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Abstract

Cardiovascular disease accounts for more than 17 million deaths globally every year, of which complications of hyperten-
sion account for 9.4 million deaths worldwide. Early detection and management of hypertension can prevent costly inter-
ventions, including dialysis and cardiac surgery. Non-pharmacological approaches for managing hypertension commonly
involve lifestyle modification, including exercise and dietary regulations such as reducing salt and fluid intake; however, a
majority of patients will eventually require antihypertensive medications. In 2020, the International Society of Hypertension
published worldwide guidelines in its efforts to reduce the global prevalence of raised blood pressure (BP) in adults aged
18 years or over. Currently, several classes of medications are used to control hypertension, either as mono- or combination
therapy depending on the disease severity. These drug classes include those that target the renin-angiotensin-aldosterone
system (RAAS) and adrenergic receptors, calcium channel blockers, diuretics and vasodilators. While some of these classes
of medications have shown significant benefits in controlling BP and reducing cardiovascular mortality, the prevalence of
hypertension remains high. Significant efforts have been made in developing new classes of drugs that lower BP; these medi-
cations exert their therapeutic benefits through different pathways and mechanism of actions. With several of these emerging
classes in phase III clinical trials, it is hoped that the discovery of these novel therapeutic avenues will aid in reducing the
global burden of hypertension.

Key Points

Globally, there are 1.3 billion patients with hypertension,
of whom fewer than one in five have their blood pressure
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1 Introduction

Hypertension is a multifactorial, complex disorder esti-
mated to affect one in three adults in the United States (US)
[1]. Globally, the prevalence of hypertension is expected to
reach 1.6 billion by 2025 [2]. Several factors influencing
elevated blood pressure (BP) have been identified. Modifi-
able risk factors affecting BP include diet, obesity, smoking
and physical exercise, while non-modifiable factors include
increasing age, sex and genetics. Adequately controlling
high BP reduces the risk of stroke, coronary artery disease,
peripheral vascular disease, congestive heart failure and
end-stage renal failure. The risk of developing these com-
plications can start at a BP level as low as 115/75 mmHg
[3]. In 2017, the American College of Cardiology (ACC)
and American Heart Association (AHA) released updated
guidelines in which they lowered the traditional BP cut-off
value for diagnosing hypertension (Table 1) [4]. Accurately
diagnosing hypertension can still pose significant challenges
for physicians, as BP readings can fluctuate unexpectedly,
a phenomenon referred to as labile hypertension. In 2020,
the International Society of Hypertension produced global
guidelines to enable physicians to diagnose and manage
hypertension as accurately as possible [5]. These guidelines
classified hypertension based on systolic and diastolic cut-
offs, taking into account the manner and environment in
which the BP measurements were taken.

The exact pathophysiology of hypertension remains
largely unknown. It is thought that up to 5% of patients with
hypertension have either renal or adrenal system impair-
ment. In the remainder of patients, the cause is not entirely
clear and these patients are labelled as having ‘essential
hypertension’. The regulation of BP relies on cardiac output
and systemic vascular resistance. Most patients with essen-
tial hypertension have normal cardiac output but raised
peripheral resistance. Peripheral resistance is determined
by the small arterioles which contain smooth muscle. A
rise in intracellular calcium leads to contraction of these
smooth muscles, which in turn raises peripheral resistance.
The autonomic nervous system is also thought to play an

Table 1 Stages of hypertension as defined by the ACC/AHA [4]

Stage Blood pressure (mmHg)
Normal < 120/< 80

Elevated 120-129/<80

Stage 1 130-139/80-89

Stage 2 > 140/> 90
Hypertensive crisis > 180/> 120

ACC American College of Cardiology, AHA American Heart Asso-
ciation
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important role in increasing BP. Sympathetic nervous sys-
tem (SNS) stimulation can lead to an increase in cardiac
output and both arteriolar constriction and dilation. The SNS
has an important function in short-term changes in BP that
occur in response to physical exercise, however there is a
lack of evidence suggesting its involvement in the develop-
ment of chronic hypertension. It has also been suggested
that endothelial dysfunction can lead to essential hyperten-
sion. Currently available antihypertensive agents exert their
therapeutic effect by altering these underlying pathologic
processes. These drug classes include those that target the
renin-angiotensin-aldosterone system (RAAS), adrenergic
receptors, and calcium channel blockers (CCBs), and induce
diuresis and vasodilation. The increasing global incidence
and burden of hypertension and its associated complications
has necessitated the development of novel drugs with greater
safety and efficacy than existing treatments.

