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Abstract

Pathologic and physiologic factors acting on the heart can produce consistent pressure changes,
volume overload, or increased cardiac output. These changes may then lead to cardiac remodeling,
ultimately resulting in cardiac hypertrophy. Exercise can also induce hypertrophy, primarily
physiologic in nature. To determine the mechanisms responsible for each type of remodeling, it is
important to examine the heart at the functional unit, the cardiomyocyte. Tests of individual
cardiomyocyte function in vitro provide deeper understanding of the changes occurring within the
heart during hypertrophy. Examination of cardiomyocyte function during exercise primarily
follows one of two pathways: the addition of hypertrophic inducing agents in vitro to normal
cardiomyocytes, or the use of trained animal models and isolating cells following the development
of hypertrophy in vivo. Due to the short lifespan of adult cardiomyocytes, a proportionately scant
amount of research exists involving the direct stimulation of cells in vitro to induce hypertrophy.
These attempts provide the only current evidence, as it is difficult to gather extensive data
demonstrating cell growth as a result of in vitro physical stimulation. Researchers have created
ways to combine skeletal myocytes with cardiomyocytes to produce functional muscle cells used
to repair pathologic heart tissue, but continue to struggle with the short lifespan of these cells.
While there have been promising findings regarding the mechanisms that surround cardiac
hypertrophy in vitro, the translation of in vitro findings to in vivo function is not consistent.
Therefore, the focus of this review is to highlight recent studies that have investigated the effect of
exercise on the heart, both in vitro and in vivo.

© 2014 Elsevier Inc. All rights reserved

#Corresponding Author: Loren E. Wold, PhD, FAHA, FAPS The Ohio State University, 603 Davis Heart and Lung Research Institute
473 12th Avenue, Columbus, OH 43210, Phone: (614) 292-0627, Loren.Wold@osumc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLOSURE:
None



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Youtz et al.

Keywords

Page 2

myocyte; heart; exercise; hypertrophy; signaling mechanisms

INTRODUCTION

Cardiac hypertrophy is defined as an increase in heart mass in response to an increased load
on the myocardium attributable to physiologic or pathologic stimulation (Cooper, 1987).
Pathological conditions, including diabetes, hypertension, and myocardial infarction, can
increase the width or length of individual cardiomyocytes, leading to gross changes in
ventricular structure. Interestingly, certain hypertrophic changes observed in diseased states
are mimicked by exercise training, however, these are physiologic in nature (D'Andrea et al.,
2007). Hypertrophy, regardless of mechanism, may lead to hypertension, infarction, or
arrhythmia, ultimately predisposing individuals to heart failure (Gaasch and Zile, 2004).
This fact underlies the importance of understanding and differentiating the mechanisms of
physiologic- and pathologic-induced hypertrophy (D'Andrea, Caso, 2007, Gielen et al.,
2010). Figure 1 provides a visual representation of the gross similarities and differences in
these mechanisms.

Cardiomyocyte growth occurs in either eccentric or concentric forms, depending on the type
of stimulus (Fernandes et al., 2011). Volume overload causes cardiomyocytes to grow
eccentrically through serial sarcomere addition, increasing myocardial mass and chamber
volume. Concentric hypertrophy, a result of parallel addition of sarcomeres in the
cardiomyocyte, increases heart wall thickness without increasing chamber volume, creating
greater pressure output (D'Andrea, Caso, 2007, Fernandes, Soci, 2011). Endurance-based
aerobic exercise training requires consistent blood flow to skeletal muscle, thus favoring an
eccentric building mechanism to meet the increased volume demands. Long-term anaerobic
exercise leads to vasoconstriction, resulting in concentric hypertrophy to meet increasing
pressure demands on the heart.

