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I. INTRODUCTION

CARDIAC HYPERTROPHY, an increase in heart muscle mass,
reflects a remodeling of the myocardium in response to

mechanical stress and various stimuli. The primary molecular
cause of enlargement of the heart is hypertrophy of myocytes
(i.e., enlargement of existing cells, without an increase in the
number of cells). At a molecular level, it has been shown to
be a dynamic process during the progression of long-standing
hypertrophy to eventual heart failure. The important question
is how the changes in molecular makeup of the heart occur
throughout the process. An appropriate intervention can be
designed only once the mechanisms are known to prevent
such molecular events, which in turn have a significant im-
pact on cardiac function. Although myocytes play an impor-
tant role in the hypertrophying process, cells other than my-
ocytes (e.g., fibroblasts, endothelial cells, and smooth muscle
cells) also are involved in this process, either directly or indi-
rectly. The development of hypertrophy and its progression to
heart failure are a result of multiple factors, including alter-
ation in gene expression, humoral factors, apoptosis, deficits
in energy metabolism, arrhythmia, vascular dysfunction,
amount of collagen deposition, and levels of fibronectin,
which in turn compromise both diastolic and systolic func-
tion, resulting in heart failure (Fig. 1). We divided this review
into three major parts as follows: (a) definition and models
for cardiac hypertrophy and heart failure available to date; (b)
the underlying mechanisms for development of hypertrophy
that transits to heart failure; and (c) available therapies, in-
cluding pharmacologic agents, gene manipulation, and (most
recently introduced) stem-cell therapy.

Advances in our understanding of the pathophysiology of
cardiac hypertrophy, including the molecular mechanisms
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involved, are expected to help us design new therapeutic
means to achieve regression of existing hypertrophy or to pre-
vent cardiac remodeling and its advancement to heart failure. 

Cardiac hypertrophy is an adaptive response of the heart;
however, persistence of hypertrophy for longer periods can be
detrimental, resulting in cardiac dysfunction and heart fail-
ure. Cardiac hypertrophy can occur as a result of a physio-
logic response (adaptive), in which hypertrophy is associated
with increased myocardial compliance, whereas pathologic
hypertrophy (concentric hypertrophy) is associated with mal-
adaptive changes, including gene expressions. The response
of the heart to meet the change in demands of the circulation
is dependent on three different processes: first, either to fill
or to empty the heart, to use chemical energy to perform the
mechanical work, and to replace or change its molecular con-
stituents. Each of these processes occurs to meet the demand
over different time courses. 

The physiologic mechanism is primarily filling and empty-
ing the heart to provide beat-to-beat adjustment that enables
the heart to meet short-term changes in hemodynamics and to
equalize the output of the two ventricles. Physiologic hyper-
trophy can occur in response to adaptive changes (for exam-
ple, swimming or running, in which hypertrophy occurs to
meet the hemodynamic demand). 

The second process depends on the biochemical changes
that occur in the cardiac myocytes that enable the heart to
meet the demand by modifying the biochemical composition
of the myocytes. 

The third and most complex of the mechanisms by which
the heart adjusts to the changing demands involve growth
abnormalities that modify gene expressions in the cardiac
cells. These changes provide long-lasting adjustment in re-
sponse to exogenous stimuli (cytokine growth factors, etc.).
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2. Tissue regeneration using stem-cell therapy 641

VI. Concluding Remarks 642

ABSTRACT

Cardiac hypertrophy and heart failure are major causes of morbidity and mortality in Western societies.
Many factors have been implicated in cardiac remodeling, including alterations in gene expression in
myocytes, cardiomyocytes apoptosis, cytokines and growth factors that influence cardiac dynamics, and
deficits in energy metabolism as well as alterations in cardiac extracellular matrix composition. Many thera-
peutic means have been shown to prevent or reverse cardiac hypertrophy. New concepts for characterizing
the pathophysiology of cardiac hypertrophy have been drawn from various aspects, including medical ther-
apy and gene therapy, or use of stem cells for tissue regeneration. In this review, we focus on various types of
cardiac hypertrophy, defining the causes of hypertrophy, describing available animal models of hypertrophy,
discussing the mechanisms for development of hypertrophy and its transition to heart failure, and presenting
the potential use of novel promising therapeutic strategies derived from new advances in basic scientific
research. Antioxid. Redox Signal. 9, 623–652.



The mechanisms for physiologic hypertrophy versus patho-
logic hypertrophy are quite different. Physiologic hypertro-
phy is an adaptive process; therefore, no treatment is neces-
sary for this type of myocardial growth. Conversely,
pathologic hypertrophy, which is a maladaptive change as a
result of volume or pressure overload or other hormonal or
cytokine stimuli, ultimately results in cardiac dysfunction,
which transits to heart failure. Because it is not practical to
discuss both physiologic hypertrophy and pathologic hyper-
trophy in one review, this review discusses only the patho-
logic hypertrophy, with particular focus on the molecular
changes, with special emphasis on the signaling mechanism
and therapeutic means to prevent or treat the disease process
(or both). 

II. DEFINITION AND CLASSIFICATION OF
CARDIAC HYPERTROPHY

Cardiac hypertrophy—the enlargement of cell size and
mass of individual cardiomyocytes without an increase in cell
number—is defined based on pressure or volume overload on
the heart. One type, eccentric hypertrophy, in which the pre-
cipitating stress is volume overload, is characterized by in-
creased heart-wall thickness and ventricular dilation but addi-
tion of sarcomere in series. Another type, concentric
hypertrophy, in which the imposed stress is pressure overload,
is characterized by an increase in wall thickness with the de-
position of new sarcomeres, but the chamber radius may not
change. The thickened ventricle is capable of generating
greater forces and higher pressures, while the increased wall
thickness maintains normal wall stress (Fig. 2).
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Two types of cardiac enlargement are observed: hypertro-
phy and dilation. Hypertrophy involves an increase in the
thickness of the heart muscle (myocardium), particularly in
the ventricle, whereas dilation involves an increase in the size
of the cavity of one or more chambers of the heart. The most
common causes of hypertrophy are an increase in blood pres-
sure (hypertension) associated with other stimuli. The extra
workload of pumping blood against the increased pressure
causes the ventricle to thicken over time. Another causal fac-
tor is stenosis (narrowing of the blood vessels) of the aortic
valve, a condition in which the valve cannot open fully, for a
variety of reasons. The most common causes of right ventri-
cle hypertrophy (RVH) are associated with any form of right
ventricular outflow obstruction or pulmonary hypertension
diseases that damage the blood vessels in the lung, causing
increased pressure in the remaining vessels. Conditions that
decrease oxygen levels, such as chronic bronchitis and sleep
apnea, also lead to RVH. 

Other causes of dilation are conditions that directly dam-
age the heart muscle, such as inflammation or long-term use
of alcohol, the latter of which thins the muscle. Heart muscle

FIG. 1. Schematic presentation of cardiovascular
remodeling. Chronic hemodynamic stimuli (e.g., pressure
or volume overloads) lead to ventricular remodeling through
increase in wall stress, cytokines, signaling peptides, neu-
roendocrine signals, and oxidative stress. The net result of
these changes ultimately leads to heart failure (Figure
adapted from ref. 54a.)

FIG. 2. Patterns of ventricular hypertrophy. A pattern
of hypertrophic growth characterized as concentric, in which
increased mass is out of proportion to chamber volume. In
contrast, in volume-overload conditions, in which the major
stimulus is diastolic loading, a predominant finding is a
great increase in the cavity size or volume. (Adapted from
ref. 105a.)

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1474&iName=master.img-000.jpg&w=227&h=187
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1474&iName=master.img-001.jpg&w=228&h=317


inflammation, or myocarditis, also is associated with a viral
infection. Cardiac dilation may also be associated with valvu-
lar regurgitation (incomplete opening of the valve), causing
the ventricle to dilate over time.

Hypertrophic cardiomyopathy, another class of hypertro-
phy, goes by many names: hypertrophic obstructive car-
diomyopathy, idiopathic hypertrophic subaortic stenosis, and
muscular subaortic stenosis (240). The etiology of hyper-
trophic cardiomyopathy is not yet known, but in the majority
of cases, the condition is inherited and considered a genetic
disease related to weakness of the individual muscle fibers of
the heart. Hypertrophic cardiomyopathy occurs in 1 of 500
people and is the most common heart-related cause of sudden
death in young athletes. Recently, mutations have been
found in six genes, such as the genes for myosin, troponin T,
�-tropomyosin, cardiac myosin-binding protein-C, or the
essential and regulatory light chains causing hypertrophic
cardiomyopathy; these are the most important and essential
proteins for contraction of the heart muscle (180, 181).

The prevalence of different forms of hypertrophy varies
considerably depending on the hemodynamic and demo-
graphic characteristics of the population. Eccentric hyper-
trophy is more common in young individuals, whereas
concentric hypertrophy is correlated with increased hyper-
tension in advancing age (256). Racial and gender differ-
ences also contribute to hypertrophy. The Framingham
study showed that concentric hypertrophy is more common
in women, and the eccentric, in men (114, 152, 186). Alto-
gether, left ventricular hypertrophy (LVH) is considered to
be a risk factor for coronary heart disease, congestive heart
failure (CHF), ventricular arrhythmia, and sudden death
(17, 20, 37, 92).

III. EXPERIMENTAL ANIMAL MODELS
FOR CARDIAC HYPERTROPHY

A. Pressure overload/aortic banding

The most commonly used surgical intervention for
pressure-overload–induced hypertrophy is aortic banding
(i.e., coarctation of the ascending aorta). In mice, transverse
aortic constriction (TAC) is used to create mechanically in-
duced cardiac pressure overload, ultimately leading to cardiac
hypertrophy and heart failure (20, 84). TAC is generally in-
duced by a traditional thoracotomy approach by minimally
invasive aortic banding through a small incision in the proxi-
mal sternum. This TAC model is used to study the profiles of
various genes expressed during the onset of hypertrophy,
although it does not completely mimic human cardiac remod-
eling. Aortic banding is a good model system in which to
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evaluate the development of LVH in response to hemody-
namic overload. After several months, a subset of animals
progresses to heart failure.

B. Volume overload

CHF occurs when the heart can no longer meet the meta-
bolic demands of the body at normal physiologic venous
pressures. Ventricular volume overload occurs in intracar-
dial shunting of blood or in valvular incompetence with
backflow of blood. Volume overload, as observed in chronic
aortic and/or mitral valvular regurgitant disease, shifts the
entire diastolic pressure–volume curve to the right, indicat-
ing increased chamber stiffness, with concentric LVH (as
occurs in aortic stenosis, hypertension, and hypertrophic
cardiomyopathy) (36). In general, the volume-overload CHF
model is induced by an aortocaval shunt. The vena cava and
the abdominal aorta are dissected above the renal arteries,
and the aorta is clamped proximal to the renal arteries; a
0.6-mm needle is used to puncture the aorta distally and is
advanced into the vena cava to connect both vessels. The
needle is removed afterward, and the wound is sealed.
Cardiac hypertrophy develops within 4–5 weeks, with com-
promised LV contractility and increased end-diastolic pres-
sure (257).

C. Coronary artery ligation

Coronary artery ligation is a procedure used to generate an-
imal models of heart failure. Ligation of the rodent left anterior
descending (LAD) artery occludes the supply of oxygen and
nutrients to the heart muscle, thus causing a blockage similar to
the kind that causes heart attacks in humans. Such occlusion
results in myocyte death, which affects the overall structure of
the heart, contributing to eventual cardiac dysfunction.
Because these animal models closely mimic heart-failure
disease progression in humans, they have proven to be valuable
for investigating the mechanisms of heart failure (13).

D. Transgenic mouse models for cardiac
hypertrophy

Several transgenic mouse models for cardiac hypertro-
phy and heart failure have been described over the past
decades to study the molecular mechanisms underlying this
deadly disease. It is not possible to give a comprehensive
overview of all these models because of space limitations,
but in this review, we describe one suitable transgenic
mouse model in which hypertrophy developed and eventu-
ally progressed to heart failure. Table 1 describes the most
established hypertrophy/heart failure mouse model we ob-
served so far. 

