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Abstract
Resistant hypertension (RHT) is characterized by persistently high blood pressure (BP) levels above the widely recom-
mended therapeutic targets of less than 140/90 mmHg office BP, despite life-style measures and optimal medical therapies, 
including at least three antihypertensive drug classes at maximum tolerated dose (one should be a diuretic). This condition 
is strongly related to hypertension-mediated organ damage and, mostly, high risk of hospitalization due to hypertension 
emergencies or acute cardiovascular events. Hypertension guidelines proposed a triple combination therapy based on renin 
angiotensin system blocking agent, a thiazide or thiazide-like diuretic, and a dihydropyridinic calcium-channel blocker, to 
almost all patients with RHT, who should also receive either a beta-blocker or a mineralocorticoid receptor antagonist, or 
both, depending on concomitant conditions and contraindications. Several other drugs may be attempted, when elevated BP 
levels persist in these RHT patients, although their added efficacy in lowering BP levels on top of optimal medical therapy 
is uncertain. Also, renal denervation has demonstrated to be a valid therapeutic alternative in RHT patients. More recently, 
novel drug classes and molecules have been tested in phase 2 randomised controlled clinical trials in patients with RHT on 
top of optimal medical therapy with at least 2–3 antihypertensive drugs. These novel drugs, which are orally administered 
and are able to antagonize different pathophysiological pathways, are represented by non-steroid mineralocorticorticoid 
receptor antagonists, selective aldosterone synthase inhibitors, and dual endothelin receptor antagonists, all of which have 
proven to reduce seated office and 24-h ambulatory systolic/diastolic BP levels. The main findings of randomized clini-
cal trials performed with these drugs  as well as their potential indications for the clinical management of RHT patients are 
summarised in this systematic review article.
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1 Introduction

Uncontrolled hypertension still represents today a major 
clinical challenge at world level, being largely responsible 
for most of the global burden of cardiovascular diseases. 
Clinical observational studies have demonstrated that among 
treated hypertensive outpatients only 30–35% achieved the 
recommended therapeutic blood pressure (BP) targets of less 
than 140/90 mmHg in office or less than 130/80 mmHg dur-
ing 24-h ambulatory BP monitoring [1–5]. Several factors 
have been proposed for explaining the unsatisfactory rate of 
BP control. Among these, complex therapeutic regimen, pre-
ferred use of monotherapies or free combination therapies, 
poor adherence to prescribed antihypertensive medications, 
drug-related side effects and high rate of discontinuations 
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represent the most frequent causes of uncontrolled hyper-
tension in daily clinical practice [6, 7]. Besides, one has 
to consider the complexity of the pathophysiological back-
ground of hypertension, which is only partially covered by 
the currently available drug strategies.

In the effort of improving overall rates of BP control, 
international guidelines have promoted several recom-
mendations for drug treatment of hypertension, beyond the 
adoption of healthy lifestyles and balanced low sodium diet 
[8–10]. In particular, the assumption of dual or triple combi-
nation therapies (preferably in fixed single-pill formulations) 
in patients with hypertension has been recognised as the key 
strategy to reduce BP levels and achieve the recommended 
therapeutic BP targets [11, 12]. Accordingly, the first-line 
antihypertensive therapy recommended by both 2017 AHA/
ACC [9] and 2018 ESH/ESC [10] hypertension guidelines 
should be based on an agent blocking the renin-angiotensin-
aldosterone system (RAS), including either an angiotensin 
converting enzyme (ACE) inhibitor or an angiotensin recep-
tor blocker (ARB), along with a calcium-channel blocker 
(CCB) and a thiazide or thiazide-like diuretic at maximally 
tolerated doses. If dual antihypertensive therapy does not 
allow effective and sustained BP control, then triple combi-
nation therapies with these drug classes should be prescribed 
to achieve the recommended therapeutic BP goals. The same 
approach has been recently confirmed also by 2023 ESH 
hypertension guidelines [13].

If uncontrolled hypertension persists despite this thera-
peutic regimen, a condition of resistant hypertension (RHT) 
should be considered and the addition of a mineralocorti-
coid receptor antagonist (MRA), such as spironolactone or 
eplerenone, is advised. Alternatively, other classes of anti-
hypertensive drugs may be considered, including loop diu-
retics, beta-blockers, or alpha-blockers, depending on the 
compelling indications and potential contra-indications [9, 
10, 13]. These drugs have demonstrated to promote further 
systolic/diastolic BP reductions and achievement of office 
and 24-h ambulatory BP therapeutics targets in patients with 
difficult-to-treat or resistant hypertension [14, 15]. Also, 
renal denervation has demonstrated to be effective and safe 
in providing further BP reductions on top of medical thera-
pies in patients with RHT [16–18].

In the recent years, novel antihypertensive drug classes 
have been developed and tested for reducing systolic/dias-
tolic BP levels in patients with uncontrolled hypertension, 
on top of antihypertensive drug therapy with three or more 
BP lowering agents. These novel drugs, that can be orally 
administered, are represented by non-steroid mineralocor-
ticorticoid receptor antagonists (MRA), selective aldoster-
one synthase inhibitors (ASI, and dual endothelin receptor 
antagonists (ERA), all of which have proven to reduce seated 
office and 24-h ambulatory systolic/diastolic BP levels. The 
aim of this systematic review is to discuss the currently 

available evidence suporting these novel drugs for the clini-
cal management of uncontrolled hypertension and RHT, and 
their potential indications in the clinical practice.

2  Resistant vs Pseudo‑Resistant 
Hypertension

Resistant hypertension is a condition defined by the failure 
of achieving the recommended therapeutic office BP targets 
of less than 140 mmHg for the systolic and/or less than 90 
mmHg for the diastolic office BP, respectively, in the pres-
ence of at least three antihypertensive agents at maximum 
tolerated dosages (one of which should be a diuretic) [9, 10, 
13]. Inadequate BP control should be documented also with 
out-of-office BP assessment by 24-h ambulatory (ABPM) or 
home (HBPM) measurements in patients whose adherence 
to prescribed antihypertensive therapy has been confirmed 
and any other potential causes of secondary forms of hyper-
tension have been excluded [7, 19–21]. Thus, true RHT is a 
diagnosis of exclusion after pseudo-RHT has been excluded.

