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A Translational Approach to Hypertensive Heart Disease

Javier Diez, Edward D. Frohlich

he spectrum of the cardiac complications of arterial

hypertension includes heart failure (HF), sudden death,
and cardiac dysrhythmias, as well as the exacerbation of
coincidental diseases (ie, atherosclerosis and chronic renal
disease).! However, knowledge of the cardiac impact of
chronic elevation of arterial pressure has so evolved that
hypertensive heart disease (HHD) may be thought as those
consequences derived from left ventricular (L.V) responses to
fundamental disease mechanisms triggered by mechanical
overload and neurohumoral stimuli.> For instance, the long-
held views are that LV hypertrophy (LVH), as the result of
cardiomyocyte growth in response to pressure overload,
serves to restore heart muscle economy back to normal and to
preserve LV function.> However, a number of alterations of
the cardiomyocyte and the noncardiomyocyte components of
the myocardium (including apoptosis, fibrosis, and changes
in the microcirculation) also develop in HHD that lead to
pathological myocardial remodeling not only in the left
ventricle but also the left atrium and right ventricle.> These
alterations may explain the overall risk of LVH and its
associated cardiac and noncardiac complications in hyperten-
sive patients.* Although LVH may be detected early and
accurately in hypertensive patients by electrocardiography
and echocardiography, newer cardiac imaging methods and
the monitoring of several circulating biomarkers hold prom-
ise as noninvasive tools for the diagnosis of myocardial
remodeling. Numerous clinical studies have shown that
effective long-term antihypertensive treatment may be asso-
ciated with a decreased LV mass (LVM), which has been
attributed to diminished risk. However, no large study (or
meta-analysis) has demonstrated that diminished risk from
the contemporary reduction of arterial pressure by virtue of
its a priori design. Therefore, because overall risk remains
unacceptably high, especially from HF, new therapeutic
strategies aimed not only to decrease arterial pressure and
LVM but also to repair and even prevent myocardial remod-
eling are necessary. Each of these aspects are reviewed in this
article.

Current Views on the Pathophysiology of HHD

Although hypertrophy provides the response of the cardio-
myocyte to pressure-dependent hemodynamic overload, myo-
cardial remodeling develops as the consequence of a number
of pathological processes, mediated by hormones, growth

factors, cytokines, and other proinflammatory molecules,
acting on the cardiomyocyte and other cellular and noncellu-
lar myocardial components in hypertension (Figure 1).2

Hypertrophic Growth of Cardiomyocytes
Cardiomyocyte hypertrophy leading to LV wall thickening

and LVM increase is the primary mechanism by which the
heart reduces stress on the LV wall imposed by the unrelent-
ing pressure overload (Figure 2).> However, only a small
proportion of LVM variation is determined by hemodynamic
factors, and other biological influences may also be impor-
tant. Data of integrated genetic and genomic analyses impli-
cate the gene osteoglycin as a key regulator of LVM in
rodents and humans, suggesting that this gene modifies the
hypertrophic response to hemodynamic factors.> More re-
cently, genetic variation in NPY1R, NPY2R, NPY5R, CPE,
IL15, and SFRP2 (all located in chromosome 4), detected
using linkage analysis in hypertensive siblings, was found to
be associated with LVM in black and white subjects.®
Cardiomyocytic hypertrophy entails stimulation of intra-
cellular signaling cascades that activates gene expression and
promotes protein synthesis, protein stability, or both, with
consequent increases in protein content and the size and
organization of force-generating units (sarcomeres) that, in
turn, results in increased individual cardiomyocyte size.”
Various molecular factors have been identified as being
responsible for the coordinated control of the hypertrophic
genetic program, including the following: natriuretic pep-
tides, adrenergic system, adhesion and cytoskeletal proteins,
interleukin-6 cytokine family, low-molecular weight GT-
Pases (Ras, RhoA, and Rac), mitogen-activated protein ki-
nases, protein kinase C, calcineurin, enzymes involved in
histone deacetylases, and micro-RNAs.® The long-held views
held that these morphological and genetic changes, in re-
sponse to pressure overload, serve to restore cardiac muscle
economy back to normal and thereby counteract myocardial
dysfunction. However, evidence exists that blunting of car-
diomyocyte hypertrophy and attenuation of the fetal gene
re-expression did not result in dysfunction/failure despite
pressure overload.® Therefore, one shift in the paradigm is
occurring in the sense that genetic reprogramming associated
with cardiomyocyte hypertrophy is no longer considered an
entirely adaptive process. In fact, detailed analysis of the
genetic changes that accompany cardiomyocyte hypertrophy
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permits the conclusion that they translate into derangements
in energy metabolism, contractile cycle and excitation-
contraction coupling, cytoskeleton and membrane properties,
and autocrine functions, which, in turn, provide the basis for
the cardiomyocyte malfunctioning associated with LVH and
predispose the ventricular chamber to diastolic and/or systolic
dysfunction and HF, as well as to arrhythmias.!?
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Figure 2. Interstitial (bottom left) and perivascular (bottom right)

deposition of collagen fibers (picrosirius red stain, X20) in the
hypertrophied left ventricle (top) of a hypertensive patient.
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Figure 1. Mechanisms involved in the

