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Abstract
Heart failure with reduced ejection fraction (HFrEF) is a clinical syndrome whose management has
significantly evolved based on the pathophysiology and disease process. It is widely prevalent, has a
relatively high mortality rate, and is comparatively more common in men than women. In HFrEF, the series
of maladaptive processes that occur lead to an inability of the muscle of the left ventricle to pump blood
efficiently and effectively, causing cardiac dysfunction. The neurohormonal and hemodynamic adaptations
play a significant role in the advancement of the disease and are critical to guiding the treatment and
management of HFrEF. The first-line therapy, which includes loop diuretics, β-blockers, angiotensin-
converting enzyme inhibitors/angiotensin II receptor blockers, hydralazine/isosorbide-dinitrate, and
mineralocorticoid receptor antagonists (MRAs), has been proven to provide symptomatic relief and decrease
mortality and complications. The newly recommended drugs for guideline-based therapy, angiotensin
receptor/neprilysin inhibitor (ARNI), sodium-glucose cotransporter 2 inhibitors, soluble guanylate cyclase,
and myosin activators and modulators have also been shown to improve cardiac function, reverse cardiac
remodeling, and reduce mortality rates. Recent studies have demonstrated that exercise-based therapy has
resulted in an improved quality of life, exercise capacity, cardiac function, and decreased hospital
readmission rates, but it has not had a considerable reduction in mortality rates. Combining multiple
therapies alongside holistic advances such as exercise therapy may provide synergistic benefits, ultimately
leading to improved outcomes for patients with HFrEF. Although first-line treatment, novel pharmacologic
management, and exercise-based therapy have been shown to improve prognosis, the existing literature
suggests a need for further studies evaluating the long-term effects of MRA and ARNI.

Categories: Cardiology, Family/General Practice, Internal Medicine
Keywords: exercise-based therapy, pharmacologic therapy, cardio-renal pathophysiology, reduced ejection fraction,
heart failure

Introduction And Background
Heart failure is a condition that develops when the heart fails to fill with or eject an adequate amount of
blood to supply the body’s needs [1,2]. This often results from a functional or structural heart disorder
impairing ventricular filling or ejection of blood to the systemic circulation [2-4]. Different diseases and
conditions can cause heart failure. The etiology of heart failure can be classified into the following four
broad categories: structural abnormalities; physiologic causes, which include biochemical and humoral
mechanisms; extrinsic causes; and genetics [2,4]. The most common primary cause of heart failure is
ischemic heart disease, also known as coronary artery disease. The second most common cause is non-
ischemic heart disease, which is not related to coronary artery disease [5,6].

Heart failure can also be classified based on symptoms and calculated left ventricular ejection fraction
(LVEF). There are three categories of left ventricular dysfunction defined by the calculated ejection fraction,
namely, heart failure with reduced ejection fraction (HFrEF) (<40%), heart failure with preserved ejection
fraction (HFpEF) (>50%), and heart failure with mid-range ejection fraction (HFmrEF) (40-50%) [1,2,4].

HFrEF stems from the left ventricle’s impaired contraction, resulting in an ejection fraction of less than 30%
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in patients with severe left ventricle dysfunction, and 30-40% in patients with moderate left ventricle
dysfunction [2,7]. The underlying mechanisms involve significant loss of cardiomyocytes, acutely (e.g.,
following myocardial infarction or myocarditis) or chronically (e.g., genetic mutations or valvular disease
with cell death due to overload) [8,9]. Neuroendocrine activation plays a crucial role, with stimulation of the
carotid sinus and aortic arch baroreceptors leading to vasopressin release and activation of the renin-
angiotensin-aldosterone system (RAAS), and consequently, vasoconstriction, increased preload, and
afterload contribute to chronic chamber dilatation and heart failure [10-12]. A comprehensive
understanding of these intricacies is essential for developing effective management for HFrEF.

Heart failure affects approximately 6.5 million adults in the United States, and nearly 50% of the cases have
reduced ejection fraction [13]. HFrEF affects more men than women, and it exhibits significant morbidity and
mortality [1,14]. In the most recent years, there have been significant scientific breakthroughs in the
management of HFrEF. However, the morbidity and mortality continue to be high, with a five-year survival
rate of 25% after hospitalization [1,15].

HFrEF is a multifaceted clinical syndrome that necessitates a treatment approach that incorporates patient
education, pharmacologic management, and surgical interventions [4]. In this narrative review, we will
discuss the neurohumoral and hemodynamic characteristics of the pathophysiology of HFrEF and provide an
overview of the first-line therapies and new advancements in its pharmacologic and exercise-based
management. Our goal is to highlight the new management based on the pathophysiological pathways that
lead to HFrEF and identify gaps in clinical evidence to guide future studies.

Review
Pathophysiology of heart failure with reduced ejection fraction
Neurohumoral Responses

The pathophysiology of HFrEF is characterized by a reactive model that is caused by primary myocardial
injury leading to systolic dysfunction. The resulting reduced cardiac output initiates a series of maladaptive
processes that include neurohumoral alterations, which trigger the sympathetic nervous system (SNS) and
the renin-angiotensin-aldosterone system (RAAS) [2,10].

Following a fall in cardiac output, the SNS is one of the first systems to respond with a release of
norepinephrine into circulation, affecting the kidneys, heart, and peripheral vasculature [11]. A decrease in
cardiac output is sensed by baroreceptors in the left ventricle, arch of the aorta, and carotid sinus. In
addition, the afferent nerves, from the arch of the aorta, send signals to the vasomotor center (VMC),
resulting in the redistribution of blood flow to vital organs. In the peripheral vasculature, a heightened
activity of the adrenergic nervous system stimulates the alpha-1 adrenergic receptors to induce peripheral
arteriolar vasoconstriction, which aids in maintaining blood pressure. The neurohormonal activation
increases the venous tone, which, in turn, accelerates the venous return to the heart, adding to the strain on
the heart, or afterload. Furthermore, the SNS activates the beta-1 adrenergic receptors located on the
juxtaglomerular apparatus of the kidneys to induce pro-renin release, which marks the initiation of the
RAAS pathway [11,12] (Figure 1).
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FIGURE 1: Schematic representation of the neurohormonal response to
a reduction in cardiac output.
Baroreceptor dysfunction triggers the vasomotor center causing an increase in sympathetic nervous system
(SNS) activity and arginine-vasopressin secretion. The increased SNS activity causes peripheral vasoconstriction
which aids in maintaining blood pressure. Along with the increased vasopressin, it leads to a decrease in renal
blood flow, increased aldosterone secretion, and sodium and water reabsorption. The renal system also triggers
an increase in renin secretion, which leads to an increase in angiotensin II (renin-angiotensin-aldosterone system
pathway).

Created by BioRender.com.

