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Abstract

Purpose The present paper will review the impact of different therapeutic interventions on the autonomic dysfunction
characterizing chronic renal failure.

Methods We reviewed the results of the studies carried out in the last few years examining the effects of standard phar-
macologic treatment, hemodialysis, kidney transplantation, renal nerve ablation and carotid baroreceptor stimulation on
parasympathetic and sympathetic control of the cardiovascular system in patients with renal failure.

Results Drugs acting on the renin—angiotensin system as well as central sympatholytic agents have been documented to
improve autonomic cardiovascular control. This has also been shown for hemodialysis, although with more heterogeneous
results related to the type of dialytic procedure adopted. Kidney transplantation, in contrast, particularly when performed
together with the surgical removal of the native diseased kidneys, has been shown to cause profound sympathoinhibitory
effects. Finally, a small amount of promising data are available on the potential favorable autonomic effects (particularly the
sympathetic ones) of renal nerve ablation and carotid baroreceptor stimulation in chronic kidney disease.

Conclusions Further studies are needed to clarify several aspects of the autonomic responses to therapeutic interventions
in chronic renal disease. These include (1) the potential to normalize sympathetic activity in uremic patients by the various
therapeutic approaches and (2) the definition of the degree of sympathetic deactivation to be achieved during treatment.

Keywords Autonomic nervous system - Sympathetic activity - Parasympathetic activity - Microneurography - Chronic
renal failure - Dialysis - Kidney transplantation - Renal denervation - Carotid baroreceptor stimulation

Introduction modulation of both vagal and sympathetic cardiovascu-

lar effects exerted by the arterial baroreceptors [3-6], (5)

Chronic kidney disease is characterized by profound altera-
tions in the autonomic control of the cardiovascular system.
These include (1) pronounced activation of sympathetic
cardiovascular effects, with evidence of important regional
differentiation, particularly at the level of the kidneys [1, 2],
(2) the early occurrence of adrenergic abnormalities in the
clinical course of the disease, with direct proportionality to
the severity of the renal dysfunction [3-5], (3) a reduction
in the vagal inhibitory influence on sinus node, resulting
in an increase in resting heart rate values [6], (4) impaired
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impaired cardiopulmonary receptor control of sympathetic
vasoconstrictor tone and renin release from the juxtaglo-
merular cells [3-6], (6) chemoreflex activation [6] and (7)
reduced sensitivity of the alpha adrenergic vascular recep-
tors [6]. It has also been suggested that, similarly to what
happens in congestive heart failure, in the initial phases of
kidney disease, the autonomic changes (particularly the sym-
pathetic ones) may have a compensatory function, guaran-
teeing renal perfusion and thus a normal or pseudo-normal
glomerular filtration rate [7]. However, the autonomic altera-
tions described in renal failure and aggravated by the pres-
ence of diabetes and obesity, which represent major contrib-
utors to the occurrence of renal disease [8], may over time
exert an adverse clinical impact favoring the development
and progression of cardiovascular complications, end-organ
damage and life-threatening cardiac arrhythmias [3, 7-11].
This may represent the pathophysiological background
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for the finding that both parasympathetic and sympathetic
alterations bear a specific clinical relevance for determining
patients’ prognosis, even when analyzed data are adjusted
for confounders [10, 12—-14].

The present paper will review the impact of the therapeu-
tic approaches employed in the management of renal failure
on the autonomic dysfunction characterizing the disease.
This will be done first by discussing the autonomic effects of
cardiovascular drugs in patients with renal failure. We will
then examine the impact of different types of dialytic proce-
dures as well as renal transplantation on autonomic cardio-
vascular control. Emphasis will be given to the autonomic
effects of procedural interventions such as carotid barore-
ceptor stimulation and renal nerve ablation in chronic renal
failure. The paper will then discuss three final issues: first,
the relevance of the heart-kidney crosstalk as therapeutic
targets in kidney disease; second, whether and to what extent
the therapeutic interventions mentioned above may be capa-
ble of restoring the autonomic function in chronic kidney
disease to physiological levels; and finally, the optimal level
of sympathetic drive to be achieved during the therapeutic
intervention (drugs, hemodialysis, kidney transplantation,
renal denervation and perhaps baroreflex activation therapy).
These questions may have important clinical implications,
given the already mentioned unfavorable impact of auto-
nomic dysfunction on patient prognosis.

