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Most accepted pharmacologic treatments for heart failure 
are supported by evidence from large clinical trials. In contrast, evidence 
from large, well-controlled clinical trials to guide the use of diuretics, 

among the most frequently used drugs in heart failure, is generally lacking. Fluid 
retention and congestion are hallmarks of heart failure, and they are associated 
with both severe symptoms and poor outcomes.1 Given the centrality of congestion 
to both symptoms and outcomes, diuretics remain cornerstones of management 
of heart failure.2 Although routine diuretic treatment of heart failure may appear 
to be uncomplicated, questions abound about how best to use diuretics, particularly 
in patients with acute decompensated heart failure and diuretic resistance. In this 
review, we discuss current pharmacologic principles of diuretic therapy, integrate 
data from recent research, and suggest evidence-based approaches to diuretic 
treatment of heart failure.

Ph a r m acol o gic Ch a r ac ter is tics of L o op Diur e tics

Furosemide, bumetanide, and torsemide are prototypical loop diuretics; these agents 
bind to the translocation pocket at the extracellular surface of sodium–potassium–
chloride cotransporters (NKCCs), blocking ion transport directly3 (Fig. 1). Loop 
diuretics inhibit the NKCC2 at the apical surface of thick ascending limb cells 
along the loop of Henle (the gene that encodes this transporter is SLC12A1). This 
transporter reabsorbs (directly and indirectly) up to 25% of filtered sodium and 
chloride; its blockade is responsible for most natriuretic effects of loop diuretics.

Loop diuretics also inhibit the same symporter at the apical membrane of 
macula densa cells, stimulating renin secretion4 and inhibiting tubuloglomerular 
feedback, which normally suppresses glomerular filtration when salt delivery to 
the macula densa increases (Fig. 1).5 These two additional effects may be both 
salutary and harmful because elevated plasma renin activity increases the level of 
angiotensin II, whereas blocking tubuloglomerular feedback helps to maintain the 
glomerular filtration rate.

These agents also inhibit a second sodium–potassium–chloride symporter iso-
form, NKCC1 (gene SLC12A2), which is widely expressed throughout the body, 
including in the ear; this probably explains the ototoxicity of loop diuretics.6 When 
administered intravenously, loop diuretics cause vasodilation, in part by inhibiting 
the NKCC1 in vascular smooth-muscle cells.7 NKCC1 is also expressed by cells of the 
afferent arteriole and in the extraglomerular mesangium (cells near the macula 
densa), where it suppresses basal renin secretion8; thus, NKCC1 blockade may also 
contribute to elevation of renin secretion and generation of angiotensin II.

Loop diuretics have complex effects on renal and systemic hemodynamics, 
which are influenced by the dose and route of administration, concomitant disease 
and treatment, and long-term use. These diuretics activate the renin–angiotensin–
aldosterone system and dilate blood vessels directly, but they also increase the 
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Figure 1. Mechanisms of Loop Diuretic Action and Resistance.

As shown in Panel A, loop diuretics circulate bound to protein. As shown in Panel B, they are secreted into the tubule lumen by organic 
anion transporters (OAT1 and OAT2) at the basolateral membrane and by multidrug resistance–associated protein 4 (and others) at the 
apical membrane. As shown in Panel C, diuretics compete with chloride for binding to sodium–potassium–chloride cotransporter 2 (NKCC2), 
which is also present at the macula densa. Abnormalities at each step can mediate diuretic resistance.
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level of vasodilatory prostaglandins and the 
pressure within the proximal tubule.7 Some of 
these effects counteract each other; accordingly, 
high-dose intravenous loop diuretics can decrease 
or increase arterial pressure, increase or de-
crease stroke volume,9 and decrease renal blood 
flow. It is difficult to predict which effects will 
predominate in a given patient.

Loop diuretics are organic anions that circu-
late bound to proteins (>90%), limiting their 
volumes of distribution. Thus, loop diuretics do 
not enter tubular fluid by means of glomerular 
filtration but, rather, require secretion across 
proximal tubular cells, through organic anion 
transporters and the multidrug resistance–
associated protein 4 (Fig. 1).10 Genetic deletion 
of organic anion transporters in mice leads to 
diuretic resistance,11,12 a phenomenon mimicked 
in humans, when nonsteroidal antiinflammato-
ry drugs or endogenous uremic anions compete 
for loop diuretic secretion through transporters 
(Table 1).

Ph a r m acok ine tic 
Ch a r ac ter is tics of L o op 

Diur e tics

Loop diuretics have steep dose–response curves, 
with plateaus often reached at commonly used 
doses (Fig. 2A). These agents are often called 
threshold drugs, suggesting that increasing doses 
beyond a “ceiling” will not increase their effect. 
Although this is true of natriuretic efficiency, 
Figure 2B shows that increasing the dose above 
this nominal “ceiling” can cause additional natri-
uresis by increasing the time during which the 
plasma diuretic concentration exceeds the natri-
uretic threshold, which makes it appear as if a 
ceiling does not exist. When administered orally, 
furosemide has limited and highly variable bio-
availability (mean, approximately 50%; range, 10 to 
90).14 Food intake delays furosemide absorption,15 
reducing its peak concentration. Since the half-
life of furosemide excretion is shorter than its 
gastrointestinal rate of absorption, the drug has 
absorption-limited pharmacokinetic features,15 
meaning that the apparent half-life after oral use 
is longer than the excretion half-life. In patients 
with preserved kidney function, intravenous doses 
of furosemide are approximately twice as potent 
on a per-milligram basis as oral doses. In con-
trast, when sodium retention is more avid, as in 
acute decompensated heart failure, a higher peak 
level may be required and an intravenous dose 
may become even more effective than an oral 
dose (Fig.  2B). Although gut edema and low 
duodenal blood flow do not typically affect oral 
bioavailability (the amount absorbed relative to 
the amount ingested), they slow absorption, there-
by reducing peak plasma levels and contributing to 
diuretic resistance (Fig. 2B).16