2 Current Pharmacological Classes
of Antihypertensive Agents

2.1 Drugs Targeting
the Renin-Angiotensin-Aldosterone System
(RAAS)

2.1.1 Angiotensin-Converting Enzyme Inhibitors (ACEi)

The angiotensin-converting enzyme (ACE) is an enzyme
produced primarily by the pulmonary vasculature. Upon
conversion of angiotensinogen to angiotensin (AT) I by
renin, ACE catalyses the conversion of AT I to AT II (Fig. 1).
AT II causes vasoconstriction and stimulates the release
of aldosterone from the Zona Glomerulosa of the adrenal
gland, which in turn leads to Na* and water reabsorption and
rise in blood volume. The observation that snake bite caused
people to collapse due to a rapid decrease in BP led to the
hypothesis that snake venom may induce its antihyperten-
sive properties by inhibiting this pathway. The relationship
between ACE, AT I, AT II and snake venom eventually led
to the development of the first ACEi, captopril [6]. ACEi
are one of the recommended first-line agents for those with
uncontrolled stage 1 hypertension and non-Black patients
[7]. Commonly used ACEi include benazepril, enalapril, fos-
inopril, lisinopril, moexipril, perindopril, quinapril, ramipril
and trandolapril. The dosage of ACEi varies by medication
and population subgroups. Common adverse effects of ACEi
include hypotension, therefore these drugs should not rou-
tinely be used concurrently with other drugs that suppress
the RAAS, such as angiotensin receptor blockers (ARBs) or
renin inhibitors. Due to their effect on decreased bradykinin
breakdown, ACEi are contraindicated in patients with a his-
tory of angioedema. ACEi are known teratogens and are
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Fig.1 Mechanism of action of angiotensin converting enzyme
inhibitors and angiotensin receptor blocker on The renin-angioten-
sin-aldosterone system (RAAS). The liver secretes angiotensinogen
which is then converted to angiotensin 1 via the action of renin (1),
which is released by the kidneys. Angiotensin 1 is subsequently con-
verted into its active component (2) angiotensin 2 via the action of
angiotensin converting enzyme, which is produced by the pulmonary
vasculature. Angiotensin 2 increases blood pressure via two mecha-
nisms: angiotensin 2 by itself is a potent vasoconstrictor (3) which

therefore to be avoided in pregnant women. Moreover, cau-
tion is required when using ACEi in patients with bilateral
renal artery stenosis due to a risk of acute renal failure. Fur-
ther common adverse effects include dry cough and hyper-
kalemia and there have also been reports of gynecomastia,
agranulocytosis and eosinophilic pneumonitis [8].

2.1.2 Angiotensin Receptor Blockers (ARBs)

AT II binds to the AT, subtype of AT II receptors, which
are present predominantly in the heart, liver, kidneys, adre-
nal glands and brain. Activation of these receptors increase
cardiac contractility, sodium reabsorption and vasocon-
striction, which in turn leads to an increased blood vol-
ume and BP. Attempts have been made to develop AT II
receptor antagonists to block the receptor and lower BP [9].
These studies resulted in the development of the first ARB,
losartan. Other examples of commonly used ARBs include
azilsartan, candesartan, eprosartan, irbesartan, olmesartan,
telmisartan and valsartan. Because of their excellent tol-
erability profile, ARBs are one of the first-line drugs for
treating hypertension. The JNC-8 guidelines suggest using
ARBs as monotherapy or in combination with thiazide diu-
retics and dihydropyridine CCBs in non-Black populations.
These guidelines also advise the use of ACEi or ARBs as
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increases systemic blood pressure. Furthermore, angiotensin 2 acts on
the adrenal cortex to release aldosterone from the zona glomerulosa
(4). Aldosterone acts on the collecting ducts and distal convoluted
tubules (DCT) to facilitate sodium ion reabsorption by acting on the
sodium-potassium pump (5); water is also reabsorbed in conjunction
with sodium ions during this process (not shown). The reabsorption
of sodium ions and water increases intravascular volume thereby
increasing blood pressure

a first-line option, regardless of ethnicity, for patients with
chronic kidney disease (CKD) [7]. There is an estimated
reduction of 8 mmHg for systolic BP (SBP) and 5 mmHg
for diastolic BP (DBP), similar to ACEi [10]. The most fre-
quent adverse effects with ARBs include dizziness, head-
ache, and hyperkalemia, while uncommon adverse effects
include first-dose hypotension, rash, diarrhoea, dyspepsia,
abnormal liver function, muscle cramps, myalgias, back
pain, insomnia, decreased hemoglobin, renal impairment,
pharyngitis, and nasal congestion [11]. The occurrence of
dry cough with ARBs is significantly lower compared with
ACEi [12]. In general, withdrawal due to adverse effects is
significantly less in patients taking ARBs compared with
ACEi [11]. ARBs are contraindicated in patients with bilat-
eral renal artery stenosis because they can precipitate renal
failure. Elevated AT II in bilateral RAS helps maintain the
glomerular filtration rate (GFR) and administration of ARBs
can neutralize this beneficial effect [13]. Although there is
no conclusive evidence to demonstrate the cross-reactivity
of angioedema between ACEi and ARBs in patients with
ACEi-induced angioedema, caution must be exercised [14].
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2.1.3 Renin Inhibitors

