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Abstract

Overactivation of sympathetic nervous system (SNS) has a key role in the pathophysiology of hypertension, as well as in
chronic kidney disease, heart failure, atrial fibrillation, type 2 diabetes mellitus, obstructive sleep apnea, and anxiety
disorders. Renal denervation (RDN) has been proven to lower blood pressure (BP) in hypertensive patients by reducing SNS
activity. Beyond hypertension, data from a limited number of preclinical studies and clinical trials suggest that RDN may
also be nephroprotective, have beneficial hemodynamic and clinical effects in patients with heart failure, reduce the burden
of atrial fibrillation, have a moderate beneficial effect on glucose metabolism, and decrease the severity of obstructive sleep
apnea. This study reviews the potential pleiotropic effects of RDN in these diseases that are characterized by SNS
overactivation, and highlights the need for further well-designed, large-scale clinical trials to define the extent of these

effects, clarify their clinical significance, and determine how they relate to RDN-induced changes in blood pressure.
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Introduction

Arterial hypertension is one of the main modifiable risk
factors for cardiovascular disease and remains the main
cause of death worldwide, leading to 10.8 million deaths in
2019 [1, 2]. Although 34% of adults have hypertension,
only 50% of them are aware of it, and only 33% of the
treated adults are controlled [3]. Hypertension is associated
with risk of ischemic stroke, coronary artery disease (CAD),
heart failure (HF), chronic kidney disease (CKD), and
vascular dementia [4]. The main causes of uncontrolled
hypertension are non-adherence with medication, medica-
tion intolerance, clinical inertia, cultural and economic
factors, and resistant hypertension (RH) [5]. Despite the
proven value of lifestyle interventions and antihypertensive
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drugs in reducing blood pressure (BP), new approaches are
needed to achieve better control of hypertension [5].

Over the past two decades, device-based therapies have
been studied as additional or alternative treatment options
for lowering BP. Of these methods, sympathetic renal
denervation (RDN), a minimally invasive catheter-based
intervention that interrupts renal afferent and efferent nerve
signals between the kidney and the nervous system, thereby
reducing sympathetic nervous system (SNS) activity, is the
most well-studied for its safety and efficacy [6, 7]. Thus, the
2023 European Society of Hypertension guidelines for the
management of hypertension recommended RDN as an
adjunctive treatment option for patients with RH and
uncontrolled hypertension despite combination therapy with
antihypertensive drugs or if medication causes severe side
effects and poor quality of life [8]. The 2024 European
Society of Cardiology guidelines for the management of
elevated BP and hypertension also noted the place of RDN
in patients with high cardiovascular risk and uncontrolled
hypertension [9]. According to the 2025 American College
of Cardiology/American Heart Association Guidelines for
the prevention, detection, evaluation, and management of
high BP, RDN is recommended for patients with stage 2
hypertension  despite  taking >4  antihypertensive
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medications at optimal dosages and patients with stage 2
hypertension who cannot tolerate antihypertensive medica-
tions at the optimal dosages or further pharmacological
intensification [10].

Renal denervation targets both renal afferent and
efferent nerves [11]. Sympathetic renal efferent fibers
originate from the brain, and reach the kidneys via the
sympathetic ganglia. Through the adventitia of the renal
arteries, they innervate the peripheral segments in the
renal cortex, where they play a role in modulating renal
function. Overactivity of the efferent sympathetic fibers
results in increased renin release from the juxtaglomerular
apparatus, elevated tubular reabsorption of water and
sodium, and reduced renal blood flow [12, 13]. RDN
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suppresses sympathetically mediated renin secretion and
renal tubular sodium reabsorption [14]. On the other hand,
sympathetic renal afferent fibers originate from the kid-
neys and transmit signals to the central nervous system,
regulating general sympathetic outflow. Stimulation of the
renal afferent fibers by various stimuli, such as renal
ischemia, hypoxia, and oxidative stress, results in an ele-
vated central sympathetic tone, not only restricted to the
kidneys but throughout the SNS [15]. By interrupting
these signals, RDN is implicated in the reduction of cen-
tral sympathetic overdrive [16]. Thus, RDN is being cur-
rently studied as an additional treatment not only in
hypertension but also in other diseases that are char-
acterized by overactivation of SNS, such as CKD, HF,
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atrial fibrillation (AF), type 2 diabetes mellitus (T2DM),
obstructive sleep apnea (OSA), and anxiety disorders
(Graphical abstract).

