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Heart failure is an important cardiovascular disease because of its
increasing prevalence, significant morbidity, high mortality, and rapidly
expanding healthcare cost. Heart failure is caused by structural and/or
functional cardiac defects resulting in decreased cardiac production,
characterized by distinct symptoms and signs. Ischemic heart disorders,
hypertension and diabetes mellitus are among the most common causes of
heart failure. Heart failure patients typically experience dyspnea, fluid
retention and intolerance to exercise. To counteract deleterious effects of
heart failure, compensatory mechanisms are established. These
compensatory mechanisms include frank-starling mechanism, increasing
ventricular wall thickness and neurohormonal activation. Initially, these
compensatory mechanisms improve heart failure condition but with time
these compensatory mechanisms lead to deterioration of heart failure.
Drugs used in management of heart failure include Angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers, Angiotensin receptor
neprilysin inhibitor, beta blockers, mineralocorticoid receptor antagonists,
diuretics, digoxin, ivabradine and sodium glucose cotransporter 2
inhibitors.
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1. Introduction

Heart failure (HF) is a syndrome characterized by a
decline in heart muscle efficiency to pump a
sufficient amount of blood to meet body metabolic
needs. HF affects about 26 million people
worldwide (Ponikowski et al., 2014). HF health
care expenses are huge. Although there are great
advances in HF therapies, mortality and morbidity
are still high worldwide (Savarese &

Lund, 2017). Symptoms of HF include shortness
of breath, fatigue and edema (Inamdar &
Inamdar, 2016). Patient clinical history, physical
examination, electrocardiogram, echocardiography
and natriuretic peptides levels are used in
assessment of HF (Ponikowski et al., 2016).
Reduction in cardiac output which characterize HF
leads to activation of compensatory mechanisms to
counteract harmful effects of HF but with
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time these compensatory mechanisms become
ineffective and worsen the condition (Jackson et
al., 2000). Treatment of HF is focused on
improving contractility, suppressing action of
harmful neurohormones and optimizing fluid status
of the patient (Kemp & Conte, 2012).

2. Pathophysiology

2.1. Left ventricular dysfunction

Left ventricular dysfunction can be presented as
either inability of left ventricle to pump a sufficient
amount of blood to meet body needs (systolic
dysfunction) so ejection fraction is reduced or
impaired  filling of left wventricle (diastolic
dysfunction) and in this case ejection fraction will
be preserved. Systolic dysfunction represents about
70 % of cases while diastolic dysfunction represents
about 30% of cases (Lilly, 2012). Causes of
ventricular dysfunction include ischemic heart
diseases, hypertension, and valvular heart diseases.
Systolic dysfunction leads to accumulation of blood
in left ventricle which in turn increases end diastolic
volume. Elevated end diastolic pressure causes an
increase in left atrial pressure which in turn causes
pooling of blood in pulmonary veins which leads to
pulmonary congestion which is responsible for
dyspnea associated with HF (Kemp & Conte,
2012).
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2.2. Compensatory mechanisms

Reduced cardiac output (CO) in HF causes a
reduction in the tissue perfusion which leads to
development of compensatory mechanisms to
counteract  this  deleterious  effect.  These
compensatory mechanisms include Frank—Starling
mechanism, neurohormonal activation and cardiac
hypertrophy and remodelling. Initially, these
compensatory mechanisms ameliorate symptoms
and general condition of the disease but with time
these compensatory mechanisms lead to worsening
of heart failure as shown in Figure 1 (Kemp &
Conte, 2012).

2.2.1. Frank-Starling mechanism

Because the CO is reduced, the body redistributes
the blood to the most critical organs which are the
brain and the heart. Due to reduced perfusion to the
kidney and the peripheral tissues, the renin-
angiotensin-aldosterone  system  (RAAS) is
activated where angiotensin 1l stimulates
production of aldosterone which causes sodium and
water retention aiming to rise intravascular volume
and consequently preload. The Frank-Starling
mechanism correlates end diastolic volume and
stroke volume where the increase in the ventricular
diastolic volume will increase the stretch of
myocardial fibers which will in turn increase the
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Figure 1. Cardiac compensatory mechanism cycle in heart failure (Kemp & Conte, 2012)



myocardial force of contraction. This mechanism
compensates the reduction in the CO associated
with the HF trying to maintain enough perfusion to
the body organs. Unfortunately, this mechanism is
limited, meaning that beyond certain limit Frank-
Starling mechanism benefits become ineffective in
maintaining the cardiac contractility (Delicce et al.,
2017).