Similar concentric and eccentric mechanisms of remodeling are observed in pathologic
episodes. Conditions such as hypertension, aortic stenosis, and other stimuli causing
pressure overload and increased systolic wall stress, instigate concentric remodeling of the
heart (Bernardo et al., 2010). Pathologic conditions, such as aortic regurgitation and
arteriovenous fistulas, increase diastolic wall stress, leading to volume overload and result in
eccentric hypertrophy (Bernardo, Weeks, 2010). Hypertrophic adaptation provides the
greatest compensation to sustain heart function in response to pathologic or physiologic
insult. Although both forms of remodeling can be associated with negative long-term
outcomes, eccentric remodeling poses greater risks for cardiac injury.

A robust, reproducible in vitro model of hypertrophy in isolated cardiomyocytes is essential
to understand the mechanisms of hypertrophy (Wang et al., 2010). Such a model could
differentiate cardiomyocyte hypertrophy that occurs in the myocardium as a syncytium from
separate processes that occur in individual cells. Furthermore, myocyte
mechanotransduction in vivo becomes problematic due to the ability of the cardiomyocyte to
sense mechanical load and generate mechanical force, ensuring the survival of the organism
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(Russell et al., 2010). These problems have forced researchers to mimic in vivo studies in
freshly isolated cardiomyocytes. Although in vitro methods have their own inherent issues,
including the contamination of nonmuscle cells and absence of cell-to-cell communication,
they possess certain advantages over in vivo methods. Specifically, in vitro methods allow
for mechanical load and chemical stress on myocyte signal transduction and growth to be
studied in the absence of other cofounding variables (Garlie et al., 2011, Russell, Curtis,
2010).

In vitro cardiomyocyte remodeling can provide a deeper knowledge required for developing
therapeutic treatments. The following section provides an overview of studies investigating
pathologic and physiologic cardiac hypertrophy specific to in vitro cell functionality, in
order to justify in vivo findings. We will categorically review physical and chemical
hypertrophic triggers while highlighting certain therapeutic options. Additionally, we will
discuss the possibility of skeletal muscle surrogates for cardiomyocyte modeling.

Physical Triggers

Stress Sensing—Cardiac mechanoreceptors detect alterations in both pressure and
volume, signaling changes in ventricular diameter and heart wall thickness (Blaauw et al.,
2010). The varied forms and locations of stress sensors in the myocardium allow for gross
communication, enabling detection of changes in individual cell sizes. Several
cardiomyocyte organelles and protein structures potentially participate in stretch sensing
with numerous participating mechanisms (Blaauw, van Nieuwenhoven, 2010). The
sarcolemma modulates intracellular calcium (Ca2*) concentration and senses mechanical
action while proteins such as integrin, melusin, and integrin-linked kinase transmit
mechanical signals to the cytoskeleton. Specific tyrosine kinases and Z-disc proteins,
including titin, are sensors of stretch and cardiomyocyte deformation, respectively (Blaauw,
van Nieuwenhoven, 2010). Recently, Methawasin et al. (Methawasin et al., 2014) showed
reduced diastolic chamber stiffness but depressed end-systolic elastance when upregulating
compliant titins. A higher prevalence of the beneficial effects was observed upon exercised
conditions. These cellular stretch receptors, regardless of signaling pathway, respond by
enhancing protein synthesis, cell volume, cell surface area, and expression of the brain
natriuretic peptide (BNP) hypertrophic marker.

Integrins/Mechanical Stress—Recent work has described cardiomyocyte
mechanoreceptor properties and hypothesized that integrins, specifically p1-integrin existing
predominantly as the B1p spliced isoform, are prime candidates for acting as biomechanical
sensors considering their location at the junction of the extracellular matrix and Z-disc (Lal
et al., 2007). Animal models have demonstrated the relationship between integrins and
cardiac hypertrophy. Increased expression of $1-integrin in rats was directly correlated to a
higher expression of hypertrophic genes than in knockout 1-integrin mice. Using stretch in
neonatal ventricular myocytes from rats, researchers could replicate the hypertrophic nature
created through gene expression. Mechanical stretch activates mitogen-activated protein
(MAP) kinases independent of the angiotensin Il type | (AT4) receptor that mediates
hypertrophy and regulates 1 (Lal, Verma, 2007). A lack of B1-integrin expression in
cardiomyocytes leads to fibrosis and dilated cardiomyopathy within six months of age
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(Brancaccio et al., 2006). Transgenic mice die perinatally and display diffuse fibrotic
replacement when a 31 mutant disrupts the 1 integrin under the control of the a1l myosin
heavy chain promoter (Brancaccio, Hirsch, 2006). These data support the fact that integrins
act as important sensors of mechanical stretch to cardiac tissue and suggests a role for
integrins in cardiac remodeling following insult.

