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A B S T R A C T

The composition and the stiffness of cardiac microenvironment change during development and/or in heart disease. Cardiomyocytes (CMs) and their progenitors
sense these changes, which decides over the cell fate and can trigger CM (progenitor) proliferation, differentiation, de-differentiation or death. The field of
mechanobiology has seen a constant increase in output that also includes a wealth of new studies specific to cardiac or cardiomyocyte mechanosensing. As a result,
mechanosensing and transduction in the heart is increasingly being recognised as a main driver of regulating the heart formation and function. Recent work has for
instance focused on measuring the molecular, physical and mechanical changes of the cellular environment - as well as intracellular contributors to the passive
stiffness of the heart. On the other hand, a variety of new studies shed light into the molecular machinery that allow the cardiomyocytes to sense these properties.
Here we want to discuss the recent work on this topic, but also specifically focus on how the different components are regulated at various stages during development,
in health or disease in order to highlight changes that might contribute to disease progression and heart failure.

1. Introduction

The heart is the first functional organ in the body. Once the or-
ganism grows beyond a size where diffusion is sufficient to distribute
oxygen and nutrients, it relies on the ability of the heart to efficiently
pump blood around the body. As the organism grows, the heart has to
adapt to the changing demands and generate the increasing blood
pressures, necessary for the blood circulation.

For this, cardiomyocytes have to contract in a controlled and con-
certed fashion. For communication the cardiomyocytes are coupled
chemically, electrically and mechanically. The mechanical coupling is
achieved through direct cell-cell coupling at the intercalated disc, as
well as the extracellular matrix to which the cardiomyocytes are at-
tached laterally at the so-called costameres through integrins and in-
tegrin associated proteins, as well as the dystrophin-glycoprotein
complex.

Recent data increasingly point to a major role for mechanical forces
for a variety of cellular processes in many cell types, including cardi-
omyocytes [1]. While there have been several excellent recent reviews
discussing how mechanosensing and -transduction influence cell

phenotypes, migration, differentiation or health, the forces cardio-
myocytes experience are unique, owing to the regular cyclic contraction
and haemodynamic forces from filling of the heart with blood. More-
over, cardiomyocytes differ from other cell types in terms of cytoske-
letal organisation, proteome and metabolism. This suggests a unique
mechanotransduction system, which indeed has been indicated by a
range of recent studies.

We will focus here on the recent advances and current state of re-
search of mechanical sensing in cardiomyocytes and the impact on
health and disease. Importantly, both maturity of the cardiomyocytes
and the cellular environment change during the development and in
cardiac disease, transforming the force landscape that the cardiomyo-
cytes are exposed to. These changes include also ventricular pressure,
e.g. after birth, when the loss of blood flow through the placenta leads
to a rise in vascular resistance and increase in left ventricular pressure.
Further, the opening of the lungs results in a drop in pulmonary re-
sistance and decreasing right ventricular pressure [2–5]. This has also
consequences for cardiomyocyte growth and hypertrophy, leading to
left ventricular wall thickening and right ventricular wall thinning. At
the same time altered cardiac signalling pathways (e.g. due to
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inflammation) cause a change in the expression pattern of molecules
that are involved in mechanosensing and transduction.

In this review we will first discuss the changing environment and
forces in the heart, before we look at the mechanosensing machinery
and how changes in its components can contribute to the disease pro-
gression.

2. Changing mechanical properties in the heart

Mechanotransduction depends on the conversion of mechanical
forces into chemical signals [1]. Mechanosensitive proteins sit at cell-
cell and especially cell-matrix adhesions, where (active and passive)
forces onto the adhesions lead to deformation (e.g. opening of cryptic
binding sites), binding, or unbinding of mechanosensors. These events
depend on one hand on the mechanical properties of the extracellular
matrix, but also on the binding affinities and force dependency of the
receptor-ligand interaction as well as the composition and mechanical
properties of the adhesion complex [6].

Cardiomyocytes sense both active contractile forces and passive
stiffness (i.e. the stiffness that is independent of muscle activity) at
single adhesions, with a major influence of the passive stiffness as
modulator of the mechanical signalling [7]. Active force production
changes during development or in disease, because of the altered ex-
pression of motor proteins and their regulators as well as the changing
load and its effect on the cardiac output [5,8,9]. But inadequate force
production or transmission can also lead to cardiac remodelling (HCM
or DCM). E.g. mutations in MYH7 (Ser532Pro), TNNT2 (ΔLys210) and
TNNI3 (Ala2Val) are linked to reduced contractile forces, DCM and
heart failure [10]. While in case of HCM only a small subset of patients
will develop heart failure, different mutations in the same set of genes
listed above have been linked to especially fast clinical deterioration
because of systolic dysfunction and reduced ejection fraction [10].
However, nearly half of subjects with heart failure suffer from diastolic
dysfunction, which is mainly determined by altered passive stiffness
[11]. These patients are typically diagnosed with heart failure with
preserved ejection fraction (HFpEF) (which was in the past also referred
to as diastolic heart failure), although diastolic dysfunction can also
exist in heart failure with reduced ejection fraction (HFrEF). The
transition from the compensated stage to diastolic heart failure is
especially linked with progressive myocardial stiffening [12–14].

Several studies have so far attempted to measure the changes to the
heart stiffness either during development or in disease [15–24]. These
measurements vary substantially, depending on the experimental setup
and the model system, but also within single studies (see Table 1). E.g.
micropipette measurements indicated a young's modulus (a measure of
a material to resist elastic deformation when under lengthwise tension
or compression) of native adult rat heart tissue that ranged between
11.9 and 46.2kPa (mean 25.6±15.9 kPa) [16]. AFM measurements on
the other hand reported 18±2 kPa for healthy left ventricles (com-
pared to 55± 15 kPa in a model for myocardial infarction) [17]. While
some of these studies are limited by an extremely low n-number, they
do generally show that the stiffness of the samples is not homogeneous
within a sample and might also vary between individuals or species as
much as between different areas of the heart. Over the last few years,
this has been indeed confirmed by in vivo measurements using cardiac
magnetic resonance elastography (MRE) and ultrasound cardiac shear-
wave elastography (SWE). Recent advances of these non-invasive
techniques enable now direct comparison between diastolic and systolic
values and measurements in human individuals. Moreover, detailed
stiffness maps can be generated, which indicate significant variations of
the stiffness within different regions of the heart [18,24].