2.2.2. Cardiac remodeling and hypertrophy

Cardiac remodeling is a group of molecular, cellular
and interstitial changes that are expressed clinically
as changes in size, mass, geometry and function of
the heart (Azevedo et al., 2016). Cardiac
remodeling can be classified in 2 types (Mihl et al.,
2008):

1) Physiological remodeling as seen in pregnant
women and athletes.

2) Pathological remodeling as result of myocardial
infarction (MI), hypertension and valvular heart
diseases.

Ventricular hypertrophy is an increase in the muscle
thickness as an adaptive response to hemodynamic
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stress to ameliorate ventricular contractility
(Bornstein et al., 2021).

Physiological hypertrophy is regulated by growth
factors such as insulin-like growth factor-1 (IGF-1)
and transforming growth factor beta (TGF-(),
which act on tyrosine kinase-coupled receptors
(RTKSs) while pathological hypertrophy is regulated
by catecholamines, angiotensin Il, and endothellin-
1 which activate G-protein-coupled receptors
(GPCR) as shown Figure 2 (Samak et al., 2016).

Cardiac remodeling is a progressive process which
leads eventually to the impairment of contractility
of the heart muscle due to increased cardiac wall
tension and fibrosis (Azevedo et al., 2016).

2.2.3. Neurohormonal activation

Reduced CO in HF results in the activation of
neurohormonal pathways. These pathways include
RAAS, the sympathetic nervous system (SNS),
endothelin, vasopressin and pro-inflammatory
cytokines which produce unfavorable effects while
natriuretic peptide system and nitric oxide might
have favorable effects (Hartupee & Mann, 2017).
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Figure 2. Intracellular signaling pathways regulating cardiac hypertrophy (Samak et al., 2016). GPCR = G-protein-
coupled receptor, RTK = Receptor tyrosine kinase, MAPKKs = Mitogen activated protein kinase kinases, ROS =
Reactive oxygen species, RyR = Ryanodine receptor, PI3K = Phosphoinositide-3 kinase, JNK = c-Jun N-terminal kinase,
NFkB = Nuclear factor kappa B, PKC = Protein kinase C, Cam = Calmodulin, ChA = Calcineurin A, CnB = Calcineurin
B, NFAT = Nuclear factor of activated T-cell, Akt = Protein kinase B (PKB), mTOR = Mammalian target of rapamycin,

LPS = Lipopolysaccharide.



Elrefaei et al.

2.2.3.1. Renin-angiotensin-aldosterone system

In HF, reduced renal blood flow and sympathetic
activation result in activation of RAAS. Kidney
secretes renin which converts angiotensinogen to
angiotensin I, Angiotensin converting enzyme
(ACE) converts angiotensin | to angiotensin II.
Angiotensin 1l causes systemic vasoconstriction
which increases afterload and blood pressure.
Angiotensin Il causes release of aldosterone which
causes sodium and water retention in attempt to
enhance CO. This compensatory mechanism
increases already elevated ventricular filling
pressure and causes electrolyte imbalance as
aldosterone causes hypokalemia (Fountain &
Lappin, 2021). It was found that aldosterone
increases collagen deposition which has a role in
cardiac fibrosis and hypertrophy (Jessup &
Brozena, 2003).

2.2.3.2. Sympathetic nervous system

Sympathetic nervous system is activated via
baroreceptor and reduced mean arterial pressure
(MAP).  Catecholamines  (Epinephrine  and
Norepinephrine) are released in response to
activation of sympathetic nervous system (Gordan
et al., 2015).