Angiotensin Il type | Receptor—The angiotensin Il type 1 (ATq) receptor plays a
crucial role in the development of load-induced cardiac hypertrophy; furthermore,
mechanical stress has been found to induce AT, receptor activation independent of
angiotensin 1l (ANG-II) involvement. Yasuda et al. (Yasuda et al., 2008) showed that
increased stretch alone causes a conformational change in the AT receptor in a model using
cultured human embryonic kidney (HEK) 293 cells. Addition of the ANG-II receptor
blocker (ARB), candesartan, resulted in the inhibition of mechanical stress-induced ATy
receptor activation, as well as the prevention of pressure-induced hypertrophy in ANG-II-
null mice (Yasuda, Miura, 2008). Though these findings are apparent in HEK293 cells,
differing evidence exists in experiments utilizing different animal models. Data from
cultured adult rabbit cardiomyocytes showed that stretch-induced hypertrophy (mechanical
stress) did not involve any autocrine/paracrine actions of ANG-1I, TGF-B; or IGF-I
(Blaauw, van Nieuwenhoven, 2010). Results indicated that candesartan and irbesartan did
not prevent stretch-induced hypertrophy. Thus, the specific pathway or receptor that induces
hypertrophy in an isolated cell remains unclear. Furthermore, adult cardiomyocytes that
respond to growth factors may not respond to ANG-II as the maturation process shifts away
from neonatal distinctions with continued development (Blaauw, van Nieuwenhoven, 2010).
Further elucidation of the mechanisms of AT, receptor-induced hypertrophy from
mechanical stress was demonstrated through the calcineurin pathway (Zhou et al., 2010).
Cultured neonatal mouse myocytes subjected to mechanical stress exhibited cardiac
hypertrophy independent of the ANG-II pathway through the AT, receptor. Moreover,
calcineurin was shown to be a vital pathway for hypertrophy through the AT, receptor-
mediated ANG-II independent response (Zhou, Li, 2010).

Specific physical stimuli and individual chemical pathways may determine whether the
hypertrophy is pathologic or physiologic (Russell, Curtis, 2010). Exercise and postnatal
growth can trigger the release of insulin growth factor-1 (IGF-1) to compensate for the
added stress on the heart during exertion or development. In contrast, pathologic stimuli,
such as pressure overload, will cause elevated levels of ANG-I11, catecholamines, and
endothelin-1 (ET-1) (Bernardo, Weeks, 2010). These studies suggest that remodeling is a
dynamic process with numerous mechanisms and factors contributing to its progression.

Chemical Triggers

CT-1/JAK/STAT—A number of chemical triggers can contribute to the progression of
cardiac hypertrophy. The Janus kinase/signal transducer and activator of transcription (JAK/
STAT) pathway transduces signals from extracellular ligands found on cytokines, growth
factors, and hormones to the nucleus to create the appropriate cellular response (Barry et al.,
2007). During acute cardiac pressure overload, the respective JAK/STAT pathway sub-
groups are activated to facilitate the necessary hypertrophic compensatory response.
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Simvastatin (SIM) inhibited the effects of cardiac hypertrophy via the JAK/STAT pathway,
denoting the importance of the JAK/STAT pathway in the hypertrophic response (Barry,
Townsend, 2007).