The renin-angiotensin system (RAS) activity begins with pro-renin production, converted to renin via
proteolytic activation. It can have either a direct or an indirect action on the kidneys. Renin is an aspartic
protease that cleaves angiotensinogen systemically or locally to lead to the production of angiotensin 1.
Angiotensin 1 is a precursor converted to angiotensin 2 via the angiotensin-converting enzyme (ACE)
[11,16]. Angiotensin 2 acts on two major receptors, AT1 and AT2. Its action on AT1 in the zona glomerulosa
of the adrenal glands results in the secretion of aldosterone, which mediates sodium and water retention.
Angiotensin II also stimulates the brain’s thirst center and provokes the release of vasopressin from the
posterior pituitary, increasing water retention in the body (Figure 2). Due to increasing osmolality,
vasopressin is secreted, resulting in increased water retention to bring the osmolality back to normal.
However, with respect to HFrEF, the vasopressin concentration is elevated. Due to this vasopressin release,
hyponatremia results, along with increased endothelin production [16].
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FIGURE 2: Schematic representation of the renin-angiotensin-
aldosterone system activation in response to a reduction in blood
pressure.
The kidneys release renin, which converts angiotensinogen, released by the liver, to angiotensin I. The lungs
release angiotensin-converting enzyme (ACE), which converts angiotensin I to angiotensin II. Angiotensin II, in
turn, stimulates peripheral vasoconstriction, the posterior pituitary to release antidiuretic hormone (ADH), the
adrenal cortex to release aldosterone, and the kidneys to increase water and sodium reabsorption. The result is a
reactive increase in blood pressure.

Created by BioRender.com.

Activation of the SNS also results in a fall in the levels of atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP). ANP and BNP are among the most important RAAS counterregulatory hormones
secreted in response to atrial stretch. They increase cGMP production, which causes increased renal
excretion of water and sodium. In the setting of HFrEF, vasoconstriction develops which results in an
increased intravascular volume and increased afterload [17].

Nitric Oxide-Soluble Guanylate Cyclase-cGMP Pathway

The nitric oxide (NO)-soluble guanylate cyclase (sGC)-cGMP signaling pathway is critical in blood vessel
physiology [18]. Endogenous NO binds to the heme group of sGC in the smooth muscle leading to activation
of the smooth muscle. This enzyme converts GTP to cGMP, leading to vasodilation, inhibition of platelet
aggregation, and smooth muscle proliferation [17]. In the heart, natriuretic peptides activate this pathway,
providing cardioprotective effects such as improved diastolic relaxation, coronary blood flow, and reduced
hypertrophy, inflammation, and fibrosis. In HFrEF, reduced blood flow causes oxidative stress and
inflammation, decreasing NO production and increasing degradation, as well as disrupting the NO-sGC-
cGMP pathway. This dysregulation fails to counteract neurohormonal activation, worsening its effects [8,18].

Hemodynamic Adaptations and Cardiac Remodeling

The hemodynamic adaptations in HFrEF are characterized by left ventricular dilatation, eccentric left
ventricular hypertrophy, and abnormal systolic and diastolic function. Typically, during exercise, there is an
increase in the body’s oxygen consumption, where the left ventricle raises its cardiac output to meet the
body’s demands [2]. Increased cardiac output is typically achieved through elevation in heart rate and/or
increased left ventricular stroke volume (SV). For patients with HFrEF to yield an adequate SV and cardiac
output, they require a sizeable end-diastolic volume [9]. However, reduced left ventricular contractility in
heart failure leads to reduced elastic recoil and abnormal filling, causing a downward shift in the Frank-
Starling curve [19] (Figure 3). This results in a decreased SV and compensatory increase in end-diastolic
pressure due to incomplete ventricular emptying. When the left ventricle of the heart cannot fill adequately
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and/or eject blood, hemodynamic overload results, and the heart becomes incapable of meeting the demands
of the body’s tissues [8,9]. Over time, an increase in left ventricular volume leads to ventricular dilation,
where new sarcomeres are added in series to existing sarcomeres, thus leading to eccentric hypertrophy and
cardiac remodeling and dysfunction [20] (Figure 4).

FIGURE 3: Frank-Starling mechanism that displays the response of the
heart to a reduction in venous return.
The Frank-Starling curve in heart failure exhibits a downward shift depicting that to increase contractility and
stroke volume, there must be increased venous return and filling pressure. This explains the increase in fluid
retention resulting from cardiac dysfunction.

Created by BioRender.com.

2023 Narayan et al. Cureus 15(9): e45719. DOI 10.7759/cureus.45719 5 of 13

javascript:void(0)
javascript:void(0)
javascript:void(0)
https://assets.cureus.com/uploads/figure/file/728290/lightbox_240249c0439211eeb220195835a130e9-Untitled-2-.png


FIGURE 4: Cardiac remodeling in heart failure: eccentric hypertrophy
and concentric hypertrophy in patients with heart failure compared to a
normal heart.
Eccentric and concentric hypertrophy are characterized by the arrangement of the sarcomeres. In heart failure
with reduced ejection fraction, sarcomeres are added in a series rather than parallel as in concentric hypertrophy.

Created by BioRender.com.

First-line pharmacologic approach
The current management of HFrEF aims to provide symptomatic relief and decrease mortality and
complications associated with the reduced ejection fraction. The conventional first-line therapy includes
loop diuretics, RAS inhibitors (angiotensin-converting enzyme inhibitors (ACEis) and angiotensin II receptor
blockers (ARBs)) or hydralazine/isosorbide-dinitrate, and a β-blocker [3,13]. These classes of drugs are
associated with significant reductions in mortality and morbidity [3]. Loop diuretics reduce intravascular
volume, thereby decreasing blood pressure. Hydralazine/isosorbide-dinitrate is a smooth muscle relaxant
used as an alternative to ACEi/ARBs as tolerated.

Angiotensin-Converting Enzyme Inhibitors and Angiotensin II Receptor Blockers

ACEi/ARBs work by inhibiting the RAS system that, in sequence, lowers the blood pressure and afterload,
addressing a significant pathophysiologic pattern of HFrEF. CHAMP-HF, a cohort study aimed at filling the
gaps in the use and dosage of medication prescribed for outpatient treatment of HFrEF, observed the highest
rate of hospitalization among patients receiving the lowest doses of ACEi/ARB [21]. Studies have shown that
higher doses of ACEi/ARB therapy are directly proportional to reduced hospital stay and better prognosis.
ACEi/ARBs have been proven to play a crucial role in the mainstay treatment of HFrEF while carefully
monitoring blood pressure and serum potassium and creatinine levels [22].

β-Blockers

β-blockers work by blocking the sympathetic effect of beta-adrenergic receptors on the heart. According to
numerous studies, β-blockers are considered the first-line therapy in compensated HFrEF. They work by
inhibiting the SNS and the RAS with beneficial effects, including a decrease in heart rate and blood pressure
and a reduction in the probability of subsequent arrhythmias and myocardial infarction. Extensive clinical
trials have established that β-blockers limited heart failure hospitalization and improved survival [23,24].
According to COMET, a randomized control trial (RCT), selective β-blockers such as metoprolol and
carvedilol were associated with a 40% and 34% reduction in mortality rate, respectively [23]. However,
careful heart rate, blood pressure, and myocardial function evaluation are required during titration and after
the target dose is reached [22].

Mineralocorticoid Receptor Antagonists

Mineralocorticoid receptor antagonists (MRAs) are considered the most unrecognized therapy in HFrEF
despite significant evidence from various randomized trials in improving mortality [25,26]. A study based on
the RALES and EMPHASIS-HF trials concluded that MRA therapy did not cause any significant decrease in
blood pressure even when the baseline systolic blood pressure was low [26]. Apart from maintaining
saltwater homeostasis, MR blockade helps reduce inflammation, which consequently reduces cardiovascular
and renal damage. A randomized clinical trial based on data from the Cochrane Central Register of
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Controlled Trials, MEDLINE, and EMBASE concluded that the benefit of using MRA pharmacotherapy was
significantly higher for HFrEF [27]. This regimen is introduced in patients with symptomatic chronic HFrEF
already receiving β-blockers and ACEi/ARBs [25-27].