Bumetanide and torsemide, two other loop 
diuretics, have higher and more consistent oral 
bioavailability than furosemide (>90%), and they 
do not have absorption-limited kinetics, making 
oral and intravenous doses similar. Although 
bumetanide and torsemide are both well ab-
sorbed, torsemide has a longer half-life in patients 
with heart failure (6 hours) than furosemide (2.7 
hours, although this half-life is prolonged in 
patients with chronic kidney disease17) or bu-
metanide (1.3 hours).18 Since a longer half-life 
reduces the time during which a diuretic level is 
below the natriuretic threshold (Fig.  2C), one 
might expect that torsemide should be more ef-

Inadequate dose of diuretic

Nonadherence

Not taking drug

High sodium intake

Pharmacokinetic factors

Slow absorption of diuretic because of gut edema

Impaired secretion of diuretic into the tubule lumen

Chronic kidney disease

Aging

Drugs

Nonsteroidal antiinflammatory drugs*

Probenecid

Hypoproteinemia

Hypotension

Nephrotic syndrome

Antinatriuretic drugs

Nonsteroidal antiinflammatory drugs*

Antihypertensive agents

Low renal blood flow

Nephron remodeling

Neurohormonal activation

*	�These drugs inhibit the efficacy of loop diuretics through 
several mechanisms.

Table 1. Causes of Diuretic Resistance.
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fective during typical dosing regimens; however, 
data to support this possibility are limited.19 A 
systematic analysis of the effectiveness of torse-
mide as compared with furosemide suggested 
that torsemide reduced hospital readmissions 
for heart failure.20 However, available data are 
limited, and the question is well suited for de-
finitive clinical trials.21

The goal of loop-diuretic treatment in heart 
failure is not simply to increase urinary excre-
tion of sodium chloride, but rather to achieve 
negative short-term sodium chloride and water 

balance (here termed decongestion) and, in the 
longer term, to reduce extracellular fluid volume. 
Because the half-lives of loop diuretics are shorter 
than typical dosing intervals (often twice daily), 
and because these agents inhibit solute trans-
port primarily along only one of several sodium-
reabsorbing nephron segments, their effects on 
extracellular fluid volume are complex.

A dose of a loop diuretic increases urinary 
excretion of sodium chloride for several hours, 
but this is then followed by a period of very low 
sodium excretion, often termed “post-diuretic 

Figure 2. Pharmacokinetic and Pharmacodynamic Properties of Loop Diuretics.

Panel A shows how acute decompensated heart failure (ADHF) shifts the relation between the log of the plasma 
diuretic concentration ([Diuretic]P) and sodium chloride excretion to the right and reduces the “ceiling” natriuresis. 
Panel B shows the plasma concentration of loop diuretic [Diuretic]P as a function of time after an intravenous or 
oral dose. The natriuretic threshold (dashed lines) is higher in patients with ADHF than in healthy persons. Natri-
uresis is a function of the time above the natriuretic threshold. Panel C shows the effects of repeated daily doses  
of a loop diuretic (LD) on NaCl excretion, viewed in 6-hour blocks. Post-diuretic NaCl retention and the braking 
phenomenon are shown. To be effective, natriuresis must exceed antinatriuresis. These relationships apply in 
chronic heart failure, but they may be altered in ADHF.13
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sodium retention.” To induce negative sodium 
chloride balance, the excretion of sodium chlo-
ride during 24 hours must exceed its intake. 
When dietary sodium chloride intake is high, 
post-diuretic sodium retention will offset the 
initial natriuresis, especially if the dosing inter-
val is long. In contrast, low intake of sodium 
chloride permits urinary sodium excretion to ex-
ceed intake (Fig. 2C). The difference in these ef-
fects on extracellular fluid volume underscores the 
importance of dietary intake of sodium chloride, 
the drug half-life, and the dosing interval, espe-
cially in patients with chronic heart failure.22

When extracellular f luid volume declines, a 
second type of adaptation occurs, during which 
the natriuretic response to each dose of diuretic 
decreases; this is frequently termed the “braking 
phenomenon” (Fig. 2C), and it may involve acti-
vation of the sympathetic nervous system, activa-
tion of the renin–angiotensin–aldosterone system, 
nephron remodeling (hypertrophy of the distal 
nephron, as discussed below), and depletion of 
extracellular fluid volume itself.23 If braking did 
not occur, long-term diuretic treatment would 
cause relentless contraction of extracellular fluid 
volume, but when this occurs in patients with 
persistent congestion, it contributes to diuretic 
resistance. Thus, the same mechanisms may con-
tribute to both diuretic resistance and diuretic 
adaptation.

Use of L o op Diur e tics 
in Patien t s w i th Acu te 

Decompens ated He a rt Fa ilur e

The limited evidence to guide diuretic use in 
patients with heart failure in general is reflected 
in contemporary practice guidelines, which give 
diuretics a class I recommendation, but it is based 
on level B or level C evidence.24,25 Furthermore, 
high doses of diuretics, which stimulate the renin–
angiotensin–aldosterone and sympathetic nervous 
systems, have been associated with poor out-
comes, raising the possibility that high doses 
should be avoided.26-28 The Diuretic Optimization 
Strategies Evaluation (DOSE) trial evaluated the 
approach to diuretic dosing and the route of 
administration in patients with acute decompen-
sated heart failure.29 With the use of a 2-by-2 
factorial design, 308 patients with acute decom-
pensated heart failure were randomly assigned 

to receive furosemide administered intravenous-
ly as twice-daily boluses or as a continuous infu-
sion, and to either “low doses” (equivalent to the 
patient’s previous oral dose) or “high doses” (2.5 
times the previous oral dose). Furthermore, all 
patients received both intravenous boluses every 
12 hours and a continuous infusion, one of which 
contained furosemide and the other a saline 
placebo (in a factorial double-dummy design).29