Chronic Kidney Disease

Overactivation of SNS plays an important role in the
development, progression, and complications of CKD [17].
Patients with CKD have higher plasma noradrenaline (NA)
levels, greater resting heart rate, and higher values of
muscle sympathetic nerve activity (MSNA) compared with
healthy individuals [18]. Specifically, plasma NA levels and
MSNA have been significantly and inversely associated
with estimated glomerular filtration rate [19]. Among
patients with CKD, elevated plasma NA levels, resting heart
rate, and MSNA values have been associated with fatal and
nonfatal cardiovascular events [20-22].

Preclinical studies in animals with CKD have shown that
RDN has antihypertensive and nephroprotective effects.
Specifically, in rats with renal disease due to 5/6
nephrectomy, chemical RDN (by painting the renal arteries
with a solution of capsaicin or phenol) lowered BP,
improved renal function, and lowered renal and splanchnic
sympathetic nerve activity (SNA) [23-25]. Furthermore,
rats with CKD due to administration of Nw-nitro-l-arginine
methyl-ester (L-NAME) that underwent RDN had similar
BP levels to rats with CKD treated with hydralazine at week
10; however, only the RDN group showed decreased
plasma norepinephrine and angiotensin II levels, lower
plasma renin activity, decreased angiotensin II protein
levels in the left ventricle and kidneys, as well as ameli-
oration of proteinuria and renal fibrosis [26]. Also, in
uninephrectomized rats that were fed with a high salt diet,
RDN improved eGFR, reduced albuminuria, and lowered
the expression and activity of nicotinamide adenine dinu-
cleotide phosphate (NADPH) and xanthine oxidase [27].
Except for rats, hypertensive sheep with CKD due to uni-
lateral nephrectomy undergoing RDN with the Symplicity
Flex catheter showed a significant decrease in BP, improved
renal function, and lower renal vascular resistance at
30 months after RDN, compared with the intact group [28].
In the same study, the RDN group had also lower tyrosine
hydroxylase and norepinephrine levels in kidneys and
improved nitric oxide bioavailability [28, 29]. Thus, the
nephroprotective effects of RDN may be mediated via
reduction of SNS and RAAS overactivity, and decrease in
oxidative stress.

Since patients with eGFR <40 mL/min/1.73 m*> were
excluded from randomized sham-controlled trials, current
guidelines recommend RDN in patients with eGFR
> 40 mL/min/1.73 m? [8, 9]. A subanalysis of 36-month data
from the Global SYMPLICITY Registry showed that the

reduction in systolic and diastolic 24-hour ambulatory
blood pressure (ABP) was similar between patients with
CKD (defined as eGFR <60 mL/min/1.73 m?) and without
CKD (eGFR > 60 mL/min/1.73 m?) after RDN, showing the
efficacy of RDN also in patients with CKD [30].

Open-label studies show that RDN is also effective and
safe in patients with lower eGFR (Table 1). The first study
that evaluated the safety and efficacy of RDN in patients
with moderate to severe CKD was conducted in 2012 by
Hering et al. [31]. The researchers performed radio-
frequency (RF)-RDN in 15 patients with RH and CKD
(mean eGFR: 31.2 + 8.9 mL/min/1.73 m?) with a 12-month
follow-up, and demonstrated that RDN has a favorable
safety profile and resulted in significant reductions in office
blood pressure (OBP) in this population [31]. Similarly, in
the Regina RDN study [32], Prasad et al. evaluated the
effect of RF-RDN on central BP and arterial stiffness by
measuring pulse wave velocity (PWV) in 25 patients with
stage 3—4 CKD and RH. RDN had a favorable safety profile
and led to a significant reduction in OBP, although the
improvement in central BP, arterial stiffness, and 24-h ABP
was non-significant [32].

Regarding patients with end-stage renal disease (ESRD),
Schlaich et al. conducted a feasibility study performing
RDN in 9 patients with RH and ESRD and found that RDN
is safe and is associated with a sustained reduction in sys-
tolic OBP at 12 months [33]. A similar feasibility study with
9 patients with ESRD (6 hemodialysis and 3 peritoneal
dialysis patients) and RH with the multipolar EnligHTN
catheter was also conducted. Regarding safety, one patient
developed procedure-related femoral pseudo-aneurysm, and
one patient suffered a myocardial infarction 4 days post-
RDN. Regarding efficacy, RDN is associated with a sig-
nificant decrease in OBP and 24-hour ABP, as well as a
significant decrease in muscle sympathetic nerve activity
(MSNA) and left ventricular mass [34]. Similarly, Ott et al.
conducted a single-center prospective study with 6 patients
with RH and ESRD who underwent RF-RDN with the
Symplicity Flex catheter, and found that RDN is safe and
effective in reducing 24-hour ABP at 6 months in this
population [35]. In addition, Scalise et al. designed a pro-
spective, nonrandomized study with 24 patients with RH
and ESRD, of whom 12 underwent RDN [36]. Patients who
underwent RDN showed a statistically significant reduction
in OBP and 24h ABP at 6 and 12 months after RDN
compared with the control group, with the BP-lowering
effect of RDN being statistically significant both during the
day and nighttime. No major perioperative complications
were reported [36].

