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Cardiac mechanotransduction: from
sensing to disease and treatment

Pasi Tavi, Mika Laine, Matti Weckstrom and Heikki Ruskoaho

In heart muscle a mechanical stimulus is sensed and transformed into adaptive
changes in cardiac function by a process called mechanotransduction. Adaptation
of heart muscle to mechanical load consists of neurohumoral activation and
growth, both of which decrease the initial load. Under prolonged overload this
process becomes maladaptive, leading to the development of left ventricular
hypertrophy and ultimately to heart failure. Widespread synergism and crosstalk
among a variety of molecules and signals involved in hypertrophic signaling
pathways make the prevention or treatment of left ventricular hypertrophy and
heart failure a challenging task. Therapeutic strategies should include either a
complete and continuous reduction of load or normalization of left ventricular
mass by interventions aimed at specific targets involved in mechanotransduction.
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The process of sensing mechanical load and the
consequent physiological responses is called
mechanotransduction. In heart muscle, a mechanical
stimulus is transformed into altered contraction
force, altered ion balance, exocytosis or gene
expression. In cardiac myocytes,
mechanotransduction can be divided into a series of
events, from the coding of the mechanical stimuli to
second messengers and decoding the information into
changes in heart function (Fig. 1). The same
mechanosensors, signals, kinases and transcription
factors are involved in both normal and pathological
hypertrophy. Therefore, any given pharmacological
intervention aimed at treating or preventing
hypertrophy might influence not only pathological

developments but also normal adaptation and
mechanotransduction itself. In this article, present
and future pharmacological approaches will be
discussed in the context of mechanotransduction.

Stretch-sensitive molecular elements in cardiac
myocytes

In cardiac myocytes, Ca?* defines contractile function
but also serves as a second messenger that is able to
control many other cellular functions (Figs 1,2).
Therefore, it is not surprising that early events
induced by mechanical stretch of cardiac muscle
include an increase of contraction force, partly caused
by an increase of the systolic Ca?* transientst. The
nonselective cation channels that can be activated by
longitudinal stretch of the cells? could be the possible
stretch transducers. When opened, these channels
cause an influx of Na* and Ca?*, both of which are able
to augment the Ca?* transients via sarcoplasmic
reticulum (SR) Ca?* loading. Several agents such as
aminoglycoside antibiotics and Gd3* are known to
inhibit these stretch-activated (SA)-channels but are
relatively nonspecific. Indeed, the early events in
mechanotransduction are inaccessible to
pharmacological tools. For example, in isolated
cardiac trabeculae even almost total inhibition of SR
function with ryanodine and cyclopiazonic acid does
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Fig. 1. Time-course of
mechanotransduction in
cardiac myocytes. (a) The
increased load (e.g. stretch
or distension) of the
cardiac myocytes is coded
by stretch-activated ion
channels (SA-channels)
and the contractile
element. (b) This leads to
signaling via various
second messengers.

(c) Decoding of these
signals by kinases and
phosphatases alters the
function (contraction
force) of myocytes and
leads to (d) adaptational
exocytosis and gene
expression of atrial
natriuretic peptide (ANP)
and B-type natriuretic
peptide (BNP). During this
adaptational period
several hormonal signals
interact with the elements
in myocytes thatare
involvedin
mechanotransduction.
Physiologically, ANP and
BNP fulfill the role of
negative feedback control
of mechanotransduction.
Being vasorelaxant and
natriuretic, ANP and BNP
reduce the peripheral
resistance and volume
load, thus suppressing the
stimuli leading to
mechanotransduction.
The feedback mechanisms
alsoinclude
neurohumoral activation
and expression, and
release of growth-
promoting factors. The
crucial eventsinthe
development of
pathological hypertrophy
mightinvolve either
suppression or
enhancementof the
adaptational mechanisms.
(e) Transition from
compensatory
hypertrophy (adaptation)
to heart failure includes
complex changesin gene
expression programming
and apoptosis.
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not inhibit the length-dependent changes in force and
[Ca?]. (Ref. 3). However, the attachment of SA-
channels to elements in the cytoskeleton (e.g. actin
filaments) might offer a possibility for regulation, as
shown in studies using fibroblasts*.

Perhaps the best known stretch sensor in cardiac
myocytes is the contractile element (Fig. 1).
Conformational changes in the interfilament spacing
as a result of an increase of sarcomere length recruits
more force-generating units (i.e. actin-myosin
interactions). This fundamental feature of the
contractile element enables the cardiac muscle to
increase the contraction force following an increase of
mechanical loading (i.e. the Frank—Starling
behaviour). In addition, the Ca?*-binding part of the
contractile element, troponin C (TnC), exhibits
increased Ca?* affinity following an increase of the
sarcomere length3. This sensitization results in an
increase of the contraction force without changes in
[Ca?'],. Ca?* sensitizers, such as levosimendan®,
increase contraction force by sensitizing contractile
proteins to Ca?* without changes in [Ca?'],, thus
mimicking the effects of stretch on the TnC.