Ivabradine

Heart rate is a significant predictor of prognosis in heart failure. Ivabradine is added to the initial
management of HFrEF once β-blockers are fully titrated and reach the target dose [28]. According to the
2016 American College of Cardiology/American Heart Association/Heart Failure Society of America
(ACC/AHA/HFSA) guideline, ivabradine therapy in patients with HFrEF decreased the risk of heart failure
hospitalization [29]. According to the SHIFT trial, patients who had a baseline heart rate of greater than 77
beats/minute, those who could not tolerate the up-titration, or for whom these agents were contraindicated
had a significant reduction in hospitalization. Ivabradine acts on the current in the sinoatrial nodal activity
and reduces the heart rate without affecting blood pressure. The SHIFT trial also concluded that 5% of the
patients on ivabradine therapy had symptomatic bradycardia while 6% had asymptomatic bradycardia
compared to 1% in the placebo group [28,30].

Novel pharmacologic therapies
While several treatment options are available for patients with HFrEF, adding new agents remains essential
to improve the prognosis and manage the condition effectively. According to the 2022 AHA/ACC/HFSA
guidelines, there are four recommended drugs for guideline-mediated therapy in HFrEF treatment. These
include angiotensin receptor/neprilysin inhibitors (ARNIs), sodium-glucose cotransporter 2 (SGLT2)
inhibitors, sGC modulators, and myosin activators [3]. Each of these drugs plays a distinct role in targeting
the pathophysiology of HFrEF, and their inclusion in the treatment regimen is advised based on their proven
efficacy and potential benefits for patients with HFrEF.

Angiotensin Receptor/Neprilysin Inhibitor

Sacubitril/valsartan, an inhibitor of angiotensin receptor-neprilysin, has demonstrated a reduction in the
risk of cardiovascular death and hospitalization due to heart failure, as well as improved symptoms in
patients with HFrEF [31]. Despite multiple drug regimens, mortality rates remained high among HFrEF
patients. Consequently, in 2015, the US Food and Drug Administration approved a novel drug called
sacubitril/valsartan, marketed as Entresto®, which combines an ARB with the neprilysin inhibitor prodrug
sacubitril in a 1:1 ratio. By inhibiting neprilysin, sacubitril prevents the degradation of natriuretic peptides.
Thus, this combination addresses two fundamental pathophysiological mechanisms, namely, activation of
the RAAS and decreased sensitivity to natriuretic peptides [32]. Its recommended use is in place of
ACEi/ARBs as tolerated and with other medications included in the first-line therapy of HFrEF [33].

One well-known clinical trial, PARADIGM-HF, compared sacubitril/valsartan to enalapril, an ACEi, and
demonstrated a 20% reduction in relative risks for the combined primary endpoints of death and heart
failure hospitalization. The study also examined mortality rates due to two leading causes: sudden death and
ventricular arrhythmia. The study revealed a 22% reduction in the risk of resuscitated or non-resuscitated
sudden deaths in patients treated with ARNI compared to enalapril [34,35]. ARNI also reduced sudden deaths
by 50% in patients with an implantable cardioverter-defibrillator (ICD) [36]. These effects were not observed
in patients treated solely with ACEis or ARBs. The effects of ARNI were analyzed in HFrEF and ICD for
various conditions such as appropriate shocks, non-sustained ventricular tachycardia, supraventricular
tachycardia, ventricular extra systolic load, and the percentage of biventricular pacing. The post-
intervention analysis showed significant clinical improvement, decreased arrhythmic load, a five-point
increase in ejection fraction, and reduced NT-proBNP levels. A direct correlation was observed between NT-
proBNP levels and ventricular arrhythmic load [34,37].

In the PARADIGM-HF trial, the sacubitril/valsartan group showed 23% lesser rates of hospitalizations for
worsening heart failure. The reduction was irrespective of the patient characteristics and decreased first and
recurrent hospitalization [31]. The study revealed that patients using ARNIs experienced a reduced
frequency of severe hyperkalemia compared to the alternative drug [34]. Moreover, when comparing the
effects of both drugs on renal function, it was found that the benefits were twice as high in patients utilizing
ARNIs [38]. Notably, the number of patients who had to discontinue ARNIs due to renal insufficiency was
only half that of those taking enalapril [39]. An analysis was conducted to assess the drug’s impact on
quality of life and functional capacity, yielding noteworthy improvements in both aspects [40]. Initiating
ARNIs early has demonstrated significant advantages in both acute and chronic scenarios. These findings
make the role of ARNI significant in treating patients with HFrEF as it reduces hospitalization and mortality
from heart failure.

Sodium-Glucose Cotransporter 2 Inhibitors

SGLT2 inhibitors provide numerous advantages for patients with HFrEF. SGLT2 are sodium-glucose
cotransporters expressed in the proximal convoluted tubules and are responsible for the reabsorption of 90%
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of the filtered glucose [41]. Thus, inhibiting SGLT2 promotes early natriuresis, leading to a reduction in
plasma volume and subsequent lowering of blood pressure and tissue sodium levels. Numerous clinical
trials, including EMPA-REG OUTCOME, CANVAS, DECLARE-TIMI 58, and VERTIS, have been conducted to
evaluate the effectiveness of SGLT2 inhibitors in treating HF. These trials have demonstrated the ability of
these drugs to not only decrease HF-related hospitalizations but also lower cardiovascular mortality rates.
Notably, studies such as DAPA-HF and EMPEROR-Reduced have emphasized the significance of SGLT2
inhibitors as a fourth pillar in modifying the prognosis of HFrEF, thus complementing the gold standard
treatment regimen [42].

SGLT2 inhibitors have exhibited effectiveness in patients with type 2 diabetes (T2D), who often experience
cardiovascular complications, including heart failure. Clinical trials involving patients with and without T2D
have shown that SGLT2 inhibitors improve cardiovascular outcomes and reduce associated risk factors in
these individuals [43]. A recent study has identified newly diagnosed HFrEF patients hospitalized with heart
failure as ideal candidates for SGLT2 inhibitors. Administration of these drugs to such patients has
demonstrated a substantial reduction in clinical events within days and weeks. Additionally, SGLT2
inhibitors possess renal protective properties and diminish the risk of hyperkalemia, making them favorable
for concurrent use with RAS inhibitors [44]. This can reduce mortality and morbidity in patients with or
without T2D.

Soluble Guanylate Cyclase Stimulators

sGC stimulators, such as vericiguat, activate sGC independently of NO by binding to the enzyme’s non-heme
side [45]. New drugs targeting the NO-sGC-cGMP signaling pathway have been crucial in addressing the
impact of neurohormonal activation.

Two necessary clinical trials were conducted for vericiguat. The SOCRATES-REDUCED study demonstrated
that vericiguat was well-tolerated, and higher doses were associated with a more significant decrease in NT-
proBNP levels [46]. In the VICTORIA trial, vericiguat was linked to a reduced risk of hospitalization and
death from cardiovascular events, showing promise for patients with HFrEF [47].

