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Failing heart - a clinical drama

William Withering, who discovered the benefits of
digitalis, provides several clinical histories that
describe the terrible suffering seen in end stage
heart failure. His description of a woman "between
forty and fifty years of age", who almost certainly
had rheumatic heart disease, provides remarkable
insights into the pathophysiology that operates in
these patients: “I found her nearly in a state of
suffocation; her pulse extremely weak and
irregular, her breath very short and laborious, her
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countenance sunk, her arms of a leaden colour,
clammy and cold. She could not lye down in bed,
and had neither strength nor appetite but was
extremely thirsty. Her stomach, legs and thighs
were greatly swollen; her urine very small in
quantity, not more than a spoonful at a time, and
that very seldom.” [1] Similar descriptions, which
can be found in the many meticulously documented
case reports published up to the middle of the 20th
Century [reviewed in 2-4], illustrate a patho-
physiology whose complexity has only recently
been appreciated [5].
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Direct and indirect consequences of
impaired pump function

Several of the clinical problems in Withering’s
patient can be attributed directly to the pump
dysfunction. These include the weak pulse and
peripheral cyanosis, which tell us that she had a low
cardiac output, and the irregular pulse, which is
almost certainly due to atrial fibrillation. Her
dyspnea and orthopnea are attributable to pulmonary
congestion, most likely caused by mitral stenosis that
impeded blood flow out of her lungs. Other clinical
findings, however, are not direct consequences of the
defective cardiac pump, but instead reflect a more
subtle etiology. Her sunken countenance and
anorexia are characteristic of cardiac cachexia,
which is due in part to elevated cytokine levels, while
her lack of strength probably results from the skeletal
muscle myopathy commonly seen in heart failure.
Other features noted by Withering are almost
certainly caused by the neurohumoral response to her
low cardiac output [6-7]. The latter include the cold,
damp extremities, the result of peripheral vaso-
constriction and sympathetic activation of her sweat
glands; fluid retention and oliguria, due in large
measure to renal vasoconstriction and aldosterone;
and thirst, which almost certainly reflects a central
action of vasopressin. Both the impaired ability of
the heart to pump and the neurohumoral response to
the low cardiac output occur when the function of
existing body systems is altered. For this reason,
these clinical features in Withering’s patient can be
viewed as functional abnormalities.

A very different type of response in patients with
heart failure became apparent when autopsy
examinations revealed changes in the size and
shape of the diseased hearts. Understanding of these
structural changes became possible in 1628, when
Harvey discovered that blood flows in a circle.
Mayow, in 1674, appears to have been the first to
recognize that obstruction to blood flow out of the
heart causes ventricular dilatation [for review, see
ref. 4]. An even more important insight was
published by Morgagni, who in describing a patient
with mitral stenosis, notes the causal link between
chronic hemodynamic overloading and cardiac
hypertrophy: “...for the valvulae mitrales being
become bony, and greatly diminishing the orifice by
which blood goes into the left ventricle... the
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columnae, and fibres, of the [right] ventricle, were
become very thick... because a greater thickness of
the muscles is the consequence of their more
frequent and stronger actions. Without doubt, these
parts of the heart must have been constantly and
vehemently contracted, and exercis’d, in their effort
to thrust on so great a quantity of stagnating blood
into the pulmonary vessels, which, by reason of the
very difficult entrance into the left ventricle, did not
readily admit it...” [§]

These and other observations initiated more than
a century of discovery that highlighted changes in
the size and shape of the failing heart. Corvisart, in
1801, contrasted the clinical manifestations
associated with dilatation (eccentric hypertrophy)
of the left ventricle and those caused by concentric
hypertrophy. It quickly became apparent that
dilatation is a progressive condition, now referred
to as remodeling. Concentric hypertrophy, on the
other hand, was initially thought to be an adaptive
response that protects the patient from the adverse
effects of dilatation. However, toward the end of the
19th Century, it became clear that hypertrophy, like
dilatation, is associated with progression, and so
can be deleterious.