Several possible causes of pseudo-RHT should be ruled 
out, before confirming the diagnosis of true RHT. These 
include white-coat hypertension, inadequate office BP meas-
urements, and poor adherence to prescribed medications. 
Furthermore, many other factors can contribute to apparent 
RHT, such as excessive alcohol consumption, high intake of 
sodium, vasopressor or other sodium-retaining substances, 
including some herbal remedies, abuse of illegal drugs 
(cocaine, anabolic steroids, etc), along with obesity, obstruc-
tive sleep apnoea syndrome, and psychological stress. Even 
after considering all these factors, prevalence of apparent 
treatment or pseudo RHT is relatively high in real world 
practice [22–25].

Reported prevalence of RHT largely varies in the scien-
tific literature, largely depending on the adopted diagnostic 
criteria, the number of antihypertensive drugs, the methods 
of BP measurements and reference populations (e.g. gen-
eral populations, hypertensive cohorts, treated uncontrolled 
hypertensive outpatients, ethnic groups). It is generally 
accepted that RHT has an average estimated prevalence of 
5-10% among treated uncontrolled hypertensive adult out-
patients [26].

In patients with true RHT, the recommended treatment 
strategy should include the prescription of appropriate and 
strict lifestyle measures, optimization of the antihyperten-
sive therapies (triple fixed combination strategy should be 
preferred), and the addiction of mineralocorticoid receptor 
antagonists, mostly spironolactone [9, 10, 13]. Other drug 
classes of antihypertensive agents [14, 15] or renal dener-
vation [16–18] may be also introduced to further reduce 
BP levels in these patients. More recently, novel molecules 
based on new or more selective mechanisms of interaction 
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have been developed and investigated for their potential 
therapeutic use in hypertension. These new drugs have 
been tested in phase 2 randomised controlled clinical tri-
als in patients with stage 2 hypertension or RHT on top of 
combination therapies with at least 3–4 antihypertensive 
drugs. The main pathophysiological mechanisms of these 
compounds and their interactions with key enzymatic steps 
involved in BP regulation are schematically illustrated in 
Fig. 1.

3  Materials and Methods

3.1  Literature Search, Eligibility Criteria and Study 
Selection

In adherence with the guidelines outlined in the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) framework for systematic review and meta-anal-
ysis reporting [27, 28], a systematic review was conducted. 
The review encompassed searches within the Medline, 
Cochrane, EMBASE, OVID, and PROSPERO databases, 
spanning the period from January 2000 to January 2024. The 
Systematic review was registered on the International pro-
spective register of systematic reviews (CRD42023467540).

To effectively identify essential study concepts and facil-
itate the search procedure, we employed the Population, 
Interventions, Comparisons, Outcomes (PICO) framework 
in alignment with recommended practices [29]. The inte-
gration of the PICO framework within the field of health 
education is becoming increasingly essential, as it ensures 

comprehensive literature exploration and maintains rel-
evance to the improvement of the health outcomes under 
investigation. Literature search strategy involved the uti-
lization of Medical Subject Heading (MeSH) terms and 
free-text terms designed to refine the selection of relevant 
trials, specifically targeting the following items: “resistant 
hypertension”, and “aldosterone synthase inhibitors”, and 
“endothelin receptor antagonists”. As outcomes, we consid-
ered the “reduction of office (clinic) systolic/diastolic blood 
pressure” or “reduction of 24-h ambulatory systolic/diastolic 
blood pressure reduction”. Additionally, we conducted a 
review of the references cited in the articles identified during 
our search, to ensure the inclusion of comprehensive data.

For this study, stringent eligibility criteria were estab-
lished to ensure the selection of relevant research material 
while maintaining scientific integrity. The study considered 
individuals of both sexes, aged 18 years or older, who had 
been diagnosed with resistant hypertension as eligible candi-
dates for inclusion in the analysis. The primary focus of our 
analysis was centered on randomized clinical trials (RCTs) 
conducted specifically on patients undergoing optimal medi-
cal treatment for resistant hypertension. It is important to 
note that we specifically sought phase 2–3 RCTs, as these 
trials provide valuable insights on the effectiveness and tol-
erability of therapies when added to optimal medical treat-
ment for resistant hypertension.

To ensure the precision and reliability of our research, 
certain types of articles were excluded. The excluded catego-
ries encompassed conference proceedings, abstracts, com-
mentaries, reviews, observational studies, and case reports. 
The exclusion of these article types was imperative to ensure 

Fig. 1  Schematic representa-
tion of key molecular pathways 
involved in the pathogenesis of 
high blood pressure and sites 
of therapeutic interactions with 
different classes of antihyper-
tensive agents. In figure: ERA, 
endothelin receptor antago-
nists; ET-1, endothelin-1; NO, 
nitric oxide; DRI, direct renin 
inhibitors; ACE, angiotensin-
converting enzyme; ACE-I, 
ACE inhibitors; ARB, angio-
tensin receptor blockers; ASI, 
aldosterone synthase inhibitors; 
MRA, mineralocorticoid recep-
tor antagonists. Created with 
BioRender.com (agreement 
number: QS26EZQUTU).
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that the analysis primarily relied on phase 2–3 RCTs, thereby 
upholding the study’s scientific rigor, reducing bias, and 
ensuring the originality of the research findings.

Specifically, a total of 138,234 records was initially 
identified. After the removal of duplicates and initial 
screening, 127,879 records were excluded, as our inclusion 
criteria were limited to RCT exclusively and substantial 
portion of the initially retrieved articles did not align with 
the predefined research goals. Furthermore, 4277 addi-
tional records were excluded, as selection criteria were 
limited to studies conducted between 2011 and 2024. 

Several of the initially included articles, despite being fil-
tered for RCT, were found to be non-pertinent to the pur-
poses of our study. This discrepancy occurred as a result 
of the items utilized in the PICO format, which led to 
the selection of numerous trials unrelated to our research 
focus. Ultimately, our comprehensive review incorporated 
only five full-text articles.

A summary of the literature selection and screening 
process is presented in Fig. 2, adhering to the PRISMA 
guidelines. The key characteristics of selected randomized 
controlled clinical trials have been concisely summarized 
in Table 1.

