Ichiro Shiojima, Yoshio Yazaki

The heart develops left ventricular hypertro-
phy (LVH) in response to increased afterload
in order to compensate for its wall stress and
to maintain normal cardiac function.'
Although the development of cardiac hyper-
trophy is itself an adaptive phenomenon, it is
an important cause of increased morbidity and
mortality.2 Thus cardiac hypertrophy has
recently attracted attention as an important
risk factor influencing the prognosis of patients
with hypertension. Recently, much data have
been accumulated with regard to the molecu-
lar mechanisms of cardiac hypertrophy.
Recent advances include demonstration of the
existence of the local renin-angiotensin system
in the heart3 and involvement of angiotensin II
in the formation of cardiac hypertrophy.4

In this paper we examine signal transduc-
tion pathways in cardiac hypertrophy that are
induced by stress, and how the relation
between mechanical stress and the local renin-
angiotensin system affects cardiac hypertro-
phy.
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Signal transduction system for the
development of cardiac hypertrophy
Intracellular signals are generally transduced
into the nucleus through a protein kinase cas-
cade of phosphorylation.5 What kind of kinase
cascades are activated in hypertrophied car-
diomyocytes?

Mitogen activated protein kinases
(MAPKs)67 are serine/threonine protein kinases
and can be activated by a variety of stimuli such
as platelet derived growth factor, epidermal
growth factor, insulin, and others. Activated
MAPKs translocate into the nucleus and acti-
vate nuclear transcription factors such as c-myc,
NF-IL6 and Elk-1,8 and 90 kDa ribosomal S6
kinase (p90rsk), which is a downstream enzyme
of the MAPKs,6 and phosphorylates nuclear
lamins.9 These observations suggest that both
MAPKs and p9OrSk play vital roles in transduc-
ing signals into the nucleus. The upstream acti-
vator of MAPKs is reported to be MAPK
kinase (MAPKK),"'02 which is a dual specificity
protein kinase that phosphorylates MAPKs on
both threonine and tyrosine residues within a
conserved TEY motif.'3 MAPKK is also acti-
vated by phosphorylation of two serine
residues.'4 More recently, Raf-I kinase (Raf-1),
which is the product of the Raf-l proto-onco-
gene, has been shown to activate MAPKK.'5 16

Therefore, these four kinases (Raf-1, MAPKK,
MAPKs and p9Onrk) are candidates involved in
the acceleration of protein biosynthesis in the
hypertrophied heart.
To test this hypothesis we examined the

activities of these kinases in stretched car-
diomyocytes. 17 We first examined whether
mechanical stretch activates Raf-1 in cultured
neonatal rat cardiomyocytes. Raf-1 was acti-
vated as early as one minute, with maximum
activity at two minutes after stretch (fig 1).
Raf-1 activity decreased progressively and
returned to basal levels at 30 minutes after
stretch. Next, we investigated whether stretch-
ing of myocytes activates MAPKK. Stretch for
one to 10 minutes significantly increased
MAPKK activity. MAPKK activity was maxi-
mally activated five minutes after stretch and
gradually decreased thereafter. Kinase activity
returned to control levels at 30 minutes after
stretch. We measured MAPK activity using
myelin basic protein containing gels. An
increase in the phosphorylation levels of
myelin basic protein induced by 42 kDa and
44 kDa MAPK. Activity returned to control
levels at 30 minutes after stretch (fig 2).
Preliminary data showed that stretching of
myocytes for 10 minutes increases p9Orsk activ-
ity.'8 We investigated the time course of
stretch induced p9Orsk activation. Activation
was not observed at two minutes after stretch.
An increase in activity was detectable at five
minutes. The activity peaked at 10 minutes,
and was sustained at higher than basal levels
for at least 30 minutes after stimulation. At 60
minutes the activity returned to basal levels.'7
We have shown the signalling pathways