Catecholamines increase heart rate, cardiac
contractility and produce wvasoconstriction to
maintain perfusion to different body organs but
prolonged action of catecholamines has detrimental
effects. Increased concentration of catecholamines
increases workload of the heart, risk of ischemia
and accelerates cardiac myocyte apoptosis (Jackson
et al., 2000). Sustained sympathetic nervous system
stimulation causes downregulation and
desensitization of adrenergic receptors which
further causes release of norepinephrine. Activation
of SNS also activates RAAS to increase mean
arterial pressure through sodium and water retention
(Fountain & Lappin, 2021).

2.2.3.3. Endothelin

Vascular endothelial cells secrete endothelin.
Endothelin 1 is a potent vasoconstrictor which has a
role in cardiac pathophysiology (Kowalczyk et al.,
2015).

2.2.3.4. Vasopressin

Reduced MAP in heart failure causes release of
vasopressin (Antidiuretic hormone). Vasopressin
causes vasoconstriction and water retention through
its action on vasopressin type la (V1a) and
vasopressin type 2 (V2) receptors respectively
(Schrier & Abraham, 1999).

2.2.3.5. Natriuretic peptide system

Natriuretic peptide system consists of three types of
natriuretic peptides (NPs), they are atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP) and
C-type natriuretic peptide (CNP) (Potter et al.,
2009).

Atrial natriuretic peptides are generated and stored
in atrial granules. Cardiac stretch due to volume
overload causes release of ANP from atrial
granules to produce natriuretic and vasodilator
effect (Volpe et al.,, 2016). Cardiac wall stress
transcriptionally  regulates  Ventricular BNP
synthesis which reduces volume overload (Grépin
et al., 1994). C-type natriuretic peptides have
limited effects on natriuresis and vasodilatation,
and they are found mainly in vascular epithelium
and central nervous system.

Three types of natriuretic peptide receptor are
shown in Figure 3.

1) NPR-A: determines biological effects of NP
2) NPR-B: determines biological effects of NP

3) NPR-C: does not possess any known intrinsic
enzymatic activity.

Natriuretic peptides produce their physiological
actions through NPR-A binding and the activation
of guanylate cyclase and the production of cyclic
guanosine monophosphate (cGMP) (Ashman et
al., 1963).

Kidney, lung, aortic tissues express a high content
of NPR-A (Chang et al., 1989). NPR-B is highly
expressed in fibroblasts (Abbey & Potter, 2002).
NPR-C is located in lung, atrial, kidney and aortic
endothelial cells (Porter et al., 1990).

Atrial natriuretic peptides adjust blood pressure by
their natriuretic and inhibitory effect on RAAS.
They improve glomerular filtration rate (GFR) by
raising intra-glomerular pressure by dilating
afferent arteriole and causing efferent arteriolar
constriction (Marin-Grez et al., 1986).
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Figure 3. Natriuretic peptide-binding receptors, intracellular signalling and degradation processes (Abbey & Potter,
2002). GC-A: guanylate cyclase type A; GC-B: guanylate cyclase type B.

Atrial natriuretic peptide diminishes SNS effects
and improves vagal tone. Angiotensin Il and
endothelin-1 hypertrophic effect on heart is
inhibited by ANP (Hayashi et al., 2004).

Brain natriuretic peptide has similar actions to ANP.
BNP reduces preload and afterload by inducing
natriuresis and  diuresis. BNP  antagonizes
hypertrophic effect of angiotensin 1. RAAS,
catecholamines and vasopressin are inhibited by
BNP. BNP enhances vagal reflexes and inhibits
sympathetic tone (Woods, 2004).

Actions of ANP and BNP are summarized in

Figure 4.
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in patients with CHF is attenuated and this could be
due to downregulation of NPs receptors (Volpe et
al., 2016).
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Figure 4. cardio-protective actions of circulating atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP)

(Woods, 2004).
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2.2.3.6. Bradykinin

Heart failure is characterized by elevated levels of
bradykinins to counteract vasoconstriction (Mann,
2002).

2.2.3.7. Nitric oxide

Levels of Nitric oxide is elevated in HF which
provide vasodilation and counteract endothelin
effects (Mann, 2002).

