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Abstract
Elevated blood pressure poses a significant global health challenge, affecting over 1.28 billion adults worldwide, with a staggering
46% unaware of their condition. Despite its pervasive impact and association with cardiovascular disease, hypertension remains
inadequately controlled, highlighting the urgent need for innovative treatment approaches. This review explores the potential of
small interfering RNA (siRNA) therapeutics, focusing on zilebesiran, as a promising strategy for hypertension management. SiRNA
therapy represents a groundbreaking approach to selectively modulate protein production, offering targeted intervention in the
pathophysiological mechanisms underlying hypertension. Zilebesiran, a siRNA, targets hepatic angiotensinogen (AGT) synthesis
through interaction with the asialoglycoprotein receptor, ultimately reducing angiotensin II levels and reducing blood pressure.
Zilebesiran demonstrates remarkable pharmacokinetic properties, with sustained efficacy observed after single-dose adminis-
tration. Clinical trials evaluating zilebesiran have shown significant reductions in blood pressure, with effects lasting up to 24 weeks
post-administration. Moreover, combination therapy with angiotensin receptor blockers has demonstrated enhanced efficacy,
highlighting the potential for synergistic effects in hypertension management. Importantly, zilebesiran exhibits a favorable safety
profile, with manageable adverse events, primarily injection site reactions. Zilebesiran represents a transformative therapy in
hypertension management, offering targeted and potent blood pressure reduction with favorable safety and dosing character-
istics. Its emergence highlights the ongoing evolution of cardiovascular pharmacology and underscores the importance of
innovative approaches to address the global burden of hypertension. Moving forward, concerted efforts in research and clinical
practice are necessary to realize the benefits of zilebesiran into hypertension management protocols, ultimately advancing
cardiovascular health worldwide.
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Introduction

In the intricate network of the cardiovascular system, high blood
pressure silently causes chaos, earning hypertension the nick-
name “silent killer”[1]. This condition often remains undetected,
without overt symptoms, yet its impact is profound and perva-
sive. An estimated 1.28 billion adults worldwide, primarily in
low- and middle-income countries, suffer from hypertension,
with a staggering 46% unaware of their condition. Each year,

hypertension claims over 10 million lives globally[2], cementing
its status as the foremost risk factor for cardiovascular disease
(CVD)[3]. In the United States alone, nearly 36 million adults
battle uncontrolled hypertension[4], amplifying the urgency of
effective management strategies. Hypertension stands as
a primary risk factor for numerous cardiovascular ailments
acquired throughout life[5], including coronary artery disease
(CAD) and sudden cardiac death[6]. Despite its prevalence and
profound impact, hypertension remains both common and pre-
ventable, with less than a quarter of affected individuals achiev-
ing adequate blood pressure control worldwide[7]. According to
WHO, hypertension is defined as a blood pressure reading of
140/90 mmHg or higher[2], and hypertension poses a formidable
challenge to global health, demanding innovative solutions to
mitigate its silent yet devastating consequences.

HIGHLIGHTS

● Zilebesiran uses siRNA to specifically inhibit hepatic
angiotensinogen, effectively lowering blood pressure.

● A single dose can sustain significant blood pressure reduc-
tions for up to 24 weeks.

● Adverse events are mostly limited to injection site reactions,
making it safer than many traditional antihypertensives.

● Infrequent dosing (potentially twice a year) may enhance
patient compliance with hypertension treatment.
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Effective management of hypertension often begins with life-
style modifications, emphasizing weight loss, a balanced diet
low in sodium and high in potassium, regular physical activity,
and moderation or cessation of alcohol consumption. These
lifestyle changes offer initial blood pressure reduction and syner-
gize with pharmacological interventions to enhance their
efficacy[8,9]. While various classes of antihypertensive drugs[10],
including diuretics, beta-blockers, angiotensin-converting enzyme
(ACE) inhibitors, angiotensin II antagonists, and calcium channel
blockers (CCBs) are available, each comes with its own set of
potential side effects. Common complaints include frequent mic-
turition and headaches associated with CCBs, excessive micturi-
tion and dizziness with diuretics, and dry, irritating cough with
ACE inhibitors[11]. Adverse reactions often lead to therapy dis-
continuation and substitution in a significant percentage of
patients. Furthermore, inadequate blood pressure control may
stem from factors such as poor patient adherence and the “renin-
angiotensin system (RAS) escape phenomenon,”[12] wherein pro-
longed use of RAS-blocking antihypertensive therapies triggers
compensatory renin elevation[13,14], resulting in a rebound increase
in Angiotensin II levels and a subsequent rise in blood pressure-
[15], despite initial suppression. Understanding these complex-
ities is crucial for optimizing hypertension management and
improving patient outcomes.
Within this landscape of cardiovascular health challenges,