All effects of stretch or increased loading are not
inherent to the cardiac myocytes. The release of
autocrine and paracrine factors such as
angiotensin Il (Ang I1) from fibroblasts and
endothelin-1 (ET-1) from endothelial cells, triggered
by cardiac wall stretch, might cause activation of
additional pathways within cardiac myocytes®7’
(Fig. 2). Stimulation of endothelin ET , receptors (a
G q-protein-coupled receptor) leads to activation of
protein kinase C (PKC) and subsequently to
phosphorylation of the Na*—H* exchanger, Na*
accumulation and intracellular alkalosis®. The
resulting stretch-induced rise in [Ca**], might be
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caused by increased Na*—Ca?*-exchanger activity
compensating the Na* load. Additionally, ET-1-
induced inositol (1,4,5)-trisphosphate [Ins(1,4,5)P,]
receptor activation can increase the release of Ca?*
from the SR (Ref. 9). The magnitude of this effect is,
however, dependent on the cardiac tissue type
because atrial cells express more Ins(1,4,5)P,
receptors than do ventricular cells®. Stretch-induced
alkalinization by ET-1 might play a major role in the
ischemic heart because intracellular acidosis
suppresses the contractile response to stretch®in a
similar manner as inhibition of the
Na*—H*exchanger®. In acidotic heart muscle, the
stretch response of the contraction is slower and is
accompanied by Ca?* accumulation into the cytosol©.

Decoding the load signal

Because stretch promotes changes in [Ca?'],, recent
advances have focused on enzymatic pathways (e.g.
kinases and phosphatases) that could decode (Fig. 1)
the load-induced changes in the amplitude or
frequency of Ca?* transients. Several potential

Ca?* decoders are activated by the intracellular
Ca?*-binding protein calmodulin (CaM).
Overexpression of CaM in transgenic mice hearts
promotes hypertrophy*, and a-adrenoceptor
stimulation-induced hypertrophy can be inhibited by
the CaM antagonist W7 (Ref. 12). The CaM—-Ca?*
complex acts by binding to specific enzymes [e.g.
CaM-kinases (Fig. 3)], thereby enabling the decoding
of Ca?* signals. The most studied CaM-activated
kinase is the multifunctional CaM-kinase 11
(CaMKII), which regulates several Ca?*-handling
proteins and therefore has profound effects on the
Ca?* signal itself13. Thus, even if the ET-1-induced
hypertrophy can be antagonized by inhibiting
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Fig. 2. Suggested Ca?*
sources during cardiac
mechanotransduction.
Stretch induces Ca?*and
Na* influx by activation of
the stretch-activated
cationic channels (SAC).
The release of autocrine
and paracrine factors
such as angiotensin Il and
endothelin-1, triggered by
cardiac wall stretch, might
result in activation of
additional pathways.
Stimulation of endothelin
ET, receptors (Gq-protein—
coupled receptor) can
cause activation of
protein kinase C (PKC) via
activation of
phospholipase C (PLC).
Subsequent
phosphorylation of the
Na*-H*-exchanger
(NaHX) leads to a Na*
accumulation and
alkalosis. The resulting
stretch-induced rise in
[Ca2*], might be caused by
increased Na*—Ca?*-
exchanger (NaCaX)
activity compensating the
Na*load. In addition to
these signaling pathways,
increased sympathetic
stimulation promotes
phosphorylation of Ca?*-
handling proteins [e.g.
L-type Ca?* channels and
phospholamban (PL)], via
activation of G_-protein-
coupled receptors,
resulting in anincrease in
the systolic Ca2*
concentration. In intact
heart, B-adrenoceptor
stimulation increases the
heart rate (by influencing
the firing rate of the
pacemaker cells), which
leads to an increase of the
time-integral of cytosolic
Ca?*. Abbreviations: AC,
adenylyl cyclase; DAG,
diacylglycerol;
Ins(1,4,5)P,, inositol
(1,4,5)-trisphosphate;
IP,R, inositol (1,4,5)-
trisphosphate receptor;
PKA, protein kinase A;

RY, ryanodine receptor;
SERCA, sarcoplasmic
reticulum Ca2*-ATPase;
SR, sarcoplasmic
reticulum.
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CaMKII with KN62 (Ref. 14), it is not known whether
the inhibition is due to altered Ca?* signaling or has a
more direct effect on the development of stretch-
induced hypertrophy. Other CaMK isoforms might
also contribute to the hypertrophy, as suggested by
recent findings in mice overexpressing CaMKIV

(Ref. 15).