development of the lesions responsible
l for hypertensive heart disease. ECM
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Structural Remodeling of the Myocardium
The conception of remodeling was initially created to de-

scribe the anatomic changes in the left ventricle that occur
after myocardial infarction.'' Today, myocardial remodeling
is used to qualify a variety of changes in the cardiomyocyte
and the volume and composition of the noncardiomyocyte
compartment that alter myocardial structure and function and
occurring in response to myocardial infarction, pressure or
volume overload, cardiomyopathic states, as well as exposure
to infectious or cardiotoxic agents. In particular, hypertensive
myocardial remodeling involves development of increased
rates of cardiomyocyte apoptosis, interstitial and perivascular
fibrosis (Figure 2), and microcirculatory changes.? Two types
of findings suggest that nonhemodynamic factors critically
determine these lesions in human hypertension.? First, they
have been identified in both the left and right ventricles,
interventricular septum, and atria of patients with HHD.
Second, the ability of antihypertensive treatment to reverse
these lesions in hypertensive patients is independent of its
antihypertensive efficacy. Thus, myocardial remodeling
could be the consequence of the predominant expression
and/or activity of local and/or circulating molecules that
simulate remodeling mechanisms over molecules that inhibit
remodeling mechanisms (Table 1).2 Of interest, recent clini-
cal and experimental data suggest that specific genetic
factors (ie, variants of the angiotensin type 1 [AT,]
receptor gene),!? local inflammatory (ie, perivascular mac-
rophage accumulation)!? and physicochemical (ie, over-
abundance of reactive oxygen species) factors,'* and en-
vironmental factors (ie, dietary sodium excess)!> may
facilitate the aforementioned imbalance between prore-
modeling and antiremodeling molecules.

Recent observations suggest that apoptosis of cardiomyo-
cytes may contribute to the development of LV dysfunction/
failure of the hypertensive myocardium through 2 different
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Table 1. Molecules Involved in Myocardial Remodeling in HHD

Proremodeling molecules
Vasoactive substances (norepinephrine, angiotensin II)
Hormones (thyroid hormone, aldosterone)
Growth factors (transforming growth factor-B)
Cytokines (cardiotrophin 1)

Other (reactive oxygen species, endogenous peroxisome
proliferator-activated receptor-+y ligands)

Antiremodeling molecules
Vasoactive substances (NO, prostacyclin, angiotensin-[1-7])
Hormones (glucocorticoids)
Growth factors (insulin-like growth factor 1)
Cytokines (tumor necrosis factor-c)
Other (endogenous peroxisome proliferator-activated receptor—« ligands)

pathways (Figure 3). On one hand, an association of in-
creased cardiomyocyte apoptosis with diminished cardio-
myocyte number has been found in HF of hypertensive
patients.'® Apoptosis may serve as one mechanism involved
in the loss of contractile mass and function in HHD. Second,
some mechanisms that are activated during the apoptotic
process may also interfere with the function of viable cardio-
myocytes before death.!'” In fact, caspase 3 cleaves cardiac
myofibrillar proteins, resulting in an impaired force/calcium
relationship and myofibrillar ATPase activity. In addition, the
release of cytochrome C from mitochondria during apoptosis
may impair oxidative phosphorylation and ATP production, thus
leading to energetic compromise and functional impairment.
Myocardial fibrosis, secondary to an exaggerated accumu-
lation of collagen type I and type III fibers within the
interstitium and surrounding intramural coronary arteries and
arterioles, is one of the key features of hypertensive myocar-
dial remodeling. Excess myocardial collagen present in LVH
is suggested to result from the combination of several
alterations'®: (1) increased procollagen synthesis by fibro-
blasts and phenotypically transformed fibroblast-like cells or
myofibroblasts; (2) increased extracellular conversion of
procollagen into fibril-forming collagen; (3) increased fibril
assembly and cross-linking to form collagen fibers; and (4)
unchanged or decreased collagen fiber degradation by matrix
metalloproteinases. Fibrosis might contribute to the increased
risk of adverse cardiac events in hypertensive patients with
LVH through different pathways (Figure 3). First, a linkage
between fibrosis and LV dysfunction/failure may be estab-
lished.!® Initially, the accumulation of collagen fibers com-
promises the rates of relaxation, diastolic suction, and passive
stiffness, thereby contributing to impaired diastolic function.
Continued accumulation of fibrotic tissue, accompanied by
changes in the spatial orientation of collagen fibers, further
impairs diastolic filling and compromises transduction of
cardiomyocyte contraction into myocardial force develop-
ment, thus impairing systolic performance. Second, impaired
coronary flow reserve (defined as reduced coronary vasodi-
lator response to different stimuli) associated with LVH
might be related to several factors, including perivascular
fibrosis.?° In fact, the amount of perivascular collagen has
been correlated inversely with coronary flow reserve in
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hypertensive patients with LVH. Third, interstitial fibrosis
may also contribute to ventricular arrhythmias in hyperten-
sive LVH.2! Thus, hypertensive patients with arrhythmias
exhibited higher values of LVM and myocardial collagen
than patients without arrhythmias, despite the finding that the
ejection fraction and the frequency of coronary vessels with
significant stenosis may be similar in the 2 groups of patients.
Fibrosis, therefore, would induce conduction abnormalities,
such as promoters of local re-entry arrhythmias. Finally,
although the key role of ectopic foci in pulmonary veins as a
trigger of atrial fibrillation has been recognized, structural
remodeling, in particular, atrial fibrosis, has been identified as
the main mechanism for atrial fibrillation persistence.?> This
suggests that atrial fibrosis in hypertensive patients, namely
those with chronic HF, may be a part of more widespread
changes in the myocardial collagen matrix, affecting the left
ventricle and left atrium.

