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The role of sympathetic nervous activity in renal injury
and end-stage renal disease
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Sympathetic nervous system hyperactivity is observed in patients with renal injury, renovascular hypertension, chronic kidney

disease (CKD) and end-stage renal disease (ESRD). Elevated sympathetic activity is of prognostic relevance in that plasma

norepinephrine concentrations predict survival and the incidence of cardiovascular events in patients with ESRD, as well as

future renal injury in normotensive healthy subjects with renal function in the normal range. Renal injury, CKD and ESRD are

often associated with obesity, and its common sequelae hypertension and diabetes. In fact, hypertension and diabetes mellitus

are the main causes of ESRD in western societies and together account for approximately more than 50% of ESRD incidence

in the United States and Japan. Obesity also leads to increases in the incidence of cardiovascular diseases. Several clinical and

epidemiological studies have clearly documented that heightened sympathetic nervous activity has an important role in the onset

and maintenance of obesity and hypertension. Elevated sympathetic nervous activity may actually represent an important

mechanism contributing to the onset and maintenance of renal injury at least in part through its concomitant adverse effects

on obesity and hypertension. Understanding the contribution of sympathetic nervous hyperactivity to the onset and maintenance

of renal injury might aid in the prevention and treatment of renal injury, CKD and ESRD. Very recently, renal sympathetic

denervation was shown to be a potentially novel therapeutic strategy in resistant hypertension. In addition, renin-angiotensin

system inhibitors are recommended as the initial therapy because of their renal protective effect, especially in hypertensive

patients with type 2 diabetes or with proteinuria. The purpose of this review is to provide an overview of our current knowledge

on the relationships between sympathetic nerve activity and renal function to further our understanding of the precise roles of

sympathetic nerve activity in renal injury, particularly in the context of obesity and hypertension. These insights may be useful

to improve prevention and treatment of renal injury in these patients.
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INTRODUCTION

Elevated sympathetic nervous activity is recognized as an important
mechanism involved in cardiovascular complications in humans.1

Sympathetic nerve hyperactivity leads to arterial blood pressure eleva-
tion, triggers arterial damage and results in cardiovascular events.
There is consistent evidence that high plasma norepinephrine levels,
which do provide an index of sympathetic nerve hyperactivity, predicts
mortality in patients with cardiovascular diseases such as chronic
congestive heart failure,2 asymptomatic left ventricular dysfunction3

and end-stage renal disease (ESRD).4 Petersson et al.5 indicated that
increased cardiac sympathetic nervous activity in renovascular hyper-
tension might lead to high cardiovascular mortality and morbidity.
Renal injury also predicts the development of cardiovascular disease.6

Therefore, early stage renal injury may be used as one of the markers of
risk for the development of future serious cardiovascular events.

The association between hypertension, obesity and chronic kidney
disease (CKD) is well recognized.7–9 Obesity and hypertension also
leads to an increase in the incidence of metabolic diseases such as
diabetes mellitus, which is frequently associated with renal injury
(proteinuria/microalbuminuria). In the majority of cases, ESRD
occurs as a result of complication of diabetes or hypertension.6 The
incidence of hypertension, one of the primary etiological factors for
ESRD development, is significantly higher with obesity, suggesting
that obesity per se may be an independent factor for chronic renal
disease development.8,10 Obesity is also frequently observed in patients
with diabetes mellitus11,12 and hypertension,13 and both diabetes and
hypertension together account for approximately more than 50% of
ESRD incidence in Japan and the United States.6,14 In many clinical
and epidemiological studies, elevated sympathetic nerve activity has
been documented in both obesity and hypertension.15–20 Thus, one
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could speculate that the elevated sympathetic nervous activity that is
associated with obesity and hypertension might have an important
role in the onset and maintenance of renal injury regardless of its
severity.20,21

Many investigators have observed elevated levels of plasma nore-
pinephrine and heightened muscle sympathetic nerve activity in patients
with ESRD in cross-sectional studies,22,23 but few investigations have
simultaneously taken into account sympathetic nerve activity and
renal function in the same study population followed longitudinally
for several years to clarify the relationships between sympathetic nerve
activity with the onset and development of renal injury. Observations
from these studies indicate that renal injury or ESRD is a consequence
of hypertension and obesity. However, the majority of previous studies
regarding the relationship between sympathetic nerve activity and
renal function have used proteinuria or microalbuminuria as a marker
of renal injury. Proteinuria and microalbuminuria are good markers
for early stage of renal injury, although renal injury is diagnosed using
creatinine clearance. Only one study is available to show that heigh-
tened sympathetic nerve activity (high plasma norepinephrine) pre-
dicts future renal injury in normotensive, healthy subjects.21 Further,
this study suggested that the b2-adrenoceptor polymorphisms that is
associated with the strong linkage of the pathogenesis of obesity and
hypertension24–28 relates to future renal injury. These findings may
indicate a vicious triangle between sympathetic nervous activation,
renal injury (ESRD), obesity and hypertension, and that the associa-
tion may be determined, at least in part, genetic background through
heightened sympathetic nerve activity.

The purpose of this article is to provide the current findings on the
important, but still not fully clarified, topics including the relation-
ships between sympathetic nerve activity and renal injury. To
better understand the contribution of the sympathetic nervous system
to the onset and development of renal injury might prevent future
ESRD, especially in patients with obesity, hypertension and diabetes,
and help to develop rational treatments for those patients with
renal injury.