Fig. 2  PRISMA 2020 flow 
diagram for updated system-
atic reviews, which included 
searches of databases and 
registers only.
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Table 1  General characteristic of the study included in the systematic review

Trial Sample Size 
(num)

BP measure-
ment

Treatment 
(mg/day)

Baseline Mean 
Seated Office 
SBP/DBP 
(mmHg)

Reduction in 
Mean Seated 
Office SBP/
DBP (mmHg)

Baseline Mean 
24-h SBP/
DBP (mmHg)

Reduction in 
Mean 24-h 
SBP/DBP 
(mmHg)

Follow up

NCT00758524, 
2011

N=524 Attended 8 weeks
92 Osilo 0.25 mg 

OD
157.7/100.4 − 9.7/− 5.2 140.6/89.4 − 7.2/− 4.0

87 Osilo 0.5 mg 
OD

157.0/99.9 − 8.7/− 4.7 139.8/88.8 − 4.9/− 2.4

86 Osilo 1.0 mg 
OD

159.2/100.0 − 12.6/− 7.1 142.6/90.4 − 7.7/− 5.0

96 Osilo 0.5 mg 
BID

158.5/100.2 − 9.7/− 4.7 142.0/91.2 − 6.2/− 2.8

84 Epl 50 mg 
BID

158.2/100.4 − 13.8/− 7.9 143.1/90.8 − 10.5/− 6.0

77 PL 156.7/100.5 − 2.6/− 2.6 141.6/89.5 1.1/1.0
NCT04519658, 

2023 
(BRIGHT-
HTN)

N=275 Attended NA NA 12 weeks
69 Baxdro 0,5 mg 

OD
147.6/87.6 − 12.1/− 8.6

69 Baxdro 1 mg 
ID

147.7/87.7 − 17.5 /− 11.8

67 Baxdro 2 mg 
OD

147.3/88.2 − 20.3/− 14.3

69 PL 148.9/88.2 − 9.4/− 9.2
NCT05001945, 

2023 (TAR-
GET-HTN)

Cohort 1
n=163

Attended NA NA 8 weeks

30 Lorundro 100 
mg OD

142.2/78.5 − 11.9/− 5.8

28 Lorundro 50 
mg OD

140/84.7 − 13.7/− 7.1

30 Lorundro 25 
mg BID

142.8/80.1 − 11.1/− 4.1

22 Lorundro 12.5 
mg BID

142.6/81.6 − 11.3/− 5.5

23 Lorundro 12.5 
mg OD

142.9/80.3 − 5.6/− 3.8

30 PL 142.9/83.8 − 4.1/− 1.6
Cohort 2
n=37

− 11.4/− 5.6

31 Lorundro 100 
mg OD

139.8/78.6

6 PL 135.3/81.5
NCT02603809, 

2020
N=490 Unattende

d
NA NA 8 weeks

82 PL 149.0/97.9 − 7.7/− 4.9
82 Aprocit 5 mg 

OD
148.2/97.4 − 10.3/− 6.3

82 Aprocit 10 mg 
OD

150.5/97.8 − 15/− 9.9

82 Aprocit 25 mg 
OD

152.0/98.4 − 18.5/− 12

81 Aprocit 50 mg 
OD

149.3/98.4 − 15.1/− 10

81 Lisinopril 20 
mg OD

149.7/96.8 − 12.8/− 8.4
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3.2  Bias Risk Assessment and Quality of Evidence

When incorporating RCT into the analysis, it is essential 
to adopt the endorsed evaluation instrument, namely the 
updated iteration of the Cochrane tool, denoted as RoB 2 
tool [30]. RoB 2 presents a structured framework for apprais-
ing the potential bias associated with a single outcome esti-
mate derived from diverse types of randomized trials. RoB 2 
is organized into distinct domains that encompass potential 
sources of bias impacting the outcome. The identification 
of these domains draws from a synthesis of empirical data 
and theoretical insights, enhancing its effectiveness as a bias 
assessment tool.

All the studies included in our analysis have consistently 
shown a low risk of bias, as indicated in Fig. 3 (online avail-
able), minimizing potential sources of systematic error or 
distortion in the results. A low risk of bias is a crucial aspect 
in ensuring the reliability and credibility of our findings, as it 
suggests that the data collected and analyzed in these studies 
are more likely to accurately represent the true relationships 
and effects under investigation. This strengthens the overall 
robustness and validity of our research.

3.2.1  Aldosterone Synthase Inhibitors (ASI)

Aldosterone is a key hormonal component of the renin-angi-
otensin-aldosterone system (RAAS). It is produced in the 
zona glomerulosa of the adrenal cortex and its production 
is enhanced by angiotensin II, high extracellular potassium 
concentration, and adreno- corticotropic hormone (ACTH). 
Aldosterone is involved in the regulation of fluid and elec-
trolyte homeostasis via activation of the mineralocorticoid 
receptor, producing vasoconstriction of vascular smooth 

muscle and increased water and sodium retention by the kid-
neys at the distal tubule level. High levels of aldosterone can 
lead to hypokalemia, sodium reabsorption, and fluid reten-
tion, resulting in sustained BP elevation. The rate-limiting 
enzyme in the synthetic pathway from 18-hydroxycorticos-
terone to aldosterone is aldosterone synthase (also known as 
CYB11B2), as shown in Fig. 1.

According to guidelines, the preferred drugs for treating 
hyperaldosteronism and RHT are MRAs (spironolactone 
and eplerenone) [9, 10, 13]. More recently, ASI has been 
proposed as an alternative therapeutic strategy for reducing 
aldosterone production in the adrenal glands and aldoster-
one-related BP elevation [31, 32]. Some ASI agents have 
been developed and tested over the las few years. The results 
of clinic and 24-hour ambulatory BP reductions produced by 
these drugs at different dosages are summarised on Table 1.