On the other hand, these methods rely on computational models to
calculate stiffness values and perhaps because of different setups and
analytic approaches, the results vary again between different studies.
Because both methods measure the shear modulus, Young's moduli
were here calculated from the published shear moduli, assuming a

Poisson's ratio (describes how much a material expands in the trans-
verse direction after axial compression, i.e. the negative of the ratio
between transverse and axial strain) of 0.4 for the myocardium [23] to
allow comparison with micropipette and AFM measurements. Using
SWE, diastolic Young's moduli of approx. 3.6 kPa were detected in
sheep left ventricles (LV), compared to 35kPa during systole [18]. In
contrast, diastolic MRE values were around 17 kPa in pig LVs, com-
pared to ~26 kPa during systole [19]. Similar values were also found in
one study investigating human LV stiffness [22], although somewhat
lower stiffnesses were measured in another pig study as well as a second
study using human LVs [20,21]. Noteworthy, apart from differences in
the experimental setup as well as the image processing and analysis, sex
and age spread were significantly different between the human studies,
limiting their comparability.

The studies are however all consistent in the finding that stiffness
goes up during development to a diastolic adult LV stiffness between 10
and 20 kPa (Table 1). Considering that the systolic values were around
50% higher compared to end-diastole, when measured by MRE, mea-
surements from the human hearts also fall within this range. Similarly,
all studies find that the stiffness is increased in diseased hearts.

3. Contributing elements to the cardiac stiffness

Passive stiffness is a key factor in the heart. It determines the filling
and stroke volume, as well as the shortening velocity in the activated
myocardium [25,26]. Also, as described above, cells in the myo-
cardium, including the cardiomyocytes can sense the changing stiffness
of the heart, thereby influencing their phenotype and behaviour.
Therefore, the next section we will look at the main contributors to-
wards the passive stiffness, including the extracellular matrix sur-
rounding the cardiomyocytes, as well as intracellular elements, such as
the giant sarcomeric protein titin or the microtubule network.

3.1. Extracellular stiffness - ECM and basal lamina composition

The cardiac extracellular environment is an intricate web of pro-
teoglycans, glycosaminoglycans and glycoproteins, such collagens, fi-
bronectin or laminin [27,28]. The fibrillar collagens I, III and V in the
extracellular matrix (ECM) are connected through collagen VI, fi-
bronectin and other molecules to the network forming collagen IV in
the basal lamina, into which laminin, other glycoproteins and pro-
teoglycans are incorporated. The composition of the extracellular ma-
trix shows spatial and temporal changes during the cardiac develop-
ment that include all the above molecules as well as matrix proteases.
Together these changes contribute to the increase of the cardiac stiff-
ness from the embryonic to the adult heart and further in diseased,
fibrotic myocardium (see Section 2 and Table 1). The fibrillar collagens
I,III,V and the network forming collagen IV are all expressed during
development and their loss is lethal at embryonic stages (collagen I, IV,
V) or in adulthood (type III) [27,29]. Fibronectin levels are high during
embryonic development but decrease after birth, while laminin shows
the opposite trend [30]. At the same time there is also a shift in the
expression of the different laminin α-chain isoforms, from pre-
dominantly laminin α2 (which binds to α-dystroglycan in the dystro-
phin glycoprotein complex and α7β1 integrins) to predominantly la-
minin α5 (which has a much stronger affinity towards α7β1 integrins
but doesn't bind to α-dystroglycan) [31,32]. However, especially the
decrease in the ratio of Type I/Type III from neonatal to adult stages
[33] and the increase in the crosslinking of the collagen [34] is asso-
ciated with changes to the mechanical properties.

Therefore, unsurprisingly, collagen crosslinking is associated with
systolic and especially diastolic dysfunction. The soluble pro-collagen I
and III are secreted by myofibroblasts and then further crosslinked and
assembled into fibres. There are two major groups of crosslinks: those
initiated by the enzyme LOX and those derived from nonenzymatically
glycated lysine (Lys) and hydroxylysine (Hyl) residues [35].
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Additionally, the type of crosslinks that can be formed are determined
by another class of enzymes the lysyl hydroxylases (LH), which hy-
droxylate lysine residues (Fig. 1A). LOX can oxidatively deaminate ly-
sine residues that then form relatively unstable Lysald-derived collagen
crosslinks (LCCs). Alternatively, it can also modify Hyl which then can
form the stable Hylald-derived collagen crosslinks (HLCCs). Generally,
HLCCs are present in mechanical demanding tissues, such as skeletal
tissue, however all three lysyl hydroxylases are expressed in the heart as
well [36,37].