TABLE 1. MOUSE MODELS FOR HEART FAILURE

Genetically engineered mouse models Metabolically altered models ECM dysfunction transgenic models

Myotrophin, TNF�, Gi, Mitochondrial dysfunction MMP2
G�q, PKC�, PKA, �1 AR, Oxidative stress MMP9
Phospholamban, calsequestrin, Impairment of fatty acid TIMP1

calcineurin, L-type Ca2+ channel oxidation (FAO) pathway



1. Transgenic mouse model overexpressing
myotrophin. We describe a transgenic mouse model in
which myotrophin is overexpressed in the heart as a represen-
tative of a genetically engineered model to study the mecha-
nism of cardiac hypertrophy and CHF. Myotrophin, a 12-kDa
soluble protein, has been identified and characterized from
spontaneously hypertensive rat (SHR) hearts and cardiomyo-
pathic human hearts (277, 318). Myotrophin induces myocyte
growth and enhances early proto-oncogenes and hypertrophic
marker gene expression in neonatal myocytes (202). My-
otrophin stimulates protein kinase C (PKC) activity (276) and
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interacts with NF-�B proteins (146, 279). A cardiac-specific
overexpression of myotrophin, using �-myosin heavy chain
as a promoter, causes development of hypertrophy that culmi-
nates in heart failure (255) (Fig. 3). This process is associated
with mechanistic changes, including significant increases in
expression of proto-oncogenes, hypertrophy marker genes,
and growth factor genes, as well as increased collagen deposi-
tion (Fig. 4). The transgenic mice showed a gradual progres-
sion from hypertrophy to heart failure over a span of
9 months, exhibiting LVH, atrial dilation, myocyte necrosis,
multiple focal fibrosis, pleural effusion, and compromised

FIG. 3. (A) Hearts from WT and Tg
mice during progression of cardiac
hypertrophy. Quantitative estima-
tion of HW/BW in WT and Tg mice
during initiation of hypertrophy
(4 weeks old) and transition from
hypertrophy to heart failure (9 months
old). (B) Quantitation of cross-sectional
areas of myocytes in WT and Tg mice
(n = 5). The top panel shows myocytes
(stained with hematoxylin and eosin)
from 4-week-old mice, WT (extreme
left) (A), and Tg (C). E depicts 
9-month-old WT cells, and G shows
the myocytes from 9-month-old Tg
animals at �63 magnification. The
lower panel represents a �2.5 zoomed
picture of the upper panel. (B) My-
ocytes from 4-week-old WT mice; D,
myocytes from 4-week-old Tg mice;
F, myocytes from 9-month-old WT
mice; H, myocytes from 9-month-old
Tg mice. A significant increase in the cross-sectional area was observed at as early as 4 weeks of age. The cross-sectional area of
myocytes from Tg mice was significantly increased (2,431 ± 712 to 6,297 ± 280 �m2; p < 0.001). (C) Myocytes isolated from
9-month-old WT (left panel) (�63 magnification) and 9-month-old Tg mice overexpressing myotrophin (right panel) (�63
magnification). (Figure adapted from ref. 255.)

FIG. 4. (A) Tg mice show increased expression of ANF and �-MHC transcripts from four generations (Gn1-Gn4), repre-
senting all four Tg lines (24 weeks old), compared with age-matched WT mice. Increased expression of ANF and �-MHC
transcripts in all four generations confirmed the presence of hypertrophy in Tg mice. (B) Tg mice show increased expression of
proto-oncogenes in the hearts of young and old Tg mice compared with WT mice. (Figure adapted from ref. 255.)

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1474&iName=master.img-002.jpg&w=319&h=217
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1474&iName=master.img-003.jpg&w=467&h=170


cardiac function associated with significant reduction in ejec-
tion fraction and shortening (Fig. 5) (255). These changes
contributed to substantial alterations in the expression and or-
ganization of sarcomeric and structural proteins. This model
also documented the changes in gene expression during initi-
ation of cardiac hypertrophy versus during its progression to
heart failure. These changes very closely mimicked the symp-
toms associated with the human hypertensive heart and pro-
vided a unique opportunity to study molecular changes along
with changes in growth factors and cytokines during the initi-
ation of hypertrophy and its transition to heart failure. Identi-
fication of genes whose expression is altered during the initi-
ation and transition phases might suggest novel strategies to
limit hypertrophy and its progression to heart failure. We ex-
pect that this new mouse model will provide the key to eluci-
date further molecular mechanisms that occur during ad-
vancement of hypertrophy to heart failure and will facilitate
the design of effective therapies.

2. Metabolic remodeling of the failing heart.
The development of CHF is also associated with a plethora of
intracellular changes, including alterations in sarcomeric pro-
tein function, in extracellular matrix composition, and in cal-
cium flow and energy metabolism. Many experimental and
clinical studies have shown that hypertrophied and failing
myocardium are characterized by alterations in mitochondrial
function, high-energy phosphate content, and the fatty acid
oxidation (FAO) pathway. It is speculated that these meta-
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bolic alterations could reflect the high demand of adenosine
triphosphate (ATP) for energy supply to cardiac muscles.
However, the underlying mechanisms of “metabolic remodel-
ing” in the context of cardiac failure are still open to discus-
sion. In this review, we discuss how mitochondrial dysfunc-
tion and FAO lead to heart failure.

3. Mitochondrial dysfunction and cardiac
failure. Mitochondria are considered to be the “power-
house” of cells. Mitochondria are packed between the adja-
cent myofibrils and occupy up to 50% of the cytoplasmic
volume of the heart muscle cell and contain several copies
of the mitochondrial DNA (mtDNA) genome, ribosomes,
transfer RNAs, and several enzymes that are required for the
expression of the mitochondrial genes. Experimental and
clinical studies have shown that an impaired respiratory
function of cardiomyocyte mitochondria leads to CHF
(140, 271). Mitochondria are considered important targets
and releasers of various regulatory factors that play an im-
portant role in cardiac remodeling. Mitochondria have also
been recognized as players in the apoptosis process, in
which the opening of the “mitochondrial pore” plays a key
role (130). The following features can address mitochondr-
ial dysfunction.

a. Oxidative stress. Oxidative stress is characterized by
the formation of reactive oxygen species (ROS) from the
respiratory chain. Oxidative phosphorylation of mitochondria

FIG. 5. A typical M-mode echo-
cardiogram from 36-week-old
WT and Tg mice. (Figure
adapted from ref. 255.)

TABLE 2. EFFECT OF PHARMACOLOGIC INHIBITORS ON BLOOD PRESSURE AND CARDIAC HYPERTROPHY

Model Treatment HW/BW (mg/g) BP Reference

SHR None 3.44 ± 0.15 196 ± 28 Sen S (268)
SHR Captopril 2.64 ± 0.08 119 ± 23 Sen S (268)
SHR Esidrix 3.30 ± 0.05 171 ± 60 Sen S (268)
SHR Atenolol 3.00 ± 0.11 151 ± 50 Sen S (268)
SHR Losartan 2.86 ± 0.04 146 ± 30 Alvarez BV (4)
SHR Nifedipine 3.06 ± 0.05 140 ± 20 Alvarez BV (4)

Values are expressed as the mean ± SEM. SHR, spontaneously hypertensive rats; captopril, ACE inhibitor; esidrix, diuretic;
atenolol, �-blocker; losartan, Ang II–receptor blocker; nifedipine, calcium channel blocker; HW/BW, heart weight–to–body
weight ratio; BP, blood pressure.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1474&iName=master.img-004.jpg&w=336&h=176


generates oxygen radicals, such as superoxide radicals, H2O2,
and hydroxyl radicals (150). Another source of free radicals is
lipid oxidation. It has been shown that because of the
production of excessive free oxygen radicals, chronically
ischemic hearts exhibit increased damage to mtDNA, which ul-
timately induces many genes responsible for oxidative phos-
phorylation (56). mtDNA is more susceptible to damage than
is nuclear DNA because it lacks histones and also has an insuf-
ficient repair mechanism (49, 241, 242). mtDNA also exhibits
10- to 12-fold higher mutation rates, as it is continually ex-
posed to free radicals because of generation of ATP by the res-
piratory chain. Mitochondrial enzymes are, therefore, the pri-
mary targets for inactivation by ROS. In the myocardium,
oxygen radicals have been shown to alter Na+/Ca2+ exchange,
Na+-K+ ATPase, and Ca2+ ATPase activities. Mutant mice that
lack manganese superoxide dismutase (a scavenging enzyme)
show a severe reduction in complex II of the respiratory chain
and rapidly develop dilated cardiomyopathy (167).

b. Acquired mutation. It has been shown that numerous
defects in the mitochondrial respiratory chain lead to inher-
ited CHF and cardiomyopathy (177, 323). It has also been re-
ported that a deficiency in carnitine, a transporter molecule
in mitochondria, showed familial cardiomyopathy (322). Al-
though what role the mutation of mitochondrial proteins
plays in the inherited cardiomyopathies is not fully under-
stood (177), it is known that mtDNA and mitochondria are
maternally inherited. Maternal inheritance has also been ob-
served in point mutations of specific mitochondrial genes
that cause massive defects in the respiratory chain, leading to
CHF (347). Conversely, deletion of a larger segment of the
mitochondrial genome results in cardiac conduction defects
and cardiomyopathy, such as Kearns-Sayre syndrome (40).
The deletion causes a major defect in the electron-transport
system, and it is thought that deletion arises from sponta-
neous somatic mutations early in embryogenesis and may
play a critical role in the development of the major cardiac
disease (298).

c. Mouse models of mitochondrial dysfunction and heart
failure. A number of transgenic mice models have been
developed to study the relation between mitochondria and
cardiac function. This has been done either by disrupting mi-
tochondrial metabolism (loss of function) or by activating
the mitochondrial oxidation pathway molecule (gain of func-
tion). Among the best-studied examples of mitochondrial
metabolism is the adenine nucleotide translocator (ANT).
ANT, a 32-kDa energy-transfer mitochondrial protein, en-
coded by three different genes (ANT1, 2, and 3) and co-
expressed in a tissue-specific fashion, exchanges mitochondrial
ATP for cytosolic adenosine diphosphate (ADP) across the
inner mitochondrial membrane. ANT is a key molecule regu-
lating ATP production and consumption in the mitochondrial
matrix space. Graham et al. (102, 203) found that Ant1–/–

mice exhibited mitochondrial abnormalities and a progres-
sive cardiac hypertrophic phenotype. Another knockout
model for disruption of mtDNA replication is Tfam. Tfam is
a nuclear-coded mtDNA replication transcription factor.
Using the cre-lox system, Larson’s group (155, 165, 324)
generated a series of tissue-specific Tfam knockout mice.
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Such knockout mice frequently die during the neonatal pe-
riod, but in those that survive, cardiomyopathy develops by
around age 2 months. These mice are characterized by car-
diac hypertrophy, ventricular chamber dilation, and conduc-
tion defects, including atrioventricular blocks. In addition,
mice null for the peroxisome proliferator–activated receptor-
� (PPAR�) gene exhibit a diminished myocardial fat cata-
bolic pathway and a moderate cardiomyopathic phenotype
(158, 328). It is also possible that the distinct profile of fatty
acid intermediates that accumulate demands a specific form
of cardiac disease.