According to data from observational studies, RDN may
also lead to a slowdown in further deterioration of renal
function, even independent of its effects on BP reduction,
indicating the potential nephroprotective effect of RDN
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Table 1 Studies of RDN in resistant hypertension and CKD of stage 3 and above

First author Study type N CKD stage / Intervention / Follow Adverse events Results
Mean eGFR  ablation up
treatments (months)
Hering (2012)  Observational 15 CKD stage ~ RF-RDN 12 no periprocedural mean changes in office
[31] 34/ (Simplicity)/ complications, no systolic and diastolic BP: -33/-
312+89 99=+1.5 deterioration of renal 19mmHg
function
Prasad (2019)  Observational 25 CKD stage 3- RF-RDN/a 6 no periprocedural significant reduction in office
[32] 4/ 37.0+12.3 minimum of 4 complications, no BP: median office BP from
ablations and deterioration of renal 148/76 to 133/75 (P <0.001),
maximum of 6 function non-significant changes in 24-
on each side hour ambulatory BP
Schlaich (2013) Observational 9 ESRD / RF-RDN 12 1 patient: femoral office systolic BP was
[33] hemodialysis (Simplicity)/ pseudo-aneurysm significantly reduced from
10.2+3.0 166 £16.0 to 138 £ 17 mm Hg
Hoye (2017) Observational 9 ESRD /6 RF-RDN 12 1 patient: femoral mean 24-hour ambulatory
[34] hemodialysis (EnligHTN) / pseudoaneurysm 1 systolic and diastolic BP
and 3 not reported patient: MI 4 days post- reduced by 14% (SD: 13%),
peritoneal RDN 1 patient died from mean LV mass was reduced
dialysis dialysis-related by 13% (SD: 19%)
patients complications
Ott (2019) [35] Observational 6 ESRD / RF-RDN 6 no severe adverse events, significant reduction in 24 h
hemodialysis (Symplicity no change in ambulatory systolic and
Flex) / not hemodialysis parameters diastolic BP by 20 + 17/
reported 15 = 12 mmHg
Scalise (2020)  Observational, 24 ESRD / RF-RDN 12 no vascular significant reduction of
[36] nonrandomized (RDN: hemodialysis (Symplicity complications systolic and diastolic office
12/ Spiral, BP (»p =0.0001, p =0.0001)
control EnligHTN) / and systolic and diastolic 24-
group: 28 +4.7 hour ambulatory BP
12) (p =0.007, p=10.005)
RDN-CKD Ongoing RCT 1:1 eGFR 30- Ultrasound
Study (RDN: 59 ml/min/ RDN (Paradise
(NTC04264403) sham) 1.73 m? System)

ESRD end-stage renal disease, CKD chronic kidney disease, RDN renal denervation, RF radiofrequency, BP blood pressure, MI myocardial

infarction, eGFR estimated glomerular filtration rate (in mL/min/1.73 m?)

[37, 38]. This has been also shown in patients with stage 3-4
CKD, as eGFR improved by 1.5+ 10 mL/min/1.73 m* at
12 months after RDN [39].

Regarding proteinuria and albuminuria, several studies
examined the effects of RDN on these parameters. In 59
patients with RH and increased urine albumin-creatinine
ratio (UACR), RDN resulted in a significant reduction in
UACR in both patients with microalbuminuria and macro-
albuminuria, which had a modest positive relationship with
the reduction of systolic BP (§=0.340, p =0.039) inde-
pendent of renal function [40]. In another study by Mahfoud
et al., urinary albumin excretion did not change significantly
after RDN; however, the proportion of patients with mac-
roalbuminuria decreased [41]. Moreover, Zhang et al.
compared the urinary protein secretion of patients with RH
that underwent ultrasound RDN with patients with RH that
received drug treatment after 6 and 12 months, and found
that the urinary protein content decreased significantly after
6 and 12 months only in the RDN group [42]. In the study
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of Hering et al, urinary albumin-to-creatinine ratio tended to
decrease after RDN without reaching statistically sig-
nificance in patients with CKD of stage 3 and 4 [31]. Also,
the study of Prasad et al showed that, although RDN led to a
short-term improvement in urine protein excretion rates in
patients with stage 3 and 4 CKD at 3 and 6 months after
RDN, this did not persist at 24 months [32]. These findings
could be attributable to the antihypertensive effect of RDN,
as reductions in proteinuria or albuminuria were observed
only in studies in which RDN led to a clinically meaningful
BP reduction [43].