recent advancements in pharmacotherapy have introduced
a new dimension in managing not only hypertension but also
a range of rare metabolic disorders. FDA-approved small inter-
fering RNA (siRNA) agents[16], including patisiran, givosiran,
lumasiran, inclisiran, nedosiran, and vutrisiran, have emerged as
central players in addressing various rare conditions such as
hereditary transthyretin amyloidosis (hATTR), acute hepatic
porphyria (AHP), and primary hyperoxaluria type 1 (PH1).
Furthermore, they contribute significantly to reducing low-den-
sity lipoprotein cholesterol (LDL-C) levels in individuals with
heterozygous familial hypercholesterolemia (HeFH) or clinical
atherosclerotic cardiovascular disease (ASCVD).
This review explores the potential of innovative approaches in

treating hypertension, explicitly focusing on the emerging class
of siRNA drugs. As we navigate the complexities of hyperten-
sion management, we delve into the prospects of siRNA therapy.
We shed light on its mechanisms, efficacy, and its potential to
achieve the best possible outcome.

NOVEL siRNA therapeutics for hypertension: a focus
on zilebesiran

SiRNA, an innovative therapeutic strategy, represents a signifi-
cant advancement in drug development.[17], It offers a targeted
approach to selectively modulate protein production and stands
at the forefront of the groundbreaking field of RNA interference
(RNAi). This cellular mechanism for gene silencing holds
immense promise in medicine[18,19]. Among the emerging
siRNA therapeutics, zilebesiran stands out as a pioneering
agent, representing a paradigm shift in the treatment of hyper-
tension. Zilebesiran, a first-in-class siRNA, operates by binding
to the hepatic asialoglycoprotein receptor, thereby initiating
a cascade of molecular events that culminate in the suppression
of angiotensinogen messenger RNA[20]. Consequently, hepatic
production of angiotensinogen (AGT) is diminished, leading to

a reduction in the synthesis of both angiotensin I and II, ulti-
mately resulting in blood pressure reduction. The advent of
siRNA therapeutics has witnessed significant milestones, with
several medications gaining FDA approval in recent years[21].
Noteworthy among these are patisiran, givosiran, lumasiran,
and inclisiran, each addressing distinct medical conditions ran-
ging from acute hepatic porphyria to hypercholesterolemia.
Positioned within this landscape of innovation, zilebesiran
emerges as a promising therapy, administered subcutaneously
to modulate hepatic AGT synthesis for the treatment of
hypertension[18]. Zilebesiran epitomizes the potential of
siRNA technology to revolutionize therapeutic paradigms,
offering a targeted and precise approach to address underlying
pathophysiological mechanisms.

Mechanism of action

Themechanism of action of siRNA hinges on post-transcriptional
gene silencing[22]. Trivalent N-acetylgalactosamine (GalNAc)
ligand–conjugated siRNA emerges as a cutting-edge therapeutic
approach, specifically targeting the degradation of hepatocyte-
produced mRNAs with remarkable potency and specificity. This
targeted approach exploits the asialoglycoprotein receptor
(ASGR), the Ashwell-Morell receptor, predominantly expressed
on hepatocytes[23]. The trivalent GalNAc ligand, when coupled
with chemically modified siRNA, facilitates highly efficient hepa-
tocyte uptake through interaction with the ASGR. This interac-
tion initiates clathrin-mediated endocytosis, leading to the
internalization of both the receptor and ligand, along with the
siRNA cargo[24]. At the heart of this mechanism lies AGT, the
most upstream precursor in the renin-angiotensin-aldosterone
system (RAAS)[25], which plays a pivotal role in blood pressure
regulation. Zilebesiran, a GalNAc-conjugated siRNA targeting
liver-derived AGT, disrupts this cascade by inhibiting AGT pro-
duction. The siRNA, delivered as duplexes, binds to hepatocyte
ASGRs, facilitating its uptake into the liver. Once inside hepato-
cytes, the siRNA is released into the cytoplasm and engages with
the RNA-induced silencing complex (RISC). This interaction trig-
gers unraveling and strand separation, with the guide strand bind-
ing to complementary mRNA targets. Endoribonucleases then
cleave the mRNA, preventing protein translation and ultimately
leading to decreased AGT and angiotensin II production, resulting
in reduced blood pressure[26]. The remarkable pharmacokinetic
and pharmacodynamic properties of chemically modified,
enhanced stabilization chemistry GalNAc-siRNAs contribute to
their extended duration of activity. These properties offer the
potential for infrequent dosing schedules like biannually or even
annually in some cases, addressing issues of therapy non-adherence
and potentially enhancing patient compliance[27]. As depicted in
Figure 1, the mechanism of action of zilebesiran underscores its
potential to revolutionize hypertension management through tar-
geted gene silencing and potent blood pressure reduction.