Modulators and Myosin Activators

Omecamtiv mecarbil is a cardiac myosin activator that aims to enhance sarcomere function and improve
myocardial function [48-50]. In the COSMIC-HF study, omecamtiv mecarbil was administered to patients
with HFrEF for 20 weeks. Substantial enhancements in systolic function, ejection time, ejection fraction,
fractional shortening, and SV were noted [51-54]. The treatment also decreased NT-proBNP levels, heart
rate, and neurohormonal activation. Notably, left ventricular diastolic and systolic dimensions and volumes
showed significant improvement, indicating the drug’s potential to reverse cardiac remodeling. These
findings suggest that omecamtiv mecarbil can potentially improve mortality rates and reduce
hospitalizations in patients with HFrEF [55,56]. In contrast, the METEORIC-HF clinical trial, focused on
chronic HFrEF patients, did not demonstrate any improvement in exercise capacity with the administration
of omecamtiv mecarbil [57]. However, a separate trial GALACTIC-HF evaluating the drug’s efficacy and
safety in patients with low kidney function, low blood pressure, and those receiving optimum medical, or
device management revealed positive effects, with a hazard ratio of 0.80 (95% CI = 0.71-0.90) for the primary
endpoint and 0.88 (95% CI = 0.75-1.03) for cardiovascular deaths in severe heart failure patients [58].

Effects of exercise-based therapy on mortality, hospitalization
readmission rates, health-related quality of life, and cardiovascular
function
The pathophysiology of the effects of exercise-based therapy in patients with HFrEF involves various
processes and adaptations. Studies have shown that patients with HFrEF have a decreased cardiac and
pulmonary reserve, skeletal muscle dysfunction, and autonomic dysfunction. These central and peripheral
mechanisms contribute to the exercise intolerance observed in patients with heart failure, thus contributing
to a poor quality of life, mortality, and hospitalizations [59].

Exercise training and regular physical activity have been shown to improve exercise tolerance and
functional capacity in patients with heart failure by several mechanisms. Primarily, regular exercise training
improves the autonomic dysfunction seen in HFrEF. It decreases sympathetic activity and thus reduces
plasma catecholamine and angiotensin II levels. This consequently improves baroreflex and decreases the
potentially harmful effects of both plasma catecholamines and angiotensin II. Concurrently, it increases
parasympathetic activity thus improving heart rate variability (HRV) [59,60]. HRV refers to the degree of
variability between consecutive heartbeats, or RR intervals. A low HRV is suggestive of autonomic
dysfunction and is a predictor of mortality in patients with heart failure [59].

Exercise training also improves endothelial function by increasing the synthesis of NO synthase, which
causes vasodilation of the endothelium. Decreased sympathetic activity as well as improved endothelial
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function cause a decrease in peripheral resistance. These resulting adaptations decrease cardiac afterload
and, therefore, reduce myocardial oxygen demand, increase LVEF, and contribute to increased blood flow to
the skeletal muscles [60,61].

Exercise has been shown to reduce inflammation by increasing anti-inflammatory cytokines such as
interleukin (IL)-10 and reducing pro-inflammatory cytokines (e.g., tumor necrosis factor-alpha, IL-6, and
IL-1β), markers of endothelium dysfunction and inflammatory mediators (e.g., vascular cell adhesion
molecule, intercellular adhesion molecule, and monocyte chemoattractant protein-1) [60,62]. These changes
have several positive effects on improving pulmonary ventilation, renal function, peripheral and coronary
arterial remodeling, and contractile function as well as energy transfer of myocardial and skeletal muscle
[60,63]. Furthermore, exercise therapy improves the structure and function of skeletal muscles, thereby
improving skeletal muscle remodeling. The involved mechanism produces increased capillary density in the
muscles, improved skeletal muscle fiber type distribution, and increased mitochondria concentration,
which, in turn, increases oxidative phosphorylation. These combined changes result in improved LVEF and
peak oxygen consumption (VO2) [64].

Notably, exercise and regular physical activity improve end-diastolic and end-systolic volumes and filling
pressures, which lead to favorable changes in the structure of atria and ventricles, rendering them capable of
supporting higher maximal heart rates, high systolic blood pressures, and increased ejection fractions
during exercise, thus improving exercise intolerance [60].

Several studies have shown that exercise therapy improves quality of life and decreases hospitalization
readmission rates. The results on the effect of mortality rates have been variable. For example, a review
included RCTs that compared exercise therapy with a follow-up of six months or longer in adults over 18
years of age having either HFrEF or HFpEF concluded that exercise therapy reduces the risk of hospital
readmissions regardless of the cause and of heart failure-specific readmissions in the short term (less than
12 months) and improves health-related quality of life (HrQOL). The study found no evidence of decreased
mortality in the short term [65]. Another review, which included both HFpEF and HFrEF patients, concluded
that there was a trend toward a decrease in all-cause mortality in RCTs with follow-ups of more than 12
months [66]. A systematic review and meta-analysis conducted by Bjarnason-Wehrens et al. found no
association between exercise therapy and mortality and hospitalization readmission rates. However, the
study did find an improvement in HrQOL [67].

A study conducted by Bjarson-Wehrens et al. concluded that a combination of aerobic and resistance
training is better than aerobic training alone in a selected group of patients (patients with moderate-to-
good left ventricular function, good cardiac performance capacity (more than five to six metabolic
equivalents of oxygen consumption = 1.4 watt/kg body weight), no symptoms of angina pectoris or ST
segment depression under continued maintenance of the medical therapy). According to Bjarson-Wehrens et
al., resistance training positively impacts cardiovascular risk factors, cardiovascular function metabolism,
and quality of life [67].

Between moderate-intensity continuous training (MICT) and high-intensity interval training (HIIT), daily
MICT is recommended. A systematic review and meta-analysis conducted by Tucker et al. to study the effect
of MICT, HIIT, and resistance training on left ventricular remodeling found that MICT decreases left
ventricular remodeling with the most benefits seen with more than six months of MICT training. HIIT for
two to three months was better than controls at improving LVEF but was not superior to MICT. Resistance
training alone or in combination with aerobic training was not found to improve LVEF [68,69].

Discussion
HFrEF stems from the left ventricle’s impaired contraction, resulting in an ejection fraction of less than 40%
[3]. The underlying mechanisms involve significant loss of cardiomyocytes, acutely (e.g., following
myocardial infarction or myocarditis) or chronically (e.g., genetic mutations or valvular disease with cell
death due to overload) [14,15]. Neuroendocrine activation plays a crucial role, with stimulation of the carotid
sinus and aortic arch baroreceptors leading to vasopressin release and activation of the RAAS, and
consequently, vasoconstriction, increased preload, and afterload contribute to chronic chamber dilatation
and heart failure [8-10]. A comprehensive understanding of these intricacies is essential for developing
effective treatments for HFrEF.

