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Ischemia and fibrosis: the risk
mechanisms of hypertensive
heart disease

Alton Ochsner Medical Foundation, New Orleans, LA, USAE.D. Frohlich

Abstract

Mechanisms underlying risk associated with hypertensive heart dis-
ease (HHD) and left ventricular hypertrophy (LVH) are discussed in
this report and provide a rationale for understanding this very common
and important cause of death from hypertension and its complications.
Emphasized are impaired coronary hemodynamics, endothelial dys-
function, and ventricular fibrosis from increased collagen deposition
intramurally and perivascularly. Each is exacerbated by aging and,
perhaps, also by increased dietary salt intake. These functional and
structural changes promote further endothelial dysfunction, altered
coronary hemodynamics, and diastolic as well as systolic ventricular
contractile function in HHD. The clinical endpoints of HHD include
angina pectoris (with or without atherosclerosis of the epicardial
coronary arteries), myocardial infarction, cardiac failure, lethal
dysrhythmias, and sudden death. The major concept to be derived
from these alterations is that not all that is clinically recognized as
LVH is true myocytic hypertrophy and structural remodeling. Other
major co-morbid changes occur that serve to increase cardiovascular
risk including impaired coronary hemodynamics, endothelial dys-
function, and ventricular fibrosis.
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Earlier postulated mechanisms

In previous reports, several mechanisms
were proposed to explain potential risks as-
sociated with left ventricular hypertrophy
(LVH) (1-3). Until recently, alterations asso-
ciated with cardiac enlargement other than
the hypertrophy were not considered although
early reports suggested that �pathological�
hypertrophy might be associated with altered
myosin isozymes (4), and that LVH predis-
posed the ventricle to lethal arrhythmias (5,6).
Although sudden death is more common in
patients with LVH, the underlying mechan-
ism(s) is not explained by this observation
(7). At present, the most reasonable mechan-

ism explaining risk associated with LVH is
impaired coronary hemodynamics manifested
by reduced coronary blood flow and flow
reserve associated with increased coronary
vascular resistance and minimal coronary
resistance (8-10). Resting coronary hemody-
namic parameters need not be impaired, how-
ever; but they may become deranged in oth-
erwise asymptomatic individuals by certain
physiological or pharmacological interven-
tions (9-11), reflecting impaired coronary
arteriolar dilation engendered by the coro-
nary arteriolar constriction of hypertension,
as well as by endothelial dysfunction (12-
14).

Endothelial dysfunction has been dem-
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onstrated clinically, as well as experimen-
tally and relates to a defect in the local
vascular and myocardial generation of nitric
oxide (12-14). Additional hemodynamic
mechanisms which may account for impaired
coronary hemodynamics include coronary
arteriolar compression by the hypertrophied
and stiffer left ventricle (LV) produced by
ventricular fibrosis, occlusive atherosclerotic
epicardial coronary arterial disease that ex-
acerbates the hypertensive disease, the in-
creased arteriolar wall thickening and arteri-
olar wall-to-lumen diameter directly charac-
teristic of hypertensive vascular disease (15),
inadequate sizing of coronary vessels (16),
increased blood viscosity in hypertension
(17), and the increased LV chamber diam-
eter reflecting not only myocytic hypertro-
phy but type 3 collagen deposition (18-20).
This increased diameter and the elevated
systolic pressure raises left ventricular wall
tension and myocardial oxygen demand.

Coronary heart disease

It is appropriate to define what is meant
by coronary heart disease (CHD) when one
discusses the risk of LVH. Following publi-
cation of the first meta-analysis of the initial
14 multicenter controlled antihypertensive
trials much controversy ensued resulting from
misinterpretation of CHD. The report pre-
dicted that antihypertensive therapy would
reduce deaths from stroke and CHD by 35-40
and 20-25%, respectively (21). Indeed, highly
significant reductions in stroke (43%) and
CHD (14%) were demonstrated (P<0.01).
However, the difference between the 25-30
predicted and the actual 14% reductions in
CHD deaths precipitated much discussion
suggesting that diuretics and beta-blockers
failed to prevent deaths from myocardial
infarction. This conclusion was erroneous:
the studies were abruptly discontinued when
significant reductions of deaths from stroke
were demonstrated for ethical reasons and
the deaths from CHD were not exclusively