Cardiotrophin-1 (CT-1), a cytokine related to interleukin-6 and an activator of the JAK/
STAT pathway, can induce cardiac hypertrophy in vitro following incubation with isolated
cardiomyocytes (Liu et al., 2008). This study also suggests that SIM alleviates responses
induced by CT-1 via the JAK/STAT pathway in cultured cardiomyocytes (Liu, Shen, 2008).
Cell surface area and protein content were obtained to assess the amount of hypertrophy.
The experiment successfully demonstrated an attenuation of hypertrophy in cells treated
with CT-1, attributable to increased SIM levels (Liu, Shen, 2008). Together, these data
indicate that the JAK/STAT signal transduction pathway plays a crucial role in cardiac
hypertrophy, possibly due to its ability to recognize prominent chemical and hormonal
signals that are up regulated during pathologic or physiologic insult.

Imcd1/Dyxin—The Z-disc plays an important role in cardiomyocyte contraction and
viability, as it is the location of the T-tubule and the site of exchange for numerous
substrates. Researchers have investigated pathways associated with G-protein-coupled
receptors and their ligands (ANG-I1, ENDO-II, catecholamines), focusing on the function of
Z-discs in sarcomeres (Frank et al., 2010). Genomic screening comparing gene expression of
either biomechanical stretch or pharmacological stimulation with phenylephrine, has
identified Imcd1/Dyxin as a primary contributor to hypertrophy (Frank, Frauen, 2010).
Imcd1/Dyxin cardiomyocyte overexpression and knockout studies indicated that Icmd1/
Dyxin may potentially alter the molecular architecture of the Z-disc by disrupting inhibitors
and blunting pathologic hypertrophy. Additionally, Imcd1/Dyxin shares its subcellular
localization with a portion of the calcineurin pool in the cardiomyocyte Z-disc. Research has
shown that calcineurin levels directly correlate to the pathologic hypertrophic response
(Frank, Frauen, 2010). Further studies utilizing the knockout Imcd1/Dyxin model could lead
to the development of a new drug targeting Imcd1/Dyxin, with the ability to stunt the
progression of cardiac hypertrophy associated with heart disease.

Renin angiotensin system (RAS)—High-density lipoproteins (HDL), well known for
their role in reverse cholesterol transport, may inhibit the renin angiotensin system (RAS)
and suppress cardiac hypertrophy. The RAS is the primary regulator for many physiological
processes of the cardiovascular system, and alterations in its function may be involved with
cardiac hypertrophy (Lin et al., 2011). ANG-II, a primary component of the RAS, controls
vasoconstriction, hypertrophy, fibrosis, and blood pressure (Lin, Gong, 2011). Cardiac
hypertrophy can be inhibited partially by the inhibition of the angiotensin Il type 1 receptor
(AT1-R). In single cell cultured cardiomyocytes, the addition of HDL with ANG-II
demonstrated that HDL inhibited hypertrophic responses induced by ANG-II (Lin, Gong,
2011). By measuring the rate of protein synthesis and using RT-PCR, researchers
demonstrated ANG-II inhibition with HDL treatment, postulating that the underlying
mechanism for the effects of HDL are due to inhibition of inflammatory neutrophil
recruitment and cardiomyocyte apoptosis (Lin, Gong, 2011). Thus, the RAS plays an
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important role in the development of cardiac hypertrophy as demonstrated by the inhibition
of RAS by HDL and the subsequent blunted hypertrophic response.