Similarly, LOX as well as two LOX-like proteins (LOXL-1 and LOXL-
3) are highly expressed in the heart, while LOXL-2 is expressed during
heart development [38]. There is solid evidence linking expression of
LOX and LOXLs with fibrosis in various tissues [39]. In the heart, in-
creased expression of LOX was found in hypertensive rats with LV hy-
pertrophy, in mice after pressure overload and chronic HF and also in
rats after myocardial infarction [40–42]. Moreover, increased LOX was
reported in human patients with myocardial fibrosis due to hyperten-
sive heart disease and chronic heart failure [43]. Therefore, LOX up-
regulation correlates with increased mechanical stiffness, as well as
diastolic dysfunction due to excessive crosslinking [38]. Similarly,
LOXL-2 is upregulated in diseased human hearts and elevated serum
levels of LOXL-2 are found in patients with heart failure, suggesting it
might be used as a biomarker for heart failure. Its levels correlate with
collagen crosslinking and cardiac dysfunction. LOXL-2 inhibition or
knock out improves and protects stress reduced cardiac dysfunction
[44]. LOXL-1 was upregulated in cultured cardiomyocytes after treat-
ment with hypertrophic stimuli and transgenic upregulation of LOX-1
led to cardiac hypertrophy, however the mechanism leading to this
LOXL dependent hypertrophy is currently unclear [45]. Although there
is currently no data directly implicating LHs in heart disease, one recent
study implicated the long noncoding RNA wisper in cardiac fibrosis
through association with the splicing factor TIAR, which then regulated
the expression of LH2 [46].

3.2. Intracellular contributions

3.2.1. Titin
The sarcomeric protein titin is the largest human protein. It spans

from the Z-disc to the M-band (Fig. 1B). Titin has multiple critical
function in the assembly and function of striated muscle sarcomeres
([47] for a recent review). It is a structural component and molecular
ruler and is integral to muscle signalling, but also a molecular spring
and primary contributor to the passive force in muscle. Recently it was
suggested that it might also contribute to active force production, al-
though this is still debated [47,48]. Titin's elasticity stems from the
flexible I-band domain, including the N2B and PEKV spring elements.
These flexible domains can be differentially expressed in the adult heart
as either N2BA or N2B titin, whereby N2BA is longer and softer
[49–52]. The splicing factor RNA Binding Motif-20 (RBM20) represses
splicing in a dose dependent way, leading to increased compliance
[53,54]. A foetal N2BA isoform is even longer with additional spring
elements, further reducing the stiffness. During postnatal development
N2BA expression is reduced and N2B isoforms increase, thereby in-
creasing the passive stiffness of the heart [52]. Importantly, titin's
stiffness can be also modulated through phosphorylation, calcium
binding, disulphide bridges or by interaction of the PEVK domain with
actin [47], which is released with increasing calcium levels during the
contraction cycle [55,56]. Noteworthy, several kinases that are known
players in mechanosignalling, such as PKC and PKA can modulate titin
stiffness. PKA (as well as PKG) phosphorylates the N2B element, re-
ducing the stiffness. PKC on the other hand phosphorylates the PEVK-
region, increasing the stiffness [51,57].

Titin truncation variants have been associated with dilated cardio-
myopathy and have been found in up to 27% of patients with DCM,
making it the largest-known genetic contribution to DCM [58]. Changes
to titin isoform ratios have been also found in cardiac diseases. In-
creased (compliant) N2BA titin was detected in mice with pathological

Table 1
Studies investigating the stiffness of the heart. For SWE and MRE, the printed Young's modulus represents the calculated values, using the shear modulus from the
original studies and a Poisson's ratio of 0.4 [15–22].

Method Species Chamber Condition Shear modulus Young's modulus N-numbers Ref

Micropipette Chick heart tube Embryonic (E4) ~ 1 kPa 4 [15]
heart tube Embryonic (E14) ~ 10 kPa 1

Micropipette Rat LV Neonatal 6.8±2.8 kPa 1 [16]
Adult - healthy 25.6± 15.9 kPa 1

AFM Rat LV Adult - healthy 18±2 kPa 2 [17]
Adult - MI 55± 15 kPa 2

Shear Wave Sheep Atrium Adult - healthy Diastole: 0.5± 0.1 kPa
Systole: 6.0±0.3 kPa

Diastole: 1.4± 0.3kPa
Systole: 16.8±0.8 kPa

1 [18]

RV Diastole: 1.3± 0.3 kPa
Systole:13.5± 9.1 kPa

Diastole: 3.6± 0.8kPa
Systole: 37.8±25.5 kPa

LV Diastole: 1.3± 0.2 kPa
Systole:12.5± 5.1 kPa

Diastole: 3.6± 0.6kPa
Systole: 35.0±14.2 kPa

Magnetic Resonance
Elastography

Pig LV Healthy Diastole: 6.0± 1.8 kPa
Systole: 9.3±1.9 kPa

Diastole: 16.9± 5.0kPa
Systole: 26.2±5.3 kPa

6 [19]

Pig LV Juvenile – before
surgery

Diastole: 3.9± 0.4 kPa
Systole: 5.0±0.7 kPa

Diastole: 10.8± 1.1kPa
Systole: 13.9±2 kPa

21 [20]

Juvenile – MI (21d) Diastole: 5.5± 0.7 kPa
Systole: 6.3±1.0 kPa

Diastole: 15.3± 2kPa
Systole: 17.8±2.8 kPa

Human LV Adult - healthy Systole: 5.64± 1 kPa Systole: 15.8±2.8 kPa 18 (13 Female and 5 Male;
Mean age: 31 yrs.; range:
21–71 yrs)

[21]

Adult, Obstractive
HCM

Systole: 14.5± 2.2 kPa Systole: 40.6±6.2 kPa 2 Female; Ages: 26 and 43 yrs)

Human LV Adult - healthy early systolic phase:
mean: 8.2 kPa;
range: 7.2–11.8 kPa

early systolic phase:
mean: 23.0 kPa;
range: 20.2–33.0 kPa

11 (1 Female and 10 Male;
Median age: 57; range:
52–84 yrs)

[22]

Adult cardiac
amyloid patients

early systolic phase: mean:
11.4 kPa:
range: 9.2–15.7 kPa

early systolic phase: mean:
32.0 kPa;
range 25.8–44.0 kPa

16 (3 Female and 13 Male;
Median age 66.5; range:
50–85 yrs)
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hypertrophy [59] as well as human patients with coronary artery dis-
ease [60], patients with heart failure with preserved ejection fraction
[61], or end stage heart failure due to dilated cardiomyopathy [62,63],
where changes to the stiffness in the heart have been observed.