Autonomic effects of cardiovascular drugs in chronic
kidney disease

Drugs currently used in the treatment of patients with
chronic kidney disease are aimed at exerting direct and
indirect (i.e. blood pressure reduction-dependent) nephro-
protective effects to limit the progression of the kidney
dysfunction and control the elevated blood pressure values
almost invariably accompanying advanced renal failure [15].
They are also aimed, however, at exerting favorable effects
on autonomic function [3, 6, 7]. As far as parasympathetic
alterations are concerned, evidence has been provided that
some drugs may improve vagal control of the heart rate, as
assessed via power spectral analysis of the heart rate signal.
This is the case for beta-blocking agents, for angiotensin II
receptor antagonists and, although not always homogene-
ously, for angiotensin-converting enzyme (ACE) inhibitors
[10, 16-18]. At variance from the effects on sympathetic
cardiovascular drive (see below), statins failed to show any
potentiating effect on vagal control of the heart, as assessed
by heart rate variability, in patients with chronic renal failure
[19].

The sympathetic overactivity typically displayed by
patients with chronic kidney disease is favorably affected
by drugs acting on the renin—angiotensin system. This is
the case in particular for ACE inhibitors and angiotensin

@ Springer

II receptor blockers, with acute intravenous administra-
tion and long-term oral administration having been shown
to reduce the elevated values of efferent postganglionic
muscle sympathetic nerve traffic directly recorded via the
microneurographic technique [20, 21]. The effect was simi-
lar to that reported with the same drug classes in another
clinical condition characterized by marked sympathetic
overactivity, i.e. congestive heart failure [22]. Sympathoin-
hibitory effects have also been documented recently for renin
inhibitors such as aliskiren, particularly when these drugs
are administered in a therapeutic regimen which includes
atorvastatin [23]. It should be emphasized that statins may
play an important role in determining this effect, because
a reduction in the elevated sympathetic nerve traffic val-
ues has been reported with these drugs even when given to
patients without the concomitant administration of any other
sympathomodulatory drug [24, 25]. Significant reductions in
sympathetic cardiovascular drive, as assessed by the assay
of venous plasma norepinephrine or more directly via the
microneurographic technique, have been reported in chronic
renal failure patients when treated with central sympatholy-
tic agents such as clonidine and moxonidine, the latter drug
being evaluated when administered on top of conventional
treatment with pharmacologic compounds acting on the
renin—angiotensin system [26—28]. It should be emphasized
that the mechanisms responsible for the sympathomodula-
tory properties of the abovementioned drug classes appear to
be multiple and heterogeneous, including (1) a reduction in
the excitatory effects of angiotensin II on peripheral and cen-
tral adrenergic neural drive, (2) a partial or full restoration
of the sympathoinhibitory properties exerted by the arterial
baroreflex and (3) a direct effect of the drugs (particularly
but not exclusively central sympathoinhibitory drugs) on the
central nervous system [7].

Autonomic effects of the hemodialysis procedures

Whether and to what extent hemodialysis may allow the
reversal and possible normalization of the altered autonomic
profile of uremic patients remains a controversial issue.
Indeed, some studies have documented an improvement in
the parasympathetic control of the heart rate following acute
hemodialysis, whereas others found no significant change
[6, 29-33]. Our group investigated the vagal control of the
heart rate exerted by carotid baroreceptors via the neck
chamber technique in 25 young patients with chronic renal
failure maintained on hemodialysis, before and after a single
hemodialysis session, and in a group of age-matched healthy
controls. In healthy subjects, graded carotid baroreceptor
stimulation triggered a bradycardic response (assessed by
electrocardiographic measurement tracing the lengthening
of the R-R interval) that increased in magnitude as greater
baroreflex stimulation was obtained [34]. This allowed us
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to assess the sensitivity of the baroreflex, which was, as
expected, markedly reduced in the uremic patients as com-
pared to age-matched healthy controls (Fig. 1, left panel).
However, when assessed 2 h after the hemodialysis session,
carotid baroreceptor function showed a significant improve-
ment in uremic patients, with the average baroreflex sensi-
tivity value becoming superposable to the one detected in
healthy controls (Fig. 1, left panel). Additionally, in the same
group of uremic patients, the acute hemodialysis procedure
significantly improved the sensitivity of another reflexogenic
area, i.e. the so-called cardiopulmonary volume-sensitive
receptors, which physiologically regulate sympathetic vaso-
constrictor tone in the forearm circulation. Cardiopulmonary
volume-sensitive receptors were selectively deactivated by
reducing venous return to the heart via a mild degree of
lower body negative pressure. This allowed healthy controls
to obtain a marked reflex increase in forearm vascular resist-
ance, whose magnitude was significantly reduced in patients
with chronic renal failure (Fig. 1, right panel). When the
maneuver was repeated a few hours after hemodialysis, we
noticed a significant improvement in the reflex forearm vas-
cular responses, which became superposable in magnitude
to those found in healthy controls (Fig. 1 right panels).

