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Abstract Denervating the human kidney to improve blood
pressure control is an old therapeutic concept first applied on a
larger scale by surgeons in the 1920s.With the advent ofmodern
pharmacology and the development of powerful drugs to lower
blood pressure, approaches to directly target the sympathetic
nerves were more or less abandoned. Over the past 2–3 years,
however, we have witnessed enormous renewed interest in
novel and minimally invasive device-based approaches to spe-
cifically target the renal nerves. The enthusiasm is fueled by
promising results from proof-of-concept studies and clinical
trials demonstrating convincing blood pressure–lowering effects
in themajority of treated patients, and perhaps even more so by
observations indicating potential additional benefits relating to
common comorbidities of hypertension, such as impaired
glucose metabolism, renal impairment, left ventricular hyper-
trophy, and others. Herein we review the current findings and
assess whether these high hopes are justified.
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Introduction

The sympathetic nervous system acts as an important regulator
of many bodily functions. The neural control of the kidney is of
particular relevance for volume and sodium homeostasis and
renin release, all of which are key components in blood pressure
regulation. Indeed, all essential renal structures, including the
renal vasculature, the tubules, and the juxtaglomerular appara-
tus, are innervated by sympathetic nerve fibers [1]. The
consequences of activation of renal sympathetic nerves are
volume retention via sodium reabsorption [2], a reduction in
renal blood flow [3, 4], and activation of the renin-angiotensin-
aldosterone system through stimulatory effects on the juxtaglo-
merular apparatus and subsequent renin release [5].

Aside from these postganglionic efferent sympathetic fibers,
the renal nerves also contain sensory afferent fibers [6] to
communicate with integral structures in the central nervous
system. Activation of afferent nerve fibers can occur in the
presence of renal ischemia, hypoxia, oxidative stress, and other
triggers [7–9]. Importantly, by modulating posterior hypotha-
lamic activity, renal afferents directly influence sympathetic
outflow to the kidneys and other highly innervated organs
involved in cardiovascular control [10, 11]. Accordingly, abro-
gation of renal afferent nerves has been demonstrated to reduce
both blood pressure and organ-specific damage caused by
chronic sympathetic overactivity in various experimental models
[12, 13]. Together with the demonstration that renal sympathetic
efferents are generally highly activated in human hypertension,
the renal nerve is an ideal therapeutic target.

Evidence for Sympathetic Activation in Human
Hypertension

There is regional differentiation with regard to sympathetic
outflow to innervated organs such that outflow to one may
be increased, while outflow to another may be unchanged or
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even inhibited. It is therefore important to study regional
norepinephrine (NE) kinetics to account for this phenome-
non. Studies employing radiotracer dilution methodology to
measure overflow of NE from the kidneys to plasma indeed
revealed increased renal NE spillover rates in patients with
essential hypertension [14, 15]. In addition, elevated NE
spillover from the heart is often present, particularly in
young hypertensive subjects. Together with the demonstra-
tion of increased muscle sympathetic nerve activity [14, 15],
this is commensurate with the hemodynamic profile com-
monly encountered in hypertension, including increased
heart rate, cardiac output, and peripheral and renovascular
resistance [16]. Interestingly, activation of cardiorenal sym-
pathetic nerve activity is even more pronounced in heart
failure, a common clinical consequence of long-term and
sustained blood pressure elevation. An exaggerated increase
of NE overflow from the heart and the kidneys to plasma
has been demonstrated in heart failure patients [17], which
can be attenuated significantly by intravenous infusion of the
centrally actingα2-adrenoceptor agonist clonidine [18]. Com-
plementary to the beneficial effects of antiadrenergic therapy
in the heart, inhibition of sympathetic outflow to the kidneys
counteracts salt and water retention, a hallmark of heart fail-
ure. Accordingly, a recent study demonstrated renal sympa-
thetic activation to be a strong negative predictor of all-cause
mortality and heart transplantation in patients with congestive
heart failure [19], indicating that therapeutic efforts to reduce
sympathetic outflow to the kidneys may have the potential to
improve survival in patients with heart failure.