caused by myocardial infarction. These un-
founded conclusions suggested that the anti-
hypertensive drug classes employed raised
serum lipid levels thereby exacerbated the
atherosclerotic process, and the data failed
to show a reduction in CHD deaths. These
concerns can be countered by several facts:
first, reduction of stroke deaths has always
been shown before reduction of deaths from
CHD, suggesting that the cerebral circula-
tion may be more rapidly amenable to pres-
sure reduction than the coronary circulation.
Secondly, whereas the antihypertensive
therapy did not account for promotion of
hyperlipidemia and exacerbated atheroscle-
rosis, it could have promoted significant hy-
pokalemia (vide infra). Finally, deaths from
CHD did not exclusively result from myo-
cardial infarction, and this means that the
definition employed for CHD in these stud-
ies must be stated more clearly. Deaths at-
tributable to CHD (as defined by the study
epidemiologists) included more endpoints
than solely myocardial infarction. CHD
deaths also resulted from unstable angina
pectoris or unremitting chest pain uncon-
firmed by autopsy, sudden lethal cardiac
dysrhythmias or cardiac failure, or sudden
cardiac death (with no other explanation
offered) (21). Later meta-analyses related
sudden cardiac death to the high dose of
hydrochlorothiazide (or its equivalents) em-
ployed with minimal use of potassium or
potassium-sparing agents to prevent hypo-
kalemia (22). Thus, in these early trials, the
daily dose of the thiazides or their congeners
was equivalent to 100 mg (or more) hydro-
chlorothiazide. Subsequent national recom-
mendations advocated reduction of the ini-
tial thiazide dose to 12.5 or 25 mg with a
possible subsequent increase to 50 mg as the
full dose. Indeed, this recommendation
has persisted in the United States and else-
where (23,24). Consequently, a subsequent
meta-analysis involving elderly hypertensive
patients (a population certainly with higher
predisposition to CHD deaths) demonstrated
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the precise reduction in CHD that was origi-
nally predicted (26%) and deaths from stroke
were reduced by 40% (25). Hence, the issue
asserting that diuretic and beta-adrenergic
inhibition therapy �fails� to protect from
CHD seems moot at this time.

Left ventricular hypertrophy

The Framingham Heart and other pro-
spective epidemiological studies have re-
peatedly demonstrated that LVH is a major
cardiovascular risk factor that is independ-
ent of height of arterial pressure (26). Many
experimental and clinical studies have re-
ported reduced LV mass and ventricular wall
thicknesses resulting from antihypertensive
therapy or, for that matter, from treatment
with any antihypertensive agent if employed
for a sufficiently long period of time (3).
However, no prospective study has demon-
strated that the reduced LV mass provides a
proportionate reduction in risk from LVH.
Moreover, no clinical study has demonstrated
that the so-called �regression� of LVH is
synonymous with actual reduced myocar-
dial hypertrophy although several meta-
analyses have suggested that certain classes
of antihypertensive agents are more effec-
tive than others in promoting LVH regres-
sion (27). These analyses have been flawed
by inherent clinical, demographic, biologi-
cal, or pharmacological variables, including
patients of dissimilar gender, race, age, or
number, and long-term treatment histories.
Moreover, the patients were treated over
varying time periods using dissimilar doses
of different compounds within the same thera-
peutic class (which may have dissimilar
physiological, pharmacodynamic or phar-
macokinetic actions). In this respect, we do
not know whether the biochemical or physi-
ological changes induced directly or indi-
rectly by prior pharmacological therapies
may have been induced by biologically al-
tered cellular �memory� (28). Finally, it is
clearly possible that certain drug classes may

be more effective than others in reversing
clinical indices of LVH, but, at this time, it is
too premature to conclude that any drug (or
class of drugs) is more effective than others
in reducing risk from LVH.

Coronary insufficiency

Coronary flow and flow reserve

Resting coronary blood flow may be nor-
mal in experimental models of hypertension
as well as in hypertensive patients, even in
the presence of LVH. The increased total
peripheral resistance in hypertension is shared
by all organ circulations including the coro-
nary one. Consequently, Marcus and associ-
ates (8) introduced the concept of coronary
flow reserve which has been extremely use-
ful to explain coronary insufficiency and
silent ischemia associated with hypertensive
heart disease (HHD) and other cardiovascu-
lar diseases (8-10,29). Using this innova-
tion, coronary blood flow is measured be-
fore and after physiological (e.g., exercise,
ventricular pacing) or pharmacological (e.g.,
carbochrome, papaverine, dipyridamole, a-
denosine) interventions, and the difference
between the two coronary blood flow and
vascular resistance measurements provides
an excellent index of coronary flow reserve
and minimal coronary vascular resistance.
These hemodynamic indices have been ex-
tremely useful in explaining the phenomena
of silent ischemia, �microvascular angina�,
or other clinical endpoints of HHD, espe-
cially when occlusive atherosclerotic epi-
cardial coronary arterial disease is not pres-
ent. Thus, it is possible to assess hemody-
namic impairment and the effect of therapy
on improving flow reserve in experimental
(30) and clinical hypertension (10,31). Thus,
significant physiological improvement was
demonstrated in the spontaneously hyper-
tensive rat (SHR) treated with either an ACE
inhibitor, an angiotensin II (type 1) receptor
(AT1) antagonist, or both (in studies de-
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signed to produce equivalent reductions in
arterial pressure with each of these treatment
options) (30,31). This hemodynamic response
can be explained by coronary vasodilation
produced by inhibition of angiotensin II medi-
ated constriction by ACE inhibition, further
inhibition of additionally generated angiotensin
II by intracardiac chymase (32), augmented
bradykinin-induced vasodilation induced by
the ACE inhibitor (33), and the beneficial
effect of locally produced nitric oxide.