2.2.3.8. Proinflammatory Cytokines

Some proinflammatory cytokines are highly
expressed in HF such as tumor necrosis factor
[TNF]-a, interferon-y and interleukin 1 and 6.
Myocardial cell apoptosis and negative inotropic
effect are stimulated by TNF-o (Hedayat et al.,
2010).

3. Management

3.1. Angiotensin-converting enzyme
inhibitors

Angiotensin converting enzyme inhibitors are the
mainline of treatment in HF with reduced ejection
fraction (HFrEF). ACE inhibitors inhibit
angiotensin Il which induces vasoconstriction and
cardiac remodeling. Regardless the presence of
symptoms, patients with left ventricular dysfunction
should receive  ACE inhibitors  unless
contraindicated (Herman et al., 2021).

Angiotensin converting enzyme inhibitors reduce
hospitalization, = mortality.  Improvements in
symptoms and exercise tolerance in patients with
HF is associated with ACE inhibitors use. It was
found that early use of ACE inhibitors after
Myocardial infarction prevents development of HF
due to their inhibitory effect on angiotensin 1l which
induce cardiac remodeling (Herman et al., 2021).

Close monitoring is required in case of
hyperkalemia, cough, renal impairment, unilateral
renal stenosis and hypotension (Goyal et al., 2021).

Angiotensin converting enzyme inhibitors use may
be associated with elevation in serum creatinine.
Maximum acceptable rise in serum creatinine after
initiation of ACE inhibitors is 30% of the baseline
serum creatinine.(Shah et al., 2017)

Due to inhibitory effect of ACE inhibitors on
aldosterone release, their use may be associated
with

hyperkalaemia. Accumulation of bradykinins is
associated with ACE inhibitors use as they prevent
their degradation, so this accumulation may result
in dry cough which is different from productive
cough that is caused by pulmonary congestion. If
the patient cannot tolerate cough, he can switch to
angiotensin receptor blockers (Hill & Vaidya,
2021).

3.2. Angiotensin |1 type I receptor blockers

Angiotensin Il receptor blockers (ARBS) are used
in patients who are intolerant to ACE inhibitors as
an alternative. ARBs selectively block action of
angiotensin Il on angiotensin type 1 receptor which
mediates vasoconstriction, aldosterone release and
cardiac remodelling (Hill & Vaidya, 2021).

The most commonly used ARBs in case of heart
failure are valsartan, candesartan and losartan
(Dézsi, 2016).

Angiotensin Il receptor blockers are less likely to

produce cough as they don’t cause accumulation of
bradykinins (Hill & Vaidya, 2021).

3.3. Beta Blockers

Use of beta blockers in patients with HFrEF
reduces mortality and hospitalization (Yancy et al.,
2013). SNS are inhibited by beta blockers.
Negative effects of catecholamines on cardiac
muscle which include cardiac remodelling and
increased apoptosis are inhibited by beta blockers
(Lymperopoulos et al., 2013).

Beta blockers are used in conjugation with ACE
inhibitors in patients with HFrEF who are clinically
stable and with normal volume status (McDonagh
et al., 2021). Most used beta blockers in
management of HFrEF are metoprolol succinate,
bisoprolol and carvedilol (Klapholz, 2009).

Patient clinical status affects the choice of beta
blocker, where hypertensive patients with HFrEF
can gain benefit from the use of carvedilol due its
Bland al receptor blocking activity while patients
who are at increased risk of developing
hypotension can use metoprolol succinate due to its
selectivity in blocking B1 receptors. Selective B1
receptors blockers as metoprolol succinate are
preferred in case of active pulmonary disease and
in case of peripheral vascular diseases but still used
with caution (Whelton et al., 2018).



3.4. Mineralocorticoid/aldosterone receptor
antagonists (MRAS)

Mineralocorticoid/aldosterone receptor antagonists
are used as an add on therapy in symptomatic
patient with HFrEF and with left ventricular
ejection fraction <35% despite treatment with ACE
inhibitors and beta blockers (Yancy et al., 2013).