Hypertensive LVH is characterized by different structural
alterations in the small intramyocardial vessels.?*> On the one
hand, hyperplasia and/or hypertrophy, as well as altered
alignment of vascular smooth muscle cells, promote en-
croachment of the tunica media into the lumen causing both
an increased medial thickness:lumen ratio and a reduced
maximal cross-sectional area of intramyocardial arteries. On
the other hand, vascular density in LVH (vessel number per
unit area) is relatively decreased. This seems to result from
capillary rarefaction (ie, vessels actually missing or tempo-
rarily nonperfused or “recruited”) and inadequate vascular
growth (ie, impaired angiogenesis) in response to increasing
muscle mass. These microcirculatory alterations, together
with the increased arteriolar tone of hypertension, and endo-
thelial dysfunction also contribute to decreased coronary flow
reserve of hypertensive patients with LVH (Figure 3).24

In summary, histological abnormalities that develop in the
myocardial parenchyma and intramyocardial vasculature of
the hypertensive left ventricle provide structural support for
those alterations of cardiac function, perfusion, and electric
activity that characterize the clinical evolution of HHD.

Revisiting the Clinical Management of HHD

Time has come to revisit current management of HHD simply
focused on detecting LVH and reducing LVM.# It is now
necessary to develop new approaches aimed at early identi-
fication of hypertensive patients highly vulnerable to the
development of LVH, with more accurate measurement of
LV anatomy and function, noninvasive assessment of those
microscopic changes responsible for myocardial remodeling,
and correction of the molecular and cellular changes of the
myocardium that alter its structure and function (Table 2). In
so doing, the adverse risk associated with HHD should be
reduced more effectively.

Early Detection
In most studies and meta-analyses, the relationship between

changes in office pressure and LVM has been relatively weak
(correlation coefficients: <0.50). Emerging evidence indi-
cates that 24-hour monitoring of pressure may help identify
those hypertensive patients highly predisposed to the devel-
opment of LVH (ie, patients with early morning pressure rise
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Figure 3. Pathways linking myocardial remodeling with clinical manifestations in hypertensive heart disease.

or with a nondipping profile) and more prone to benefit from
the ability of some antihypertensive drugs to prevent it.2s
As mentioned previously, LVM is a highly complex
phenotype influenced by interacting effects of multiple ge-
netic and hemodynamic factors. Genetic variation probably
contributes to interindividual differences in LVM by virtue of
effects on arterial pressure as well as other pathways not
captured by pressure measurement. Identification of genes
that influence LVM may enhance the detection of those
patients requiring early treatment to prevent LVH develop-
ment. In this regard, a meta-analysis of case-control and
association studies has shown that the D allele of the
insertion/deletion polymorphism of the angiotensin-

Table 2. Proposed New Aims for the Clinical Handling of HHD

To identify patients prone to develop LVH
24-h monitoring of blood pressure
Insertion/deletion polymorphism of ACE gene
Circulating cardiotrophin 1

To optimize the diagnosis of LVH
3D echocardiography
MRI

To detect noninvasively myocardial remodeling
Speckle tracking echocardiography
MRI
Nuclear molecular imaging techniques
ELISA of circulating biochemical markers

To provide therapeutic benefit beyond reduction of LVM

Agents (i.e., antihypertensive and nonantihypertensive agents) that repair
myocardial remodeling

Antihypertensive agents that preserve cardiac function, electrical activity,
and intramyocardial perfusion

converting enzyme (ACE) gene behaved as an LVH marker
in untreated hypertensive patients.?¢ In addition, recent find-
ings suggest that the concomitant presence of the D allele of
the insertion/deletion polymorphism of the ACE gene and the
C allele of the A1166C polymorphism of the AT, receptor
gene synergistically increased predisposition to diastolic dys-
function/failure in hypertensive patients.?” Of interest, the C
allele of the A1166C polymorphism of the AT, receptor gene
has been found to be associated with enhanced LV chamber
stiffness in HHD patients.!?

Plasma concentration of cardiotrophin 1 (CT-1), a cytokine
belonging to the interleukin 6 cytokine family that induces
cardiomyocyte hypertrophy, is abnormally increased in hy-
pertensive patients, especially those with echocardiographic
LVH.?8 Thus, 31% of hypertensive patients without echocar-
diographic LVH already exhibited concentrations of CT-1
abnormally elevated,?® suggesting that circulating levels of
this cytokine increase early during the evolution of arterial
hypertension and, thus, may be useful to identify those
patients predisposed to the development of LVH.