Ca?*—CaM also regulates phosphatases, one of
which is calcineurin®® (Fig. 1), which has been
proposed to link intracellular Ca?* signaling
pathways to the hypertrophic response in the heart
(Fig. 3). Indeed, calcineurin is activated during load-
induced cardiac hypertrophy718, and transgenic mice
that express activated forms of calcineurin develop
hypertrophy®. However, contradictory results have
been obtained using the calcineurin inhibitors
cyclosporin A and FK506 in pressure-overload models
of hypertrophy. Some reports demonstrate prevention
of cardiac hypertrophy by cyclosporin A or FK506 in
response to mechanical overload!”1°, whereas others
have shown the development of severe hypertrophy in
experimental animals in spite of treatment with
calcineurin inhibitors?9-22,

Load-related phospholipase C (PLC) stimulation
(Fig. 3) by, for example, stretch or ET-1 recruits the
PKC signaling cascade. Consistent with a role of this
cascade in the development of hypertrophy, transgenic
mice with a transiently active mutant of the G protein
Gq (Ref. 23) or overexpression of PKCp (Ref. 24) rapidly
develop cardiac hypertrophy, and overexpression of
PKCp leads to compromised cardiac function. By
contrast, PKCe overexpression leads to a concentric
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hypertrophy?> with normal cardiac function. Thus,
PKC subtypes might possess different roles in the
development of cardiac hypertrophy. PKC activity is
linked to components of mitogen-activated protein
kinase (MAPK) signaling systems (Fig. 3) that are able
to induce a hypertrophic phenotype in cardiac
myocytes?. In addition, the ET-1-activated pathway
shows synergism with the CaM-dependent signaling,
and ET-induced myocyte hypertrophy can be prevented
by inhibition of either CaMKI|I or calcineurin®#,
Calcineurin promotes activation in cardiac myocytes of
PKC and the c-JUN N-terminal kinase (JNK) in
cardiac myocytes?’, which are both able to promote the
development of hypertrophy. Additionally, the activity
of some Ca?*-sensitive isoforms of PKC depends on the
frequency of the Ca?* transients?.

Physiological feedback mechanisms decreasing the
load signal

An essential part of cardiac mechanotransduction is
the activation of neurohormonal mechanisms that
increase myocardial contractility and decrease
hemodynamic load (Fig. 1). One main feedback
mechanism suppressing the load signal is formed by
the cardiac hormones atrial natriuretic peptide (ANP)
and B-type natriuretic peptide (BNP), which are
synthesized, stored and released from atrial and
ventricular tissue in response to increased wall
stretch?. These hormones bind to specific receptors
located on cardiac, endothelial, kidney tubular and
vascular smooth muscle cells, activating guanylate
cyclase (GC) (Fig. 3). The resulting production of
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Fig. 3. Neurohumoral interactions and second messenger systems during load-induced cardiac hypertrophy. The enzymatic cascades activated by a
variety of hormonal agents can be summarized to involve activation of phospholipase C (PLC), adenylyl cyclase (AC) or guanylate cyclase (GC). Some of
the newly developed receptor antagonists with potential clinical value are also shown. G q—protein—coupled receptors: bosentan is a mixed endothelin
ET,—ET, receptor antagonist; losartan is an angiotensin AT, receptor antagonist; and prazosin is an a,-adrenoceptor antagonist. Atrial natriuretic peptide
(ANP) GC-coupled receptors: HS142I (mixture of several esterified linear 3-1,6-glucans) is an ANP receptor antagonist. G-protein-coupled receptors:
metoprolol, bisoprolol and carvedilol are B-adrenoceptor antagonists. Cyclic nucleotide (i.e. ;CAMP and cGMP) degradation is controlled by
phosphodiesterases (PDEs), including several isoenzymes, activated or inhibited by a wide variety of factors (e.g. PDEl is activated by Ca?*—calmodulin,
PDEIl is activated by cGMP, and PDEIII is inhibited by cGMP). The non-receptor-coupled soluble GC activation is conventionally inhibited by N¢-nitro-.-
arginine methyl ester (.-NAME) and similar compounds, via inhibition of nitric oxide (NO) production. Abbreviations: AP-1, activator protein 1; B-ARK,
B-adrenoceptor protein kinase; CaMK, Caz*—calmodulin kinase; CREB-P, cCAMP response element-binding protein; DAG, diacylglycerol; MAPK, mitogen-
activated protein kinase; MLC, myosin-light chain; PKA, proteinkinase A; PKC, protein kinase C; PKG, protein kinase G; Ins(1,4,5)P,, inositol