Architectural changes in the failing heart, like
the neurohumoral response, represent indirect
consequences of the pump abnormality. However,
unlike the functional responses described above,
hypertrophy and remodeling are not due simply to
changes in preexisting cells, but instead are caused
when transcriptional signaling alters the
composition, size, shape, and structure of cardiac
myocytes and non-myocytes. These architectural
changes, therefore, represent proliferative
(transcriptional) responses.

Functional and proliferative
responses of the failing heart

Functional and proliferative signal transduction
cascades operate over different time courses [9]. The
former rapidly stimulate chronotropy, inotropy and
lusitropy, thereby facilitating short-term “fight and
flight” responses by increasing cardiac output. In
contrast, proliferative signaling activates more slowly
developing mechanisms that allow the overloaded
heart literally to “grow its way out of trouble” (Fig. 1).
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Functional signaling, which modifies the behavior of preexisting structures by post-translational

modifications, enables an organism to survive using such responses as “fight or flight”. In the case of proliferative
signaling, transcriptional changes allow organisms to “grow their way out of trouble”. Modified from Katz,
Physiology of the Heart (3td Ed), Philadelphia, Lippincott/Williams & Wilkins, 2001.

Although p,-adrenergic stimulation, by increasing
heart rate, contractility and relaxation, is the major
mediator of the functional response that increases
cardiac output, sustained adrenergic drive in the
patient with heart failure worsens long-term
prognosis (see below). A similar dichotomy is seen in
the case of proliferative signaling; whereas the
hypertrophic response to sustained overload initially
normalizes wall stress and so is beneficial, over the
long-term this response shortens survival. It is
noteworthy that the maladaptive features of the
growth response to overload came as a surprise to
many modern investigators, even though this fact was
clearly understood by the great clinical pathologists
of the 19th Century [for review, see ref. 4].

The cardiomyopathy of overload

The deleterious consequences of cardiac
hypertrophy had attracted little notice during the
first half of the 20t Century, due largely to

developments in hemodynamic physiology. It was
not until the role of ventricular architecture in
determining wall tension (the Law of Laplace) was
rediscovered in the 1950s [10] that efforts were
made to determine whether developed stress is
abnormal in patients with valvular heart disease.
These studies, which showed that overload-induced
hypertrophy could normalize wall stress [11-13],
appeared to confirm the then prevalent (and early
19th Century) view that this growth response is
beneficial. However, Meerson’s confirmation of the
late 19th Century view that overload-induced
hypertrophy shortens survival [14] and the finding
that myofibrillar ATPase activity is reduced in
failing human hearts, a change that would reduce
myocardial contractility [15], showed that
hypertrophy can also be maladaptive.

Evidence that the same signaling processes which
stimulate hypertrophy might also accelerate
myocardial cell death indicates that the hypertrophic
response to chronic overload has features that are
similar to a cardiomyopathy [16]. This concept, of a
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Fig. 2 Functional and proliferative signaling, once believed to be mediated by two entirely different mechanisms as
shown in this figure, are now recognized to involve many "crossovers" between steps in these signal transduction
cascades. Modified from Katz, Physiology of the Heart (3t4 Ed), Philadelphia, Lippincott/Williams & Wilkins, 2001.