Mineralocorticoid/aldosterone receptor antagonists
include spironolactone and eplerenone. MRAS
block binding of aldosterone to mineralocorticoid
receptors with different degree of affinity. MRAS
play an important role in management of patient
with HFrEF, in addition to their diuretic and anti-
hypertensive effects they block harmful effects of
aldosterone on the heart, kidney and vascular tissue
(Sica, 2015)

In heart, aldosterone induces cardiac hypertrophy
and fibrosis (Lijnen & Petrov, 2000). Elevated
serum levels of collagen synthesis markers as
procollagen type Il amino-terminal peptide and
procollagen type | amino-terminal peptide are
associated with increased hospitalization and
mortality rates, spironolactone reduces these
markers which improves survival rates, reduces left
ventricular remodeling and reduces markers of
myocardial remodeling such as ANP and BNP
(Tsutamoto et al., 2001).

Eplerenone reduces collagen synthesis markers
(Rossignol et al., 2009) and reduces incidence of
atrial fibrillation (Fudim et al., 2018).

Stimulation of mineralocorticoid receptors in
coronary artery and aortic smooth muscle increases
the risk of coronary artery events and strokes
(Milliez et al., 2005).

Hyperkalemia is a major side effect of MRAS, so
serum potassium and serum creatinine should be
assessed before and within one week of the
treatment (Shah et al., 2017).

Mineralocorticoid/aldosterone receptor antagonists
cannot be started in patients with potassium levels
above 5 mEqg/L and creatinine clearance less than
30 mL/min. Spironolactone has endocrine side
effects such as breast enlargement in men and
menstrual irregularities in women, this is less
common with eplerenone due to its selectivity to
mineralocorticoid receptors (Struthers et al.,
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2008).
3.5. Diuretics

Volume status is managed by diuretics in HF.
Pulmonary congestion, peripheral edema, and
elevated jugular venous pressure are the most
common indicators of hypervolemia in patients
with HF (Miller, 2016).

Diuretics do not reduce mortality in HF, they are
only used to adjust volume status of HF patients
(Shah et al., 2017).

Managing volume overload in HF is commonly
done by loop diuretics. Loop diuretics include
Furosemide, torsemide and bumetanide. Efficacy of
loop diuretics are preserved in case of renal
hypoperfusion which give them an advantage over
thiazide diuretics. Presence of intestinal mucosal
edema and quickness of desired action determines
choice of loop diuretic used and route of
administration. Average bioavailability of oral
furosemide is about 50 % while torsemide and
bumetanide have almost complete bioavailability
(Huxel et al., 2021).

Prostaglandin synthesis is enhanced by loop
diuretics so concomitant use of non-steroidal anti-
inflammatory drugs (NSAIDs) reduces their
diuretic effect (Raftery, 1994).

Thiazide diuretics include hydrochlorothiazide,
chlorthalidone, chlorothiazide and metolazone.
Thiazide diuretics can be combined with loop
diuretics in case of resistant edema. Renal
insufficiency limits the use of thiazide diuretics
except for metolazone which retains its efficacy in
case of renal insufficiency (Bond et al., 2021).

Spironolactone and eplerenone are potassium
sparing diuretics, they have a weak diuretic effect
as they work on collecting duct where only 3 % of
sodium is reabsorbed. They can be used in
combination with other types of diuretics to help in
maintaining a normal potassium level (Casu &
Merella, 2015).

3.6.  Angiotensin
inhibitor

receptor  neprilysin

The first drug in class of Angiotensin receptor
neprilysin inhibitor is LCZ696 which combines
valsartan and sacubitril in one molecule.
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Valsartan is angiotensin Il Receptor Blocker.
Sacubitril is a prodrug that is metabolized to
LBQ657 which inhibits neprilysin. (Nicolas et al.,
2021).

Neprilysin is responsible for breakdown of
natriuretic peptides, bradykinins, angiotensin I,
vasopressin and endothelin, so inhibition of
neprilysin by LBQG657 which is the active
metabolite of sacubitril leads to elevated levels of
natriuretic peptides, bradykinins and angiotensin 11
(Hubers & Brown, 2016). Combination of
valsartan with sacubitril is to counteract elevated
levels of angiotensin 1l caused by neprilysin
inhibition (Shah et al., 2017).