3.2.2. Microtubules
In addition to titin, the extrasarcomeric cytoskeleton, especially the

microtubule network together with intermediate filaments contribute
to the regulation of the cardiomyocyte mechanics and mechanosensing
(Fig. 1C). Microtubules consist of α/β-tubulin heterodimers and are
highly dynamic structures, involved in mitosis, cell motility, or in-
tracellular trafficking. Because of their viscoelastic properties, they
provide resistance to deforming stresses, which is enhanced through
crosslinking with actin and intermediate filaments to resist buckling
[64–66]. Their contribution to cardiomyocyte mechanics has been first
noted in the 90s, where increased free and polymerised β-tubulin were
found in right ventricular pressure overload in a cat model [67]. Sar-
comeric shortening extent and velocity, initially reduced after the
pressure overload were normalised after depolymerisation of the mi-
crotubules, while treatment with taxol, which enhances polymerisation,
reduced these measures in healthy cardiomyocytes. The authors sug-
gested that the microtubules imposed a resistive intracellular load on
the shortening. The increased resistive load in hypertrophied cells
however impeded sarcomere motion [67]. After some controversy re-
garding these results, work from the Prosser lab more recently found
that the resistance to compressive load in cardiomyocytes depends not
only on the number of microtubules, but largely on posttranslational
modification, specifically the detryosination of the microtubules [68].
Detryosinated tubulin forms crosslinks with the intermediate filament
protein desmin at the Z-disc, which prevent low resistance sliding of the

microtubules between the sarcomeres and causes high-resistance
buckling during the cardiomyocyte contractions. Therefore, de-
tryosination reduces the cardiomyocyte stiffness and viscoelasticity.
Further, reversing the detryosination through overexpression of the
tubulin tyrosine ligase (TTL) increased magnitude and velocity of sar-
comeric shortening [68]. Although the exact enzyme, responsible for
the detryosination in cardiomyocytes is still not known, a complex of
vasohibin-1 (VASH1) with the small vasohibin binding protein (SVBP)
were showing robust tubulin carboxypeptidase (TCP) activity in neu-
rons [69]. VASH1 is also expressed abundantly in the heart, making it a
likely candidate for TCP activity in cardiomyocytes.

The cardiomyocyte microtubule network is highly proliferated and
detyrosinated in heart failure patients with DCM, ICM or HCM (if also
[68,70]. Fittingly, isolated cardiomyocytes from these patients were
also more viscoelastic than non-failing cardiomyocytes and contraction
dynamics could be improved in these cells after colchicine treatment
[70]. Notably, detyrosinated microtubules are also involved in me-
chanosignalling, as they were found to be required for stretch depen-
dent reactive oxygen species production, which in turn sensitised the
ryanoidine receptor to trigger calcium sparks [71,72].

3.2.3. Intermediate filaments
Intermediate filaments are flexible, elastic and highly extensible,

compared to the actin cytoskeleton or microtubules (persistence length
typically <1 μm, compared to microtubules >1mm). They strengthen
under strain, act as load bearing springs and regulate cellular stiffness
in non-muscle cells [73]. In striated muscle, intermediate filaments
contribute to the passive stiffness of the sarcomere especially at shorter
sarcomere lengths between 1.9 and 2.1 μm, approximately the working
range of cardiac muscle [26,74,75]. Desmin is the main IF protein in

Fig. 1. Main contributors to the passive stiffness in the heart. A) Collagen is crosslinked through lysyl oxidases (LOX, LOXL), increasing its stiffness. Additionally, the
stability of the crosslinks is determined through activity of lysyl hydroxylases (LH). B) The stiffness of the elastic N2B and the PEVK domains of titin can be changed
through splicing, phosphorylation or calcium binding. C) Detyrosination (through unknown tubulin carboxypeptidases) of microtubules leads to crosslinking with
desmin and high-resistance buckling as opposed to low resistance sliding behavior. Detyrosination can be reversed by tubulin tyrosine ligase (TTL) activity. D) Non-
muscle myosin can increase the basal tension that is sensed by cardiomyocyte integrin adhesions, thereby changing the mechanical signalling through adaptor
proteins, such as talin (e.g. cyclic vs continuous stretching of talin) – figure adapted from Pandey et al., 2018 [7].
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cardiac tissue. In addition, vimentin (only found in fibroblasts and
vascular cells), paranemin and sycoilin, syemenin, nestin and nuclear
lamins are expressed in the heart, whereby nuclear lamins play an
important role in the regulation of nuclear stiffness and lamin isoform
expression correlates with tissue stiffness (e.g. discussed in a recent
commentary [76]). Desmin is one of the first muscle specific proteins
during embryonic development and is found in the murine cardiac tube
around day 8 [77]. In line with the contribution to the passive stiffness,
desmin has been postulated and demonstrated to counteract external
stresses, potentially helping to keep sarcomeres in register during the
development of hypertrophy [78]. In line with this, desmin mRNA le-
vels were increased in hypertrophic guinea pig hearts and increased
desmin (as well as disorganisation of filaments) were detected in ex-
planted failing human myocardium [78]. Moreover, a two-fold increase
in serine phosphorylation of desmin was detected in rat ischemic HF.
These include at least one conserved serine at the head domain (Ser60
in human and rat, Ser50 in chick) that is phosphorylated by PKA,
whereby phosphorylation leads to reduced filament integrity or for-
mation [79,80] (Fig. 1C). Noteworthy however, no changes to desmin
levels were detected in cats or dogs [78]. In agreement with the func-
tion as load bearing spring, desmin knockout mice develop muscle
weakness in cardiac and skeletal muscle, presumably due to the in-
creased susceptibility to physical strain during muscle contraction
[81,82].