Renin inhibitors bind to the active site of the renin mol-
ecule and prevent the binding of renin to angiotensinogen,
which is the rate-limiting step of the RAAS cascade. This
action prevents the formation of AT I and II. The first and
only drug from this class to be approved for use is aliskiren,
which has been approved for the treatment of mild to mod-
erate hypertension. In experimental and clinical studies,
aliskiren has been shown to reduce BP in a dose-dependent
manner [15, 16]. A Cochrane review of randomized con-
trolled trials (RCTs) conducted on aliskiren concluded that
the mean reduction in BP with 300 mg was almost simi-
lar to other classes of antihypertensives [17]. Non-serious
adverse effects commonly seen with this drug are headache,
diarrhoea, dizziness and fatigue; hypotensive episodes were
seen in volume-depleted patients. Further contraindications
include aliskiren’s concurrent use with ACEi or ARBs in
diabetic patients. Despite its potent antihypertensive proper-
ties, alikiren is not considered a mainstay option for phar-
macological management of hypertension. Research into
developing agents in this class with better bioavailability
and tissue availability is ongoing.

2.2 Calcium Channel Blockers (CCBs)

CCBs are a versatile class of drugs, which can be broadly
categorized into two subtypes—dihydropyridines and non-
dihydropyridines. Both dihydropyridines and non-dihydro-
pyridines act by inhibiting the voltage-gated L-type calcium
channels; the former class acts more on vascular smooth
muscle and the latter is more cardioselective. By imped-
ing the entry of extracellular Ca** into vascular smooth

Fig.2 Commonly used calcium
channel blockers (CCBs). CCBs
can be categorised into dihy-
dropyridine, which primarily
act on vascular smooth muscle

muscle, CCBs decrease excitation-contraction coupling
and thus decrease peripheral vascular resistance and BP.
In cardiac myocytes, these agents decrease sinoatrial nodal
activity and atrioventricular conduction. Current examples
of dihydropyridines that are commonly used for hyperten-
sion include amlodipine, nifedipine, felodipine, nicardipine,
cilnidipine, while examples of non-dihydropyridines that are
commonly used include verapamil and diltiazem (Fig. 2).
The ALLHAT study reported that compared with lisinopril,
amlodipine yields a 1.2 mmHg lower SBP [18]. The VALUE
trial found a greater decrease in SBP and DBP, by 4.0 and
2.1 mmHg, respectively, with amlodipine than with valsar-
tan after 1 month, and by 1.5 and 1.3 mmHg, respectively,
after 1 year [19]. According to the JNC-8 criteria, along with
ACEIi or ARBs and thiazide diuretics, CCBs are indicated
as a first-line management of high BP [7]. The ALLHAT
study further found that CCBs are preferred over ACEi for
the management of hypertension in patients of Afro-Carib-
bean origin because of the higher rates of stoke, peripheral
artery disease and hospitalization due to angina among these
patients in the ACEi group [18]. Common adverse effects of
dihydropyridine CCBs include peripheral oedema, flushing,
tachycardia, and dizziness. Non-dihydropyridine CCBs have
an inhibitory effect on cardiac tissue and thus cause cardiac
depression and atrioventricular block; verapamil has been
known to cause constipation [20]. Rarely, both dihydropyri-
dine CCBs and non-dihydropyridine CCBs can cause gingi-
val hyperplasia, oesophageal dysfunction, and mild elevation
of hepatic transaminases [21]. CCBs are contraindicated in
patients allergic to any component of the medication and
are also contraindicated in patients with severe hypotension,
sick sinus syndrome, second- or third-degree heart block,

Calcium Channel Blockers

and non-dihydropyridine agents.
Non-dihydropyridine CCBs

can be further classified into
phenylalkylamines, which are
more selective for the myocar-
dium, and benzothiazepine,
which have both myocardium
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Fig. 3 Sites of action of current classes of antihypertensive medications (ACEi and ARB shown in Fig. 1) cGMP cyclic guanosine monophos-
phate, GC guanylyl cyclase, GTP guanosine triphosphate, MR Mineralocorticoid Receptor, NO nitric oxide

and patients with an accessory bypass tract, acute myocar-
dial infarction (MI) or pulmonary congestion [22].

2.3 Diuretics

Diuretics are a vast group of drugs that can be further
subdivided into carbonic anhydrase (CA) inhibitors, loop
diuretics, thiazides, potassium-sparing diuretics, and
osmotic diuretics. Loop diuretics, thiazides and potassium-
sparing diuretics are all indicated for the management of
high BP, however thiazides and thiazide-like diuretics
are more commonly used. Although all diuretics induce
a natriuretic action and block Na* reabsorption, they do
so at different parts of the nephron by inhibiting various
transporters (Fig. 3). Loop diuretics, such as furosemide
and torasemide, work at the thick ascending limb of the
loop of Henle and block the Na*—K*-2CI™ transport pro-
tein. Thiazides such as hydrochlorothiazide and chlorta-
lidone act at the distal convoluted tubule and inhibit the
Na*Cl~ cotransporter. Potassium-sparing diuretics, which
work at the collecting duct, can be divided into two cat-
egories: teridine analogues, such as amiloride and triam-
terene, inhibit reabsorption of Na* via the epithelial Na*

