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Abstract

Epigenetic mechanisms are fundamental in cardiac adaptations, remodeling, reverse remodeling, 

and disease. A primary goal of translational cardiovascular research is recognizing whether 

disease related changes in phenotype can be averted by eliminating or reducing the effects of 

environmental epigenetic risks. There may be significant medical benefits in using gene-by-

environment interaction knowledge to prevent or reverse organ abnormalities and disease. This 

survey proposes that “environmental” forces associated with diastolic RV/LV rotatory flows exert 

important, albeit still unappreciated, epigenetic actions influencing functional and morphological 

cardiac adaptations. Mechanisms analogous to Murray's law of hydrodynamic shear-induced 

endothelial cell modulation of vascular geometry are likely to link diastolic vortex-associated 

shear, torque and “squeeze” forces to RV/LV adaptations. The time has come to explore a new 

paradigm in which such forces play a fundamental epigenetic role, and to work out how heart cells 

react to them. Findings are considered from various disciplines, imaging modalities, 

computational fluid dynamics, molecular cell biology and cytomechanics. Examined are, among 

others, structural dynamics of myocardial cells (endocardium, cardiomyocytes, and fibroblasts), 

cytoskeleton, nucleoskeleton, and extracellular matrix, mechanotransduction and signaling, and 

mechanical epigenetic influences on genetic expression. To help integrate and focus relevant 

pluridisciplinary research, rotatory RV/LV filling flow is placed within a working context that has 

a cytomechanics perspective. This new frontier in contemporary cardiac research should uncover 

versatile mechanistic insights linking filling vortex patterns and attendant forces to variable 

expressions of gene regulation in RV/LV myocardium. In due course, it should reveal intrinsic 

homeostatic arrangements that support ventricular myocardial function and adaptability.
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The main difficulty in defining the concept of phenotype is caused by the fact that 

animals change in time. … Phenotypic differences between two organisms may be 

caused by genotypic differences or may be produced by different environments 

acting on the same genotype. … One might say that the set of organizers and 
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organizing relations to which a certain piece of tissue will be subject during 

development make up its “epigenetic constitution” or “epigenotype”; then the 

appearance of a particular organ is the product of the genotype and the 

epigenotype, reacting with the external environment.

— Professor C. H. Waddington, Sc.D., Fellow of Christ's College, Cambridge. 

[Ref. 151, pp. 155–156].

1. Introduction and Clinical Perspective

The myocardial cells and the pumping ventricles are continuously challenged to preserve 

homeostasis notwithstanding a wide-ranging array of stimuli and perturbations, both health-

upholding and disease producing. To this end, appropriate morphomechanical/functional 

modifications must be accomplished that correspond to the changing conditions; they 

typically entail altered gene expression. This all implies continual adaptive/maladaptive 

phenotypic changes, and it is this phenotypic flexibility that determines cardiac health or 

abnormalities. Transcription rates as responses to stimuli, and transcription differences 

between individuals, are becoming broadly recognized as essential reactions, with important 

repercussions [1–3].

Our fast expanding capability, especially after the Human Genome Project, to define genetic 

differences at the DNA base-sequence level is exposing an enormous new domain in the 

search for gene-by-environment (G×E) interactions. Notwithstanding much information on 

both genetic and environmental disease-risk factors, there are comparatively few examples 

of robust gene–environment interactions in the cardiovascular medical literature. Examples 

of G×E interactions are shown in Table 1 [4–8]. Investigations of G×E interactions seek to 

define how “environmental” and genetic factors, in parallel, impact manifestation of 

abnormal organ phenotype and disease. Since the time of publication of Sir Archibald 

Garrod's classic work of intuition, on the incidence of alkaptonuria, it has been gradually 

comprehended that the etiology of various common diseases points to not only distinct 

genetic and/or “environmental” causes, but also to subtle but potent interactions between the 

two [9].

The present-day progress in genetics and molecular biology is affording us the tools needed 

to exploit in cardiology such a more sophisticated comprehension. It is broadly recognized 

currently that genetics and genomics—the study of the genome and of the overall 

assemblage of expressed and non-expressed genes—are rapidly transforming the face of 

medicine. Our environment continues to epigenetically influence our genes throughout our 

lives. And it may be possible to pass down epigenetic modifications to future generations, if 

the changes occur in sperm or egg cells. The complete set of epigenetic modifications (e.g., 

DNA methylation, histone acetylation, and chromatin remodeling) [3] on the genome and 

allied histone proteins of a cell, tissue or organ constitutes the epigenome. The application of 

molecular genetics and biology can provide us with better ways to approach disease and 

organ abnormalities, such as hypodynamic ventricular dilatation in failure. Notably, unlike 

the alterations of gene behavior caused by DNA mutations, epigenetic alterations of gene 

behavior are generally reversible. Thus, a primary goal of translational cardiovascular 

research is recognizing whether abnormality/disease related changes in phenotype can be 
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averted by eliminating, or reducing, the effects of environmental “epigenetic” (see Epigraph) 

risks, with prospective manifold health benefits.

There may be significant medical benefits in using recognition of G×E interactions to 

prevent or reverse organ abnormalities and disease (see Figure 1). This could allow more 

effective, rational interventions to achieve therapeutic response in patients, while 

minimizing complications. It is important to always recognize that genetic factors and 

environmental factors can interact (the G×E interactions) complicating compound 

phenotypes, such that any one epigenetic environmental factor may have minimal influence 

but, acting together, several interacting factors can have a substantial influence on 

phenotype. An example is phenylketonuria, which occurs only in people with a genetic 

defect and high dietary intake of phenylalanine. A less straightforward example can be 

imagined for lung cancer: not everyone who smokes develops it, although smoking is the 

greatest risk factor known for its development; and some individuals develop it after only a 

short exposure to tobacco use. One explanation for such discrepancies would be unique G×E 

interactions, such that the epigenetic/environmental factor is especially harmful in 

individuals with specific genetic variants, while in others the harm posed by the 

environmental factor is (partially) offset by other specific genetic/environmental variants. 

Genetic and environmental factors interact to yield an appreciable influence on the 

phenotype.

Like Janus bifrons, the Roman deity of entryways and exits, of beginnings and endings, 

genes have two faces or facets. Only one facet, the forward-facing, causal aspect, is 

acknowledged in the concept of the central dogma of molecular biology. But genes also 

have another facet, the backward-facing, responsive or regulatory aspect. This aspect is 

highlighted in epigenetic issues and research, such as the effects of diastolic vortex-

associated forces on right and left ventricular (RV/LV) phenotypes [1–3]. At present, the 

interest in epigenetics, regulation, and complex G×E interactions is witnessing a remarkable 

increase.

Epigenetic mechanisms are fundamental in cardiac adaptations, remodeling, reverse 

remodeling, and disease (Figure 1). This two-article series proposes that variable forces 

associated with diastolic RV/LV rotatory intraventricular flows can exert physiologically 

and clinically important, albeit still unappreciated, epigenetic actions influencing functional 

and morphological cardiac adaptations and/or maladaptations. Taken in toto, the two-part 

survey formulates a new paradigm in which intraventricular diastolic filling vortex-

associated forces play a fundamental epigenetic role, and examines how heart cells react to 

these forces. Albeit still unappreciated, these epigenetic actions influence functional and 

morphological cardiac adaptations. Part 1 [3] provides a general introduction, focusing on 

background concepts, on intracardiac vortex imaging methods, and on diastolic filling 

vortex-associated forces acting epigenetically on RV/LV endocardium and myocardium. 

Part 2 describes pertinent available pluridisciplinary knowledge/research relating to 

mechanotransduction mechanisms for intraventricular diastolic vortex forces and myocardial 

deformations, and to their epigenetic actions on myocardial and ventricular 

morphomechanics (form–function) and adaptations.
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2. Myocardial histoarchitectonic framework for the mechanotransduction of 

vortical flow forces

Ventricular myocardium encompasses endocardial cells, cardiomyocytes, and fibroblasts, 

which assimilate multiple signals from their microenvironment, including direct mechanical 

stimuli associated with vortical flow forces. Mechanical signals may come from the 

extracellular matrix and neighboring cells (Figure 2), while soluble chemical signals may 

arise from both adjacent and distant cells [3]. The cardiomyocyte cell membrane, or 

sarcolemma, invaginates around the myocyte and creates an extensive tubular network (T-

tubules) that extends the extracellular space into the interior of the cell. It is at the cell 

membranes and their attachments to cytoskeletal and extracellular matrix (ECM) 

components that the necessary mechanotransductive “sensory” systems originate. 

Understanding how myocardial cells transmit and balance mechanical forces and 

deformations offers insight into how they can transduce vortical mechanical cues into 

biological adaptations and activity.

Sensitive to change in its environment, involving dynamic shear (acting parallel to the 

surface considered) and normal (compressive or tensile) stresses exerted by the vortical 

intraventricular blood, the myocardium of each ventricle undergoes strains (more or less 

intense deformations) and can react by adapting accordingly [3]. Mechanical signaling and 

force transmission within and outside the ventricular myocardium are important factors in 

the mechanotransduction process. The cytoskeleton is a key component in the structural link 

between the cell membrane and putative intracellular stress-sensing components, which 

respond to mechanical signals through multiple pathways, each involving various cascades 

of internal molecular interactions. Through the intermediation of the ECM, cytoskeletal and 

nucleoskeletal structures, operating intra- and extracellular forces alter nuclear shape and 

structure (cf. Figure 4); thus, the nucleus is implicated in the processes of 

mechanotransduction.

The nucleus, which contains almost all of the human genome, is the site of transcriptional 

regulation [3]. Mitochondrial DNA (mtDNA), distinct from nuclear DNA, is a small genome 

contained in all mitochondria, which occupy about 25–35% of the volume of ventricular 

cardiomyocytes. mtDNA is a circular double helix holding genes specific to the manufacture 

of new mitochondria, as occurs, e.g., in eccentric and concentric myocardial hypertrophy. 

Cardiomyocytes are either mono- or binucleated (see Section 7.2). Forces applied onto 

myocardial cell nuclei induce modifications in nuclear shape (cf. Figure 4), which bring 

about changes in chromatin state and organization; these can, in turn, affect transcription and 

regulate gene expression [2,3]. Therefore, defects in vortical flow force generation and 

transmission can be important mechanisms of cardiac morphomechanical phenotypic 

abnormalities and pathology.