evoked by mechanical stress in neonatal rat
cardiac myocytes and that stretching of
myocytes sequentially activates Raf-1,
MAPKK, MAPKs, and p9Orsk. It has been
reported that MAPKs translocate into the
nucleus upon activation and activate transcrip-
tion factors which contain potential MAPK
phosphorylation sites.8 We have previously
reported that mechanical stretch induces
expression of immediate early response genes
such as c-myc and c-fos as an early event.'9-2'
MAPKs activated by stretch may play an
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Figure I Raf-I activation by stretch. Cardiac myocytes
were stretched by 20% as previously described17 for the
indicated periods of time. Raf-1 activity was assayed using
recombinantMAPKK as a specific substrate. 7 A
representative autoradiogram ofstretch-induced Raf-1
activation in cardiac myocytes is shown.
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act to promote the hypertrophic growth of the
cardiomyocytes by an autocrine or paracrine
mechanism in stretch loaded cardiomyocytes.

*.......
...... Does angiotensin II directly mediate cardiac

-..:':;x-:-.:~ hypertrophy produced by pressure overload?.;_...

To answer this question, cardiomyocytes were

pretreated with CV-1 1974 (a specific antago-
nist of the type I angiotensin II receptor) and
mechanically stressed. 7 23 28 Stretch-induced
Raf-1 activation was partially inhibited by pre-
treatment with CV-11974 (fig 3), indicating

Control 1 2 4 8 12 (min) that only a part of Raf-1 activation by mechan-
._....................__.....ical stretch is dependent on secreted angio-

Stretch tensin II. The involvement of angiotensin II in
stretch induced MAPK activation was also

ition ofMAPKs by stretch. Cardiac myocytes were stretched by 20% for investigated by kinase assays using myelin
ods of time. MAPKs were immunoprecipitated with anti-MAPK basic protein containing gel. 18 Stretch-induced
yelin basic protein phosphorylation activity was analysed. A
Foradiogram is shown. Upper bands represent 44 kDa MAPK and lower MAPK activation was suppressed by 60%
APK when cardiomyocytes were pretreated with

CV-1 1974 (fig 3).23 Pretreatment with the type
important role in the induction of these genes. 2 angiotensin II receptor specific antagonist,
p90rsk is also considered a mediator in the PD123319, had no effect on stretch induced
intracellular kinase cascade and nuclear events activation of Raf-1 or MAPKs (data not
because it can phosphorylate nuclear lamins.9 shown). These results suggest that there are
Thus the MAPK signalling pathway induced two signal transduction pathways for mechani-
by mechanical stress would play a role in stim- cal stress: an angiotensin II dependent
ulating gene expression and protein synthesis, (through type 1 receptor) and an angiotensin
which may lead to hypertrophy in cardiac II independent pathway. Pretreatment with
myocytes. CV-1 1974 also partially inhibited the transient

expression of c-fos expression induced by
mechanical stretch.28 In further studies, car-