Reactive oxygen species (ROS)/Allicin—Numerous studies have explored the
relationship between cardiac hypertrophy and ROS created in the heart through ANG-II,
phenylephrine (PE), endothelin (ET-1), TNF-a, and mechanical processes (Dai et al., 2011);
(Ceylan-Isik et al., 2013); (Gan et al., 2005); (Heineke and Molkentin, 2006); (McCain and
Parker, 2011)). Allicin, a garlic metabolite, effectively inhibits ROS generated through the
previously mentioned routes (Gomez-Cabrera et al., 2008b). When placed in culture with
ANG-I treated cardiomyocytes, allicin reduced expression of 3H-leucine, a marker of
protein synthesis, as well as the overall size of the myocyte (Gomez-Cabrera, Domenech,
2008b). Although ROS may cause damage to the cardiomyocyte, it could be essential for the
survival and regulation of cellular mechanisms. One study stated that ROS produced from
contracting myocytes provides the signal for an increase in the expression of enzymes that
aid in the cell’s adaptation to exercise (Gomez-Cabrera et al., 2008a). Further research is
required to more fully understand the dichotomy between the advantageous and
disadvantageous properties of ROS, specifically exploring its short-term role during exercise
and the local response to increased stress.

Ras/Raf/[ERK1/2 pathway—Mitofusin-2 (Mfn2), a transmembrane GTPase embedded in
the outer membrane of the mitochondria and endoplasmic reticulum, inhibits the Ras/Raf/
ERKZ1/2 pathway (Fang et al., 2007). A number of studies demonstrated a relationship
between inhibition of this pathway and the development of cardiac hypertrophy. One study
stimulated cultured neonatal cardiomyocytes overnight, showing that stimulation leads to the
down regulation of Mfn2, increased myocyte surface area, and increased H-Leucine (Fang,
Moore, 2007). Together, these data imply that the down regulation of Mfn2 leads to protein
synthesis, a precursor of cardiac hypertrophy. Although further studies are needed regarding
Mfn2 interaction in cardiac hypertrophy, the down regulation of Mfn2 could be linked to
pathologic and physiologic cardiac hypertrophy.

Pimentel et al. (Pimentel et al., 2006) observed that mechanical strain caused hypertrophy
via ROS dependent, post-translational modification of Ras. These modifications ultimately
led to the activation of the Raf/Mek/Erk growth pathway (Pimentel, Adachi, 2006). The
subsequent increase in Ras activity was halted by the overexpression of the N17 dominant
negative mutant of Ras, inhibiting protein synthesis and Erk activation, and the adenoviral
overexpression of catalase (Pimentel, Adachi, 2006). These findings demonstrate the
importance of the Ras/Raf/ERK pathway in regulating cardiac hypertrophy, while also
presenting a potential target of either ROS or prevention of Mfn2 inhibition.

Peroxisome proliferator-activated receptor-a signaling pathway (PPAR-a)—
The peroxisome proliferator-activated receptor-a signaling pathway inhibits cardiac
hypertrophy through activation of adenosine monophosphate-activated protein kinase
(AMPK) (Rimbaud et al., 2009a). Cultured neonatal myocytes were stimulated with
phenylephrine and the AMPK activating drug, 5-aminoimidazole 1-carboximide
ribonucleoside (AICAR). Up regulation of the PPAR-a pathway by AICAR suppressed the
hypertrophic effects of phenylephrine. Additionally, activation of AMPK by AICAR
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reduced leucine incorporation, expression of ANP and B-MHC mRNA, and significantly
suppressed cardiac hypertrophy (Rimbaud et al., 2009b). These findings suggest that
increases in PPAR-a limit pathologic cardiac hypertrophy.

In contrast, another study explained that PPAR-a levels rise as a result of physiologic
hypertrophy (Rimbaud, Sanchez, 2009b). While both studies utilized rats for the animal
model, the age groups differed significantly. The AICAR study used neonatal rats from one
to three days old, but the exercise study used seven week-old adults. The age separation may
affect certain metabolic properties of the heart and could also represent a temporal
difference in the mechanism of hypertrophy. These studies, when viewed together, represent
the synergistic effects of pathways and their ability to force the heart to adapt in the most
appropriate fashion. When the heart is subjected to a pathologic insult, evidence suggests
that the down regulation of PPAR-a occurs, creating a pro-hypertrophic environment;
however, if an activator of the PPAR-a pathway is increased, hypertrophy will decrease
(Rimbaud, Sanchez, 2009b). Exercise trained hearts exhibit an increase in PPAR-a levels
during physiologic-induced hypertrophy. Therefore, it is likely that increases in PPAR-q
during pathologic insults may adjust the heart to develop a more physiologic-based,
compensatory hypertrophy to sustain proper function.