channel (ENaC), and the aldosterone receptor antagonists
spironolactone and eplerenone are inhibitors of aldoster-
one at the mineralocorticoid receptor. In recent studies,
it was found that thiazides reduced SBP and DBP by 9
mmHg and 6 mmHg, respectively, compared with placebo.
They have further been shown to reduce pulse pressure by
4-6 mmHg, which is greater than the reduction caused by
ACEi, ARBs, renin inhibitors, or B-blockers (BBs) [23].
Common adverse effects of loop diuretics include ototox-
icity, hypokalemia, hypomagnesemia and metabolic alka-
losis, whereas adverse effects of thiazides include hypona-
tremia, hyperglycemia, hyperlipidemia, hyperuricemia,
and hypercalcemia. While all potassium-sparing diuretics
can lead to hyperkalemia, aldosterone receptor antagonists
can lead to gynecomastia and decreased libido. Diuret-
ics are contraindicated in patients allergic to any compo-
nent of the medication as well as those with hepatic and
renal failure. Loop diuretics are contraindicated in gout
and pregnancy, thiazides are contraindicated in gout, and
potassium-sparing diuretics are contraindicated in patients
with hyperkalemia and in those taking ACEi or ARBs, and
in pregnancy [24].
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2.4 Drug Classes Targeting Adrenergic Receptors
2.4.1 B-Blockers

BBs are a class of drugs consisting of many subtypes, each
with different pharmacokinetic and pharmacodynamic
properties. Some of the mechanisms include a reduction
in cardiac output by competitively blocking p1 receptors in
the cardiac myocytes, which inhibits the signal transduc-
tion pathway of Gs protein, resulting in negative inotropic
and chronotropic effects (Fig. 2). BP-lowering properties
are also seen when BBs act on p1 receptors in the kidneys,
resulting in inhibition of renin release from juxtaglomerular
apparatus and subsequent decrease in AT II and aldoster-
one production, enhancing renal loss of Nat and water and
further diminishing arterial pressure. Several trials in the
1990s showed the efficacy of BBs compared with placebo
in managing hypertension with a 4-27 mmHg drop in SBP
[25, 26]. However, the efficacy of BB use in uncomplicated
hypertension was first questioned by two large hypertension
trials: the Losartan Intervention for End Point Reduction
in Hypertension (LIFE) study and the Anglo-Scandinavian
Cardiac Outcomes Trial-Blood Pressure Lowering Arm
(ASCOT-BPLA), which found superiority of losartan and
amlodipine, respectively, compared with atenolol [27, 28].
Many clinical trials and meta-analyses have demonstrated
that BBs are inferior to other antihypertensive drugs on car-
diovascular protection for several reasons, including their
suboptimal BP-lowering efficacy [27-29], their inability to
adequately lower central aortic pressure [30], their reduced
effect on left ventricular hypertrophy regression [31], and
their unfavourable metabolic effects [32]. A meta-analysis
including all studies on cardiovascular mortality and mor-
bidity revealed that first-line BB therapy reduced the risk
of stroke, but to a lesser extent when compared with other
agents, including low- and high-dose thiazide, ACEi, or
CCBs [33]. Some examples of pl-selective BBs include
atenolol, bisoprolol and metoprolol. The fact that more than
75% of the data in previous meta-analyses were from stud-
ies where atenolol was the main agent of interest increases
the risk of selection biases and raises questions whether the
lack of therapeutic benefit with BB is a class effect or is
limited to atenolol [34, 35]. Due to the diversity in the loca-
tion of the P receptors, BBs result in many adverse effects,
including drowsiness, lethargy, sleep disturbance, visual
hallucinations, depression, blurring of vision, nightmares,
bronchospasm in asthmatic patients, peripheral vascular
effects such as cold extremities, Raynaud’s phenomenon,
erectile and orgasmic dysfunction and masking of hypogly-
cemic symptoms such as tachycardia [36]. Although BBs are
contraindicated in patients with asthma, recommendations
have supported the use of p1-selective BBs in this group of
patients [4]. Other contraindications include patients with
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cocaine-induced coronary vasospasm, acute or chronic
bradycardia and/or hypotension, long QT-syndrome, and
previous Torsades de Pointes.