“cardiomyopathy of overload”, states that proli-
ferative signaling initiates a vicious cycle by causing
myocardial cell death, which increases the load on
surviving myocytes, which stimulates further
proliferative signaling, which causes more cell death.
Mechanisms that initiate this vicious cycle in the
failing heart include cell deformation, caused by
increased stretch and wall stress, which can stimulate
cell adhesion molecules and cytoskeletal proteins to
activate proliferative signal transduction cascades
[for review, see ref. 5]. Maladaptive consequences of
these proliferative signals include architectural
changes that exacerbate energy starvation, cell
elongation which accelerates remodeling, and
stimulation of pathways that induce apoptosis. The
practical importance of the concept of a “cardio-
myopathy of overload” lies in the fact that most me-
diators of the neurohumoral response, in additional
to stimulating functional responses, also activate pro-
liferative responses that contribute to the poor
prognosis in patients with heart failure. This means
that neurohumoral inhibitors can help alleviate the
vicious cycle initiated by chronic overload.
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Crossovers between
functional and proliferative signaling
in the failing heart

As recently as the early 1990s, functional and
proliferative responses were believed to be
effected by entirely different signaling pathways
(Fig. 2) [17]. It is now apparent, however, that a
number of signaling molecules initiate both types
of response, so that there are many crossovers
between functional and proliferative signaling.
Neurohumoral mediators like norepinephrine and
angiotensin II, which bind to G protein-linked
receptors, were initially identified as mediating
functional signals. It is now clear, however, that
these extracellular messengers also modify
proliferative responses once believed to be under
the “exclusive” control of enzyme-linked
receptors that activate transcriptional responses
[for review, see 18]. Conversely, tyrosine kinase
receptors once thought to mediate only
proliferative responses are now recognized to have



functional effects, such as modifying myocardial
contractility. These overlaps are amplified by
crossovers between many of the signal
transduction cascades that operate within cells.

The importance of abnormal proliferative
signaling in the failing heart was recognized only
recently, when long-term clinical trials that
examined the treatment of heart failure made it
clear that efforts to correct the obvious
hemodynamic disorders often worsen long-term
prognosis. Vasodilators, introduced to unload the
failing heart, were found in virtually every short-
term clinical study to increase cardiac output and
improve energetics; however, most direct acting
arteriolar dilators, including o-adrenergic
blockers, short-acting L-type calcium channel
blockers, minoxidil, prostacyclin, ibopamine,
moxonidine, flosequinan, and phosphodiesterase
inhibitors worsen long-term prognosis [for
review, see refs. 5, 19]. The explanation may be
that although providing an immediate clinical
improvement, by lowering blood pressure these
vasodilators also increase levels of neurohumoral
mediators like norepinephrine, angiotensin 11, and
endothelin, all of which can evoke deleterious
long-term proliferative responses. Among the
vasodilators, only angiotensin converting enzyme
(ACE) inhibitors, angiotensin II receptor
blockers, and a drug combination that includes
isosorbide dinitrate, all of which have antiproli-
ferative effects, have so far been shown to have a
survival benefit [19]. This benefit, therefore,
appears to be due to the antiproliferative effects of
these drugs, rather than their ability to reduce
afterload [20-21].

Additional evidence for the importance of
proliferative  signaling initiated by the
neurohumoral response is provided by the finding
that  blockers improve long-term prognosis [22-
25]. In spite of their negative inotropic action,
which initially worsens the hemodynamic
abnormality, these neurohumoral inhibitors inhibit
proliferative signaling and so slow, and often
reverse transiently, progressive dilatation
(remodeling) of the failing heart [for review, see
refs. 5, 26-28]. Conversely, in addition to a
proarrhythmic effect, the deleterious effects of
phosphodiesterase inhibitor inotropes [29-30] may
include their ability to stimulate maladaptive
proliferative responses. Another neurohumoral
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inhibitor recently found to prolong survival in
patients with heart failure is spironolactone, which
was introduced for the treatment of heart failure
because of its short-term diuretic effect [31]. The
long-term benefit may occur when this drug
inhibits  aldosterone-induced  proliferative
signaling in cardiac myocytes [32] and matrix
cells [33].

Conclusions

It is now clear that heart failure is much more than
a pump disorder. In most patients, the
hemodynamic abnormalities are exacerbated by the
neurohumoral response to reduced cardiac output,
which increases fluid retention, peripheral
vasoconstriction and cardiac stimulation. In
addition to the clinical worsening caused by these
functional responses, survival of patients with heart
failure is limited by the deleterious consequences of
cardiac hypertrophy. Maladaptive features of this
growth response, which is initiated by chronic
hemodynamic overloading, can be viewed as a
“cardiomyopathy of overload”.