Endothelial dysfunction

The concept of endothelial dysfunction
provides an important pathophysiological
mechanism underlying hypertensive cardio-
vascular and related complicating co-morbid
disorders in experimental (34) and clinical
(12-14) hypertension. Other risk factors, dis-
eases, and clinical conditions which have
been shown to be associated with endotheli-
al dysfunction are aging, menopause, to-
bacco abuse, diabetes mellitus, hyperlipi-
demia, atherosclerosis, hyperhomocystine-
mia, vessel injury, and cardiac failure (35).
Intrinsic to this abnormality is impaired syn-
thesis of nitric oxide from its amino acid
precursor L-arginine by the endothelium of
the coronary vasculature and myocytes in
hypertension (36).

Much ongoing work is directed towards
defining the underlying potential mechan-
isms including nitric oxide synthase gene
defect, increased symmetrical dimethylargi-
nine, augmented participation (i.e., autocrine,
paracrine or intracrine) of the local renin-
angiotensin, bradykinin-kinin or prostaglan-
din systems, and participation of other local
peptides (e.g., endothelin). Thus, it is well
known that angiotensin II and bradykinin
inhibit or stimulate endothelial nitric oxide
synthesis (37).

Recent experimental observations have
demonstrated that ACE or AT receptor inhi-
bition reduces LV mass and improves LV
coronary flow reserve (38). These findings

support the concept that local endothelial
production of nitric oxide synthesis and en-
dothelial dysfunction of the coronary circu-
lation are thereby augmented. In addition,
we have also reported that L-arginine admin-
istration also improves intracoronary hemo-
dynamics and other pathophysiological al-
terations induced by hypertensive coronary
vascular disease (39). Moreover, recent clini-
cal studies have also shown that prolonged
L-arginine treatment of patients with hyper-
tensive or atherosclerotic vascular disease
improves the associated clinical and hemo-
dynamic alterations (40).

Ventricular fibrosis: diastolic
dysfunction and cardiac failure

Epidemiological information

The earliest and most recent Framing-
ham Heart Study reports concerning preva-
lence of congestive heart failure have clearly
shown that hypertension remains as the most
common cause of cardiac failure (41,42). In
earlier years, hypertensive heart failure re-
sulted primarily from impaired systolic func-
tion (43). Thus, development of LVH pro-
vided a structural and functional adaptation
to the progressively increasing LV afterload
of systemic hypertension (44). Indeed, the
earlier antihypertensive drug studies demon-
strated protection against cardiac failure
(21,45). However, in more recent years car-
diac failure has been manifested more fre-
quently by diastolic dysfunction, occurring
primarily in elderly hypertensive patients
(42,46,47). Indeed, it occurs particularly in
those patients with HHD having reduced
coronary flow reserve (with or without asso-
ciated occlusive atherosclerotic coronary ar-
tery disease) (23,47). These patients also
have silent ischemia, are potential victims of
sudden death and left ventricular failure
(7,47) and account for the most common
diagnosis reported in hospitalized patients
over 65 years of age (23).
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Ventricular fibrosis

One important feature clearly related to
LVH, but which is unrelated to physiologi-
cal hypertrophy (48), is collagen deposition
and ventricular fibrosis (19,49,50). This ven-
tricular alteration in hypertensive heart dis-
ease is well established (18,19), although it
had been relatively neglected until recently.
LV collagen deposition is increased not only
in hypertension, but also with aging. Thus,
our recent studies in the SHR and normoten-
sive WKY rats of increasing ages have shed
new light on LV coronary hemodynamics
and associated fibrosing alterations. These
studies have demonstrated progressive re-
duction in both LV and right ventricular
(RV) coronary blood flow and flow reserve
with advancing age from 23 to 80 weeks in
both hypertensive and older normotensive
WKY rats that was associated with increased
collagen (i.e., hydroxyproline) deposition in
both ventricles (51). These structural changes
in SHR have been confirmed by others (50)
and in patients with essential hypertension
in whom hypertrophied myocytes were di-
rectly correlated with the magnitude of LV
fibrosis (52). Most notably, these hemody-
namic and structural changes associated with
aging and with hypertension are neither fixed
not uncorrectable therapeutically. Thus, from
our earliest work LV mass has been shown
to be reduced within three weeks by most
antihypertensive agents in both SHR and in
patients with essential hypertension (30,
53-58). It is notable that, associated with
ACE inhibitor- or calcium antagonist-induced
reductions in LV muscle mass, there was a
concomitant reduction in LV collagen; how-
ever, all calcium antagonists increased RV
collagen (59) as mass or wall thickness in-
creased (56,58,59). However, when an ACE
inhibitor was administered with a calcium
antagonist, the increased RV mass resulting
from collagen deposition in SHR was pre-
vented even though LV mass diminished no
further (59). Hence, the RV mass increase