2.1 The cytoskeleton, microfilaments, intermediate filaments and microtubules

Cardiomyocytes have a well-developed cytoskeleton (Figure 2). Microscopically, the 

cytoskeleton (CSK) is a dynamic, complex 3D filamentous network spanning the space 

between the nuclear envelope and the cell membrane, and contributing prominently to 
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myocardial cell stability by anchoring subcellular organelles, such as the myofibrils, 

mitochondria, Golgi apparatus, and nuclei. This network is remarkably dynamic, 

continuously going through assembly, disassembly, movement and reorganization, even 

when seemingly stable. It gives cells structural strength besides imparting cell shape (in its 

place, plant cells and bacteria adopt an extracellular cell wall for structural support), and 

comprises microfilaments, intermediate filaments and microtubules [10], with auxiliary 

proteins binding to their sides or endpoints. Besides structural support, CSK affords 

thoroughfares for the conveyance of subcellular organelles and other structures, facilitates 

force generation, and can be exploited for the bidirectional transduction of signals: “inside-

out,” i.e., force transmission out of cardiomyocytes by traction on their ECM adhesions, to 

modify the configuration and tension of the ECM and the behavior of adjoining cells and 

tissues; and “outside-in,” i.e., mechanical distortion of myocardial cells by ECM 

transmission of, e.g., hydrodynamic vortical shear and “squeeze” forces (discussed in Part 1 

[3]), with ensuing readjustments in cytoskeletal organization and nuclear gene expression.

Microfilaments are fine, thread-like fibers of ∼ 3 –7 nm diameter, made of monomeric 

Gactin (globular) that has polymerized to form F-actin (filamentous, fibrous), which 

associates with myosin to compose tension-generating cytoskeletal assemblies [11]. By 

itself, cytoskeletal actin can form a flexible network, or self-assemble into rigid cross-linked 

struts; they have high compressive strength and act as a major outside-in signal conveyor. 

The actin cytoskeleton facilitates the transduction of mechanical cues, and can generate the 

intracellular forces required for cell signaling and many other cellular functions [12]. A high 

actin filament concentration is commonly found at the cell periphery, near the plasma 

membrane, and is known as the cell cortex; actin filaments in the cell cortex establish the 

shape and stiffness of the cell surface. Additionally, actin contributes to the formation and 

maintenance of cell junctions.

Intermediate filaments are about 10 nm in diameter and form flexible “cables” extending 

from cell membrane to nucleus [13]; they provide tensile strength to cells, mechanical 

stability at regions of intercellular contacts, and act as a major cell–cell signal conveyor.

Microtubules are long, hollow cylindrical tubes, 20-25 nm in diameter, composed of α and β 

subunits of the protein tubulin polymerizing from an organizing center near the nucleus 

outward to the cell periphery [14]. They provide a set of “tracks” on which molecular 

motors (cytoskeletal actin-myosin) use chemical energy to create motion and, with a 

complement of cargo/adaptor proteins [15], can translocate “cargo” (cell organelles and 

vesicles) from one location to another. When mechanical stresses, such as shear, are applied 

to cells, microtubules swiftly reorient themselves and actin stress fibers increase in thickness 

by recruitment and cross-bridging of short actin filaments, in order to reinforce their 

mechanical strength [16,17].

The microtubules contribute to passive stiffness and additionally oppose compression in 

myocardial cells, which they cross mostly along their longitudinal axis [18,19]. Importantly, 

RV/LV pressure overload induces upregulation of the microtubule proteins α-tubulin and β-

tubulin, on the mRNA and protein levels, and intensifies microtubule network density [20]. 

Thus, a pressure overload-induced increased density of the microtubule component of the 
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extramyofilament portion of the cardiomyocyte CSK can physically interfere with the 

inward-directed shortening of the sarcomeric myofibrils; hence cardiac hypertrophy can 

usher in a contractile dysfunction [20,21]. In turn, decreased shortening may be important 

for triggering/exacerbating concentric hypertrophy [22].

2.2 CSK tensegrity/elasticity and cell-to-ECM, cell-to-cell junctions

The solid CSK affords cells “tensegrity” (tensional integrity) [1,12,23]. Cells are 

prestressed: mechanical stresses applied externally on the cell or generated by the continual 

internal activity of cytoskeletal actomyosin motors are counterbalanced by the tensional/

compressional reaction of the “solid-state” CSK. The existence of prestress in the 

cytoskeletal bundles was shown by the retraction of a single actin stress fiber bundle in an 

endothelial cell, ensuing upon severing it with a laser irradiation nanoscissor; as the stress 

fiber bundle retracted over a period of 15 s, the severed ends splayed apart [24,25].

Cytoskeletal tensions create equilibrium of strut compression and string tension, allowing 

internal structural dynamic balance. The CSK is active and changes with environmental 

mechanical cues. Its unconventional (non-sarcomeric) actin and myosin filaments combine 

and shorten by sliding along each other, generating tension (actin-myosin motors) [26] that 

gets distributed to intracellular organelles, to the ECM through integrin attachments in the 

generic class of focal adhesion (FA) complexes and the special to myocytes grouping of 

costameres, and to contiguous cardiomyocytes through cadherin-mediated adherens 

junctions and desmosomes (see Figure 2).

Equivalent morphomechanics apply to the CSK of all myocardial cells—including 

endocardium, myocytes, and fibroblasts. Through actin-myosin motors, cells also apply 

stresses to fine-tune sensing and responses to external force stimuli [27,28]. In 

cardiomyocytes, cytoskeletal filaments are overlain spatially on the sarcomeres [29,30]. 

Besides integrins, costameres [31] contain several of the same CSK adaptor proteins that are 

present in FA complexes of adherent non-muscle cells. In fact, cardiomyocytes in culture on 

a 2D surface develop over time typical FA type adhesions, supplanting costameres, as 

indicated in the top diagrams of Figure 2. Many, or all, of the proteins contained in the 

costamere in vivo, eventually reassemble within FAs, as isolated cardiomyocytes attach and 

spread in 2D culture in vitro [32].

Cadherins (indicating calcium-dependent adhesion) are transmembrane proteins important 

in cell cohesion. They form the adherens junctions that bind cardiomyocytes tightly together 

during systolic contraction, induced by the sliding of the sarcomeric myofibrils. Cadherins 

depend on calcium (Ca2+) ions for dynamic regulation of intercellular trans-junctional 

adhesive interactions [33,34]. Cadherins exert their impact at several different functional 

levels, ranging from conferring resistance to detachment, controlling the morphogenesis of 

contacts as cells coalesce into tissue histoarchitectonics, and influencing tissue cellular 

cohesion and patterning [35]. In particular, they robustly determine tissue cellular 

alignments both in health and disease, and are involved in cardiac diseases such as dilated 

and dysplastic cardiomyopathies, in which prominent alterations in tissue architecture occur 

[36].
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Global cell elasticity reflects cytoskeletal dynamics, as conditioned by active and passive 

tensegrity contrivances [37]. Since it embodies complex regulatory mechanisms, endocardial 

and cardiomyocyte elasticity pertains to the overall cell rather than specific properties of 

individual components [38]. Thus, long- and short-term time-resolved elasticity 

measurements under conditions of impaired RV/LV filling vortex strength, with reduced 

endocardial shear and myocardial “squeeze” (see companion paper [3]), could provide 

useful insights into cytoskeletal defects and ventricular remodeling accompanying such 

abnormalities [1–3]. Diastolic filling vortex formation abnormalities and weakening [39,40] 

could be an epigenetic factor underlying ventricular dysfunction and remodeling, as is 

indicated in Figure 1.

2.3 The extracellular matrix (ECM) and its fiber lattice components

Important properties, including cell–cell and cell–ECM adhesiveness and myocardial 

histoarchitectonics are controlled by the mechanical responses of diverse heart cells 

(including endocardium, cardiomyocytes, and fibroblasts) to modulating forces of their 

environment, foreseeably including diastolic vortical shear, torques, and “squeeze” [1–3]. 

Mural myocardial cells are linked by a dynamic ECM framework composed of different 

collagen types, large elastin fiber bundles, and adhesive glycoproteins, in an amorphous 

mixture of easily hydrated, lubricating protein-polysaccharide macromolecules, or 

proteoglycans [41,42]. Every cardiomyocyte in the myocardium is surrounded by an 

extensive ECM collagenous meshwork enwrapping it as a thick fibrous lattice, which is 

essential for development/transmission of diastolic filling and vortical forces and for 

providing anchoring against which contractile stresses can be generated in systole. It also 

supports and preserves the 3D arrangement of cardiomyocytes and myocardial blood and 

lymphatic vessels. Processes of ECM assembly and disassembly by proteases (viz., matrix 

metalloproteinases, which – after activation – can digest ECM components that encompass 

glycoproteins, collagen, laminins (see below), and basement membrane proteins), are central 

to vital cardiac functions, most notably RV/LV remodeling [43–45], in response to applied 

“environmental” cues.

The collagen-elastin fiber ECM lattice provides elastic support during RV/LV filling and 

gives dynamic shape to the pumping ventricles and the whole heart [46,47]. Elastin is a 

highly cross-linked polymer that organizes as fibers or sheets in the ECM. It provides the 

ventricles with remarkable mechanical properties; most notably, with elastic recoil allowing 

their myocardial wall laminae to twist under systolic contractile stresses – like torsion-

springs under a torque, or twisting force – and then to rebound to their previous state in early 

diastole, reinforcing rapid filling, especially during hyperdynamic circumstances [47,48]. 

The elasticity of elastic fibers arises from their hydrophobic regions [49], which are 

stretched out by tensile forces – such as are exerted by the diastolic vortex – and 

spontaneously reaggregate when the force is released. Collagen is a group of proteins found 

in muscle and connective tissues [50]. It is the main constituent of connective tissue, and is 

the most abundant protein in mammals, representing about 25–35% of the whole-body 

protein content. Fibroblasts make up the largest cell population of the heart and are the most 

common cell type that synthesizes collagen and elastin [51]. Besides ECM deposition/

assembly and paracrine signaling, cardiac fibroblasts can communicate directly with 
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cardiomyocytes via N-cadherin and connexins, thus influencing electromechanical coupling 

and cardiac action potential conduction [52].