Conversely, cardiac-specific overexpression of PPAR� in
certain transgenic mice is associated with the upregulation
of genes for the mitochondrial FAO pathways and the down-
regulation of glucose transporter and glycolytic enzyme gene
expression (88). These transgenic mice also exhibit cardiac
hypertrophy, reduced fractional shortening, and ventricular
wall thinning and chamber dilation. Another transgenic
mouse model that has constitutive cardiac-specific overex-
pression of peroxisome proliferator–activated receptor-�
coactivator-1� (PGC-1�) develops dilated cardiomyopathy
with ultrastructural abnormalities, including fibrosis, dis-
ruption of myofibrils, and an increased number of large mi-
tochondria (160). Given the importance of mitochondrial
dysfunction in these transgenic models, it is speculated that
activation of PGC-1�, PPAR�, or both, might play an impor-
tant role in the development of myocardial hypertrophy and
dysfunction.

d. Impairment of fatty acid oxidation (FAO) pathway.
Mitochondrial FAO is the key metabolic pathway for ATP
production in heart and skeletal muscle. Fatty acids are trans-
ported in the blood in the form of lipoprotein. Long-chain
fatty acids are transported through the plasma membranes by
fatty-acid transporters, such as fatty-acid transport protein
(FATP) and CD36/FAT. On entry into the cell, fatty acids are
converted to their acyl coenzyme A (CoA_ derivatives by
fatty acyl CoA synthase (ACS1). The first step of the �-
oxidation spiral is an oxidation reaction of acyl CoA that is
catalyzed by a family of four very long-chain acyl CoA dehy-
drogenase (VLCAD) homologous acyl CoA dehydrogenase
enzymes: long-chain acyl CoA dehydrogenase (LCAD), acyl
CoA dehydrogenase, and short-chain acyl CoA dehydroge-
nase (SCAD) genes. It is observed that mutations in the
VLCAD gene affect children and young adults, causing car-
diomyopathy (183). Genetic disruption of VLCAD was asso-
ciated with microvesicular lipid accumulation, mitochondrial
proliferation, ventricular tachycardia, degenerative fibers, col-
lagen deposition, and vacuolated myocytes in VLCD-deficient
mice (86). This model may represent an interesting model
system in which the pathophysiologic relations of intracellu-
lar fatty-acid homeostasis and myocardial dysfunction can be
studied. 

Another striking example of FAO impairment leading to
cardiomyopathy is the cre-loxP-mediated cardiomyocyte-
restricted deletion of PPAR� in mice (46). These mice have
cardiac dysfunction, progressive myocardial lipid accumula-
tion, cardiac hypertrophy and CHF with reduced survival.
Chronic myocardial PPAR� deficiency leads to lipotoxic
cardiomyopathy. Therefore, PPAR� is a crucial determinant



of myocardial FAO and is an important factor in maintaining
energy balance and normal cardiac function.

4. Role of extracellular matrix in cardiac hyper-
trophy and heart failure. Extracellular matrix (ECM) is
a ground network of collagen that is responsible for the in-
tegrity of myocardial structure. The ECM tethers myocytes
and myofibrils together in proper alignment, provides an ar-
chitectural support for the muscle cells, plays an important
role in cardiac adaptation to diverse stresses, and promotes
remodeling. The myocardial ECM is composed mainly of col-
lagen type I (Col I) and collagen type III (Col III), which
make a scaffolding support for the myocytes and maintain the
integrity of the heart. Alteration of the Col I/Col III ratio
therefore has an integral part in predicting both systolic and
diastolic dysfunction. A differential increase in Col I and Col
III and their ratio has been seen in patients with dilated car-
diomyopathy and in hypertensive patients with CHF
(174, 223). Loss of collagen fibrils leads to ventricular dila-
tion, myocyte slippage, and contractile dysfunction. There-
fore, modulation or balance between matrix protein synthesis
and degradation is the crucial factor for cardiac remodeling
and also in the pathophysiology of heart failure. In normal
heart, collagen turnover is maintained by matrix metallopro-
teinases (MMPs) and their endogenous inhibitors [i.e., tissue
inhibitors of metalloproteinases (TIMPs)] (168). A fine bal-
ance between MMPs and TIMPs maintains the integrity of the
matrix. Increased MMP activity leads to enhanced ECM
degradation, which may cause ventricular dilation and CHF.
MMPs are a family of zinc-dependent proteolytic enzymes
that degrade ECM protein. More than 20 different types of
MMPs have been identified and cloned and have a wide range
of substrate specificity (58) Based on their structure and sub-
strate recognition, MMPs are divided mainly into four classes:
(a) collagenases, which include MMP-1, -8, -13, and -18; (b) the
gelatinases, which include MMP-2 and -9; (c) the
stromelysins, including MMP-3, -10, and -11; and (d) mem-
brane-type MMP (MT-MMP), which includes MMP-14 to
MMP-17 and MMP-24 and -25. MMPs are present in the
heart (interstitium) and are enhanced during myocardial in-
farction (38). In this review, we focus on what is currently
known about the MMP/TIMP system in human CHF, the
novel mechanisms that regulate this system, and the move-
ment toward clinical trials and applications with respect to
this proteolytic pathway.

Several MMP species have been identified within the
human myocardium and become altered in CHF. A number of
studies suggest that an upregulation of MMP-1, -2, -3, and -9
occurs in human, rat, and porcine hearts during the remodel-
ing process, suggesting that these MMPs play a role in
disease states (53, 58, 300, 311). Importantly, increased myo-
cardial MMP activity is observed both in clinical and experi-
mental forms of dilated cardiomyopathy (287, 309, 310).
MMPs that are expressed at very low levels in normal myo-
cardium [such as collagenase-3 (MMP-13) and the membrane
type-1 MMPs (MT1-MMP)] are substantially upregulated in
CHF (281). However, MMP species are not uniformly in-
creased in patients with end-stage CHF, suggesting that a
specific “portfolio” of MMPs are expressed in the failing
myocardium (281). With animal models of CHF, a mechanistic
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relation has been demonstrated with respect to myocardial
MMP expression and the LV remodeling process. One of the
most striking examples of constitutive overexpression of
MMP-1 in a transgenic mouse model, demonstrating the first
evidence of direct disruption of the ECM in the heart, mimics
human CHF (144). Targeted deletion of MMP-2 in mice re-
sulted in a better survival rate, lower incidence of LV rupture,
less LV-cavity dilation, and improved fractional shortening
than in WT mice after myocardial infarction (MI), suggesting
a potentially useful therapeutic strategy to manage post-MI
hearts (118). One MMP-9–deficient mouse model showed at-
tenuation of ventricular enlargement and collagen deposition
after MI, suggesting a candidate for a selective inhibitor of
MI (76). Conversely, deletion of TIMP-1 leads to augmented
adverse LV remodeling after MI (59). The aforementioned
studies using both knockout and transgenic mice and MMP
inhibitors have further established the significant contribu-
tion of these proteases in cardiac remodeling and have raised
the possibilities of using MMP as a therapeutic target for the
treatment of CHF. Pharmacologic intervention using MMP
inhibition has been shown to reduce ventricular remodeling
after MI in rat and mouse models, demonstrating the benefi-
cial effect during the progression of CHF (226, 245). Interest-
ingly, polymorphisms have been seen in the promoters of
MMP-1, -3, -9, and -12 and have been linked with cardiovas-
cular diseases such as coronary artery disease (CAD) and ab-
dominal aortic aneurysms, indicating the variation in MMP
gene transcription in MI patients that might influence the dif-
ference in LV remodeling and infarct healing (341, 348).
Therefore, the use of genetic mice models and MMP inhibitors
suggests the potential role of these proteases in cardiovascular
diseases. Future studies exploring the possible correlation
between MMP polymorphisms and MI are warranted.

IV. MECHANISMS INVOLVED IN 
CARDIAC HYPERTROPHY

The phenomenon of cardiac hypertrophy results from pro-
grammed and synchronized responses of cardiac cells at mol-
ecular and biochemical levels as an adaptive response to an
altered cardiac environment, caused by a combination of fac-
tors such as increased hemodynamic pressure and hormonal
imbalance. Hypertrophic responses begin as an adaptive
mechanism to sustain the altered state. Irrespective of what
triggers the process, an increase either in global protein syn-
thesis or in the mass of cardiomyocytes, or both, leads to en-
largement of the heart or cardiac hypertrophy. For the past
several years, researchers have tried to find a single pivotal
point through which the hypertrophic process is regulated. To
date, such a confirmed converging point has yet to be discov-
ered, although several mechanisms involved in the process
have already been reported. In this review, we have tried to ac-
cumulate certain important reports, to define the mechanisms
that are involved in cardiac hypertrophy.

A. G protein and cardiac hypertrophy

In the cardiovascular system, G protein–coupled receptors
(GPCRs) play an important role with respect to its acute



hemodynamic and chronic hypertrophic effects (196). These
receptors are coupled to three principal classes of het-
erotrimeric guanine triphosphate (GTP)-binding proteins, Gq,
Gs, and Gi, and all of them have G

�
and G

��
subunits (91). The

binding of any ligand to the heptahelical GPCRs results in se-
quential conformational changes that lead to coupling of the
receptor to a heterotrimeric G protein. On activation, because
of a guanine diphosphate (GDP)-to-GTP exchange on the G

�

subunit, the G protein dissociates into its component sub-
units, G

�
and G

��
, which independently activate intracellular

signaling pathways through downstream effectors. G
�s and

G
�i modulate the activity of adenylyl cyclase (AC), which

generates cAMP and thereby activates cAMP-dependent pro-
tein kinase A (PKA). In contrast, G

�q activates phospholipase
C (PLC) to generate diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP3) to activate protein kinase C (PKC) (Fig. 5).
The G

��
subunit directly activates the mitogen-activated pro-

tein kinase (MAPK) signaling cascade, phosphatidyl inositol
3-kinase (PI3K) activity, and Ras signaling (Fig. 6).

1. Role of Gaq. Angiotensin II (Ang II), endothelin-1
(ET-1), and �-adrenergic receptors (�ARs) remain coupled to
G

�q, and this pathway plays an important role in hypertrophic
responses (182, 252, 274). Overexpression of these receptors
and Gq protein has been shown to be a factor in the develop-
ment of cardiac hypertrophy (61, 147, 219, 253). Myocardial
overexpression of constitutively active �1B-adrenergic recep-
tor has been reported to develop cardiac hypertrophy and
dilated cardiomyopathy (162, 191, 320). A reduction in hyper-
trophic responses to chronic pressure overload has been
shown by inhibiting Gq-mediated signaling.

Reduction of hypertrophic responses to chronic pressure
overload has been demonstrated by inhibiting Gq-mediated
signaling or blocking of �-hydroxylase (the enzyme responsi-
ble for norepinephrine synthesis). This result indicates that
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some signaling event, perhaps Gq-mediated signaling, is in-
volved in the hypertrophic process, which is no longer only
an adaptive response (84, 264).

2. Role of Gs. The �1-adrenergic receptors is the most
abundant of the adrenergic receptors that remain coupled to
Gs, which in turn activates AC-mediated downstream signal-
ing. The less abundant �2-adrenergic receptor subtype cou-
ples to Gs and Gi, resulting in an additional �-adrenergic sig-
naling event (62). The Gs protein is reported to be involved
more in cardiac contractility than in cardiac growth (264).
Overexpression of the �1-adrenergic receptor in the hearts of
transgenic mice has been implicated in the progressive deteri-
oration of cardiac performance and in hypertrophy and fibro-
sis (18, 82). A similar phenomenon was observed as AC-inde-
pendent responses in transgenic mice overexpressing Gs (95).
In addition to an increase in myocardial contractility, delayed
fibrotic cardiomyopathy has been observed in transgenic
mice overexpressing the �-adrenergic receptor or the �-subunit
of the Gs protein (74). Uncoupling protein 2 (UCP2, which
controls mitochondrial membrane potential) and the four-
and-a-half LIM domain protein (FHL1) have been reported as
important candidate protein molecules that correlate with the
development of �AR-induced cardiomyopathy in a different
mouse model (96).

3. Role of Gi. Upregulation of Gi in human heart
failure and impaired AC activity suggest that Gi-mediated
signaling contributes to cardiomyopathy (83, 209). Condi-
tional overexpression of the Gi-coupled receptor leads to
delayed ventricular conduction and lethal cardiomyopathy
(237). The coexistence of pressure overload and loss of con-
tractile mass in the ischemic heart leads to the transition
from cardiac hypertrophy to CHF through a Gi-mediated
signaling cascade (149). Furthermore, involvement of
extracellular signal–regulated kinase (ERK) activation in
cardiomyocyte hypertrophy through Gi and Gs has been re-
ported (357). cAMP-dependent PKA activation through Gs

phosphorylates �AR, which in turn results in coupling of
the receptor from Gs to Gi. ERKs become activated by Gi

through G
��

, the Src family of tyrosine kinases, Ras and
Raf-1 kinase (357).