Renal Denervation as a Therapeutic Concept

Given the described role of both afferent and efferent renal
nerves, efforts to therapeutically denervate the kidneys
appear obvious. Indeed, renal denervation has been applied
successfully to prevent hypertension in a variety of experi-
mental models [20–23]. In humans, surgical approaches
using splanchnicectomy and radical sympathectomy were
already applied in the 1920s and 1930s to reduce blood
pressure in severely hypertensive patients [24, 25].
Although these approaches were not directly targeted at
the renal nerves and plagued by high periprocedural com-
plication rates, improvements in blood pressure control and
survival were demonstrated in a substantial number of trea-
ted patients. Form a pathophysiologic point of view, surgical
renal denervation has been shown to be an effective means
of reducing sympathetic outflow to the kidneys and increas-
ing urine output (natriuresis and diuresis) and reducing renin
release without adversely affecting other functions of the
kidney, such as glomerular filtration rate (GFR) and renal
blood flow. The experience from kidney transplantations in
humans, in the process of which sympathetic nerves of the

kidneys are severed, is perhaps the most persuasive evi-
dence to demonstrate that the denervated kidney is capable
of maintaining electrolyte and volume homeostasis, suggest-
ing that selective ablation of renal nerves is unlikely to result
in adverse consequences.

Catheter-Based Renal Nerve Ablation for Resistant
Hypertension

Against this background, a recent safety and proof-of con-
cept study for the first time applied a novel catheter-based
technique to selectively denervate the kidneys in patients
with treatment-resistant hypertension [26••]. In this ap-
proach, renal nerve ablation is achieved percutaneously via
the lumen of the renal artery using a catheter connected to a
radiofrequency (RF) generator. After the treatment catheter
(Symplicity, Ardian, Palo Alto, CA) is introduced, several
discrete RF ablations (typically 4–8, depending on the indi-
vidual renal artery anatomy) are applied and separated both
longitudinally and rotationally within each renal artery
(Fig. 1). Catheter tip temperature and impedance are

Fig. 1 Schematic illustration of the percutaneous catheter-based ap-
proach to functionally denervate the human kidney. Similar to a routine
angiogram, access to the renal artery is obtained via a sheath in the
femoral artery. The treatment catheter is then introduced into the renal
artery and discrete radiofrequency (RF) ablation treatments lasting
2 min each are applied along the renal artery as illustrated. Up to six
ablations are performed in each artery, which are separated both lon-
gitudinally and rotationally to achieve circumferential coverage of the
renal artery. Catheter tip temperature and impedance are constantly
monitored during ablation and RF energy delivery is regulated accord-
ing to a predetermined algorithm
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constantly monitored during ablation, and RF energy deliv-
ery is regulated according to a predetermined algorithm.

Vascular and Renal Safety

As for any novel interventional procedure, safety aspects are
key to allow for procession to larger clinical trials. Vascular
safety analysis in the first proof-of-concept study including
45 patients with treatment-resistant hypertension consisted
of renal angiography at 14–30 days after the procedure and
MR angiographies at 6 months postprocedure [26••]. There
were no instances of renal artery aneurysm or stenosis or
other major long-term adverse events. Importantly, renal
function remained unchanged. Taken together, these data
were indicative of a favorable vascular and renal safety
profile. While the ablation procedure is typically accompa-
nied by diffuse visceral nonradiating abdominal pain, this
does not persist beyond the RF energy application and can
be managed with intravenous narcotics and sedatives [26••].

More recently, results from the first randomized con-
trolled clinical trial including a total of 106 patients were
published [27••]. Inclusion criteria were similar to those of
the initial safety and proof-of concept trial, with patients
required to have a baseline systolic office blood pres-
sure ≥160 mm Hg (≥150 mm Hg for patients with type
2 diabetes) despite compliance with three or more anti-
hypertensive medications. Patients were then randomly
assigned to undergo renal nerve ablation treatment
(n052) or to continue with conventional drug treatment
as part of the control group (n054).

The two groups had similar baseline characteristics and
antihypertensive regimen with the exception of estimated
GFR (eGFR), which was lower in the active treatment group
(77 mL/min vs 86 mL/min; P00.013). Again, renal safety
could be confirmed as demonstrated by virtually unchanged
mean eGFR in the control and the treatment group at
6-month follow-up [27••].

Effects on Blood Pressure

Aside from vascular and renal safety, efficacy of the procedure
in relation to the blood pressure–lowering effect was essential.
The initial 45 patients had a mean age of 58±9 years and an
average blood pressure of 177/101±20/15 mmHg at baseline.
This was despite concurrent use of a mean of 4.7±1.5 antihy-
pertensive agents. The main findings of this study was that
renal nerve ablation was associated with a significant and
sustained reduction in both systolic and diastolic office blood
pressure up to 12 months follow-up with mean (±95% CI)
decreases of -14/-10±4/3, -21/-10±7/4, -22/-11±10/5, -24/-

11±9/5 and -27/-17±16/11 mm Hg at 1, 3, 6, 9, and
12 months, respectively.