2.4.2 a-Blockers

Although the use of a-blockers in the management of pri-
mary hypertension is limited, they play a significant role
in the management of secondary hypertension and benign
prostatic hyperplasia (BPH). The combined treatment of
hypertension and BPH has made a-blockers an attractive
option. o Receptors are categorized into two subtypes—al
and o2. ol receptors primarily involve smooth muscle con-
tractions causing vasoconstriction (Fig. 3) of the blood ves-
sels, ureter, vas deferens, urothelium and several other areas.
al is the primary receptor for the control of hypertension
and BPH. Current examples of selective al-blockers include
doxazosin, prazosin, terazosin and tamsulosin; non-selective
a-blockers include phentolamine and phenoxybenzamine. In
a Cochrane meta-analysis comparing the BP-lowering effi-
cacy of a-blockers with placebo, doxazosin, on average, low-
ered SBP by 6.42 mmHg and DBP by 3.53 mmHg, prazosin
lowered SBP by 10.38 mmHg and DBP by 6.90 mmHg,
and terazosin lowered SBP by 6.59 mmHg and DBP by
4.40 mmHg [37]. The primary goal of the ALLHAT trial
was to find the rate of fatal coronary heart disease (CHD)
and non-fatal MI, and the secondary goal was to study the
rate of cardiovascular disease events. Whereas patients
receiving doxazosin and chlortalidone had similar rates of
fatal CHD and non-fatal MI, it was found that those taking
doxazosin had a higher incidence of congestive heart failure
compared with those taking chlortalidone (8.13% vs. 4.45%
at 4 years; p < 0.001). Therefore, the doxazosin arm of the
trial was terminated [38]. The efficacy of a-blockers on BPH
was documented in the MTOPS trial [39] and the COMBAT
study [40]. In the MTOPS trial, complications such as acute
urinary retention, urinary incontinence, renal insufficiency,
or recurrent urinary tract infections were reduced, compared
with placebo, by 39% with doxazosin, 34% with finasteride,
and 66% with combination therapy [39]. Phentolamine has
been administered during medical management of pheochro-
mocytoma acute hypertensive attacks [41] and phenoxy-
benzamine is commonly administered prior to surgery [42].
A common adverse effect of a-blockers is the ‘first dose’
effect. This phenomenon describes the severe decrease in
BP, orthostatic hypotension, and syncope in patients after
receiving the first dose of an a-blocker. Other common
adverse effects of a-blockers are due to the drop in BP, such
as dizziness, light-headedness, fatigue and headaches. Intra-
operative ‘floppy iris syndrome’ (IFIS) [43] and priapism
[44] are also documented adverse effects of a-blockers and
therefore patients are advised to stop the medication for up
to 2 weeks prior to surgery.
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2.4.3 Combined a/B-Blockers

A number of o/p-blockers have been developed since the
first, labetalol, came to clinical use in 1977. However,
carvedilol is commonly used in clinical practice. Although
the drugs are referred to as combined a/f-blockers, their
predominant mode of action is non-selective blockade of
p-adrenergic receptors, with a-adrenergic receptor block-
ade being a supplementary property [45]. The effects of
B-blockade activate baroreceptor reflex, resulting in vaso-
constriction via a-adrenergic receptor stimulation and a con-
sequent increase in total peripheral resistance. The additional
a-blocking properties of these classes of agents theoretically
provides a greater BP-lowering effect [46]; however, stud-
ies comparing labetalol with the specific f-receptor blocker
propranolol have failed to support this theory. Other studies
have shown labetalol is able to lower BP without lowering
cardiac output and heart rate, as opposed to propranolol,
which causes significant reductions in both parameters [47,
48]. Systematic review of eight randomized, double-blind,
placebo-controlled trials revealed o/p-blockers lowered
the trough SBP and DBP by an average of 6 mmHg and
4 mmHg, respectively. [45] Labetalol is currently indicated
for use in the management of hypertensive urgencies or
emergencies [49], as well as the treatment of intraoperative
and postoperative hypertension [50], and is also considered
first-line in the management of hypertension in pregnancy
[51]. The CAPRICORN [52] and COPERNICUS [53] tri-
als demonstrated that carvedilol reduces mortality and
morbidity in patients with chronic heart failure related to
both ischemic and non-ischemic causes. It has been dem-
onstrated that treatment with carvedilol is not only associ-
ated with more stabilized glycemic control and improved
insulin resistance compared with metoprolol but also results
in fewer new-onset diabetes and diabetic events in patients
with heart failure [54, 55]. Analyses of studies comparing
carvedilol with captopril, nifedipine or hydrochlorothiazide
found that carvedilol achieved a reduction in BP similar to
that achieved by its comparators [56]. a/p-Blockers are gen-
erally well tolerated. Adverse effects of these agents can
occur as a result of antagonism of either a or f receptors.
p-blocking adverse effects include dyspnoea, bronchospasm,
bradycardia, malaise, and asthenia, while adverse effects due
to a-blockade include dizziness, light-headedness, fatigue
and headaches. Labetolol use has also been associated with
an adverse effect of a tingling scalp. Long-term use of a/f3-
blockers can cause increased sensitivity to catecholamines
due to upregulation of adrenergic receptors, and thus their
abrupt withdrawal may precipitate tachyarrhythmias, acute
hypertensive crises, and palpitations.