A first agent in the ASI class was (LCI699, osilodrostat), 
which demonstrated to effectively correct hypokalemia in 
patients with primary aldosteronism in a proof-of-concept 
study [33] and to dose- dependently lower BP in patients 
with essential hypertension [34]. In this latter study, LCI699 
was tested in a double-blind, randomized trial, performed 
in patients with primary hypertension [34]. After a 2-week 
of wash-out period and a 2-week single-blind placebo-
controlled run-in period, eligible patients were randomly 
assigned to 1 of 6 treatment groups of double-blind treat-
ment: LCI699 0.25 mg once daily, LCI699 0.5 mg once 
daily, LCI699 1.0 mg once daily, LCI699 0.5 mg twice 
daily, eplerenone 50 mg twice daily, or placebo for 8 weeks. 
Higher doses of LCI699 were not adopted, since preliminary 
studies indicated that these doses had the potential to inhibit 
11--hydroxylase and to reduce cortisol synthesis [33]. The 
primary endpoint was changes in mean sitting diastolic BP 

Table 1  (continued)

Trial Sample Size 
(num)

BP measure-
ment

Treatment 
(mg/day)

Baseline Mean 
Seated Office 
SBP/DBP 
(mmHg)

Reduction in 
Mean Seated 
Office SBP/
DBP (mmHg)

Baseline Mean 
24-h SBP/
DBP (mmHg)

Reduction in 
Mean 24-h 
SBP/DBP 
(mmHg)

Follow up

NCT03541174, 
2022

Part 1
n=730

Unattended 4 weeks

PRECISION 243 Aprocit 12,5 
mg OD

153.2/87.9 − 3.8/− 3.9 137.7//83.5 − 4.2/− 4.3

245 Aprocit 25 mg 
OD

153.3/87.7 − 3.7/− 4.5 137.6/82.5 − 5.9/− 5.8

242 PL 153.3/87.1 (placebo cor-
rected)

137.1/82.5 (placebo cor-
rected)

Part 3
n=614

12 weeks

307 Aprocit 25 mg 
OD

(Aprocit cor-
rected)

(Aprocit cor-
rected)

307 PL 5.8/5.2 6.5/6.8
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compared to baseline values. Secondary endpoints included 
changes in mean sitting systolic BP and 24-h ambulatory 
systolic and diastolic BP changes from baseline.

From September 2008 to April 2009, 903 subjects were 
screened, 105 patients were excluded after the wash-out 
period, 274 during the single-blind period, 524 were ran-
domly assigned to double-blind treatment, and 474 com-
pleted the 8-week double-blind period. At the end of the 
treatment period, LCI699 was associated with dose-depend-
ent reductions in systolic BP levels of −9.7 mmHg, −8.7 
mmHg, –12.6 mmHg, and –9.7 mmHg at the 0.25 mg, 0.5 
mg, and 1.0 mg daily, and 0.5 mg twice daily, respectively, 
compared with placebo. However, eplerenone 50 mg twice 
per day produced lager and significant systolic BP reduction 
–13.8 mmHg) compared with placebo. With regard to the 
secondary endpoints, LCI699 1.0 mg daily (–7.1 mmHg; 
P=0.0012) and eplerenone 50 mg twice daily (–7.9 mmHg; 
P=0.0001) produced diastolic BP reductions compared with 
placebo (–2.6 mmHg); however, other doses of LCI699 did 
not provide significant changes in diastolic BP levels. Sig-
nificant reductions in clinic systolic blood pressure were 
observed with all doses of LCI699 (P=0.005 or better) and 
eplerenone (P<0.0001). All doses of LCI699 significantly 
reduced systolic and diastolic 24-h ambulatory BP levels 
compared with placebo, though also in this case eplerenone 
50 mg twice per day produced lager and significant systolic 
and diastolic 24-h ambulatory BP levels compared to pla-
cebo. Morning cortisol levels remained unchanged regard-
less of the dose of LCI699; however, ACTH stimulation of 
cortisol was suppressed in about 20% of patients receiving 
the higher doses.

In a subsequent randomized, double-blind, parallel-group, 
multicenter, dose-ranging study, the safety and efficacy of 
LCI699 was tested in RHT patients compared with either 
eplerenone or placebo [35]. After a 2-week single-blind pla-
cebo run-in, eligible patients were randomized (1:1:1:1:1) 
to receive placebo, eplerenone 50 mg twice daily or 1 of 
3 doses of LCI699 (0.25 mg twice daily, 1 mg once daily, 
0.5 mg then titrated to 1 mg twice daily after 4 weeks). All 
patients were treated for 8 weeks (any treatment discontinu-
ation occurred) and a further follow-up safety visit was con-
ducted 2 weeks after completing the study treatment. A total 
of 155 patients were randomized for the study and treated 
with study medication, and at the end of the treatment 
period, all LCI699 groups provided systolic and diastolic, 
clinic and 24-h ambulatory BP reductions, though none 
achieved statistical significance compared to placebo [35].

LY3045697 was the next ASI to be developed. This 
drug was tested in two small, placebo-controlled, crosso-
ver-designed clinical studies, which evaluated safety, phar-
macodynamics, and pharmacokinetics under single and 
repeated dose conditions in otherwise healthy subjects, 
aged 18-65 years [36]. LY3045697 caused rapid dose and 

concentration-dependent reduction of SA levels, but it was 
not tested for BP lowering efficacy in humans [36].

Another drug in the ASI class is represented by CIN-
107 (baxdrostat), which demonstrated high selectivity for 
the CYB11B2 enzyme inhibition, and lower affinity for 
11b-hydroxylase compared to previous ASI agents, thus 
resulting in no relevant changes in plasma cortisol levels 
[37–39]. This drug was tested in preclinical and first-in-
human clinical studies [40, 41] and more recently in phase 
1, randomized, double-blind, multiple ascending dose study, 
which involved healthy volunteers [37]. This study aimed to 
assess safety, tolerability, pharmacokinetics, and pharma-
codynamics of baxdrostat at different dosages (0.25, 0.5, 1, 
2 mg once daily) for 10 days in subjects with a normal- or 
low-salt diet [37]. The low-salt diet cohorts were included 
to stimulate aldosterone production. The study demonstrated 
that baxdrostat produces a dose-dependent decrease in SA 
levels compared to baseline and placebo, while having no 
meaningful impact on serum cortisol levels [37]. The clini-
cal effectiveness and safety of this drug in hypertension has 
been tested in a subsequent trial.