Thus, RDN appears to be safe and effective in redu-
cing BP in both early-stage CKD and ESRD, while it may
also have nephroprotective effects. The RDN-CKD Study
(NTC04264403) is an ongoing, prospective, randomized,
double-blind multicenter feasibility study to investigate
the effect of ultrasound RDN on 24-hour ABP and eGFR
over up to 12 months in patients with stage 3a or
3b CKD.
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Chronic Heart Failure

Although SNS overactivity has a compensatory function in
HF for the maintenance of adequate cardiac output, long-
term SNS overactivity leads to unfavorable remodeling,
resulting in HF progression and major adverse cardiovas-
cular events [44]. Elevated NA plasma concentrations and
MSNA values are significant predictors of mortality in
patients with HF [45, 46].

In preclinical studies with HF models, RDN improved
cardiac function, reduced cardiac fibrosis, and lowered SNS
and RAAS overactivity [47-53]. In rats with HF due to
coronary artery ligation, RF-RDN significantly improved
left ventricular (LV) ejection fraction (LVEF), reduced LV
fibrosis, improved vascular function and reactivity to
vasodilators, and increased circulating natriuretic peptide by
inhibiting renal neprilysin activity, compared to the sham
group [47]. Moreover, RF-RDN led to reduced renal nor-
epinephrine content and circulating angiotensin I and II
levels in Yucatan miniswine with myocardial infarction
(MI) followed by reperfusion [48]. RF-RDN in dogs with
HF due to MI also suppressed cardiomyocyte apoptosis and
reduced endoplasmic reticulum stress after 4 weeks [54].
Additionally, dogs with HF induced by overload pressure
that underwent RF-RDN showed improved LVEF and
significant reductions in the levels of renal tissue nora-
drenaline, plasma noradrenaline, and plasma renin activity
8 weeks after RDN [49]. Furthermore, in rats with
isoproterenol-induced cardiomyopathy, chemical RDN
alleviated isoproterenol-induced LV remodeling, lowered
the levels of profibrotic and inflammatory factors, and
decreased the levels of plasma noradrenaline, angiotensin II
and aldosterone [50, 51].

Moreover, studies including patients with RH who
underwent RDN have also shown that RDN is associated
with a reduction in left ventricular mass, improved diastolic
function, and improved ejection fraction [55, 56].

Given these beneficial effects of RDN in preclinical
models of HF and on left ventricular structure and function
in patients with RH, the REACH-Pilot study was the first to
investigate the effect of RF-RDN in 7 patients with stable,
symptomatic chronic HF with reduced and preserved ejec-
tion fraction of New York Heart Association (NYHA)
functional class III or IV. No complications related to RDN
were reported. All patients described improvement in
symptoms and 6-minute walk distance increased by 27
meters during the 6-month follow-up period [57].

Regarding HF with reduced ejection fraction (HFrEF),
Chen et al. conducted a randomized, controlled trial (RCT)
(1:1) of 60 patients with HFrEF and NYHA II-IV assigned
to RDN or only optimal medical therapy (OMT). A sig-
nificant improvement in LVEF, 6-minute walk distance,
NYHA class, N-terminal pro-B-type natriuretic peptide