Efficacy of zilebesiran in hypertensive patient

The efficacy of Zilebesiran in hypertensive patients has been
significantly supported by several trials (Table 1).
In the first multi-part, phase 1 randomized controlled trial[28],

patients diagnosed with hypertension were randomly assigned in
a 2:1 ratio (Table 2). They received either a single subcutaneous

578

Siddiqui et al. Annals of Medicine & Surgery (2025) Annals of Medicine & Surgery



dose of zilebesiran ranging from 10 to 800 mg or a placebo. The
trial comprised of three parts:
Part A: Patients were monitored for 24 weeks after adminis-

tering zilebesiran or placebo. Significant reductions in both sys-
tolic and diastolic blood pressure (>10 mmHg and >5 mmHg,
respectively) were observed by week 8, as assessed by 24-hour
ambulatory blood pressure monitoring (ABPM). These reduc-
tions were sustained throughout the 24-week period[28].
Part B: This phase investigated the impact of an 800 mg dose

of zilebesiran on blood pressure under varying dietary salt con-
ditions, namely low- or high-salt diets. The study revealed
a diminished blood pressure-lowering effect with a high-salt
diet compared to a low-salt diet[28].
Part E: Explored the effects of combining an 800 mg dose of

zilebesiran with the angiotensin receptor blocker irbesartan. The
combination therapy demonstrated an enhanced reduction in
blood pressure compared to zilebesiran alone[28].
Overall, single doses of zilebesiran at or above 200 mg sig-

nificantly reduced blood pressure levels, with reductions main-
tained throughout the day and sustained over the 24-week

monitoring period. Additionally, serum AGT levels were mark-
edly reduced by over 90% with 200 mg or higher doses, persist-
ing from week 3 to 12 of the trial.
The potential of zilebesiran as an antihypertensive therapy is

also being investigated through the phase 2 KARDIA-1
(NCT04936035)[30] and KARDIA-2 (NCT05103332)[29] trials.
In KARDIA-1, the efficacy and safety of zilebesiran monother-

apy was evaluated in 378 adults with mild-to-moderate arterial
hypertension, irrespective of whether they were untreated or
receiving stable treatment with one or more antihypertensive
drugs. Over a 12-month double-blind period and subsequent
extension phase, participants were randomized into one of five
treatment arms: subcutaneous administration of 150 mg or
300 mg every 6 months, 300 mg or 600 mg every 3 months, or
placebo. Notably, the trial successfully achieved its primary end-
point on 7 September 2023, demonstrating a clinically significant
reduction in mean 24-h systolic blood pressure (SBP) after 3
months (P < 0.0001) with both doses of zilebesiran compared to
placebo. Additionally, KARDIA-1 revealed significant reductions
in mean 24-h SBP after 6 months and in office SBP after 3 and

Figure 1Mechanism of action of zilebesiran. (1) Zilebesiran (GalNac-AGT-siRNA) binds to ASGPR on hepatocytes. (2) It enters an endosome. (3) AGT-siRNA is
released as endosomal escape. (4) AGT-siRNA Binds RISC. (5) siRNA unwinds and strands separate. (6) Guide strand forms and Hybridizes with AGT-mRNA. (7)
RISC Recycling. (8) Cleavage of AGT-mRNA. (9) AGT-mRNA degraded. (10) Decreased angiotensinogen. (11) Decreased angiotensin II. (12) Blood pressure
lowered. AGT, angiotensinogen; RISC, RNA-induced silencing complex.

Table 1
Clinical trials evaluating the safety and efficacy of zilebesiran.

Study
name. Outcomes Results

Desai A.
S[28].
(phase I)

Pharmacokinetics and pharmacodynamics of single doses of
zilebesiran (10–800 mg), and changes in baseline systolic and
diastolic BP.