B. Small G protein and cardiac hypertrophy

Small G proteins are involved in activation of several
downstream signaling pathways and are related to myocyte
hypertrophy. The low-molecular-weight or small GTPase su-
perfamily consists of more than 100 members, grouped based
on their structural similarities. Five such subfamilies are
known: (a) Ras, (b) Rho/Rac/cdc42, (c) Arf/Sar1, (d) Rab,
and (e) Ran (29). All of them are 20- to 30-kDa monomeric G
proteins. The small GTPase consists of only a single subunit
and thus differs from heterotrimeric G proteins. Small GT-
Pase resembles the G protein �-subunit but is about half its
size and becomes active when GTP is exchanged for GDP
(29). Only the Ras and Rho subfamilies have been studied
extensively in the heart (51) and are discussed in this review.

Myocytes exposed to Ang II, ET-1, and PE showed activa-
tion of Ras isoforms (48, 235). Several signaling proteins

FIG. 6. G protein–mediated signaling pathway. PLC,
Phospholipase C; IP3, inositol 3-phosphate; DAG: diacylglyc-
erol; PKC: protein kinase C; PKA: protein kinase A; AC,
adenylyl cyclase; MAPK, mitogen-activated protein kinase;
PI3K, phosphatidyl inositol 3-kinase. (Adapted and modified
from ref. 196.)
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such as c-Raf (MAPK kinase or the ERK cascade), PI3K, and
Ral are activated by binding with Ras. Ras-mediated activa-
tion of the c-jun NH2-terminal kinase (JNK) cascade has also
been reported (235). Rho and Rac-1 known to be activated by
integrins, adhesion molecules, cytokines, and receptor tyro-
sine kinase (29). The effects of RhoA and Rac-1 on the actin
cytoskeleton and cell morphology are mediated through
stimulation of downstream effector kinases by the activated
Rho proteins. The best-known effector is Rho kinase
(ROCK). RhoA has the ability for transcriptional activation
of AP-1 (178, 179), GATA-4 (39), nuclear factor �B (NF-�B)
(6, 60, 299), and myocyte enhancer factor 2 (MEF2) path-
ways (39, 296). The Gq-RhoA-ROCK pathway can be acti-
vated by several neurohumoral factors and is believed to
function as an important signaling pathway for cardiac hyper-
trophy in transition from LVH to CHF (198). Morel et al.
(2005) (238) reported Epac as a genuine exchange factor
(GEF) that is activated by cAMP and is involved in activation
of prohypertrophic signaling such as Ca2+-sensitive phos-
phatase, calcineurin, and downstream effector nuclear factor
of activated T-cell (NFAT). Rac is found to be involved in
Epac-induced NFAT-dependent cardiomyocyte hypertrophy
(198). By using adenoviral-mediated gene transfer of wild-
type and dominant-negative mutants of PKC� and PKC�, Pan
et al. (218) showed that stretch-induced activation of Rho
GTPases and phosphorylation of the Rho-guanine nucleotide
dissociation inhibitor (Rho-GDI) are regulated mainly by
PKC� and PKC� is involved in regulating the activation of
Rac1. Clerk et al. (50) reported that Rac1 might stimulate the
ERK cascade by promoting the phosphorylation of c-Raf by
increasing MEK1 and/or 2 associations with cRaf to facilitate
MEK1 and/or 2 activation.

C. Renin–angiotensin system (RAS) and
transforming growth factor-b1 (TGF-b1) and
cardiac hypertrophy

RAS and TGF-�1 are found to be involved in cardiomy-
ocyte hypertrophy after pressure overload. It has been
postulated in several studies that angiotensin II (Ang II) and
TGF-�1 act together as key mediators for cardiac remodeling.
Ang II, the effector molecule of the RAS, has direct growth-
promoting activity on neonatal cardiac cells but not on adult
cells. It promotes the growth activity of neonatal myocytes
through the ERK pathway (2, 247). A locally generated cy-
tokine, TGF-�1, is particularly expressed in hypertrophic
myocardium, and its expression is induced by Ang II, thus in-
dicating that Ang II indirectly stimulates cardiomyocyte
growth through TGF-�1, which acts locally by autocrine or
paracrine mechanisms (329). In pressure-overloaded human
heart, the degree of fibrosis is correlated with the upregulation
of angiotensin-converting enzyme (ACE) and TGF-�1 during
progression from compensated hypertrophy to CHF, indicat-
ing an interconnection between RAS and TGF-�1 (329). Sev-
eral in vitro studies have shown upregulation of TGF-�1

mRNA and protein by Ang II in cardiac cells (199, 329).
Binding of Ang II to its receptor AT1R promotes the syn-

thesis of TGF-�1 in cardiac fibroblasts and myocytes. TGF-�1

causes the proliferation of fibroblasts by binding to T� recep-
tors and results in fibrosis through fibroblast proliferation
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(116, 254, 307). TGF-�1 also induces ECM components, such
as collagen, fibronectin, and proteoglycans, and results in
cardiac hypertrophy (78, 120, 321). Links between Ang II
and TGF-�1 are further supported in tissue-culture experi-
ments: paracrine release of TGF-�1 from fibroblasts mediates
Ang-II–induced cardiac myocyte hypertrophy as blocking an-
tibodies to TGF-�1 inhibit myocyte growth caused by condi-
tioned medium of Ang II–treated fibroblasts (247). In a rat
model, blocking of Ang II action by an AT1-receptor antago-
nist was found to reverse the process of TGF-�1 expression
and myocardial hypertrophy/fibrosis and thus further sup-
ports the link between Ang II and TGF-�1 (306, 308, 329).
Schultz et al. (261) also reported that TGF-�1–deficient mice
do not show any myocardial growth, even if treated with Ang II.

Ang II has also been found to cause an increase in Akt ac-
tivity via activation of the AT1-receptor. Hingten et al. (2006)
(123) reported that increased formation of superoxide (O2

–)
radicals from an Rac1-regulated Nox2 containing NADPH
oxidase is a key upstream mediator of Ang II–induced
activation of Akt, and this cascade plays a crucial role in Ang
II–dependent cardiomyocyte hypertrophy. Mice lacking
ACE2 (the cleaving enzyme of Ang II) showed a marked
increase in Ang II concentration and activity of MAPK in
response to transverse aortic constriction. Administration of
AT1-receptor blocker attenuates the hypertrophic responses
and suppresses the MAPK activity in these ACE2-deficient
mice, indicating that ACE2 plays an important role in the
hypertrophic responses to pressure overload. Zou et al. (356)
reported that an Ang II-independent mechanism also activates
the AT1-receptor. A novel signaling mechanism driven by Ang
II type 2 receptor was reported by Senbonmatsu et al. (269).
They described that Ang II stimulation induces the cytosolic
transcription factor promyelocytic zinc finger protein (PLZF)
to drive AT2 from the cell membrane to the perinuclear re-
gion. PLZF then enters the nucleus and binds to the consen-
sus sequence of p85 alpha PI3K, followed by enhanced
expression of p70S6 kinase, which is essential for protein
synthesis. In other studies, inhibition of calcineurin activity
by use of a specific inhibitor has been shown to decrease [3H]
leucine incorporation in Ang II–treated cardiomyocytes, indi-
cating that calcineurin also plays an important role in Ang
II–induced cardiomyocyte hypertrophy (93). Everett et al.
(85) reported that an Ang II–dependent increase in protein
synthesis includes activation of eukaryotic elongation factor-
2 (eEF-2) via dephosphorylation by protein phosphatase-2A
by a process that involves both PI3K and MAPK. Therefore,
elements of the RAS, particularly Ang II, induce cardiac hy-
pertrophy by involving several pathways, but among them,
the interconnection between Ang II and TGF-�1 is the most
vital one.

D. PI3K/Akt and cardiac hypertrophy

Phosphoinositide 3-kinases (PI3K) and Akt play an impor-
tant role in the heart through regulation of cardiomyocyte
growth, survival, function, and metabolism (184). PI3Ks
comprise a family of enzymes that has both protein and lipid
kinase activity and can be activated by several receptor tyro-
sine kinases such as the IGF-1 receptor, as well as GPCRs,
including the �- and �2-adrenergic receptors (258). The activated



IGF receptor phosphorylates the insulin-receptor substrates
(IRSs), and the IRS1 in particular interacts with the SH2 do-
main of PI3K for its activation (67, 196). Binding of growth
factors like IGF-1 and insulin to their membrane tyrosine
kinase receptors activates 110-kDa lipid kinase, PI3K sub-
group I� (also referred as p110�) (215). Activated PI3K
leads to D3 phosphorylation of the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PI-4,5-P2), generating
phosphatidylinositol 3,4,5-trisphosphate (PI-3,4,5-P3) (75, 184).
PI-4,5-P2 is the main precursor for PI-3,4,5-P3 biosynthesis
by class I PI3K (90, 286, 319, 336). PI-3,4,5-P3 is degraded
by the lipid phosphatases, phosphatase, tensin homolog deleted
on chromosome 10 (PTEN), and SH2 domain–containing inos-
itol 5-phosphatase 2 (SHIP2) to generate PI-4,5-P2 and 
PI-3,4-P2, respectively (63, 215) (Fig. 7). PIP2 and PIP3 accu-
mulate in the cell membrane and recruit serine/threonine
kinase Akt (also known as protein kinase B or PKB) and its
activator 3-phosphoinositide–dependent protein kinase 1
(PDK1) to the cell membrane via interactions between the
kinase pleckstrin homology (PH) domain and the 3�-phospho-
rylated lipid (27). Furthermore, this enforced colocalization
results in phosphorylation of PDK1, which activates Akt1. Of
the three Akt genes, only Akt 1 and 2 are highly expressed in
the heart (75). Once activated, Akt affects such diverse intra-
cellular processes as translational regulation and cell survival.

PI3K also is activated in a G
��

-dependent fashion in pres-
sure-overload hypertrophy (206). It has been reported that the
catalytic domain of the PI3K� isoform directly interacts with
the G

��
subunit to activate the PI3K/Akt signaling cascade

(163). Czupalla et al. (60) reported that autophosphorylation of
p110� in response to G

��
does not reduces its lipid kinase ac-

tivity. Thus, GPCR stimulation in pressure-overload hypertro-
phy selectively activates p110� without affecting p110� (206).

Two well-established downstream targets of Akt are glyco-
gen synthase kinase-3 (GSK-3) and mammalian target of
rapamycin (mTOR) (91, 184) (Fig. 7). GSK-3 is a serine/
threonine kinase that phosphorylates and inactivates glycogen
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synthase (72). The two mammalian isoforms (GSK-3� and �)
are both expressed in the heart (72, 105, 299, 305). Akt di-
rectly phosphorylates GSK-3�, which in turn phosphorylates
a series of serine/threonine residues in the N-terminal regula-
tory region of NFAT proteins (354) and masks their nuclear
import sequences, thereby promoting cytoplasmic transloca-
tion and transcriptional inactivation of NFAT proteins. Nu-
merous other transcription factors reported to be phosphory-
lated by GSK-3� include c-jun (22), c-myc (263), STAT (98),
and NF-�B (124); all of these have been found to be involved
directly or indirectly in the development of cardiac hypertro-
phy. The activity of GSK-3� is regulated by the phosphoryla-
tion status of its serine-9 residue, and phosphorylation of this
site creates an inhibitory pseudosubstrate for the enzyme
(91). Inhibition of GSK-3 is considered to be both necessary
and sufficient to induce cardiomyocyte hypertrophy in both
in vivo and in vitro models (110, 200, 201). 

