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ABSTRACT

The pathophysiology of sodium and water retention in
heart failure is characterized by a complex interplay of
hemodynamic and neurohumoral factors. Relative arterial
underfilling is an important signal that triggers heart fail-
ure-related sodium and water retention. The response to
perceived arterial underfilling is modulated by the level of
neurohormonal activation, the degree of renal vasocon-
striction, and the extent to which renal perfusion pressure
is reduced. Sodium retention can also be exceeded by
water retention, with the result being dilutional hypona-
tremia. Sodium and water retention in heart failure also
function to dampen the natriuretic response to diuretic
therapy. The attenuated response to diuretics in heart fail-
ure is both disease-specific and separately influenced by
the rate and extent of diuretic absorption, the rapidity of
diuretic tubular delivery, and diuretic-related hypertrophic
structural changes that surface in the distal tubule.

KEY POINTS

Neurohormonal systems activated in the course of heart
failure promote renal sodium and water retention.

The sodium and water retention observed in heart failure is
exaggerated by any reduction in glomerular filtration rate.

Diuretic dose-response relationships in heart failure are
abnormal, resulting in a higher threshold for effect and a
lesser peak effect.

Ineffective rates of urinary diuretic excretion result from
poor and incomplete absorption of loop diuretics.

*Dr. Sica reported that he has no financial relationships that pose a potential con-
flict of interest with this article.

CLEVELAND CLINIC JOURNAL OF MEDICINE

VOLUME 73 =« SUPPLEMENT 2

HE PATHOPHYSIOLOGY OF heart failure

involves the activation and interplay of
multiple neurohumoral and cellular systems
(Figure 1).* Pathobiologically important
alterations in the sympathetic nervous system,
the renin-angiotensin-aldosterone system
(RAAS), the vasopressin axis, and vasodilatory/
natriuretic pathways have been described in
heart failure. These disturbances are translat-
ed at the renal circulatory and tubular level in
such a way that avid retention of sodium and
water occurs.*

The blend of neurohumoral events that typ-
ically occurs in patients with heart failure pro-
duces uncertainty at the bedside because no one
neurohumoral pathway is routinely the domi-
nant factor in heart failure. As such, multiple
mechanistic-based treatments can directly or
indirectly influence sodium and water balance.
These include beta-adrenergic receptor antago-
nism, angiotensin-converting enzyme (ACE)
inhibition, and/or aldosterone receptor antago-
nism, as well as natriuretic peptides.

m ARTERIAL UNDERFILLING

The state of the arterial circulation, as gov-
erned by cardiac output and peripheral vascu-
lar resistance, is the chief determinant of sodium
and water retention in heart failure.? In par-
ticular, either a primary decrease in cardiac
output or arterial vasodilatation brings about
arterial underfilling, which activates neurohu-
moral reflexes that in turn incite sodium and
water retention. These linked developments
explain why plasma and blood volume
increase in patients with heart failure,
whether associated with low or high cardiac
output, since otherwise normal kidneys per-
sistently retain sodium and water.>*

The question of what constitutes the afferent
signal for continued retention of sodium and
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water by the kidney in heart failure has been
debated for years. An intrinsically normal kid-
ney continues to retain sodium and water,
despite expansion of extracellular fluid volume
in heart failure, which implies that it must be
responding to “inadequate” signals from the
volume regulatory system. This suggests that
some sensor in the vascular tree is “underfilled”
or that some process for detecting body fluid
appropriateness fails to perceive the elevated
circulating volume. This arterial underfilling is
picked up on by baroreceptors in the left ven-
tricle, the aortic arch, the carotid sinus, and the
renal afferent arterioles. Decreased activation
of these receptors during the evolution of arte-
rial underfilling leads to compensatory neuro-
humoral responses, which include stimulation
of the sympathetic nervous system, activation
of the RAAS, and nonosmotic release of vaso-
pressin. These compensatory responses pre-
serve circulatory integrity by increasing periph-
eral and renal vascular resistance and by foster-
ing renal sodium and water retention.*