Single doses of zilebesiran (≥200 mg) lowered SBP by >10 mmHg and diastolic BP by
>5 mmHg by week 8, with effects lasting to week 24. Mild ISRs reported

KARDIA I[2]

(phase II)
Evaluated the efficacy of various doses of zilebesiran in patients with

hypertension
Change in ambulatory SBP: –11.1 mmHg for zilebesiran 150 mg every 6 months, –

14.5 mmHg for 300 mg every 6 months, –4.1 mmHg for 300 mg every 3 months, and –
14.2 mmHg for 600 mg every 6 months (P < 0.05 for each group).

KARDIA II[29]

(phase II)
Evaluated the efficacy of various doses of zilebesiran in patients with

hypertension
Expected in 2024

ISR, in-stent restenosis.
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6 months compared to placebo, underscoring the potent and
lasting inhibition of AGT by zilebesiran[30].
Meanwhile, the ongoing KARDIA-2 trial seeks to assess the

role of zilebesiran in combination with another antihypertensive
drug in mild-to-moderate hypertension, with results anticipated
in early 2024[29]. The clinically significant reduction in SBP,
coupled with the potential for achieving consistent blood pres-
sure control with only two injections per year, offers promise for
addressing issues of therapeutic adherence and resolving many
cases of uncontrolled hypertension arising from blood pressure
variability or nocturnal blood pressure dysregulation.

Zilebesiran’s superiority: a comparative analysis in
hypertension therapy

The ASGR-mediated delivery system for GalNAc-siRNA conju-
gates stands out as a state-of-the-art modalities in the therapeu-
tic development of investigational oligonucleotides, offering
promising clinical candidates[31]. A hallmark of GalNAc-
siRNA conjugates is their remarkable durability of silencing,
persisting for several months after a single-dose administration
in both preclinical species and humans[32]. This prolonged dura-
tion of activity is mechanistically attributed to the enhanced
metabolic stability of chemically modified siRNA molecules
within hepatocyte acidic intracellular compartments, such as
the endolysosomal system[33].
Unlike some conventional drugs that may not maintain effi-

cacy for 24 h due to pharmacokinetic and pharmacodynamic
characteristics or suboptimal dosing[34], zilebesiran shows
potential as a breakthrough therapy. With a published phase 1
study and anticipated phase 2 results in 2024, zilebesiran
emerges as the first siRNA therapy for essential hypertension.
Promisingly, it offers the convenience of just two injections
per year, akin to inclisiran for anti-PCSK9 therapy[35].
Safety and tolerability are paramount considerations, and

KARDIA-1 demonstrated favorable outcomes. Notably, serious
adverse events were less frequent in zilebesiran-treated patients
than those receiving placebo. Reported adverse events, including
injection site reactions, hyperkalemia, and hypertension, were
generally manageable[30].
Moreover, in anticipation of the potential need for a reversal

of zilebesiran’s effects, a rapid and potent reversal mechanism
has been developed using GalNAc-conjugated single-stranded
oligonucleotides; this oligonucleotide is rapidly taken up by the
liver and blocks the siRNA activity of zilebesiran. This innova-
tion represents unprecedented progress in clinical cardiovascular
pharmacology, safeguarding against adverse events such as

severe hypotension or hypovolemia[36]. Furthermore, preclinical
studies have elucidated reversible mechanisms of zilebesiran-
induced blood pressure reduction in rodent models, offering
insights into potential management strategies in clinical settings.
AGT siRNA-mediated blood pressure lowering can be rapidly
reversed by administration of angiotensin II or norepinephrine,
or gradually reversed by interventions like fludrocortisone or
high-salt intake. This comprehensive understanding of zilebesir-
an’s mechanism of action and reversible effects further under-
scores its potential as a transformative therapy in hypertension
management[36].