The cellular stiffness was significantly increased in primary muscle
cells from patients with a heterozygous R350P mutation, which leads to
age-dependent desmin-positive protein aggregation pathology, skeletal
muscle weakness, dilated cardiomyopathy, as well as cardiac ar-
rhythmias and conduction defects [73,81]. These cells were also more
susceptible to cell stretch, resulting in increased cell death. Because the
experiments were only performed in myoblasts, it is however unclear if
or how these data would translate into heart muscle cells.

3.2.4. Actomyosin
Actin and myosin are primarily involved in active contractile force

production in cardiomyocytes, as integral part of the thin and thick
filaments, respectively. There are however at least two ways in which
actomyosin can contribute to the passive stiffness, which both seem to
be mostly of relevance in diseased conditions. On one hand residual
crossbridge formation was reported to increase the passive stiffness in
hypertrophied hearts after isoproterenol treatment, albeit measure-
ments were only performed in transverse direction by AFM [83]. On the
other hand, our own work indicated that non-muscle isoforms of
myosin and potentially also actin (or at least nucleators that only nu-
cleate cytoplasmic actin [84]) are enhanced after hypertrophic stimu-
lation, whereby the increased activity of non-muscle myosin depended
on PKC and Src. Traction force measurements of primary neonatal rat
cardiomyocytes with nanopillars demonstrated that enhanced non-
muscle myosin activity was directly related to increased resting tension
and further resulted in changes to the downstream mechanosensing
through talin (Fig. 1D) [7]. Although active non-muscle myosin was
also enhanced in disease models (myocardial infarction and DCM),
where it localised to costameres, further experiments are still needed to
investigate this mechanism in vivo.

4. The changing mechanosensing toolkit

The sensing of mechanical signals requires cell surface receptors and
associated proteins, which are typically linked to the cytoskeleton on
the intracellular side to balance the forces from the ECM or apply forces
to probe the extracellular environment [85,86]. Mechanoreceptor
binding affinities change in response to extra and intracellular forces.
Moreover, adaptor proteins at the intracellular side may be displaced or
deformed in reaction to the forces, resulting in the initiation of in-
tracellular signalling cascades and leading to the change in cellular
behaviour [1,6]. That may be in the form of modulating the stiffness of

proteins such a titin (see above), modulating the ion flux across the
cardiac cell membrane to trigger and modulate cyclic contraction and/
or regulating gene expression. The placing of mechanosensors at ad-
hesion sites allows them to sense subtle changes to intracellular or
extracellular force and enable the cell to adapt to these changes. The
literature however more and more points to the fact that disease sig-
nalling pathways can lead to a change not only of ECM proteins (and
the stiffness of the ECM) but also many key receptors or mechan-
osensitive adaptors change isoforms or expression levels. These changes
might be compensatory initially, but can lead to suboptimal binding
affinities between different binding partners, or further downstream
regulatory effects. In the next section we will therefore look at the key
mechanosensing toolkit and how these components are implicated in
various heart conditions.

4.1. Mechanoreceptors

The main receptors associated with the mechanical signalling are
integrins, a large heterodimeric family of cell surface receptors.
Integrins are capable of bidirectional signalling, i.e. they can take ex-
tracellular information and relay that internally or in response to var-
ious intracellular changes alter their interactions with the surrounding
matrix. Despite their central role in force transmission and the detection
of changes in loads placed upon the cell, integrins themselves lack
catalytic activity required to directly convert mechanical inputs into
chemical signals. Instead integrins interact with various other proteins
at the adhesion complexes, which do have the required activity, in-
cluding kinases, such as FAK, Src or Fyn, or mechanosensitive adaptor
proteins, such as talin or filamin [87].

18 α and 8 β integrin subunits can be combined in 24 known ways
in different cell types, though complexity is further added due to dif-
ferential spicing of integrin encoding transcripts leading to increased
functional differences. The α subunits determine in big part the affinity
towards extracellular ligands, such as the different laminins [32], while
the β-cytoplasmic tail influences intracellular ligand interactions. Be-
cause integrins differ in mechanical strength (e.g. binding/unbinding
rates under force) changes in integrin expression pattern have also
implications on force generation, actin flow and integrin recruitment,
although such mechanical data is still lacking for most integrin com-
binations [88,89].

As the stiffness of the heart changes during development, the ex-
pression of integrin types and isoforms change as well [90–92]. The
embryonic heart is abundant in the laminin binding integrin α6 (with
high affinity towards Laminin α5, α3 and α1), as well as the collagen
binding integrin α1. Levels of the laminin binding α7 integrin increase
(X1 and X2 isoforms, with strongest affinities towards the laminin α5
and α1 chains respectively) and the collagen binding α1 as well as the
fibronectin binding α5 integrins are reduced between embryonic and
adult cardiomyocytes [32,90–93]. While α7 seems to be still the
dominant isoform it is strongly downregulated and the α1, α3 and α5
isoforms are increased in hypertrophied and ischemic hearts
[91,94–96]. A concomitantly reduced expression of Laminin α5 (jud-
ging from various GEO data sets: GSE57344 – human heart failure [96];
GDS2258 – pressure overload hypertrophy [97]; GDS488 - myocardial
infarction model [98]), suggests lower strength of the integrin-laminin
bonds and perhaps a shift towards the integrin-fibronectin interactions.

Similarly, there is a switch in β1 integrin expression from β1A in the
embryonic heart to β1D in the postnatal heart, as well as increased
expression of β1D in postnatal isolated primary cardiomyocytes
[90,92]. A further increase in the expression of β1D integrin was de-
tected in the mouse hearts after transverse aortic constriction [99]. In a
rat MI model, β1(A and D) and β3 integrin expression was increased in
the infarct zone during the first week and then levelled off [100]. Only
β1D integrin was found in cardiomyocytes in this study however; the
increase of β3 integrin was mainly detected on the peri-infarct vessels,
while β1A was primarily increased on cardiac fibroblasts and
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inflammatory cells [100]. Moreover β1D expression in primary neo-
natal rat cardiomyocytes was susceptible to inflammation signals, such
as TNF, resulting in a downregulation [100].