(NT-proBNP), as well as in the 36-Item Short Form Health
Survey were observed, while no adverse effects were
reported at 6 months of follow-up [58]. Similarly, an RCT
of 60 patients with HFrEF and NYHA II-III by Chao et al.
showed a significant decrease in NT-proBNP level and
improvement in LVEF and NYHA class over 6 months of
follow-up in the RDN group [59]. On the other hand,
another RCT by Feyz et al, in which 50 patients with HFrEF
and NYHA II-IV were randomized (1:1) to RDN or only
OMT, did not demonstrate a significant change in cardiac
sympathetic nerve activity, as measured by using iodine-
123 meta-iodobenzylguanidine (*’I-MIBG) heart-to-
mediastinum ratio at 6 months. However, a significant
reduction in left ventricular end-diastolic diameter was
reported in the RDN group, and a third of the patients in the
RDN group improved to NYHA I, while RDN appeared to
be safe [60]. Two RCTs of patients with HFrEF that did not
respond to cardiac resynchronization therapy (CRT)
assigned to RDN group or control group showed no sig-
nificant differences in LVEF, 6-minute walk distance, and
NT-proBNP at 6 and 12 months of follow-up [61, 62].
However, these studies recruited a small number of patients
(20 and 10 patients, respectively), and one of them, the
HeartF-RDN study, was prematurely terminated due to
enrollment difficulties [61, 62].

As for HF with preserved ejection fraction (HFpEF), two
observational studies reported a significant decrease in sys-
tolic and diastolic 24-hour ABP, decrease in NT-proBNP
levels, as well as improvement in NYHA class and aortic
distensibility [63, 64]. The only published RCT on the effect
of RDN in patients with HFpEF until now is RDT-PEF [65],
which was terminated prematurely at the recruitment of 25
patients due to slow patient enrollment and it was under-
powered to detect whether RDN improves the endpoints of
quality of life, exercise capacity, HF biomarkers, and left
heart remodeling [65]. Currently, two randomized, sham-
controlled trials, UNLOAD-HFpEF (NCT05030987) and
RDN-HFpEF (NCT05715697), are ongoing to evaluate the
safety and efficacy of RDN in patients with HFpEF.

Thus, there are a few mixed yet promising data on the
hemodynamic and clinical effects of RDN in patients with
HFrEF, while the results of ongoing trials in patients with
HFpEF are awaited (Table 2).

Atrial Fibrillation

Overactivation of SNS plays an important role in the
pathogenesis and persistence of AF [66]. Moreover, in
patients with AF and hypertension, BP control reduces AF
recurrence and progression and reduces the risk of adverse
cardiovascular outcomes [67]. Considering the attenuation
of SNS overactivity by RDN and the always-on effect of
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RDN on lowering BP, RDN could reduce AF recurrence
and progression.

RDN has been found to prevent CKD-induced structural
and electrophysiological alterations of the left atrium, and
decrease AF susceptibility, independently of blood pressure
reduction and renal function, in rats with CKD [68]. Goats
with persistent AF that underwent RF-RDN had lower
content of atrial fibrosis, decreased cardiac levels of nor-
epinephrine, less atrial nerve sprouting and shorter AF cycle
length compared to the sham group, although the two
groups had normal and similar BP values [69]. Moreover, in
dogs with CKD, RF-RDN decreased the elevated atrial
levels of norepinephrine, angiotensin II, aldosterone, IL-6,
and CRP, attenuated atrial fibrosis, and reduced AF indu-
cibility [70]. Dogs with OSA that underwent RDN also
exhibited decreased AF episodes and duration, and
attenuation of atrial fibrosis via inhibition of the TGF-p1/
Smad2/3/a-smooth muscle actin (a-SMA) pathway [71].
Thus, RDN reduces AF susceptibility and inducibility,
possibly by decreasing SNS and RAAS overactivity, redu-
cing atrial inflammation and fibrosis, and preventing struc-
tural and electrophysiological changes of the left atrium.

According to data from the entire SYMPLICITY Clinical
program, history of AF has been associated with sig-
nificantly greater systolic OBP reductions at 3 years follow-
up after RDN [72]. In patients with sinus rhythm and RH, a
sham-controlled study with 80 patients demonstrated that
the RDN group had fewer subclinical AF events, lower
subclinical AF burden, and fewer episodes of fast AF dur-
ing the 2 years of follow-up, which were recorded by an
implantable cardiac monitor compared with the sham group
[73]. Thus, RDN may be more effective in patients with
history of AF, while in patients without history of AF RDN
may protect from the pathogenesis of AF.