2.4.4 a2-Adrenergic Receptor Agonists

a-Adrenergic receptors play a vital role in BP regulation.
There are two main types of a-adrenergic receptors—al
and o2. al receptors are found on vascular smooth muscle,
and activation leads to smooth muscle contraction, vaso-
constriction and elevated BP. a2 receptors are found on the
presynaptic neuron and activation causes negative feedback
inhibition of norepinephrine release and thus a decrease in
BP. Examples of a-agonists commonly used include cloni-
dine, guanfacine and methyldopa. The efficacy of clonidine
as an antihypertensive was proved in a study in 28 patients
with DBP above 110 mmHg who had either never received
pharmacological treatment or for whom previous drug ther-
apy had not yielded a meaningful BP reduction. Following
treatment with clonidine, a significant decrease in both SBP
and DBP in almost all patients was observed, with an aver-
age SBP drop of 54 mmHg and DBP drop of 22 mmHg [57].

A Cochrane systematic review of 12 trials was con-
ducted in 2009 comparing the effects of methyldopa with
placebo. The study showed a decrease in BP by 13/8 mmHg
in the methyldopa group compared with the placebo group
[58]. While clonidine, methyldopa and guanfacine are all
approved by the US FDA for the management of hyperten-
sion, they are not recommended as a first-line therapy. In
addition, methyldopa is also indicated in the management
of hypertension in pregnancy. Common adverse effects of
o2-agonists include hypotension, sedation and fatigue; a2
receptor agonists are contraindicated in patients with ortho-
static hypotension or with any condition causing autonomic
instability. Their use is also contraindicated in patients tak-
ing phosphodiesterase inhibitors.

2.5 Vasodilators

Vasodilators such as nitroglycerin and hydralazine are no
longer mainstay treatments in hypertension but are used
as an adjunct to control high BP. Vasodilators exert their
action by acting at the level of the vessels by produc-
ing nitric oxide (NO), which increases cyclic guanosine
monophosphate (¢cGMP), thus causing a relaxation in vas-
cular smooth muscle. Nitroglycerin is primarily a venodi-
lator and at higher doses also leads to arterial dilatation.
The relaxant effect of nitroglycerin on the veins and arteries
causes reduced preload and cardiac output, respectively. The
main indication of nitroglycerin is angina pectoris. However,
nitroglycerin is also used in special circumstances, includ-
ing hypertensive emergencies associated with acute coro-
nary syndromes or acute pulmonary oedema. Hydralazine
is a direct-acting arterial vasodilator. In the Cochrane meta-
analyses, it was found that after 3—6 weeks of treatment,
hydralazine reduced SBP by approximately 5-20 mmHg and
DBP by 5-15 mmHg [59]. Hydralazine has been replaced
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by other agents due to its unwanted adverse effects, includ-
ing the lupus-like syndrome, which can even occur in
low-dose treatment. In a longitudinal study, after 3 years
of treatment, hydralazine 100 mg/day resulted in 5.4% of
patients developing lupus-like syndrome. Moreover 10.4%
developed lupus-like syndrome with hydralazine 200 mg/
day [60]. Other adverse effects include reflex tachycardia,
immune-mediated hemolytic anemia, glomerulonephritis
and vasculitis. However, hydralazine is still indicated in
special circumstances such as pregnancy and heart failure.

2.6 Emerging Antihypertensive Agents

Currently available antihypertensive agents have certainly
proven effective in controlling high BP; however, there is
still a large proportion of patients with inadequate BP con-
trol or ‘resistant hypertension’. In addition, many current
treatments have some intolerable adverse effects.

Our expanding knowledge of the RAAS has led to the
development of novel therapeutics, currently in both pre-
clinical and clinical studies. Unfortunately, the coronavirus
disease 2019 (COVID-19) pandemic has placed incredible
strain on the conception, development and delivery of these
novel drugs. Around 80% of non-COVID-19 clinical trials
have been stopped or interrupted, with patient enrolments
halted, laboratories closed and supply chains lost [61]. Fund-
ing and human resources have been diverted away from anti-
hypertensive research, which will have lasting effects for
patients, academic scholars and institutions.

Despite this hindrance, several drugs have shown promis-
ing safety and efficacy profiles in preclinical trials and are
now in phase II/III testing (Table 2). These have a variety of
mechanisms, targeting newly elucidated pathways implicated
in the pathophysiology of hypertension. There are also other
promising candidates that are still in the preclinical stages,
including insulin-resistant aminopeptidase (IRAP), endothe-
lin receptor antagonists (ERAs), dual-acting bispecific pep-
tides and soluble guanylyl cyclase A (sGC) stimulators.

2.6.1 Non-Steroidal Mineralocorticoid Receptor
Antagonists

A frequent adverse effect of steroid mineralocorticoid recep-
tor (MR) antagonists, such as spironolactone, is hyper-
kalemia. One interesting feature of the MRs is that they have
essentially equivalent affinity for a range of other steroids,
including progesterone, cortisol and corticosterone, at a level
equivalent to that of aldosterone [62]. Novel non-steroidal
selective MR blockers have been developed and esaxerenone
was licensed for the treatment of hypertension in Japan in
2019 [63]. In one in vitro study using pituitary GH3 cells,
esaxerenone inhibited the transient, late and persistent com-
ponents of the voltage-gated Na* current in a concentration-,
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time-, state- and hysteresis-dependent manner [64]. This was
shown to be independent and upstream of its action on the
MR and further in vivo studies are in progress to assess its
benefit in related conditions, such as primary hyperaldoster-
onism, CKD and refractory hypertension [65, 66].