associated with calcium antagonists was re-
lated to increased RV collagen. Finally, in
one recent study, Varo et al. (50) reported
that an AT1 receptor antagonist decreased
post-transcriptional synthesis of fibril-form-
ing collagen type 1 molecules in young
SHR, suggesting its ability to reduce LV
fibrosis.

We have recently reported increased cor-
onary flow reserve and diminished left ven-
tricular hydroxyproline associated with re-
duction in arterial pressure, LV afterload,
and LV mass following treatment with an
ACE inhibitor or an AT receptor antagonist
(alone or in combination) (38). We have also
observed similar decreases in arterial pres-
sure, total peripheral resistance, LV mass
and collagen following prolonged L-arginine
treatment, although RV collagen was not as
decreased (39). These LV structural and func-
tional improvements with L-arginine were
observed only in SHR, suggesting that these
endothelial dysfunctional changes in re-
sponse to L-arginine were more related to
hypertension than to aging. However, we
must emphasize that all antihypertensive drug
classes have reduced LV (and, occasionally
RV) mass and, not infrequently, a fact also
observed with certain agents in normoten-
sive rats. Hence, the mechanisms involved
require much further biochemical and bio-
logical study and should not be ascribed
simply to �regression� of LVH.

Cardiac failure

A recent report from the Framingham
Heart Study found a significant reduction in
the prevalence of hypertension associated
with a concomitant decrease in the preva-
lence of severely elevated pressures and LVH
(60). A cause-effect relationship for these
associations might seem to be logical; how-
ever, rather than concluding that reduction
of arterial pressure diminished the preva-
lence of LVH, it is also possible to propose
that the diminished prevalence of LV may be
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related to increased recognition and treat-
ment of diminished hypertension, thereby
preventing development of LVH. Thus, as
we suggested in an earlier report on LVH
prevention, early recognition and prompt
treatment of hypertensive patients can pre-
vent LVH development and, perhaps, the
risk associated with LVH (2). However, once
LVH is recognized in a hypertensive patient,
effective control of pressure will prevent
cardiac failure and cardiac dysrhythmias (pro-
vided that prevention of electrolyte abnor-
malities is carefully performed). In addition,
agents that improve coronary flow and flow
reserve (and reduce LV fibrosis) may further
reduce risk.

Several years ago we reported that in-
creased dietary salt intake (in SHR) elevated
LV mass even though lesser amounts of salt
excess did not produce the hemodynamic
effects of greater amounts (61). More re-
cently, Yu et al. (62) demonstrated with a
similar degree of salt excess in rats that
increased LV mass is associated with severe
ventricular and perivascular fibrosis of the
coronary and renal circulations in the rat.
These findings are particularly pertinent in
terms of our emerging concepts of HHD,
sudden cardiac death, congestive heart fail-
ure and, perhaps, even with respect to the
increasing incidence of end-stage renal dis-
ease in patients with hypertension in recent
years (23).

Concluding hypothesis

Despite the continuing reduction in mor-
bidity and mortality due to stroke and CHD
associated with hypertension, there have been
persistent increases in morbidity and mortal-
ity associated with congestive heart failure-
and LVH-related risk. The major underlying
pathophysiological mechanisms associated
with LVH risk appear to be progressively
impaired intracoronary hemodynamics as-
sociated and a remarkable deposition of col-
lagen on the ventricular wall and around the
coronary vessels. These LV alterations in
hypertension also involve the right ventricle
and may be exacerbated by aging and exces-
sive dietary salt intake. These structural
changes, together with impaired left (and
right) ventricular blood flow reserves, fur-
ther increase LV mass and the overall risk
associated with LVH, which is not solely the
result of LV muscle hypertrophy. The in-
creased LV mass and wall thickness are also
associated with collagen deposition within
the ventricular wall and the coronary ves-
sels. These functional and structural ven-
tricular alterations are usually recognized as
electrocardiographic and echocardiographic
LVH and may be manifested clinically by
angina pectoris, cardiac dysrhythmias, sys-
tolic or diastolic dysfunction and cardiac fail-
ure as well as by �silent ischemia�, myocardial
infarction, and, of course, sudden cardiac death.
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