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Aim To investigate the effects of Cimlanod, a nitroxyl donor with vasodilator properties, on water and salt excretion after
an administration of an intravenos bolus of furosemide.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods
and results

In this randomized, double-blind, mechanistic, crossover trial, 21 patients with left ventricular ejection fraction
<45%, increased plasma concentrations of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and receiving
loop diuretics were given, on separate study days, either an 8 h intravenous (IV) infusion of cimlanod (12 μg/kg/min)
or placebo. Furosemide was given as a 40 mg IV bolus four hours after the start of infusion. The primary endpoint
was urine volume in the 4 h after the bolus of furosemide during infusion of cimlanod compared with placebo.
Median NT-proBNP at baseline was 1487 (interquartile range: 847–2665) ng/L. Infusion of cimlanod increased cardiac
output and reduced blood pressure without affecting cardiac power index consistent with its vasodilator effects.
Urine volume in the 4 h post-furosemide was lower with cimlanod (1032± 393 ml) versus placebo (1481± 560 ml)
(p= 0.002), as were total sodium excretion (p= 0.004), fractional sodium excretion (p= 0.016), systolic blood
pressure (p< 0.001), estimated glomerular filtration rate (p= 0.012), and haemoglobin (p= 0.010), an index of plasma
volume expansion.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusions For patients with heart failure and congestion, vasodilatation with agents such as cimlanod reduces the response to
diuretic agents, which may offset any benefit from acute reductions in cardiac preload and afterload.
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Graphical Abstract

Trial design and summary results. BP, blood pressure; CO, cardiac output; CPI, cardiac power index; Hct, haematocrit; IV, intravenous; Na+, sodium;
PV, plasma volume; TBW, total body water; TPR, total peripheral resistance; Vol., volume.
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Introduction
For 40 years or more, the potential therapeutic benefits of unload-
ing the acutely failing heart by arteriolar dilatation to reduce
afterload, or by venous dilatation to reduce preload, have been
investigated.1,2 For patients who are severely breathless at rest
because of pulmonary congestion, reducing left atrial pres-
sure is a biologically plausible mechanism by which both loop
diuretic and vasodilator agents might relieve symptoms acutely.
Despite a lack of randomized trials, loop diuretic agents are
used to treat most patients admitted with worsening heart
failure, appear to be clinically effective and are strongly recom-
mended by guidelines.3,4. Indeed, administration of intravenous
loop diuretics is often used as part of the definition of acute
heart failure in clinical trials.5 Vasodilator agents have been
studied far more extensively, but evidence of their therapeutic
benefit remains elusive,6 with equivocal support from guide-
lines.3,4 In Western Europe and North America only about 5% of
patients admitted with worsening heart failure receive intravenous
vasodilators.7 ..
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. Many patients hospitalized with heart failure have water and
salt retention, leading to symptoms and signs of pulmonary and
systemic congestion. Although cardiac dysfunction may be the
trigger for congestion, the renal response, in terms of water and
salt retention, makes a major contribution to the development of
the clinical syndrome.8 Loop diuretics are the mainstay of treat-
ment for water and salt retention and are usually highly effective
at inducing diuresis. Failure to mount a good diuretic response,
often associated with worsening renal function, is associated with
a poor prognosis.9,10

The reasons why cardiac dysfunction causes water and salt
retention are not fully understood, but a fall in arterial pressure,
activation of neuroendocrine systems, increased renal venous
pressure, and changes in intra-renal haemodynamics are all likely
to contribute.11,12 Although vasodilator agents can reduce cardiac
preload and afterload, they may exacerbate renal water and
salt retention by one or more of the above mechanisms.13 If
true, any benefit from vasodilator agents might be short-lived
and, after they are withdrawn, leave an adverse legacy of water
and salt retention. The success of some vasodilator agents,

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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such as angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor–neprilysin inhibitors (ARNi), may reflect
their concomitant effects on neuroendocrine systems that avoid
water and salt retention14 or increase it.15

Cimlanod (BMS-986231) is a novel nitroxyl (HNO) donor that
causes arteriolar and venous dilatation16–18, similar to nitrates,
but is thought not to induce tachyphylaxis19. In common with
many other vasodilators, its effects on water and salt excretion
have not been explored. The aim of this mechanistic trial was to
evaluate the effects of cimlanod compared with placebo on water
and salt excretion in the 4 h after a 40 mg intravenous (IV) bolus
of furosemide in patients with congestion, chronic heart failure
and impaired left ventricular systolic function (ClinicalTrials.gov
Identifier: NCT03730961).