The laminins are a class of glycoproteins that are an integral part of the structural 

scaffolding in most tissues, including the myocardium [53]. They are an essential 

biologically active part of the basal lamina (hence the name) of the basement membrane, a 

protein network foundation for most cells, tissues, and organs, and they influence cell 

differentiation, migration, adhesion and survival, as well as overall organ phenotype. They 

bind to other cell membrane and ECM molecules and help anchor organized tissue cells to 

the basement membrane. Fibronectins are large, cell surface and ECM glycoproteins, which 

exhibit structural and adhesive properties in cell-associated fibrillar matrices [54]. Like other 

ECM proteins, they are produced mainly by fibroblasts and are one of the primary cell 

adhesion molecules, promoting attachment of cells to the ECM by binding ECM collagen 

and other components to integrin trans-membrane receptors. Within the ECM, super-

molecular fibronectin assemblies can be dynamically unfolded and stretched to multiple 

times their resting length by myocyte-generated or external forces [55].

3. The key role of integrin cell surface receptors in ECM–cardiomyocyte 

interactions

The aforementioned ECM components form a flexible scaffold for cell membrane adhesion 

that transforms mechanical loading into intracellular signals [14]. During ventricular filling, 

endocardium and relaxing/relaxed myocytes are normally deformed by chamber volume 

expansion and by variable diastolic shear, torque, and “squeeze” forces associated with 

intraventricular vortex flow, as discussed in the companion paper [3]. Deformation forces 

are transmitted and balanced within the cells by cytoskeletal and nucleoskeletal tensegrity 

action (see Sections 2.2 and 6–6.2); they may also be transmitted to and from other 

interlacing RV/LV mural cells through both cell–cell junctions and cell–ECM adhesions 

[1,2]. In fact, tensegrity accounts for the capacity of cells, tissues, organs, and the body to 

absorb impacts without necessarily being damaged. Mechanical energy flows away from a 

site of impact through the tensegrity achieving disposition of the extracellular, cytoskeletal, 

and nucleoskeletal lattices/matrices. The better their tensional integrity, the more readily 

these structures absorb shocks and deformations throughout the whole interconnected global 

matrix (cf. Figure 4) instead of at one localized region.

Growth factors stored within the ECM are released following mechanical stimulation [56]; 

they encourage cell proliferation and production of ECM molecules by fibroblasts [57]. 

Many cell types, including cardiomyocytes, normally require integrin-mediated adhesion to 

the ECM to maintain their survival, and signals from integrin engagement and clustering 

within focal adhesions/costameres contribute to prevention of apoptosis or “anoikis” (from 

Gk. for “homelessness”), viz., apoptosis induced by lack of correct cell/ECM attachment 

[58,59].

The ECM provides a supporting physical framework for cells during cardiac tissue and 

organ morphogenesis, homeostasis and remodeling. By means of integrin cell surface 

receptors, it also acts as an informational apparatus inasmuch as it detects, transduces and 
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coordinates outside-in as well as inside-out mechanical signals originating from adjacent 

cells and the tissue microenvironment [60,61]. Integrins (see below) effectively transduce 

mechanical information, amplified by fibrous components of the ECM, to the embedded 

cells while also revealing the status of the cells to the outside, allowing rapid and flexible 

interactive responses to changes in the Bernardian environment. Complex, dynamic, 

regulated interactions that link extracellular and intracellular protein networks serve to 

adjust cellular responses to extracellular forces and related mechanical cues, such as vortical 

shear-induced stretching and vortical squeeze-induced compressions and distortions [1–3]. 

Consequently, networks of ECM proteins and associated cell surface receptors ought to 

exert subtle dynamic influences on gene expression and cell and organ morphomechanics, 

such as pertain to cardiac remodeling. It is indeed generally recognized now that the cardiac 

ECM is an essential determinant of tissue-specific gene expression [22,57,62].

As noted above, signals likely provided by the ECM in response to normal diastolic vortical 

shear and “squeeze” are transduced by integrin cell-surface matrix receptors, aptly named 

[63] for their role in integrating the intracellular CSK with the ECM, and vice-versa. 

Integrins can also be viewed as integrators of structural-spatial cues communicated by the 

ECM with those supplied by soluble ligands. A sizable and growing family of rod-like 

membrane-spanning heterodimeric (αβ) glycoprotein cell surface receptors [64], the 

integrins pin cells onto the ECM (Figure 1, lower left inset). The intracellular portion of 

integrins binds to actin filaments of the CSK; the extracellular, to various ECM proteins, 

including collagens, laminins and fibronectin [65–67].

ECM proteins bind to integrins as well as other cell surface receptors, activating signaling 

pathways that regulate cellular adhesion, growth and apoptosis, and tissue morphology 

[64,68]. In the myocardium, they couple the ECM to structural and functional elements 

within the endocardial and myocardial cells [1,2] (Figure 2, top). The forces transmitted 

through the ECM both activate cellular paracrine signaling pathways and initiate 

cytoskeletal rearrangements [1,60,69]. Integrins detect deformation forces, such as 

hydrodynamic tractive shear and torques. They then bind specific signal transducing ECM 

ligands, leading to rapid activation of intracellular signaling cascades and of the large 

assembly of “solid-state,” F-actin-based, cytoskeletal structures that directly propagate 

externally applied cell-deforming forces. Focal adhesion kinase (FAK) is a cytoplasmic 

enzyme that plays a major role in integrin-mediated signaling cascades [70,71]. The size of 

the signal cascade can increase rapidly, allowing for a large response, to relatively small 

initiating mechanical cues – including diastolic vortical shear and “squeeze” forces [1–3] 

(see Section 4). Signal cascades improve efficiency of signal transfer, facilitate interactions 

among different signal pathways, and control localization of signal actions within the 

cardiomyocytes [72].

4. Mechanotransduction and signaling affect myocardial function and 

adaptations

To respond promptly to changing circulatory demands, cardiomyocytes contain several 

mechanotransductory regulatory receptors connected to an advanced intracellular signaling 

system. Hence, they can transduce imposed mechanical forces/deformations into 

Pasipoularides Page 9

J Cardiovasc Transl Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiated biochemical signals; e.g., an external shear-force on an endocardial cell can 

change the conformation of a transmembrane protein that acts as a stress-sensitive ion 

channel, causing it to open, thus allowing a transient K+ influx [73]. This is one archetypical 

example of the many ways a cell can physically “feel” its surroundings and respond to 

environmental cues. Mechanosensitive feedbacks can modify cellular and extracellular 

tissue and organ function and structure [74]. They can modulate myocardial architecture and 

diverse cellular properties and processes (e.g., cardiomyocyte adhesiveness, hypertrophy, 

fibrosis and apoptosis/anoikis) involved in cardiac homeostasis and RV/LV adaptations 

[44,50,51,57,70,71,75]. Any disturbance to typical myocardial mechanosensing and 

signaling activities, such as those likely subserved through normal diastolic vortical shear, 

torques, and “squeeze”, could lead to cardiac abnormalities [1–3].

Electrical excitation and excitation–contraction coupling entail compound and fast ionic 

fluxes. Consequently, cardiomyocyte membranes contain a large number of different ion-

transporting proteins and channels. These stretch-sensitive structures and stretch-activated 

channels (SAC) open upon increased stretch of the membrane (see Figure 3), allowing the 

passage of cations, K+, Na+ and Ca2+ [76,77], and can thus modulate calcium handling and 

cardiomyocyte rhythmicity. Then again, the membrane is in some measure spared from 

inordinate stretch by caveolae. These are cytoskeletally controlled flask-shaped 

invaginations or dimples, which can append additional “reserve” material to the sarcolemma 

under tension, through rapid unfolding [78]. Caveolar flattening helps avoid rupture, when a 

cardiomyocyte is stretched. For geometric reasons [1], this protective mechanism is most 

valuable for the subendocardial RV/LV myocytes, which undergo the most marked cyclic 

strains during normal pumping and, especially, with augmentations of the stroke volume. 

The caveolae contain several signaling components, and their mechanical deformation has 

been linked to the activation of stretch-induced signaling cascades [78]. Thus, diastolic 

vortical shear stress may dynamically regulate both caveolar structure and signaling [79]. 

Caveolar dysfunction has been linked to a wide range of human diseases, including cardiac 

disease and muscular dystrophies [80].

As summarized in the preceding Sections, the machinery of mechanotransduction in the 

myocardium encompasses an interdependent network of cell–cell and cell–ECM interactions 

and signaling responses. Although commonly they are spatially discrete, transmembrane 

cadherin and integrin complexes activate many of the same signaling pathways and provoke 

similar cellular activities, acting as interdependent functional nodes in a larger 

cytomechanics network; thus, they appear as functionally equivalent. Intriguing ongoing 

research examines how extracellular forces are transmitted into individual cells [81–83]. 

Cellular capacity to sense and respond to external forces involves diverse cytoskeletal and 

biochemical mechanisms [84–86]. Sensing vortical shear and squeeze forces and the ensuing 

responses must encompass similar intricate interactions.

Established endothelial mechanotransduction research addresses how external shear gets 

converted into biochemical signals [1,14,73,74,81]. However, endocardial cytoskeletal 

filament bundles can also transmit deforming vortical forces physically, through 

transmembrane integrin proteins in FAs, to the basal lamina of the basement membrane and 

the ECM, and also to lateral intercellular cadherin attachments, where further 
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mechanotransduction events go on [1,2,81–86]. Myocardial longitudinal intercellular 

junctions include the intermediate filament-anchoring desmosomes and the actin filament 

anchoring adherens junctions, which – being tied up through linker proteins to the CSK 

proteins of neighboring cardiomyocytes – support structural stability through cell–cell 

adhesion (see Figure 2) and, in addition, regulate transcription of genes. Both junction types 

are formed by various cadherins, most of which are single-pass transmembrane adhesion 

glycoproteins. The variable, Ca2+-dependent, cadherin adhesiveness allows for an adjustable 

strength in the mechanical linkage across cell–cell junctions [87,88].

The generic focal adhesion complex is a macromolecular heterocomplex [89] including 

membrane-spanning integrins [65] and syndecans [90], and intracellular vinculin, paxillin, 

and talin [91] anchoring ECM-linked integrin to cytoskeletal F-actin. The dynamic linkage 

at FAs has been modeled as a macromolecular clutch–declutch mechanism, by which a 

modular interface of adaptor proteins mediates a dynamic mechanical connection between 

the F-actin–integrin– ECM complexes [92]. The clutch releases or connects the actin to the 

integrin–ECM complexes in order to deliver stress or relieve it, as follows: When the clutch 

is disengaged, the actin CSK is uncoupled from the ECM; when it is partially engaged, 

forces are transmitted only to some extent between the ECM and CSK; but when it is fully 

engaged, forces are transmitted totally between the ECM and the actin CSK.

