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Abstract

Purpose of Review Nitrates represent a frequently used group
of medications in the management of hypertensive patients in
acute heart failure. Despite its longevity, usage of this medi-
cation seems to be guided chiefly by expert opinion, with
relatively few trials involving interventions in the emergency
department. This review seeks to define more precisely the
role of nitrates in the emergency department by discussing
some of the more compelling research that exists on the topic
in addition to their biochemistry and current guidelines.
Recent Findings More recent explorations have demonstrated
various benefits to regimens of high dose nitrates started in the
emergency department such as lower rates of ICU admission
and endotracheal intubation. The more feared complications
of nitrate use, namely hypotension, do not see an increase in
incidence with increase in dosages.

Summary High-quality trials that demonstrate either optimal
dosage of nitrates and even explicit hemodynamic or mortality
benefits associated with their use still eludes us. Current rec-
ommendations and expert opinion continue to guide therapy
while evidence that does exist suggests possible equivalency
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of high dose intermittent administration to titratable infusion.
As nitrates have long been a cornerstone in the management of
pulmonary congestion in acute heart failure, a true double-
blinded RCT to demonstrate their benefits may not be practi-
cal. In light of this, current evidence suggests that future re-
search on dosage and route of administration may help to
minimize cost associated with hospitalization (e.g., ETT,
ICU admissions, drips).
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Introduction

Heart failure represents a common pathophysiologic endpoint
for many heterogeneous cardiovascular diseases. While the
classifications of heart failure are legion (i.e., acute vs. chron-
ic, compensated vs. decompensated, and systolic vs. diastol-
ic), all states represent a reduction of the heart’s capacity to
maintain cardiac output in the setting of otherwise adequate
filling pressures. Common signs of heart failure include ede-
ma, fluid retention, orthopnea, and dyspnea on exertion.
Among these, acute heart failure (AHF) is the rapid onset or
rapid worsening of these symptoms and frequently requires
hospitalization. It is an increasingly common chief complaint
in emergency centers, averaging close to one million emer-
gency department (ED) visits annually from 2006 to 2010,
with admission rates that exceeded 80% [1].

Given the financial implications, it is interesting that man-
agement principles of AHF have not changed significantly
over the last 40 years [2¢] and that in-hospital and 1-year
outcomes of this patient group remain high. This is in contrast
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to outpatient management of chronic heart failure (CHF),
which demonstrates an overall positive trend in outcomes [3].

In addition to L. V. diuretics, nitrates have long been a cor-
nerstone in management of the hypertensive subset of AHF
patients, a subset which represents the vast majority of AHF
patients. The “organic nitrates” include nitroglycerin (glyceryl
trinitrate—GTN), isosorbide mononitrate (ISMN), isosorbide
dinitrate (ISDN), and pentaerythritol tetranitrate (PETN) and
have been frequently used in hospitalized patients with AHF
for decades. Despite this long-standing presence, explicit ev-
idence defining their actual benefits to patients and optimal
dosing strategies is sparse. This paper will review the most
current recommendations and the existing evidence for nitrate
use in AHF in the emergency department, with a discussion of
the biochemistry and directions for future research in defining
their role in clinical practice.

Recommendations and Current Practice Patterns

With respect to hospitalized patients with heart failure, ACC/
AHA guidelines currently suggest that in the absence of hy-
potension L.V. nitroglycerin, nitroprusside or nesiritide can be
an adjunct therapy to diuretic therapy for symptomatic im-
provement in patients with AHF [4]. This evidence is given
an “A” level and ranked as class IIB based on three studies.
Notably for emergency providers, none of the arms of the
studies in these papers involved an emergency department
population, instead focusing only on hospitalized patients.

Similarly, the ESC guidelines from 2016 suggest aggres-
sive blood pressure reduction by approximately 25% within
the first few hours with IV vasodilators in combination with
diuretics [5]. However, in a follow-up subsection, the authors
comment that while I.V. vasodilators are the second most
common agents in hypertensive AHF for symptomatic relief,
they did not find “robust” evidence of their benefits and no
dosing recommendations are provided. Again, recommenda-
tions here are based on three studies (one overlapping with
ACC guidelines), only one of which features emergency de-
partment intervention and nitrates.