In keeping with the results from the first trial, a signifi-
cant difference in the primary end point of seated office
blood pressure of 33/11 mm Hg (P<0.001 for both systolic
and diastolic blood pressure) was noted between the renal
denervation group and the control group in the Symplicty-2
trial [27••]. Home blood pressure recordings confirmed the
observed office blood pressure changes with a reduction in
home blood pressure by 20/12±17/11 mm Hg in the renal
denervation group and an increase of 2/0±13/7 mm Hg in
the control group (P<0.001). Blood pressure control (de-
fined as systolic blood pressure <140 mm Hg) was achieved
in 39% of patients in the denervation group and in 3% of
patients in the control group. However, it is also important
to note that there is substantial variability with regard to the
blood pressure effects, and that the procedure fails to reduce
blood pressure in about 10% of treated patients. Whether
this may be related to age of patients, duration of hyperten-
sion, established target organ damage, the number of abla-
tion treatments, or other factors is currently unclear.

Initial experiences reported from a variety of countries
that have started to introduce this novel technology are
largely confirmative with regard to the safety of the proce-
dure and the magnitude of the effect on office blood pres-
sure (typically ranging between 20 and 30 mm Hg systolic).

Mechanisms

From a mechanistic point of view, documentation of the
effectiveness of the procedure with regard to a reduction in
renal sympathetic nerve activity was paramount. Radiotrac-
er dilution methodologies were therefore applied to assess
overflow of NE from the kidneys into the circulation before
and after the procedure. These analyses revealed a substan-
tial reduction in mean norepinephrine spillover by 47%
(95% CI, 28%–65%) 1 month after bilateral denervation.
Furthermore, it is also noteworthy that renal denervation
decreased renin secretion and increased renal blood flow
[28••], confirming successful targeting of efferent renal
nerves.

While the contribution of afferent nerves cannot be mea-
sured directly in humans, the demonstration of a substantial
and progressive reduction in central sympathetic outflow
from baseline through to 12-month follow-up is perhaps
indicative of similar alterations in afferent fiber signaling
that may well play an important role in the blood pressure
effects associated with this procedure [28••]. Further support
for a role of afferent nerves in this scenario may be derived
from experimental studies demonstrating that rats subjected
to renal surgical denervation experience functional reinner-
vation of the renal vasculature that begins to occur
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14–24 days after denervation, with complete return of neural
function by 8 weeks [29]. It is therefore possible that some
efferent sympathetic reinnervation may occur in patients
after renal denervation, although the magnitude and time
course of this potential response are unknown. Interestingly,
in contrast to efferent nerves, the afferent nerves do not
appear to have the capacity to regrow [30], thereby perhaps
explaining the sustained blood pressure–lowering effect of
renal denervation over time via the removal of renal afferent
activity and the subsequent effects on central sympathetic
outflow [28••]. Indeed, a very recent analysis summarizing
the experience from longer-term follow-up of the initial
cohort (n045) and similar patients subsequently treated with
catheter-based renal denervation in a nonrandomized and
uncontrolled fashion (total n0153) demonstrated the sus-
tained efficacy of renal nerve ablation, with postprocedure
office blood pressure being reduced by 32/14 mm Hg at
24-month follow-up [31••].

Effects on Hypertension Comorbidities

Impaired Glucose Metabolism

While the available evidence indicates that catheter-based
renal denervation has a favorable safety profile and results in
substantial and sustained blood pressure reduction in patients
with drug-resistant hypertension, the benefit of renal denerva-
tion may not be restricted to blood pressure lowering alone.
Hypertension is frequently associated with metabolic altera-
tions such as overweight and obesity, impaired fasting glu-
cose, impaired glucose tolerance, and insulin resistance, and
sympathetic activation has clearly been identified as an im-
portant contributor to this detrimental clinical scenario [32].
Inhibition of the sympathetic nervous system would therefore
be expected to improve glycemic control [33]. Indeed, in a
group of patients who had renal denervation (n037) or served
as controls (n013), detailed assessment of glucose metabo-
lism was performed by assessing fasting glucose, insulin, C-
peptide, HbA1c, calculated insulin sensitivity (HOMA-IR),
and glucose levels during oral glucose tolerance test (OGTT)
at baseline and at 1- and 3-month follow-up. In addition to the
blood pressure fall observed in the treatment group (-32/-
12 mm Hg) after 3 months, fasting glucose (from 118±
3.4 mg/dL to 108±3.8 mg/dL [P00.039]), insulin levels (from
20.8±3.0 μIU/mL to 9.3±2.5 μIU/mL [P00.006]), C-peptide
levels (from 5.3±0.6 ng/mL to 3.0±0.9 ng/mL [P00.002])
and the HOMA-IR (from 6.0±0.9 to 2.4±0.8 [P00.001]) also
improved significantly after 3 months. Additionally, mean
2-hour glucose levels during OGTTwere reduced significantly
by 27 mg/dL (P00.012), while there were no significant
changes in blood pressure or any of the metabolic markers in
the control group.