Some studies have also investigated the effect of RDN as
an adjunct therapy to pulmonary vein isolation (PVI)
regarding AF control in patients with a history of AF and
uncontrolled hypertension (Table 3). In an RCT by
Pokushalov et al, 27 patients with a history of symptomatic
paroxysmal or persistent AF refractory to >2 antiarrhythmic
drugs and RH were randomized to RDN + PVI or only PVL
RDN + PVI led to a significant reduction of systolic and
diastolic OBP, as well as of the AF recurrences at 12-month
follow up [74]. Pokushalov et al also showed that the effect
of RDN + PVI reduces the hazard ratio for AF recurrence to
0.45 (95%C1 0.23-0.86, P = 0.009), according to data from
2 different prospective randomized studies [75]. Kiuchi et al
randomized 69 patients with uncontrolled hypertension,
paroxysmal AF, mild CKD, and a pacemaker, to the
RDN + PVI or spironolactone+PVI and concluded that
RDN + PVI was superior to spironolactone+PVI in redu-
cing BP, AF burden and AF recurrence at 12 months [76].
Notably, a strong negative association between the degree

of mean systolic BP reduction and mean AF burden at 12-
month follow-up was observed only in the RDN + PVI
group [76], meaning that the reduction of AF burden
observed with RDN might be attributable to both the
decrease of SNS activity and BP reduction. The landmark
study in demonstrating the efficacy of RDN as an adjunct
therapy to PVI was the Evaluate Renal Denervation in
Addition to Catheter Ablation to Eliminate Atrial Fibrilla-
tion (ERADICATE AF) study, an RCT of 302 patients with
uncontrolled hypertension and paroxysmal AF, which
showed a significant increase in AF paroxysmal freedom at
12 months in patients undergoing RDN + PVI compared
with those undergoing PVI alone [66].

However, other studies did not show the same promising
results regarding the efficacy of RDN + PVI compared to
only PVIL. HFIB-1 and HFIB-2 studies, two RCTs of 30 and
50 patients respectively with both paroxysmal/persistent AF
and RH, did not demonstrate a benefit with RDN + PVI
regarding freedom from AF recurrence compared to PVI
[77]. Notably, the HFIB-1 study was prematurely termi-
nated due to frequent renovascular adverse events in the
RDN + PVI group [77]. Another trial that was prematurely
terminated was the RDN + AF study, since the EnligHTN
device for RDN stopped being manufactured [78]. The
RDN + AF study consisted of 61 patients with paroxysmal
or persistent AF and uncontrolled hypertension who were
assigned (2:1) to RDN + PVI or only PVI, and it showed no
difference in the freedom from any AF episode > 2 min at
12 months between the two groups [78]. In the
SYMPLICITY-AF study, 70 patients with AF (52 with
paroxysmal, 18 with permanent) and uncontrolled hyper-
tension were randomized to RDN or RDN + PVI, and
received an insertable cardiac monitor to detect the fre-
quency and duration burden of atrial arrhythmias [79].
Although the combination of RDN + PVI did not reduce
the recurrence of AF or the need for repeat AF ablations
compared with PVI without RDN, it led to a reduction in
AF burden and reduction in the intake of antiarrhythmic
drugs, indicating a possible beneficial effect in reducing the
progression of AF to permanent AF [79].

All the previous studies recruited patients with uncon-
trolled hypertension. An ongoing RCT recruiting patients
with controlled or without hypertension and symptomatic
persistent AF is the ERADICATE AF II (NCT05116384),
which is going to investigate whether RDN + PVI reduces
AF burden at 12 months using implantable loop recordings
in comparison to only PVL

Insulin Resistance And Metabolic Syndrome

Overactivation of SNS plays an important role in the
pathogenesis of insulin resistance and impaired glucose
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tolerance, two key features of T2DM, while SNS over-
activity has also been associated with vascular complica-
tions of T2DM [80].

Preclinical data suggest that RDN leads to improvements
in glucose metabolism [§1-85]. RDN enhanced glucose
metabolism and insulin sensitivity by increasing tissue
glucose uptake and inducing glycosuria by sodium-glucose
cotransporter 2 (SGLT2) suppression in renal tissue of
uninephrectomised diabetic Otsuka Long-Evans Tokushima
Fatty (OLETF) rats [81]. In rats with streptozotocin-induced
diabetes, RDN also reduced blood glucose levels, albumin
urinary excretion, and renal SGLT2 gene expression [82].
Moreover, rats fed with high fat diet that underwent RDN
showed suppression of hepatic glucose production, activa-
tion of the insulin signaling, while RDN also lowered
hepatic and renal norepinephrine contents and plasma levels
of norepinephrine [83]. Furthermore, in a T2DM canine
model, RF-RDN reduced fasting plasma glucose, fasting
insulin, and homeostasis model assessment—insulin resis-
tance (HOMA-IR) after 3 months compared with the
SHAM group, possibly via suppressing gluconeogenetic
genes and improving insulin sensitivity [84].