Although differences in the patients’ global 
assessment of symptoms (a coprimary end point) 
did not reach statistical significance, the high-dose 
group had more favorable outcomes with regard 
to several prespecified secondary measures, 
including relief from dyspnea, change in weight, 
and net f luid loss. Worsening renal function 
(the other coprimary end point), defined as an 
increase in the serum creatinine level of more 
than 0.3 mg per deciliter (26.5 μmol per liter) 
within 72 hours after randomization, tended to 
occur more often in the high-dose group than in 
the low-dose group; however, the subsequently 
published results of a post hoc analysis suggested 
that an initial increase in the serum creatinine 
level in that trial was associated with better, 
rather than worse, long-term clinical outcomes.30

Other data sets have also suggested that 
worsening renal function during therapy for heart 
failure may not portend a poor prognosis when 
it occurs in patients with effective deconges-
tion.31-33 Although activation of the renin–angio-
tensin–aldosterone system has been suggested to 
be an adverse consequence of use of high-dose 
diuretics, randomization to the high-dose regi-
men in the DOSE trial did not lead to greater 
activation of the renin–angiotensin–aldosterone 
system than randomization to the low-dose regi-
men, although the analysis was limited by lack 
of standardization of timing and the inherent 
variability of measurements of plasma renin ac-
tivity.34 Thus, although observational data sug-
gest that high doses of diuretics are associated 
with increased mortality among patients with 
heart failure,27 the DOSE trial suggests that such 
an approach to the treatment of heart failure is 
reasonable. Although the DOSE trial was the 
largest randomized trial assessing diuretic strat-
egies in patients with heart failure, it was a single 
modestly sized study that was not powered to 
evaluate clinical outcomes.

In the DOSE trial, there was no significant 
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difference between the bolus and continuous ap-
proaches with respect to the primary end points: 
the patients’ global assessment of symptoms 
and the change in the serum creatinine level at 
72 hours; these findings were confirmed in a 
subsequent smaller trial.35 Thus, these data alone 
do not provide support for the use of continuous 
infusions of diuretics for acute decompensated 
heart failure. However, several caveats should be 
mentioned. In the DOSE trial, continuous infu-
sions were not routinely preceded by loading 
doses, which speed the achievement of a steady-
state level.18 In addition, the initial rates of furo-
semide infusion averaged 5 mg per hour (the 
low-dose regimen) and 10 mg per hour (the high-
dose regimen), which are lower than often recom-
mended18 (Table 2). Furthermore, the population 
studied was not selected for resistance to diuret-
ics and had a mean serum creatinine level of 
1.5 mg per deciliter (132.6 μmol per liter); thus, 
these patients did not have marked kidney dys-
function. Therefore, although initial treatment 
with furosemide at a daily dose of 2.5 times the 
previous oral dose administered as twice-daily 
boluses is a reasonable initial strategy for most 
patients, ongoing assessment of clinical response 
is imperative, and patients with specific clinical 
scenarios (e.g., as diuretic resistance, the cardio-
renal syndrome, and severe right ventricular dys-
function) may have a better response to continuous 
infusion therapy than to boluses, as discussed 
below.

A dj unc t s t o Diur e tic Tr e atmen t

Although retention of renal sodium chloride is 
the major determinant of congestion in heart 
failure, hyponatremia, indicating water accumu-
lation, is common and portends a poor progno-
sis.38 The oral vasopressin-2 receptor antagonist 
tolvaptan inhibits the action of antidiuretic 
hormone and increases excretion of free water 
(aquaresis).39 The large-scale Efficacy of Vaso-
pressin Antagonism in Heart Failure: Outcome 
Study with Tolvaptan (EVEREST), which evalu-
ated patients who were hospitalized for heart 
failure (with or without hyponatremia), did not 
show superiority of tolvaptan over placebo with 
respect to long-term clinical outcomes, although 
potentially beneficial effects with respect to vol-
ume status and symptoms were observed in the 

initial days of treatment.40 Subsequently, smaller 
trials, which focused on the use of tolvaptan in 
patients with lower plasma sodium levels than 
those in EVEREST in order to achieve short-term 
decongestion, did not show a significant reduc-
tion in symptoms or an improvement in clinical 
outcomes, although these patients had greater 
weight and fluid loss than those in EVEREST.41,42

Low renal blood flow contributes to sodium 
retention in acute decompensated heart failure 
by limiting sodium filtration, increasing sodium 
reabsorption, and reducing renal delivery of di-
uretics to the proximal tubule. Since dopamine 
increases renal blood flow and excretion of uri-
nary sodium at low doses,43,44 it might therefore 
augment natriuresis. Similar considerations apply 
to natriuretic peptides. In the Renal Optimiza-
tion Strategies Evaluation in Acute Heart Failure 
(ROSE-AHF) trial, 360 patients who were hospi-
talized for acute decompensated heart failure 
with impaired renal function were randomly 
assigned to furosemide plus dopamine infusion 
(at a dose of 2 μg per kilogram of body weight 
per minute), nesiritide (at a dose of 0.005 μg per 
kilogram per minute), or placebo.45 Neither ac-
tive drug affected the coprimary end points of 
urine volume or change in cystatin C level dur-
ing the ensuing 72 hours. Furthermore, despite 
the low dose, dopamine infusion was associated 

Level Furosemide Metolazone†

Previous Oral Dose‡ Bolus Infusion Rate Oral Dose

1 ≤80 mg 40 mg 5 mg/hr NA

2 81–160 mg 80 mg 10 mg/hr 5 mg daily

3 161–240 mg 80 mg 20 mg/hr 5 mg twice daily

4 >240 mg 80 mg 30 mg/hr 5 mg twice daily

*	�The goal of treatment is a daily urine volume of 3 to 5 liters until clinical euvolemia 
is reached. The initial approach may involve the intravenous administration 
(in two doses) of 2.5 times the patient’s previous oral daily dose of furosemide 
or alternatively the infusion approach described above. The diuretic level can 
be increased daily to achieve urinary output between 3 and 5 liters per day by 
moving to the next step if the urinary output remains less than 3 liters. NA 
denotes not applicable.