2.6.2 Aminopeptidase Inhibitors

Aminopeptidase (APA) is an enzyme that cleaves the N-ter-
minal aspartate reside from AT II, converting it to AT III
(and AT IV) in the brain. Here, AT III contributes to the
regulation of BP through three AT, receptor-phospholipase
C (PLC)-dependent pathways—sympathetic nerve activa-
tion and subsequent noradrenaline release, inhibition of the
baroreflex in the nucleus of the tractus solitarius, and stimu-
lation of vasopressin release [67]. As such, there is interest
in selective inhibitors of brain APA, such as the prodrug fir-
ibastat, which crosses the blood—brain barrier, and the active
products that inhibit brain APA activity [68].

2.6.3 Natriuretic Peptide

Not only does the heart pump blood but it also secretes car-
diac natriuretic peptides (NPs), which play a crucial role in
maintaining cardiovascular homeostasis and regulating BP
and glucose and lipid metabolism. These NPs are released
in response to atrial or ventricular muscular wall stress
from increased intravascular pressure and/or transmural
pressure (e.g. due to heart failure, MI or cardiomyopathies)
[69]. One of these NPs is B-type NP (BNP), which interacts
with membrane-bound guanylyl cyclase A to activate pro-
tein kinase G via cGMP. The downstream effects include
vasodilation and natriuretic and diuretic effects, which all
contribute to lowering BP. [70]

Although ANP deficiency causes hypertension (and its
overexpression hypotension), ANP levels are elevated in
essential hypertension. However, this represents a protective
and compensatory response to cardiac wall stress and the
increased ANP may also attenuate the upregulation of renin
synthesis, therefore buffering renin-dependent hypertension
[71, 72]. The serine protease Corin was identified as the
enzyme responsible for converting pro-ANP to active ANP.
Its importance in regulating BP is currently being evalu-
ated, especially in managing pregnancy-induced hyperten-
sion [73].Neprilysin is a membrane-bound zinc endopepti-
dase present in various organs that breaks down BNP. As
such, there is interest in using neprilysin inhibitors (NEPi)
to prevent its degradation and extend its beneficial effects
on lowering BP [74]. Dual inhibition of AT II receptor and
neprilysin (ARNI) led to a greater BP reduction compared
with blocking the AT II receptor alone [75]. NEPi such as
sacubitril in combination with valsartan have been approved
for the use of both heart failure with reduced ejection
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blood pressure-lowering effects [85]. Olinciguat, another
sGC stimulator that is currently in phase II clinical devel-
opment for use in patients with sickle cell anemia, not only
reduces BP in humans and in hypertensive and normotensive
rats but also successfully reduces inflammatory mechanisms
in TNF-stimulated mice. [86]

2.6.6 Endothelin Receptor Antagonists

The endothelin axis is involved in the physiological regula-
tion of vascular tone through the G protein-coupled receptors
ET, and ETp, and overproduction of endothelin has been
implicated in the pathology of pulmonary arterial hyper-
tension [87]. Trials with ERAs have shown BP reduction
in models of salt-sensitive hypertension and patients with
resistant hypertension [88, 89]. The SONAR trial also sup-
ported a potential role of ERAS in protecting renal function
in patients with T2DM at high risk of developing end-stage
kidney disease [90]. Furthermore, in vitro placental studies
have shown direct transfer of ERAs across human placenta at
term, and that the ET, receptor mediates endothelin-induced
constriction in the fetoplacental vasculature, suggesting a
role for ERAs in preventing pre-eclampsia [89]. Several
large clinical trials have been completed to explore their
potential use in treatment-resistant hypertension.

The first major investigation was the DORADO trial,
where 379 patients with resistant hypertension treated with
darusentan had an absolute reduction in BP compared with
placebo, with only fluid accumulation as main adverse side
effect [89]. However, the larger DORADO-AC trial, which
included an active control agent (guanfacine), showed no
significant BP difference between darusentan and placebo
after 14 weeks of treatment [88]. Consequently, the manu-
facturer put further development of this agent on hold in
treatment-resistant hypertension. More recently, aprociten-
tan is currently under investigation in the PRECISION phase
I trial in 1971 patients with resistant hypertension [91, 92].
Previous studies have shown promising results; aprocitentan
significantly reduced BP compared with placebo and lisini-
pril [93] and was shown to potentiate the antihypertensive
effect of RAS blockers, suggesting a role in combination
therapy [94]. The results of the PRECISION trial are esti-
mated to be published in mid-2022. Bosentan is approved
for the treatment of PAH and is currently in clinical trials
studying its pharmacodynamics, and a further phase II trial
in patients with hypertension is expected to be complete in
November 2022 [95, 96].