Methods
This was a mechanistic, randomized, double-blind, placebo-controlled
trial with a crossover design that investigated the effects of cimlanod
compared with placebo on urine volume and sodium excretion
before and after an IV bolus of furosemide (online supplementary
Figure S1.). Patients were enrolled at two secondary care centres in
the United Kingdom (Queen Elizabeth University Hospital, Glasgow
and Richmond Pharmacology, St George’s, London). The trial was
approved by the Tyne & Wear South Research Ethics Committee
(reference: 18/NE/0257). The trial was initiated in January 2019 and
was completed in January 2020.

Patients
The main inclusion criteria were a left ventricular ejection fraction
(LVEF) <45%, stable treatment for heart failure including at least
40 mg/day of furosemide or 1 mg/day of bumetanide, an estimated
glomerular filtration rate (eGFR) of 30–80 ml/min/1.73 m2, and an
N-terminal pro-B-type natriuretic peptide (NT-proBNP) >200 ng/L
(or>400 ng/L for those with atrial fibrillation) prior to withholding
loop diuretics. Patients were excluded if they were considered at risk
of clinical deterioration within 48 h if diuretics were stopped, or if
they had a systolic blood pressure (SBP) <115 mmHg or>180 mmHg,
hyponatraemia (<130 mmol/L), or a history of urinary retention or
bladder dysfunction. A full list of exclusion criteria is provided in the
protocol (online supplementary Appendix S1). All patients provided
written informed consent.

Procedures
On separate days, at least 7 days apart, patients were randomly assigned
to receive an 8 h infusion of cimlanod or placebo. Prior to each trial
day, patients were asked to follow a similar diet for 3 days and omit
oral diuretics for up to 48 h to reduce variability in pre-infusion water
and salt balance and to induce a degree of congestion, as previously
described.20 This also avoided administering cimlanod to patients who
were dehydrated. In order to minimize the effects of concomitant
medications on blood pressure, pre- and afterload and filling pressures,
medications were withheld in the morning of each trial treatment day
but, at the investigator’s discretion, administered at the end of the
8 h infusion. Drinks containing caffeine were omitted on the morning
of each trial day, as they might have effects on haemodynamics or
diuresis. Prior to the infusion, patients were asked to void urine, ..
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.. Table 1 Patient characteristics at baseline

Patient characteristics
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Patients, n 21

Age, years, mean± SD 69± 8
Female sex, n (%) 2 (10)
BMI, kg/m2, mean± SD 28.3± 4.0
CAD, n (%) 14 (67)
Diabetes, n (%) 10 (48)
LVEF, %, mean± SD 33±12
eGFR <60 mL/min/1.73 m2, n (%) 11 (52)
NT-proBNP (sinus rhythm), ng/L,

median (IQR)
966 (599–1723)

NT-proBNP (AF), ng/L, median (IQR) 2356 (1706–3860)
Beta-blocker, n (%) 20 (95)
ACEi/ARB/ARNi, n (%) 20 (95)
MRA, n (%) 16 (76)
SGLT2i, n (%) 2 (10)
Digoxin, n (%) 7 (33)
Statin, n (%) 16 (76)
Loop diuretic, n (%) 21 (100)
Daily dose (furosemide equivalent)

40 mg/day 16 (76)
41–80 mg/day 4 (19)
Missing 1 (5)

ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB,
angiotensin receptor blocker; ARNi, angiotensin receptor–neprilysin inhibitor;
BMI, body mass index; CAD, coronary artery disease; eGFR, estimated glomeru-
lar filtration rate; IQR, interquartile range; LVEF, left ventricular ejection frac-
tion; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; SD, standard deviation; SGLT2i, sodium–glucose
cotransporter 2 inhibitor.
For continuous variables, data are baseline values on the placebo day. Furosemide
equivalent doses: 1 mg/bumetanide= 40 mg/furosemide; torsemide not used.
See Table 2 for additional baseline variables.

had a scan to ensure their bladder was empty, and had baseline
investigations done, which included body weight, heart rate, blood
pressure, bioimpedance measures of haemodynamics and body water
(NI Medical, Tel Aviv, Israel), and an echocardiogram. Echocardiography
included measurement of left ventricular end-diastolic and end-systolic
volumes and LVEF, left atrial volume, mitral inflow velocities (E and e’
wave velocities and their ratio), inferior vena cava and internal jugular
vein diameters, and lung B-lines (28-zone scan), ultrasound measures
of intravascular and pulmonary congestion.21

Randomization and masking
Infusions of cimlanod or placebo were assigned by a
computer-generated randomization scheme provided by PAREXEL
using an Interactive Voice Response System. A pharmacist, who was
not blinded, prepared the solutions to be infused but was not involved
in any other aspect of the trial.