Notably, neither organization offers dosing suggestions to
guide practitioners in their treatment. In the literature, GTN
infusion dosing differs between studies without clear superi-
ority and is often left up to the discretion of the treating phy-
sician, ranging from 13 pg/min to high doses of 2 mg every
2 min (mean of 6.5 mg) [6°°, 7]. Textbook standards suggest
starting NTG L.V. at 0.5-0.7 pg/kg/min up to 200 pg/min,
blood pressure permitting, while other peer-reviewed re-
sources offer a higher 5-10 pg/min starting point with small
titrations every few minutes up to 200 pg/min. For hyperten-
sion recalcitrant to NTG, nitroprusside may be initiated at
similar starting doses (0.3-0.5 pg/kg/min) to a maximum of
10 pg/kg/min (or 400 pg/min) [8, 9].
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There is a significant disconnect between these “common
sense” or “expert opinion” based recommendations and cur-
rent practice patterns, as suggested by Maggioni et al. in an
analysis of multiple patient registries [3]. They found that the
recommendations of the 2012 ESC guidelines, which placed
AHF patients into three strata based on blood pressure, were
not typically adhered to. Inotrope administration was found in
inappropriately high blood pressure groups and nitrates were
used less frequently than recommended in the hypertensive
groups. This disconnect may be a manifestation of the fact
that the patient hospitalized with AHF has been shown to be
significantly different than those enrolled in the randomized
controlled trials (RCT) that were performed [2¢, 10].
Compared to the 2012 guidelines, the most recent ACC and
ESC guidelines on heart failure are based more on clinical
assessment rather than specific parameters, perhaps in recog-
nition of this phenomenon and the nature of evidence that does
exist for acute heart failure management (Fig. 1) [5, 11].

Biochemistry/Mechanism

Historically, agents such as nitroglycerin, ISDN, ISMN,
PETN, and nitroprusside have been grouped together as “ni-
trates” and described homogenously as nitric oxide (NO)
group donors. While nitroprusside actually spontaneously re-
leases NO, the other nitrates undergo an enzymatic process
during bioactivation. In a dose-dependent manner, these
agents first cause dilation of the veins followed by the arteries
(including coronaries), which reduces systemic vascular resis-
tance, pulmonary vascular resistance, and left ventricular fill-
ing pressure (left ventricular end-diastolic volume).

NO is an activator of smooth muscle soluble guanylate
cyclase, which forms cyclic GMP, inhibits intracellular calci-
um flow, and thereby mediates smooth muscle relaxation.
These agents (as well as all other vasodilators) are also subject
to a phenomenon called pseudotolerance or tachyphylaxis,
whereby their hemodynamic effects cause activation of neu-
rohormonal cascade (i.e., RAAS axis), which directly oppose
these effects by increasing sodium, water retention, stimulat-
ing catecholamine release [2¢, 8, 12].

While previously regarded as a common group, current
understanding of the enzymatic pathways demonstrates that
these agents have heterogenous features that may direct future
clinical applications. This is especially the case for the oldest
and most well-known nitrate, nitroglycerin (GTN), where
bioactivation via cytosolic and mitochondrial aldehyde dehy-
drogenase 2 (ALDH2) with subsequent inactivation of
ALDH?2 by superoxide species has been shown to be the likely
mechanism of activity and “true” tolerance [13, 14ee, 15].
While NTG participates in mitochondrial metabolism, other
nitrates interact with the P450 system (Fig. 2). The superoxide
species generated by GTN metabolism also compound the
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Fig. 1 Algorithm for
management of heart failure with
pulmonary congestion, derived
from ESC guidelines 2011, 2016,
and ACC guidelines 2013 [4, 5,
11]. Based on a clinical
assessment of respiratory status
and blood pressure, treatment
should be considered as indicated
in the flow chart with possible
adjunct therapies for failure to
respond to titration of initial
management. Hypotension is
defined as SBP <90 mmHg.
Mechanical circulatory support
includes aortic balloon pump,
extracorporeal membrane
oxygenation, and left ventricular
assist device
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tachyphylaxis phenomenon by creating supersensitivity to va-
soconstrictors. When looking at other nitrates for signs of
endothelial stress and vascular tolerance, it is demonstrable
that ISMN and PETN have no true vascular tolerance and
PETN actually upregulates protective antioxidant proteins
[14ee], although specific pathways have not been elucidated
for these agents.