†	�Hydrochlorothiazide (at a dose of 50 mg twice daily) or chlorthalidone (at a 
dose of 50 mg daily) may be substituted for metolazone. Adapted from Grodin 
et al.36 and Bart et al.37 The full algorithm includes additional considerations 
for vasodilator, inotropic, or mechanical therapy in patients who do not have 
a response within 48 hours.

‡	�A dose of 40 mg of furosemide is considered to be equivalent to 1 mg of bu-
metanide or 20 mg of torsemide.

Table 2. Stepped-Care Pharmacologic Approach.*
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with tachycardia (7% in the dopamine group vs. 
1% in the placebo group, P<0.001). A post hoc 
subgroup analysis suggested that the effects of 
low-dose dopamine differed according to subtype 
of heart failure. In patients who had heart failure 
with reduced ejection fraction, dopamine may 
have enhanced decongestion and improved the 
prognosis; this provides an impetus to further 
study.46

Although nearly all patients with heart failure 
with reduced ejection fraction receive drugs that 
block the renin–angiotensin–aldosterone system, 
aldosterone breakthrough is common.47 Mineralo-
corticoid antagonists such as spironolactone de-
crease mortality among patients who have heart 
failure with reduced ejection fraction, but they 
are used at low doses (e.g., 25 mg) to avoid hy-
perkalemia. Several small studies suggested that 
higher “natriuretic doses” of mineralocorticoid 
antagonists might decrease congestion in acute 
decompensated heart failure.48 In the ATHENA-HF 
study (Study of High-dose Spironolactone vs. Pla-
cebo Therapy in Acute Heart Failure), 360 patients 
with acute decompensated heart failure and con-
gestion were randomly assigned to spironolac-
tone (at a dose of 100 mg daily) for 96 hours or 
placebo (low-dose spironolactone was contin-
ued).49 Spironolactone did not improve the pri-
mary end point of decongestion (as measured 
according to the change in the N-terminal pro–
B-type natriuretic peptide level) or secondary 
end points, including improvement in symptoms 
and decongestion. The plasma potassium con-
centration was not affected, however, suggesting 
incomplete mineralocorticoid receptor blockade.

When diuretics do not achieve decongestion 
despite the use of maximal doses, the patient is 
typically said to be diuretic resistant. Single 
doses of furosemide (250 mg) are often consid-
ered to be maximal, although recommendations 
vary.50 Diuretic-resistant patients are at high risk 
for illness and death,51 and this scenario, which 
is frequently associated with kidney dysfunction, 
is often termed the cardiorenal syndrome. Several 
causes and potential approaches to such diminu-
tion of efficacy of loop diuretics can be deduced 
by considering the pharmacokinetic and pharma-
codynamic factors discussed above and listed in 
Table 1.52

Nephron Remodeling

The nephron comprises a set of anatomically 
and molecularly distinct segments, arranged in 

a series, each contributing to net sodium ion re-
absorption (Fig. 3). Loop diuretics primarily in-
hibit salt reabsorption along the thick ascending 
limb, but they do not increase excretion of so-
dium chloride as much as they inhibit transport 
of sodium chloride because they indirectly stim-
ulate distal nephron segments to augment their 
rates of reabsorption. Net excretion of sodium 
chloride, then, reflects the balance between in-
hibition at the primary site of diuretic action and 
stimulation distally (and perhaps proximally).

Additional changes occur with sustained use 
of diuretics, including remarkable distal tubular 
remodeling, with hypertrophy of the distal con-
voluted tubule,53,54 the connecting tubule, and the 
collecting duct (Fig. 3). These effects involve cells 
that classically transport sodium ion, but they 
also involve intercalated cells,55 which participate 
in chloride reabsorption and acid–base homeo-
stasis. New potential biomarkers for remodeling 
have been identified.56,57

One signaling pathway contributing to neph-
ron remodeling is the renin–angiotensin–aldo-
sterone system. Activation of the thiazide-sensi-
tive sodium chloride cotransporter (NCC) during 
long-term furosemide infusion is partially medi-
ated by aldosterone,58 and aldosterone classically 
activates the epithelial sodium channel. A second 
mechanism involves increased delivery of lumi-
nal solute and fluid to distal nephron segments, 
which increases transepithelial solute flux and, 
according to experimental studies, results in evi-
dence of increased transcription in those seg-
ments.59 A third mechanism involves systemic 
metabolic effects from diuretic use, including 
metabolic alkalosis60 and hypokalemia. Even slight 
decreases in the plasma potassium concentra-
tion are associated with a poor prognosis61; hypo-
kalemia strongly activates the sodium–chloride 
cotransporter62-65 and is tightly linked to distal 
convoluted tubule remodeling.66 Finally, circulat-
ing proteases that are filtered by the glomerulus 
in patients with heart failure, such as furin, 
plasmin, and plasminogen, may directly activate 
the epithelial sodium channel.67

Treatment of Diuretic Resistance

Diuretic resistance is defined as the failure of 
diuretics to achieve decongestion, which is mani-
fest by a low urine sodium concentration, despite 
the use of maximal recommended doses. Con-
tinuous infusion of diuretic therapy is frequently 
used in such patients. A post hoc analysis has 
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Figure 3. Nephron Remodeling as a Mechanism of Diuretic Resistance.

When high doses of loop diuretics are used on a long-term basis, the distal nephron undergoes remodeling, with 
hypertrophy and hyperplasia of distal convoluted tubule cells, principal cells, and intercalated cells. This remodeling 
increases the reabsorptive capacity of the distal nephron by activating the thiazide-sensitive sodium chloride co-
transporter, the epithelial sodium channel, and the chloride–bicarbonate exchanger pendrin.
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suggested that a stepped-care pharmacologic ap-
proach (Table 2) that is focused on aggressive 
diuretic therapy and is adjusted to produce a 
urine volume of 3 to 5 liters per day may be supe-
rior to standard “decongestive therapy,” consisting 
of standard high-dose loop diuretics, in patients 
with the cardiorenal syndrome.36,37 Although evi-
dence is limited, such an approach seems reason-
able in patients with diuretic resistance.