ACEis are the cornerstone of HFrEF treatment. These medications inhibit the RAAS, reducing
vasoconstriction and afterload and ultimately improving cardiac function. Clinical trials, such as the large
European study BIOSTAT-CHF, have shown the importance of appropriate dosing, significantly reducing
cardiovascular mortality and hospitalization [19]. However, some patients experience side effects such as
cough or angioedema, which may limit the tolerability and efficacy of ACEi drugs, even when appropriately
dosed. Not all patients are suitable candidates for ACEis due to certain comorbidities (commonly, aortic valve
stenosis) or contraindications. For instance, there is a risk of angioedema in patients receiving ACEi, and
ARNIs increase the risk of developing angioedema [31].
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On the contrary, β-blockers are commonly used in the management of heart failure, but their effects can
vary depending on whether they are administered for acute or chronic heart failure, with significant
implications for acute decompensated heart failure [70,71]. β-blockers, such as carvedilol, metoprolol, and
bisoprolol, significantly improve cardiac function when used chronically as they reduce cardiac workload by
slowing the heart rate and reducing contractility [24]. Furthermore, long-term use can help alleviate
symptoms such as shortness of breath, fatigue, and fluid retention in patients with heart failure. The use of
β-blockers during acute decompensation of heart failure is more complex and requires caution. In cases of
acute exacerbation, β-blockers may be temporarily discontinued or adjusted due to exacerbation of
symptoms resulting from their negative inotropic effects, which reduce the heart’s ability to pump blood
effectively. There is also an additional decompensation risk: the reduction in heart rate and contractility can
potentially worsen decompensation during acute episodes, leading to decreased cardiac output and
inadequate tissue perfusion [23,70,71]. It is crucial for healthcare providers to carefully assess the patient’s
condition when considering the use of β-blockers during acute decompensation. In some cases, temporary
discontinuation or dose adjustment may be necessary to ensure hemodynamic stability. Once the acute
phase is managed, β-blockers are usually reintroduced and titrated to optimal doses for long-term
management [22].

Novelly relied on MRAs, such as spironolactone and eplerenone, which have emerged as valuable additions
to HFrEF treatment. They have shown prognostically beneficial effects, reducing mortality risk and
hospitalizations in HFrEF patients with symptomatic left ventricular dysfunction. Nonetheless,
spironolactone’s non-selectivity as an MRA may lead to side effects such as gynecomastia, impotence, and
menstrual disorders. Close monitoring of renal function and electrolytes is necessary due to the risk of
hyperkalemia when using MRAs [22-24].

The advent of ARNI drugs, such as sacubitril/valsartan, has offered a pioneering therapeutic option for
HFrEF patients. ARNIs combine RAAS inhibition with the prevention of natriuretic peptide degradation,
providing a dual mechanism for improved cardiac function. Studies have demonstrated a significant
reduction in cardiovascular mortality, overall mortality, and heart failure-related hospitalizations with
sacubitril/valsartan therapy compared to ACEi treatment [19,31]. However, being a newer class of
medication, long-term safety, and tolerability data may still be evolving. Cost and accessibility could be
potential barriers for some patients.

A holistic, novel approach to treating heart failure has investigated the effects of exercise training on
patients with permanent atrial fibrillation with reduced ejection fraction. Results showed that exercise-
trained groups significantly improved exercise capacity, quality of life, and cardiac function. Moreover, peak
oxygen consumption, ventilation per minute/carbon dioxide production, and left ventricular ejection
fraction all improved unexpectedly. Additionally, their resting and recovery heart rates decreased, and left
atrial dimension, left ventricular end-systolic volume, and left ventricular end-diastolic volume all
decreased. Conversely, no significant changes were observed in the no-training group [56,57,59].

It is surprising that MRA and ARNI efficacy competes with that of standardized ACEi dosing, which reduces
blood pressure, preload, and intravascular pressure to reduce the workload on the heart [23,28]. This
suggests the need for further studies examining the long-term effects of MRA and ARNI on patients,
particularly with renal comorbidities, as this lack of long-term potentiation acts as a limitation to the
standardization of MRA and ARNI therapies alongside holistic measures such as exercise therapy.

This literature review was aimed at evaluating the existing treatment landscape for HFrEF. The management
of HFrEF encompasses a range of therapeutic options, each with its pros and cons. ACEis, �-blockers, MRAs,
and ARNIs have significantly improved prognosis and reduced mortality and hospitalizations. However,
carefully considering individual patient characteristics, comorbidities, and preferences is vital in choosing
the most appropriate treatment approach. Combining multiple therapies alongside holistic advances such as
exercise therapy may provide synergistic benefits, ultimately leading to improved outcomes for patients
with HFrEF.

Conclusions
Heart failure is a prevalent clinical syndrome most commonly caused by ischemic heart disease. HFrEF is
diagnosed in 50% of heart failure patients in the United States. It is known to have a mortality rate of 42% in
the last five years. The first-line therapy for HFrEF aims at targeting the neurohumoral and sympatho-
adrenergic aspects of pathophysiology. Novel pharmacologic treatments including ARNIs, SGLT2 inhibitors,
and sGC stimulators, and holistic measures such as exercise-based therapy, have been shown to improve
prognosis. Despite this, the existing literature suggests a need for further studies evaluating the long-term
effects of MRAs and ARNIs.

Additional Information
Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the

2023 Narayan et al. Cureus 15(9): e45719. DOI 10.7759/cureus.45719 10 of 13

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
We would like to thank IMG Helping Hands for facilitating and supporting the research process. SN and GT
contributed equally to the work and should be considered co-first authors. Furthermore, we would like to
acknowledge that GT, KS, GC, FG, BA, GK, CS, HM, and DB significantly contributed to building the article.
SN drafted the Discussion and participated in the conceptual design of the figures. GT participated in the
conceptual design of the figures and created the figures. RA drafted the review of novel pharmacologic
therapies and participated in reviewing the citations and references. KS drafted the review of exercise-based
therapy. GC and FG drafted the review of the pathophysiology. BA drafted the Abstract. GK drafted the
Conclusion. CS drafted the Introduction. HM drafted the review of the first-line therapy. DB conceived the
research, led the design and coordination, and drafted the manuscript. All authors reviewed and approved
the final manuscript. Per the ICMJE criteria, all of the aforementioned authors are eligible for authorship.

References
1. Murphy SP, Ibrahim NE, Januzzi JL Jr: Heart failure with reduced ejection fraction: a review . JAMA. 2020,

324:488-504. 10.1001/jama.2020.10262
2. Schwinger RH: Pathophysiology of heart failure . Cardiovasc Diagn Ther. 2021, 11:263-76. 10.21037/cdt-20-

302
3. Heidenreich PA, Bozkurt B, Aguilar D, et al.: 2022 AHA/ACC/HFSA for the management of heart failure: a

report of the American College of Cardiology/American Heart Association Joint Committee on Clinical
Practice Guidelines. J Am Coll Cardiol. 2022, 79:e263-421. 10.1016/j.jacc.2021.12.012

4. Malik A, Brito D, Vaqar S, Chhabra L: Congestive Heart Failure. StatPearls Publishing, Treasure Island, FL;
2022.

5. Groenewegen A, Rutten FH, Mosterd A, Hoes AW: Epidemiology of heart failure . Eur J Heart Fail. 2020,
22:1342-56. 10.1002/ejhf.1858

6. Miric D, Barac A, Capkun V, Bakovic D: Right ventricular free wall strain in acutely decompensated heart
failure patients with ischemic and non-ischemic cardiomyopathy. Echocardiography. 2021, 38:1747-53.
10.1111/echo.15205

7. Kosaraju A, Goyal A, Grigorova Y, Makaryus AN: Left Ventricular Ejection Fraction. StatPearls Publishing,
Treasure Island, FL; 2022.

