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Abstract | Catheter-based renal denervation to treat patients with resistant hypertension and chronic
kidney disease (CKD) has generated considerable interest. Data from the majority of, but not all,
observational studies and randomized controlled trials suggest that the procedure does not impair

renal function and can effectively reduce office and ambulatory blood pressure in patients with primary
hypertension. The putative beneficial effects of renal denervation seem to result from the interruption

of renal efferent and afferent nerves. In patients with resistant hypertension and CKD, interruption of
afferent reflexes might lead to a reduction in global sympathetic tone. The subsequent sustained reduction
in blood pressure is expected to slow the progression of renal disease. However, renal denervation

might also improve glucose metabolism, increase insulin sensitivity and reduce renal inflammation, with
renoprotective effects in patients with CKD. Additional large randomized controlled trials of renal denervation
in hypertensive and normotensive patients with CKD are required to precisely define the clinical value

of the procedure in this population.
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Introduction

The number of patients with chronic kidney disease
(CKD) and end-stage renal disease (ESRD) is increas-
ingly dramatically worldwide."? The vast majority of these
patients also have hypertension,’ which has a key role
in the progression of renal dysfunction as well as in the
increased morbidity and mortality of this population.** In
patients with kidney disease, blood pressure is often diffi-
cult to control using conventional drug therapy.*” Interest
in the use of catheter-based renal denervation (Figure 1)
to treat resistant hypertension in patients with or with-
out CKD has increased since the first proof-of-principle
cohort study in patients with normal renal function was
published in 2009.% The majority of the available data from
observational studies and randomized (but not placebo-
controlled) clinical trials suggest that renal denervation
is effective in lowering blood pressure in patients with
resistant hypertension. However, the Simplicity HTN-3
trial, in which 535 patients with treatment-resistant hyper-
tension were randomly assigned to renal denervation or
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sham-control groups, failed to meet its primary efficacy
endpoint’—a finding that requires careful analysis.

Increased sympathetic nerve traffic has been almost
unequivocally described as detrimental in the setting of
hypertension with established end-organ damage and
progression of renal disease.'”** Thus, the putative bene-
fits of renal nerve ablation in patients with ESRD might be
afocus of further research. In this Review, we discuss the
evidence for increased sympathetic tone in patients with
kidney disease, the physiology of renal nerves and the
potential role of renal denervation as a treatment strategy
to attenuate or inhibit the progression of CKD.

Sympathetic tone, hypertension and CKD

The first indirect evidence for enhanced sympathetic
activation in patients with ESRD and hypertension was
reported by Kim et al.’® in 1972. These researchers found
that, among patients with uraemia, peripheral vascu-
lar resistance was higher in those with hypertension
(n=>52) than in those who were normotensive (n=23).
Furthermore, bilateral nephrectomy resulted in a signifi-
cant reduction in blood pressure and peripheral vascular
resistance in 12 patients with hypertension and uraemia
on maintenance haemodialysis.'® A subsequent study
showed that acute total autonomic blockade with atropine,
prazosin and propranolol resulted in a significant decrease
in blood pressure and peripheral resistance in 20 patients
with hypertension on haemodialysis.'® Hypertensive
patients with moderate to severe renal failure (n=14)
also showed a pronounced decrease in blood pressure
and peripheral resistance in response to acute (6 weeks)
or chronic (6 months) treatment with oral clonidine, an
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Key points

= Sympathetic tone and blood pressure are increased in patients with resistant
hypertension and chronic kidney disease (CKD); the kidneys are a source of this
increased sympathetic tone

= Renal denervation reduces renal inflammation and injury in experimental
animals and might have similar effects in patients with CKD

= The majority of the available data suggest that renal denervation causes
sustained reductions in office and ambulatory blood pressure in patients with
resistant hypertension

= No adverse effects of renal denervation on long-term renal function have

been reported

= Renal denervation seems to improve glucose metabolism and insulin sensitivity;
these effects might be renoprotective in patients with CKD

Direction of
treatment
T e

Figure 1 | Renal sympathetic denervation. a | The catheter is passed up the
descending aorta and into the renal artery. b | Denervation (using radiofrequency
energy or ultrasound) is performed around the renal artery at >5 mm intervals in a
distal-to-proximal direction. Permission obtained from Nature Publishing Group ©
Bakris, G. L. Nat. Rev. Cardiol. 10, 434-436 (2013).

agent which acts on the central nervous system to reduce
sympathetic tone."”