Intervention
Infusions lasted 8 h, with the patient lying semi-recumbent and allowed
out of bed only to void urine and to be weighed. Cimlanod was infused
at 12 μg/kg/min but could be reduced or stopped if SBP fell below

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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146 P. Pellicori et al.

Figure 1 (A) Urine output before (0–4 h) and after (4–8 h) an intravenous bolus of furosemide. (B) Urine sodium excretion before (0–4 h)
and after (4–8 h) an intravenous bolus of furosemide. Urine volume (the primary endpoint) was greater in the 4 h after the furosemide bolus
when receiving placebo (mean± SD: 1481± 560 ml) compared with cimlanod (mean± SD: 1032± 393 ml; mean difference 448 [95% CI: −714
to −183], p= 0.002). Urine sodium excretion increased substantially after administration of furosemide. However, during the 4 h after the
furosemide bolus, urine sodium excretion was greater when receiving placebo (143± 64 mmol) compared with cimlanod (88± 43 mmol; mean
difference− 55 [95% CI: −90 to −19], p= 0.004). CI, confidence interval; SD, standard variation.

90 mmHg or if the patient developed symptomatic hypotension. Urine
was collected at 2 and 4 h, and then a 40 mg IV bolus of furosemide was
given, with hourly urine collections made for the following 4 h; urine
volume, electrolytes, and furosemide were measured in each sample.
Heart rate and blood pressure were measured at baseline, at 30 and
60 min and then hourly during the infusion. Blood was taken at base-
line and at 4, 5, 6, 7, and 8 h for serum electrolytes and creatinine.
Haemoglobin, B-type natriuretic peptide (BNP), NT-proBNP, and cys-
tatin C were measured at baseline and at 4 and 8 h. Echocardiography
was performed at baseline and repeated at 4 and 8 h. Plasma volume ..

..
..

..
..

..
..

..
..

..
..

..
..

. was estimated based on haematocrit,22 eGFR was calculated using the
Modification of Diet in Renal Disease equation, creatinine clearance
using Cockcroft–Gault equation. Total peripheral resistance index
and cardiac power index were calculated from mean arterial pres-
sure measured by sphygmomanometer and cardiac index measured
by whole-body bioimpedance. Previous studies suggest good correla-
tion (r∼0.8–0.9) between cardiac index measured non-invasively using
bioimpedance and thermodilution in different clinical settings,23,24 and
that bioimpedance can track changes in cardiac index during infusion
of vasodilators.23 At the end of the infusion, patients were allowed to

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Effects of cimlanod on diuretic response in heart failure 147

get out of bed and were weighed and observed in the unit for a further
3.5 h (or overnight if the patient preferred) to ensure safety.

Outcomes
The primary endpoint was urine volume in the 4 h after the bolus
of furosemide during infusion of cimlanod compared with placebo.
Secondary endpoints included excretion of sodium, potassium, and
furosemide. The principal safety endpoint was clinically relevant
hypotension (defined as SBP <90 mmHg or symptomatic hypotension)
during infusions. Patients were contacted by telephone the day after
each infusion and approximately 30 days later to enquire about possible
adverse events and their severity.

Statistical power
The primary hypothesis was that infusion of cimlanod would increase
post-furosemide urine volume excretion with respect to placebo.
Assuming a urine volume of 250–300 mL/h in the 4 h after an IV bolus
of furosemide and a within-patient standard deviation of <35 mL/h,
complete data on 20 patients were calculated to provide 90% power to
demonstrate a 20% difference in urine volume compared with placebo.

