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ABSTRACT

Hypertension is the leading cause of cardiovascular morbidity and mortality worldwide, with a significant number of all treated
patients failing to achieve their target blood pressure goals. This therapeutic gap is driven by a number of factors, including, but
not limited to, non-compliance with medications and the physiological phenomenon of renin-angiotensin-aldosterone system
(RAAS) escape. In addition, the prevalence of resistant hypertension is increasing, posing a particular therapeutic challenge. In
recent years, new classes of drugs have emerged that offer novel mechanisms to target the RAAS and address these challenges.

This review article provides an in-depth overview of two such novel therapeutic modalities: small-interfering RNA thera-
pies, exemplified by zilebesiran, and aldosterone synthase inhibitors, including lorundrostat and baxdrostat. We examine the
mechanism of action of these new molecules, summarise the evidence on their safety and efficacy, and discuss their potential
for future hypertension management. These therapies offer the promise of sustained blood pressure reduction with infrequent
dosing, potentially overcoming the issues of non-compliance, the RAAS escape phenomenon and assisting in the management

of resistant hypertension.

INTRODUCTION

An estimated 33% of adults worldwide have hypertension,
representing approximately 1.4 billion adults. A majority of
these adults live in the low- and middle-income countries.
Approximately 600 million adults living with hypertension
are unaware that they have this condition, with only 23%
of adults on treatment achieving their target blood pressure
goals.(1) This therapeutic gap is driven by a combination
of factors, including poor medication adherence and phys-
iological limitations of existing drugs, such as the ‘RAAS
escape’ phenomenon, in which compensatory mechanisms
blunt the long-term efficacy of RAAS inhibitors.(2,3)

A significant proportion of the hypertension popula-
tion suffers from resistant hypertension. This phenotype
is characterized by uncontrolled blood pressure despite
maximally tolerated therapy with three antihypertensive
agents, including a diuretic. The true prevalence of resistant
hypertension is estimated to be between 10% to 15%, with
the prevalence increasing in patients with chronic kidney
disease and heart failure.(4)

The RAAS is key to regulating blood pressure, and its
over-activation is an important driver in most forms of
hypertension. Consequently, it has been the primary tar-
get for anti-hypertensive drug development for decades.

Conventional RAAS blockade with RAAS blockers is
often limited by the phenomenon of ‘aldosterone escape’,
where aldosterone levels eventually increase despite ongo-
ing therapy.(3) The limitations of the current agents have
led to the search for newer molecules that can provide more
robust, sustained and targeted inhibition of the RAAS.

This review focuses on two of the most pioneering
classes of newer antihypertensive drugs: small interfering
RNA (siRNA) therapies and aldosterone synthase inhib-
itors (ASIs).

RAAS AND ITS LIMITATIONS

The RAAS plays a pivotal role in the pathogenesis of hyper-
tension. (Figure 1) The RAAS cascade begins with cleavage
of angiotensinogen produced in the liver to angiotensin I by
renin. Angiotensin I is converted by angiotensin convert-
ing enzyme (ACE) to angiotensin II, which is the primary
effector of RAAS. It induces potent peripheral vasocon-
striction and stimulates the zona glomerulosa to produce
aldosterone. Aldosterone promotes sodium and water
retention by the kidneys, further increasing blood pressure.
Regulation of aldosterone synthesis is multifactorial, with
the primary modulators being Angiotensin 11, extracellu-
lar potassium levels and adrenocorticotropic hormone.(5)
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Renin-Angiotensin-Aldosterone System (RAAS) and Therapeutic Targets
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Figure 1: The Renin Angiotensin Aldosterone System and the Therapeutic Agents Targeting RAAS

RAAS inhibitors and mineralocorticoid receptor antago-
nists (MRAs) have proven highly effective but, over time,
can lead to paradoxical and chronic elevation of aldoster-
one, known as ‘aldosterone escape’, resulting in sodium and
water retention and elevated blood pressure.(6)