Most importantly, FAs self-assemble and stretch upon application of pulling forces and 

disband when these forces decline [93]. Mechanical distortion of FAs elicits mechanical 

“solid-state” signaling, and synergistic signaling by integrins and syndecans subserves 

cellular and paracrine responses to external forces [94,95]. These, in turn, activate 

biochemical reactions and affect gene expression, protein synthesis, and cellular phenotype. 

Defects in such “solid-state” pathways, through which mechanics cues regulate 

cytomechanical cellular responses, could link impaired diastolic filling vortex dynamics and 

strength levels to RV/LV morphomechanical abnormalities, as I describe in detail in Section 

5.

5. Advantages of cytoskeletal “solid-state” mechanotransduction and force 

transmission across the interlocking myocardial cells

Advances in nanotechnology for cytomechanical investigations nowadays allow direct 

measurement of forces at cellular, subcellular, and macromolecular scales [48]. The 

mechanical microenvironment of the myocardial cells that are being subjected to the cyclic 

(quasi-periodic) diastolic vortical forces is specified by way of forces transmitted across 

cell-to-cell junctions and through myocardial cell attachments to the ECM. Cell–ECM and 

cell-to-cell interactions take place mainly via integrins and cadherins, respectively [96]. 

Cardiomyocytes are coupled longitudinally by the electromechanically active intercalated 

discs and transversely, at the Z-disc, by special FA structures identified as costameres [31] 

(Figure 2, top).

Integrins, and other specialized proteins radially arrayed at costameres, anchor the Z-discs of 

the myofibrils to the sarcolemma (see Figure 2, top) and couple mechanically a 

cardiomyocyte's internal contractile machinery to the ECM [64,97], and, ultimately, to that 
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of contiguous muscle cells. N-cadherins are transmembrane adhesion proteins that mediate 

cell-to-cell junctions through their extracellular domains and form the desmosomes of the 

intercalated discs, which link the interlaced cardiomyocytes together end-to-end [98,99]. It 

looks as if integrins, N-cadherins and related cell–ECM and cell-to-cell adhesion proteins 

act like key logic gates in the mighty biological computer of the RV/LV myocardium, 

functioning as key intersections for the overall flow of energy and information in the 

pumping heart. They are focal points where many approaches converge in terms of 

intracardiac fluid dynamics, energetics, physiology, biochemistry, systems biology and, in 

due course, therapeutic approaches.

Mechanotransduction in the myocardium is not a single-cell phenomenon. Instead, 

mechanical forces and cues can be transmitted through cellular and ECM tissue components 

and can be operational over hundreds of microns to millimeters of myocardial tissue 

thickness. Intercalated discs connecting cardiac muscle cells contain desmosomes (see 

Figure 2, middle & bottom), which hold the cardiomyocytes together during contraction 

[100,101], induced by the sliding of the sarcomeric myofibrils that is regulated by the 

intracellular concentration of calcium ions released by the sarcoplasmic reticulum. With 

cadherin proteins acting as the strong adhering link between adjacent sarcolemma 

membranes, desmosomes mechanically attach the CSK of a cardiomyocyte to those of 

adjoining cells, as well as to the ECM [76]. The desmosomal cadherin desmoglein 2 

participates in the intercellular attachment of the force-transmitting intermediate filaments of 

the adjacent cells. Mutations of desmoglein 2 result in decreased numbers of cardiomyocyte 

desmosomes and a widening of intercalated disc gaps; impaired cell-to-cell adhesion then 

leads to cardiomyocyte detachment and cell death, proceeding to desmosomal dilated 

cardiomyopathy [102].

5.1 Main advantages of cytoskeletal force transduction and signaling

The advantages of the cytoskeletal force transduction and “solid-state” signaling across the 

interlacing ventricular myocardial cells are manifold [1,2,103]:

a. Without cytoskeletal intermediation involving amplification by molecular motor 

mechanisms generating forces and torques [104], the intensities of vortex-

associated shear and squeeze forces on myocardial cells might not suffice for 

conformational rearrangements (e.g., macromolecular unfolding in 3D) and 

biochemical activity modifications. Unfolding decreases drastically the binding 

affinity between two folded macromolecules [105]. A noteworthy example of this 

regulatory operation in cardiomyocytes involves the sarcoendoplasmic reticulum 

(SR) calcium transport ATPase (SERCA) and the SR membrane protein 

phospholamban (PLN), which regulate cardiac contractility. SERCA regulation 

depends on PLN structural transitions (i.e., folding/unfolding) [106]. Activation of 

SR and plasma-membrane Ca2+ channels causes increased cytoplasmic Ca2+ 

concentration and leads to cardiomyocyte contraction. SERCA, a SR calcium 

pump, mediates transport of cytoplasmic Ca2+ into the SR lumen, causing the 

ensuing relaxation [107]. PLN binding to SERCA inhibits SERCA-mediated Ca2+ 

flux from the cytoplasm into the SR.
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b. CSK-based “solid-state” mechanotransmission of stress signals is much speedier as 

well as more precise and efficient in conveying information across multiple cells 

via intercellular junctions, or over long cardiomyocyte intracellular distances, than 

diffusion-based chemical signaling. A tensed cytoskeleton is necessary for long-

distance force propagation in the cytoplasm (see next Section). Long-distance stress 

propagation in the cytoplasm and into the nucleus of living cells has been examined 

and the results show that stress-induced signal mechanotransduction is at least 40 

times faster than growth factor-induced chemical signal transduction [108,109]. 

Thus, mechanical action at a distance is accomplished extremely rapidly by the 

propagation of physical cues (input deformation energy) through transmembrane 

integrins and cadherins, the associated FAs and junctional complexes, and the 

network of load-bearing cytoskeletal filaments that link up to the nucleus, its 

internal scaffolding assemblies, anchoring, regulatory, and signaling proteins, and 

associated chromatin fibers [110].

Cytoskeletal filaments can be tensed to different degrees as they are traversing long 

intracellular distances. Thus, the speed and fidelity of the intracellular signaling 

response can be regulated through CSK stress fiber and intermediate filament 

associated molecular motors, by modulating cytoskeletal prestress and stiffness, 

which are proportional to the signal wave propagation velocity [1,111]. 

Cytoskeletal mechanotransduction and mechanotransmission provide for very 

nearly synchronously altering activities of assorted molecules at widespread 

intracellular and nuclear sites; this could be crucial for multifaceted control of cell 

function and adaptations by the diastolic laminar vortical shear, torque, and squeeze 

forces.

c. Channeling forces along prestresd cytoskeletal filaments can focus stresses on 

specific mechanosensory molecules and structures, while protecting most other 

cellular components from excessive strains. Forces exerted on RV/LV myocardium 

(such as those due to the diastolic filling vortices) will be channeled over the ECM 

fibers and linked integrins, and will in that way be focused on focal adhesions/

costameres and the CSK, where mechanochemical transduction processes may then 

proceed. Various substrates and enzymes facilitating signal transduction, DNA 

synthesis, transcription, RNA processing, translation for protein production, protein 

folding, and other processes are not floating free in the nucleoplasm, or in the 

sarcoplasm; instead, they function when immobilized on the insoluble “solid-state” 

cytoskeletal/nucleoskeletal scaffolding within the cytoplasm and the nucleus [112]. 

Thus, forces focused on the scaffolding filaments may result in physical 

deformations of these immobilized molecules; such molecular deformations may 

directly influence biochemical activities and kinetics—cf. the effects of tension and 

compression on polymerization dynamics of cytoskeletal microtubules [113].
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6. External force transmission to the nucleus and epigenetic influences of 

the vortical shear and “squeeze” on gene expression

Molecules in the working myofibril sarcomeres of cardiomyocytes can act as 

mechanosensors for outside-in mechanotransduction, which are capable of nuclear 

signaling. This allows adaptive transcriptional responses (mechano-transcription coupling) 

to long- or short-term changes in loading, as in pressure and volume overload or in 

experimentally stretched cardiomyocytes in vitro, bringing about reactions such as increased 

sarcomerogenesis [114,115], or stepped up mRNA expression for Connective Tissue 

Growth Factor (CTGF) [116]. Cardiomyocytes encompass numerous components implicated 

in mechanotransduction of external forces, including load-bearing subcellular structures, 

such as the dynamic cytoskeletal filament networks, transmembrane cell–cell and cell–ECM 

junctions, and stretch-sensitive membrane structures, including SACs and caveolae. Each of 

these is involved in imparting structural integrity as well as in the “sensation,” 

mechanotransduction, transmission, and/or modulation of myocardial “environmental” 

forces and mechanical cues. For instance, FAs are external force mechanosensors that can 

activate both biochemical and cytoskeletal signaling pathways for cell function/structure 

control and organ remodeling [28,84,89–95].

The nucleus may effectively be construed as a mechanosensor, whose envelope, internal 

nuclear scaffolds (nucleoskeleton, NSK, Figure 4), and chromatin are firmly coupled to the 

ECM by the CSK and FA receptors, mainly integrins. Highly ordered chromatin structure 

represents a physical obstacle for transcriptional machinery and transcription factors to bind 

DNA [1–3,117]. It is, therefore, important that externally applied forces can modify nuclear 

microarchitecture, including chromatin organization and consequently gene expression, 

much more rapidly than biochemical signaling transduction cascades [103,108,109]. Forces 

exerted through the ECM on FA integrin receptors catalyze phosphorylation of signaling 

proteins but are also propagated via the hard-wired cytoskeletal filaments directly to the 

nucleus, nucleoskeleton [118], and linked chromatin [2,103,119].

6.1 Global mechanical interconnectedness

According to mechanics premises (St. Venant's principle) for homogeneous continuum 

materials, stress decays rapidly as the reciprocal of the distance squared; thus, one would 

predict that a local mechanical load of physiologic magnitude should cause simply a local 

deformation, and only local direct mechanotransduction. However, since prestressed 

tensegrity assemblies resist externally applied forces by geometric readjustments of their 

structural members, any local deformation should beget a global rearrangement of the CSK 

“solid-state” lattice and should be distributed to points remote from the applied force. In a 

prestressed inhomogeneous material (tensegrity cell model), the stresses are actually 

channeled preferentially over CSK filaments that are stiffened owing to prestresses and, 

therefore, they decay at a slower rate [108,109]. Macromolecular cytoskeletal motors can 

pull, move, reshape and organize the CSK filament system and can adjust its regional 

prestress levels. Anchoring the motors (e.g., to the subsarcolemmal cell cortex) results in 

them tugging on the CSK filaments and increasing their tension. This allows for long-

distance force propagation and rapid “reach” into the nucleus. Cadherins, integrins, and 
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related cell-to-cell and cell–ECM adhesion proteins bond every myocardial cell to 

neighboring cells and to the surrounding ECM (Figure 2).