Another downstream target of Akt is mTOR (also called
FKBP-12 rapamycin–associated protein or FRAP). It is a
289-kDa evolutionarily conserved serine/threonine kinase
that is inhibited by the drug rapamycin (215). Akt activation
activates mTOR via both translational and phosphorylation
mechanisms, leading to altered metabolism and increased cell
growth, mediated by changes in gene transcription and trans-
lation (259, 288). More specifically, mTOR phosphorylates
and therefore inactivates eukaryotic initiation factor 4E-bind-
ing protein (eIF-4E BP1), leading to increased protein
translation (111, 113, 345). mTOR also phosphorylates and
activates p70S6kinase (259), which is a short isoform of the
ribosome S6 kinase 1 (S6K1); S6K1 and S6K2 are consid-
ered key regulators of cell growth through the control of
protein translation (77, 273). The regulation of translation by
p70S6kinase occurs for ~20–30% of the total mRNA, which
includes many genes essential for the determination of cell
size, growth, and proliferation (215, 224, 273, 349). It can
be concluded that significant crosstalk occurs between
PI3K/Akt/GSK-3 and other members of the hypertrophic

FIG. 7. Schematic representa-
tion of PI-3 kinases and Akt
signaling pathways and their
components involved in hyper-
trophy process. (Adapted and
modified from ref. 184).
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pathways that are involved in the cardiac growth-signaling
cascade.

E. Calcineurin and cardiac hypertrophy

Calcineurin is a serine/threonine protein phosphatase that
is involved in several physiologic processes, such as T-cell ac-
tivation, skeletal myocyte differentiation, and cardiac hyper-
trophy. The calcineurin heterodimer consists of calcineurin A
and B subunits. Subunit A contains the catalytic domain, the
calmodulin-binding domain, and an autoinhibitory domain;
subunit B is a member of the “EF hand” family of calcium-
binding proteins. On calcium/calmodulin binding, cal-
cineurin undergoes a conformational change and the release
of the autoinhibitory domain (73, 104) (Fig. 8). Activation of
the T-cell receptor increases the concentration of intracellular
calcium and results in the activation of calcineurin. Activated
calcineurin directly dephosphorylates members of the NFAT
family in the cytoplasm, resulting in their translocation to the
nucleus and in the activation of immune-response genes. The
role of activated calcineurin and the calcineurin-dependent
pathway in cardiac hypertrophy has been demonstrated in
transgenic mice overexpressing calcineurin (197) and
calmodulin.(212) The role of NFAT in the development of
cardiac hypertrophy during pressure overload (153) and the
involvement of calcineurin B in controlling calcineurin activ-
ity in compensated LVH (103) have also been documented.
More specifically, calcineurin has been shown to operate
through NFAT3 in cardiac hypertrophy (171, 197). Although
calcineurin-NFAT signaling is considered to play an impor-
tant role in the hypertrophic growth of the myocardium, con-
troversy exists regarding its role in maintaining versus initiat-
ing hypertrophy, as well as its role in pathologic versus
physiologic hypertrophy and in CHF. 

Studies with NFAT-luciferase reporter transgenic mice
have led to the hypothesis that separate signaling pathways
regulate pathologic versus physiologic hypertrophy and that
calcineurin-NFAT signaling plays a regulatory role for mal-
adaptive hypertrophy (331). It has been reported that active
mitogen-activated protein/ERK kinase kinase 3 (MEKK3) is
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capable of stimulating calcineurin-NFAT signaling in cardiac
myocytes. MEK5 and ERK5 (also called big MAP kinase-1)
function as downstream targets of MEKK3 in a signaling cas-
cade that induces calcineurin activity through phosphorylation
of modulatory calcineurin-interacting protein 1 (MCIP1).
Once phosphorylated, MCIP1 dissociates from calcineurin
and binds with 14-3-3, thereby relieving its inhibitory activity
on calcineurin activity (1). The role of several intermediate
molecules and causative molecules in calcineurin-NFAT sig-
naling with respect to cardiac hypertrophy has been reported.
Prostaglandin F (2�) is known to be involved in the hyper-
trophic process through the calcineurin signal transduction
pathway in monocrotalin (MCT)-injected rat (134). It has
been found that GTPase activation occurs downstream of
calcineurin in cardiac hypertrophy (239). Furthermore, the
calcineurin-NFAT and MAPK signaling pathways are interde-
pendent and together orchestrate the cardiac hypertrophic
responses (195). The cAMP-binding protein Epac is able to
activate a pro-hypertrophic signaling pathway involving Ca2+-
sensitive phosphatase, calcineurin, and its primary down-
stream effector NFAT. Rac is involved in Epac-induced NFAT-
dependent cardiomyocyte hypertrophy (198). Calcineurin A
remains associated with muscle A kinase–anchoring protein
(mAKAP), a scaffold protein, and the complex is required for
the full activation of the prohypertrophic transcription factor
NFATc. A novel function of the mAKAP complex involves
integration of cAMP and Ca2+ signals to promote myocyte
hypertrophy (220).

F. MAPKs (ERK/JNK/p38 MAPK) and 
cardiac hypertrophy

Mitogen-activated protein kinases (MAPKs) play a signif-
icant role in hypertrophic signaling (91). MAPKs are
serine/threonine kinases that become activated on tyrosine/
threonine phosphorylation. Several nuclear substrates, such
as c-myc, c-jun, ATF-2, and p62TCF and other kinases like
p90RSK MAPKAPkinase2, are phosphorylated and activated
by MAPKs (65). The MAPK pathway is a three-module cas-
cade of phosphorylating kinases: MEKK, MEK, and MAPK.
The MEKKs are serine/threonine kinases that activate MEKs
by dual phosphorylation of a serine and serine/threonine
residue (353). Then MEK activates MAPKs by dual phospho-
rylation of a tyrosine and a threonine residue (54). MAPKs
preferentially phosphorylate the substrate on serine/threo-
nine-proline (249). Based on the type of amino acid present
in the “threonine xxx tyrosine” phosphorylation motif, the
MAPK superfamily is grouped into the following three cate-
gories: (a) the ERKs that contain Glu at the earlier-mentioned
xxx, (b) the JNKs having Pro at xxx, and (c) the p38 MAPKs
containing Gly at xxx (249, 293). JNKs and p38 MAPKs be-
long to the stress-activated protein kinases (SAPKs).

The MEKs in the ERK pathway are MEK1 and MEK2, and
the MEKKs are Raf kinase and MEKK1 (126, 154) (Fig. 9).
Mechanical stretch, GPCR agonist, or stimulation of recep-
tors with intrinsic tyrosine kinase activity principally acti-
vates the ERK cascade. Stretching of cardiomyocytes causing
activation of ERKs and subsequent increase in expression of
c-fos and skeletal �-actin has been reported by Sadoshima
et al. (101) and Yazaki and Komaro (340), indicating that

FIG. 8. Activation of calcineurin and nuclear translocation
of NFAT (nuclear factor of activated T-cell) for calcineurin-
mediated signaling. C, catalytic domain; CB, calmodulin-
binding domain; AI, autoinhibitory domain. (Adapted and
modified from ref. 196.)
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activation of the ERK cascade is linked with mechanical
stretch and thereby stress-induced hypertrophy. Activation of
the ERK pathway also is mediated through the binding of
GPCR agonist (Ang II, ET-1) (19, 251) and on occupation of
receptors with intrinsic tyrosine kinase activity by binding of
growth factors such as IGF-I (89). On phosphorylation of Raf
by tyrosine kinases after the recruitment of Raf and cofactor
14-3-3 conjugates at the membrane by Ras-GTP, activated
Raf can initiate the ERK cascade (176). ERKs increase the
enzymatic activity of cytoplasmic phospholipase A2 , result-
ing in an increase in the release of arachidonic acid and the
formation of lysophospholipids (249). ERKs also phosphory-
late Elk-1, which forms a complex with serum-responsive
factor and together binds to the promoter of several serum re-
sponse elements containing genes such as c-fos that leads to
the increased c-fos mRNA induction (142). c-Fos protein is
considered an important component of transcription factor
activator protein-1 (AP-1), and thus activation of ERKs is
thought to cause AP-1 activation. In this regard, ERKs have
been reported to be responsible for the development of hyper-
trophy (100). 

Unlike ERKs, JNKs and p38 MAPKs are activated mainly
by cellular stresses such as inflammatory cytokines, isch-
emia, oxidative stress, osmotic shock, heat shock, ATP-
depleting agents, and endotoxins (108, 121, 145). Initially,
both the JNK and p38 MAPK pathways were considered
SAPKs. Based on differences in their dual phosphorylation
motif (mentioned earlier in this section) and their upstream
activators and differences in their downstream targets, they
are now considered two different pathways (291). Although
little research has been done on the upstream activators of
JNKs in heart tissue, MEK4 and MEK7 are considered up-
stream kinases of the JNK pathway (290). MEKK1 phospho-
rylates MEK4, which in turn phosphorylates and activates
JNKs (338) (Fig. 9). Therefore, MEKK1 also can be consid-
ered an upstream activator of JNKs. Wang et al. (325) pointed
out the probability of MEKK5 as an upstream activator of
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MEK4. MEKK2 and -3 also are found to activate JNKs (244).
Whatever the upstream activator is, the JNK pathway is sup-
posed to be triggered by heterotrimeric G proteins coupled to
membrane receptors and by rho family small G proteins such
as Ras, Rac, and cdc42 (57, 192, 249). As downstream tar-
gets, JNKs are able to phosphorylate c-jun (52, 121). JNK
also activates the N-terminal transcriptional activation do-
main of activating transcription factor-2 (ATF-2) and thus
leads to increased transcriptional activating activity (52,
330). Being a potent activator of AP-1 (142), the JNK/AP-1
cascade is considered to be involved in the increased expres-
sion of ANF, skeletal �-actin, TGF-�1, and collagen type I in
cardiac hypertrophy (145).

p38 MAPK, a member of the MAPK subfamily, has a po-
tential role in cardiomyocyte hypertrophy in response to
stress stimuli (99, 208, 326). MKK3 and MKK6 directly
phosphorylate the dual site of p38 MAPK and act as upstream
activators of p38MAPKs (Fig. 9). MEK4 also is considered a
probable upstream activator (210, 346). Among the p38 iso-
forms, it has been reported that p38� and p38� are most im-
portant for hypertrophic responses (196). Activated p38
MAPK phosphorylates serine-threonine residues of several
cytoplasmic proteins and transcription factors, such as ATF-
2, serum response factor accessory protein-1 (SAP-1), and
CHOP (330), to mediate hypertrophic signaling. Activated
p38 MAPKs also can induce cardiac hypertrophy through the
integrin-FAK-Src-Ras pathway (3). Inactivation of p38
MAPK is essential in the calcineurin-mediated hypertrophic
process in which MKP-1 expression increases (172) and re-
duced p38 signaling causes myocyte growth through cal-
cineurin-NFAT signaling (26). In contrast, it also has been
reported that p38 is not involved in calcineurin-mediated
hypertrophy (66). Norepinephrin-induced hypertrophy asso-
ciated with p38 MAPK activation (64) and norepinephrine
can activate p38 MAPK via the �AR in mouse cardiomy-
ocytes, but this activation alone is not sufficient to induce
hypertrophy (250). Epidermal growth factor (EGF) has the

FIG. 9. Three module cascades of
mitogen-activated protein kinase
and its component subfamilies
ERK, JNK and p38MAPK path-
ways, showing their upstream acti-
vators and downstream targets
involved in cardiac hypertrophy.
(Adapted and modified from refs.
145 and 249.)
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ability to promote hypertrophic responses by activating Stat5
in conjunction with p38 MAPK stimulation (236). p38
MAPK stimulation resulted in brain natriuretic protein (BNP)
promoter activation, which is a marker of cardiac hypertrophy
(169, 170). It can be said that the subfamilies of MAPK (i.e.,
ERKs, JNKs, and p38 MAPKs) play a role in the transduction
of mechanical stress into a hypertrophic response (249).