'This phenomenon occurs via ACE-independent path-
ways, including compensatory activation of alternative
pathways involving Chymase and Cathepsin G.(7,8)
'The former is found mainly in cardiovascular tissue and
directly converts Angiotensin I to Angiotensin II, bypass-
ing ACE inhibitors.(7) Hyperkalemia can also stimu-
late aldosterone synthesis through calcium-dependent
pathways.(9). These mechanisms can limit the long-term
blood pressure-lowering effects of the RAAS blockers. The
chronic elevation of aldosterone also leads to myocardial
and vascular fibrosis, leading to progressive heart failure.
It also increases progression of chronic kidney disease
through inducing glomerulosclerosis, interstitial fibrosis
and proteinuria.(10)

Mineralocorticoid receptor antagonists such as spirono-
lactone and eplerenone reduce cardiovascular events and
mortality in heart failure and decrease albuminuria when
added to ACE inhibitors or angiotensin receptor blockers
(ARBs). However, their use carries a risk of hyperkalemia.
Steroidal MRAs, particularly spironolactone, also lack
receptor selectivity. In addition to blocking mineralocorti-
coid receptors, spironolactone interacts with androgen and
progesterone receptors, leading to endocrine adverse effects
such as gynecomastia, decreased libido, erectile dysfunc-
tion, and menstrual irregularities.(11)

ALDOSTERONE SYNTHASE INHIBITORS: A
TARGETED APPROACH TO ALDOSTERONE EXCESS

Aldosterone synthase inhibitors target the final step in the
Renin-Angiotensin-Aldosterone system, i.e., Aldosterone

synthesis. Excess aldosterone causes not only hypertension
but also increased cardiovascular and renal damage through
hypertension-independent mechanisms, including inflam-
mation, fibrosis, and oxidative stress.(12)

Mechanism of Action

Aldosterone Synthase Inhibitors act at the final rate-lim-
iting step of aldosterone synthesis by inhibiting CYP11B2
(aldosterone synthase). CYP11B2 catalyzes the hydrox-
ylation and oxidation of 11-deoxycorticosterone to cor-
ticosterone, 18-hydroxycorticosterone and  ultimately
aldosterone.(13)

Aldosterone Synthase Inhibitors limit the synthesis
of both circulating and tissue aldosterone, curbing the
genomic (profibrotic and pro-inflammatory gene tran-
scription) and non-genomic (oxidative stress, inflammation
and endothelial dysfunction) effects of aldosterone.(14)

However, ASIs do not inhibit cortisol production or
block the mineralocorticoid receptor, which is an advan-
tage over older non-selective inhibitors and MRAs. By
not blocking the mineralocorticoid receptor, ASIs allow
endogenous glucocorticoids to bind to the receptor, thereby
preventing the hyperkalemia that is a common side effect
of MRAs.(14)

The main limitation in developing ASIs has been
achieving high selectivity for CYP11B2 over CYP11B1,
an enzyme that shares 93% sequence homology and is
responsible for cortisol synthesis.(15) The first-generation
ASIs, like osilodrostat, were not highly selective, leading to
blunted cortisol responses and the subsequent risk of adre-

nal insufficiency.(16)

Clinical Evidence

Several ASIs are undergoing phase 2 and 3 clinical trials,
indicating favourable safety and efficacy profiles. Baxdrostat
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and lorundrostat are the second-generation ASIs that have
shown promising results in resistant hypertension and
hyperaldosteronism. (See Table 1)

A meta-analysis by Marzano et al. (17) which included
seven randomized clinical trials (RCTs) involving 1440
patients showed that ASIs reduced office systolic blood
pressure (SBP) significantly by 6.3 mmHg ([95% confi-
dence interval (CI), -8.8 to —3.8]; p < 0.0001) and dias-
tolic blood pressure by 2.2 mmHg ([95% CI, 4.2 to -0.2];
p=0.03)

Another recent meta-analysis by Goh et al.,(18) which
included eight RCTs and 2653 patients, showed a signif-
icant reduction in SBP with ASIs compared to placebo
(MD: -6.01 mmHg; 95% CI: -9.3 to -2.71; 1> = 85%;
p = 0.0004). DBP was comparable between the two groups
(MD: -2.2 mmHg; 95% CI: —4.46 to 0.06; I? = 69%;
p = 0.06). There was a significant reduction in serum
aldosterone levels, favouring the use of ASI. 'The risk of
serious and non-serious adverse events did not differ sig-
nificantly between the ASI and placebo groups. However,
ASI use was associated with a significantly higher risk of
hyperkalemia (RD: 0.04; 95% CI: 0.02 to 0.06; I? = 70%;
p = 0.002).