Pathologic insults were demonstrated by showing that tumor-bearing mice presented with
reduced levels of PPAR-a and carnitine palmitoyltransferase (CPT1[), compared to those
without tumors (Tian et al., 2011). This phenomenon suggested that pathological
hypertrophy occurs through the down regulation of fatty acid metabolism. These data also
provide another application for the inhibition of the PPAR-a pathway that could be
beneficial in sustaining proper heart function. An additional experiment investigated the
anti-hypertrophic effects of GW0742, a specific agonist of PPAR-B/8, on ANG ll-induced
hypertrophic cardiomyocytes (Sheng et al., 2008). This study used neonatal Wistar rat
ventricular cardiomyocytes and demonstrated attenuation of hypertrophy through PPAR-B/8
activation by a decrease in myocyte surface area, protein synthesis, atrial naturietic peptide
(ANP), and brain naturietic peptide (BNP) expression (Sheng, Ye, 2008). By inhibiting
specific inflammatory makers, GW0742 blocked hypertrophic events. This evidence
strongly suggests that PPAR-a and its associated regulators are crucial modulators of
cardiomyocyte hypertrophy.

AVP and ANP—The essential hormone, [Arg8l]-vasopressin (AVP), produced by the
posterior pituitary, has primarily been recognized for its role in osmotic regulation. Broadly,
the vasopressin receptor V1, works in the anterior pituitary affecting corticotropin release
(Stewart et al., 2008). The vasopressin receptor Vo has an antidiuretic role in the kidney
(Jard et al., 1986, Thibonnier et al., 1994). V1, receptors located on smooth muscle regulate
vasoconstriction, while those on cardiac muscle cells modulate cardiac function (Hiroyama
et al., 2007). The latter function has prompted detailed studies of the receptor. Hypertrophy
in cultured neonatal mouse cardiomyocytes has demonstrated an involvement of the
vasopressin receptor, V1,. AVP can activate vasopressin receptors V5, V1p and Vo, but it
was discovered that only V1, is expressed in mouse neonates (Hiroyama, Wang, 2007).
Studies utilizing the receptor knockout mouse showed that AVP is implicated in the
stimulation of myocardial cell hypertrophy through enhancing protein synthesis and cellular
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growth without affecting cell division (Hiroyama, Wang, 2007). Additionally, an increase in
ANP, a marker of hypertrophy highly expressed in the adult atria, was found in the
ventricular cardiomyocytes. Therefore, ANP may also play a role in the development of
hypertrophy in neonates due to its high secretion during enlargement (Hiroyama, Wang,
2007). ANP is also secreted as a result of the mechanical stress on the cardiomyocytes,
correlating with the trigger of hypertrophy. Lastly, the addition of AVP to cardiomyocytes
increased the phosphorylation of ERK1/2, resulting in activation of the Ras/Raf/ERK1/2 and
indicating the pathway through which AVP causes hypertrophy.

microRNA regulation—MicroRNA (miR) downregulation has been observed in studies
of mouse and human models of cardiac hypertrophy, particularly with miR-133 and miR-1
(Caré et al., 2007). Overexpression of these miRs demonstrated an inhibitory effect of
cardiac hypertrophy in vitro. As miRs are also known to suppress tumor development, their
overexpression may help improve the function of cardiomyocytes affected by tumor growth.
Another key finding was decreased expression of miR-133 and miR-1 in the following
pathological or physiologic hypertrophic models: transverse aortic arch-constricted mice
(TAC), transgenic (Tg) mice with selective cardiac overexpression of a constitutively active
mutant of Akt kinase and exercised rats (Caré, Catalucci, 2007). A model of inducing in
vitro hypertrophy by adding phenylephrine or endothelin-1 to cultured neonatal mouse
myocytes was utilized (Caré, Catalucci, 2007). When combining hypertrophy with the
miR-133 precursor Ad133, the cultured cardiomyocytes showed decreased cell size, protein
synthesis, and fetal genes (Caré, Catalucci, 2007).