However, data from clinical studies investigating the
effect of RDN on various parameters of glycemic status are
conflicting, with some studies documenting the benefit of
RDN on metabolic parameters, while others show no sig-
nificant difference from baseline [86]. Specifically, in a non-
randomized controlled study with 50 patients with RH by
Mahfoud, OBP, fasting plasma glucose (FPG), insulin
levels, C-peptide levels, HOMA-IR, and oral glucose tol-
erance test (OGTT) decreased in the RDN group, while no
changes were observed in the control group [87]. Ott et al
found that RDN reduced both OBP and 24-hour ABP, as
well as FPG and hemoglobin Alc (HbAlc) levels in 31
consecutively enrolled patients with RH and normal or
impaired glucose homeostasis 6 months after RDN [88]. On
the contrary, the SYMPLICITY HTN-3 reported no sig-
nificant difference in the change in HbAlc levels from
baseline to 6 months of follow-up between the RDN and the
sham group [89]. Similarly, in the Prague-15 Study, no
significant difference in the change in FPG was observed
between the RDN group and the group with intensified
pharmacological treatment [90]. However, the Global
SYMPLICITY Registry, a prospective, open-label, multi-
center registry of 998 patients with uncontrolled hyperten-
sion, reported significant reduction of FPG levels in both
patients with and without diabetes at 6 months of follow-up
[91]. In a post hoc analysis of 155 patients with uncon-
trolled hypertension who underwent RDN, patients with
CKD showed a greater improvement in the reduction of
their FPG levels at 3 and 6 months after RDN [92].

Regarding the effect of RDN in patients with metabolic
syndrome, in the DREAMS-Study, no improvement in

SPRINGER NATURE



A. Vakka et al.

insulin sensitivity regarding insulin, FPG, and C-peptide
levels was reported at 12 months of follow-up, although
RDN significantly reduced 24-hour ABP [93]. Tsioufis
et al., who randomized 17 patients with metabolic syndrome
to RDN (with the EnligHTN multielectrode RDN system)
or control group (3:1), found that the RDN group had a
significant reduction of OBP and 24-hour ABP, waist cir-
cumference, resting MSNA, as well as improved MSNA
responses during 75 g OGTT at 3 months of follow-up.
However, no significant change in the HOMA-IR was
reported [94].

Therefore, the inconsistent results among clinical studies
regarding a moderate or neutral effect of RDN on glucose
metabolism indicate that further research is needed in this
area, especially in populations with insulin resistance
and T2DM.

Obstructive Sleep Apnea

OSA is a common comorbidity in patients with hyperten-
sion, especially in patients with RH, and is characterized by
overactivation of SNS [95]. RDN has been found to reduce
systolic and diastolic OBP and 24-h ABP in patients with
OSA [96, 97]. Notably, OSA could be a marker of better BP
response after RDN [98]. Specifically, in a post-hoc analysis
of the SIMPLICITY-HTN 3 study, patients with OSA who
underwent RDN had a greater reduction in systolic OBP at
6 months compared with patients with OSA who were in
the sham group, while there was no difference between
patients in the RDN and sham group that did not have OSA
in both OBP and 24 h systolic ABP [98]. In a pig model of
OSA, RDN reduced plasma renin activity and aldosterone
levels, as well as inhibited postapneic BP rises [99, 100].
On the contrary, these BP rises were not influenced by
irbesartan or atenolol alone, and they were only slightly
inhibited by the combination of irbesartan and atenolol
[100].

Regarding the effects of RDN in the severity of OSA,
Warchol-Celinska et al conducted an RCT including 60
patients with RH and moderate-to-severe OSA who were
randomly allocated to RDN group or control group. This
RCT showed that RDN led not only to a significant
decrease in OBP in the RDN group, but also to a significant
reduction in OSA severity (based on the apnea-hypopnea
index), while there was no difference in this index in the
control group [101]. Possible pathophysiological mechan-
isms by which RDN may lead to remission of OSA include
reduction in edema and upper airway resistance via reduced
sodium and water retention [101].

Therefore, RDN appears to lead to a decrease in the
severity of OSA and a greater reduction of BP in patients
with OSA. However, because the evidence for the beneficial

SPRINGER NATURE

effects of RDN in patients with OSA is limited and based on
small-sample studies, further studies are needed.