Baxdrostat is notable for its high selectivity (>100 fold)
for CYP11B2 over CYP11B1. It has a favourable pharma-
cokinetic profile with a long half-life of 30 hours, allowing
once-daily dosing.

The BrigHTN trial was a phase II, multi-center, pla-
cebo-controlled trial evaluating baxdrostat for treat-
ment-resistant hypertension.(19) Patients with resistant
hypertension were randomized to baxdrostat (0.5 mg, 1 mg
or 2 mg) once daily for 12 weeks or placebo. The primary
endpoint was a change in the systolic blood pressure (SBP)
from baseline to week 12 in each baxdrostat group versus
placebo. Baxdrostat produced significant, dose-depend-
ent reductions in SBP, with placebo-corrected changes of
—-11 mmHg and —8.1 mmHg at the 2 mg and 1 mg doses,
respectively. There were no serious adverse events attributed
to baxdrostat, and no cases of adrenal insufficiency were
reported. Cases of hyperkalemia were infrequent, occurring
in only 2 patients, and did not recur after withdrawing and
re-initiating the drug.

The phase II HALO trial, a double-blind,
placebo-controlled, multicenter study, evaluated the efli-
cacy of baxdrostat (0.5 mg, 1 mg, or 2 mg) versus placebo
in patients with uncontrolled hypertension.(20) However,
it failed to meet its primary endpoint of achieving a sig-
nificant reduction in seated SBP after eight weeks. Non-
adherence to the drug and a large placebo effect may
have contributed to the trial’s failure to reach its primary
endpoint.

The BaxHTN trial was designed to study the safety and
efficacy of baxdrostat in patients with uncontrolled and
resistant HTN.(21) It was a phase III multinational, dou-
ble-blind, randomized, placebo-controlled trial. A total of
796 patients with uncontrolled and resistant hypertension

were randomized to 1 mg baxdrostat, 2 mg baxdrostat,
or placebo in addition to background antihypertensive
therapy for 12 weeks. At the end of the study period, the
change from baseline in the least-squares mean seated
SBP was -14.5 mmHg (95% CI, -17.6 to -13.3) with 1
mg Baxdrostat, and -5.8 mmHg (95% CI, -7.9 to -3.8)
with placebo. An elevated K* of > 6.0 mmol/L was seen in
2.3% of patients with 1 mg Baxdrostat, in 3% with 2 mg
Baxdrostat, and 0.4% with placebo.

The BaxHTN trial demonstrated significantly lower
seated SBP when Baxdrostat was added to background
therapy in patients with uncontrolled or resistant HTN.
The percentage of patients with serious adverse events was
low and similar across treatment groups. The incidence of
hyperkalaemia was higher in the baxdrostat groups, but the
number of patients who discontinued baxdrostat was low.

Bax24 confirmed the sustained reduction in blood
pressure with Baxdrostat over the nycthemeral period. It
significantly reduced 24h ambulatory placebo-corrected
difference SBP by -14-0 mm Hg (-17-2 to -10-8; p <
0-0001).(22)

Lorundrostat

Lorundrostat is another second-generation ASI with more
than 300-fold selectivity for aldosterone synthase over cor-
tisol synthase.

The Target-HTN was a phase II, multicenter, place-
bo-controlled trial that included patients with uncontrolled
HTN who were on at least 2 antihypertensive agents.(23)
The patients were randomized to receive lorundrostat at
various doses (12.5mg, 50mg or 100mg once daily) ver-
sus placebo. In the lorandrostat arm, placebo-subtracted
blood pressure reductions were —9.6 mmHg at 50 mg once
daily and —7.8 mmHg at 100 mg once daily. Hyperkalemia
occurred in 3.6% of patients, and no cases of adrenal insuf-
ficiency were reported.