The levels of β1-integrin in the heart seem to influence the health of
cardiomyocytes. Overexpression of β1A and D was previously linked to
an enhanced hypertrophic response after phenylephrine stimulation in
neonatal rat cardiomyocytes [101]. A deficiency of β1 integrin (β1
heterozygous knockout) on the other hand resulted in higher levels of
cardiomyocyte apoptosis and poorer cardiac function after MI, thereby
possibly contributing to heart failure [102,103].

Apart from changes to the ligand binding strength, binding partners
at the intracellular tails can also vary between different integrins and
even β1 isoforms. Such proteins include ICAP1, talin2, or the ryanoi-
dine receptor 2, affecting integrin activation, ECM-cytoskeleton linkage
and Ca2+ handling, respectively [104–106]. Importantly, changes to
integrin expression also affects the cytoskeletal organisation, through
downstream signalling molecules, including tyrosine kinases, such as
Src and RhoGEFs and GAPs [7,88,107–112].

Together this suggests that integrin expression is modified as an
adaptive response to heart disease. However, because integrin adhe-
sions are such prominent signalling hubs, these changes affect the
mechanical signalling pathways and can lead to disease progression
through a mismatch of ECM and integrin expression (Fig. 2) [113].

Besides integrins, recent research has identified mechanical signal-
ling capabilities of cadherins at the cell-cell junctions, which, similar to
integrins show catch bond behaviour (i.e. increasing the bond lifetime
in reaction to force) and cytoskeletal tension plays an important role
during the maturation of cadherin-mediated adhesions [114,115]. Ad-
ditionally, the G-protein-coupled receptor-like protein Polycystin-1
senses stretch and after activation stabilises L-type calcium channels to
enable a hypertrophic response [116]. Engagement of the hyaluronic
acid (HA) receptor with its ligand can further augment mechanical
signalling by integrins in cardiomyocytes in culture [117]. However,
the presence of the HA receptor in cardiomyocytes is currently dis-
puted. A previous study reported no prominent HA receptor staining in

healthy rat atrial or ventricular cardiomyocytes in tissue sections [118].
On the other hand, another study found that osteopontin, an extra-
cellular matrix protein involved in inflammation, which is significantly
increased in the plasma of heart failure patients, interacted with the HA
receptor in adult ventricular cardiomyocytes to induce apoptosis [119].
It is not clear from the study if the receptor was already expressed in the
control cells. However, if osteopontin was causing the upregulation, the
HA receptor could indeed play an important role in altering the me-
chanosignalling in cardiac disease. Also, mechanosensitive ion-chan-
nels, such as Piezo and especially TRP channels are expressed in car-
diomyocytes and might be involved in pathological remodelling after
myocardial infarction [120]. Similar to integrins, expression of these
will differ between cell types, differentiation or disease state and
therefore lead to altered mechanical responses. Moreover, not only the
different mechanical signalling pathways are intertwined, they are also
influenced and cross-react with growth factor or cytokine receptor
signalling pathways, such as EGF signalling [121]. More research is
however needed to fully understand how mechanical signals intersect
with chemical signalling pathways and especially inflammation sig-
nalling in cardiac disease.

4.2. Mechanotransduction at the inner cell membrane

At the intracellular domains of integrins and other receptors are
kinases and GTPases that initiate signalling cascades in response to the
mechanical stimuli [6]. Moreover, bridging between the integrins and
the cytoskeleton are various adapter proteins that influence the strength
of the cytoskeletal coupling and feedback to the regulation of actin
assembly and cytoskeletal organisation. Looking at all of them would be
beyond the scope of this review article. However, amongst the adapter
proteins talin stands out as a true mechanosignalling hub. Several re-
cent studies have investigated the mechanosensitivity and isoform dif-
ferences of talin in more detail, which we will discussed here, as this
could be critical especially also for cardiomyocyte mechanosensing
pathways.

Fig. 2. Changing components of the mechanosensing apparatus. A) Schematic of the integrin adhesions in the costameres and their connection to the sarcomere. Note
only a few relevant components are displayed and proteins are not in scale. B) Overview of the different isoforms for ECM proteins, integrins and talin, as well as
different downstream effects in embryonic, healthy adult and diseased hearts. Red arrows indicate events that can lead to progression to heart failure, i.e. the
downregulation of β1D integrin through talin 1 overexpression, leading to apoptosis and heart failure; and heightened RhoA activity, which is also associated with
heart failure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Talin, a large (270 kDa) ubiquitously expressed protein is localised
in cardiomyocytes at the costamere and intercalated disc. The protein
itself consists of a head and tail arrangement. The head contains a
FERM (protein 4.1, ezrin, radixin, moesin) domain, and is capable of
binding directly to membranes containing phosphatidylinositol 4,5-bi-
sphosphate (PIP2), binding and activating integrins in a form of inside-
out signalling as discussed above, as well as binding to integrin asso-
ciated proteins, including the GTPase RAP1, the Rho GTPase exchange
factor TIAM1.

The majority of the talin molecule is composed of the C-terminal tail
region and is subdivided into 11–13 bundles of 4–5 alpha helical
structures in a rod like chain (R1- R13). The tail contains the actin
binding sites (ABS) 2 and 3, which have distinct functions in mechan-
ical sensing at least in non-muscle cells, where ABS2 is the main load
bearing site and also required for stiffness sensing [122]. ABS3 in
contrast is dispensable for rigidity sensing but required for spatial
gradients in adhesion forces. Additionally the tail contains cryptic
binding sites for vinculin on R2-R3, which become exposed under
mechanical stretch, resulting in adhesion reinforcement [123].