The BrigHTN trial was a multicenter, randomized, dou-
ble-blind, placebo-controlled, parallel-group, dose-ranging 
trial, comparing the safety and efficacy of baxdrostat at dif-
ferent dosages with that of placebo [42]. The trial enrolled 
adult outpatients aged 18 years or more, with uncontrolled 
hypertension taking three or more antihypertensive drugs 
at maximally tolerated doses (one of which was a diuretic). 
Among these, about 45% were women, 70% were Cauca-
sians, about half had obesity and 28% had diabetes. Baseline 
systolic/diastolic BP levels were 147/87 mmHg on average.

After a screening period of 8 weeks, and a subsequent 
2-week, single-blind run-in period (during which medica-
tion adherence was assessed), eligible patients were ran-
domly assigned to receive either 0.5 mg, 1 mg, or 2 mg of 
baxdrostat or placebo. The primary efficacy endpoint was 
the change in the mean seated systolic BP from baseline to 
the end of the 12-week treatment period in each baxdrostat 
group as compared with the placebo group. The secondary 
endpoints were the change from baseline in the mean seated 
diastolic BP and the percentage of patients with a seated BP 
of less than 130/80 mmHg at the end of the 12-week treat-
ment period.

From July 2020 to June 2022 a total of 779 patients were 
screened, 360 entered in the run-in period and 275 patients 
were randomized. The main reasons for being excluded from 
the study were not reported. After the prespecified interim 
analysis, the trial was early stopped because the independ-
ent data monitoring committee concluded that the criteria 
for overwhelming efficacy were achieved. After 12 weeks of 
treatment, baxdrostat was associated with dose-dependent 
changes in systolic BP levels of −20.3 mmHg, −17.5±2.0 
mmHg, and −12.1 mmHg at the 2-mg, 1-mg, and 0.5-mg 
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doses, respectively. Compared to that observed in the pla-
cebo group (−9.4 mmHg), dosages of 2 mg daily (−11.0 
mmHg; P<0.001) and 1 mg daily (−8.1 mmHg; P=0.003) 
induced significant systolic BP reductions, whereas the dose 
of 0.5 mg did not produce significantly different systolic BP 
changes. With regard to the secondary endpoint, baxdrostat 
2 mg daily reduced diastolic BP by 14.3 mmHg, correspond-
ing to −5.2 mmHg with that obtained in the placebo group.

Dose-dependent reductions in systolic BP levels were 
paralleled by reductions in serum aldosterone (SA) levels 
and compensatory increases in plasma renin activity (PRA), 
but not relevant effects on serum cortisol levels. Few adverse 
events were recorded (none serious).

Finally, lorundrostat is another agent in the ASI class 
to be tested in RHT patients. The Target-HTN trial was a 
multicenter, prospective, randomized, placebo-controlled, 
dose-ranging clinical trial, aimed at comparing the safety 
and efficacy of lorundrostat at different dosages with that of 
placebo [43]. The trial included adult outpatients aged 18 
years or more, with uncontrolled hypertension taking two or 
more antihypertensive drugs at maximally tolerated doses. 
Among these, 60% were women, 36% were Afro-Americans 
and 48% were Hispanics; of note, about half had obesity, and 
40% had diabetes. Baseline systolic/diastolic BP levels were 
142/80 mmHg on average.

After 2–4 weeks of pre-screening and 2 weeks of pla-
cebo run-in period, eligible patients were stratified into two 
groups: cohort 1 enrolled participants with suppressed PRA 
≤1.0 ng/mL/h and SA levels of 1.0 ng/dL, while cohort 2 
enrolled participants with PRA greater than 1.0 ng/mL/h. 
Then, patients in cohort 1 were randomized to placebo or 
1 of 5 dosages of lorundrostat (12.5 mg, 50 mg, or 100 mg 
once daily); in a subsequent group, patients were randomised 
to receive 12.5 mg or 25 mg of lorundrostat twice daily. 
Patients in the cohort 2 were randomized to receive placebo 
or 100 mg lorundrostat once daily. The primary efficacy 
end point was change in systolic attended office BP from 
baseline to the end of study week 8. Secondary efficacy end-
points included changes in diastolic attended office BP, and 
changes in 24-h ambulatory BP levels.

From July 2021 to June 2022, a total of 380 patients were 
screened and 200 were randomized (n=163 in cohort 1 and 
n=37 in cohort 2). The main reasons for being excluded from 
the study were inadequate PRA assessment. After 8 weeks of 
treatment in cohort 1, office systolic BP levels were reduced 
by 11.9, 13.7, and 5.6 mmHg with 100 mg, 50 mg, and 12.5 
mg once daily of lorundrostat, respectively, and by 11.1 and 
11.3 mmHg with 50 mg or 12.5 mg of lorundrostat twice 
daily, respectively. The corresponding differences from pla-
cebo in systolic BP change were –7.8, –9.6, –5.6 mmHg for 
once daily dosages and –7.0 and –7.2 mmHg for twice daily 
dosages. In cohort 2, lorudonstrat 100 mg reduced office 
systolic BP levels by 11.4 mmHg compared to placebo. With 

regard of secondary endpoint, lorundrostat 50-mg once-daily 
dose reduce diastolic attended office diastolic BP levels by 
5.5mm Hg compared with placebo (P=0.02), whilst other 
doses did not provide statistically significant diastolic BP 
reductions compared with placebo. Also in this trial, few 
adverse events were recorded (none serious), mostly related 
to changes in serum potassium levels from baseline.

3.2.2  Endothelin A/Endothelin B Receptor Antagonists

Endothelin-1 (ET-1) is a vasoconstrictor peptide, produced 
in many different tissues, particularly in the endothelium of 
blood vessels. Endothelin-1 may act in a paracrine or auto-
crine way on blood vessels, by interacting with either ETA 
or ETB receptors on smooth muscle to stimulate contrac-
tion or on ETB receptors on endothelial cells to induce the 
release of vasorelaxants (nitric oxide and prostacyclin), thus 
contributing to regulate BP homeostasis [44]. Endothelin-1 
production is increased in the presence of endothelial dys-
function and hypertension, and ERA has recently emerged as 
a novel target for high BP management and control. Indeed, 
preclinical studies demonstrated the efficacy of ERA in low-
ering BP [45], particularly in low-renin condition [46]. In 
these experimental models of hypertension, dual blockade 
of ETA/ETB receptors appeared to have a lower risk of fluid 
retention and vascular leakage than ETA-selective block-
ade. Aprocitentan is a potent, orally active, dual endothelin 
A/endothelin B (ETA/ETB) receptor antagonist, with long 
half-life (44 h).