In 1992, a study in which microneurography was used
to measure muscle sympathetic nerve activity (MSNA) in
patients with ESRD undergoing haemodialysis, provided
the first direct evidence of elevated sympathetic nerve
traffic in these patients.'® Importantly, bilaterally neph-
rectomized patients on haemodialysis (n=>5) had compa-
rable sympathetic drive to control participants who did
not have renal failure (n=11) and had lower blood pres-
sure than patients with ESRD on haemodialysis who had
not undergone nephrectomy (1 =18). A subsequent study
showed that despite correction of uraemia by renal trans-
plantation, patients with diseased native kidneys (n=32)
had elevated MSNA similar to that observed in patients
on long-term haemodialysis (#=13)."” Normal peripheral
sympathetic neurograms were observed only in patients
who had undergone bilateral nephrectomy as well as trans-
plantation, confirming that the diseased kidneys were
responsible for the increased sympathetic nerve traffic.

Further evidence for a crucial involvement of the sym-
pathetic nervous system in the pathogenesis of hyper-
tension in patients with impaired kidney function came
from a study in which MSNA was recorded in hypertensive
patients with moderate chronic renal failure (n=42) or
normal renal function (n=31).2° The researchers found
that MSNA was higher in the patients with impaired renal
function. Furthermore, an inverse correlation between
estimated glomerular filtration rate (¢GFR) and MSNA
was observed, suggesting that increased sympathetic
activation is an early event in the pathogenesis of CKD.

Physiology of renal nerves

Renal efferent nerves

The use of catheter-based renal denervation as a treat-
ment for patients with CKD and/or hypertension requires
an understanding of how the activation of efferent and
afferent renal nerves contributes to the development of
these diseases. Increased efferent sympathetic nerve activ-
ity mediates changes in renal function through inner-
vation of all essential renal structures, including the renal
vasculature, tubules and juxtaglomerular apparatus.*?
Consequently, renal sympathetic activation results in water
retention, sodium reabsorption, a reduction in blood flow
and activation of the renin-angiotensin-aldosterone
system (RAAS; Figure 2).24%

As the juxtaglomerular and tubular cells are more sensi-
tive to changes in sympathetic activity than are other renal
structures, tubular sodium and water reabsorption and
renin release can be observed in response to mild sym-
pathetic activation without causing vasoconstriction or a
reduction in GFR.?! Reduced excretion of salt and water
and increased renin release as a result of increased renal
sympathetic tone might lead to a sustained increase in
blood pressure in patients with kidney disease.?"* Careful
review of the available evidence also suggests that sym-
pathetic innervation is closely linked to salt-conserving
mechanisms*?* involved in pressure diuresis.” Although,
the various aspects of sodium metabolism might not be of
uniform importance in hypertension, afferent renal inner-
vation might be beneficial in slowing the development of
salt-sensitive hypertension.?* One could speculate that
renal denervation might, therefore, be detrimental in
patients with salt-sensitive hypertension, but no evidence
currently supports this hypothesis.

Renal afferent nerves
In addition to efferent nerves, the kidney has an exten-
sive network of afferent nerves that transmit sensory
information to the central nervous system.?"** Afferent
fibres from the kidney enter the dorsal root ganglia and
project to neurons at both spinal and supraspinal levels.
Renal afferent nerves are thought to relay information
to the central nervous system from chemoreceptors and
mechanoreceptors in the kidneys (Figure 2). Several sub-
stances (including nitric oxide, hydrogen ions, adenosine,
calcitonin gene-related peptide [CGRP], substance P,
bradykinin, neurokinin A, prostaglandins and vanilloids)
have been postulated or proven to stimulate renal afferents
under various conditions.?»?>*-30