Involvement of angiotensin II in the diomyocytes in culture were stretched and the
development of cardiac hypertrophy conditioned culture medium was transferred
In clinical studies, the degree of left ventricular to culture non-stretched cardiomyocytes. The
hypertrophy is not necessarily related to the stretch conditioned medium increased MAPK
severity of hypertension. This suggests the activities of non-stretched cardiomyocytes sig-
existence of factors modifying the develop- nificantly and activation was completely sup-
ment of cardiac hypertrophy in response to pressed by addition of CV-1 1974.23 These
hypertension. Angiotensin II has been shown results suggest that angiotensin II is the only
to induce cardiac hypertrophy in cultured car- secreted factor that activates hypertrophic
diomyocytes.2223 An accumulating body of events in stretched cardiac myocytes.
data suggests that the local renin-angiotensin However, stretch-induced activation of Raf-1
system plays an important role in the forma- and MAPKs was only partially inhibited by
tion of cardiac hypertrophy.4 All components pretreatment with a type 1 angiotensin II
of the renin-angiotensin system (that is, renin,
angiotensinogen, angiotensin converting
enzyme (ACE), and angiotensin II receptor)
have been detected in the heart at both mRNA
and protein levels.3 Many recent reports have
also shown that the cardiac renin-angiotensin
system is activated in experimental LVH
induced by haemodynamic overload. Increases
in angiotensinogen and ACE mRNAs have
been reported in the hypertrophied left ventri-
cle of rats.24 In addition, subpressor doses of
ACE inhibitors can cause regression of cardiac
hypertrophy with no change in systemic blood
pressure.25 ACE inhibitors also prevent an
increase in left ventricular mass produced by
abdominal aortic constriction without any
change in afterload or plasma renin activity.26
Moreover, it is known that there is a strong
similarity between the signalling pathways
induced by mechanical load and by angio-
tensin II: both pathways accelerate phos-
phatidyl inositol turnover and activate protein
kinase C, which increases the activity of
MAPKs. These signals lead to enhanced gene
expression and protein synthesis in cardiomy-
ocytes.17 18 20 23 27 Therefore, angiotensin II may
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Figure 3 Partial dependence of stretch induced Raf-1 and
MAPK activation on angiotensin II (ANG II). Cardiac
myocytes were stretchedfor 2 min (Raf-1) or 8 min
(MAPKs) without or with pretreatment by CV-11974.
Raf-1 andMAPK activities were measured as in fig 1 and
fig 2. Values represent the mean, error bars = SEM, from
four independent experiments. Total activities of the
42 kDa and 44 kDa MAPKs are shown.
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receptor antagonist. Since the amount of the
antagonist used in the present study was suffi-
cient to suppress the maximum effect of angio-
tensin I1,23 secreted angiotensin II induced by
stretch may only be partially involved in Raf-I
and MAPK activation.
We also measured angiotensin II in "stretch

conditioned media" by radioimmunoassay
using specific antibodies. An increase in angio-
tensin II concentration was detected in some
but not all samples. The concentration of
angiotensin II in the culture medium of non-
stretched myocytes was below three pM.
Using an in vitro model similar to ours, other
investigators have also reported that mechanical
stretch causes direct secretion of angiotensin II
from cardiomyocytes and that stretch induced
hypertrophic responses are completely depen-
dent on secreted angiotensin II.29 Thus stretch
itself may stimulate MAPK activity, and
the autocrine or paracrine mechanisms of
angiotensin II may contribute in part to the
development of stretch induced cardiac hyper-
trophy.

Conclusions
In conclusion, angiotensin II plays a critical
role in MAPK activation in cardiac myocytes
as an "exogenous" factor of mechanical stress.
There are also "endogenous" factors in car-
diac myocytes during mechanical stress. In
other words, mechanical stress itself may
evoke a hypertrophic response, and secreted
angiotensin II may evoke hypertrophy promot-
ing signals and amplify the response. We can-
not rule out the possibility of contamination
by cardiac non-myocytes, especially endothe-
lial cells which may contribute to the produc-
tion of angiotensin II, because it is known that
a large part of ACE activity in the heart is
localised to endothelial cells.30 Our studies
using an in vitro system of stretching cultured
myocardial cells suggest the following
sequence of protein kinase phosphorylation
cascade: external mechanical stress -+ Raf-1
-- MAPKK -- MAPKs p9Orsk. We also
showed that a type 1 angiotensin II receptor
antagonist inhibits intracellular signals associ-
ated with cardiomyocyte hypertrophy, and
that angiotensin II is directly secreted from
stretched cardiac myocytes. This suggests that
the local renin-angiotensin system plays a cru-
cial role in the development of pressure over-
loaded cardiac hypertrophy. However, further
investigation is necessary to clarify the precise
molecular mechanisms by which mechanical
stress induces biochemical signals and stimu-
lates angiotensin II secretion.
We appreciate Toru Suzuki for critical reading. This work was
supported by a grant-in-aid for scientific research and develop-
mental scientific research from the Ministry of Education,
Science, Sports and Culture of Japan.
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