Current Evidence

Based on this “classic” mechanism, nitrates as a group should
be ideal agents for optimizing the Frank-Starling curve in a
patient experiencing hypertensive AHF complicated by pul-
monary edema. While some studies exist that show improve-
ments in in-hospital outcomes, hemodynamic parameters, and
microcirculatory effects, there is no well-powered RCT that

demonstrates improved morbidity/mortality of nitrate use in
patients presenting to the ED in AHF.

A widely cited study, performed by Cotter et al., compared
high-dose Lasix + low-dose ISDN with low-dose Lasix +
high-dose ISDN [16]. The authors found in the latter group
of 110 patients that the rates of myocardial infarction (MI) and
mechanical intubation due to severe pulmonary edema were
lower. In another trial, the same group demonstrated improved
O, saturation and mean arterial pressure (MAP) reduction
when high-dose ISDN was used. The study also indicated that
there were decreased rates of death, M1, and intubation in the
high-dose ISDN (4 mg bolus every 4 min) arm over the low-
dose ISDN (10 pwmol/min titrated up by 10 umol every
10 min) + BiPAP arm to the degree that the study had to be
concluded prematurely [17].

In a feasibility and outcome analysis, Levy et al. enrolled a
small cohort (n = 23) of patients with pulmonary edema re-
fractory to standard therapy to high-dose NTG (titratable
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Fig. 2 Bioactivation of organic nitrates. GTN is metabolized by two
chief pathways. High-dose/low-affinity pathway produces nitric oxide
(NO) directly by interaction of both cytosolic and mitochondrial
ALDH2. NO, that is produced may be reduced to NO by oxidases in
the mitochondria or cytosol (not illustrated here). ISDN and ISMN or
GTN at higher dosages are activated in the smooth endoplasmic
reticulum by cytochrome P450 enzymes to form NO. SNP directly
releases NO and CN radicals when interacting with oHgb, producing
mHgb. NO subsequently activates its intracellular cascade: soluble
guanylate cyclase upregulates cGMP, which activates cGMP-dependent
kinases and ion channels, modulating calcium influx, resulting in
relaxation of endothelial smooth muscle cells and vasodilation. PETN
undergoes similar activation along the similar high-affinity pathway but
has been shown not to induce free radical generation. SmER smooth
endoplasmic reticulum, GTN glyceryl trinitrate (=nitroglycerin),
mALDH2/cALDH?2 mitochondrial/cytosolic aldehyde dehydrogenase,
NO; nitrite, NO nitric oxide, sGC soluble guanylyl cyclase, cGMP
cyclic guanosine monophosphate, ISDN isosorbide dinitrate, /SMN
isosorbide mononitrate, SNP sodium nitroprusside, oHgb
oxyhemoglobin, mHgbh methemoglobin, CN cyanide. Adapted from Uil
etal. [15]

infusion with 2 mg boluses at MD discretion every 3—5 min)
and found decreased rates of intubation and no change in
adverse cardiac events or symptomatic hypotension [18]. A
follow-up study with a more sizable cohort (n = 366), albeit a
single center study, compares this same intervention against a
standard infusion and a combination of bolus and infusion
respectively. The authors found a decreased ICU admission
rate as before and no difference in adverse outcomes, although
decreased intubation rates were not observed [19].

While these studies yielded encouraging results that seem
to favor nitrate use and in high doses, there are significant
limitations. The limitation of the first study (and reason why
it was not included in a Cochrane review) is of course that
nitrates are used in both arms of the intervention.
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Additionally, in the second study, nitrates were added on
top of “standard of care” therapy that the investigators de-
fined as furosemide, morphine, and O,. Similarly, the feasi-
bility analysis that prompted the third study performed an
intervention on patients who had “failed standard manage-
ment,” which included the use of sublingual nitrates and
furosemide. In the follow-up study, while the authors did
randomize treatment from presentation, they concede that
their hospital policy which mandates ICU admission for va-
soactive infusion rates is a serious confounder. Ultimately,
they present the bolus administration as a safe and cost-
saving alternative given its equivalent outcomes.