Activation of several well-characterized renal afferent
nerves is sympathoinhibitory in normal animals.'#?2
In healthy kidneys, tonic activation of renal afferent nerve
fibres might have a role as a compensatory mechanism to
prevent increases in blood pressure. Thus, the possibility
exists that increased efferent sympathetic activity in hyper-
tension and related cardiovascular diseases is associated
with decreased renal sympathoinhibitory afferent activity.
However, this interpretation seems to be counterintuitive
in light of studies that suggest the existence of sympatho-
excitatory renal afferent nerve fibers.?*?* Furthermore, a
putative sympathoinhibitory function of renal afferents
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Figure 2 | Sympathomodulation of the efferent sympathetic nervous system.
Intensive crosstalk occurs between the central sympathetic nervous system and
the kidneys via afferent peptidergic and sympathetic efferent neural pathways.
Afferent nerve fibres respond to mechanical and chemical stimuli and modulate
centrally efferent sympathetic activity. The first neurons of these fibres are found
in the dorsal root ganglia.

cannot explain why the interruption of renal afferent
nerves by renal denervation reduces increased sympathetic
tone in patients with hypertension.’*

To our knowledge, the presence of sympathoexcita-
tory renal afferent nerve fibres has not yet been shown
using direct nerve recordings in animal models. How-
ever, indirect evidence suggests that interruption of renal
afferents reduces sympathetic tone and blood pressure
regardless of the underlying mechanism. For example, in
a rat model of hypertension induced by renal ischaemia
(that is, renal artery stenosis plus unilateral nephrec-
tomy), selective afferent denervation using bilateral
dorsal rhizotomy resulted in a significant reduction in
blood pressure, whereas unilateral rhizotomy on the
side of the nephrectomy had no effect.*> Two additional
studies in rats suggest that sympathoexcitatory afferent
nerve activity occurs after renal injury. In normal rats,
injury induced by injection of 10% by volume aqueous
phenol (50 ul) into the lower pole of one kidney resulted
in a sustained increase in renal afferent nervous activity
and a reflex increase in sympathetic tone and blood pres-
sure.” Similarly, renal failure in 5/6 nephrectomized rats
caused renal afferent activation and a reflex increase in
sympathetic tone and blood pressure that was eliminated
by bilateral dorsal rhizotomy."' Rats subjected to dorsal
rhizotomy had less severe renal dysfunction (lower serum
creatinine levels) and glomerulosclerosis than those that
underwent sham rhizotomy. In contrast to the effects of
renal afferent denervation in rats with renal ischaemia
or injury, dorsal rhizotomy did not prevent the develop-
ment of genetic hypertension or hypertension induced by
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deoxycortisone acetate plus salt loading in rats without
overt renal dysfunction.** Based on these findings,'***-
we suggest that pathological conditions in the kidneys
(that is, renal ischaemia or dysfunction) might modulate
afferent fibres such that sympathetic tone is increased.

Interestingly, a marked decrease in single-unit and multi-
unit MSNA 3 months after renal denervation was reported
in 25 patients with resistant hypertension and normal renal
function (eGFR >45ml/min/1.73 m?).>! However, a similar
trial that included 12 patients with ‘difficult-to-control’
hypertension showed no decrease in MSNA 3-6 months
after renal nerve ablation.*® Not all participants in this
study had resistant hypertension (blood pressure was
<140 mmHg in some patients) and the investigators did
not measure single-unit MSNA, which best reflects vaso-
constrictive nervous fibre activity.***” Moreover, another
measure of central sympathetic activity, total noradrena-
line spillover, decreased by approximately 20% after renal
denervation.” The results of these studies suggest that a
decrease in sympathetic activity to the periphery—in par-
ticular to the small resistance arteries—might occur as a
consequence of the interruption of sympathoexcitatory
renal afferent nerve fibres. A sympathoexcitatory signal
transmitted by renal afferents might occur even in patients
with resistant and long-standing hypertension who have
normal renal function (eGFR >45ml/min/1.73 m?) as a
result of subclinical renal damage.* Additional studies are
warranted to investigate the mechanism of renal afferent
activation and the role of these nerves in altering sympa-
thetic tone and blood pressure in hypertensive patients
with or without concomitant CKD.