Optimized Diagnosis

New 3D cardiac imaging techniques, including MRI and 3D
echocardiography, can measure LVM and dimensions more
accurately than conventional techniques and may, thus, offer
an advantage.?® Special ultrasound methodologies (ie, speckle
tracking echocardiography aimed to assess LV strains) may
be useful for the detection of myocardial remodeling, espe-
cially fibrosis.?® MRI is another promising technique for
characterizing the myocardial composition, particularly with
the late gadolinium enhancement areas in the myocardium
that probably represent fibrotic regions.3' This methodology
is also rapidly evolving within the field of cardiac molecular
imaging with the introduction of an increasing number of
high-affinity molecular probes imaged at exceptionally high
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spatial resolution. With regard to myocardial remodeling,
molecular imaging is rapidly expanding to involve imaging
and monitoring of apoptosis (ie, using **™Tc-labeled annexin
A5 that binds to apoptotic cardiomyocytes)*?> and collagen
synthesis (ie, using *°™Tc-labeled peptides that bind to
activated fibroblasts).33

Recent identification of biochemical markers of potential
usefulness for clinical management of cardiac diseases evolv-
ing to HF has been a prolific field. However, for a circulating
molecule can be considered a biochemical marker of hyper-
tensive myocardial remodeling, it must fulfill several crite-
ria.3* Until now, several molecules have been proposed as
biochemical markers of hypertensive myocardial remodeling
that accomplish these criteria. For instance, plasma concen-
tration of CT-1 has been correlated with LVM in untreated
hypertensive patients,?® suggesting that plasma CT-1 may be
a potential marker for the assessment of cardiomyocyte
hypertrophy and LVH in hypertensive patients. In addition,
an association was found between antihypertensive
treatment-induced decrease of plasma CT-1 and reduction of
LVM in patients with LVH,? suggesting that this cytokine
may be useful to assess the ability of antihypertensive drugs
to reduce cardiomyocyte growth and decrease LVM. On the
other hand, recent data suggest that some biochemical mark-
ers related to myocardial fibrosis (ie, serum carboxy-terminal
propeptide of procollagen type I) or cardiomyocyte apoptosis
(ie, plasma annexin A5) may provide information useful to
assess these aspects of myocardial remodeling in hyperten-
sive patients.3*

The common negative aspect of these methodologies is the
high cost that would have to be made available to the large
hypertensive populations internationally. Indeed, to address
their economic impact is a major issue for national health
systems, as is the necessity to make present-day advanced
technology cost-effective. However, the anticipated resultant
reduction in morbidity and mortality with longer productive
lives may tremendously offset those costs.

Effective Reduction of LVM
Antihypertensive drugs have been effective in reducing

LVM. Mosterd et al*® recently analyzed the Framingham
Heart Study data and reported that the increasing use of
effective antihypertensive therapy has decreased the preva-
lence of both hypertension and LVH. Many trials and
meta-analyses have attempted to compare the effects of
different antihypertensive agents on LVM, but flawed study
designs and methodologic problems have limited their utility.
Nevertheless, one meta-analysis including 80 double-blind,
randomized, controlled trials with 146 active treatment arms
and 17 placebo arms showed that, after adjustment for
treatment duration and change in diastolic pressure, there was
a significant difference among medication classes in decreas-
ing LVM.?7 The decreased LVM (indexed by body surface
area or LVM index) induced by the different classes was as
follows: AT, receptor blockers>calcium antagonists>ACE
inhibitors>diuretics>[3-blockers. In paired comparisons,
AT, receptor blockers, ACE inhibitors, and calcium antago-
nists were more effective at reducing LVM index than
diuretics and [-blockers. Remaining questions about these
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conclusions exist. Were the clinical status (including pretreat-
ment pressures and the severity of hypertensive disease) and
the accuracy of echocardiographic devices to assess LVM
and dimensions similar to permit these comparisons? Further-
more, with conclusions about reduction of risk with treat-
ment, was this outcome attributable to the decreased LVM or
the result of reduced arterial pressure? Finally, with echocar-
diographically derived LVM, were the effects of the different
pharmacological agents similar on the wall and chamber
dimensions?

Antiremodeling Strategies

In recent trials in hypertension, development of HF was
comparable with stroke.?® Thus, physicians should be aware
that HF still represents a frequent and deleterious conse-
quence of hypertension. Also, recent Framingham Heart
Study data suggest that causal classification may help to
reduce syndromic heterogeneity, providing a disease patho-
genesis—oriented approach to patients with HF (ie, hyperten-
sion facilitates HF with preserved ejection fraction).3® These
points underscore the necessity of addressing a new paradigm
concerning HHD, its risk, and diagnostic and therapeutic
approaches. Appropriate strategies to effectively fight the
development of HF during its asymptomatic stages when
early structural and functional cardiac abnormalities are
identified should be applied to hypertensive patients with a
high-risk profile (ie, patients with HHD). In this conceptual
framework, beyond controlling pressure and reducing LVM,
it is necessary, indeed essential, to pay attention to strategies
focused on repairing myocardial remodeling.