As noted above, some discrepancy exists between the
results of the various published studies aimed at investi-
gating the effects of the hemodialysis procedures on auto-
nomic control of the cardiovascular system. The temporal
duration of the uremic state, consistently different between
the different published studies, may be one of the factors
responsible, given the evidence that long-lasting uremia is
associated with a neuropathy that is usually irreversible and
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Fig. 1 Left panel Baroreflex sensitivity values, derived from the
ratio between R-R interval and neck chamber pressure changes, in
healthy control subjects (controls, n=10), in 25 patients with chronic
kidney disease before (CKD) and after hemodialysis (after HD).
Right panel: Reflex changes in forearm vascular resistance (FVR)

unresponsive to hemodialysis [6]. Different degrees of vol-
ume overload between patients before the dialytic procedure
may be another factor responsible for the different results
reported in the various studies, knowing the relevance of
central blood volume for determining reflex responses [35].
It should be emphasized, however, that the discrepancy in
the findings between studies may also depend on the differ-
ent types of dialytic procedure adopted in the various inves-
tigations. For example, it has been shown that peritoneal
dialysis, at variance from hemofiltration and ultrafiltration,
does not exert any major effect on autonomic alterations
[6, 32, 36]. On the other hand, nocturnal hemodialysis and
short-term hemodialysis sessions (maintaining the overall
dialytic time duration unmodified during the week) may trig-
ger favorable autonomic effects, improving arterial barore-
flex sensitivity and exerting documented sympathoinhibitory
effects [36-39].

Autonomic function and kidney transplantation

More homogeneous than those reported for hemodialysis
appear to be the autonomic effects of kidney transplanta-
tion. This is the case for parasympathetic modulation of the
heart, as assessed via the Valsalva maneuver, the expiration/
inspiration ratio and more recently through assessment of
heart rate variability via power spectral analysis of the heart
rate signal [29, 37, 40]. Our group investigated the auto-
nomic reflex effects of renal transplantation in nine uremic
patients belonging to the original group of the 25 reported
above [34]. The examination was carried out 3 months after
kidney transplantation, and all transplanted patients were
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in response to cardiopulmonary receptor deactivation in the same
groups of subjects represented in the left panel. Data are shown as
means + SEM. Asterisks refer to the statistical significance between
groups (¥*P <0.01). Figure adapted from data in Ref. [35]
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under immunosuppressive drug treatment. Patients under-
went evaluation of heart rate-baroreflex sensitivity via the
already mentioned neck chamber technique, and results
obtained after kidney transplantation were compared to
those obtained before the surgical procedure. As illustrated
in Fig. 2, left panel, the sensitivity of the baroreflex, and
thus the bradycardic response to baroreceptor stimulation,
was significantly improved 3—6 months after renal transplan-
tation, becoming almost superposable to that detected in
healthy controls (see Fig. 1, left panel). Other investigators
have similarly reported a potentiation of the baroreflex-heart
rate reflex when assessed via vasoactive drug infusion in
renal transplanted patients [4]. Taken together, these findings
provide conclusive evidence of the occurrence of effective
restoration of a major reflex mechanism involved in neuro-
circulatory regulation after renal transplantation.

Along with the baroreflex improvement, kidney trans-
plantation additionally triggers a functional amelioration of
the other major reflexogenic area involved in cardiovascu-
lar homeostatic control, i.e. the cardiopulmonary volume
receptors. This was found in the nine transplanted patients
we evaluated by examining the reflex forearm vascular
responses to cardiopulmonary receptor deactivation via a
mild degree of lower body negative pressure [34]. Results,
illustrated in the right panel of Fig. 2, clearly show a signifi-
cant potentiation of the forearm vasoconstrictor responses to
the maneuver, making the values obtained almost superpos-
able to those seen in age-matched healthy controls (Fig. 1,
right panel).