Further support for such a beneficial role comes from
investigations of yet another group of patients commonly
characterized by overweight or obesity, sympathetic nervous
system activation, insulin resistance, and blood pressure
elevation—namely women with polycystic ovary syndrome.
Using euglycemic hyperinsulinemic clamps, it was demon-
strated that insulin sensitivity improved by 17.5% in the
absence of any weight changes at 3 months after renal
denervation. Of note, glomerular hyperfiltration and urinary
albumin excretion were also reduced, indicating that the
benefits of renal denervation may also extend to renal struc-
ture and function, as suggested previously [34–36].

While the effects of renal denervation on glucose metab-
olism described above are primarily of descriptive nature,
there is ample evidence highlighting potential mechanisms
through which inhibition of sympathetic activation could
improve glucose metabolism. In the human forearm,
increased NE release results in a substantial reduction in
forearm blood flow [37]. This is associated with a markedly
reduced uptake of glucose, demonstrating the adverse effect
of sympathetic activation on the ability of the cell to trans-
port glucose across its membrane [37]. Experimental and
clinical data indicate that the rate of diffusion of a substance
decreases with the square of the distance to its target [38],
that there is a direct relationship between the sympathetic
nerve firing rate to skeletal muscle tissue and insulin resis-
tance [39], and that insulin resistance is inversely related to
the number of open capillaries [40]. Furthermore, this situation
may be enhanced if insulin resistance is already established, a
state in which the ability of insulin to increasemuscle perfusion
has been demonstrated to be reduced by approximately 30%
[41]. In view of these data, it is perhaps not surprising that a
procedure that reduces sympathetic nerve activity can also
result in improvements in glucose metabolism.

Chronic Renal Failure and End-Stage Renal Disease

Hypertension is present in the majority of patients with
chronic and end-stage renal failure [42] and plays a key role
in the progression of renal dysfunction and in the exceed-
ingly high rate of cardiovascular events [43, 44]. Although
such a role of hypertension is widely accepted, control of
blood pressure in this population group is often poor [45,
46]. Hypervolemia and activation of the renin-angiotensin-
aldosterone system are important factors contributing to the
increase in blood pressure [47], and previous research into
therapeutic strategies therefore focused primarily on interven-
tions targeting volume control and the renin-angiotensin-
aldosterone system. Indeed, RAS inhibition has been demon-
strated to slow progression of renal disease and proteinuria
[48].

Despite convincing evidence of increased sympathetic
activity in various forms of hypertension, including essential
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hypertension [15], obesity-related hypertension [49], hyper-
tension associated with obstructive sleep apnea [50], and
preeclampsia [51], its involvement in the development of
hypertension, progression of renal failure, and cardiovascu-
lar prognosis in patients with renal disease has been some-
what neglected in the past. This may be surprising given that
elevated plasma NE levels have clearly been demonstrated
to be predictive of both survival and incidents of cardiovas-
cular events in patients with end-stage renal disease [52].
Accordingly, progression of renal failure can be delayed by
the centrally acting sympatholytic agent moxonidine [53].
Moxonidine has also been demonstrated to reduce micro-
albuminuria in normotensive patients with type 1 diabetes in
the absence of any significant blood pressure changes [54].
Furthermore, bilateral nephrectomy is associated with con-
sistent reductions in blood pressure, total systemic vascular
resistance [55], and a substantial decrease in left ventricular
(LV) mass of 54 g within 4 months following bilateral
nephrectomy [56]. This supports the concept of heightened
sympathetic outflow, particularly to the heart, being a main
contributor to hypertensive LV hypertrophy [57].