The interlinked extracellular, cytoskeletal, and nucleoskeletal matrices represent an all-

encompassing web of high-speed interconnections and communications within the 

myocardium, which stretches from nuclei to cells and tissues. It extends into the 

“environment” and senses mechanical stimuli/signals, involving vortical shear, torque, and 

“squeeze” forces, originating therein (see Figure 4). This global matrix connects all 

myocardial cells and tissues to their environment and allows the dynamic fields of energy 

and information linking them to form swift, bidirectional feedback paths between the 

environment outside, and the cells within—cf. “outside-in” and “inside-out” signal 

transmission discussion, in Section 2.1. Individual component tensegrities are integral – all 

parts are connected in a non-hierarchical association.

Forces and deformations are transferred bidirectionally globally across the entire network:

DNA ⇔ Nucleoskeletal Matrix ⇔ Cytoskeletal Matrix ⇔ ECM ⇔ Environment

In this fashion, all myocardial tissues and structures interconnect and criss-cross. This can be 

viewed as a rapid solid-state communication system. The fibrous protein structures of the 

ECM and cyto-/nucleoskeleton in the myocardial cells represent much more than scaffolding 

holding the synergistic complex together. They form a continuous and interconnected 

dynamic 3D network that is similar to a great information superhighway. They are 

constituents of a tensegrity based, interdigitated, interconnected and cooperative continuum 

that enables all parts of the system to communicate, rapidly and bidirectionally, with all 

others.

A tensegrity tissue matrix system allows for detailed transfer of information throughout the 

myocardium by direct transmission of mechanical energy through mechanical wave 

propagation, extending from the endocardial surfaces exposed to quasi-periodical vortical 

flow forces all the way down to the myocardial cells, nuclei and DNA. Since the tensegrity 

network is a mechanical continuum, vortical shear, torque, and “squeeze” forces applied in 

one part can have morphomechanical consequences for the entire myocardium and cardiac 

pumping performance. Movements, tensions, and mechanical energy fluxes propagated 

through this system interact epigenetically with the genetic material to shape the dynamic 

myocardial/cardiac phenotype (G×E interactions = Phenotype), as is shown in Figure 1.

6.2 Nucleus, where mechanical forces regulate gene expression

The LINC (Linker of Nucleoskeleton and Cytoskeleton) complex comprises two protein 

families, KASH (Klarsicht, ANC-1, and Syne homology) and SUN (Sad1/UNC-84), which 

span the nuclear envelope and link physically the CSK (KASH family) to the network of 

filaments within the nucleus (SUN family) that compose the nucleoskeleton [120–123]. 

SUN-domain proteins of the inner interact with various KASH-domain cohorts of the outer 

nuclear membrane to make ‘bridges’ across the inner and outer nuclear membranes [120] of 

the nuclear envelope (see Figure 4). These bridges, in turn, physically connect the nucleus to 
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every major constituent of the CSK, and have been likened to the ‘Velcro’ in the nuclear 

envelope that mechanically links the CSK to the NSK [124].

By rearranging the configurations of cytoplasmic and nuclear macromolecular assemblies 

(cf. Figure 4), KASH and SUN can quickly induce mechanochemical conversions, modify 

(relax) the repressive structure of chromatin, promote nucleosome disruption and chromatin 

relaxation, and alter gene activities [1–3,86,117,125]. The nuclear matrix, or nucleoskeleton/

chromatin scaffold [126], comprises the non-chromatin nuclear proteins and consists of: (a) 

the nucleoskeleton, an ordered and highly compartmentalized network of anastomosing 

protein fibers, similar in size to cytoskeletal intermediate filaments, which is linked to (b) 

the proteins of the nuclear lamina, which are anchored to the inner membrane of the nuclear 

envelope (Figure 4) and are known as lamins, not to be confused with the earlier discussed 

laminins (see Section 2.3). Lamins in the nuclear interior may act as conveyors of 

mechanical signals to regulate gene expression [121].

Both cytoskeletal “solid-state” and biochemical signaling are potent inputs into myocardial 

control mechanisms whose adaptive (remodeling) responses must counter considerable 

deviations from ordinary operating circumstances [84–86,127,128]. In biochemical signal 

transduction, most cell membrane receptors stimulate intracellular enzymes linked to them 

by guanine nucleotide-binding G proteins [129]; these G protein-coupled receptors (GPCRs) 

are responsible for regulating various important cellular responses including cell 

proliferation and survival. They amplify and transmit signals elicited by extracellular 

mechanical stimuli (stresses and strains) and ligand binding to downstream intracellular 

targets; signal targets include nuclear transcription factors [130], which modulate gene 

expression.

Cytoskeletal lattices also link transmembrane integrins to subnuclear elements [131], 

physically transmitting external forces to produce intranuclear deformations (Figure 4) and 

conformational modifications of DNA chromatin, modulating transcriptional activities [1– 

3,125,132–134]. This suggests again that “environmental” mechanical stresses and strains 

can regulate the function of nuclear effectors. CSK solid-state signaling may yield rapid 

metabolic changes or trigger longer term responses, by altered transcription and translation 

of proteins – via nuclear/intracellular receptors. Filling vortex-associated shear and squeeze 

forces transmitted to the nucleus (Figure 4) could, therefore, modify nuclear protein self-

assembly, DNA replication, gene transcription and RNA processing, affecting translation 

and the proteome. Notably, disruption of the F-actin CSK inhibits shear-mediated signaling 

and changes in gene expression [135], and there is evidence for direct functional 

involvement of actin, and of nuclear myosin 1 (NM1), in transcription [136–138].

7. Translating vortical mechanical forces into phenotypic adaptive 

(remodeling) responses

Mechanical forces are central in the maintenance and remodeling of normal tissues, 

including the myocardium, under physiological circumstances, as well as in the initiation 

and development of morphomechanical abnormalities and disease [139]. The ECM and its 

coupled cell adhesion protein receptors, including integrins, transduce biomechanical signals 

Pasipoularides Page 16

J Cardiovasc Transl Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the cell interior and allow interaction of cells with their mechanical (micro) environment. 

Furthermore, the expression of ECM protein genes is also modulated by mechanical forces. 

Complementarily, the cell shape-sustaining CSK is vital in myocardial responses to vortical 

shear, torques, and squeeze, and in related RV/LV adaptations [1–3,140].

Shear-induced endothelial gene transcription modulation, e.g., through changes in Ca2+ 

signaling and NO [141,142] can produce wide-ranging auto- and paracrine effects in the 

proteome [1,2]. They include rapid and reversible upregulation of mitogen-activated protein 

kinase (MAPK) cascades regulating complex cellular programs like cell adhesion, growth 

and apoptosis, and thus modulating genomic expression profiles, cell phenotype and 

histoarchitectonics [143–146]. Research on this mechanochemical link has focused on the 

CSK and its linkages to the ECM [85,147]. Additionally, internal cytoskeletal tension forces 

transmitted to adjacent cells by cell–cell adhesion cadherin receptors [99,148], can give rise 

to long-range mechanical communication and interactions among cells. Such interactions 

could dictate the mutual alignment of cells and affect histoarchitectonics in large cellular 

assemblies [149,150], such as the RV/LV myocardium.

As suggested in Figure 5, myocardial cells in general, and cardiomyocytes in particular, can 

take not necessarily heritable transgenerationally (i.e., here I am using Waddington's [151] 

designation of epigenetic) epigenetic external force inputs and integrate them with other 

signals to adapt their phenotype; e.g., choosing to upregulate the expression of proteins, 

potentially undergoing hypertrophy [152,153]. Cardiac mural cells can also respond by 

remodeling their ECM, modifying the abundance and composition of ECM proteins like 

collagen, potentially to shore up cardiac chambers against overdistension/dilatation [154]. 

Such responses lead directly to epigenetic phenotypic alterations and resultant functional 

changes in cardiac mechanics; e.g., RV/LV myocardium translates mechanical requirements 

of pressure or volume overloads into concentric and eccentric hypertrophic growth and 

remodeling [1,111,155–160].

Application of tractive and tension forces, akin to those corresponding to diastolic vortical 

shear, torque, and squeeze (see Figure 5), to cells through their integrin-intermediated 

costameric adhesions modulates a broad array of signaling pathways, genes and 

differentiation processes, with effects that are of considerable (patho) physiological 

significance. A stretch-induced actin reinforcement response and remodeling has been 

shown experimentally [16,17,161]. Similarly, FAs self-assemble and expand upon 

experimental application of pulling forces and disband when these forces decline [93–97]. 

Thus, normal or hyperdynamic cyclic (quasi-periodic) diastolic vortical strength and 

associated forces acting across the endocardial and myocardial FAs and costameres 

(FA/CM) could give rise, through mechanical (“solid-state”) cyto-/nucleoskeletal and 

paracrine pathways, to thickened F-actin stress fibers and could cause integrin clustering 

into large FA/CM; conversely, under hypodynamic diastolic intraventricular rotatory flow 

conditions in which vortex strength and forces are low, F-actin would be reorganized into 

thinner bundles and FA/CM would be smaller and fewer. Accordingly, the high force/

oversized FA/CM state would then be shifted to a weak force/undersized FA/CM state. 

Moreover, myocardial wall cells under higher mechanical forces typically put together 

stronger ECMs [162,163], ensuing partially from the effect of force magnitude on fibroblast 
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gene expression and also because of direct force-induced effects on ECM fibrous 

components' assembly and 3D configuration. Recent work has shown that the mechanical 

strength of actin-to-ECM linkages rises in reaction to forces loaded there, and that several 

ECM component proteins change their 3D configuration in response to the forces applied at 

FAs, and this modifies their interactions with binding partners [164].