Activation of the renin–angiotensin–aldoste-
rone system contributes to the shifted diuretic 
response curve observed in acute decompensated 
heart failure (Fig.  2), making this system a 
tempting target. Yet, the effects of angiotensin-
converting–enzyme inhibitors and angiotensin-
receptor blockers are complex; these drugs have 
direct natriuretic effects because they inhibit 
sodium reabsorption along the nephron, and 
they can inhibit natriuresis because they lower 
arterial pressure. In heart failure with reduced 
ejection fraction, their effectiveness in increasing 
cardiac output commonly dominates and they are 
typically continued. In contrast, renin–angio-
tensin–aldosterone blockade may be detrimental 
in patients with heart failure with preserved 
ejection fraction, in whom afterload reduction 
may not increase cardiac output.68

Nephron remodeling may also be a useful 
therapeutic target. Ter Maaten and colleagues69 
used fractional sodium and lithium clearances 
to show that up to 75% of diuretic resistance in 
acute decompensated heart failure could be at-
tributed to activation of sodium chloride trans-
port along the distal nephron. Given this, drugs 
that block sodium chloride reabsorption there 
(e.g., metolazone or other thiazide-type drugs) 
should be useful, although the efficacy and safety 
of this approach (termed “sequential nephron 
blockade”) have not been evaluated in adequate-
ly powered clinical trials.52 The combination of 
loop and thiazide-type diuretics can sometimes 
lead to massive natriuresis and kaliuresis, how-
ever, and careful monitoring during long-term 
treatment is warranted. Small studies suggest 
that oral metolazone, when combined with a 
loop diuretic, is as effective as intravenous chlo-
rothiazide in reducing congestion.70,71 Amiloride 
might also prove useful in blocking activated 
sodium channels, as noted above,67 and carbonic 
anhydrase inhibitors, which inhibit the chloride–

bicarbonate exchanger pendrin,72 may be espe-
cially useful when metabolic alkalosis occurs.73

The timing of sequential nephron blockade in 
heart failure remains uncertain. Traditionally, a 
second class of diuretic is added after resistance 
to a first class has developed, by which time the 
distal nephron is extensively remodeled. An alter-
native approach would be to introduce low-dose 
sequential blockade earlier,74 although supportive 
data are lacking.

O ther A pproaches a nd Fu t ur e 
Dir ec tions

The use of extracorporeal ultrafiltration is a 
theoretically attractive method with which to 
remove sodium chloride and water, with less 
stimulation of the renin–angiotensin–aldosterone 
system and a lower risk of rehospitalization than 
the risk associated with the use of diuretics.75,76 
A trial comparing ultrafiltration with a stepped-
care pharmacologic approach (Table  2) in pa-
tients with heart failure and the cardiorenal 
syndrome showed similar fluid removal but more 
renal dysfunction and adverse events with ultra-
filtration.37 A larger such trial was discontinued 
early by the study sponsor because of slower-
than-expected trial enrollment.77 At present, ultra-
filtration in patients with heart failure appears 
to be indicated primarily when dialytic treat-
ment is indicated in patients with combined 
heart failure and kidney failure.

The combination of hypertonic saline with 
high doses of loop diuretics has been proposed 
to mitigate renal dysfunction and promote natri-
uresis,78 although that approach has not yet been 
tested in robust trials. Finally, furosemide has 
been reformulated for subcutaneous delivery, 
which may allow delivery of “intravenous-like” 
diuretics outside the hospital setting, with poten-
tially important implications for care delivery and 
cost. This approach is now being tested in a mul-
ticenter, randomized, controlled trial (Clinical-
Trials.gov number, NCT02877095).

In summary, the skillful use of diuretic ther
apy remains fundamental to the successful man-
agement of heart failure. An understanding of 
the physiological effects as well as the pharma-
cokinetic and pharmacodynamic properties of 
these drugs is key for safe and effective use. 
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Despite the long-standing clinical experience 
with loop diuretics, ongoing research in both 
fundamental and clinical trials is providing in-
sights into more effective diuretic use, with the 

goal of improving the care of patients with heart 
failure.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

References
1.	 Gheorghiade M, Follath F, Ponikow
ski P, et al. Assessing and grading conges-
tion in acute heart failure: a scientific 
statement from the Acute Heart Failure 
Committee of the Heart Failure Associa-
tion of the European Society of Cardiol-
ogy and endorsed by the European Society 
of Intensive Care Medicine. Eur J Heart 
Fail 2010;​12:​423-33.
2.	 Faris RF, Flather M, Purcell H, Poole-
Wilson PA, Coats AJ. Diuretics for heart 
failure. Cochrane Database Syst Rev 2012;​
2:​CD003838.
3.	 Somasekharan S, Tanis J, Forbush B. 
Loop diuretic and ion-binding residues 
revealed by scanning mutagenesis of 
transmembrane helix 3 (TM3) of Na-K-Cl 
cotransporter (NKCC1). J Biol Chem 2012;​
287:​17308-17.
4.	 Palmer LG, Schnermann J. Integrated 
control of Na transport along the neph-
ron. Clin J Am Soc Nephrol 2015;​10:​676-
87.
5.	 Anders H-J, Davis JM, Thurau K. 
Nephron protection in diabetic kidney 
disease. N Engl J Med 2016;​375:​2096-8.
6.	 Delpire E, Lu J, England R, Dull C, 
Thorne T. Deafness and imbalance asso-
ciated with inactivation of the secretory 
Na-K-2Cl co-transporter. Nat Genet 1999;​
22:​192-5.
7.	 Oppermann M, Hansen PB, Castrop 
H, Schnermann J. Vasodilatation of affer-
ent arterioles and paradoxical increase of 
renal vascular resistance by furosemide in 
mice. Am J Physiol Renal Physiol 2007;​
293:​F279-F287.
8.	 Castrop H, Lorenz JN, Hansen PB, et al. 
Contribution of the basolateral isoform of 
the Na-K-2Cl- cotransporter (NKCC1/BSC2) 
to renin secretion. Am J Physiol Renal 
Physiol 2005;​289:​F1185-F1192.
9.	 Francis GS, Siegel RM, Goldsmith SR, 
Olivari MT, Levine TB, Cohn JN. Acute 
vasoconstrictor response to intravenous 
furosemide in patients with chronic con-
gestive heart failure: activation of the 
neurohumoral axis. Ann Intern Med 1985;​
103:​1-6.
10.	 Hasegawa M, Kusuhara H, Adachi M, 
Schuetz JD, Takeuchi K, Sugiyama Y. Multi-
drug resistance-associated protein 4 is 
involved in the urinary excretion of hydro-
chlorothiazide and furosemide. J Am Soc 
Nephrol 2007;​18:​37-45.
11.	 Vallon V, Rieg T, Ahn SY, Wu W, Eraly 
SA, Nigam SK. Overlapping in vitro and in 
vivo specificities of the organic anion 