(1,4,5)-trisphosphate.

cGMP mediates physiological effects such as an
increase in glomerular filtration rate, enhanced renal
Natexcretion, peripheral vasodilatation and
attenuation of the activation of the sympathetic and
renin—angiotensin systems=°,

The feedback mechanisms with positive inotropic
effects include increased B-adrenoceptor stimulation,
amajor regulator of cardiac performance.
Contractility of the myocytes is increased by
phosphorylation of L-type Ca2* channels and
phospholamban (PL) by protein kinase A (PKA)

(Fig. 3). Phosphorylation of the Ca?* channels leads to
an increase of Ca?* influx during the action potential,
whereas PL phosphorylation increases the activity of
SR Ca?*-ATPase (SERCA), resulting in faster
relaxation (Fig. 2). The contribution of different
B-adrenoceptor subtypes to the development of
hypertrophy varies. Transgenic mice expressing a
5-15-fold increase in 3,-adrenoceptor density develop
a dilated cardiomyopathy with significant ventricular
remodeling3L. By contrast, mice with robust
overexpression of 3,-adrenoceptors exhibit no signs of
cardiomyopathy, despite their enhanced
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contractility3!. Extensive B-adrenoceptor stimulation
could lead to hypertrophy by at least two pathways:
activation of the PKA-dependent pathway3? and
recruitment of the Ca2*-sensitive pathways, which
augment both the amplitude (phosphorylation of
L-type Ca?* channels and SERCA) and the frequency
of Ca?* transients (increased firing rate of the nodal
pacemaker cells). A reduced responsiveness to
B-adrenoceptor stimulation in the hypertrophied
heart is a sum of many factors, such as increased
expression of G, or decreased expression of G,
and adenylyl cyclase (AC), but might, in part,
be a consequence of the activation of B-adrenoceptor
kinase (B-ARK), an enzyme that ‘uncouples’ the
associated G protein from the activating receptor3’.
Mechanotransduction in cardiac tissue is often
accompanied by expression and release of growth-
promoting factors that amplify the growth signal
triggered by the mechanical stimulus itself (Fig. 1d).
During myocyte hypertrophy, recruitment of these
autocrine and paracrine factors might initially be
compensatory but as a chronic adjustment they are
deleterious. Many studies have suggested an
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Fig. 4. Crosstalk and
synergism of signal
cascades activated during
cardiac
mechanotransduction.
Mechanical load-induced
production of endocrine
and paracrine factors [e.g.
endothelin-1 (ET-1),
angiotensin Il (Ang Il) and
noradrenaline] and direct
effects on stretch-
activated channels (SAC)
activate Ca?*-dependent
pathways (black arrows)
and Ca?*-independent
pathways (red arrows).
Each pathway alone is
able to promote changes
in gene transcription,
acting via the same or
different transcription
factors. The evaluation of
the contribution of each
individual pathway in the
load-induced changes is a
complex task as a result of
the interactions of the
cascades (green arrows).
The broken arrows
represent a relationship
with possibly more than
one step. For adetailed
description of the
cascades see

Refs 15,19,26,32.
Abbreviations: CaM,
calmodulin; CaN,
calcineurin; CaMKIl, CaM-
kinase II; PKA, protein
kinase A; PKC, protein
kinase C.

important role for Ang 11, via the angiotensin AT,
receptor, in the development of stretch-induced cardiac
hypertrophy?®33. ET-1 might also be involved because it
is released rapidly when cultured endothelial cells are
stretched?®*, and its production has been shown to
increase in the pressure-overload rat heartss.
Furthermore, stretch might trigger the release of

Ang I1, which in turn releases ET-1 (Ref. 8). However,
studies using losartan (an AT, receptor antagonist) or
bosentan (a mixed ET ,—ET receptor antagonist)
suggest that Ang Il and ET-1 are not essential for wall
stretch-induced increases in gene expression in
ventricles®®. In agreement with this, pressure overload
produces marked hypertrophy in transgenic mice with
deletion of the AT, receptor®’, showing thatAng |1,
although clearly a contributing factor, is not essential
for load-induced hypertrophy. However, the
involvement of these autocrine and paracrine factors in
mechanotransduction gives rise to numerous targets
for pharmacological intervention (Fig. 3).