8. Schirone L, Forte M, Palmerio S, et al.: A review of the molecular mechanisms underlying the development
and progression of cardiac remodeling. Oxid Med Cell Longev. 2017, 2017:3920195. 10.1155/2017/3920195

9. Mishra PK, Adameova A, Hill JA, et al.: Guidelines for evaluating myocardial cell death. Am J Physiol Heart
Circ Physiol. 2019, 317:H891-922. 10.1152/ajpheart.00259.2019

10. Ge Z, Li A, McNamara J, Dos Remedios C, Lal S: Pathogenesis and pathophysiology of heart failure with
reduced ejection fraction: translation to human studies. Heart Fail Rev. 2019, 24:743-58. 10.1007/s10741-
019-09806-0

11. Chidsey CA, Braunwald E, Morrow AG: Catecholamine excretion and cardiac stores of norepinephrine in
congestive heart failure. Am J Med. 1965, 39:442-51. 10.1016/0002-9343(65)90211-1

12. Hartupee J, Mann DL: Neurohormonal activation in heart failure with reduced ejection fraction . Nat Rev
Cardiol. 2017, 14:30-8. 10.1038/nrcardio.2016.163

13. Fonarow GC, Yancy CW, Hernandez AF, Peterson ED, Spertus JA, Heidenreich PA: Potential impact of
optimal implementation of evidence-based heart failure therapies on mortality. Am Heart J. 2011, 161:1024-
30.e3. 10.1016/j.ahj.2011.01.027

14. Mentzer G, Hsich EM: Heart failure with reduced ejection fraction in women: epidemiology, outcomes, and
treatment. Heart Fail Clin. 2019, 15:19-27. 10.1016/j.hfc.2018.08.003

15. Shah KS, Xu H, Matsouaka RA, et al.: Heart failure with preserved, borderline, and reduced ejection fraction:
5-year outcomes. J Am Coll Cardiol. 2017, 70:2476-86. 10.1016/j.jacc.2017.08.074

16. Sullivan RD, Mehta RM, Tripathi R, Reed GL, Gladysheva IP: Renin activity in heart failure with reduced
systolic function-new insights. Int J Mol Sci. 2019, 20:3182. 10.3390/ijms20133182

17. Volpe M, Carnovali M, Mastromarino V: The natriuretic peptides system in the pathophysiology of heart
failure: from molecular basis to treatment. Clin Sci (Lond). 2016, 130:57-77. 10.1042/CS20150469

18. Murad F: Shattuck Lecture. Nitric oxide and cyclic GMP in cell signaling and drug development . N Engl J
Med. 2006, 355:2003-11. 10.1056/NEJMsa063904

19. Delicce AV, Makaryus AN: Physiology, Frank Starling Law . StatPearls Publishing, Treasure Island, FL; 2022.
20. Ganau A, Devereux RB, Roman MJ, et al.: Patterns of left ventricular hypertrophy and geometric remodeling

in essential hypertension. J Am Coll Cardiol. 1992, 19:1550-8. 10.1016/0735-1097(92)90617-v
21. Greene SJ, Butler J, Albert NM, et al.: Medical therapy for heart failure with reduced ejection fraction: the

CHAMP-HF registry. J Am Coll Cardiol. 2018, 72:351-66. 10.1016/j.jacc.2018.04.070
22. Driscoll A, Currey J, Tonkin A, Krum H: Nurse-led titration of angiotensin converting enzyme inhibitors,

beta-adrenergic blocking agents, and angiotensin receptor blockers for people with heart failure with
reduced ejection fraction. Cochrane Database Syst Rev. 2015, 2015:CD009889.
10.1002/14651858.CD009889.pub2

23. Masarone D, Martucci ML, Errigo V, Pacileo G: The use of β-blockers in heart failure with reduced ejection
fraction. J Cardiovasc Dev Dis. 2021, 8:101. 10.3390/jcdd8090101

24. Kotecha D, Flather MD, Altman DG, et al.: Heart rate and rhythm and the benefit of beta-blockers in

2023 Narayan et al. Cureus 15(9): e45719. DOI 10.7759/cureus.45719 11 of 13

https://dx.doi.org/10.1001/jama.2020.10262?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jama.2020.10262?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.21037/cdt-20-302?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.21037/cdt-20-302?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2021.12.012?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2021.12.012?utm_medium=email&utm_source=transaction
https://europepmc.org/article/NBK/nbk430873?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1858?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1858?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1111/echo.15205?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1111/echo.15205?utm_medium=email&utm_source=transaction
https://pubmed.ncbi.nlm.nih.gov/29083812/?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1155/2017/3920195?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1155/2017/3920195?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1152/ajpheart.00259.2019?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1152/ajpheart.00259.2019?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-019-09806-0?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-019-09806-0?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/0002-9343(65)90211-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/0002-9343(65)90211-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/nrcardio.2016.163?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/nrcardio.2016.163?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.ahj.2011.01.027?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.ahj.2011.01.027?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.hfc.2018.08.003?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.hfc.2018.08.003?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2017.08.074?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2017.08.074?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/ijms20133182?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/ijms20133182?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1042/CS20150469?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1042/CS20150469?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMsa063904?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMsa063904?utm_medium=email&utm_source=transaction
https://www.ncbi.nlm.nih.gov/books/NBK470295/?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/0735-1097(92)90617-v?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/0735-1097(92)90617-v?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2018.04.070?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2018.04.070?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD009889.pub2?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD009889.pub2?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/jcdd8090101?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/jcdd8090101?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2017.04.001?utm_medium=email&utm_source=transaction


patients with heart failure. J Am Coll Cardiol. 2017, 69:2885-96. 10.1016/j.jacc.2017.04.001
25. Ronconi V, Turchi F, Appolloni G, di Tizio V, Boscaro M, Giacchetti G: Aldosterone, mineralocorticoid

receptor and the metabolic syndrome: role of the mineralocorticoid receptor antagonists. Curr Vasc
Pharmacol. 2012, 10:238-46. 10.2174/157016112799304969

26. Serenelli M, Jackson A, Dewan P, et al.: Mineralocorticoid receptor antagonists, blood pressure, and
outcomes in heart failure with reduced ejection fraction. JACC Heart Fail. 2020, 8:188-98.
10.1016/j.jchf.2019.09.011

27. Berbenetz NM, Mrkobrada M: Mineralocorticoid receptor antagonists for heart failure: systematic review
and meta-analysis. BMC Cardiovasc Disord. 2016, 16:246. 10.1186/s12872-016-0425-x

28. Badu-Boateng C, Jennings R, Hammersley D: The therapeutic role of ivabradine in heart failure . Ther Adv
Chronic Dis. 2018, 9:199-207. 10.1177/2040622318784556

29. 2016 ACC/AHA/HFSA focused update on new pharmacological therapy for heart failure: an update of the
2013 ACCF/AHA guideline for the management of heart failure: a report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the Heart Failure
Society of America. J Card Fail. 2016, 22:659-69. 10.1016/j.cardfail.2016.07.001

30. Bocchi EA, Salemi VM: Ivabradine for treatment of heart failure . Expert Opin Drug Saf. 2019, 18:393-402.
10.1080/14740338.2019.1612873

31. Solomon SD, Claggett B, Packer M, et al.: Efficacy of sacubitril/valsartan relative to a prior decompensation:
the PARADIGM-HF trial. JACC Heart Fail. 2016, 4:816-22. 10.1016/j.jchf.2016.05.002

32. Hubers SA, Brown NJ: Combined angiotensin receptor antagonism and neprilysin inhibition . Circulation.
2016, 133:1115-24. 10.1161/CIRCULATIONAHA.115.018622