transporters OAT1 and OAT3 for loop and 
thiazide diuretics. Am J Physiol Renal 
Physiol 2008;​294:​F867-F873.
12.	 Eraly SA, Vallon V, Vaughn DA, et al. 
Decreased renal organic anion secretion 
and plasma accumulation of endogenous 
organic anions in OAT1 knock-out mice.  
J Biol Chem 2006;​281:​5072-83.
13.	 Aliti GB, Rabelo ER, Clausell N, Rohde 
LE, Biolo A, Beck-da-Silva L. Aggressive 
fluid and sodium restriction in acute de-
compensated heart failure: a randomized 
clinical trial. JAMA Intern Med 2013;​173:​
1058-64.
14.	 Shankar SS, Brater DC. Loop diuretics: 
from the Na-K-2Cl transporter to clinical 
use. Am J Physiol Renal Physiol 2003;​284:​
F11-F21.
15.	 Hammarlund MM, Paalzow LK, Od-
lind B. Pharmacokinetics of furosemide 
in man after intravenous and oral admin-
istration: application of moment analysis. 
Eur J Clin Pharmacol 1984;​26:​197-207.
16.	 Vargo DL, Kramer WG, Black PK, 
Smith WB, Serpas T, Brater DC. Bioavail-
ability, pharmacokinetics, and pharmaco-
dynamics of torsemide and furosemide in 
patients with congestive heart failure. 
Clin Pharmacol Ther 1995;​57:​601-9.
17.	 Huang CM, Atkinson AJ Jr, Levin M, 
Levin NW, Quintanilla A. Pharmacokinet-
ics of furosemide in advanced renal fail-
ure. Clin Pharmacol Ther 1974;​16:​659-66.
18.	 Brater DC. Diuretic therapy. N Engl J 
Med 1998;​339:​387-95.
19.	 Bikdeli B, Strait KM, Dharmarajan K, 
et al. Dominance of furosemide for loop 
diuretic therapy in heart failure: time to 
revisit the alternatives? J Am Coll Cardiol 
2013;​61:​1549-50.
20.	DiNicolantonio JJ. Should torsemide 
be the loop diuretic of choice in systolic 
heart failure? Future Cardiol 2012;​8:​707-
28.
21.	 Buggey J, Mentz RJ, Pitt B, et al. A re-
appraisal of loop diuretic choice in heart 
failure patients. Am Heart J 2015;​169:​323-
33.
22.	Arcand J, Ivanov J, Sasson A, et al.  
A high-sodium diet is associated with 
acute decompensated heart failure in am-
bulatory heart failure patients: a prospec-
tive follow-up study. Am J Clin Nutr 2011;​
93:​332-7.
23.	 Ellison DH. The physiologic basis of 
diuretic synergism: its role in treating 
diuretic resistance. Ann Intern Med 1991;​
114:​886-94.

24.	 Yancy CW, Jessup M, Bozkurt B, et al. 
2013 ACCF/AHA guideline for the manage-
ment of heart failure: executive summary: 
a report of the American College of Cardi-
ology Foundation/American Heart Asso-
ciation Task Force on practice guidelines. 
Circulation 2013;​128:​1810-52.
25.	 Ponikowski P, Voors AA, Anker SD,  
et al. 2016 ESC guidelines for the diagno-
sis and treatment of acute and chronic 
heart failure: the Task Force for the Diag-
nosis and Treatment of Acute and Chronic 
Heart Failure of the European Society of 
Cardiology (ESC) developed with the spe-
cial contribution of the Heart Failure As-
sociation (HFA) of the ESC. Eur Heart J 
2016;​37:​2129-200.
26.	Hasselblad V, Gattis Stough W, Shah 
MR, et al. Relation between dose of loop 
diuretics and outcomes in a heart failure 
population: results of the ESCAPE trial. 
Eur J Heart Fail 2007;​9:​1064-9.
27.	 Felker GM, O’Connor CM, Braunwald E. 
Loop diuretics in acute decompensated 
heart failure: necessary? Evil? A necessary 
evil? Circ Heart Fail 2009;​2:​56-62.
28.	Eshaghian S, Horwich TB, Fonarow 
GC. Relation of loop diuretic dose to mor-
tality in advanced heart failure. Am J Car-
diol 2006;​97:​1759-64.
29.	 Felker GM, Lee KL, Bull DA, et al. 
Diuretic strategies in patients with acute 
decompensated heart failure. N Engl J 
Med 2011;​364:​797-805.
30.	 Brisco MA, Zile MR, Hanberg JS, et al. 
Relevance of changes in serum creatinine 
during a heart failure trial of decongestive 
strategies: insights from the DOSE Trial.  
J Card Fail 2016;​22:​753-60.
31.	 Greene SJ, Gheorghiade M, Vadugana-
than M, et al. Haemoconcentration, renal 
function, and post-discharge outcomes 
among patients hospitalized for heart 
failure with reduced ejection fraction: in-
sights from the EVEREST trial. Eur J Heart 
Fail 2013;​15:​1401-11.
32.	 Testani JM, Chen J, McCauley BD, 
Kimmel SE, Shannon RP. Potential effects 
of aggressive decongestion during the 
treatment of decompensated heart failure 
on renal function and survival. Circula-
tion 2010;​122:​265-72.
33.	 Metra M, Davison B, Bettari L, et al. Is 
worsening renal function an ominous 
prognostic sign in patients with acute 
heart failure? The role of congestion and 
its interaction with renal function. Circ 
Heart Fail 2012;​5:​54-62.