The cardiomyopathy of overload, which is an
important determinant of survival in patients with
heart failure, can be activated by a number of
proliferative stimuli; these include chronic
mechanical deformation of the cardiac myocytes,
cytokines, and peptide growth factors. This
cardiomyopathy can also be exacerbated by
mediators of the neurohumoral response, such as
norepinephrine and angiotensin II. These
extracellular messengers, once viewed mainly as
activators of functional responses such as
increased heart rate and contractility, also activate
proliferative responses. Crossovers involving
many steps of the intracellular signaling pathways
also activate proliferative responses that, by
stimulating remodeling, apoptosis and other
features of maladaptive growth, play an important
role in determining the poor prognosis in these
patients. The improved survival observed in
clinical trials of neurohumoral blockers like ACE
inhibitors, angiotensin II receptor blockers, f3
blockers, and spironolactone can therefore be
attributed in part to their ability to block
deleterious proliferative signal transduction
pathways.

129



References

10.

11.

12.

13.

14.

15.

Withering W., An account of the foxglove and
some of its medical uses, Birmingham, Swinney,
1785

Jarcho S., The concept of heart failure. From
Avicenna to Albertini, Cambridge MA, Harvard
Univ. Press, 1980

Katz A.M., Evolving concepts of heart failure:
cooling furnace, malfunctioning pump, enlarging
muscle. Part 1. Heart failure as a disorder of the
cardiac pump, J. Cardiac Failure, 3:319-334, 1997
Katz A.M., Evolving concepts of heart failure:
cooling furnace, malfunctioning pump, enlarging
muscle. Part II. Hypertrophy and dilatation of the
failing heart, J. Cardiac Failure, 4:67-81, 1998
Katz A.M., Heart failure: pathophysiology,
molecular biology, and clinical management.
Philadelphia, Lippincott/Williams & Wilkins,
2000.

Harris P., Evolution and the cardiac patient,
Cardiovasc. Res., 17:313-319, 373-378, 437-445,
1983

Francis G.S., Goldsmith S.R., Levine T.B.,
Olivari M.T., Cohn J.N., The neurohumoral axis
in congestive heart failure, Ann. Int. Med.,
101:370-377, 1984

Morgagni J.B., The seats and causes of diseases.
Book II. On diseases of the thorax. Letter XVII,
Article 13. Tr. Alexander B. London, Millar and
Cadell, 1769

Katz A.M., Tonic and phasic mechanisms in the
regulation of myocardial contractility. Basic Res.
Cardiol., 71:447-455, 1976

Burton A.C., Physical principles of circulatory
phenomena: The physical equilibria of the heart
and blood vessels. In: Handbook of Physiology,
Section 2: Circulation, Vol. 1. Ed: Hamilton WF,
Dow P., Am. Physiol. Soc., Washington, DC, pp.
85-106, 1962

Sandler H., Dodge H.T., Left ventricular tension
and stress in man, Circ. Res., 13:91-104, 1963
Hood W.P. Jr., Rackley C.E., Rolett E.L., Wall
stress in the normal and hypertrophied human left
ventricle, Am. J. Cardiol., 22:5550-558, 1968
Grossman W., Jones D., McLaurin L.P., Wall
stress and patterns of hypertrophy in the human left
ventricle, J. Clin. Invest., 56:56-64, 1975
Meerson F.Z., On the mechanism of compensatory
hyperfunction and insufficiency of the heart, Cor et
Vasa, 3:161-177, 1961

Alpert N.R., Gordon M.S., Myofibrillar
adenosine triphosphatase activity in congestive
heart failure, Am. J. Physiol., 202:940-946, 1962