G. PKC and cardiac hypertrophy

The protein kinase C (PKC) family consists of several ser-
ine/threonine kinases that are ubiquitously expressed and act
downstream of almost all of the membrane-associated signal-
transduction pathway (211). Activated PKC isoforms translo-
cated to different subcellular sites, depending on the types of
isoforms. Differential subcellular compartmentalization of
PKC isoforms includes translocation of PKC�1 from cytosol
to nucleus on �AR stimulation (196), and of PKC�II from
fibrillar structures to perinucleus and sarcolemma. PKC	,
translocates from nucleus and cytosol to myofibrils, whereas
PKC� translocates to the perinuclear region (70, 71). These
unique differential subcellular localizations of PKC isoforms
indicate that they have distinct substrate preferences and spe-
cific functions for each isoform (129, 285). Unstimulated
PKC remains in a folded conformation, keeping the sub-
strate-binding site occupied by a pseudo-substrate domain
(Fig. 10). PKC isoforms, such as PKC� and PKC	, detect the
increase in membrane diacylglycerol (DAG), translocate to
the membrane, and initiate the PKC activation (292). Once
stimulated by DAG or calcium, the PKC protein unfolds and
exposes the substrate and RACK (receptor for activated C ki-
nases) binding site. PKC then binds to the anchoring protein
RACK (Fig. 10), resulting in the specific subcellular translo-
cation of PKC isoforms, and coordinates the PKC-mediated
hypertrophic signaling (70, 194, 196, 221, 222).

Among the isoforms, PKC� is the most abundant represen-
tative isoform in the heart (264). Several supportive as well as
contradictory reports are available regarding which isoform
of PKC is most important in causing cardiac hypertrophy.
PKC� overexpression is reported to be sufficient to elicit car-
diac hypertrophy and sudden death (21), whereas other find-
ings failed to support the role of PKC� in cardiac hypertrophy
(128, 246, 302). Pressure overload induced by aortocaval
shunt (AVS) resulted in an increase in calcium-dependent and
-independent PKC activities after 2 and 4 weeks, but after 8
and 16 weeks, the activity and content remained unchanged
in the failing left ventricle. In the hypertrophied right ventri-
cle, no increase occurred in PKC isoforms, even after 16
weeks of AVS. All these data indicated that increases in PKC
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isoform content do not play an important role during the de-
velopment of cardiac hypertrophy as well as in volume-over-
load heart failure (270). In another study, it was postulated
that PKC� is not required for hypertrophic responses to pres-
sure overload (246). On the contrary, PKC	 has been reported
to participate in compensated hypertrophy (297) and during
progression to heart failure (222). The requirement of PKC�
form in cardiomyocytes hypertrophy has been proved in vitro
by using a dominant negative adenoviral expression construct
(25). The involvement of PKC in TGF-�1–induced cardiac
hypertrophic response also has been demonstrated (173). Dif-
ferential activation of PKC�, �, and 	 isoforms was observed
in the spontaneously hypertensive heart failure rat heart
(136). A similar observation regarding differential activation
of PKC isoforms in pressure-overload hypertrophy (24) and
in uremic cardiomyopathy has been reported (332). PKC�
and � are considered to be important regulators in mediating
the activation of Rho GTPase and MAPKs in cyclic stretch-
induced hypertrophy (295). In the cardiac hypertrophic state,
the expression of PKC�, �, and � increased and remained el-
evated at the heart-failure stage, whereas increased levels of
PKC	 declined at the CHF stage, suggesting that two differ-
ent groups of PKC (PKC�, -�, -�, and PKC	) have different
functions at the CHF stage (148). Studies in hypertension and
gradually developing LVH induced by suprarenal abdominal
aortic coarctation in Sprague–Dawley rats showed that PKC�
is involved in the induction of pressure-overload hypertrophy,
whereas PKC� along with PKC� is involved in the transition
to heart failure (14). A similar observation was reported in
MI induced by ligation of the left anterior coronary artery in
rats, in which PKC� upregulation found to be involved in the
development of hypertrophy, and PKC� outlasts the process
of developing hypertrophy and persists in the failing heart
(278). PKC�II is found to be involved in cardiac hypertrophy
and fibrosis through increased activity of angiotensin-
converting enzyme (ACE) in the myocardium (351). PKC
isoforms has been shown to play differential functional roles
in cardiac hypertrophy and heart failure. PKC�, -�, and -�
are found to be involved in the development of cardiac hyper-
trophy and heart failure, whereas PKC	 plays a role in the
physiologic hypertrophic responses and in cardioprotection
(43, 148, 297).

H. Myotrophin and cardiac hypertrophy

Myotrophin, a soluble protein, has been demonstrated to
play an integral role in initiating cardiac hypertrophy (267).
Studies from our laboratory demonstrated that mechanisms
involved in the initiation or regression of hypertrophy in

FIG. 10. Mechanism of protein kinase C
activation. DAG, diacylglycerol; RACK, re-
ceptor for activated C kinase. (Adapted and
modified from ref. 96.)
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spontaneously hypertensive rats (SHRs) cannot be fully ex-
plained as a response to blood pressure control alone. We hy-
pothesized that the development of hypertrophy is initiated by
a humoral or mechanical signal to the myocardium, which in
turn produces a soluble factor that triggers protein synthesis
and initiates myocardial growth. In exploring the factor that
initiates cardiac hypertrophy, our laboratory has identified a
factor, myotrophin, from SHRs and DCM human hearts (267,
277) that stimulates myocyte growth. Myotrophin has been
shown to stimulate (a) incorporation of [3H] leucine as well
as [14C] phenylalanine into myocyte protein in vitro, (b) cell
growth, and (c) the increase in cell-surface area in a dose-
dependent fashion compared with controls (318). Neonatal
myocytes treated with myotrophin displayed an accelerated
myofibrillar growth and an organization into sarcomeres
(318). Myotrophin also has been shown to be specific for my-
ocytes only, because it has no effect on fibroblasts, endothe-
lial cells, or smooth muscle cells. It was observed that my-
otrophin selectively increased the transcript level of the
proto-oncogenes c-myc, c-fos, and c-jun, along with connexin
(gap-junction protein), atrial natriuretic factor (ANF), and �-
myosin heavy chain (�-MHC) gene in cultured myocytes
(202). The protein synthesis stimulatory activity of my-
otrophin action was mediated through the PKC signaling
pathway (276). The myotrophin gene was mapped, for the
first time, to human chromosome 7q33 (193). The my-
otrophin gene was upregulated in different hypertensive mod-
els including renal hypertension, DOCA-salt, and aortic
coarctation when myotrophin levels were elevated (275), sug-
gesting its potential role in cardiac hypertrophy. Myotrophin
has been shown to interact with NF-�B proteins (146, 279),
and the signaling mechanism of myotrophin-induced myocyte
growth is shown to be mediated through NF-�B (106). Alto-
gether, it is suggested that myotrophin may play an important
role in the pathogenesis of cardiac hypertrophy as well as in
the normal development of cardiac myocytes.

I. NF-kB and cardiac hypertrophy

Intensive investigation has also focused on characterizing
intracellular regulatory pathways that are linked with hyper-
trophy and heart failure in an attempt to develop novel thera-
peutic antagonists that may alleviate these responses. Injury
to the myocardium transmits multiple signaling pathways that
ultimately lead to changes in gene expression associated with
the activation of various transcription factors, including AP-1,
NF-�B, Egr-1, and Stat3. Among them, the role of NF-�B is
becoming apparent in the pathophysiology of myocardial
injury, ischemia preconditioning, DCM, and unstable angina
(41). The significance of NF-�B activation in various cardiac
pathologic processes [e.g., ischemia preconditioning (185),
CHF (334), and unstable angina (243)] is now emerging.

NF-�B is a redox-sensitive transcription factor that regu-
lates a variety of genes involved in inflammation, immune re-
sponse, progression of pathogenesis of atherosclerosis, au-
toimmune arthritis, septic shock, and apoptosis (8-11, 41,
97, 313). NF-�B was first identified as a B-cell nuclear factor
and was given its name on the basis of its ability to bind to a
decameric motif of an enhancer of �-light chain immunoglobin
gene (266). NF-�B is activated by a wide range of stimuli,
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including growth factors, cytokines, UV irradiation, reactive
oxygen species, hypoxia/anoxia, and bacterial or viral prod-
ucts such as double-stranded RNA (dsRNA) and lipopolysac-
charide (LPS) (9, 97, 301, 313). In resting cells, NF-�B re-
sides in the cytoplasm in an inactive form bound to an
inhibitory protein called I�B�. On external stimulation, I�B
is phosphorylated and proteolytically degraded through the
26S proteasome–mediated pathway. This proteolytic process
activates free NF-�B by unmasking its nuclear localization
signal, which then proceeds or translocates into the nucleus,
binds to the promoter or enhancer regions (�B motif) of
specific genes, and regulates or initiates gene transcription
(10, 301) (Fig. 11). A crucial step in the activation of NF-�B
is the phosphorylation of I�Bs by a multimeric complex,
called I�B kinase (IKK) complex. (68) The IKK complex
consists of two catalytic subunits (IKK1/IKK� and
IKK2/IKK�) (68, 343, 344), the NF-�B essential modulator
(NEMO) (337), IKK� (248), and IKK-associated protein
(189). A general paradigm for the activation of NF-�B by the
IKK complex supports the idea that signal-induced activation
of I�B kinases phosphorylates I�B�, which triggers subse-
quent I�B� degradation and NF-�B activation/translocation. 

NF-�B signaling is critically involved in atherosclerosis,
myocarditis, ischemia, cardiac hypertrophy and dilated car-
diomyopathy (137, 231, 313). Recent studies have suggested
that the activation of NF-�B play an important role in the
pathogenesis of cardiac remodeling and heart failure (139,
243, 334). A major focus of attention is also directed toward
cardiac hypertrophy, both in vitro (106, 232) and in vivo (166)
systems (232). Studies from different experimental models
and in vitro cell culture systems suggest that the NF-�B acti-
vation pathway is also involved in “cell-death” (apoptosis)
pathways. However, it has become apparent that NF-�B can
protect cells from death (314). The paradoxical “survival” ac-
tion of NF-�B is due to an induction of antiapoptotic factors
(15). It is assumed that the role of NF-�B in the regulation of
cell viability is multidimensional. Much more future work
will be needed for a complete understanding of these mecha-
nisms. Both systemic and cardiac activation of NF-�B has
been found in unstable coronary syndromes, although the
functional consequences have yet to be determined. Thus, a
possibility may exist of a new therapeutic target for increased
myocardial protection.

V. THERAPEUTIC APPROACH

Hypertensive heart disease is characterized mainly by
LVH associated with altered cardiac function and coronary-
flow abnormalities. It also is considered an independent risk
factor related to cardiovascular complications with hyperten-
sion. Attenuating the left ventricular mass has been one of the
main therapeutic targets over the past few decades. Antihy-
pertrensive therapy has been used effectively in regression of
cardiac hypertrophy in animal models as well as in humans
with hypertension. Treatment with various classes of antihy-
pertensive therapy demonstrated for the first time that fac-
tor(s) other than blood pressure control are responsible for
regression or development of cardiac hypertrophy (262). To
date, many pharmaceutic agents, such as ACE inhibitors, 



�-blockers, angiotensin-receptor blockers, calcium ion channel
blockers, and diuretics, have been commonly used to treat
myocardial hypertrophy and hypertension in humans. Gene-
based therapy also is considered to be a promising means of
treating cardiovascular diseases. In this review, we summa-
rize various classes of antihypertensive drugs used to treat
hypertrophy and heart failure. 

A. Antihypertensive therapy 

Five different types of antihypertensive drugs are commonly
used to treat humans with hypertension with heart failure:

1. ACE inhibitors 
2. AT1-receptor blockers
3. �-Blockers 
4. Ca2+ channel blocker
5. Diuretics

1. Angiotensin converting enzyme (ACE)
inhibitors. Renin, an enzyme released from the kidney,
cleaves angiotensinogen and converts it to angiotensin I, which
is further converted to angiotensin II by ACE. The final active
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messenger of the renin–angiotensin system (RAS) pathway is
angiotensin II, which binds to AT1 receptors to cause vasocon-
striction and fluid retention, both of which lead to an increase
in blood pressure. ACE inhibitors inhibit ACE and prevent the
activation of angiotensin, dilating the blood vessels and thus
lowering blood pressure. ACE is not the only enzyme capable
of this conversion; trypsin, cathepsin, and heart chymase can
also convert Ang I into Ang II. ACE inhibitors (e.g., captopril,
accupril) partially block this process by inhibiting ACE. It has
been shown that ACE inhibitors cannot completely block
Ang II formation, so an alternative to the Ang II pathway, an
angiotensin receptor (AT1) antagonist, has been shown to be
effective for the treatment of hypertension.