Contemporary research has ascertained one mechanism that regulates adhesion site 

strengthening versus disassembly under different levels of applied force [93,165]. A 

fluorescence-based tension sensor for vinculin, whose recruitment to FAs is regulated by 

externally or internally generated mechanical forces [166,167], revealed that FA 

strengthening ensues from higher force levels across this molecule and is followed by 

production and apposition of more vinculin and expansion in size and numbers of the FAs, 

culminating in reduced force per vinculin molecule. It appears, therefore, that FAs 

themselves are a major determinant of the signaling output [168]; the extent of integrin 

clustering could be an important variable governing signal output. FA stability could also 

affect signaling [169]. Ventricular enlargement/remodeling represents an example of FA/

integrin-dependent (mal) adaptation [170], which is of particular significance in the context 

of vortex-engendered forces, as we shall see next.

7.1 Myocardial creep in dilated ventricles

In our integrative diastolic function investigations in canine animal models of heart disease 

and failure at the Duke Center for Emerging Cardiovascular Technologies 

[1,40,46,47,111,155,156,171–175], we demonstrated, using a sigmoidal diastolic passive 

filling pressure–volume relationship, that myocardial creep develops with RV dilatation in 

the course of surgically induced RV volume overload [1,40,47,155,156]. In human clinical 

investigations and canine experimental models of LV dilatation resulting from LV volume 

overload, or after ischemic myocardial injury or pacing-induced heart failure, myocardial 

creep was also found, in the form of a rightward shift of diastolic and end-systolic pressure-

volume curves [176–180]. Ross and his coworkers also demonstrated that creep induced by 

volume overload correlated with both increased sarcomere length and “disarray” of the 

myofilaments [177]. It is also known, since the pioneering work of Bellhouse at Oxford, that 

the filling vortex strength is reduced with ventricular chamber dilatation [1,2,40,171–174].

Therefore, it seems that diminished vortical shear and squeeze forces, because of reduced 

vortex strength secondary to chamber enlargement with or without hypodynamic circulatory 

conditions (postischemic or pacing-induced dysfunction), may work as follows (cf. 

discussion in Sections 4 and 7): In contrast to normal or hyperdynamic cyclic (quasi-

periodic) diastolic vortical strength and associated forces acting across the endocardial and 

myocardial FA/CM, which give rise, through mechanical cyto-/nucleoskeletal and paracrine 

pathways, to thickened actin stress fibers and cause integrin clustering into large FAs, 

hypodynamic diastolic intraventricular rotatory flow with low vortex strength and forces 

cause actin to be reorganized into thinner bundles and FA/CM to become smaller and fewer. 

This could then be associated with weakening of ECM proteins, side-to-side slippage, and 

elongation of cardiomyocytes, reorganization of myocardial sheets across the RV/LV wall 

thickness, and progressive myocardial creep and chamber dilatation, until strong recruitment 
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of tensed collagen fibers ensues. This proposed sequence of events needs further 

investigation in forthcoming studies.

7.2 Potential effects of vortical stresses and strains on the Hippo pathway in the 
myocardium

In recent years, the Hippo kinase signaling pathway, which regulates cell proliferation and 

growth, differentiation, survival, and organ size, has attracted major attention in studies of 

regenerative medicine. Its two nuclear effectors, YAP (Yes-associated protein) and TAZ 

(WW domain containing transcription regulator 1, or WWTR1), are proteins that in 

experiments on 2D cell cultures have been shown to respond to complex mechanical cues 

represented by the rigidity of the extracellular matrix, cell geometry, cell density, and the 

status of the F-actin cytoskeleton [181,182,183]. In the developing heart, Hippo is a negative 

regulator of the pro-growth Wnt signaling pathway; it acts through a cascade of protein 

kinases, namely MST and LATS, which phosphorylate TAZ and YAP causing them to be 

sequestered in the cytoplasm, inactivated and degraded through proteasome activity [184]. 

When dephosphorylated, YAP and TAZ translocate to the nucleus and can interact with 

various transcription factors to induce gene expression, functioning as transcriptional 

coactivators. As transcriptional coactivators, they need to bind transcription factors to 

stimulate gene expression. The main transcriptional target of YAP and TAZ is the 

TEAD/TEF family of transcription factors, which have emerged as the prime mediators of 

YAP/TAZ function in Hippo signaling [185,186]. TEAD/TEF drive the expression of 

proliferative genes, as well as genes encoding inhibitors of apoptosis [182].

The regulation of cardiomyocyte proliferation is essential for normal heart development. 

Spatiotemporal patterns of cardiomyocyte proliferation are directly linked to cardiac 

morphogenesis, size, and function, since the heart is a pump, and a suitable size is required 

at every embryonic stage. The Hippo pathway helps control the heart size in mammalian 

embryos by repressing cardiomyocyte proliferation, by inhibiting Wnt signaling [187], and it 

may regulate tissue size in many animals by adjusting cell proliferation and apoptosis. It 

may help couple myocardial tissue growth to mechanical stresses or cell–cell contact, which 

might be central to cardiac size regulation. However, although cardiomyocyte proliferation 

levels are pronounced during early embryogenesis, soon after birth, mammalian 

cardiomyocytes exit the cell-cycle irreversibly. Although during the first 2 postnatal weeks 

many cardiomyocytes undergo mitosis, it only brings about binucleated myocytes because it 

occurs without cytokinesis [188]. The cell cycle exit impedes cardiac regeneration in 

mammals.

At present, there is no replacement therapy for dead or injured myocardium other than 

cardiac transplantation. However, therapy employing stem/progenitor cells holds out the 

prospect of myocardial repair, and may possess enormous potential in managing myocardial 

loss or heart injury and failure [189]. The discovery of heart resident stem/progenitor cells, a 

minor fraction of the total cardiac cell complement, has unlocked the potential for 

autologous myocardial repair, although their actual capability to improve heart function is 

still uncertain [190]. These cells have been demonstrated to gradually replenish 

cardiomyocytes when necessary [191], and their maintenance to be tightly regulated by 
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biological and mechanical cues arising from the adjoining cells and the ECM [192]. 

Accordingly, methods for their segregation and proliferation to quantities adequate for 

therapeutic objectives are being investigated, along with methods for activation of 

endogenous stem cells or for transdifferentiation (metaplasia) of other cell types into cardiac 

cells [193,194]. YAP/TAZ can play an important role in controlling human cardiac 

progenitor cell differentiation toward cardiomyocyte lineage, and the YAP/TAZ axis has 

been described as a central regulator of human embryonic stem cell self-renewal, with 

experimental TAZ knockdown resulting in the loss of cell pluripotency [195]. YAP partakes 

in regulation of cardiomyocyte proliferation and embryonic heart development, its lack 

during cardiogenesis being associated with embryonic lethality. As noted above, YAP/TAZ 

shuttle to the nucleus when the 2D cell culture substrate becomes stiffer and cells can spread 

their cytoskeleton [181], effectively operating as general relays in cell mechanosensing. In 

addition, YAP and TAZ can play beneficial roles in stimulating tissue repair and cell 

regeneration when the F-actin CSK is undergoing cyclic tensional/compressional 

deformations/strains (cf. Figure 4). In the development of myocardial regeneration therapies, 

therefore, attention in future studies ought to be given to the application, on myocardial 

tissues encompassing stem/progenitor cells, of hydrodynamic shear, torque and “squeeze” 

forces analogous to those applied by the RV/LV diastolic filling vortex [1–3] both ante- and 

postpartum.

8. Future: correlation between RV/LV filling vortex-induced myocardial 

deformations and gene expression patterns regulating cardiac structure 

and function

As I suggested in Part 1 [3] of the present two-part survey and elsewhere [1,2,174], 

mechanisms analogous to Murray's law—endothelial cell modulation of vascular geometry 

by flow shear—are likely to exist between endocardial diastolic vortical shear, torque, and 

squeeze and RV/LV adaptations and remodeling. Mechanistic insights linking filling vortex 

patterns and attendant forces to variable expressions of gene regulation in RV/LV 

myocardium should reveal epigenetic mechanisms supporting ventricular function and 

adaptability through phenotypes not encoded in a rigid sense in the DNA.

RV/LV filling vortices can be visualized and analyzed as summarized in the companion 

paper [3], and are closely influenced [1] by heart rate, a primary determinant of both 

diastolic ventricular inflow and vortical velocities and of the diastolic time interval during 

which these vortices exert their regulatory actions on the Genotype × Environment = 

Phenotype equation (Figures 1 and 5). However, experimental evidence on cellular and 

molecular myocardial processes regulated by intraventricular vortical forces is currently 

nonexistent. Pertinent studies are needed, and should also include responses to interventions, 

so that functional models might be generated in due course. In a vascular context, analogous 

inquiries have identified scores of genes regulated by laminar shear whose transcriptional 

activity and expression increase or decline in response to flow [196–198]. Such studies have 

also provided a mechanistic explanation for endothelial gene regulation by flow, and led to 

the discovery of promoter sequences named shear stress responsive elements (SSREs), 

which mediate transcriptional responses to shear stress [199]. Analogous promoter 
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sequences are likely to mediate RV/LV adaptive transcriptional feedbacks linked to diastolic 

vortical shear, torques, and squeeze.

8.1 Myocardial phenotypic plasticity

Myocardial phenotype accrues from selective expression of the genome, and embodies cell 

“experiences” and responses to extracellular/environmental forces [1–3]. To characterize 

how the variable strengths and durations of cyclic vortex shear and squeeze yield different 

myocardial “phenomes,” we need specialized research methodologies. High-density DNA 

microarrays (e.g., Affymetrix GeneChip), Northern blotting and serial analysis of gene 

expression (SAGE) for mRNA profiling, Western blotting for detection of specific proteins 

in tissue homogenates or cell extracts, and other gene expression and protein identification 

methods, afford powerful tools to study the expression/regulation of myocardial genes [116, 

200–214]. Moreover, since 2005, Next Generation Sequencing (NGS) technologies for 

genome, epigenome and RNA sequencing have become available commercially [215]. NGS 

encompasses high-throughput DNA and RNA (coding and non-coding) sequencing methods 

which parallelize massively the sequencing process, producing thousands or millions of 

sequences at once. They can sequence human genomes and transcriptomes, and explore 

gene expression changes, epigenomic patterns, etc, on a genome-wide scale and with single 

base precision [216]. NGS technology begins by breaking up long pieces of DNA (or RNA 

converted to cDNA, by reverse transcription) into a great number of short sections of DNA; 

the resultant set of DNA is designated a “library” and the short pieces are “fragments” or 

“reads;” the fragments in the library are then sequenced individually and in parallel [215]. 