Very recent findings from a pilot study applying catheter-
based renal denervation for the first time in patients with
moderate to severe chronic kidney disease (mean eGFR,
31 mL/min per 1.73 m2) have shown that 1) renal function
as assessed by eGFR was not compromised in these patients
and 2) that blood pressure reductions that were achieved are
similar to those seen in patients with normal renal function
[58••]. Furthermore, augmentation index, an indicator of
vascular stiffness, was also significantly reduced after
3 months. Perhaps important in this context is the demon-
stration that the dipping pattern has also improved in these
patients. These findings provide the first evidence of a
favorable short-term safety profile and beneficial blood
pressure effects of catheter-based renal nerve ablation in
patients with stage 3/4 chronic kidney disease and resistant
hypertension.

Left Ventricular Hypertrophy

Additional factors that may translate into better outcomes
after renal denervation include improvements in cardiac
baroreflex sensitivity (from 7.8 to 11.7 ms/mm Hg) and a
reduction in LV mass from 184 to 169 g (78.8–73.1 g/m2) at
12-month follow up compared to baseline [28••]. These
initial findings have now been confirmed in a larger cohort
of 46 patients with resistant hypertension for which they
underwent renal denervation [59••]. The authors were able
to demonstrate that renal denervation was not only associated
with a substantial reduction in systolic and diastolic blood
pressure (-22.5/-7.2 mmHg at 1 month and -27.8/-8.8 mmHg
at 6 months [P<0.001 at each time point]), but also signifi-
cantly reduced mean interventricular septum thickness from

14.1±1.9 mm to 13.4±2.1 mm and 12.5±1.4 mm (P<0.007),
and LV mass index from 112.4±33.9 g/m2 to 103.6±30.5
g/m2 and 44.7±14.9 g/m2 (94.9±29.8 g/m2) (P<0.001) at
1 month and 6 months, respectively. Diastolic function was
also improved, as assessed by mitral valve lateral E/E, which
decreased after renal denervation from 9.9±4.0 to 7.9±2.2 at
1 month and 7.4±2.7 at 6 months (P<0.001), indicating
reduction of LV filling pressures. Isovolumic relaxation
time shortened (baseline, 109.1±21.7 ms vs 85.6±
24.4 ms at 6 months [P<0.006]), whereas ejection frac-
tion significantly increased after renal denervation (base-
l ine , 63.1 ± 8.1% vs 70.1 ± 11.5% at 6 months
[P<0.001]). No such changes were observed in a
matched group of 18 control patients. Interestingly, the
beneficial effects appeared to be somewhat independent
from blood pressure effects, with LV hypertrophy being
improved even in those patients who only had a minor
or no blood pressure response. These data may indicate
that the effects of renal denervation go beyond that of
merely reducing blood pressure, and may contribute to
regression of hypertensive end-organ damage.

Future Perspectives

Optimal treatment of hypertension remains one of the big-
gest challenges in clinical medicine. The development and
clinical implementation of safe and effective antihyperten-
sive drugs from various classes has advanced the field
enormously and continues to prevent and reduce cardiovas-
cular morbidity and mortality worldwide. Nevertheless,
many hypertensive patients remain uncontrolled, which
exposes them to increased cardiovascular risk. Alternative
approaches to curb the burden of hypertension are warranted
and may perhaps unexpectedly come from “left field.”
Indeed, there appears to be a new and refreshing vibe in
the hypertension world centered around device-based
approaches, in particular catheter-based renal denervation,
the new kid on the block. This approach has a great deal of
appeal in that it is based on solid pathophysiologic princi-
ples, has been established in a large number of experimental
models of hypertension and cardiorenal disease, and most
importantly has thus far been demonstrated to be very safe
and effective in lowering blood pressure in the limited
number of clinical trials in human resistant hypertension.
The wealth of review articles on this topic, by far outnum-
bering original scientific papers, is perhaps testament to this
enthusiasm in the scientific world. Furthermore, about a
dozen alternative approaches to target the renal nerves
directly are currently being developed or tested in pre-
clinical and clinical studies, indicating that the medical
device industry also sees enormous potential for this
approach.
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Conclusions

Are our hopes justified? Is renal denervation the future of
hypertension treatment? Only time and larger-scale clinical
trials will tell and inform us about the long-term safety, the
long-term effectiveness of the procedure with regard to
reduction in blood pressure, target organ damage, improve-
ment in hypertension comorbidities, and its potential role in
other conditions characterized by sympathetic activation
(eg, renal failure, heart failure, metabolic syndrome, diabe-
tes, and others). Currently, reasonably solid data are avail-
able only for patients with hypertension resistant to
pharmacotherapy, which cannot necessarily be extrapolated
to other forms of hypertension or conditions referred to
above. However, at this point in time, no clouds have
appeared in the sky, so let us dream on.
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