In evaluating the autonomic effects of kidney transplan-
tation, a crucial issue involves the analysis of the effects
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Fig.2 Left panel Baroreflex sensitivity values, derived from the ratio
between R-R interval and neck chamber pressure changes, in nine
patients with chronic kidney disease before (CKD) and after (after
KT) kidney transplantation. Right panel Reflex changes in forearm
vascular resistance (FVR) in response to cardiopulmonary recep-

@ Springer

of the procedure on sympathetic neural cardiovascular
function. This has been performed through the years by
employing different methodologic approaches to assess
noradrenergic function. By measuring venous plasma
norepinephrine, our group and others found a significant
reduction in sympathetic drive following renal transplanta-
tion [4, 6, 37]. This was also the case when 123 metaiodo-
benzylguanidine imaging was employed to assess cardiac
adrenergic innervation [41]. A further approach for assess-
ing the noradrenergic effects of kidney transplantation is
the microneurographic recording of efferent postgangli-
onic muscle sympathetic nerve traffic. Quite surprisingly,
the technique, which in several studies has enabled the
detection of even small modifications in sympathetic drive,
failed to show any significant reduction in adrenergic car-
diovascular drive in renal transplanted patients [42]. This
result is likely related to the finding that kidney transplant
patients were under immunosuppressive drug treatment,
which per se exerts marked sympathoexcitatory effects
[43]. However, a further cause of sympathoexcitation was
represented by the fact that initial evaluation of the muscle
sympathetic nerve traffic was carried out in transplanted
patients retaining the diseased native kidney(s) [42].
Indeed, surgical removal of the native kidneys combined
with renal transplantation was shown in the same study to
elicit an almost complete normalization of the sympathetic
cardiovascular drive [38]. It is thus likely that signals aris-
ing from the diseased native kidney(s) and exerting effects
on the central nervous system adrenergic activation may
mask the true sympathoinhibitory effects of kidney trans-
plantation in uremic patients [44].
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tor deactivation in the same groups of patients represented in the left
panel. Data are shown as means + SEM. Asterisks refer to the statis-
tical significance between groups (**P<0.01). Figure adapted from
data in Ref. [35]
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Autonomic effects of renal nerve ablation in chronic
kidney disease

Although renal dysfunction represented a major exclusion
criteria for patient recruitment in early clinical trials testing
the efficacy and tolerability of percutaneous ablation of renal
nerves in drug-resistant hypertension, more recent investi-
gations have specifically evaluated the effects of the proce-
dure in stage 3 and 4 chronic kidney disease. In general, the
results of all the studies performed have provided clear-cut
evidence that the procedure does not cause any detrimental
effect on renal function [45]. Additionally, in studies with
long-term follow-up, it was reported that the intervention
slowed the progression of renal disease, with improvement,
in some instances, of albumin and protein urinary excretion
[45-48].

Whether and to what extent the outcome of renal den-
ervation in chronic kidney disease depends on the direct
(reduction in sympathetic drive) or indirect (blood pres-
sure decrease) effects of the procedure remain undefined
[49], also because the data on the sympathetic effects of
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renal denervation in chronic renal failure are scant. Indeed,
only one study, carried out in nine patients with end-stage
renal disease maintained on hemodialysis, has specifically
investigated the muscle sympathetic nerve traffic responses
to endovascular renal denervation [50]. Results of this
proof-of-concept investigation documented the sympa-
thoinhibitory effects of the procedure, with a significant
reduction in sympathetic nerve traffic amounting on aver-
age to 20% during the 12-month follow-up.

To make the issue more complex, it should be empha-
sized that in microneurographic studies [51, 52], no signif-
icant relationship was detected in patients with drug-resist-
ant hypertension between the reduction in clinic and 24-h
ambulatory blood pressure values observed in different
time periods following the procedure and the concomitant
changes in muscle sympathetic nerve traffic (Fig. 3) [52].