Cumulating experimental evidence suggest that sodium
loading exacerbates target organ damage associated with
long-standing hypertension. In particular, sodium loading not
only further increased arterial pressure and LVM in sponta-
neously hypertensive rats but also impaired LV and right
ventricular diastolic functions and coronary flow reserve
associated with enhanced interstitial and perivascular fibro-
sis.’> The observation that AT, receptor blockade with
low-dose candesartan failed to reduce the salt-induced rise in
pressure but significantly attenuated LVM, myocardial fibro-
sis, and the development of LV diastolic dysfunction in
spontaneously hypertensive rats*® suggests that angiotensin II
contributed to the pressure-independent remodeling effect of
salt excess on the hypertensive myocardium. Therefore, salt
restriction, shown previously to lower pressure and prevent
hypertension, may also prevent myocardial remodeling and
other target organ damage associated with hypertension. This
possibility is supported in part by recent findings from the
Trials of Hypertension Prevention Study showing that reduc-
tion in dietary sodium intake reduced long-term risk of
cardiovascular complications.*!

Available experimental data suggest that the goal of
repairing myocardial remodeling is achievable in HHD using
specific antihypertensive agents (Table 3).#> Clinical studies
provide important support to this possibility. Brilla et al*?
reported that, in patients with HHD, ACE inhibition regressed
myocardial fibrosis, irrespective of LVM reduction, and it
was accompanied by improved LV diastolic function. These
effects were not observed in the patients treated with hydro-
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Table 3. Experimental and Clinical Evidence-Based Effects of Antihypertensive Agents in HHD

Pharmacological Class

Decrease of Blood Pressure

Regression of LVH Repair of Remodeling

Diuretics Yes
B-Blockers Yes
a-Blockers Yes
Calcium antagonists Yes
ACE inhibitors Yes
Angiotensin receptor blockers Yes
Aldosterone antagonists Yes
Direct renin inhibitors Yes

Mild effect Proven for torsemide
Mild-moderate effect Apparently not
Mild effect Untested
Marked effect Apparently not
Marked effect Yes
Marked effect Yes

Mild-moderate effect
Marked effect

Apparently yes
Untested

chlorothiazide despite similar pressure control. Long-term
ACE inhibitor therapy has also promoted structural repair of
coronary arterioles that was mainly characterized by the
regression of periarteriolar fibrosis and marked improvement
in coronary flow reserve in patients with HHD.#* In addition,
despite similar antihypertensive and antihypertrophic effi-
cacy, an AT, receptor blocker, but not a calcium antagonist,
reduced histologically proven cardiomyocyte apoptosis*> and
myocardial fibrosis*® in patients with HHD. Reduction of
myocardial fibrosis by the AT, blocker was associated with
decreased LV chamber stiffness and the improvement of
diastolic filling in hypertensive patients.#’ Recently, treat-
ment with the loop diuretic torsemide, but not furosemide,
was associated with a reduction of myocardial fibrosis and a
trend toward improved LV function in patients with hyper-
tensive HF.#® Of interest, the diuretic and hemodynamic
effects of the 2 compounds were similar. These data bring to
mind 2 questions. On the one hand, the long-standing
question remains as to the similarity of all pharmacological
agents that are classified under the “label” of a same drug
class. On the other hand, there is the question regarding the
necessity of using drugs with a potential antifibrotic capacity
to both prevent diastolic dysfunction that precedes HF in
hypertensive patients and to treat hypertensive patients with
HF and preserved ejection fraction.*?

Current therapy of myocardial remodeling is presently
based on targeting mechanical and humoral causative mech-
anisms. However, multiple and redundant signaling systems
are involved in remodeling. Thus, novel therapeutic strategies
may be necessary to reverse or even prevent myocardial
remodeling. Recent insights from experimental studies have
provided new targets for interventions.>°—>3 The first insight is
to act on those genetic mechanisms that intrinsically regulate
the hypertrophic responses of the cardiomyocyte (ie, modu-
lating activated osteoglycin-related pathways) or the profi-
brotic response of the fibroblast/myofibroblast (ie, inhibiting
micro-RNA 29 or stimulating micro-RNAs 21 and 208). The
second is to block the detrimental intracellular mechanisms
activated by biomechanical stress on cardiomyocytes (ie,
inhibiting intracellular renin activation and angiotensin II
generation, superoxide anion generation by NADPH oxidase,
and overstimulation of kinases, such as Rho-kinase, and
phosphatases, such as calcineurin). Third is to prevent inhi-
bition of negative signaling modulators and negative inter-
acting proteins that are repressed by biomechanical stress in
the cardiomyocyte (ie, increasing the availability and actions

of cyclic GMP). Fourth is to preserve functioning cardiomyo-
cytes (ie, through inhibition of apoptosis via poly [ADP-
ribose] polymerase inhibition and/or preservation of cell
survival mechanisms via insulin-like growth factor 1 activa-
tion) or to regenerate lost cardiomyocytes (ie, using stem cell
therapy). Fifth is to restore normal turnover of the collagen
network at the fibroblast and myofibroblast level (ie, modu-
lating the synthesis and secretion of procollagen precursors,
as well as of those enzymes controlling the extracellular
processes of fibril and fiber formation, as well as degrada-
tion). Last is to stimulate the angiogenic activity of endothe-
lial cells (ie, stimulating phosphatidylinositol 3-kinase-Akt-
NO-mediated mechanisms).