The clinical effectiveness and safety of aprocitentan in 
hypertension has been tested in one dose-finding study [47] 
and in one phase 3 trial [48], both showing positive results 
in terms of systolic/diastolic BP reduction with good toler-
ability and safety profile [49]. It should be noted, however, 
that both these studies adopted unattended office systolic/
diastolic BP measurements for efficacy and safety assess-
ments; this may at least, in part, contribute to explain the 
high rate of screening failure reported in both studies [47, 
48]. The results of clinic and 24-hour ambulatory BP reduc-
tions produced by this drug at different dosages are also 
reported on Table 1.

In a randomized, double-blind, multicenter, the efficacy 
and safety of aprocitentanat different dosages of 5, 10, 25, 
and 50 mg once-daily were evaluated in patients with grade 
1–2 essential hypertension compared to that of either pla-
cebo or lisinopril 20 mg once daily [47]. After initial screen-
ing, patients entered in a single-blind, placebo run-in period 
for 4–6-weeks, then eligible patients were randomized to 
receive either placebo, or aprocitentan, or lisinopril at pre-
defined doses. After 8 weeks of double-blind treatment, all 
patients entered a 2-week single-blind, placebo withdrawal 
period. Among 1,659 initially screened patients, 996 were 
enrolled in the placebo-run-in period, 490 were randomized 
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and 430 patients completed the 8-week treatment period. At 
the end of the treatment period, significant dose-response 
changes in mean seated diastolic BP from baseline to week 8 
were observed (P<0.001 for all 6 prespecified dose-response 
models) [47]. In those patients with valid ABPM at base-
line and at week 8 (n=281), 10, 25, and 50 mg aprocitentan 
produced significant reductions in mean 24-hour systolic/
diastolic BP levels from baseline by 3.99/4.04, 4.83/5.89, 
and 3.67/4.45 mmHg, respectively [47].

In the subsequent multicentre, double-blinded, ran-
domised, parallel-group, phase 3 trial, the PRECISION 
trial [48], included adult outpatients with RHT, as defined 
by seated systolic BP of 140 mmHg or higher despite tak-
ing standardised background therapy with three antihyper-
tensive drugs, including a diuretic. The study consisted of 
three sequential parts: (a) part 1 was a 4-week double-blind, 
randomised, and placebo-controlled period, during which 
patients received aprocitentan 12.5-25 mg, or placebo in a 
1:1:1 ratio; (b) part 2 was a 32-week single-blind period, 
during which all patients received aprocitentan 25 mg; (c) 
part 3 was a 12-week double-blind, randomised, and pla-
cebo-controlled withdrawal period, during which patients 
were again randomised to either aprocitentan 25 mg or pla-
cebo in a 1:1 ratio; (d) part 4 was a 30-day safety follow-
up period, during which all patients continued standardised 
background therapy. The primary endpoints were defined 
as changes from baseline to week 4 (part 1), and from with-
drawal baseline (week 36) to week 40 (part 3), in mean sit-
ting office systolic BP levels. Secondary endpoints included 
changes at week 4 and week 40 in mean sitting office dias-
tolic BP and in 24-h ambulatory systolic and diastolic BP 
levels.

Overall, 1965 individuals were screened, 730 were ran-
domised, 704 (96%) completed part 1; of these, 613 (87%) 
completed part 2 and, of these 577 (94%) completed part 3 
of the study. In part 1, at 4 weeks, office systolic BP levels 
were reduced by –15,3 mmHg for aprocitentan 12,5 mg, 
–15,2 mmHg for aprocitentan 25 mg, and –11,5 mmHg for 
placebo; placebo-mediated differences were –3,8 mmHg 
(p=0·0042) and –3,7 mmHg (p=0·0046), respectively. 
Office diastolic BP levels also decreased with both aproci-
tentan doses compared with placebo (–3·9 and –4·5 mm Hg, 
respectively). During part 2, both systolic and diastolic office 
BP levels were maintained in patients previously receiving 
aprocitentan and decreased within the first 2 weeks of part 
2 before stabilising in those previously receiving placebo. 
In part 3, after 4 weeks of withdrawal from the study drug, 
office systolic (5.8 mmHg, p<0·0001) and diastolic (5.2 
mmHg, p<0·0001) BP significantly increased with placebo 
compared with aprocitentan.

Similar trends were observed in those patients who had 
valid 24-h ABPM. At the end of part 1 (week 4), aproci-
tentan decreased both the 24-h ambulatory systolic (–4.2 

mmHg for the 12·5 mg dose and –5.9 mmHg for the 25 
mg dose) and diastolic (–4.3 mmHg for the 12.5 mg dose 
and –5·8 mmHg, for the 25 mg dose) BP levels. At the end 
of part 3, after 4 weeks of withdrawal (week 40), both the 
24-h ambulatory systolic and diastolic BP increased with 
placebo compared with aprocitentan (6.5 mmHg and 6.8 
mmHg, respectively).

3.2.3  Non‑steroidal Mineralocorticoid Receptor 
Antagonists

Mineralocorticoid receptor antagonists (MRA), mostly 
spironolactone, have demonstrated to be effective in reduc-
ing BP in RHT patients [14]. These drugs are able to 
antagonize the binding of aldosterone to mineralocorticoid 
receptors, which are expressed in many tissues, including 
kidneys, thus reducing sodium retention, as schematically 
shown in Fig. 1. The use of these drugs, however, may be 
limited by the presence of renal impairment, chronic kidney 
disease (CKD) or dialysis. In addition, MRAs, particularly 
spironolactone, may be associated with adverse systemic 
effects, such as gynecomastia and sexual disorders. Current 
guidelines now recommend the use of MRAs for treating 
RHT patients only in the presence of an estimated glomeru-
lar filtration rate (eGFR) ≥45 mL/min/1.73m2 and a serum 
potassium concentration ≤4.5 mmol/L [9, 10, 13]. The most 
recent ESH 2023 hypertension guidelines [13] give prefer-
ence to spironolactone as compared to other MRA for the 
treatment of RHT patients, mostly in view of the results of 
recent studies [14, 15, 50, 51] and meta-analyses [52–54].