Importantly however, recent in vitro, in silico and in cyto experi-
ments have indicated that at physiological forces all talin rod domains
can unfold, suggesting that this could influence the interaction with a
range of different proteins, including kank, RIAM, or the Rho GTPase
activating protein DLC1 [123–125]. Intriguingly, DLC1 is highly ex-
pressed in the heart, essential to heart development and potentially
associated with congenital heart disease [126]. Our recent data showed
different regimes of talin stretching depending on the ECM stiffness,
with no stretching on embryonic, cyclic stretching on physiological
stiffness and continuous stretching on fibrotic stiffness [7]. It is intri-
guing to hypothesise that this would affect the dynamics of talin
binding partners to influence e.g. cytoskeletal rearrangements via
DLC1. Alternatively, it is possible that enhancement of the integrin-
talin-actin link through recruitment of vinculin will feedback into Src
activity and this way modulate cytoskeleton assembly and tension at
the integrin adhesions [7,107].

There are two known talin isoforms; talin 1 and talin 2 with ap-
proximately 74% sequence homology. Talin 1 and 2 have different
mechanosensing activities: vinculin is recruited to cryptic binding sites
on talin 1 in response to force, but vinculin recruitment to talin 2 occurs
even in absence of force [127]. Additionally, talin 2 has a higher affi-
nity for β1 and especially β1D integrin, which could be traced to a
single residue in the F3 domain (C336 on talin 1, S339 on talin 2)
[105,128]. Talin 1 is expressed in the embryonic heart and down-
regulated after birth, making talin 2 the primary isoform in the adult
heart [129]. There appears to be an expressional co-regulation of the
talin isoforms in the myocardium (although this was not the case in all
cell types [128]), i.e. talin 1 reduction leads to talin 2 overexpression
and vice versa [129,130].

Talin 1 expression is upregulated after aortic constriction and in
heart failure patients. Although no significant change in talin 2 levels
was seen in this study, this was nevertheless shifting the total ratio
towards talin 1. Since β1D integrin was increased in the hypertrophic
response this would lead to a further mismatch between the different
components in the mechanotransduction pathway.

Talin 1 knockout mice have normal cardiac function and structure
but show improved cardiac function after pressure overload. Knockout
of talin 2 shows no impact on the heart on its own, perhaps due to the
compensatory increase in talin 1 expression. The animals show strongly
reduced β1D levels in the myocardium but relative activation of β1D is
enhanced, leading to overall only a slight reduction in active β1 in-
tegrins [130]. This intriguing result suggests that the stronger binding
of talin 2 might be required for the integrin stability or turnover, but
talin 1 can ensure a minimum required amount of active integrin,
possibly by being a stronger integrin activator. Loss of both isoforms

together, however leads to displacement of vinculin from the costa-
meres, increased membrane permeability and dilated cardiomyopathy
[130].

4.3. Signalling to the nucleus and the role of the cytoskeleton

To change cellular behaviour, signalling proteins such as the kinases
p38 or JNK or transcription factors such as NFkB shuttle to the nucleus
at the end of various signalling cascades. These are normally retained in
the cytoplasm by anchoring proteins, but released after modification of
the anchoring proteins, typically through phosphorylation.

From the perspective of mechanosignalling, a particularly inter-
esting group of these nuclear shuttling proteins is anchored by the actin
cytoskeleton. This means that changes to the organisation of the cy-
toskeleton is not only outcome of mechanosensing; Because various
regulators of actin assembly, crosslinking, severing and capping are
direct or indirect downstream effectors of integrin, cytokine, Ca2+,
ROS or other signals, this also provides a platform for communication
between various signalling pathways. Actin assembly proteins compete
for a limited pool of actin monomers, therefore increased activity of one
will affect the activity of other actin assembly proteins with a pre-
ference for different actin structures, or different actin nucleation,
elongation or bundling activities. This is therefore expected to have an
effect on cytoplasmic retention or nuclear translocation of cytoskeleton
anchored transcription factors.

The first protein where such mechanism was identified was myo-
cardin-related transcription factor (MRTF) also known as MAL or MKF1
[131]. MRTF is anchored in the cytoplasm by G-actin. Competition with
WH2 domains for G-actin dissociates the repressive complex, allowing
activation and nuclear shuttling [132]. Because many WH2 domain
proteins are actin assembly proteins (e.g. Leiomodin, or Spire) or nu-
cleation promotion factors (e.g. WASP), this links actin assembly
downstream of stretch or humoral stimulation to MRTF translocation to
the nucleus, where it acts as co-factor for serum response factor (SRF)
driven transcription [132,133]. However, because many genes of the
actin cytoskeleton (including WH2 domain proteins, such as Leiomodin
[134]) are expressed under the control of the SRF promoter, this creates
a feed-forward loop [131]. Unsurprisingly, considering the key role of
SRF driven genes in cardiomyocytes, simultaneous loss of MRTF-A and
B leads to severe heart defects, including sarcomeric disarray and adult
onset heart failure [135].