Researchers confirmed the significant role of miRs in cardiac hypertrophy. Not only did
they agree with the suppression of hypertrophy from miR-133 and miR-1, but they also
discovered that in pathological thoracic aortic-banded (TAB) mice, miR-21, miR-23a, and
miR-125b were increased in both agonist-induced hypertrophic cardiomyocytes and in
TAB-induced hypertrophic hearts (Tatsuguchi et al., 2007). Interestingly, in vitro work
showed a relatively low expression of these miRs in neonatal cardiomyocytes, which were
unchanged during hypertrophy (Tatsuguchi, Seok, 2007). Other studies demonstrated that
miR-21 inhibition led to the activation of apoptosis and decreased cell proliferation
(Tatsuguchi, Seok, 2007). It appears that expression of miRs changes according to the type
of miR, the stimuli acting on the cardiomyocytes, the model of animal, and the environment
pertaining to either in vitro or in vivo experiments.

In Vitro Hypertrophy—The majority of the aforementioned cultured cardiomyocyte
experiments used rat neonatal ventricular myocytes due to their ability to divide once and
remain viable for up to one week (Berry et al., 2007, Birla et al., 2008). The aim of this
review has been to identify possible mechanisms identified in in vivo studies that could be
applied to establish in vitro models. Beta-adrenergic agonists, such as isoproterenol, trigger
an increase in cardiomyocyte size and protein content with gene expression similar to in vivo
models (Berry, Naseem, 2007). Similarly, phenylephrine and ANG-II have been used to
increase the size of cardiomyocytes as a hypertrophic model for in vitro cardiac hypertrophy
(Berry, Naseem, 2007). It has been popular to assess the growth and function of neonatal rat
ventricular cardiomyocytes (NRVMs) through stimulation software programs that can
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record velocity, amplitude and calcium decay of individual myocytes (Berry, Naseem,
2007).

There is reluctance to attempt these experiments in adult rat ventricular myocytes due to
their inability to survive and remain functional in culture for extended periods of time.
However, there are instances of adult cell usage including an experiment using adult
cardiomyocytes isolated from wild type and transgenic rats (Jeong et al., 2006). An increase
was found in transgenic peak shortening of the myocyte by 89% compared to the wild type.
Cells were transfected with either AdLacZ or AdPICOT to determine the effects of PICOT
(PKC-Interacting cousin of Thioredoxin), a protein kinase C (PKC) inhibitor, on
cardiomyocytes. The AdPICOT cells showed an 84% increase in percent shortening
(indicative of cell function), a 57% increase in maximal rate of contraction (-dL/dt), and an
83% increase in the maximal rate of relaxation (+dL/dt) when compared to AdLacZ
transfected cells (Jeong, Cha, 2006). It is speculated that PICOT activity in failing hearts
may reverse hypertrophic conditions and restore contractility (Jeong, Cha, 2006).
Additionally, PICOT is thought to enhance the inotropic properties of cardiomyocytes.
These experiments demonstrated that methods exist and have been implemented to create
hypertrophy in cardiomyocytes in vitro. The mechanisms previously described in this review
could be used to make these in vitro findings more robust.