Finerenone, a nonsteroidal MRA, has demonstrated to 
provide kidney protection in patients with advanced CKD 
and markedly elevated albuminuria included in the Finer-
enone in Reducing Kidney Failure and Disease Progression 
in Diabetic Kidney Disease (FIDELIO-DKD) trial [55], 
as well as in patients with type 2 diabetes and moderate-
to-severe CKD with moderately elevated albuminuria or 
mild CKD with severely elevated albuminuria included in 
the Finerenone in Reducing Cardiovascular Mortality and 
Morbidity in Diabetic Kidney Disease (FIGARO-DKD) trial 
[56]. These trials [30, 31] were not planned to test efficacy 
of finerenone in RHT patients. Nevertheless, in a post-hoc 
analysis, RHT patients with advanced CKD and type 2 dia-
betes mellitus from FIDELITY (pooled population from the 
FIDELIO-DKD and FIGARO-DKD trials) was selected to 
evaluate BP lowering effects of this drug. Definition of RHT 
was based on the eligibility criteria adopted in the Spironol-
actone With Patiromer in the Treatment of Resistant Hyper-
tension in Chronic Kidney Disease (AMBER) trial [57], a 
phase 2, multicenter, randomized, double-blind, placebo-
controlled trial. In the FIDELITY-TRH post-hoc analysis 
[58], which included RHT patients with an eGFR of 25–45 
mL/min/1.73  m2 and baseline serum potassium between 4.3 
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and 5.1 mmol/L. From baseline to week 17 office systolic 
BP was reduced −7.1 mmHg by finerenone and by −1.3 
mmHg with placebo (between-group difference −5.74 
mmHg, P<0.0001) [58]. In the AMBER cohort study, from 
baseline to week 12 office systolic BP was reduced by −11.7 
mmHg by spironolactone + patiromer and −10.8 mmHg by 
spironolactone and placebo (between-group difference −1.0 
mmHg; P=0,58) [58].

The mechanistic strategy underlying the potential use of 
finerenone in RHT cannot be identified with a novel thera-
peutic approach. However, the features of this compound, 
and namely the lack of the classical adverse effects of ster-
oids, which are of clinical concern, and the demonstrated 
safety in a population with advanced CKD and diabetes, pro-
vide solid basis to further test the potential clinical advan-
tages of finerenone in RHT.

4  Discussion

To the best of our knowledge, this is the first systematic 
review focused on the efficacy of novel classes of antihy-
pertensive agents, including ASI, and ERA, in lowering 
seated office (clinic) and 24-h ambulatory BP levels on top 
of optimal medical therapies in RHT patients enrolled in 
randomized, controlled, phase 2–3 clinical trials.

The main results of these trials demonstrated that all these 
classes of drugs provided beneficial effects in reducing sys-
tolic and diastolic BP levels, compared to placebo or con-
ventional treatment, on top of optimal BP lowering therapy, 
in RHT patients aged 18 years or more and without overt 
cardiovascular diseases. These beneficial effects on systolic 
and diastolic BP levels were observed both at office and at 
24-h ambulatory BP measurements, and without clinically 
relevant adverse reactions or side effects. Indeed, these tri-
als confirmed the efficacy of the ASI baxdrostat [42] and 
lorundrostat [43], as well as of the ERA aprocitentan [48], 
by tackling key molecular pathways involved in the devel-
opment and persistence of sustained BP elevation in RHT 
patients.

Despite similarities in reference population (RHT 
patients), study design (phase 2–3 randomized controlled 
clinical trials) and outcomes (reductions in office systolic/
diastolic BP levels), these trials also presented several dif-
ferences, including screening procedures, type of BP meas-
urements (attended vs. unattended), follow-up periods (32 
weeks or longer), comparators (active treatment or placebo), 
sample sizes, which might be relevant from a clinical point 
of view, that should be considered when interpreting the 
observed results.

First of all, in the PRECISION trial [48], aprocitentan 
has been administered on top of triple combination therapy, 
which included valsartan 160 mg, hydrocholorothiazide 

25 mg and amlodipine 5–10 mg, depending on physicians’ 
judgment. This background therapy was in line with the 
recommendations provided by current hypertension guide-
lines, which suggested to use triple combination therapies, 
possibly in fixed formulations and at maximum tolerated 
doses, to achieve the recommended therapeutic targets of 
office systolic/diastolic BP levels below 140/90 mmHg or 
24-hour ambulatory BP levels below 135/85 mmHg [9, 10, 
13],. Indeed, the use of such combination therapy allowed 
to properly identify RHT patients during the run-in period 
of the trials and to exclude those patients with apparently 
resistant or pseudo-resistant hypertension. In addition, the 
adoption of unattended BP measurement allowed to fur-
ther exclude those patients with white-coat hypertension or 
white-coat phenomenon, thus further selecting those with 
true RHT. The rigorous selection procedures based on accu-
rate BP assessment and pre-defined run-in periods (during 
which antihypertensive medications should be titrated at 
maximum tolerated dosages) may at least, in part, explain 
the relatively high proportions of screening failure reported 
in these trials (about 60% during the screening period) [48].

In the BrigHTN trial [42] all patients received a diuretic, 
about 93% a RAS blocking agent, about 70% a calcium-
channel blocker and about 60% a beta-blocker. In the Tar-
get-HTN trial [43], all patients were on dual or triple com-
bination therapies, though diuretics were used in less than 
60% and ACE inhibitors or ARBs in about 70% (no data 
available for calcium-channel blockers and beta-blockers). 
Also, in the FIDELITY-TRH subgroup, all patients received 
a RAS blocking agent and a diuretic, but only about 70% of 
patients received a calcium-channel blocker, and 65–70% a 
beta-blocker [58]. Although the definition of RHT is sub-
stantially uniform across these trials, the differences reported 
on background therapies should be always considered, when 
interpreting the baseline BP values (either office or 24-h 
ambulatory) and the subsequent BP reductions during active 
treatment periods.