33. Sauer AJ, Cole R, Jensen BC, Pal J, Sharma N, Yehya A, Vader J: Practical guidance on the use of
sacubitril/valsartan for heart failure. Heart Fail Rev. 2019, 24:167-76. 10.1007/s10741-018-9757-1

34. McMurray JJ, Packer M, Desai AS, et al.: Angiotensin-neprilysin inhibition versus enalapril in heart failure .
N Engl J Med. 2014, 371:993-1004. 10.1056/NEJMoa1409077

35. Pascual-Figal D, Bayés-Genis A, Beltrán-Troncoso P, et al.: Sacubitril-valsartan, clinical benefits and related
mechanisms of action in heart failure with reduced ejection fraction. A review. Front Cardiovasc Med. 2021,
8:754499. 10.3389/fcvm.2021.754499

36. Desai AS, McMurray JJ, Packer M, et al.: Effect of the angiotensin-receptor-neprilysin inhibitor LCZ696
compared with enalapril on mode of death in heart failure patients. Eur Heart J. 2015, 36:1990-7.
10.1093/eurheartj/ehv186

37. de Diego C, González-Torres L, Núñez JM, et al.: Effects of angiotensin-neprilysin inhibition compared to
angiotensin inhibition on ventricular arrhythmias in reduced ejection fraction patients under continuous
remote monitoring of implantable defibrillator devices. Heart Rhythm. 2018, 15:395-402.
10.1016/j.hrthm.2017.11.012

38. Packer M, Claggett B, Lefkowitz MP, McMurray JJ, Rouleau JL, Solomon SD, Zile MR: Effect of neprilysin
inhibition on renal function in patients with type 2 diabetes and chronic heart failure who are receiving
target doses of inhibitors of the renin-angiotensin system: a secondary analysis of the PARADIGM-HF trial.
Lancet Diabetes Endocrinol. 2018, 6:547-54. 10.1016/S2213-8587(18)30100-1

39. Damman K, Gori M, Claggett B, et al.: Renal effects and associated outcomes during angiotensin-neprilysin
inhibition in heart failure. JACC Heart Fail. 2018, 6:489-98. 10.1016/j.jchf.2018.02.004

40. Velazquez EJ, Morrow DA, DeVore AD, et al.: Angiotensin-neprilysin inhibition in acute decompensated
heart failure. N Engl J Med. 2019, 380:539-48. 10.1056/NEJMoa1812851

41. Scheen AJ: Pharmacodynamics, efficacy and safety of sodium-glucose co-transporter type 2 (SGLT2)
inhibitors for the treatment of type 2 diabetes mellitus. Drugs. 2015, 75:33-59. 10.1007/s40265-014-0337-y

42. Cowie MR, Fisher M: SGLT2 inhibitors: mechanisms of cardiovascular benefit beyond glycaemic control . Nat
Rev Cardiol. 2020, 17:761-72. 10.1038/s41569-020-0406-8

43. Rao S: Use of sodium-glucose cotransporter-2 inhibitors in clinical practice for heart failure prevention and
treatment: beyond type 2 diabetes. A narrative review. Adv Ther. 2022, 39:845-61. 10.1007/s12325-021-
01989-z

44. Tomasoni D, Fonarow GC, Adamo M, et al.: Sodium-glucose co-transporter 2 inhibitors as an early, first-line
therapy in patients with heart failure and reduced ejection fraction. Eur J Heart Fail. 2022, 24:431-41.
10.1002/ejhf.2397

45. Horst BG, Marletta MA: Physiological activation and deactivation of soluble guanylate cyclase . Nitric Oxide.
2018, 77:65-74. 10.1016/j.niox.2018.04.011

46. Gheorghiade M, Greene SJ, Butler J, et al.: Effect of vericiguat, a soluble guanylate cyclase stimulator, on
natriuretic peptide levels in patients with worsening chronic heart failure and reduced ejection fraction: the
SOCRATES-REDUCED randomized trial. JAMA. 2015, 314:2251-62. 10.1001/jama.2015.15734

47. Armstrong PW, Pieske B, Anstrom KJ, et al.: Vericiguat in patients with heart failure and reduced ejection
fraction. N Engl J Med. 2020, 382:1883-93. 10.1056/NEJMoa1915928

48. Malik FI, Hartman JJ, Elias KA, et al.: Cardiac myosin activation: a potential therapeutic approach for systolic
heart failure. Science. 2011, 331:1439-43. 10.1126/science.1200113

49. Teerlink JR, Felker GM, McMurray JJ, et al.: Chronic Oral Study of Myosin Activation to Increase
Contractility in Heart Failure (COSMIC-HF): a phase 2, pharmacokinetic, randomised, placebo-controlled
trial. Lancet. 2016, 388:2895-903. 10.1016/S0140-6736(16)32049-9

50. Psotka MA, Gottlieb SS, Francis GS, et al.: Cardiac calcitropes, myotropes, and mitotropes: JACC review
topic of the week. J Am Coll Cardiol. 2019, 73:2345-53. 10.1016/j.jacc.2019.02.051

51. Biering-Sørensen T, Querejeta Roca G, Hegde SM, et al.: Left ventricular ejection time is an independent
predictor of incident heart failure in a community-based cohort. Eur J Heart Fail. 2018, 20:1106-14.
10.1002/ejhf.928

52. Njoroge JN, Teerlink JR: Systolic time intervals in patients with heart failure: time to teach new dogs old
tricks. Eur J Heart Fail. 2020, 22:1183-5. 10.1002/ejhf.1725

53. Patel PA, Ambrosy AP, Phelan M, et al.: Association between systolic ejection time and outcomes in heart
failure by ejection fraction. Eur J Heart Fail. 2020, 22:1174-82. 10.1002/ejhf.1659

2023 Narayan et al. Cureus 15(9): e45719. DOI 10.7759/cureus.45719 12 of 13

https://dx.doi.org/10.1016/j.jacc.2017.04.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.2174/157016112799304969?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.2174/157016112799304969?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2019.09.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2019.09.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1186/s12872-016-0425-x?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1186/s12872-016-0425-x?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/2040622318784556?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/2040622318784556?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.cardfail.2016.07.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.cardfail.2016.07.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1080/14740338.2019.1612873?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1080/14740338.2019.1612873?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2016.05.002?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2016.05.002?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.018622?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.018622?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-018-9757-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-018-9757-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1409077?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1409077?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3389/fcvm.2021.754499?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3389/fcvm.2021.754499?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1093/eurheartj/ehv186?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1093/eurheartj/ehv186?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.hrthm.2017.11.012?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.hrthm.2017.11.012?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S2213-8587(18)30100-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S2213-8587(18)30100-1?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2018.02.004?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2018.02.004?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1812851?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1812851?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s40265-014-0337-y?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s40265-014-0337-y?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/s41569-020-0406-8?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/s41569-020-0406-8?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s12325-021-01989-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s12325-021-01989-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.2397?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.2397?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.niox.2018.04.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.niox.2018.04.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jama.2015.15734?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jama.2015.15734?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1915928?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1056/NEJMoa1915928?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1126/science.1200113?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1126/science.1200113?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S0140-6736(16)32049-9?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S0140-6736(16)32049-9?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2019.02.051?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2019.02.051?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.928?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.928?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1725?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1725?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1659?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/ejhf.1659?utm_medium=email&utm_source=transaction