The Advance-HTN was a phase IIb, multicenter, dou-
ble-blind, randomized, placebo-controlled trial.(24) It
evaluated lorundrostat 50mg daily, lorundrostat 50mg
with the potential to escalate to 100mg daily or placebo in
patients with uncontrolled or resistant hypertension. After
12 weeks, lorundrostat reduced the 24-hr average systolic
BP by 15.4 mmHg in the stable-dose group, 13.9 mmHg
in the dose-adjustment group, and 7.4 mmHg in the pla-
cebo group. Hyperkalemia occurred in 5% of patients in the
stable-dose group and 7% in the dose-adjustment group.

The Launch-HTN trial was a phase III randomized
clinical trial which included patients with uncontrolled
hypertension who were randomized to lorundrostat 50mg
once daily for 6 weeks followed by 100mg daily for 6 weeks,
50mg daily for 12 weeks, or a daily placebo for 12 weeks.
(25) The pooled lorundrostat 50mg group lowered the
automated SBP by a least-squares mean of 16.9 mmHg
at 6 weeks vs 7.9 mmHg with placebo, an effect that was
sustained through 12 weeks. Treatment discontinuation



152 Bagha & Faical

Table 1: Summary table of Phase Il and Ill trials for ASls:

Drug Trial / identifier =~ Phase = Population Design and Main efficacy Key safety or
treatment findings development note
Baxdrostat ~ BrigHTN/ II Treatment- Multicenter, Baxdrostat reduced ~ Proof-of-concept
NCT04519658 resistant randomized, seated office systolic  positive trial that
hypertension double-blind, blood pressure established clinical
placebo-controlled  versus placebo activity in resistant
dose-ranging study;  in a dose-related hypertension.
0.5 mg,1 mg,2 mg, fashion in resistant
or placebo for 12 hypertension.
weeks.
Baxdrostat ~HALO/ 11 Uncontrolled ~ Randomized trial In contrast to Demonstrated that
NCT05137002 hypertension of 0.5 mg,1 mg,or  BrigHTN,HALO  patient selection and
2 mg daily versus did not show a trial design materi-
placebo for 8 weeks.  significant difference  ally affect observed
in seated systolic efficacy.
blood pressure versus
placebo at week 8.
Baxdrostat BaxHTN / 111 Uncontrolled Randomized, place- At week 12, least- Hyperkalemia
NCT06034743 or resistant bo-controlled trial;  squares mean seated  greater than 6.0
hypertension baxdrostat 1 mg, systolic blood pressure mmol/L occurred
baxdrostat 2 mg,or  changed by -14.5 mm in 2.3% with 1 mg,
placebo for 12 weeks Hg with 1 mg, -15.7  3.0% with 2 mg, and
on top of background mm Hg with 2 mg,  0.4% with placebo;
therapy; 796 treated and -5.8 mm Hg with no adrenal insuffi-
participants. placebo; placebo- ciency was reported.
adjusted differences
were -8.7 mm Hg
and -9.8 mm Hg,
respectively.
Lorundrostat Target-HTN / 1I Uncontrolled Multicenter, rand- In the suppressed- Six participants had
NCT05001945 hypertension omized, placebo- renin cohort, place-  potassium values
on at least 2 controlled, bo-subtracted office  above 6.0 mmol/L;
antihypertensive dose-ranging trial;  systolic blood pressure no adrenocorti-
agents cohort with sup- reductions were -9.6  cal insufficiency
pressed renin plus mm Hg with 50 mg  occurred.
exploratory higher-  once daily and -7.8
renin cohort; 8-week mm Hg with 100 mg
treatment. once daily.
Lorundrostat Advance-HTN/  IIb Uncontrolled or Multicenter, Placebo-adjusted BP  Hyperkalemia >6.0

NCT05769608

treatment-
resistant hyper-
tension on 2—5
antihypertensive
medications

double-blind,
randomized, place-
bo-controlled trial;
3-week standardized
background regimen,
then 1:1:1 to lorun-
drostat 50 mg (stable
group), 50 to 100
mg (dose-adjusted
group), or placebo
for 12 weeks; total
randomized groups
94/96/95

at 12 weeks: -15.4
mmHg (stable dose
group, P=0.001)

and -13.9 mmHg
(dose-adjusted group,
P=0.006)

mmol/L in 5%
(stable) and 7%
(dose-adjusted) vs
0% placebo; eGFR
declined 13-15% but
partially recovered
on washout

(Continued)
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Table 1: Summary table of Phase Il and Ill trials for ASls:

Drug Trial / identifier =~ Phase = Population Design and Main efficacy Key safety or
treatment findings development note
Lorundrostat Launch-HTN/  III Adults with Randomized clinical For the primary Hyponatremia,
NCT 06153693 uncontrolled trial across 159 sites  comparison at week  hyperkalemia, and
hypertension, in 13 countries; 6, office systolic blood reduction in kidney

including treat-
ment-resistant
hypertension

50 mg daily with
possible escalation to  -16.9 mm Hg with
100 mg after 6 weeks, lorundrostat 50 mg
50 mg daily for 12
weeks, or placebo;
total randomized

groups 270/541/272. difference of -9.1 mm

function were more
frequent with lorun-
drostat than placebo,
but most adverse
events were mild or

pressure changed by

versus -7.9 mm Hg
with placebo, for a

least-squares mean moderate.

Hg.

due to hyperkalemia, hyponatremia and renal dysfunction
occurred in 2 participants in the dose-adjusted lorundrostat
group and 7 participants in the stable-dose group.

siRNA THERAPY

Small interfering RNAs (siRNAs), represented by the pro-
totypical Zilebesiran, are a novel class of RNA interference
therapeutics with growing relevance in cardiovascular med-
icine. Their target is angiotensinogen — the most upstream

precursor involved in RAAS signaling.

MECHANISM OF ACTION

Zilebesiran achieves hepatic specificity through cova-
lent conjugation to an N-acetylgalactosamine (GalNAc)
ligand, which facilitates selective binding to the asialogly-
coprotein receptor on hepatocytes, enabling receptor-me-
diated endocytosis of the molecule into the cell.(26) Once
intracellular, the siRNA is loaded onto the RNA-Induced
Silencing Complex (RISC) after which the protein directs
sequence-specific cleavage of Angiotensinogen mRNA,
thereby suppressing downstream production of angio-
tensin I and II. Importantly, RISC is recycled following
each cleavage event, prolonging the duration of action. By
reducing angiotensinogen production at the most proximal
point in the RAAS cascade, siRNA therapy may circum-
vent RAAS escape.

CLINICAL EVIDENCE

Phase I and II trials for Zilebesiran show promising results.
KARDIA-1 enrolled 394 patients with hypertension, ran-
domized across four escalating dose groups of Zilebesiran
and one placebo group. At 8 weeks, treatment produced
a clinically significant reduction in 24-hour ambulatory
systolic blood pressure of up to 15 mmHg.(27) Notably,
serum angiotensinogen was reduced by 88-98% across
dose groups. The data suggest that 300 mg may repre-
sent the optimal dose, as no further BP reduction was

observed at 600 mg. The drug’s safety profile was broadly

favourable. Adverse events were predominantly mild and
transient, with injection site reactions and hyperkalemia
representing the most frequently observed findings. Less
common adverse events included transient elevation of
hepatic enzymes, hypotension, and acute kidney injury, all
of which were self-limiting and resolved without sequelae.
Four patients required discontinuation of the drug due
to adverse events, namely hypotension, hypertension, and
injection site reactions.

'The subsequent phase 2 KARDIA-2 trial extended this
work by evaluating Zilebesiran as an add-on therapy in 672
patients with uncontrolled hypertension on background
treatment with indapamide, amlodipine, or Olmesartan.
(28) The most pronounced reductions in blood pressure
occurred in the indapamide and amlodipine combination
groups, at 12.1 mmHg and 9.7 mmHg, respectively. The
attenuated effect in the olmesartan group is expected as
both agents act on the RAAS, thereby limiting the additive
benefit. Rates of hypotension, hyperkalemia, and acute kid-
ney injury were higher in the Zilebesiran arm, though the
majority of events were mild and self-limiting.

KARDIA-3, which was recently concluded, extended
the investigation to patients with established cardiovascu-
lar disease or high cardiovascular risk who were on two or
more background antihypertensives.(29) A single dose of
Zilebesiran 300 mg produced a placebo-adjusted reduction
in office systolic BP of 5.0 mmHg at 3 months (p=0.0431),
with sustained benefit to 6 months.