Statistical analyses
Numerical variables were described using mean and standard devia-
tion (SD) or, in case of substantial asymmetry, using median and quar-
tiles. Due to the crossover design, differences between placebo and
cimlanod were analysed using a paired t-test, and the 95% confidence
intervals (95% CIs) on the mean differences are provided. Safety analy-
ses were reported for all randomized patients. Other analyses were
done using the treated (per protocol) population. No adjustments
were made for multiple comparisons. All analyses other than for the
primary endpoint should be considered only nominally significant. Sta-
tistical significance was two-sided and defined by a p-value of <0.05.
All data analyses were performed using SAS version 9.3 or higher (SAS
Institute Inc., Cary, NC, USA) and R version 4.1.3.25

A difference in the primary outcome was also assessed using a linear
mixed model with period and treatment as fixed effects and participant
as a random effect. The presence of a carry-over effect was sought by
including a period-by-treatment interaction in the model. As the results
were almost identical, we only present the main analysis.

Results
Of 23 patients randomized, 21 had complete data for the primary
endpoint (online supplementary Figure S2.). One patient was with-
drawn on the placebo day of the trial because of a chest infection;
another patient was not administered furosemide due to hypoten-
sion during infusion of cimlanod.

The mean (± SD) age of the 21 patients included in this
analysis was 69± 8 years, and all but 2 were men (Table 1). Mean
LVEF was 33±12% and mean SBP was 134± 21 mmHg. Median
(interquartile range) NT-proBNP was markedly elevated (1487
[847–2665] ng/L). All patients were receiving long-term treatment
with oral loop diuretics, and most were treated with either an ACE
inhibitor, angiotensin receptor blocker, or ARNi, beta-blockers,
and mineralocorticoid receptor antagonists; only two were treated
with sodium–glucose cotransporter 2 inhibitors. ..
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Figure 2 Urine volumes in the cimlanod and placebo groups
in the 4 h after infusion of furosemide. Compared with placebo,
post-furosemide urine volumes were lower during infusion of
cimlanod for 15 of 21 participants (shown on the left side of the
line of identity).

Urine volume and sodium excretion were lower during infu-
sion of cimlanod compared with placebo even prior to giving
furosemide (Table 2). Urine output and electrolyte excretion
increased markedly in the 4 h after administration of furosemide
but urine volume (the primary endpoint) was 30% lower during
infusion of cimlanod compared with placebo (Figure 1A and Table 2;
mean−448 ml [95% CI −714 to −183], p= 0.002) and was accom-
panied by a similar reduction (38%) in sodium excretion (Figure 1B
and Table 2). Fractional excretion of sodium (the proportion of
sodium filtered in the glomerulus that is excreted in the urine)
after the bolus of furosemide was also 26% lower during infu-
sion of cimlanod. In contrast, excretion of potassium was similar
during infusion of placebo and cimlanod. Compared with placebo,
post-furosemide urine volumes were lower during infusion of cim-
lanod for 15 of 21 patients (Figure 2).

During the infusion of cimlanod, both before and after the
administration of furosemide, cardiac index was higher and total
peripheral resistance and blood pressures were lower (Figure 3).
Cardiac power index did not change, suggesting that cimlanod lacks
an inotropic effect (Table 2). Transmitral E-wave velocity was lower
during infusion of cimlanod, consistent with a fall in left ventricular
filling pressure. This was accompanied by non-significant trends
to lower plasma BNP and NT-proBNP and an increase in LVEF.
Left ventricular end-diastolic volume, left atrial volume, inferior
vena cava diameter and lung B-lines were similar during infusion
of placebo and cimlanod. However, tricuspid annular plane systolic
excursion, a measure or right ventricular function, declined during
infusion of cimlanod. During the infusion of cimlanod, haematocrit
fell, and estimated total body water and plasma volume increased.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Changes in systolic blood pressure (BP) during treatment with cimlanod or placebo. Compared with when patients received placebo,
systolic BP was lower during infusion of cimlanod (0–8 h), prior to returning to baseline around 2 h later.

In summary, cimlanod reduced both left ventricular preload and
afterload but caused plasma volume expansion.

Serious adverse events were reported in one patient during the
infusion of cimlanod and in two patients during infusion of placebo.
Three patients assigned to cimlanod developed clinically relevant
hypotension that prompted temporary discontinuation of infusion
in two patients, and avoidance of the IV bolus of furosemide in one
patient. Only the latter patient was excluded from this analysis.

Discussion
We found that, in patients with HF, congestion and a reduced
LVEF, the infusion of cimlanod reduced urine volume and sodium
excretion both before and after the administration of furosemide,
accompanied by plasma volume expansion and an increase in
total body water (Graphical Abstract). This may reflect the renal
response to a reduction in perfusion pressure and glomerular
efferent arteriolar dilatation. These effects are probably shared
with many other vasodilator agents.