The parallel nature of NGS means that longer reads can be constructed by aligning and 

merging many contiguous short reads, a process defined as sequence assembly [217,218].

The term NGS applies to a number of different modern sequencing platforms, including 

Roche's pioneering 454 GS FLX System (currently being phased out), Illumina's Genome 

Analyzer II (GAII, also called Illumina Solexa) and HiSeq Systems, Life Technologies' Ion 

Torrent Personal Genome Machine (PGM), Ion Proton I and II, and 5500 SOLiD Systems, 

Pacific Biosciences' PacBio RS II, and others [219,220]. Remarkable progress has been 

achieved in terms of speed and throughput, along with a sharp reduction in per-base cost. 

Collectively, these advances have paved the way for the growth of a burgeoning number of 

applications in basic science and in translational research, including high quality rapid and 

inexpensive whole human genome sequencing (WGS), whole exome [protein-coding exon] 

sequencing (WES), and transcriptome sequencing [221,222].

As noted above, transcriptome sequencing entails sequencing cDNA fragments generated by 

reverse transcription of RNA; “RNA-Seq” for transcript quantification and characterization 

can determine RNA expression and splicing profiles under different operating (patho) 

physiological conditions [218,223]. Accordingly, it could be an emerging NGS application 

to characterize the epigenetics of diastolic RV/LV vortical stresses and strains, yielding 

potential diagnostic, therapeutic and prognostic insights. The above investigational tools are 

invaluable in upcoming pursuits of quantitative understanding of what RV/LV myocardial 

genes are differentially expressed, and how, and in tracking multiple ventricular myocardial 

constituent proteins under diverse circumstances of changing vortical strength and 
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corresponding shear and “squeeze” patterns [1–3]. In interpreting such gene expression 

(mRNA) data, we should recall (Table 2) that a gene's mRNA level does not necessarily 

predict its active protein level [224–227]; differences in translation efficiency and 

posttranslational protein modifications or interactions may also be co-determinants in 

regulating active protein levels, myocardial structure and function.

The role of intranuclear deformations (Figure 4), nuclear microarchitecture and chromatin 

organization modifications in gene function is still imprecise [2,3,123]. Gene expression is 

an intricate multistep process, regulated strongly within the nucleus; the positioning of genes 

within the nuclear landscape is modified by dynamic intranuclear deformations (Figure 4), 

and plays an important role in gene regulation [228]. Correlating nuclear mechanics and 

structural organization with large-scale studies profiling gene expression, using NGS 

technologies for transcriptome sequencing, will ultimately lead to a more cohesive 

understanding of how the nuclear deformations induced by variable diastolic RV/LV 

vortical shear, torques, and “squeeze” contribute to myocardial phenotypic plasticity and 

morphomechanical changes. In addition, new nanotechnological approaches [229] to 

elucidating spatial genome organization and its link to function need to be developed.

9. Conclusions

Epigenetic mechanisms are fundamental in cardiac adaptations and disease. In the current 

post-genomic era, elusive epigenetic control mechanisms can begin to get unraveled. They 

promise to drive great growth and a veritable transformation in our appreciation of cardiac 

form-function and its adaptations to complex hydrodynamic forces, like the shear, torques, 

and “squeeze” associated with large-scale intraventricular filling vortex motions. Because of 

the Human Genome Project, translational cardiologists can already search a database to see 

what a gene specifies. In the future, they may also be able to look up when a gene is run— 

specifically, to learn how intraventricular vortex epigenetics control chemical modifications 

to DNA and to DNA-spooling proteins that regulate how cells deploy gene expression 

patterns. Notable in this context is the Encyclopedia of DNA Elements (ENCODE) project, 

a public research consortium launched by the National Human Genome Research Institute in 

Bethesda, MD, in 2003. ENCODE researchers intend to map which portions of human 

chromosomes are transcribed, how their transcription is regulated, and how it is affected by 

the way the DNA is packaged and positioned in the nucleus. Recently, the consortium made 

known [230,231] that besides the approximately 1% of our DNA that encompasses some 

20,000 protein-coding genes, at least 80% of the human genome is transcribed into RNA 

that may well have a role in the regulation of gene expression, challenging the longstanding 

notion that much of our genome is junk.

This two-part survey has proposed that RV/LV diastolic filling vortex flow patterns are an 

overlooked epigenetic factor regulating/influencing functional and morphological changes in 

the heart. It has set down integrative concepts pertinent to its comprehensive investigation 

and relevant information from discrete but convergent disciplines. It is at the intersections 

among these synergetic disciplines where many of the novel concepts emerge.
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Glossary

compression 
(compressional stress)

The stress that squeezes something; the opposite of tension. 
The “pushing” stress component that acts perpendicular to a 

surface; compression in one (axial) direction induces tension 
in the other two (lateral) directions

creep The deformation (stretch) of a material under constant load 

over time; myocardial creep entails extracellular matrix 

(ECM) and cardiomyocyte elongation, myofiber slippage, and 

other histoarchitectonic changes

cytoskeleton (CSK) The fibrous proteins within a cell which provide tensegrity 
type structural support to the cell and are involved in 

mechanotransduction. It provides physical, high-speed, 

linkage between the cell membrane and putative intracellular 

stress-sensing components, including the nucleus, which 

respond to mechanical cues through multiple pathways

epigenetics (Gk. for “above/on top of” genetics) Refers to external 

modifications to DNA and its associated histone proteins that 

turn genes “on” or “off,” without altering the DNA base 

sequence

epigenome The complete set of epigenetic modifications (e.g., DNA 

methylation, histone acetylation, and chromatin remodeling) 

on the genome and allied histone proteins of a cell, tissue or 

organ

extracellular matrix 
(ECM)

The dynamic macromolecular complex synthesized primarily 

by fibroblasts, which assembles into a network that surrounds 

cells. It not only provides essential physical scaffolding but 

also initiates crucial biomechanical and biochemical cues 

required for tissue function and adaptations

focal adhesion kinase 
(FAK)

Cytoplasmic enzyme that plays a major role in integrin-

mediated signaling cascades. The size of the signal cascade 

can increase rapidly, allowing for a large response, to small 

initiating mechanical cues, such as diastolic vortical shear and 

“squeeze” forces

gene expression The phenomenon whereby a gene is transcribed into an RNA 

molecule
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genome (human) All the DNA—in humans, encompassing about 3 billion DNA 

base pairs—coiled and recoiled around aggregated proteins 

(histones) in 23 distinct (single or haploid set) chromosomes 

within the nucleus, allowing control of the accessibility of 

DNA information. Mitochondrial DNA, distinct from nuclear 

DNA, is a small genome contained in all mitochondria

genotype The inherited genetic makeup of a cell

Hippo pathway Signaling pathway that plays a restraining role in the control 

of organ growth and size via a cascade of protein kinases, 

which phosphorylates TAZ and YAP causing them to be 

retained in the cytoplasm; in the nucleus, TAZ and YAP act 

as transcriptional regulators. In the developing heart, Hippo is 

a negative regulator of the pro-growth Wnt signaling pathway

histoarchitectonics (Gk. ιστóς = “tissue” + αρχιτεκτονική = “architecture”) The 

adjustable cellular and non-cellular composition, changing 

intricate form patterns, and dynamic geometric arrangements 

of organs and tissues; investigated using various modalities, 

recognizing that form, structure, and function are inseparable

KASH One of two protein families (KASH/SUN domains) that are 

jointly responsible for holding together the two nuclear 
envelope membranes and for attaching them to the 

cytoskeleton and the nucleoskeleton. A branched F-actin 

cytoskeleton permeating the cytoplasm is linked to the nuclear 

envelope via the KASH/SUN integral membrane protein 

complexes and to the cell membrane via membrane-embedded 

integrin proteins

LINC (Linker of 
Nucleoskeleton and 
Cytoskeleton)

Complexes built from members of two protein families, SUN 
and KASH. SUN domain proteins are integral to the inner 

nuclear membrane, whereas KASH domain proteins reside in 

the outer nuclear membrane. SUN and KASH proteins directly 

bind each other, thereby forming a bridge across the nuclear 
envelope, which is essential for enhanced CSK/NSK force-

coupling and for physical and functional linkage between the 

cytoplasm and nucleoplasm

mechanotransduction How mechanical forces/cues are sensed and transduced into 

biochemical signals affecting cellular, tissue, and organ 

function and morphomechanical adaptations; involved are 

stretch-activated channels (SAC), cell adhesion receptors, 

extracellular matrix, cytoskeletal, and nucleoskeletal 
molecules, etc

Pasipoularides Page 34

J Cardiovasc Transl Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Next Generation 
Sequencing (NGS)

High-throughput DNA and RNA (coding and non-coding) 

sequencing methods which parallelize massively the 

sequencing process, producing thousands or millions of 

sequences at once; they can explore gene expression changes, 

epigenomic pattern, etc, on a genome-wide scale and with 

single base precision

nuclear envelope A double lipid bilayer membrane with multiple pores that 

surrounds the nucleus. The pores regulate the passage of 

macromolecules like proteins and RNA; since information is 

carried by the macromolecules, the envelope exerts some 

control over its flow

nucleoskeleton (NSK) The fibrillar substructure of the nuclear matrix, primarily 

composed of intermediate filaments that consist of lamin 

proteins; it supports signaling, chromatin remodeling, DNA 

replication, and mRNA synthesis, processing and transport

paralogs (Gk. para: “in parallel”) Genes [proteins] related by 

duplication within a genome and passed on side-by-side

phenotype The observable morphomechanical characteristics of a cell, 

tissue, organ, or organism, which are based on the genotype 
and environmental factors

phenotypic plasticity The capacity of a cell, tissue, organ, or organism, to change its 

morphomechanical state in response to “environmental” 

stimuli

remodeling The (mal)adaptive change of tissue and organ morphology due 

to external or internal stimuli

sarcolemma (sarco-, Gkpertaining to flesh; + lemma, Gk.: sheath) myocyte 

cell membrane

shear stress A stress state where the stress is acting parallel to a given 

surface, as opposed to a normal (compression or tension) 

stress where the stress is vertical to the surface. When viscous 

fluids (e.g., blood) flow along surfaces, they generate shear 

stresses “pulling” tangentially on them causing angular 

distortions

strain A description of deformation (extension, shortening, volume 

change, or angular distortion) in terms of relative displacement 

of particles in a body under stress, which excludes rigid-body 

motions

stress The force per unit area acting upon an object or material 

tending to cause it to change shape or volume
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SUN One of two protein families (KASH/SUN domains) that are 

jointly responsible for holding together the two nuclear 
envelope membranes and for attaching them to the 

cytoskeleton and the nucleoskeleton. A branched F-actin 

cytoskeleton permeating the cytoplasm is linked to the nuclear 

envelope via the KASH/SUN integral membrane protein 

complexes and to the cell membrane via membrane-embedded 

integrin proteins

TAZ (WW domain 
containing 
transcription regulator 
1 or WWTR1)