While they may be methodologically sound, albeit small
studies, they are predicated on the use of nitrates as a standard
of care, even though this has yet to be established by a well-
powered, placebo-controlled, double-blind RCT. In fact, the
Vasodilatation in the Management of Acute CHF (VMAC)
study compared the use of recombinant B-natriuretic peptide
(nesiritide) against NTG and placebo arms, respectively.
“Commonly used” doses of NTG had no benefit over placebo
with regard to their primary outcomes of subjective dyspnea
and clinical status and demonstrated no persistent hemody-
namic differences beyond the first assessment point of 3 h
[6°¢]. The NTG group was indeed found to be inferior to
nesiritide at each time point as well. This may indicate inferi-
ority or that the nitrate group (n = 143) was subjected to
insufficient doses (median = 13 pg/min), as measurable ef-
fects on filling pressures and arterial pressures can be seen at
infusion rates of 33 pg/min and higher [20], while significant
arterial dilation can be achieved at doses of >250 pg/min [21].

A Cochrane review attempted to pool data on nitrate use in
AHF, yet the authors were only able to find four studies that fit
the criteria for inclusion, and even these yielded a fairly het-
erogeneous group [10]. Ultimately, they found that, with re-
gard to primary outcome (e.g., symptomatic relief) and nearly
all secondary outcomes (e.g., hemodynamic parameters, pro-
gression to intubation), there was insufficient evidence to
make clinical recommendations for intravenous nitrate thera-
py over placebo.

Future Directions

In addition to endpoints such as MAP, O,, endotracheal intu-
bation, and others, some investigators have looked at bio-
markers like brain natriuretic peptide (BNP) as a surrogate
for cardiac stress and its response to early high-dose nitrates.
Breidthardt et al. initiated high-dose sublingual nitrates com-
bined with transdermal nitrates in the ED, resulting in signif-
icantly decreased BNP levels over 48 h and fewer ICU admis-
sions, although 90-day mortality and hospital outcomes
remained unaffected [22].
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Based on the concept that AHF syndromes are character-
ized not only by gross hemodynamic changes but also dys-
function at the endothelial level [23], Uil et al. monitored the
microcirculatory effects (e.g., perfused capillary density,
PCD) of nitrate administration (33 pg/min) in 20 inpatients
with AHF as well as pulmonary capillary wedge pressure
(PCWP) and central venous pressure (CVP). They were able
to demonstrate improved PCD and reduced PCWP and CVP
at these low dosages in 70% of patients [20]. In a subgroup
analysis, the authors propose that the other 30%, labeled “non-
responders,” were in clinically worse states of heart failure and
thus would require higher doses of NTG to overcome their
relatively worse endothelial dysfunction limited metabolism
of NTG.

In consideration of the rapid tolerance seen with organic
nitrates (NO ) and resistance that CHF patients demonstrate,
nitrite (NO 2) has been explored as an alternative. In a safety
and feasibility study among a group of severe CHF patients on
a cardiac transplant list, high-dose infusions of Na,NO,
(50 pg/kg/min) over a short period consistently increased
CO and decreased pulmonary vascular resistance, right atrial
filling pressure, systemic vascular resistance, with mild effect
on MAPs, and no added morbidity or mortality [24]. Clearly,
these patients are not the prototypical acute heart failure that is
common to every emergency department, but their severe de-
gree of endothelial dysfunction and heart failure might por-
tend a more potent effect on less desensitized (i.e., less severe
heart failure) patient.

Conclusion

Developed during an era of medicine that predated evidence-
based practice, nitrates may have been grandfathered in as a
cornerstone of management of the acute heart failure (AHF)
patient with pulmonary edema. Convincing research demon-
strates hemodynamic benefits and some clinical benefits to
nitrates, particularly in higher doses and in conjunction with
other standard methods of diuresis. However, we do not have
a sufficient body of evidence to define their use explicitly or
demonstrate their superiority over other afterload reducing or
vasodilatory agents. Evidence for how these agents should be
used in the emergency department still remains chiefly based
on expert opinion.
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