Importance of GFR
The level of renal function is an important
determinant of sodium and water excretion.
The basis for sodium and water retention
when heart failure first manifests relates to ele-
ments other than a reduced glomerular filtra-
tion rate (GFR). Over time, however, a gradu-
ally falling GFR, either in association with
heart failure progression or relating to medica-
tion effects on the level of renal function,
becomes more critical in sodium and water
retention. Although serum creatinine values
have often been offered as a good gauge of
renal function, in most cases “true” renal func-
tion is appreciably lower than the “eyeball”
estimate derived from a specific serum creati-
nine value.® In the heart failure patient with
progressive renal disease, diuretics generally
become less effective in that the filtered load
of sodium drops in parallel with a falling GFR.®
In other instances, transient changes in
GFR, provoked by hemodynamic change, can
attenuate the natriuretic response to a loop
diuretic.”® For example, the reduction in blood
pressure that occurs with ACE inhibitor ther-
apy can reduce renal perfusion pressure (and
GFR) to such a degree that diuretic action is
significantly weakened.” Also, diuretic infu-
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FIGURE 1. Efferent pathways in the sympathetic nervous system are activated

in heart failure. Sympathetic nervous system activity contributes to peripheral

and renal vasoconstriction and to sodium and water retention. Activation of renal

sympathetic nerves leads to angiotensin Il release, stimulating the renin-

angiotensin-aldosterone system. Sympathetic stimulation also prompts release of
arginine vasopressin, excess levels of which lead to water retention and hypona-

tremia. Angiotensin Il acts as a potent vasoconstrictor, stimulates aldosterone

release from the adrenal gland, and promotes renal tubule sodium reabsorption.

Aldosterone increases reabsorption of sodium in the collecting duct.

sions may diminish the early, volume-inde-
pendent activation of the RAAS triggered by
the rapid increase in plasma loop diuretic con-
centration after bolus loop diuretic therapy.
Interestingly, activation of the RAAS by
loop diuretic therapy is accompanied by dele-
terious hemodynamic effects.® Under these
conditions, cardiac output, renal blood flow,
and GFR can decrease, diminishing tubular
delivery of the diuretic in the process.

®m  RENIN-ANGIOTENSIN-ALDOSTERONE AXIS

The kidney contains all elements of the RAAS
and is functionally independent in its genera-
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Role of angiotensin Il in glomerular function

A Untreated heart failure
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B Treated heart failure
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FIGURE 2. The glomerulus in untreated (A) and treated (B) heart failure. In untreated disease, release of angiotensin Il causes efferent arterio-
lar constriction. Constriction of the draining arteriole increases glomerular pressure, allowing for a normal glomerular filtration rate. In heart

failure treated with ACE inhibitor or angiotensin receptor blocker therapy, decreased afferent arteriolar blood flow, together with efferent arteri-
olar dilation, can decrease glomerular pressure.
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tion of angiotensin 1. Angiotensin I, whether
autocrine or paracrine in origin, has stimulatory
effects on sodium transport in multiple nephron
segments. This occurs by way of binding to plas-
ma membrane angiotensin type 1 (AT1) recep-
tors in the proximal tubule and cortical collect-
ing duct.®*® In contrast to the stimulatory effects
of AT1 receptors on sodium transport, angio-
tensin type 2 receptor stimulation is linked to
increased urinary sodium excretion.™

The excess of angiotensin Il in heart failure
also has hemodynamic/cellular effects that
influence renal handling of sodium and water.
These include systemic vasoconstriction with
an increase in afterload, efferent (postglomeru-
lar) arteriolar vasoconstriction, mesangial cell
contraction, an increase in aldosterone and
endothelin concentrations, and a strong stim-
ulus to thirst (despite the typically low serum
osmolality in heart failure).®*® Of note, local
within-organ RAAS activation can explain
the sodium retention, which can be seen
occasionally in the absence of alterations in
the circulating hormone.

Administration of an ACE inhibitor or an
angiotensin receptor blocker in patients with
low-output heart failure can either improve
renal function (and facilitate sodium excre-
tion)* or, in the case of patients with precari-
ous renal hemodynamics, lead to deterioration
in renal function (and have little effect, if not
an adverse effect, on sodium balance).”® For
example, in untreated low-output forms of
heart failure, the reduced ejection fraction and
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the ensuing decrease in afferent arteriolar
blood flow are stimuli for localized release of
angiotensin 1l (Figure 2A), which then pref-
erentially constricts the efferent (postglomeru-
lar) arteriole. With efferent arteriolar constric-
tion, hydrostatic pressures within the glomeru-
lus are maintained—hence the concept of a
preserved GFR despite a low-flow state.

When an ACE inhibitor or an angiotensin
receptor blocker is administered in such a set-
ting, the ensuing abrupt decrease in angio-
tensin 1l production (or activity) gives rise to
abrupt dilation of the efferent arteriole
(Figure 2B). In combination with a reduction
in systemic blood pressure, this hemodynamic
adjustment reduces hydrostatic pressures and
glomerular filtration plunges.”

m SYMPATHETIC NERVOUS SYSTEM ACTIVITY

Heart failure is characterized by heightened
sympathetic nervous system activity, particu-
larly directed to the heart and kidneys."
Although such neurohormonal activation
initially helps to maintain systemic blood
pressure and perfusion to vital organs, it is
maladaptive in the long term.”