Transcriptional coactivator and downstream effector of the 

Hippo pathway. Similarly to its paralog YAP, 

phosphorylated TAZ is sequestered in the cytoplasm and 

degraded; when dephosphorylated, TAZ/YAP translocates to 

the nucleus and interacts with other transcription factors to 

drive transcription, inducing gene expression

tensegrity structures Arrangements consisting of components in tension and 

compression in stable equilibrium. The application of forces 

to a tensegrity structure will deform it into a slightly different 

shape in a way that supports the applied forces. Buckminster 

Fuller coined the word “tensegrity” from the words “tension” 

and “integrity”

tension (tensile stress) The stress state leading to elongation in the tensile direction, 

while the volume stays constant; accordingly, the other 2 

directions must decrease in size; i.e., a tension in one (axial) 

direction induces a compression in the other two (lateral) 

directions, and conversely. Tension is the opposite of 

compression

torque The tendency of a force to rotate an object about a pivot. A 

torque can be thought of as a twist to an object, which tends to 

produce rotation; e.g., pushing or pulling the handle of a 

wrench coupled to a nut or bolt produces a torque (turning 

force)

traction (tractive force) The force generating tangential motion of a surface, through 

viscous shear or dry friction exerted on the surface

transdifferentiation Conversion of one differentiated cell type into another. It is a 

kind of transformation called metaplasia (Gk. for “change in 

form”)

vortex This is the rotating motion of a multitude of fluid particles 

around a common center; the paths of the individual particles 

do not have to be circular, but may also be asymmetric. The 

RV/LV diastolic filling vortex is a toroidal vortex, a torus- or 

Pasipoularides Page 36

J Cardiovasc Transl Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ring-shaped vortex, where blood spins around an imaginary 

axis line that forms a closed loop

YAP (Yes-associated 
protein)

Transcriptional co-activator and downstream effector of the 

Hippo pathway. Similarly to its paralog TAZ, when 

phosphorylated YAP is isolated in the cytoplasm and 

degraded; when dephosphorylated, YAP/TAZ translocates to 

the nucleus and interacts with various transcription factors to 

induce gene expression
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Figure 1. Genotype × Environment = Phenotype
A circular regulatory pathway exists during cardiogenesis and in pre- and postnatal life 

between: the intracardiac blood flow patterns and associated shear, torque, and “squeeze” 

(see discussion in text) force transmission to the myocardial walls; epigenetically influenced 

gene expression; and changes in the morphology of the developing prenatal or in the 

phenotype of the continuously adapting postnatal and adult heart. Phenotypic plasticity can, 

in conjunction with normal and anomalous operating “environmental” conditions, lead not 

only to adaptive but also to disruptive (maladaptive) responses, morphomechanical cardiac 

abnormalities and disease. Slightly modified with permission of PMPH-USA from 

Pasipoularides A. Heart's Vortex: Intracardiac Blood Flow Phenomena. Shelton, CT: 

People's Medical Publishing House, 2010. 960 pp.
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Figure 2. 
Myocardial cell junctions can be divided into two types: those that link cells to the ECM 

(costameres and focal adhesions, Top), and intercellular junctions (gap, adherens, and 

desmosomes, Middle & Bottom) that link cells together directly. Radially arranged integrins, 

and other specialized proteins, constitute physical links between the Z-disk and sarcolemma; 

they transmit contractile forces from sarcomeres across the sarcolemma laterally to the 

extracellular matrix and ultimately to neighboring cardiomyocytes. The desmosome, like the 

adherens junction, comprises calcium ion-dependent cell adhesion molecules that interact 

with similar molecules in the adjacent cell. Adherens junctions and focal adhesions not only 

tether cells together or to the ECM, but they also transduce signals into and out of the cell, 

influencing a variety of cellular epigenetic responses, notably to flow-associated forces and 

deformations. The basic building block of the gap junction is the connexin subunit. Six of 

these in each of the membranes of two adjacent cells come together to form a connexon that 

interacts with a comparable hexamer in the other cell resulting in formation of a channel, 

which allows cytoplasmic communication between the cells. Myocardial cell membranes 

encompass ion channels, surface receptors and caveolae—not shown. (See discussions in 

text). Costamere diagram adapted, modified, from Ervasti JM [31].
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Figure 3. 
Schematic of numerical simulation of the gating process of a sarcolemmal mechanosensitive 

ion channel. Putting the membrane under tension, the stretch-activated channels (SAC) 

undergo significant conformational changes in accordance with an iris-like dilation 

mechanism, reaching a conducting state on a microsecond timescale. Diagrammed is a 

channel with (a) small, (b) intermediate, and (c) large opening under the action of rising 

membrane tension. Top: side view showing the lipid bilayer (blue denotes an aqueous 

environment, yellow represents the SAC wall). Bottom: End view showing the simulated 

membrane pore. Reproduced, slightly modified, with permission from Yefimov S, et al [77].
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Figure 4. 
Schematic depiction of the global mechanical interconnectedness of the myocardial 

extracellular matrix (ECM), cytoskeleton (CSK), and nucleoskeleton (NSK), which has a 

pivotal role in the epigenetic dynamic actions of the right and left ventricular diastolic 

toroidal vortex. The inner and outer nuclear membranes and lamins anchored to the nuclear 

envelope are demarcated. The ECM, CSK, and NSK form a continuous and interconnected 

communication system, all parts of which work together synergistically. Adhesion structures 

(AS) are spatially discrete, transmembrane cadherin (cell–cell adhesions) and integrin (cell–

ECM adhesions) complexes; they activate many of the same signaling pathways and 

provoke similar cellular activities, acting as interdependent functional nodes in a larger 

cytomechanics network. Through the intermediation of ECM, CSK and NSK structures, 

extra- and intra-cellular forces alter nuclear shape, promote nucleosome disruption and 

chromatin relaxation, and alter gene activities. (See discussion in text).
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Figure 5. 
Summary of epigenetic dynamic actions of RV/LV diastolic toroidal vortex: Cytoskeletal 

“tensegrity” dynamics create equilibrium between strut compression and string tension, 

allowing internal structural balance and shape maintenance. Cells sense their physical 3D 

“environment,” including variable diastolic vortical shear, torque and “squeeze” forces, by 

transducing mechanical deformations and forces into differentiated transcription and 

translation signals, which can adjust cellular and extracellular tissue and organ phenotype; 

the latter, in turn, affects (feedback loop) diastolic filling vortex strength and vortical shear 

and “squeeze” forces. Mechanosensitive regulatory controls modulate myocyte shape and 

intracellular architecture, and processes as diverse as proliferation, hypertrophy, and 

apoptosis, involved in cardiac homeostasis and adaptations.
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Table 1
Gene-environment (G × E) interactions in coronary artery disease (CAD)

Gene Environment Interaction Independently associated 
with CAD?

Ref

ADH1C (also known 
as ADH3)

Alcohol consumption Slow-metabolizing γ2 allele homozygotes have higher 
HDL levels and greatest CAD protection

ADH1C: weak; alcohol: yes [4]

APOE Smoking Smoking engenders exaggerated CAD risk in carriers 
of APOE ε4 allele

APOE: yes; smoking: yes [5]

FGB Vigorous exercise Carriers of 455A allele have exaggerated increase in 
fibrinogen after exercise

FGB: no; exercise: yes [6]

GSTM1, GSTT1 Smoking Elevated CAD risk in smokers with null mutations, 
i.e., gene mutations leading to the genes not being 
transcribed into RNA and/or translated into a 
functional protein product

GSTM1, GSTT1: weak; 
smoking: yes

[7]

LDLR Lifestyle Mutations have greater effect (early-onset myocardial 
infarction) in less active people with high-fat diet

LDLR: yes; lifestyle: yes [8]

Abbreviations: ADH1C, alcohol dehydrogenase 1C; APOE, apolipoprotein E; FGB, fibrinogen beta chain; GSTM1, glutathione S-transferase mu 
1; GSTT1, glutathione S-transferase theta 1; LDLR, low-density lipoprotein receptor.
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Table 2
A gene's mRNA level does not necessarily reflect its protein level

A. The processes determining steady-state protein concentrations encompass [1–3]:

a. transcription

b. mRNA stability vs. decay

c. translation, and

d. protein degradation.

The translation and protein degradation processes are no less important determinants of steady-state protein levels than mRNA transcription and 
stability [226].

B. All mRNAs are not equal with regard to translation into proteins, and translational rate constants are the dominant factor in controlling 
protein levels [227]. Moreover, regulatory microRNAs (miRNAs) can exert posttranscriptional simultaneous repression of hundreds of genes, 
by inhibiting mRNA translation into protein [228].

The commonplace housekeeping proteins would most likely exhibit relatively high correlation between mRNA and protein, whereas most 
important and remarkable regulators of cellular division, differentiation and development would be anticipated to show poor correlation 
between mRNA and protein.

C. A multitude of post-translational mechanisms exists for controlling protein turnover, half-lives, and abundance, through the action of:

a. ubiquitin [3] ligases and proteases

b. post-translational phosphorylation by kinases, and phosphatases

c. macroprocesses, such as the endocytosis–lysosome system.

D. Mechanisms for maintenance of protein levels are better than those for mRNA levels.

Post-transcriptional, translational and protein-degradational regulation helps to compensate for drift of mRNA levels and bring protein levels 
back to preferred ranges [226].

E. The mRNA levels cannot be used as surrogates for the corresponding protein levels without verification.

To understand the relationship between mRNA and protein levels, the dynamic processes involved in protein synthesis and degradation need to 
be understood better. An array of genomic and proteomic assessments would be anticipated to be more effective than either approach alone, in 
investigations to elucidate (patho) physiological adaptations and morphomechanical changes involving G×E interactions.
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