54. Teerlink JR, Diaz R, Felker GM, et al.: Omecamtiv mecarbil in chronic heart failure with reduced ejection
fraction: rationale and design of GALACTIC-HF. JACC Heart Fail. 2020, 8:329-40. 10.1016/j.jchf.2019.12.001

55. Kramer DG, Trikalinos TA, Kent DM, Antonopoulos GV, Konstam MA, Udelson JE: Quantitative evaluation of
drug or device effects on ventricular remodeling as predictors of therapeutic effects on mortality in patients
with heart failure and reduced ejection fraction: a meta-analytic approach. J Am Coll Cardiol. 2010, 56:392-
406. 10.1016/j.jacc.2010.05.011

56. Vaduganathan M, Claggett B, Packer M, et al.: Natriuretic peptides as biomarkers of treatment response in
clinical trials of heart failure. JACC Heart Fail. 2018, 6:564-9. 10.1016/j.jchf.2018.02.007

57. Lewis GD, Voors AA, Cohen-Solal A, et al.: Effect of omecamtiv mecarbil on exercise capacity in chronic
heart failure with reduced ejection fraction: the METEORIC-HF randomized clinical trial. JAMA. 2022,
328:259-69. 10.1001/jama.2022.11016

58. Felker GM, Solomon SD, Claggett B, et al.: Assessment of omecamtiv mecarbil for the treatment of patients
with severe heart failure: a post hoc analysis of data from the GALACTIC-HF randomized clinical trial. JAMA
Cardiol. 2022, 7:26-34. 10.1001/jamacardio.2021.4027

59. Pearson MJ, Smart NA: Exercise therapy and autonomic function in heart failure patients: a systematic
review and meta-analysis. Heart Fail Rev. 2018, 23:91-108. 10.1007/s10741-017-9662-z

60. LaMonte MJ, Eaton CB: Physical activity in the treatment and prevention of heart failure: an update . Curr
Sports Med Rep. 2021, 20:410-7. 10.1249/JSR.0000000000000869

61. Schindler MJ, Adams V, Halle M: Exercise in heart failure-what is the optimal dose to improve
pathophysiology and exercise capacity?. Curr Heart Fail Rep. 2019, 16:98-107. 10.1007/s11897-019-00428-z

62. Adamopoulos S, Parissis J, Karatzas D, et al.: Physical training modulates proinflammatory cytokines and
the soluble Fas/soluble Fas ligand system in patients with chronic heart failure. J Am Coll Cardiol. 2002,
39:653-63. 10.1016/s0735-1097(01)01795-8

63. Gielen S, Laughlin MH, O'Conner C, Duncker DJ: Exercise training in patients with heart disease: review of
beneficial effects and clinical recommendations. Prog Cardiovasc Dis. 2015, 57:347-55.
10.1016/j.pcad.2014.10.001

64. Ismail H, McFarlane JR, Nojoumian AH, Dieberg G, Smart NA: Clinical outcomes and cardiovascular
responses to different exercise training intensities in patients with heart failure: a systematic review and
meta-analysis. JACC Heart Fail. 2013, 1:514-22. 10.1016/j.jchf.2013.08.006

65. Long L, Mordi IR, Bridges C, et al.: Exercise-based cardiac rehabilitation for adults with heart failure .
Cochrane Database Syst Rev. 2019, 1:CD003331. 10.1002/14651858.CD003331.pub5

66. Taylor RS, Sagar VA, Davies EJ, et al.: Exercise-based rehabilitation for heart failure. Cochrane Database
Syst Rev. 2014, 2014:CD003331. 10.1002/14651858.CD003331.pub4

67. Bjarnason-Wehrens B, Nebel R, Jensen K, et al.: Exercise-based cardiac rehabilitation in patients with
reduced left ventricular ejection fraction: the Cardiac Rehabilitation Outcome Study in Heart Failure (CROS-
HF): a systematic review and meta-analysis. Eur J Prev Cardiol. 2020, 27:929-52. 10.1177/2047487319854140

68. Tucker WJ, Beaudry RI, Liang Y, et al.: Meta-analysis of exercise training on left ventricular ejection fraction
in heart failure with reduced ejection fraction: a 10-year update. Prog Cardiovasc Dis. 2019, 62:163-71.
10.1016/j.pcad.2018.08.006

69. Ellingsen Ø, Halle M, Conraads V, et al.: High-intensity interval training in patients with heart failure with
reduced ejection fraction. Circulation. 2017, 135:839-49. 10.1161/CIRCULATIONAHA.116.022924

70. Prins KW, Neill JM, Tyler JO, Eckman PM, Duval S: Effects of beta-blocker withdrawal in acute
decompensated heart failure: a systematic review and meta-analysis. JACC Heart Fail. 2015, 3:647-53.
10.1016/j.jchf.2015.03.008

71. Miró Ò, Müller C, Martín-Sánchez FJ, et al.: BETAWIN-AHF study: effect of beta-blocker withdrawal during
acute decompensation in patients with chronic heart failure. Clin Res Cardiol. 2016, 105:1021-9.
10.1007/s00392-016-1014-9

2023 Narayan et al. Cureus 15(9): e45719. DOI 10.7759/cureus.45719 13 of 13

https://dx.doi.org/10.1016/j.jchf.2019.12.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2019.12.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2010.05.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jacc.2010.05.011?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2018.02.007?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2018.02.007?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jama.2022.11016?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jama.2022.11016?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jamacardio.2021.4027?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1001/jamacardio.2021.4027?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-017-9662-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s10741-017-9662-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1249/JSR.0000000000000869?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1249/JSR.0000000000000869?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s11897-019-00428-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s11897-019-00428-z?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/s0735-1097(01)01795-8?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/s0735-1097(01)01795-8?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.pcad.2014.10.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.pcad.2014.10.001?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2013.08.006?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2013.08.006?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD003331.pub5?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD003331.pub5?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD003331.pub4?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/14651858.CD003331.pub4?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/2047487319854140?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/2047487319854140?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.pcad.2018.08.006?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.pcad.2018.08.006?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1161/CIRCULATIONAHA.116.022924?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1161/CIRCULATIONAHA.116.022924?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2015.03.008?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.jchf.2015.03.008?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s00392-016-1014-9?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1007/s00392-016-1014-9?utm_medium=email&utm_source=transaction

	The Pathophysiology and New Advancements in the Pharmacologic and Exercise-Based Management of Heart Failure With Reduced Ejection Fraction: A Narrative Review
	Abstract
	Introduction And Background
	Review
	Pathophysiology of heart failure with reduced ejection fraction
	FIGURE 1: Schematic representation of the neurohormonal response to a reduction in cardiac output.
	FIGURE 2: Schematic representation of the renin-angiotensin-aldosterone system activation in response to a reduction in blood pressure.
	FIGURE 3: Frank-Starling mechanism that displays the response of the heart to a reduction in venous return.
	FIGURE 4: Cardiac remodeling in heart failure: eccentric hypertrophy and concentric hypertrophy in patients with heart failure compared to a normal heart.

	First-line pharmacologic approach
	Novel pharmacologic therapies
	Effects of exercise-based therapy on mortality, hospitalization readmission rates, health-related quality of life, and cardiovascular function
	Discussion

	Conclusions
	Additional Information
	Disclosures
	Acknowledgements

	References