Concluding Remarks

Classical conceptualization has considered HHD as the adap-
tive hypertrophy of LV wall to increased pressure. Recent
findings in hypertensive animals and patients now challenge
this paradigm by demonstrating that HHD also results from
pathological structural remodeling of the myocardium in
response to a mosaic of hemodynamic and nonhemodynamic
factors altered in hypertension. We anticipate that this ex-
panded view will benefit from the application of integrated
“omic” methodologies aimed to reveal critical genes, path-
ways, and networks for LV growth and myocardial remodel-
ing. The potential clinical relevance of this shift in paradigm
is strengthened by the fact that it entails a new approach to
HHD in terms of a more precise diagnosis and more demand-
ing treatment. In addition, available information sets the stage
for large and long-term clinical trials aimed at determining
whether the diagnosis and reversal of myocardial remodeling
in HHD are associated with greater benefit on the patient’s
cardiac function and prognosis than simply detecting and
regressing LVH. This novel view of HHD may have tremen-
dous epidemiological importance. In fact, the possibility that
hypertensive patients predisposed to develop HHD may be
detected before the appearance of clinical detectable LVH
opens a new way to prevent cardiac complications associated
with hypertension and its cardiac impact, especially HF.

Sources of Funding
The contribution of J.D. to this work was funded in part through the
agreement between the Foundation for Applied Medical Research
and UTEproject CIMA; the Red Temdtica de Investigacion Coop-
erativa en Enfermedades Cardiovasculares from the Carlos III
Institut of Health, Ministry of Science and Innovation, Spain (grant

Downloaded from http://hyper.ahajournals.org/ at UNIVERSIDAD DE NAVARRA on April 27, 2012


http://hyper.ahajournals.org/

RDO06/0014/0008); and the European Union Network of Excellence
IngeniousHyperCare (grant LSHM-CT-2006-037093).

Disclosures

None.

14.

17.

18.

19.

20.

References

. Frohlich ED, Apstein C, Chobanian AV, Devereux RB, Dustan HP, Dzau

V, Fouad-Tarazi F, Horan MJ, Marcus M, Massie B, Pfeffer MA, Re RN,
Roccella EJ, Savage D, Shub C. The heart in hypertension. N Engl
J Med. 1992;327:998-1008.

. Diez ], Gonzalez A, Lépez B, Querejeta R. Mechanisms of disease:

pathologic structural remodeling is more than adaptive hypertrophy in
hypertensive heart disease. Nat Clin Pract Cardiovasc Med. 2005;2:
209-216.

. Alpert NR, Mulieri LA. Increased myothermal economy of isometric

force generation in compensated cardiac hypertrophy induced by pulmo-
nary artery constriction in the rabbit: a characterization of heat liberation
in normal and hypertrophied right ventricular papillary muscles. Circ Res.
1982;50:491-500.

. Krauser DG, Devereux RB. Ventricular hypertrophy and hypertension:

prognostic elements and implications for management. Herz. 2006;31:
305-316.

. Petretto E, Sarwar R, Grieve I, Lu H, Kumaran MK, Muckett PJ,

Mangion J, Schroen B, Benson M, Punjabi PP, Prasad SK, Pennell DJ,
Kiesewetter C, Tasheva ES, Corpuz LM, Webb MD, Conrad GW, Kurtz
TW, Kren V, Fischer J, Hubner N, Pinto YM, Pravenec M, Aitman TJ,
Cook SA. Integrated genomic approaches implicate osteoglycin (Ogn) in
the regulation of left ventricular mass. Nat Genet. 2008;40:546-552.

. Arnett DK, Devereux RB, Rao DC, Li Na, Tang W, Kraemer R, Claas

SA, Leon JM, Broeckel U. Novel genetic variants contributing to left
ventricular hypertrophy: the HyperGEN Study J Hypertens. 2009;27:
1585-1593.

. LeWinter MM, VanBuren P. Sarcomeric proteins in hypertrophied and

failing myocardium: an overview. Heart Fail Rev. 2005;10:173-174.

. Barry SP, Davidson SM, Townsend PA. Molecular regulation of cardiac

hypertrophy. Int J Biochem Cell Biol. 2008;40:2023-2039.

. Giampietri C, Petrungaro S, Musumeci M, Coluccia P, Antonangeli F, De

Cesaris P, Filippini A, Marano G, Ziparo E. c-Flip overexpression
reduces cardiac hypertrophy in response to pressure overload.
J Hypertens. 2008;26:1008-1016.

. Arnett DK, de las Fuentes L, Broeckel U. Genes for left ventricular

hypertrophy. Curr Hypertens Rep. 2004;6:36—41.

. Pfeffer MA, Pfeffer JM. Ventricular remodeling and reduced survival

after myocardial infarction. Circulation. 1987;75:1V93-1V97.

. Diez J, Laviades C, Orbe J, Zalba G, Lépez B, Gonzélez A, Mayor G,

Péaramo JA, Beloqui O. The A1166C polymorphism of the AT1 receptor
gene is associated with collagen type I synthesis and myocardial stiffness
in hypertensives. J Hypertens. 2003;21:2085-2092.

. Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K,

Imaizumi T. Hypertensive myocardial fibrosis and diastolic dysfunction:
another model of inflammation? Hypertension. 2004;43:739-745.
Murdoch CE, Zhangm M, Cavem AC, Shah AM. NADPH oxidase-
dependent redox signalling in cardiac hypertrophy, remodelling and
failure. Cardiovasc Res. 2006;71:208-215.

. Varagic J, Frohlich ED, Diez J, Susic D, Ahn J, Gonzdlez A, Lépez B.