Selected trials excluded those patients with secondary 
forms of hypertension, since all patients underwent com-
plete diagnostic screening before randomization. In particu-
lar, patients with hyperaldosteronism have been excluded 
from these trials, and baseline and ongoing assessments of 
PRA, SA and cortisol levels were performed in both ASI 
[42, 43] and ERA [48] trials for safety and tolerability out-
comes. However, in the Target-HTN trial [43], patients 
were stratified into two groups, depending on the presence 
of either suppressed PRA (≤1.0 ng/mL/h) and SA level of 
1.0 ng/dL or greater (cohort 1) or normal PRA (>1.0 ng/
mL/h) (cohort 2). The conclusions of this trial reported no 
relevant differences in BP lowering effects between the two 
cohorts of RHT patients [43], although it might be assumed 
that lorundrostat can be effectively and safely used in those 
patients with aldosterone-related forms of RHT. There was 
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no clear mention on this specific exclusion criterion (second-
ary hypertension) in the Fidelity-TRH trial [58]. However, it 
was also stated that patients with abnormal serum potassium 
levels were not included in the analysis, according to the 
AMBER trial criteria [57].

Finerenone is the only drug that has been tested in the 
FIDELITY-TRH [58] in RHT patients with diabetes and 
different degrees of CKD, a condition that has been system-
atically excluded in those trials performed with ASI [42, 
43] and ERA [48]. Although no absolute contraindication 
exists, lorundtrat, baxdrostat and aprocitentan should not be 
used in the presence of an estimated glomerular filtration 
rate (eGFR) <45 mL/min/1.73  m2 and a serum potassium 
concentration >4.5 mmol/L.

The lack of direct comparisons within the same class or 
between different classes of novel antihypertensive agents, 
as well as the absence of long-term randomized controlled 
clinical trials on major cardiovascular endpoints (cardiovas-
cular morbidity and mortality) do not allow any speculation 
on which drug or class of drug should be preferred in RHT 
patients, beyond optimal medical therapy. Nevertheless, 
some practical considerations might be derived from the 
results of the selected trials.

As stated, in RHT patients with moderate-to-severe CKD 
and diabetes, ASI and ERA should be avoided. In those 
with normal renal function and evidence of RAS activa-
tion (as demonstrated by high PRA or SA levels), the ASI 
baxdrostat or lorundrostat might be preferred, particularly in 
obese individuals; on the other hand, in those with normal 
RAS activity and no evidence of fluid retention or conges-
tion (low levels of NT-terminal brain natriuretic peptide), 
the ERA aprocitentan might be adopted. Indeed, during the 
part 1 of the PRECISION trial [48], aprocitentan modestly 
decreased haemoglobin concentration and increased plasma 
volume, thus potentially favoring fluid retention or oedema 
[59]. Alternatively, renal denervation may represent a valid 
therapeutic option in RHT patients, as also stated by 2023 
ESH guidelines [13]. It should be noted, however, that these 
drugs are currently under evaluation for being approved for 
the clinical treatment of hypertension, thus nowadays they 
are not approved for prescription in daily management of 
hypertension.

In our systematic review we did not discuss the clini-
cal efficacy of zilebesiran, since this drug was tested in a 
multicenter, phase 1 clinical trial, performed in adult out-
patients with treated or untreated hypertension and seated 
office systolic BP between 130 and 165 mmHg [60]. Zilebe-
siran is a small interfering RNA [siRNA] covalently linked 
to an N-acetyl-galactosamine [GalNAc] ligand) that binds 
with high affinity to the hepatic asialoglycoprotein recep-
tor, thus reducing the hepatic angiotensinogen messenger 
RNA (mRNA) levels and the production of angiotensino-
gen. Aliskiren, a direct renin inhibitor, has proven to lower 

systolic and diastolic office and 24-h ambulatory BP levels, 
alone or in combination therapies with other classes of anti-
hypertensive agents, including ACE inhibitors [61], ARBs 
[62], calcium-antagonists [63], and beta-blockers [64], in 
adult outpatients with different degrees of hypertension. Its 
administration is currently limited to those hypertensive 
patients without diabetes and renal impairment [65], or heart 
failure [66] and not assuming other RAS blocking agents. 
However, we did not discuss this drug, since it does not 
fit with the definition of “novel” antihypertensive therapy. 
Finally, we did not discuss the clinical efficacy of the fixed 
combination therapy based on sacubitril/valsartan in lower-
ing systolic/diastolic seated office BP levels [67], for the 
same reasons.

5  Conclusions

Control of hypertension represents a key element for reduc-
ing the risk of major cardiovascular events and compli-
cations and the risk of hypertension-related hospitaliza-
tions. Given the high prevalence of the disease, effective 
antihypertensive strategies aimed at providing sustained 
(office and 24-h ambulatory) BP reductions with favorable 
tolerability profile should be adopted in all patients with 
diagnosed hypertension. Indeed, international guidelines 
recommend the use of dual or triple fixed combination ther-
apies to achieve the recommended therapeutic BP targets 
in almost all treated hypertensive outpatients [9, 10, 13]. 
Guidelines also recommended additional drugs to be used 
in RHT patients, mostly including beta-blockers or spirono-
lactone, depending on concomitant conditions and comor-
bidities [9, 10, 13]. It is a matter of fact, however, that most 
of the treated hypertensive outpatients present a condition 
of uncontrolled hypertension or RHT, being responsible for 
most of the global burden of CV diseases.

In these patients with uncontrolled hypertension or RHT, 
novel drugs, including the ASI baxdrostat [42] and lorun-
drostat [43], as well as of the ERA aprocitentan [48], may be 
considered as valid, effective and safe therapeutic options for 
treating RHT on top of optimal background therapy. Avail-
able evidence from phase II or III randomized controlled 
clinical trials discussed in this systematic review, demon-
strated that these drugs significantly and persistently reduced 
both systolic and diastolic, both seated office and 24-h ambu-
latory BP levels in RHT patients, with favorable tolerability 
profile and low risk of drug-related side effects or adverse 
reactions. Long-term clinical trials are needed to confirm 
these positive results and to support indications for treating 
essential uncomplicated hypertension.
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