Increases in renal sympathetic nerve activity
decrease urinary sodium and water excretion
by increasing renal tubular sodium and water
reabsorption throughout the nephron,
decreasing renal blood flow and GFR by renal
vasoconstriction, and increasing activity of the
RAAS by stimulating renin release from jux-
taglomerular granular cells. Thus, sympathetic
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activation can be viewed as one of several con-
tributors to the avid renal sodium and water
retention in patients with heart failure.”® In
this regard, renal denervation has been shown
to decrease sodium retention in experimental
heart failure. Of note, this process may not be
altered by alpha- and/or beta-blockade,
although this remains controversial.’**

If improvements in sodium and water han-
dling occur with alpha- and/or beta-blockade,
improvements in both renal hemodynamics
(cardiac-related) and renal sodium excretory
capacity (decrease in renal sympathetic nerve
activity, RAAS activity, or both) are likely
factors."

m WATER HANDLING IN HEART FAILURE

Water excretion occurs through a series of
coordinated actions involving the glomerulus,
the proximal tubule, the nephron diluting seg-
ment, and the distal tubule and collecting duct.

The glomerulus and proximal tubule oper-
ate in tandem to provide sufficient amounts of
iso-osmotic ultrafiltrate to be processed by the
diluting regions of the kidney. The ability to
produce maximal free water clearance (urine
osmolality of = 50 mOsm/kg) once ultrafil-
trate has proceeded past the proximal tubule
is then a function of two axially distinctive
processes. First, the distal diluting segments
must be functional so that sodium and chlo-
ride can be extracted. Second, antidiuretic
hormone (also known as arginine vasopressin
[AVP]) must be suppressed so that free water
generated at the distal diluting sites is not
reabsorbed in the collecting system.*®

A failure of one or more of these factors can
impede the production of dilute urine, leading
to progressive extracellular fluid volume expan-
sion, hypo-osmolality, and dilutional hypona-
tremia. In heart failure, some or all of the
requirements for excretion of maximally dilute
urine may be compromised, opening the way to
hyponatremia. This imbalance is much less
common in mild to moderate heart failure but
becomes more likely as cardiac output falls with
more severe disease. Patients with severe heart
failure may develop dilutional hyponatremia
with as little as 1 to 2 L of water intake a day.

The profound reduction in cardiac output
in severe heart failure is an important mecha-
nistic prompt for the development of hypona-
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tremia. As cardiac output drops, renal blood
flow and GFR follow suit. This reduces the
rate of solute and water delivery to the distal
diluting segment of the nephron, impairing
the kidney’s ability to excrete dilute urine. At
the same time, enhanced fractional reabsorp-
tion in the proximal tubule diverts even more
sodium and water from the diluting sites, fur-
ther impairing the production of dilute urine.*

Hormonal abnormalities are also impor-
tant contributors to abnormal water balance
in heart failure. The RAAS is activated early
in the course of heart failure, particularly
when diuretics are used. Angiotensin Il facil-
itates the retention of sodium and water by
multiple renal mechanisms. These mecha-
nisms include an increase in efferent arterio-
lar tone (which indirectly promotes sodium
and water absorption via the accompanying
rise in the filtration fraction) and a direct
proximal tubular effect. Angiotensin Il also
stimulates the thirst center of the brain and
provokes the release of arginine vasopressin.

The decrease in effective arterial filling in
heart failure contributes to the breakdown of
baroreceptor-mediated suppression of AVP
release. Since defective baroreceptor stimula-
tion of AVP release overrides its inhibition by
a hypo-osmolar state, patients with severe
heart failure may have elevated levels of cir-
culating AVP.***

Although the concentration of AVP is not
uniformly elevated in heart failure, even in the
presence of hyponatremia, of equal importance
is that concentrations of this water-retaining
hormone are not totally suppressed as they
should be in the setting of plasma hypo-osmo-
lality. AVP levels typically are not suppressed
appropriately with a water load in heart failure;
however, there exists a subset of patients with
heart failure in whom water loading results in
appropriate reduction in AVP#? The elevated
or “normal” levels of AVP in the presence of
hyponatremia suggest that nonosmotic mecha-
nisms for vasopressin release are essential fac-
tors in the hyponatremia that is characteristic
of the complex heart failure syndrome.

m REFRACTORINESS TO DIURETICS
IN HEART FAILURE

The relationship between urinary sodium
excretion and the urinary diuretic excretion
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rate is blunted in patients with heart failure
compared with normal subjects. Typically,
heart failure patients with mild to moderate
disease have a response that is one fourth to
one third of that normally observed with
maximally effective doses of loop diuretics.
The response in patients with more severe
disease is smaller yet.®#

The reason for this attenuated response to
loop diuretics in heart failure is threefold:

= Heart failure is characterized by an excess
reabsorption of filtrate in the proximal tubule.
This phenomenon substantially reduces deliv-
ery of filtrate to the thick ascending limb and
distal tubule, which is where a loop or thia-
zide-type diuretic would be expected to work.
Therapies that decrease proximal tubular fil-
trate reabsorption can occasionally restore
some level of diuretic responsiveness.”

e There is a disease-state—specific effect
such that diuretic activity is attenuated in the
thick ascending limb of the loop of Henle.
One possible explanation for this is altered
expression or activity of the Na'-K*-2CI-
transporter at the loop of Henle.”