Benefits of sacubitril/valsartan in patients with
HFrEF include reduction of cardiovascular
mortality and hospitalization when compared with
enalapril (McMurray et al., 2014). In individuals
with HFrEF, sacubitril/valsartan is indicated as a
substitute for an ACE-1 to lower the risk of HF
hospitalization and death (McMurray et al., 2014).
In patient with HFpEF (EF < 45 %)
sacubitril/valsartan did not significantly reduce
cardiovascular mortality and hospitalization when
compared with valsartan (Solomon et al., 2019).

It was found that patients hospitalized for acute
decompensated HF can initiate therapy with
sacubitril/valsartan after hemodynamic stabilization
as it reduces NT-proBNP levels more significantly
than enalapril (Velazquez et al., 2019).
sacubitril/valsartan combination reduces HbAlc in
diabetic patients with HFrEF more efficiently than
enalapril (Seferovic et al., 2017).
sacubitril/valsartan combination reduces the rate of
decline of glomerular filtration rate in patients with
HFrEF than enalapril (Damman et al., 2018).
Patients with HFrEF treated with
sacubitril/valsartan and MRA are less likely to
develop hyperkalemia than patients treated with
enalapril and MRA (Desai et al., 2017). ARNI
reduces mitral regurgitation than did valsartan
(Kang et al., 2019).

3.7. lvabradine

Ivabradine slows sinus node firing by inhibiting If
channel in the sinus node so it is used only in
patients with sinus rhythm. It was found that use of
ivabradine in HF symptomatic patients with LVEF
<35% and with a heart rate >70 beats per minute
reduces mortality and hospitalization (Swedberg et
al., 2010).

3.8. Digoxin

The inhibition of the Na-K-ATPase pump by
digoxin  causes accumulation of sodium
intracellularly and increases the calcium level in
the myocardium. Increased level of calcium in the
myocardium improves contractile force of the heart
muscle. Increased contractile force of the heart
muscle causes an increase in the ejection fraction
of the left ventricle. In addition to digoxin positive
inotropic effect, it is thought that digoxin has a
neurohumoral blockade effects that improve
cardiac function in patients with HF (Ren et al.,
2020).

Neurohormonal blockade effects of digoxin are
manifested by reduction in sympathetic tone and
improvement in the parasympathetic effects.
Digoxin reduces sympathetic tone by improving
activity of the carotid baroreceptors (DiPiro et al.,
2014). Increased level of norepinephrine which
characterize HF is reduced after administration of
digoxin (Krum et al., 1995).

Digoxin can be prescribed to symptomatic patients
with sinus rhythm who are on ACE inhibitor, beta
blockers and MRA to reduce risk of hospitalization
(Group, 1997). Digoxin may be prescribed to
patient with HF and atrial fibrillation to control
ventricular rate (David & Shetty, 2021).

3.9. Sodium glucose cotransporter 2
(SGLT2) inhibitors

Dapagliflozin is the first drug in the class SGLT2
inhibitors to be approved by FDA for treatment of
patients of HFrEF with left ventricular ejection
fraction < 40% with or without type 2 diabetes
(T2D) (Blair, 2021).

Patients with HFrEF can take either dapagliflozin
or empagliflozin to reduce the risk of HF
hospitalization and death (McDonagh et al., 2021).

4. Conclusions

Heart failure is still a major burden on health
systems. Due to high morbidity and mortality rates
of HF, research is still ongoing to find new
treatments to alleviate burden of the disease. In the
last decade there is an enormous breakthrough in
the field of HF. Many treatments have improved
prognosis and quality of life in patients with HF as
sacubitril/valsartan, SGLT2 inhibitors and



vericiguat. Although pharmacological management
plays a limited role in advanced cases of HF, novel
therapeutic agents, such as regenerative and gene
therapy, are at the stage of development and need
further refinement prior to their approval for HF
therapy.
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