Renal nerves and inflammation

Evidence from experimental animals suggests that renal
nerves might also have an important role in renal inflam-
mation and injury. In rats, bilateral surgical renal dener-
vation performed 2 days before induction of anti-Thy1.1
glomerulonephritis (by injection of the monoclonal anti-
body OX7) significantly reduced the levels of albuminuria
(Figure 3a), mesangiolysis, microaneurysm formation,
deposition of glomerular collagen IV and expression of
transforming growth factor p (TGF-f) that were observed
6 days after induction of the disease.”* Furthermore, the
reduction in renal injury in the rats that had undergone
renal denervation was not accompanied by changes in
blood pressure. Renal inflammation, identified by accumu-
lation of interstitial macrophages (Figure 3b), expression
of tumour necrosis factor (TNF; Figure 3c) and prolifera-
tion of mesangial cells, was significantly reduced in the
renal-denervation group compared with sham-operated
animals. These results are consistent with data from an
earlier study, which showed that administration of the
centrally acting sympatholytic agent moxonidine led to
amelioration of vascular and glomerular injury in sub-
totally nephrectomized rats despite unchanged systemic
blood pressure.*

Although the precise mechanisms by which renal
nerves mediate inflammation and injury are unknown,
several possibilities exist. In the kidneys, catecholamines
have direct effects on tubular cell proliferation that are
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Figure 3 | Effects of bilateral surgical renal denervation on albuminuria and
inflammation in rats with anti-Thy1.1 nephritis. a | Albuminuria detected 3 days and
6 days after antibody challenge was attenuated in rats with bilateral surgical renal
denervation. Data are means+SEM. b | Renal macrophage counts and ¢ | cortical
TNF mRNA expression was reduced in the renal denervation group versus sham-
operated controls. Renal denervation was performed 2 days before injection of
anti-Thy1.1 monoclonal antibody. *P<0.05 versus sham-operated rats. ¥<0.01
versus sham-operated rats. Abbreviations: TNF, tumour necrosis factor; UAC,
urinary albumin excretion. Republished with permission of American Society of
Nephrology, from Veelken, R. et al. J. Am. Soc. Nephrol. 19, 1371-1378 (2008);
permission conveyed through Copyright Clearance Center, Inc.

mediated by B-adrenergic receptors.* Excessive B-receptor
activation might, therefore, cause renal injury. In addition,
catecholamines might influence the function of podocytes,
which are considered to be key target cells in the genesis
of glomerular injury.* Sympathetic activation might cause
hypercontraction of podocyte foot processes or podocyte
injury, resulting in disruption of the glomerular filtration
barrier and leakage of large molecules, such as albumin.*

In addition to noradrenaline, renal nerves contain a
variety of neuropeptides that include neuropetide Y, vaso-
active intestinal polypeptide, CGRP, somatostatin and sub-
stance P.** Some of these peptides are localized in afferent
nerves and have a role in sensory neurotransmission.?*%%
The release of neuropeptides and catecholamines might
contribute to neuroimmune interactions within the kidney.
Together with B-adrenergic simulation by noradrenaline,*
neuropeptide Y,* somatostatin® and vasoactive intestinal
peptide?” seem to at least partly downregulate inflam-
matory responses. By contrast, stimulation of a-adrenergic
receptors by substance P and noradrenaline are proinflam-
matory.***® The role of CGRP in inflammation remains
somewhat controversial as anti-inflammatory and pro-
inflammatory effects of this peptide have been reported.***
As CGRP is a strong vasodilator, the net effects of its release
might depend on the specific inflammatory process.
Furthermore, efferent sympathetic activation can lead to
the release of renin from juxtaglomerular cells, resulting
in increased plasma levels of angiotensin II,*' which can
cause overexpression of TGF-f in immune cells.”! Pro-
inflammatory cytokines (such as TNF and IL-1p) released
from immune cells via a-adrenergic activation, or sub-
stance P released from afferent nerves, can directly reach

the central nervous system via the circulation or alterna-
tively stimulate renal afferent nerve fibres, thereby causing
a further increase in sympathetic tone.*? As increased renal
sympathetic activation could result in further release of
cytokines and activation of afferent or efferent renal nerves,
a positive-feedback cycle that augments local inflammation
and injury in the kidneys might exist (Figure 4). Additional
human and animal studies are needed to further elucidate
the role of these pathways in renal inflammation and
injury as well as the potential effects of renal denervation
on these processes.