Myocardial fibrosis, impaired coronary hemodynamics, and biventricular
dysfunction in salt-loaded SHR. Am J Physiol Heart Circ Physiol. 2006;
290:H1503-H1509.

. Gonzdlez A, Ravassa S, Lépez B, Loperena I, Querejeta R, Diez J.

Apoptosis in hypertensive heart disease: a clinical approach. Curr Opin
Cardiol. 2006;21:288-294.

Narula J, Arbustini E, Chandrashekhar Y, Schwaiger M. Apoptosis and
the systolic dysfunction in congestive heart failure: story of apoptosis
interruptus and zombie myocytes. Cardiol Clin. 2001;19:113-126.
Berk BC, Fujiwara K, Lehoux S. ECM remodeling in hypertensive heart
disease. J Clin Invest. 2007;117:568 -575.

Weber KT, Brilla CG, Janicki JS. Myocardial fibrosis: functional signif-
icance and regulatory factors. Cardiovasc Res. 1993;27:341-348.
Schwartzkopft B, Motz W, Frenzel H, Voght M, Knauer S, Strauer BE.
Structural and functional alterations of the intramyocardial coronary arte-
rioles in patients with arterial hypertension. Circulation. 1993;88:
993-1003.

Diez and Frohlich

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hypertensive Heart Disease 7

McLenachan JM, Dargie JH. Ventricular arrhythmias in hypertensive left
ventricular hypertrophy: relation to coronary artery disease, left ventric-
ular dysfunction, and myocardial fibrosis. Am J Hypertens. 1990;3:
735-740.

Boldt A, Wetzel U, Lauschke J, Weigl J, Gummert J, Hindricks G,
Kottkamp H, Dhein S. Fibrosis in left atrial tissue of patients with atrial
fibrillation with and without underlying mitral valve disease. Heart.
2005;91:166-170.

Feihl F, Liaudet L, Levy BI, Waeber B. Hypertension and microvascular
remodelling. Cardiovasc Res. 2008;78:274-285.

Kelm M, Strauer BE. Coronary flow reserve measurements in hyper-
tension. Med Clin North Am. 2004;88:99—113.

Kawano Y, Horio T, Matayoshi T, Kamide K. Masked hypertension:
subtypes and target organ damage. Clin Exp Hypertens. 2008;30:
289-296.

Kuznetsova T, Staessen JA, Wang JG, Gasowski J, Nikitin Y, Ryabikov
A, Fagard R. Antihypertensive treatment modulates the association
between the D/I ACE gene polymorphism and left ventricular hypertro-
phy: a meta-analysis. J Hum Hypertens. 2000;14:447-454.

Wu CK, Tsai CT, Hwang JJ, Luo JL, Juang JJ, Hsu KL, Lai LP, Lin JL,
Tseng CD, Chiang FT. Renin-angiotensin system gene polymorphisms
and diastolic heart failure. Eur J Clin Invest. 2008;38:789-797.

Lépez B, Gonzélez A, Lasarte JJ, Sarobe P, Borrds F, Diaz A, Barba J,
Tomads L, Lozano E, Serrano M, Varo N, Beloqui O, Fortuiio MA, Diez
J. Is plasma cardiotrophin-1 a marker of hypertensive heart disease?
J Hypertens. 2005;23:625-632.

Alfakih K, Reid S, Hall A, Sivananthan MU. The assessment of left
ventricular hypertrophy in hypertension. J Hypertens. 2006;24:
1223-1230.

Popovi¢ ZB, Kwon DH, Mishra M, Buakhamsri A, Greenberg NL,
Thamilarasan M, Flamm SD, Thomas JD, Lever HM, Desai MY. Asso-
ciation between regional ventricular function and myocardial fibrosis in
hypertrophic cardiomyopathy assessed by speckle tracking echocardiog-
raphy and delayed hyperenhancement magnetic resonance imaging. J Am
Soc Echocardiogr. 2008;21:1299-1305.

Iles L, Pfluger H, Phrommintikul A, Cherayath J, Aksit P, Gupta SN,
Kaye DM, Taylor AJ. Evaluation of diffuse myocardial fibrosis in heart
failure with cardiac magnetic resonance contrast-enhanced T1 mapping.
J Am Coll Cardiol. 2008;52:1574-1580.

Hofstra L, Liem IH, Dumont EA, Boersma HH, van Heerde WL,
Doevendans PA, De Muinck E, Wellens HJ, Kemerink GJ, Reuteling-
sperger CP, Heidendal GA. Visualisation of cell death in vivo in patients
with acute myocardial infarction. Lancet. 2000;356:209-212.

van den Borne SW, Isobe S, Verjans JW, Petrov A, Lovhaug D, Li P,
Zandbergen HR, Ni Y, Frederik P, Zhou J, Arbo B, Rogstad A, Cuth-
bertson A, Chettibi S, Reutelingsperger C, Blankesteijn WM, Smits JF,
Daemen MJ, Zannad F, Vannan MA, Narula N, Pitt B, Hofstra L, Narula
J. Molecular imaging of interstitial alterations in remodeling myocardium
after myocardial infarction. J Am Coll Cardiol. 2008;52:2017-2028.
Gonzilez A, Lopez B, Ravassa S, Beaumont J, Arias T, Hermida N,
Zudaire A, Diez J. Biochemical markers of myocardial remodelling in
hypertensive heart disease. Cardiovasc Res. 2009;81:509-518.
Gonzilez A, Lopez B, Martin-Raymondi D, Lozano E, Varo N, Barba J,
Serrano M, Diez J. Usefulness of plasma cardiotrophin-1 in assessment of
left ventricular hypertrophy regression in hypertensive patients.
J Hypertens. 2005;23:2297-2304.