Safety profile and future considerations

An in-depth analysis of the clinical landscape of zilebesiran
necessitates a comprehensive review of the spectrum of adverse
events and considerations associated with its therapeutic appli-
cation. Comparative analyses against other siRNA therapeutics
such as lumasiran and givosiran unveil distinct patterns of
adverse reactions. Notably, injection site reactions are prevalent
with lumasiran administration[37], whereas givosiran is asso-
ciated with adverse events like fatigue, nausea, and chronic
kidney disease[38]. Patisiran, another siRNA therapeutic, com-
monly elicits mild-to-moderate infusion-related reactions[39].
However, amidst these comparisons lies the unique profile of
zilebesiran, where injection site reactions stand out as the pri-
mary adverse event. It is essential to note that zilebesiran has
shown low rates of related adverse events. Mild reactions at the
injection site were the most common, with no clinically relevant
changes observed in kidney or liver function, as highlighted by
Bakris et al.[30] Furthermore, observations from the trial revealed
sustained reductions in serum AGT levels and blood pressure
following single subcutaneous doses of zilebesiran, extending up
to 24 weeks[28]. Comparatively, numerous large-scale clinical
trials and meta-analyses have underscored the efficacy of RAS
blockers[40–43], such as ACE inhibitors andARBs, in reducing blood
pressure and improving cardiovascular outcomes. However,
adverse events associated with RAS blockers, such as angioedema
and dry cough[44,45], have led to treatment discontinuation in some
cases. Moreover, RAS blockers pose an increased risk for adverse
events, particularly hyperkalemia and worsening renal function[46],
necessitating careful monitoring of these effects with Zilebesiran in
the latest trials. In the Desai and colleagues clinical trial, while
notable adverse events were documented, including ischemic optic
neuropathy, prostate cancer requiring surgery, and acute anemia,
there were no instances of death or unplanned hospitalizations.
Furthermore, no interventions were necessary for hypotension,

Table 2
Basic demographic details of patients.

Part A Part B Part E

Characteristic Zilebesiran Placebo Zilebesiran Placebo Zilebesiran + Irbesaratan Placebo zilebesiran

Total No. patients 56 28 8 4 3 5
Mean age (years) 53 52.9 59 50 55.2 54
Blood pressure
Systolic 139.2 140.6 139 148.5 147 133
Diastolic 85.8 87.9 86.4 99 89 85.8
BMI 28.6 29.3 29 29.3 28.3 29.7

580

Siddiqui et al. Annals of Medicine & Surgery (2025) Annals of Medicine & Surgery



hyperkalemia, or worsening of renal function, and there were no
clinically significant changes in serum levels of potassium, sodium,
or creatinine, nor the estimated glomerular filtration rate[28].
However, it is important to recognize that due to the study’s size
and duration, uncommon serious adverse eventsmay not have been
fully assessed. In the context of comorbidities suchas type2diabetes
and chronic kidneydisease, the safety profile of zilebesiranwarrants
further exploration. The potential for off-target effects remains
a consideration with siRNA therapeutics, as they selectively target
specific genetic sequences. While there is a theoretical risk of unin-
tended effects on other genes, leading to unforeseen side effects.
The need for assessment of allergic symptoms and potential
inflammatory side effects stemming from the liver accumulation
of siRNA is crucial. Although, observations regarding liver-
targeted PCSK9 siRNA (inclisiran) over a 6-month period did
not reveal such concerns[47]. Furthermore, given the known
risks associated with RAS inhibition during pregnancy, includ-
ing renal hypoperfusion and fetal ischemia, RAS blockers
are typically contraindicated in pregnant individuals[48].
Zilebesiran’s action of blocking RAAS pathway raises concerns
surrounding renal hypoperfusion and ischemia in fetus in preg-
nant individuals. Although the preclinical studies in rat models
of preeclampsia have not detected deleterious effects on
offspring[49], but the concerns regarding potential off-target
effects remain. Therefore, further trials are essential to assess
whether zilebesiran has the potential to cross the placenta and
exert any such effects on fetal development. Furthermore, zile-
besiran’s hepatocyte-targeted delivery system preserves extra-
hepatic AGT expression, limiting potential effects on kidney
and adipose tissues that are believed to be a relevant source of
AGT, especially in the obese[50]. The AGT gene is indeed
expressed in the human kidney cortex, medulla and visceral
adipose tissue in a differential manner, influenced by genetic
variants[51]. So the theoretical risk of unintended consequences
stemming from the specificity of siRNA therapeutics under-
scores the need for meticulous monitoring.

Conclusion

In conclusion, the emergence of zilebesiran as an innovative
siRNA therapy represents a significant advancement in hyper-
tension management. Zilebesiran offers a promising approach
for achieving substantial and enduring blood pressure reduction
by targeting hepatic AGT synthesis. The favorable safety profile
observed in clinical trials and the potential for infrequent dosing
schedules underscores its potential as a transformative therapy
in cardiovascular pharmacology. However, as with any emer-
ging therapeutic approach, careful consideration of potential
adverse events and implications, including off-target effects
and considerations for special populations such as pregnant
individuals, is essential. Furthermore, ongoing research and vig-
ilance are necessary to unlock the full potential of zilebesiran
and ensure its safe and effective integration into hypertension
management protocols, ultimately advancing the goal of optimal
cardiovascular health for all.
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