2. Angiotensin (AT1)-receptor blockers. AT1

blockers prevent the binding of Ang II to the AT1 receptor. Ang
II–receptor blockers (ARBs; also known as Ang II–receptor
antagonists) are a new class of antihypertensive medications.
These medications selectively bind to the AT1 receptor, pre-
venting the effects of Ang II. Losartan, an ARB, is a good alter-
native to ACE inhibitors for heart failure (229). The side effects
reported so far after using ARBs include tachycardia, bradycardia,

FIG. 11. NF-�B activation cascade. NF-�B is activated by various types of stimuli including growth factor, mitogens, and
cytokines. These stimuli then activate various second-messenger molecules, which in turn may activate I�B kinase, which ulti-
mately triggers the phosphorylation and degradation of I�B� and facilitates NF-�B to translocate into the nucleus. The activated
NF-�B binds to the �B motifs and regulates various gene expressions.
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dizziness, and ataxia. The underlying mechanisms of action of
both ARBs and ACE are mediated through the RAS. The RAS
is integral in the pathophysiology of hypertension by regulat-
ing fluid and electrolyte balance. Renin is produced primarily
by the juxtaglomerular cells in the kidneys and catalyzes the
conversion of angiotensinogen to angiotensin I (Ang I). Ang I
also can be generated by the non-renin enzymes tonin and
cathepsin (31). Ang I is then converted into Ang II, primarily
by ACE. Ang II binds to AT1 and AT2 receptor sites. AT1-receptor
sites are located in the kidney, heart, brain, vascular smooth
muscle cells, placenta, and platelets, as well as in fat cells
(303). AT2-receptor sites are important in fetal development
but are not well understood. 

3. b-Blockers. �-Blockers are a class of drugs that
block �-adrenergic substances such as adrenaline
(epinephrine), a key agent in the “sympathetic” portion of
the autonomic (involuntary) nervous system and activation
of heart muscle. By blocking the action of the involuntary
nervous system on the heart, �-blockers relieve stress on the
heart. They slow the heartbeat, lessen the force with which
the heart muscle contracts, and reduce blood vessel contrac-
tion in the heart, brain, and throughout the body. �-Blockers
lower blood pressure and are an effective treatment for hy-
pertension. �-Blocker therapy is commonly used in patients
with NYHA class II or class III symptoms resulting from left
ventricular systolic dysfunction. Carvedilol, a commonly
used drug, is a novel agent with antagonist activity against
alpha1, beta1 and beta2 receptors, as well as some antioxidant
activity (28, 216), which has been shown to regress cardiac
hypertrophy (216).

4. Ca2+ channel blockers. Ca2+ is the most impor-
tant contractile ion and plays a key role in cardiac function.
Changes in intracellular Ca2+ regulate cardiac contraction
through different mechanisms in cardiac and smooth muscle.
In cardiac muscle, the binding of Ca2+ to troponin C relieves
the troponin-induced inhibition of actin–myosin interactions.
In smooth muscle, the binding of Ca2+ to calmodulin activates
myosin light-chain kinase, which in turn phosphorylates the P-
light chain of myosin. This step triggers contraction (i.e.,
actin–myosin interactions), but additional Ca2+ regulatory
mechanisms appear to be present (79, 117, 304). The World
Health Organization identified two types of calcium channel
blocker (CCB) that are used in patients: those that are selec-
tive for L-type (long-lasting, large-current, or slow), voltage-
dependent calcium channels, and those that are nonselective.
In general, CCBs bind to L-type calcium channels located on
the vascular smooth muscle, cardiac myocytes, and cardiac
nodal tissue [sinoatrial (SA) and atrioventricular (AV) nodes].
These channels are responsible for regulating the influx of
calcium into muscle cells, which in turn stimulates smooth
muscle contraction and cardiac myocyte contraction (79). In
cardiac nodal tissue, L-type calcium channels play an impor-
tant role in pacemaker current and in phase 0 of the action
potentials. Therefore, by blocking calcium entry into the cell,
CCBs cause vascular smooth muscle relaxation (vasodilation),
decreased myocardial force generation (negative inotropy),
decreased heart rate (negative chronotropy), and decreased
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conduction velocity within the heart, particularly at the AV
node (159, 304, 228).

5. Diuretics. Diuretics, also called water pills, elimi-
nate sodium and water from the body. The primary therapeu-
tic goal of diuretic use is to reduce edema by reducing the
extracellular fluid volume (151). Three types of diuretics are
used to treat hypertension and heart failure: thiazide, loop,
and potassium sparing. They work in different parts of the
kidneys and have different uses, side effects, and precautions
associated with them. Thiazide diuretics, the most commonly
used, inhibit the sodium-chloride transporter in the cortical
thick ascending limb and early distal convoluted tubule in the
kidney. Thiazides are used to treat hypertension, but their
mechanisms of action are not completely understood, al-
though it is known that they depend on renal prostaglandin
production (87). One recent report suggests that thiazides
cause vasoconstriction by calcium desensitization in smooth
muscle cells linked to the Rho-Rho kinase pathway (355).
Loop diuretics act on the ascending loop of Henle in the kid-
ney and are used primarily to treat hypertension and edema
but also to treat CHF and renal insufficiency (23, 30, 35, 87,
125, 181, 282, 315).

B. Gene therapy and tissue regeneration

With the advancement of gene-transfer technology, treat-
ment using delivery of the gene to the heart is another state-
of-the-art means of treating cardiac hypertrophy/heart fail-
ure. Gene transfer is transfection of the common gene into
the cells to study the mechanisms and consequences of gene
expression. They are transfected into the cells using vectors,
which can be lentivirus, adenovirus, liposomes, or poly-
mers. The most commonly used method is by using
lentivirus or adenovirus. In vitro, the gene is transferred by
the cell-mediated transfer method. Usually, this is a combi-
nation technique, using small interfering RNA (siRNA) and
direct delivery of the gene. The siRNA against the candidate
molecule that is suspected of initiating hypertrophy is di-
rectly constructed and conjugated with adenovirus or
lentivirus, and then directly delivered into the heart, where
it has been successful in treating cardiac hypertrophy and
heart failure. Gene transfer is a useful approach by which to
introduce a nucleic acid into the somatic cells of animals to
define gene function.

Gene therapy works by introducing a gene into individual
cells or tissues to treat diseases. It replaces defective genes
with functional ones. In certain patients, conventional thera-
pies such as surgical procedures or pharmacologic treatment
sometimes are not effective; this is the reason for the emer-
gence of gene therapy as the newest alternative means of
treating disease. Although gene-therapy technology is still in
its infancy, some success has been reported. The first gene
therapy in the United States was done in 1990, treating a 4-
year-old girl with a rare genetic disease called severe com-
bined immune deficiency (SCID). Although the procedure
was temporarily successful, it was not a complete cure,
because the genetically engineered white blood cells worked
for a few months only, and the process had to be repeated
every few months.



The basic principle of gene therapy is to replace the “defec-
tive” gene with a “normal” gene inserted into the genome, and
a vehicle/carrier molecule is needed to carry the “normal”
gene for this therapy. Adenovirus-mediated gene transfer is a
powerful technique and shows great potential to improve ex-
isting drug treatments. It allows transient expression of gene
products (proteins) in targeted tissue and has the potential to
be a highly specific treatment. Adenovirus-mediated gene
therapy has recently shown its limitations because patients
have exhibited harmful inflammatory responses to the high
doses of adenovirus vectors (161). It is likely that existing vec-
tors must be improved for successful application in humans;
such efforts are currently under way (335). Over the past few
decades, several transgenic mouse models of heart failure
have increased our knowledge of the underlying molecular
mechanisms of heart failure and have given us experience in
manipulating the various cardiac target genes. Several recent
animal studies provide compelling evidence that gene therapy
will be of great benefit as a treatment for cardiovascular dis-
eases. The use of gene therapy in the cardiovascular system
has increased the number of potential therapeutic modalilities
for the better treatment of cardiac dysfunction. To date, sev-
eral attractive therapeutic options have become available to
treat various cardiovascular disorders. The limitations of gene
therapy also must be considered. The efficiency of gene deliv-
ery and its controlled expression are the most significant chal-
lenges to the use of this therapy. In this review, we discuss a
few instances of significant progress using both RNA interef-
erence (RNAi) technologies and gene therapies.

1. Treatment with RNAi and microRNA (miRNA).
RNAi is a general mechanism for silencing the transcript of an
active gene via dsRNA. RNAi has recently been applied to
mammalian cells with the use of siRNA (80, 112, 272). The
endogenous mediators of sequence-specific mRNA degrada-
tion are 21- and 22-nt siRNA generated from longer double-
stranded RNAs by the ribonuclease III activity of the evolution-
ary conserved dicer enzyme (16, 80). RNAi is mediated by
RNA-induced protein complex (RISC), guided by siRNA to
achieve the specific recognition of homologous mRNA se-
quences and subsequent degradation by nucleases (Fig. 12)
(109, 187). RNAi-mediated gene silencing also is obtained in
cultured mammalian cells by delivery of chemically synthe-
sized short (<30 nt) double-stranded siRNA molecules (80) or
by endogenous expression of short hairpin RNAs (shRNAs)
bearing a foldback stem–loop structure (81, 217, 294). The
common feature of the RNAi process is its sole reliance on
siRNA oligonucleotides whose sequence targets the specific
genes to be inhibited. A number of studies have examined the
extent of gene inhibition as a selective manner but not as an ab-
solute selectivity (47, 141, 265, 280). Sometimes, it is difficult
to determine the “off-target” effect of a wrong gene and the
outcome of RNAi-silenced genes, but in most cases, a substan-
tial RNAi effect is observed (132).

The use of siRNA to characterize the gene function and ex-
ploring the possibilities for therapeutic use is widespread in
all biologic fields including the cardiovascular arena. Re-
cently, several reports also addressed the use of RNAi tech-
nology in studying cardiovascular diseases, suggesting its
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potential use for therapeutic purposes (107, 227, 316,
327, 350). The success of in vitro transfection of siRNA
(either by virus mediated or synthetic short oligonucleotides)
into cells extends those studies to in vivo systems; however,
the in vivo delivery of siRNA into a specific organ or tissue is
more complicated. The key to the success of in vivo applica-
tion is the method of delivery system that carries the siRNA
or shRNA into the target organ and, most important, their ef-
ficacy in inhibiting the target gene’s function (175).

Another major role of RNAi is the regulation of cellular ac-
tivity by altering endogenous gene expression via a noncod-
ing imperfectly palindromic sequence of RNA, called
miRNA. The majority of miRNAs are imperfectly comple-
mentary to their mRNA targets and inhibit translation
through unknown mechanisms (5, 12, 119). miRNAs com-
prise a group of small RNAs of 21–25 nt that bind imper-
fectly to the 3’ UTR sequences of mRNA and inhibit protein
synthesis. Recent studies show that miRNAs are involved in
many aspects of cell-signaling pathways (164, 230, 233). One
significant case of involvement of miRNA is insulin signal-
ing. For the possible role of miRNAs in pancreatic cells, islet-
specific miRNA (mir-375) has been determined from a li-
brary of small RNAs cloned from the pancreatic beta-cell line
MIN6 and alpha-cell line TC1 (230). In addition, cell-cul-
ture–based assay has shown that myotrophin (mtpn) regula-
tion is controlled by mir-375, and siRNA-silencing experi-
ments further support that myotrophin is a target for mir-375
(230). This new regulator of insulin signaling, mir-375, has
become a potential therapeutic target for diabetes treatment. 