Mosterd A, D’ Agostino RB, Silbershatz H, Sytkowski PA, Kannel WB,
Grobbee DE, Levy D. Trends in the prevalence of hypertension, antihy-
pertensive therapy, and left ventricular hypertrophy from 1950 to 1989.
N Eng J Med. 1999;340:1221-1227.

Klingbeil AU, Schneider M, Martus P, Messerli FH, Schmieder RE. A
meta-analysis of the effects of treatment on left ventricular mass in
essential hypertension. Am J Med. 2003;115:41-46.

Tocci G, Sciaretta S, Volpe M. Development of heart failure in recent
hypertension trials. J Hypertens. 2008;26:1477-1486.

Lee DS, Gona P, Vasan RS, Larson MG, Benjamin EJ, Wang TJ, TuJV,
Levy D. Relation of disease pathogenesis and risk factors to heart failure
with preserved or reduced ejection fraction: insights from the Fra-
mingham Heart Study of the National Heart, Lung, and Blood Institute.
Circulation. 2009;119:3070-3077.

Varagic J, Frohlich ED, Susic D, Ahn J, Matavelli L, Lépez B, Diez J.
AT]1 receptor antagonism attenuates target organ effects of salt excess in
SHRs without affecting pressure. Am J Physiol Heart Circ Physiol.
2008;294:H853-H858.

Downloaded from http://hyper.ahajournals.org/ at UNIVERSIDAD DE NAVARRA on April 27, 2012


http://hyper.ahajournals.org/

8

41.

42.

43.

44,

45.

46.

47.

Hypertension January 2010

Cook NR, Cutler JA, Obarzanek E, Buring JE, Rexrode KM, Kumanyika
SK, Appel LJ, Whelton PK. Long term effects of dietary sodium
reduction on cardiovascular disease outcomes: observational follow-up of
the Trials of Hypertension Prevention (TOHP). BMJ. 2007;334:885—888.
Prisant LM. Management of hypertension in patients with cardiac disease:
use of renin-angiotensin blocking agents. Am J Med. 2008;121(8 suppl):
S8-S15.

Brilla CG, Funck RC, Rupp H. Lisinopril-mediated regression of myo-
cardial fibrosis in patients with hypertensive heart disease. Circulation.
2000;102:1388-1393.

Schwartzkopff B, Brehm M, Mundhenke M, Strauer BE. Repair of
coronary arterioles after treatment with perindopril in hypertensive heart
disease. Hypertension. 2000;36:220-225.

Gonzilez A, Lépez B, Ravassa S, Querejeta R, Larman M, Diez J,
Fortufio MA. Stimulation of cardiac apoptosis in essential hypertension:
potential role of angiotensin II. Hypertension. 2002;39:75-80.

Lépez B, Querejeta R, Varo N, Gonzélez A, Larman M, Martinez-Ubago
JL, Diez J. Usefulness of serum carboxy-terminal propeptide of pro-
collagen type I in assessment of the cardioreparative ability of antihyper-
tensive treatment in hypertensive patients. Circulation. 2001;104:
286-291.

Diez J, Querejeta R, Lopez B, Gonzdlez A, Larman M, Martinez-Ubago
JL. Losartan-dependent regression of myocardial fibrosis is associated

48.

49.

50.

51.

52.

53.

with reduction of left ventricular chamber stiffness in hypertensive
patients. Circulation. 2002;105:2512-2517.

Lépez B, Gonzilez A, Beaumont J, Querejeta R, Larman M, Diez J.
Identification of a potential cardiac antifibrotic mechanism of torasemide
in patients with chronic heart failure. J Am Coll Cardiol. 2007;50:
859-867.

Verma A, Solomon SD. Diastolic dysfunction as a link between hyper-
tension and heart failure. Med Clin N Am. 2009;93:647-664.

Luedde M, Katus HA, Frey N. Novel molecular targets in the treatment
of cardiac hypertrophy. Recent Patents Cardiovasc Drug Discov. 2006;
1:1-20.

McKinsey TA, Kass DA. Small-molecule therapies for cardiac hypertro-
phy: moving beneath the cell surface. Nat Rev Drug Discov. 2007;6:
617-635.

Hill JA, Olson EN. Cardiac plasticity. N Engl J Med. 2008;358:
1370-1380.

Landmesser U, Wollert KC, Drexler H. Potential novel pharmacological
therapies for myocardial remodelling. Cardiovasc Res. 2009;81:519-527.

KEy Worps: arterial hypertension B heart failure B left ventricular
hypertrophy B myocardial remodeling B hypertensive heart disease

Downloaded from http://hyper.ahajournals.org/ at UNIVERSIDAD DE NAVARRA on April 27, 2012


http://hyper.ahajournals.org/