130

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Katz A.M., Cardiomyopathy of overload. A major
determinant of prognosis in congestive heart
failure, New Eng. J. Med., 322:100-110, 1990
Bourne H.R., Team blue sees red, Nature,
376:727-729, 1995

van Biesen T., Luttrell L.M., Hawes B.E.,
Lefkowitz R.J., Mitogenic signaling via G protein-
coupled receptors, Endoc. Rev., 17:698-714, 1996
Packer M., Cohn J.N., Consensus recom-
mendations for the management of heart failure,
Am. J. Cardiol. 83(Suppl 2a):1A-38A, 1999

Katz A.M., Angiotensin II: Hemodynamic
regulator or growth factor?, J. Mol. Cell. Cardiol.,
22:739-747, 1990

Katz A.M., The cardiomyopathy of overload: An
unnatural growth response in the hypertrophied
heart, Ann. Int. Med., 121:363-371, 1994

Packer M., Bristow M.R., Cohn J.N., Colucci
W.S., Fowler M.B., Gilbert E.M., Shusterman
N.H., for the US Carvedilol Heart Failure Study
Group, New Eng. J. Med., 334:1349-1355, 1996
LeChat P., Packer M., Chalon S., Cucherat M.,
Arab T., Boissel J.-P., Clinical effects of B-
adrenergic blockade in chronic heart failure,
Circulation, 98:1184-1191, 1998

CIBIS-II Investigators and Committees, The
cardiac insufficiency bisoprolol study II (CIBIS-
II): A randomised trial, Lancet, 353:9-13, 1999
Merit-HF Study Group, Effect of metoprolol
CR/XL in chronic heart failure: Metoprolol
CR/XL randomized intervention trial in congestive
heart failure (MERIT-HF), Lancet, 353:2001-
2007, 1999

Eichhorn E.J., Bristow M.R., Medical therapy
can improve the biological properties of the
chronically failing heart, Circulation, 94:2285-
2296, 1996

Mann D.L., Mechanisms and models in heart
failure: A combinatorial approach, Circulation,
100:999-1008, 1999

Chien K.R., Stress pathways and heart failure,
Cell, 98:555-558, 1999

Packer M., Carver J.R., Rodeheffer R.J,.
Ivanhoe R.J., DiBianco R., Zeldis S.M., Hendrix
G.H., Bommer W.J., Elkayam U., Kukin M.L.,
Mallis G.I., Sollano J.A., Shannon J., Tandon
P.K., DeMets D.L., Effect of oral milrinone on
mortality in severe heart failure, New Eng. J. Med.,
325:1468-1475, 1991

Cohn J.N., Goldstein S.O., Greenberg B.H.,
Lorell B.H., Bourge R.C., Jaski B.E., Gottlieb
S.0., McGrew F., Demets D.L., White B.G., A
dose-dependent increase in mortality with
vesnarinone among patients with severe heart
failure, N. Engl. J. Med., 339:1810-1816, 1998



31.

32.

Pitt B., Zannad F., Remme W.J., Cody R.,
Castaigne A., Perez A., Palensky J., Wittes J., for
the Randomized Aldactone Evaluation Study
Investigators. The effect of spironolactone on
morbidity and mortality in patients with severe
heart failure, New Eng. J. Med., 341:709-717, 1999
Bénitah J.-P., Vassort G., Aldosterone upregulated
CaZ" current in adult rat cardiomyocytes, Circ. Res.,
95:1139-1145, 1999

J.Cell Mol.Med. Vol 5, No 2, 2001

33. Zannad F., Alla F., Douset B., Perez A., Pitt B.,

on behalf of the RALES Investigators. Limitation
of excessive extracellular matrix turnover may
contribute to survival benefit of spironolactone
therapy in patients with congestive heart failure.
Insights from the Randomized Aldactone
Evaluation Study (RALES), Circulation,
102:2700-2706, 2000

131