Other recent studies also revealed that miRNAs are in-
volved in cancer and other diseases (33, 34, 135, 190). In the
context of cardiovascular diseases, few reports are found. mi-
croRNA-1–1 and miR-1–2 are specifically expressed in car-
diac and skeletal muscle precursor cells and target muscle
differentiation regulators (e.g., serum response factor, MyoD,
and Mef2) (352). This study further reveals that excess miR-1
in the developing heart leads to a decreased pool of prolifer-
ating ventricular cardiomyocytes and controls the balance be-
tween differentiation and proliferation during cardiogenesis
(352). The other study explores the distinct role of miRNA-1
and miRNA-133 in skeletal muscle differentiation and prolif-
eration (42). This study shows that miRNA-1 and miRNA-
133, which are clustered on the same chromosomal loci, are
transcribed together in a tissue-specific manner during devel-
opment, but they have distinct roles in modulating skeletal
muscle proliferation and differentiation in cultured myoblasts
in vitro and in Xenopus laevis embryos in vivo. The miR-1
promotes myogenesis by targeting histone deacetylase 4
(HDAC4), a transcriptional repressor of muscle gene expres-
sion, and miR-133 enhances myoblast proliferation by re-
pressing serum response factor (SRF). 

Another interesting study was performed to assess the role
of miRNAs in the pathogenesis of hypertension in Dahl salt-
sensitive rats (DS). A cDNA library was constructed from
kidney, and more than 100 miRNAs were assessed in the kid-
neys of DS and Lewis rats (LW) fed a normal and a high-salt
diet. No significant differences in the miRNA profiles were
observed in the kidneys and heart (207). Although the investi-
gators identified some new miRNAs in the kidneys, the miR-
NAs were not differentially expressed in all four groups. This



could be due to a low level of expression in the kidney, as it
comprises different cell types, and some cell-specific miRNA
expression could be diluted in the total RNA extracted from
the kidney. This limitation could be overcome by using a
more sensitive detection method (e.g., a microarray system,
TaqMan-based RT-PCR, or RNase mapping). Most recently,
the role of miRNA in regulating myocardial hypertrophy has
been determined (317). It has been shown that more than 12
miRNAs are up- or down-regulated in cardiac tissue from
mice in response to TAC or expression of activated cal-
cineurin, stimuli that induce pathologic cardiac remodeling.
Importantly, many of these miRNAs were similarly regulated
in failing human hearts. It has been observed that overexpres-
sion of stress-inducible miRNAs is sufficient to induce hyper-
trophy in cultured cardiomyocytes. Moreover, cardiac overex-
pression of miR-195, which was upregulated during cardiac
hypertrophy, resulted in pathologic cardiac growth and heart
failure in transgenic mice (317). It would also be interesting
to determine whether forced overexpression of miR-133 and
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other miRNAs that are downregulated during cardiac hyper-
trophy suppress cardiac growth in vivo. Future study should
be directed toward the identification of mRNA targets of the
miRNAs responsible for adverse cardiac remodeling for ther-
apeutic benefit. 

2. Tissue regeneration using stem-cell therapy.
For the past few years, stem-cell therapy seemed to hold
promising new insights into the mechanisms of cardiac re-
pair, but still many questions remain to be answered (e.g., the
types of stem cells, the route of delivery, the efficiency of
transforming into new totipotent cells, the ability to differen-
tiate, and most important, defining the mechanisms of such
transformation and how much functional significance can be
achieved). 

Stem cells are undifferentiated cells that can divide, differen-
tiate into various cell types, and replace cells in a damaged re-
gion of the body. The first stem-cell research was attributed to
the Canadian scientists Ernest McCulloch and James Till (131).

FIG. 12. Schematic presentation
of the RNAi system. RNAi is trig-
gered when a cell encounters a long
double-stranded RNA (dsRNA). An
enzyme called Dicer cleaves the
long dsRNA into siRNAs. An RNA-
induced silencing complex (RISC)
then distinguishes between the dif-
ferent strands of the siRNA. The
sense strand is degraded. The anti-
sense strand is used to target genes
for silencing and has one of several
fates, depending on the organism. In
fruitflies and mammals, the anti-
sense strand is incorporated dir-
ectly into RISC to target a comple-
mentary mRNA for destruction. In
the absence of siRNAs, the RISC 
lacks sequence-specific mRNA-
binding properties. But when bound
to the antisense strand, the now-acti-
vated RISC can participate in re-
peated cycles of degradation of spe-
cific mRNAs, such that no protein is
made, effectively silencing the gene
from which the mRNAs are pro-
duced. In worms and plants, the anti-
sense strand of the siRNA might
first be used in an amplification pro-
cess. The antisense strand, bound by
an RNA-dependent RNA poly-
merase (RdRP) enzyme, can pair
with a complementary mRNA and
act as a start point for the synthesis
of a new long dsRNA. Dicer is then
required to generate new siRNAs,
which are specific to different se-
quences on the same mRNA. Again,
the target mRNA is destroyed.
(Adapted from ref. 211a.)
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Several stem-cell types are known: totipotent (i.e., cells that
can differentiate into embryonic and extraembryonic cell
types); unipotent (i.e., cells that evolve into only one cell type);
multipotent [i.e., cells that produce only cells of a closely re-
lated family of cells (e.g., hematopoeietic stem cells differenti-
ate into red blood cells, white blood cells, platelets]; and
pluripotent (i.e., cells that are the descendants of totipotent
cells) (55, 133, 157, 188, 225). Three different stages were
used for treatment in the harvested stem cells: prenatal (embry-
onic and fetal), postnatal (umbilical cord and placenta), and
adult. Stem-cell therapy has recently generated much interest
because new insights into the mechanisms of cardiac repair
have been documented (55, 127, 188). The use of stem-
cell–based therapies in the heart has recently appeared in the
forefront of research (133, 157, 225, 333). In this review, we
briefly discuss the feasibility and “pros and cons” of the appli-
cation of stem cells to cardiac remodeling.

Scientific opinion holds that the heart is an organ com-
posed of terminally differentiated myocytes. Heart failure is
characterized mostly by a loss of function of contractile
properties of myocytes. Therefore, heart transplantation is
currently the treatment of ultimate choice for end-stage
heart failure, but the lack of availability of donor hearts is a
major limitation of the treatment. Therefore, the new thera-
peutic paradigm for treating heart failure is the replacement
of new cardiac cells into the infarcted area of myocardium
to restore cardiac function. Conceptually, a variety of cell-
based therapies could be used for cardiac repair. These in-
clude bone marrow–derived cells (BMCs), endothelial prog-
enitor cells (EPCs), embryonic cells (ECs), and mesechymal
stem cells (MSCs). BMCs have been used as cell-based
therapy to treat chronic heart failure (CHF) and have also
been tested in clinical trials (283, 284, 289). In one uncon-
trolled pilot study, patients with CD 1333+ BMCs injected
into the infarcted border zone showed improvement in left
ventricular ejection fraction and shrinkage of the infarcted
area (283, 284). Other studies also showed a similar trend,
suggesting the efficacy and safety of using BMCs (7, 156).
MSCs, another type of widely used pluripotent progenitor
cells with the ability to generate cardiomyocytes, are capa-
ble of renewal and differentiation into various lineages of
mesenchymal tissues. These features of MSCs have at-
tracted considerable attention from investigators in the con-
text of cell-based therapies for several human diseases, in-
cluding heart failure. Although bone marrow represents the
main available source of MSCs, the use of bone-
marrow–derived cells is not always acceptable because of
the high degree of viral infection and the significant de-
crease in cell number and differentiation capacity with age.
The effectiveness of MSCs in treating MI was recently as-
sessed in humans and showed favorable left ventricular re-
modeling (e.g., higher ejection fraction and higher move-
ment velocity in the infarcted area) (45). Clinical
applications of stem-cell therapy for acute myocardial in-
farction (AMI) have also been documented and have shown
a better survival in AMI patients, but no “absolutes” have
yet come to light about the underlying mechanisms of the
cardiac remodeling process (e.g., changes to the vasculature
in the infarcted area or the repair of cardiomyocytes) (143,
204, 205, 214, 333, 342).
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Although significant progress has been made in revascular-
ization techniques, some patients with coronary artery
disease and myocardial ischemia have no options for revascu-
larization because of the diffuse nature of their disease. In
that scenario, stem-cell–based therapy could be an alterna-
tive. It has been reported that transendocardial injection of
bone marrow cells or progenitor endothelial cells enhances
capillary density, collateral flow, and contractility in pigs
with acute myocardial ischemia (94, 138, 143, 260). Iwana-
gawa et al. (131) showed that G-CSF prevents cardiac dys-
function and remodeling after MI in large animals. Further
support of this observation came from a recent report by
Hasewgawa et al. (115), who showed that delivering G-CSF
improved contractile function in pig myocardium, inferring
the alternative route of less-invasive therapeutic approach. In
contrast, a recent study showing that no evidence existed of
improved regional wall motion or enhanced myocardial per-
fusion raised a “red flag” about the safety of using G-CSF in
this treatment (122). 

Recently, much attention has been directed toward the
characterization of cardiac progenitor cells (CPCs). They
were characterized as stem cells that have been programmed
to form heart muscle during fetal growth (32, 156). The cells
are capable of differentiation into fully mature heart tissue,
called isl1+ cells, able to form beating cardiac muscle tissue.
It is thought that throughout the myocardium, continuous re-
plenishment of dying myocytes with so-called “sleeping
cells” occurs, the CPCs maintained at a very low level. These
cells generally do not express all cardiac marker proteins, but
they can self-proliferate. It is claimed that other progenitor
cells, such as c-kit and Sca-1, can be transformed into car-
diomyocytes in vitro, as they express cardiac marker genes
and have been shown to repair the infarcted area (213, 234).
Moreover, low levels of CPCs are the major limitation in this
therapy, but attempts to mobilize and expand these cells by
recruiting growth factors hold the promise of benefit but still
remain controversial (312).

Clinical experience suggests that stem-cell therapy (with the
appropriate cell types) can be safely performed and has the po-
tential to enhance myocardial contractile performance in patients
with MI, CAD, or CHF. Further research should be focused on
the understanding of cell types with true cardiac transdifferentia-
tion capacity for the benefit of heart-failure patients.

Finally, recent advances in chemical library and high-
throughput screening of small molecules will serve as useful
chemical tools to control stem-cell fate and could contribute a
new and effective medical paradigm for cardiac tissue repair
and regeneration (44, 69, 339).

VI. CONCLUDING REMARKS

Cardiac hypertrophy and heart failure have been shown to
be major causes of morbidity and mortality in the world.
Heart failure is a complex clinical syndrome that results from
any structural or functional disorders that reduce the ability
of the ventricles to fill with or eject blood. One of the major
causes for this defect is long-standing hypertrophy, which
remodels the heart in response to multiple stimuli. Cardiac
hypertrophy that leads to heart failure is a major public health



problem in this country. Approximately 5 million patients
have heart failure, and 500,000 patients are diagnosed with
heart failure for the first time each year. Deaths due to heart
failure have increased steadily despite advances in medical
treatment.

The principal manifestation is cardiac remodeling, that is,
change in the geometry and structure of the left ventricle as a
result of cardiac hypertrophy and/or dilation. Many factors
are thought to be responsible for left ventricle remodeling, in-
cluding activation and circulation of cytokines or growth fac-
tors, which influence human dynamics by increasing stresses
on the ventricles directly. One reason is that the causes of
long-standing hypertrophy or transition to heart failure are
complex, and the actual mechanisms of action are not known.
Therefore, prevention of the development of hypertrophy is
an important goal in preventing mortality. Prevention or re-
versal of target-organ damage has been shown to improve the
long-term prognosis of LVH and has a strong independent as-
sociation with cardiovascular morbidity/mortality. Therefore,
effective reversal of LVH is a priority in treating patients.
Many drugs have been designed to prevent or reverse hyper-
trophy, thereby improving cardiac function. A recent study
has confirmed that antihypertensive therapy can be effective
in reversing target organ damage, thereby improving the
long-term prognosis, particularly of hypertensive patients
with LVH. It has also been proven that multidrug therapy
appears to be better than monotherapy in the treatment of
cardiac hypertrophy. The selection of drugs appears to vary
from one group of patients to another; therefore, the selection
of hypertensive drugs or other inhibitors should be designed
depending on the etiology of LVH. One of the most promis-
ing treatments appears to be gene therapy, arising from stem-
cell research, which may be effective in preventing or causing
the regression of LVH. However, translation of data ob-
tained from animal studies to human beings is still an open
question.
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