Finally, no information is available on the interrelation-
ships between the changes in sympathetic cardiovascular
drive, blood pressure and renal function in chronic renal
failure. Similarly, no data are available on the impact of
bilateral renal nerve ablation on parasympathetic function
in chronic kidney disease.
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in Ref. [53]
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Autonomic effects of baroreflex activation in chronic
kidney disease

In both drug-resistant hypertension and congestive heart
failure, evidence has shown that baroreflex activation via
device-induced chronic electrical stimulation of the carotid
baroreceptors triggers marked sympathoinhibitory effects,
as assessed via the microneurographic recording of effer-
ent postganglionic muscle sympathetic nerve traffic in the
peroneal nerve [53, 54]. However, as compared to first-gen-
eration bilateral bipolar catheters, second-generation devices
appear to exert less pronounced sympathomodulatory effects
[55]. The sympathoinhibitory effects were associated with
(and likely responsible for) the blood pressure reduction in
drug-resistant hypertension [53]. In patients with conges-
tive heart failure, it was also associated with an improve-
ment in cardiac hemodynamic profile and New York Heart
Association functional class [54]. No significant change in
renal function was observed following device implantation
in either drug-resistant hypertension or congestive heart fail-
ure cases [53, 54]

Only two studies so far have evaluated the effects of
baroreflex activation therapy in patients with established
chronic kidney disease [56, 57]. In the first study, in patients
with drug-resistant hypertension and renal disease, the pro-
cedure prevented the deterioration of the renal function
detected in the control-sham group during the 6-month
follow-up [56]. In the second study, performed in patients
with end-stage renal disease maintained on hemodialysis,
the procedure enabled satisfactory blood pressure control
to be achieved at 1-year follow-up [57]. Neither study pro-
vided any assessment of the sympathetic function following
baroreflex activation therapy. However, they both reported
some reduction in resting heart rate values after the proce-
dure, a finding that may speak in favor of some decrease
in the cardiac adrenergic drive (and concomitantly some
increase in the parasympathetic function) in response to the
intervention.

Altogether, the results of these studies call for future
large-scale investigations aimed at testing the nephroprotec-
tive effects of baroreflex activation therapy in chronic renal
failure. These studies should also allow us to clarify whether
and to what extent the renal outcomes of the procedure are
mediated not only by its blood pressure lowering effects but
also by its sympathomodulatory effects.

Perspectives and conclusions

In discussing the autonomic responses to the available
therapeutic interventions for treating chronic kidney dis-
ease, several issues still remain unanswered. Three in par-
ticular deserve specific mention. First, the heart—kidney
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neurohumoral interactions may represent important tar-
gets in the near future for therapeutic interventions aimed
at exerting neuromodulatory effects [58]. Second, future
studies will allow us to clarify whether the pharmacologic,
non-pharmacologic or device-based interventions described
previously will be capable of restoring a normal autonomic
function in patients with nephropathy. Although the avail-
able evidence is limited, an in-depth analysis of the results
obtained with the different procedures mentioned above may
suggest that multiple-drug combination treatment which
includes compounds acting on the renin—angiotensin system
and central sympatholytic agents may restore a “normal”
sympathetic function in patients with chronic kidney disease,
superposable to that described in healthy individuals [28].
Similar conclusions are achieved in analyzing the results of
the 43-month follow-up study we performed in congestive
heart failure patients after baroreflex activation therapy [59].

The final question has to do with the magnitude of the
sympathoinhibitory effects we should obtain during treat-
ment. Although we do not have any answer to this question
at present, we should not forget that excessive sympathoin-
hibitory effects exerted by therapeutic interventions have
been shown to produce deleterious effects on morbidity
and mortality. This was demonstrated in the MOXonidine
CONgestive Heart Failure (MOXCON) trial performed in
advanced heart failure, employing too high a daily dose
of moxonidine [60]. This was also shown in hypertensive
patients recruited in the INternational VErapamil SR-Tran-
dolapril STudy (INVEST), in which achievement of clinic
heart rate values below 55 cardiac beats per minute during
beta-blocking drug treatment favored a paradoxical increase
in adverse events [61]. Future studies are thus needed in
chronic renal failure patients to clarify the unsolved ques-
tions delineated above and to collect more detailed informa-
tion on the autonomic effects of the therapeutic procedures
currently employed in the treatment of chronic renal disease.
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