Two closely related transcription factors, YAP and TAZ, generally
referred to as YAP/TAZ (although there might be cell and tissue specific
differences in the influence of one vs the other [136]) have recently
gained increasing attention. YAP/TAZ are the terminal effectors of the
hippo signalling pathway and act as transcriptional co-factors with
TEAD, SMAD 1–3 and other DNA binding proteins to regulate cell
survival and proliferation and through that organ development and
size. The recent interest is however at least in part related to a non-
canonical hippo signalling role of YAP/TAZ in cellular mechanics,
which is of relevance in a range of diseases, including cancer, athero-
sclerosis or fibrosis [137]. Similar to MRTF, YAP/TAZ is regulated by
actin, however in this case it is the actin filaments and more specifically
their conformation and tension that influences the nuclear transloca-
tion. The Rho GTPases RhoA and Rac1, the RhoGEF β-PIX, as well as
actin filament capping or severing have all been shown to impact on the
subcellular localisation of YAP/TAZ, e.g. downstream of integrin sig-
nalling. Moreover, direct forces on the nucleus, e.g. through the nuclear
actin cap can speed up and increase the nuclear transport of YAP/TAZ
[138,139]. The hippo pathway is also involved in heart development,
cardiomyocyte apoptosis after myocardial infarction, and hypertrophic
as well as dilated cardiomyopathies, which however seem to depend on
MST and Lats and therefore, the canonical hippo signalling pathway
rather than cytoskeletal arrangements [140].
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In addition to MRTF and YAP/TAZ, several members of the family of
LIM domain proteins are expressed in the heart and have been im-
plicated in shuttling between the (cardiomyocyte) cytoskeleton and the
nucleus in response to mechanical signals [141].

Amongst these proteins is Muscle LIM Protein (MLP/CSRP3), which
has long been associated with cardiac disease. MLP KO mice develop a
dilated cardiomyopathy phenotype and are staple model of the disease
[142]. MLP also has a well-established link to DCM and HCM [143] in
humans. Like most LIM proteins MLP is a protein binding protein with a
wide interactome including cytoskeletal and adhesion proteins in-
cluding actin, ILK, zyxin and T-cap/Telethonin as well as transcription
factors such as MyoD and HDAC4 [144,145]. There has been much
debate as to the nature of the role MLP plays in cardiomyocytes with
disagreements in the literature over its subcellular localisation and
overall function. Early work proposed that MLP functions as a me-
chanosensor at the Z-disc [146], however, more recent work indicated
much broader localisation patterns [145,147]. MLP nuclear transloca-
tion is controlled in response to hypertrophic stimuli or electrical pa-
cing and regulated by haem oxygenase 1 (which is regulated amongst
others through Ca2+, is anti-hypertrophic and upregulated in the
failing heart [148]) and HDAC4 [149,150], although the exact me-
chanism of the pathway is still elusive. Uniaxial cyclic stretching in
contrast blocked nuclear accumulation, indicating that a balance be-
tween active contractile forces and passive tension is regulating the
MLP targeting [149].

Recent work has demonstrated that MLP can negatively regulate
PKCα activity in cardiomyocytes and indeed the loss of MLP leads to
aberrant PKCα signalling in DCM [151]. Interestingly MLP has also
been shown to be a substrate for PKCα, and that hyperphosphorylation
is associated with DCM whilst hypophosphorylation is associated with
HCM [151]. The intriguing correlation between MLP phosphorylation
status and cardiomyopathy phenotype may be a further gateway into
understanding this enigmatic protein.

FHL1 and 2 are two so-called LIM only proteins, both containing
four and a half LIM domains, which both localise to the sarcomere
[141]. In non-muscle cells, FHL2 moves to the nucleus in an acto-
myosin, force and stiffness dependent way that depends on focal ad-
hesion kinase activity and its phosphorylation of tyrosine 93 on FHL2
[152]. The role in cardiac mechanosignalling is currently however
disputed and to our knowledge no nuclear localisation has been re-
ported in cardiomyocytes so far. Moreover, FHL2 deficient mice
maintain a normal hypertrophic response after aortic constriction
[153,154]. In response to adrenergic stress however, FHL2 is upregu-
lated, but this blunts the hypertrophic response, indicating a cardio-
protective role, which is further supported by clinical cases of cardio-
myopathy with loss of functional FHL2 [154,155]. FHL1 functions as a
scaffold for MAPK/ERK signalling and is activated in response to hy-
pertrophic stimuli. It locates to the N2B region of titin and is thought to
modulate the passive stretching of titin and thereby cardiac compliance
[156,157].

Additionally, the family of muscle ankyrin repeat proteins (MARPs),
including the members CARP1, CARP2 and CARP3 are able to shuttle
between the cytoplasm and the nucleus, where they act as modulators
for different transcription factors [158]. In the cytoplasm, they bind to
the titin N2A region and other cytoplasmic proteins, noteworthy in-
cluding talin and desmin in case of CARP1 [159,160]. MARPs change
their localisation in response to stretch, which could be potentially due
to differentially stretched titin N2A, or talin [158,161].

Lastly, the titin kinase domain (even though the kinase activity is
debated and it might actually be a pseudokinase [162]) can be me-
chanically stretched, leading to a change in muscle gene regulation
through an associated signalling complex. Titin kinase interacts with
the autophagy cargo receptors nbr1 and p62/SQSTM1 (in a hetero-
complex), while p62 in turn binds to MuRF2, a E3 ubiquitin ligase
[163]. Intriguingly, arrest of beating resulted in dissociation of p62
from the sarcomeres and nuclear accumulation of MuRF2 and depletion

of nuclear SRF, as well as reduced expression of SRF-controlled muscle
genes.

5. Conclusions

Together, a role for the cytoskeleton beyond its structural/me-
chanical roles is becoming increasingly evident. Actin assembly is in-
fluenced by mechano- and other signalling pathways and through al-
teration of the assembly rates, or configuration of the actin structures it
can provide a platform for further signalling to the nucleus as well as
integration of multiple signalling pathways.

Importantly, the proteins and signalling mechanisms we have dis-
cussed here are by no means meant to be a definitive or exhaustive list
of those involved in cardiomyocyte mechanobiology. As a field it is fair
to say that cardiomyocyte mechanobiology has grown significantly but
many questions remain open, in part due to difficulties to integrate data
from in vivo models (often including expression data from non-cardi-
omyocytes) with results from 2D cell culture. However new techniques
based on stem cells and genetic engineering as well as engineered heart
tissues or lab-on-a-chip devices have the potential to bridge this gap and
enable answering questions that were previously elusive.
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