Myotubes/Skeletal Muscle—Unlike cardiomyocyte in vitro studies, there is an
abundance of information regarding the underlying mechanisms of in vitro skeletal muscle
hypertrophy (Fujita et al., 2007, Nedachi et al., 2008, Nikoli¢ et al., 2012, Serrano et al.,
2008). Due to the terminal nature and lack of regeneration in cardiac myocytes, it is easier to
obtain data from highly regenerative lines of skeletal myocytes, particularly when they
develop into myotubes. Data exist regarding in vitro exercise in skeletal myocytes, however,
extensive research currently uses skeletal muscle cells in an attempt to further develop
cardiac muscle repair solutions (Pedrotty et al., 2008, Reinecke et al., 2000, Schuldt et al.,
2008). If successful implantation of skeletal muscle tissue into the myocardium occurs, this
could open up the possibility of using other muscle cell lines combined with functional heart
cells to relay information regarding adaptation and plasticity of heart function. Skeletal
muscle cells have been identified as having the highest potential in achieving a connection
with cardiomyocytes (Schuldt, Rosen, 2008). Although their action potential is less than one
tenth of that of a cardiomyocyte, they possess similar longitudinal contraction and twitches
(Schuldt, Rosen, 2008). Even though skeletal muscle cells show similar attributes to
cardiomyocytes, there have been problems associated with sustaining the connection
between the two different cells. Certain clinical trials displayed subtle improvements in
patients with implanted skeletal muscle cells, however, larger populations showed trends
toward the development of tachyarrhythmias, suggesting the differentiation of skeletal
muscle cells into cardiac muscle cells has yet to be perfected (Schuldt, Rosen, 2008).

One way skeletal cells increase mitochondrial biogenesis and endurance output is through
the up regulation of biomarkers, such as PPARY, coactivator-la (PGC-1a) and sirtuin 1
(SIRT1), by natural flavonoids including quercetin (Gurd et al., 2009). If present in skeletal
muscle, quercetin may affect mitochondria production in cardiac muscle, demonstrating the
ability for longer endurance capacity and possible eccentric hypertrophy. In contrast, another
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study showed that SIRT1 is not responsible for an increase in oxidative capacity within
tissue models. These findings oppose most cell line models, which maintain that PGC-1a is
still responsible for oxidative capacity (Gurd, Yoshida, 2009). Another group stated that
PGC-1a is enriched in heart tissue due to a need for high oxygen capacity (Schilling and
Kelly, 2011), adding that development of a PGC-1/ERR axis would regulate energy
metabolism and mitochondrial function in the heart (Schilling and Kelly, 2011). Regarding
pathologic hypertrophy, this axis could serve as a therapeutic tool to monitor and regulate
proper heart function, possibly suppressing disease-induced hypertrophy. Further study
investigating the in vitro expression of PGC-1a and utilizing methods to control the
PGC-1/ERR axis could aid in understanding the mechanisms associated with in vivo disease
regulation.

CONCLUSIONS

Complete understanding of cardiac hypertrophy requires substantial knowledge of the
processes that affect the single heart cell. The myriad of intricate pathways make it difficult
for in vivo studies, including echocardiography, to provide the fullest and most accurate data
(Hoshijima, 2006). Therefore, development and utilization of cardiomyocyte models of
hypertrophy have produced promising results. Studies of pathway triggers like JAK/STAT,
PPAR-a, G-coupled proteins Imcd1 and dyxin, encompassing RAS processes, ROS
suppression, or hypertrophy associated hormones like AVP and ANP demonstrate a greater
ability to investigate hypertrophy when viewed in vivo. Studies demonstrating the use of
skeletal muscle cells in connection with cardiomyocytes also present innovative options for
aiding in pathologic cardiac hypertrophy suppression, particularly alleviating fibrotic tissue
(Schuldt, Rosen, 2008). The functional success of combining skeletal muscle cells with
cardiac muscle cells may further elucidate the importance of cell-to-cell interaction versus
individual cell survival. This could lead to possible cardiac repair methods to replace
detrimental fibrotic tissue. Preliminary studies utilizing cardiomyocytes in vitro demonstrate
that these models are possible and could be further elaborated with the stimuli discussed in
this review.
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