2.7 Management of Hypertension in Specific
Population Subgroups

Hypertension is a complex, multifactorial disorder that often
exists with other comorbidities. Consequently, managing

hypertension in specific groups of patients requires differ-
ent strategies and combinations of pharmacological agents.
Some of these populations yet to be discussed include
patients with CKD, diabetes mellitus or obesity.

The majority (67-92%) of patients with CKD have
comorbid hypertension [112]. The INC-8 recommends a
BP goal of < 140/90 mmHg [7], while the Kidney Disease
Improving Global Outcomes (KDIGO) BP work group,
which analysed systematic reviews and meta-analyses, sug-
gested considering a lower target of < 130/80 mmHg in
patients with CKD and albuminuria > 300 mg/day or a urine
albumin-to-creatinine ratio of > 30 mg/g [113]. The ACC/
AHA guidelines advocate in favour of the Systolic Blood
Pressure Intervention Trial (SPRINT) results and therefore
recommend a BP goal of > 130/80 mmHg for all patients
with CKD [4]. ACEi (or ARBs if ACEi are not tolerated)
are recommended as the first-line agents for the management
of hypertension in patients with CKD stage 3 or higher, or
stage 1 or 2 with albuminuria > 300 mg/day. As ACEi/ARBs
reduce albuminuria through reduction of intra-glomerular
pressure leading to a decrease in GFR, serum creatinine
may rise up to 30% from baseline; however, a higher rise
should warrant further investigation for acute renal failure
[114]. Due to the risk of hyperkalemia and acute kidney
injury, combination of an ACEi/ARB or ACEi/ARB with
aliskiren should be avoided. If BP still remains poorly con-
trolled then diuretics may be a rational option, especially in
settings of volume overload, and non-dihydropyridine CCBs
could be considered for patients with persistent proteinuria
[115, 116]. A number of epidemiologic studies have dem-
onstrated a 1.5- to 2-fold greater prevalence of hyperten-
sion in patients with diabetes mellitus when compared with
non-diabetic patients [117]. When pharmacologic therapy
becomes necessary for the management of high BP, clinical
practice guidelines published jointly by the AHA, ACC and
a number of other organizations suggest diuretics, CCBs,
ACEi and ARBs [4]. The ALLHAT study found that ACEi
provided a bigger reduction in mean fasting glucose lev-
els (change in mean fasting glucose level for the diuretic,
CCB and ACEi groups were +2.8 mg/dL, +0.6 mg/dL and
—1.4 mg/dL, respectively) [18, 118]. Consequently, ACEi
have become the initial mainstay choice for managing hyper-
tension in diabetic patients struggling with glycemic con-
trol. Moreover, meta-analysis of controlled trials comparing
antihypertensives in diabetic patients with kidney disease
revealed a lower incidence of end-stage renal disease with
the use of ACEi and ARBs, and therefore recommended
these agents for managing hypertension in patients with dia-
betes and albuminuria [119]. In both obese and morbidly
obese patients, pharmacological treatment requires a flexible
approach given the metabolic and hemodynamic abnormali-
ties present in this group. Causes of hypertension are mul-
tifactorial but include chronic insulin resistance, impaired
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renal pressure natriuresis and extracellular fluid volume
expansion [120]. RAAS blockers, such as ACEi or ARBs
are considered first-line, although monotherapy is seldom
sufficient to control BP. Often, thiazide diuretics and BBs are
combined with RAAS inhibitors; however, given their meta-
bolic adverse effects [121], dihydropyridine CCBs may be
more beneficial as they are metabolically neutral [122]. The
excess adipose tissue in these patients also secretes aldos-
terone-releasing factors, stimulating aldosterone secretion
and causing MR activation [123]. This hyperaldosteronism
causes salt-sensitive hypertension independent of the sys-
temic RAAS. Findings by Buglioni et al. [124] and Morales
et al. [125] indicate a significant decrease in plasma aldos-
terone levels and mean BP in obese patients taking miner-
alocorticoid receptor antagonists (MRA) versus with RAAS
blockers, suggesting combination therapy with MRA may
improve BP control.

3 Conclusion

Over the last four decades, there has been significant pro-
gress in developing pharmacological agents to control hyper-
tension via various mechanisms and pathways. Despite these
advancements, heart disease remains the number one cause
of mortality worldwide, a large proportion of which can be
attributed to poorly controlled BP. Several novel pathways
have been targeted in order to lower BP. However, given the
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic, progress in developing these agents has
been slow. Nevertheless, with many of these agents in phase
III clinical trials, the data emerging from recent studies has
been encouraging and could hold promise in adequately con-
trolling BP. Indeed, further trials must then establish which
combination of current and novel agents provide not only
the most therapeutic value but also pose the greatest risks
of adverse effects.
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