Efficacy of renal denervation

The data discussed above provide a rationale for the
hypothesis that renal denervation might be effective in
reducing blood pressure in patients with resistant hyper-
tension and also suggest that the procedure might have
renoprotective effects beyond lowering blood pressure.
The efficacy of renal denervation in hypertensive patients
with or without kidney disease has now been investigated
in prospective studies.

Patients with preserved renal function

Blood pressure

Data from the Symplicity HTN-1%** and HTN-254 trials
suggest that catheter-based renal denervation has a favour-
able safety profile and results in sustained reductions of
blood pressure in patients with resistant hypertension and
preserved renal function (eGFR 245 ml/min/1.73 m?).
In these studies, which included a total of 239 patients,
treatment-resistant hypertension was defined as office
systolic blood pressure 2160 mmHg (or 2150 mmHg
in patients with type 2 diabetes mellitus) and failure to
achieve target blood pressure despite use of at least three
antihypertensive drugs, including a diuretic. In addition
to a reduction in office blood pressure, a reduction in 24h
ambulatory blood pressure following renal denervation
was reported in a subgroup of the Symplicity HTN-2
participants (n=20).>* These observations have since
been confirmed in larger patient cohorts.*>*” However,
a number of studies with small sample sizes and open
designs®** have reported either failure of renal dener-
vation to ameliorate resistant hypertension or lower
decreases in blood pressure after the procedure than
those observed in the Symplicity HTN-1%** and HTN-2
trials.>*** Similarly, the large, double-blind Symplicity
HTN-3 prospective randomized clinical trial, which
investigated the blood-pressure-lowering effects of renal
denervation versus a sham procedure, reported failure
of renal denervation to decrease office blood pressure by
>10mmHg from baseline at 6 months.’ The reasons for
these conflicting findings are not yet clear and data on 24h
ambulatory blood pressure are not yet available.

Data showing greater lowering of office blood pres-
sure than ambulatory blood pressure after renal dener-
vation®**” have also led to concerns regarding the efficacy
of the procedure.®° However, even in large prospective
trials of antihypertensive drugs® (which led to the rec-
ommendation that a reduction in blood pressure reduces
cardiovascular morbidity and mortality®?) office blood
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Figure 4 | Potential role of renal nerves in renal inflammation and injury. In the
kidneys, catecholamines might cause excessive -receptor activation and
hypercontraction of podocyte foot processes, leading to renal inflammation and
injury. Moreover, in addition to their neurogenic function, afferent petidergic nerve
fibres secrete vasoactive proinflammatory substances, such as substance P and
calcitonin gene related peptide, which are likely to have effects in the kidney

(this concept has not yet been unequivocally proven). Proinflammatory cytokines
released from immune cells in the kidney via a-adrenergic activation, or
substance P released from afferent nerves, can reach the central nervous system
via the circulation or directly stimulate renal afferent nerve fibres, resulting in a
further increase in sympathetic tone. As increased renal sympathetic activation
could result in further release of cytokines and activation of afferent or efferent
renal nerves, a positive-feedback cycle that augments local inflammation and
injury in the kidneys might exist.

pressure measurements (and not ambulatory blood pres-
sure) were applied to the study protocols.®’ A meta-
analysis that included 44 studies of antihypertensive drugs
reported a greater blood-pressure-lowering effect of these
agents on office blood pressure than on ambulatory blood
pressure.®® These discrepancies and their implications for
patients should be addressed on a broad scale with respect
to all therapeutic approaches in hypertension, including
renal denervation.