This trial confirms that cimlanod has vasodilator properties, with
a fall in total peripheral resistance, increase in cardiac output, and
reductions in left atrial pressure.26 However, cardiac power index
did not increase, suggesting that the rise in cardiac output reflects
the response to a reduction in afterload rather than cimlanod hav-
ing an inotropic effect, as has been previously proposed.26 Reduc-
tions in left atrial and pulmonary venous pressure might be useful
for the relief of acute pulmonary oedema in patients who have
severe breathlessness at rest when sitting upright. However, con-
temporary studies suggest that for many admissions, the problem
is worsening peripheral oedema with orthopnoea and breathless-
ness only during exertion, albeit slight.27 For patients who have
few symptoms at rest sitting upright, vasodilator agents may be of ..
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. little benefit if they reduce diuretic efficacy because any haemody-
namic benefit will cease when the agent is stopped, leaving a legacy
of water and salt retention that may increase the risk of an early
relapse.

Water retention is a well-known side effect of the vasodila-
tor minoxidil.28 Nitrates also cause a fall in haematocrit, but this
has generally been attributed to repatriation of water from the
extravascular space into the circulation rather than renal water
retention.13,29,30 However, haematocrit alone might not be a reli-
able guide to the effect of agents on water excretion. Infusing
natriuretic peptides into patients with heart failure causes vasodi-
latation but increases haematocrit with little effect on renal water
excretion, suggesting increased capillary permeability and a shift of
water from the circulation into the extravascular space.31 Trials
of nesiritide (recombinant human BNP) failed to show enhanced
furosemide-induced diuresis32,33 or conclusive evidence of clinical
benefit in patients with acute heart failure.34–36 Trials of serelaxin,
the recombinant form of the human pregnancy hormone relaxin-2,
also had disappointing results.37,38 Retrospective analyses suggested
that serelaxin had little effect on diuretic response, but no formal
interaction trial was done.39,40 Another recent trial of vasodilators
for acute heart failure also failed to improve clinical outcome.6

Chronic heart failure is a cardiorenal syndrome caused by water
and salt retention due to cardiac dysfunction.8 Decompensated
heart failure is often due to retention of water but may also be
caused or exacerbated by translocation of blood from the splanch-
nic venous circulation into the systemic circulation.41 Research
on renal function in heart failure has generally focused on mea-
suring GFR and blood flow rather than on water and salt excre-
tion, which may be more relevant for the clinical management of
heart failure. Despite reductions in eGFR and in diuretic-induced
water and sodium excretion with cimlanod, urinary furosemide
excretion was unchanged. This suggest that renal delivery of

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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furosemide was maintained but the kidney was less responsive
to its effects.

Our trial has limitations. Although small, it was carefully con-
trolled and adequately powered for its primary purpose. Our
patients did not have decompensated heart failure, but they did
have congestion, as evidenced by increased left atrial volume and
high plasma concentrations of natriuretic peptides. A higher dose
of furosemide might have counteracted the effects of cimlanod
on water and salt excretion, but we did not test this hypothesis.
Patients who are severely breathless at rest might benefit from an
acute reduction in atrial and venous pressures, but pre-capillary
arteriolar vasodilatation could also lead to an increase in pul-
monary and systemic capillary volumes and pressure, leading to
an increase in hydrostatic pressure and extravasation of fluid and
electrolytes into the extravascular space.42 Moreover, unselective
pulmonary vasodilatation may increase blood flow to regions of
the lung that are not ventilated, increasing ventilation/perfusion
mismatch and worsening oxygenation.43,44 Similarly, non-selective
systemic vasodilatation might shunt blood through tissues without
useful exchange of oxygen or waste products and divert flow away
from vital organs, such as the kidney and the heart, towards those
that already have adequate resting flow, such as skeletal muscle.45

Finally, changes in renal function may have been underestimated by
changes in serum creatinine due to slow equilibrium kinetics.

Conclusions
Infusion of cimlanod attenuates a furosemide-induced diuresis in
patients with heart failure and an LVEF <45%, which might have
adverse consequences for those who are already congested. Devel-
opment of interventions for acute heart failure should include
research focused on assessing effects on water balance and poten-
tial interactions with diuretic agents. Such trials do not need to be
large and do not require complex or expensive investigations.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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