From signaling to gene transcription

Transcription factors that regulate gene expression are
among the targets of load-activated kinases and
phosphatases (Fig. 4). Binding sites for several
transcription factors, including transcriptional
enhancer factor 1 (TEF-1), activating protein 1 (AP-1)
and serum response element (SRE), might be important
in mediating the in vitro response to hypertrophic
signals in neonate cardiocyte cultures®®. Whether these
findings reflect the in vivo situation of the
hypertrophied adult heart is not clearly established.
The zinc finger transcription factor GATA-4 has been
shown to activate not only numerous hypertrophic
marker genes, including those encoding BNP, ANP,
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-myosin heavy chain (B-MHC) and TnC (Ref. 39) but
also genes expressed during normal adaptation such as
that encoding the Na*—Ca?* exchanger*. Calcineurin
dephosphorylates the cytoplasmic transcription factor
of activated T cells (NF-AT), leading to entry of NF-AT
into the nucleus and cooperative binding to DNA with
AP-1, GATA-4 or other transcription factors*.. The
recently described CaMKIV pathway activates the
myocyte enhancer-binding factor 2 (MEF2)
transcription factor?®, acting synergistically with
GATA-4 (Ref. 42). Accordingly, it has been suggested
that different transcription factors act in synergy to
produce the signal-specific expression response*.

Hemodynamic load-induced hypertrophy is
accompanied by complex changes in gene
programming*+4® (Fig. 1). These changes include
rapid (within 1 h) and transient upregulation of
immediate-early genes that encode nuclear
transcription factors (i.e. c-Fos, c-Jun and Egr-1) and
BNP (Ref. 46). In the medium term (12—-24 h),
cardiomyocytes activate the fetal gene regulatory
program with re-expression of genes encoding ANP,
skeletal muscle a-actin and B-MHC. By contrast,
several genes that encode membrane proteins are
downregulated in hypertrophied hearts, including
SERCA and the B-adrenoceptor. Shifts in gene
expression for proteins involved in energy
metabolism have also been described. Some of these
changes, such as the increased expression of the slow
myosin ATPase isoform 3-MHC instead of the fast
myosin ATPase a-MHC, are adaptive and promote a
more favorable energy economy*s. Normal exercise-
induced adaptation of cardiac muscle to an increase of
the mechanical load leads to an improvement in heart
function and healthy muscle growth, a situation
referred to as athlete’s heart. The development of
pathological hypertrophy leads to opposite changes in
function, including improper relaxation and slower
contraction kinetics*>#7 (Fig. 1). This pathological
development also compromises
mechanotransduction. Trabeculae from human
hearts with end-stage dilated cardiomyopathy exhibit
length-dependent activation of contraction
(Frank-Starling phenomenon), but the length—force
curve is flatter than in the normal heart“®.

The transition from hypertrophic to dilated
cardiomyopathy is characterized by dilatation and
thinning of the ventricular chambers, which might
include the progressive loss of working
cardiomyocytes as a result of apoptosis*® (Fig. 1). Loss
of myocytes in the failing heart would augment the
mechanical load on the remaining myocytes.
Apoptosis has been shown to be induced by a variety
of factors, mostly the same as those that induce
hypertrophy, such as mechanical stretch and pressure
overload*®. Recent studies implicate cytokine
receptors as possible mediators of stretch-induced
apoptosis®®. Thus, mechanical loading of the
myocardium can induce the activation of
hypertrophic pathways, but also those of myocyte
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survival and cell death. The development of
pharmacological agents that stimulate the survival
pathway might provide ways to prevent the transition
from compensatory hypertrophy to heart failure.

Current treatment strategy
The management of heart failure with left ventricular
hypertrophy and systolic dysfunction includes the
combined use of angiotensin converting enzyme (ACE)
inhibitors, B-adrenoceptor blockers, diuretics and
digoxin. This strategy improves the prognosis in heart
failure with ACE inhibitors552 and B-adrenoceptor
blockers®354, and spironolactone in advanced heart
failure®s. Despite recent developments in the
pharmacological treatment of hypertension, the
common cause of hypertrophy, the regression of left
ventricular hypertrophy tends to remain incomplete.
In a meta-analysis of 109 trials involving over
2300 hypertensive patients®, the left ventricular mass
was reduced by 11%, which is far less than the extent
of regression of left ventricular mass observed, for
example, after valve replacement (35% reduction)>’.
The clinical relevance of the load-reducing strategy
has been shown recently by using the natriuretic
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Chemical names

FK506: C,,HsNO,,

KN62: 1-[N,0-bis-(5-isoquinolinesulfonyl)- N-
methyl-L-tyrosyl]-4-phenylpiperazine

W?7: [N- (6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide]