Renal function
The potential beneficial and adverse effects of renal dener-
vation on normal renal function have been investigated
in patients with hypertension. Firstly, insight into the
effects of renal denervation on renal perfusion and renal
vascular resistance in hypertensive patients with normal
renal function was obtained using MRI with arterial spin
labelling.** In 19 patients with resistant hypertension and
preserved renal function, renal perfusion and renal vas-
cular resistance were measured 1 day before, 1 day after
and 3 months after renal denervation. Although a signifi-
cant drop in arterial blood pressure occurred, renal vas-
cular resistance decreased and renal perfusion remained
constant 1 day and 3 months after the procedure. These
findings suggest that reducing blood pressure by renal
denervation does not lead to renal injury as a result of a
decrease in renal perfusion.

In the Symplicity HTN-2 trial, no difference in eGFR,
serum creatinine or serum cystatin C levels in the renal
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denervation (n=49) and control groups (n=35) was
reported at 6 months and 12 months of follow-up moni-
toring.>**° Similarly, other analyses with 1 year of follow-up
data showed that renal function (assessed using levels of
cystatin C, serum creatinine and eGFR) was not adversely
affected by renal denervation.””*> Long-term follow-up
data from Symplicity HTN-2 showed no change in eGFR
from baseline at 3 years among patients who underwent
renal denervation at enrolment (eGFR 76.7 +18.8 ml/
min/1.73 m? versus 77.1 + 18 ml/min/1.73 m?) or among
those who received renal denervation after 6 months
(88.6 ml/min/1.73 m? versus 87.8 ml/min/1.73 m?).%
However, in Symplicity HTN-1, a decrease in mean eGFR
after renal denervation of 2-3 ml/min/1.73 m? per year
was reported in the 88 participants who had complete
follow-up data at 3 years.”” These conflicting findings
might reflect the heterogeneity of the patient popula-
tions, continued injury as a result of long-standing uncon-
trolled hypertension (a legacy effect) or changes in use of
diuretic or RAAS blockade during the follow-up period.
Unfortunately, these potential mechanisms were not ade-
quately analysed in the studies.®**” In Symplicity HTN-3,
the prespecified primary safety end point (incidence of
major adverse events at 1 month and incidence of renal
artery stenosis at 6 months after randomization) was met
and no safety concerns were detected. To date, only two
cases of renal artery stenosis after renal denervation have
been reported.®*®

The effects of renal denervation on renal function and
urinary albumin excretion were investigated in 88 patients
with resistant hypertension and preserved renal func-
tion.” In this study, a significant reduction in the renal
resistive index and office blood pressure was reported at
3 months and 6 months after the procedure. Furthermore,
at 3 months and at 6 months after renal denervation, the
proportion of patients with normal urinary albumin excre-
tion increased by 5% and 12%, whereas the proportion of
patients with microalbuminuria and macroalbuminuria
decreased by 10% and 23%, respectively. Importantly,
eGFR (determined using cystatin Clevels) was unchanged
6 months after renal denervation. Similarly, in our
unpublished study that included 59 patients with resistant
hypertension, levels of albuminuria were significantly
decreased 6 months after renal denervation in those who
had microalbuminuria and macroproteinuria at baseline.
As changes in albuminuria are indicative of renal and
cardiovascular progression in patients with high cardio-
vascular risk,”" a reduction in albuminuria after renal
denervation suggests improved prognosis.

Metabolic profile and insulin resistance

Activation of the sympathetic nervous system is thought
to be an important contributor to insulin resistance, meta-
bolic syndrome associated with central obesity and the risk
of type 2 diabetes mellitus.”>”* The effect of renal dener-
vation on glucose control was assessed in a pilot study
that included 50 patients with resistant hypertension.”
In addition to significant reductions in blood pres-
sure from baseline at 1 month and 3 months after renal
denervation, fasting blood glucose and insulin levels were
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significantly reduced at 3 months in the renal denervation
group (n=37). Moreover, insulin resistance (quantified
using the homeostasis model assessment) and mean 2h
glucose levels (during oral glucose tolerance testing) were
also significantly reduced from baseline 3 months after
the procedure. No changes in these parameters were
reported in the control group. A study that investigated the
effects of renal denervation in 10 patients with resistant
hypertension and obstructive sleep apnoea reported
similar findings.” In addition to a decrease in the sever-
ity of obstructive sleep apnoea, significant decreases in
2h glucose concentrations during oral glucose tolerance
testing and in haemoglobin A, (HbA, ) levels at 6 months
after renal denervation were reported.