= Mechanisms are activated distal to the
thick ascending limb of Henle (ie, aldos-
terone) that check elimination of the filtered
load that would otherwise escape absorption
in the thick ascending limb.*

The result of these processes is refractoriness
to all diuretics, whether given orally or intra-
venously. Diuretics with unpredictable absorp-
tion, such as furosemide and metolazone, are
associated with a different form of diuretic
resistance—ie, failure to rapidly achieve the
plasma level needed for efficient diuretic deliv-
ery.?’# The loop diuretic torsemide, which is
well and rapidly absorbed, is not associated
with this form of resistance.”

m CONSIDERATIONS IN DIURETIC DOSING

There exists a unique and clinically relevant
time course of urinary drug delivery at which
the natriuretic response to a loop diuretic is
optimized. This rate of drug delivery resides on
the steep portion of the sigmoid diuretic dose-
response curve, between the threshold concen-
tration (or minimally effective dose) and the
plateau concentration (or dose beyond which
no additional efficacy is gained by an increase
in the rate of tubular diuretic delivery).
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Find the threshold rate

Typically, the dose-response curve for patients
with heart failure is shifted downward and
rightward. The clinical implication of this dis-
ease-based restructuring of the dose-response
relationship is that the threshold for effect is
noticeably increased. Failure to titrate the
dose of a diuretic to this threshold is a com-
mon error in heart failure therapy. If this cir-
cumstance goes unrecognized, this inadequate
dose is repeated unwittingly throughout the
day, and with each succeeding dose there is a
continued minimal response. A more prudent
approach is to titrate the loop diuretic dose
upward until a diuretic response is clearly
established. Thereafter, the dosing frequency
can be safely determined by clinical need.®

Diuretic rotation

In diuretic-resistant patients, rotation of loop
diuretics within a class has been suggested as
another means of reestablishing response.
Anecdotal observations suggest that patients
who are refractory to furosemide may experi-
ence spontaneous diuresis when given
torsemide, bumetanide, or ethacrynic acid.
This phenomenon has not been critically
examined, however. When diuretics are
rotated this way, the rate and extent of
diuretic absorption potentially varies among
class members, and a different and more effi-
cient time course of urinary drug delivery
ensues. Alternatively, when intravenous loop
diuretics are rotated, “improved” hemo-
dynamic conditions often allow a diuresis to
be established when a patient had otherwise
been resistant to diuretic effect.®

m STRUCTURAL EFFECT OF CHRONIC LOOP
DIURETIC USE

Recently, attention has centered on a series of
compensatory processes that take place in the
distal tubule following long-term diuretic ther-
apy. As loop diuretics repetitively expose distal
tubular cells to sodium, these cells undergo
morphologic adaptation fueled by the need for
increased cellular sodium reabsorption. As dis-
tal tubular sodium absorption increases, the
number of membrane Na*-K*-ATPase pumps
on the basolateral membrane surface dramati-
cally increases. For example, when animals are
infused with furosemide, both the size of the
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distal tubular cells and their ability to trans-
port sodium chloride increases substantially.
As a result of this increased sodium reabsorp-
tive capacity, any previously established dose-
response relationship for a loop diuretic deteri-
orates in favor of considerably less sodium
chloride reaching the final urine, despite con-
tinued adequate drug delivery.

Diuretics that are active at the distal
tubule, such as thiazide diuretics, not only
block the increase in sodium chloride trans-
port but may also prevent cellular hypertrophy
or cause its regression. Reversing this sequence
of events is but one of several explanations
for the diuretic synergy that occurs with
coadministration of a distal tubular diuretic,

such as metolazone, with a loop diuretic.”’

® SUMMARY

Sodium and water handling becomes abnor-
mal early in the development of heart failure.
This tendency to retain sodium and water is
a byproduct of a complex interplay between
hemodynamic forces and the often generous
increase in neurohumoral factors, cytokines,
and growth factors that marks this disease.
The abnormal sodium and water handling in
untreated heart failure carries over to the
response to diuretics as well. Diuretic resist-
ance in heart failure is a byproduct of multi-
ple factors, and its management can prove
quite challenging.
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