The New England Journal of Medicine 
Downloaded from nejm.org at CUNY - York on March 23, 2019. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 



n engl j med 377;20  nejm.org  November 16, 20171974

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

34.	Mentz RJ, Stevens SR, DeVore AD,  
et al. Decongestion strategies and renin-
angiotensin-aldosterone system activation 
in acute heart failure. JACC Heart Fail 
2015;​3:​97-107.
35.	 Palazzuoli A, Pellegrini M, Ruocco G, 
et al. Continuous versus bolus intermit-
tent loop diuretic infusion in acutely de-
compensated heart failure: a prospective 
randomized trial. Crit Care 2014;​18:​R134.
36.	Grodin JL, Stevens SR, de Las Fuentes 
L, et al. Intensification of medication ther-
apy for cardiorenal syndrome in acute 
decompensated heart failure. J Card Fail 
2016;​22:​26-32.
37.	 Bart BA, Goldsmith SR, Lee KL, et al. 
Ultrafiltration in decompensated heart 
failure with cardiorenal syndrome. N Engl 
J Med 2012;​367:​2296-304.
38.	Rusinaru D, Tribouilloy C, Berry C, 
et al. Relationship of serum sodium con-
centration to mortality in a wide spec-
trum of heart failure patients with pre-
served and with reduced ejection fraction: 
an individual patient data meta-analysis: 
Meta-Analysis Global Group in Chronic 
heart failure (MAGGIC). Eur J Heart Fail 
2012;​14:​1139-46.
39.	 Gheorghiade M, Gattis WA, O’Connor 
CM, et al. Effects of tolvaptan, a vasopres-
sin antagonist, in patients hospitalized 
with worsening heart failure: a random-
ized controlled trial. JAMA 2004;​291:​1963-
71.
40.	Pang PS, Konstam MA, Krasa HB, et al. 
Effects of tolvaptan on dyspnoea relief 
from the EVEREST trials. Eur Heart J 2009;​
30:​2233-40.
41.	 Felker GM, Mentz RJ, Cole RT, et al. 
Efficacy and safety of tolvaptan in patients 
hospitalized with acute heart failure. J Am 
Coll Cardiol 2017;​69:​1399-406.
42.	Konstam MA, Kiernan M, Chandler A, 
et al. Short-term effects of tolvaptan in 
patients with acute heart failure and vol-
ume overload. J Am Coll Cardiol 2017;​69:​
1409-19.
43.	 Elkayam U, Akhter MW, Liu M, Hatam-
izadeh P, Barakat MN. Assessment of re-
nal hemodynamic effects of nesiritide in 
patients with heart failure using intravas-
cular Doppler and quantitative angiogra-
phy. JACC Cardiovasc Imaging 2008;​1:​765-
71.
44.	Ungar A, Fumagalli S, Marini M, et al. 
Renal, but not systemic, hemodynamic 
effects of dopamine are influenced by the 
severity of congestive heart failure. Crit 
Care Med 2004;​32:​1125-9.
45.	 Chen HH, Anstrom KJ, Givertz MM, 
et al. Low-dose dopamine or low-dose 
nesiritide in acute heart failure with renal 
dysfunction: the ROSE acute heart failure 
randomized trial. JAMA 2013;​310:​2533-43.
46.	Wan SH, Stevens SR, Borlaug BA, et al. 
Differential response to low-dose dopa-
mine or low-dose nesiritide in acute heart 

failure with reduced or preserved ejection 
fraction: results from the ROSE AHF Trial 
(Renal Optimization Strategies Evaluation 
in Acute Heart Failure). Circ Heart Fail 
2016;​9(8):​e002593.
47.	 Schrier RW. Aldosterone ‘escape’ vs 
‘breakthrough.’ Nat Rev Nephrol 2010;​6:​
61.
48.	Eng M, Bansal S. Use of natriuretic-
doses of spironolactone for treatment of 
loop diuretic resistant acute decompen-
sated heart failure. Int J Cardiol 2014;​
170(3):​e68-e69.
49.	 Butler J, Anstrom KJ, Felker GM, et al. 
Efficacy and safety of spironolactone in 
acute heart failure: the ATHENA-HF ran-
domized clinical trial. JAMA Cardiol 2017;​
9:​950-8.
50.	De Bruyne LK. Mechanisms and man-
agement of diuretic resistance in conges-
tive heart failure. Postgrad Med J 2003;​79:​
268-71.
51.	 Neuberg GW, Miller AB, O’Connor 
CM, et al. Diuretic resistance predicts 
mortality in patients with advanced heart 
failure. Am Heart J 2002;​144:​31-8.
52.	 Jentzer JC, DeWald TA, Hernandez 
AF. Combination of loop diuretics with 
thiazide-type diuretics in heart failure.  
J Am Coll Cardiol 2010;​56:​1527-34.
53.	 Kaissling B, Bachmann S, Kriz W. 
Structural adaptation of the distal convo-
luted tubule to prolonged furosemide treat-
ment. Am J Physiol 1985;​248:​F374-F381.
54.	 Ellison DH, Velázquez H, Wright FS. 
Adaptation of the distal convoluted tubule 
of the rat: structural and functional ef-
fects of dietary salt intake and chronic 
diuretic infusion. J Clin Invest 1989;​83:​
113-26.
55.	 Verlander JW, Madsen KM, Galla JH, 
Luke RG, Tisher CC. Response of interca-
lated cells to chloride depletion metabolic 
alkalosis. Am J Physiol 1992;​262:​F309-
F319.
56.	 Sinning A, Radionov N, Trepiccione F, 
et al. Double knockout of the Na+-driven 
Cl-/HCO3- exchanger and Na+/Cl- cotrans-
porter induces hypokalemia and volume 
depletion. J Am Soc Nephrol 2017;​28:​130-9.
57.	 Grimm PR, Lazo-Fernandez Y, Delpire 
E, et al. Integrated compensatory network 
is activated in the absence of NCC phos-
phorylation. J Clin Invest 2015;​125:​2136-
50.
58.	Abdallah JG, Schrier RW, Edelstein C, 
Jennings SD, Wyse B, Ellison DH. Loop 
diuretic infusion increases thiazide-sensi-
tive Na(+)/Cl(-)-cotransporter abundance: 
role of aldosterone. J Am Soc Nephrol 
2001;​12:​1335-41.
59.	 Loffing J, Le Hir M, Kaissling B. Mod-
ulation of salt transport rate affects DNA 
synthesis in vivo in rat renal tubules. Kid-
ney Int 1995;​47:​1615-23.
60.	Cooper LB, Mentz RJ, Gallup D, et al. 
Serum bicarbonate in acute heart failure: 