The mechanisms that lead to lower blood glucose levels
and improved insulin sensitivity after renal denervation
are not clear. However, a reduction in sympathetic tone is
thought to move blood away from less-insulin-sensitive
visceral tissue to more-sensitive skeletal muscle and to
reduce glucagon secretion.” The effect of renal dener-
vation on these metabolic parameters is potentially impor-
tant for long-term kidney function, as insulin resistance
in the absence of overt diabetes or hypertension is an
important risk factor for CKD.”””® Thus, an improvement
in metabolic profile after renal denervation might have
beneficial effects on long-term renal function that are
independent of reduced blood pressure.

Patients with impaired renal function
A pilot study that investigated the safety and efficacy of
renal denervation in 15 patients with stage 3-4 CKD
(eGFR <45ml/min/1.73 m?) and resistant hypertension
(mean baseline office blood pressure 174/91 mmHg despite
use of a mean of 5.6 antihypertensive drugs), showed a sig-
nificant decrease in office systolic and diastolic blood pres-
sure following the procedure (decreases of 34/14 mmHg
at 1 month, 25/11 mmHg at 3 months, 32/15 mmHg at
6 months and 33/10 mmHg at 12 months).”” Another
important finding was that the patients did not experi-
ence deterioration of renal function assessed using eGFR
(based on levels of serum creatinine or cystatin C). Trends
toward increased haemoglobin concentration and gradual
decreases in plasma brain natriuretic peptide levels, the
urinary albumin to creatinine ratio, proteinuria and plasma
HbA _levels in patients with CKD after renal denervation
were also reported. These effects might be a consequence
of blood-pressure lowering alone, but could also reflect
an effect of renal denervation on the progression of renal
disease independent of its effect on blood pressure. In an
observational study that included 24 patients with CKD
and treatment-resistant hypertension, renal denervation
resulted in improved blood pressure control accompanied
by a reduction in blood pressure without any decrease in
renal function.®

Preliminary data on the safety and efficacy of renal
denervation in patients with ESRD and uncontrolled
hypertension have also been reported. In 12 patients
with treatment-resistant hypertension (mean office
blood pressure 171/89 mmHg despite use of a mean of
3.8 antihypertensive drugs) on chronic haemodialysis,

office systolic blood pressure was reduced by a mean
of 18 mmHg, 16 mmHg and 28 mmHg at 3 months,
6 months and 12 months after renal denervation, respec-
tively.*! Moreover, sympathetic nerve activity and nor-
adrenaline levels were substantially elevated at baseline in
the five patients who had these measurements, and were
reduced at 12 months in the two patients who underwent
repeat assessment.

The effect of renal denervation on renal function was
investigated in a prospective pilot study.® In this study,
which included 15 patients with treatment-resistant
hypertension, renal function was determined retrospec-
tively for the 3 years prior to renal denervation and pro-
spectively for 1 year after the procedure. The change in
eGFR over time was calculated individually for each
patient using the regression slope. Before renal dener-
vation, the mean blood pressure of the participants was
162/78 mmHg; 1 year after the procedure, the systolic
office and 24h ambulatory blood pressures had decreased
by 26 mmHg and 13 mmHg, respectively. Most strikingly,
the mean decline in eGFR before renal denervation was
5.6 ml/min/1.73 m* per year but eGFR remained stable
after renal denervation, with a significant improvement
in annual change in eGFR before and after the procedure
(-5.6+4.4ml/min/1.73 m* per year versus 2.2 +8.0 ml/
min/1.73 m?* per year, P=0.021).% These preliminary data
support a potential renoprotective effect of renal denerva-
tion, either as a result of blood-pressure lowering alone or
of blood pressure reduction in conjunction with decreased
global and/or renal sympathetic activity.