A phase I1I trial, ZENITH (ZilebEsiraN cardlovascular
ouTcome Study in Hypertension), is on the horizon to eval-
uate the impact of Zilebesiran on major adverse cardiovas-
cular events in patients with uncontrolled hypertension.(30)

'The therapeutic advantages of siRNA-based therapy are
considerable. The sustained biochemical effect of a single
dose allows a twice-yearly dosing regimen. Additionally,
Zilebesiran achieves consistent 24-hour BP control, which
improves cardiovascular outcomes as nocturnal hyperten-
sion is known to be associated with an increased risk of
cardiovascular events.(31)
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A legitimate concern surrounding long-acting molecules
such as Zilebesiran is the absence of a rapid reversal strategy.
In clinical scenarios where restoration of RAAS is desirable
to maintain tissue perfusion, for example, emergent surgery,
haemorrhage or acute kidney injury, prolonged duration of
action becomes a liability. Uijil et al. reported on the use of
vasopressors or strategies such as fludrocortisone or high-
salt diets to gradually reverse the blood pressure-reducing
effects of Zilebesiran.(32) The most elegant reversal strat-
egy is REVERSIR (RVR) technology, which consists of
synthetic short, single-stranded oligonucleotides comple-
mentary to the antisense siRNA strand connected to the
RISC. In effect, they block the recognition and silencing of
angiotensinogen mRNA, thereby allowing its production
to resume.(33) In preclinical studies, REVERSIR restored

mean arterial pressure to baseline values within 4 to 7 days.

DISCUSSION

Despite the availability of multiple potent antihypertensive
agents, HT'N remains the leading cause of CV morbidity
and mortality globally. Both siRINA therapies and aldoster-
one synthase inhibitors represent significant advancements
in the management of HTN. Their mechanisms of action
and Zilebesiran’s long half-life address the key shortcom-
ings of currently available therapeutic agents.

Aldosterone Synthase Inhibitors offer a highly targeted
approach for a large subset of patients where aldosterone
excess is the primary driver of uncontrolled and resist-
ant hypertension. In addition to controlling BP, ASIs also
provide better cardiac and renal protective effects than tra-
ditional MRAs. They also do not have the conventional hor-
monal side effects of the pre-existing MRAs due to their
high selectivity for CYP11B2. The phase 2 and phase 3 trials
showed a slight increase in hyperkalaemia that was not severe
enough to warrant discontinuation of the ASI. The clinical
rationale for adding an ASI to a RAAS blocker is strong.
While RAAS blockers decrease aldosterone secretion, the
effect is transient due to aldosterone escape. By adding an
AS], clinicians can achieve complete RAAS blockade, pre-
venting the downstream non-genomic effects of aldosterone.

The addition of Zilebesiran to an existing therapeu-
tic regimen is mechanistically sound. While Zilebesiran
strongly suppresses angiotensinogen production and cir-
culating angiotensinogen, the addition of an ARB ensures
that any residual angiotensin II generated at the tissue level
is blocked at the AT receptor. Zilebesiran also overcomes
the shortcomings of non-compliance due to its long half-
life and parenteral route of administration.

Both ASIs and Zilebesiran are being positioned as
add-on therapies to previously existing regimens, including

RAAS blockers, CCBs and thiazide diuretics.

CONCLUSION

The landscape of hypertension is witnessing a major par-
adigm shift defined by targeted, mechanism-specific

pharmacotherapy. Aldosterone synthase inhibitors and the
siRNA therapeutic agent, Zilebesiran, represent two of the
most promising advancements in decades. Aldosterone
Synthase Inhibitors provide a potent, well-tolerated means
of inhibiting aldosterone synthesis, overcoming the limita-
tions of traditional MRAs. Conversely, Zilebesiran lever-
ages RNA interference to provide sustained suppression of
angiotensinogen with a single bi-annual injection, thereby
overcoming the pervasive issue of medication non-compli-
ance. ASIs have demonstrated robust efficacy and safety in
Phase II and III clinical trials and demonstrate immense
potential as add-on therapies to current standards of care
for uncontrolled and resistant hypertension. Zilebesiran has
also shown good clinical efficacy and safety in early clinical
trials. Both agents hold promise for significantly improving
blood pressure control rates and mitigating the global bur-
den of hypertension-related cardiovascular disease.
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