relationship to treatment strategies and 
clinical outcomes. J Card Fail 2016;​22:​
738-42.
61.	 Salah K, Pinto YM, Eurlings LW, et al. 
Serum potassium decline during hospi-
talization for acute decompensated heart 
failure is a predictor of 6-month mortali-
ty, independent of N-terminal pro-B-type 
natriuretic peptide levels: an individual 
patient data analysis. Am Heart J 2015;​
170(3):​531-42.e1.
62.	Terker AS, Zhang C, Erspamer KJ, 
Gamba G, Yang CL, Ellison DH. Unique 
chloride-sensing properties of WNK4 per-
mit the distal nephron to modulate potas-
sium homeostasis. Kidney Int 2016;​89:​127-
34.
63.	 Terker AS, Zhang C, McCormick JA,  
et al. Potassium modulates electrolyte bal-
ance and blood pressure through effects 
on distal cell voltage and chloride. Cell 
Metab 2015;​21:​39-50.
64.	Wade JB, Liu J, Coleman R, Grimm 
PR, Delpire E, Welling PA. SPAK-mediated 
NCC regulation in response to low-K+ 
diet. Am J Physiol Renal Physiol 2015;​308:​
F923-31.
65.	 Vitzthum H, Seniuk A, Schulte LH, 
Müller ML, Hetz H, Ehmke H. Functional 
coupling of renal K+ and Na+ handling 
causes high blood pressure in Na+ replete 
mice. J Physiol 2014;​592:​1139-57.
66.	Lalioti MD, Zhang J, Volkman HM,  
et al. Wnk4 controls blood pressure and 
potassium homeostasis via regulation of 
mass and activity of the distal convoluted 
tubule. Nat Genet 2006;​38:​1124-32.
67.	 Zheng H, Liu X, Sharma NM, Li Y, 
Pliquett RU, Patel KP. Urinary proteolytic 
activation of renal epithelial Na+ channels 
in chronic heart failure. Hypertension 
2016;​67:​197-205.
68.	Schwartzenberg S, Redfield MM, From 
AM, Sorajja P, Nishimura RA, Borlaug BA. 
Effects of vasodilation in heart failure 
with preserved or reduced ejection frac-
tion implications of distinct pathophysi-
ologies on response to therapy. J Am Coll 
Cardiol 2012;​59:​442-51.
69.	 Ter Maaten JM, Rao VS, Hanberg JS,  
et al. Renal tubular resistance is the pri-
mary driver for loop diuretic resistance in 
acute heart failure. Eur J Heart Fail 2017;​
19:​1014-22.
70.	 Michaud CJ, Mintus KC. Intravenous 
chlorothiazide versus enteral metolazone 
to augment loop diuretic therapy in the 
intensive care unit. Ann Pharmacother 
2017;​51:​286-92.
71.	 Cardinale M, Altshuler J, Testani JM. 
Efficacy of intravenous chlorothiazide for 
refractory acute decompensated heart fail-
ure unresponsive to adjunct metolazone. 
Pharmacotherapy 2016;​36:​843-51.
72.	Soleimani M. The multiple roles of 
pendrin in the kidney. Nephrol Dial Trans-
plant 2015;​30:​1257-66.

The New England Journal of Medicine 
Downloaded from nejm.org at CUNY - York on March 23, 2019. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 



n engl j med 377;20  nejm.org  November 16, 2017 1975

Diuretic Treatment in Heart Failure

73.	 Peixoto AJ, Alpern RJ. Treatment of 
severe metabolic alkalosis in a patient 
with congestive heart failure. Am J Kidney 
Dis 2013;​61:​822-7.
74.	 Knauf H, Mutschler E. Low-dose seg-
mental blockade of the nephron rather 
than high-dose diuretic monotherapy. Eur 
J Clin Pharmacol 1993;​44:​Suppl 1:​S63-S68.
75.	 Agostoni P, Marenzi G, Lauri G, et al. 
Sustained improvement in functional ca-

pacity after removal of body f luid with 
isolated ultrafiltration in chronic cardi-
ac insufficiency: failure of furosemide to 
provide the same result. Am J Med 1994;​
96:​191-9.
76.	 Costanzo MR, Saltzberg M, O’Sullivan 
J, Sobotka P. Early ultrafiltration in pa-
tients with decompensated heart failure 
and diuretic resistance. J Am Coll Cardiol 
2005;​46:​2047-51.

77.	 Costanzo MR, Negoianu D, Jaski BE, 
et al. Aquapheresis versus intravenous 
diuretics and hospitalizations for heart 
failure. JACC Heart Fail 2016;​4:​95-105.
78.	Gandhi S, Mosleh W, Myers RB. Hy-
pertonic saline with furosemide for the 
treatment of acute congestive heart failure: 
a systematic review and meta-analysis. Int 
J Cardiol 2014;​173:​139-45.
Copyright © 2017 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at CUNY - York on March 23, 2019. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 