Potential limitations

Patients with CKD require more medical attention during
the renal denervation procedure than do patients with
normal renal function; the renal arteries in these patients
have smaller diameters and application of contrast
medium should be minimized. The available data suggest
that renal denervation does not adversely affect kidney
function. However, in patients with impaired renal func-
tion, appropriate prehydration and the use of iso-osmolar
contrast agents during the procedure are advisable to
prevent contrast-induced nephropathy.®*-% In addition,
use of carbon dioxide angiography during renal denerva-
tion might help to reduce the volume of contrast agent
required.” On the basis of the currently available data,
eGFR >45ml/min/1.73 m? is reccommended as an eligi-
bility criterion for renal denervation.®*#>% Long-term
monitoring of renal function and blood pressure control
following renal denervation is mandatory in patients
with CKD.838586

Future directions

Initial clinical data on the effects of renal denervation in
patients with hypertension and CKD are promising.
In these patients, blood pressure is reported to be substan-
tially decreased and eGFR remains stable 3-6 months after
the procedure.®-#> Although renal sympathoexcitatory
activity is increased in the settings of hypertension and
renal ischaemia and/or dysfunction, renal afferent activ-
ity also seems to mediate increased sympathetic tone in
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patients with resistant hypertension and preserved renal
function.'*** However, the mechanisms responsible
for this increased sympathetic tone are not yet clear, and
further studies are necessary.

Data from animal models suggest that renal denerva-
tion might protect against inflammation and renal
injury,"” and the early clinical data on renal function after
renal denervation in patients with CKD and hypertension
are in accordance with this concept.*** Renal denervation
might directly protect the kidney and reduce renal injury
by lowering blood pressure and improving blood glucose
levels. However, additional studies are needed to clarify
the independent effects of each of these mechanisms on
renal function.

No clinical data on the effects of renal denervation on
renal dysfunction or structural damage in normotensive
patients are currently available. The possibility exists
that renal denervation might have a therapeutic role in
patients with CKD who do not have hypertension, but
randomized controlled clinical trials are required to inves-
tigate this hypothesis. To date, the primary goal of renal
denervation in patients with resistant hypertension has
been to control blood pressure. Future studies are needed
to determine if renal denervation also reduces damage
to target organs (kidneys, heart and brain) and the risk of
cardiovascular events.

Conclusions

The majority of the available data suggest that, if prop-
erly conducted, renal denervation might reduce office
and ambulatory blood pressure in patients with resistant
hypertension and either normal or impaired renal func-
tion. However, large randomized controlled trials are
needed to investigate the putative beneficial effects of
renal denervation in patients with CKD. Identification
of factors that predict blood pressure reduction after renal
denervation might aid the design of future studies. Initial
safety data are promising; although more than 5,000
procedures have been performed, and several hundred
patients have been followed-up for 3 years,** only two
cases of renal artery stenosis after renal denervation have
been reported.®®*® Moreover, initial studies indicate that

REVIEWS

the procedure does not have a detrimental effect on renal
function in patients with hypertension.®

The beneficial effects of renal denervation seem to
result from the interruption of renal afferent and efferent
nerve traffic. In patients with resistant hypertension and
CKD, sympathoexcitatory reflexes are dominant and the
interruption of these afferent reflexes leads to a reduc-
tion in global sympathetic tone. Preliminary data from
animal and clinical studies suggest that, in addition to
sustained lowering of blood pressure, renal denervation
might result in improvements in pathogenetic factors that
include elevated blood glucose levels and inflammation,
which might have beneficial effects on renal function.
Some small studies®®** and the Symplicity HTN-3 trial®
have reported failure of renal denervation to substan-
tially ameliorate resistant hypertension. However, these
data were obtained in patients with primary hyper-
tension and eGFR >45 ml/min/1.73 m?. Initial results
from pilot studies of renal denervation in hypertensive
patients with lower levels of eGFR are encouraging as
they indicate preservation of renal function combined
with a reduction in proteinuria. A better understanding
of the pathophysiology of resistant hypertension, further
stringent standardization of the ablation technique, larger
cohorts and a greater number of randomized controlled
clinical trials in primary and secondary hypertension
together with an increasing amount of registry data on the
long-term outcomes of renal nerve ablation will help to
explain these apparently contradictory results and clarify
whether and to what extent renal denervation might exert
renoprotective effects.
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