Future Directions

Beyond the expansion of RDN in clinical practice for the
treatment of arterial hypertension, RDN has been actively
investigated in CKD, HF, AF, OSA, and metabolic syn-
drome, as mentioned above. Another area of research is the
impact of RDN on microvascular function, as SNS over-
activation is one of the central processes in capillary rar-
efaction [102]. Specifically, the IMPRESSION study
(NCT05994729) is going to evaluate the effect of RDN in
the index of microcirculatory resistance in patients with RH,
nonobstructive coronary artery disease, and documented
microvascular dysfunction by reassessing the coronary
microvascular function 6 months after RDN [103].

RDN has also been associated with significant
improvements in health-related quality of life and reduction
in symptoms of depression and anxiety in observational
studies [104, 105]. The ERSHAM study is an open-label
RCT, designed to evaluate the effect of RDN on the quality
of life and anxiety symptoms of patients with hypertension
(ERSHAM trial, NCT05438446).

Overactivation of SNS is an important contributor in the
pathogenesis and progression not only of hypertension, but
also in a plethora of cardiometabolic diseases [106]. In the
liver, SNS overactivity results in an increased hepatic
release of glucose, and thus hyperglycemia [107, 108].
Therefore, the liver could be another possible target for
denervation for the treatment of cardiometabolic diseases.
In preclinical models, surgical sympathetic denervation of
the common hepatic artery improves glucose tolerance in
high-fat and high-fructose- fed dogs, and pharmacological
or phenol-based hepatic sympathetic denervation reduces
hepatic steatosis in male C57BL/6 J mice with high-fat diet-
induced hepatic steatosis [109, 110]. A multicenter, open-
label, single-arm trial (NCT05631561) that recruited 30
patients with uncontrolled T2DM who underwent celiac and
hepatic RF denervation demonstrated a reduction of HbAlc
by 1.0%, without major adverse events. Although most of
the patients had normal BP values at baseline, a trend
toward systolic OBP reduction and a statistically significant
decrease in diastolic OBP was also observed at 6 months
[111]. This finding may be explained by the potential of
hepatic denervation to modulate central sympathetic out-
flow through afferent pathways from the liver to the brain,
thereby contributing to SNS regulation, and thus BP control
[107, 112]. Moreover, the COMPLEMENT  study
(NCT02278068) was a first-in-human, multi-center, non-
randomized trial to evaluate the safety and efficacy of
hepatic sympathetic denervation regarding glycemic control
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in patients with uncontrolled T2DM, and its results are
pending.

Considering that SNS overactivity in both the liver and
the kidneys plays a major role in the pathogenesis of
hypertension and T2DM, denervation of both these organs
could result in a greater improvement of BP and glycemic
control, as it could have a more pronounced effect on
centrally mediated sympathetic outflow [113]. The NEC-
TAR IV (NCT05369065), which consisted of 38 patients
with hypertension and T2DM that underwent ethanol-
mediated hepatic and renal denervation reported no major
procedure-related complications, as well as a decrease of
HbAlc by 1%, and a reduction of systolic and diastolic
ABPM by 14.0/5.6 mmHg at 6 months, respectively, as
reported in the 2025 Transcatheter Cardiovascular Ther-
apeutics Conference [114]. The Global Pilot study of rEnal
and hepatic coMbINed denervation (SPYRAL GEMINI
Pilot study, NCT06907147) was recently initiated to eval-
uate the safety and efficacy of hepatic and renal RF
denervation on BP reduction in hypertensive patients with
and without high cardiovascular risk. The MODUS study
(NCT04917393) also aims to assess the safety and efficacy
of hepatic and renal denervation for the treatment of both
hypertension and T2DM.

Conclusion

The antihypertensive efficacy of RDN has been demon-
strated in randomized sham-controlled trials. In addition to
the ‘always on’ effect of RDN regarding BP lowering,
emerging data suggest that RDN also appears to have
beneficial effects as a complementary approach in other
diseases characterized by SNS overactivation, such as CKD,
HF, AF, and OSA. Ongoing studies also aim to assess the
effects of RDN on microvascular dysfunction and anxiety
disorders, as well as the effects of combined hepatic and
renal denervation on BP and glycemic control. However,
the current body of evidence remains limited. Further well-
designed, large-scale clinical trials are required to assess the
magnitude of these pleiotropic effects, determine their
clinical relevance and their association with RDN-
dependent blood pressure changes, as well as identify the
populations of patients who are most likely to benefit from
RDN. Depending on the results of current and future stu-
dies, RDN may evolve from an antihypertensive treatment
to an adjuvant treatment of various diseases characterized
by SNS overactivation which are common comorbidities
with hypertension. However, the role of RDN beyond
hypertension should be considered investigational at
present.
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