IMPAIRED RENAL FUNCTION (PROTEINURIA,

MICROALBUMINURIA AND CREATININE CLEARANCE)

PREDICT FUTURE CARDIOVASCULAR DISEASES

Many epidemiological studies have shown that the presence of
microalbuminuria is well established as a marker of cardiovascular
risk in diabetes mellitus in hypertensive patients without diabetes.29–31

In addition, Farbom et al.32 tested whether renal function and
microalbuminuria are independent predictors for future cardiovascu-
lar disease in 10 881 hypertensive patients over a 4.5-year period. They
concluded that microalbuminuria and renal function (creatinine,
BUN and creatinine clearance) are independently associated with
future cardiovascular events, and that a decrease in creatinine clear-
ance (glomerular filtration rate, GFR), which is strongly associated
with microalbuminuria was a precursor for the future cardiovascular
events. Their findings suggested that the cardiovascular risk associated
with microalbuminuria might depend on the levels of GFR, and that
microalbuminuria was one of the better markers of renal injury.
Hillege et al.33 examined the effect of renal function using creatinine
clearance in patients with chronic heart failure. Impaired renal
function was a stronger predictor of mortality than impaired cardiac
function in patients with chronic heart failure,33 thereby suggesting
that renal function could strongly predict survival in patients with
chronic heart failure. These investigations have shown the importance
of renal function as a predictor of the mortality and morbidity of
cardiovascular disease.

SYMPATHETIC NERVE HYPERACTIVITY IN RENAL DISEASE

Albuminuria/proteinuria vs. sympathetic nerve activity
Merna-Martin et al.34 studied the relationships between urinary
albumin excretion (UAE) and plasma norepinephrine in 495 subjects
using a cross-sectional design. In the multivariate analysis, gender,
systolic blood pressure and UAE were associated with plasma nor-
epinephrine levels, and gender, systolic blood pressure and body mass
index were associated with epinephrine. After excluding those patients
with CKD, the multivariate analysis showed a strong association
between high UAE (30 mg day�1 or more) and elevated norepinephr-
ine and epinephrine levels. Further, Rao et al.35 in their examination of
the importance of adrenergic polymorphisms and genetic predisposi-
tion, observed a strong relationship between UAE and sympathetic
nerve activity in twin pairs. The UAE and catecholamines were highly
heritable and correlated, suggesting that sympathetic nervous system
might mediate early glomerular permeability alterations. Albumin
excretion is influenced by multiple adrenergic pathway genes and is
polygenic. This study supports the hypothesis that elevated plasma
norepinephrine is a cause of renal injury and exert a direct effect on
kidney function.

Plasma norepinephrine levels in ESRD
Elevated sympathetic nervous activity has been reported to have an
important role in cardiovascular complications in humans.1 Masuo
et al.23 showed that the sympathetic nervous system, as assessed using
plasma norepinephrine levels in patients with ESRD treated with
hemodialysis and with early-ESRD without hemodialysis is activated
with plasma norepinephrine levels being significantly higher compared
with those in blood pressure- and body mass index-matched hyper-
tensive patients or healthy normotensive subjects (Figure 1). Further,
this was recognized significantly in subjects with a shorter duration of
ESRD compared with those with longer duration, suggesting that
sympathetic nerve hyperactivity may be of particular importance in
the onset or the early development of ESRD or alternatively, be
influenced by long-term renal replacement therapy (hemodialysis).
Zoccali et al.9,22 examined the relationship between sympathetic nerve
activity, again, as indicated using plasma norepinephrine levels, and
mortality and cardiovascular events in 228 ESRD patients undergoing
chronic hemodialysis without heart failure. They found that 45% of
dialysis patients had significantly elevated plasma norepinephrine
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Figure 1 Plasma norepinephrine levels are higher in early ESRD patients

without hemodialysis and ESRD patients with hemodialysis than those in

body mass index (BMI)-matched healthy normotensive subjects and in

BMI- and blood pressure-matched hypertensive patients. *Po0.050,

**Po0.01 vs. healthy controls; #Po0.05, ##Po0.01 vs. hypertensive

patients. ESRD; patients with ESRD.23
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levels. One hundred and twenty-four fatal and nonfatal cardiovascular
events occurred in 85 patients during the follow-up period (34±15
months). Plasma norepinephrine levels proved to be an independent
predictor of all-cause death and of fatal and nonfatal cardiovascular
events using a multivariate Cox regression model. They also found
that plasma norepinephrine levels were associated with concentric left
ventricular hypertrophy in these patients.22

Sympathetic nerve hyperactivity in patients with ESRD
Evidence now strongly indicates a role for the sympathetic nervous
system in the pathogenesis of hypertension in renal failure
(ESRD).36,37 Hypertension occurs commonly and early in renal
disease and is paralleled by increases in sympathetic nerve activity,
as indicated by increased muscle sympathetic nerve activity and
circulating norepinephrine (Figure 1). This appears to be driven by
the diseased kidneys, because nephrectomy or denervation has been
shown to correct blood pressure and sympathetic nerve activity both
in human and animal studies.38 One of the important determinants of
the sympathetic nerve activity in hypertension in patients with ESRD
is most likely abnormal renal sodium excretion. In the normal state,
interactions between the kidney and sympathetic nervous system serve
to maintain blood pressure and glomerular filtration rate within
tightly controlled levels, but in renal failure, a defect in renal sodium
excretory function leads to an abnormal pressure natriuresis relation-
ship and activation of the renin-angiotensin system (RAS), contribu-
ting to the development of hypertension (Figure 2) and progression of
kidney disease.39–41 Further, volume overload per se could also be
incorporated here. Another mechanism could involve the sympathetic
nervous modulation of baroreflex regulation and vasculature tone
through the central nervous system and angiotensin II.42 Afferent
signals from the kidney, detected by chemoreceptors and mechanor-
eceptors, feed directly into central nuclei regulating sympathetic nerve
activity by circulating and brain-derived angiotensin II.43 Therefore,
the pathogenesis of hypertension in renal failure (ESRD) is complex
and arises most likely from the interaction of hemodynamic and
neuroendocrine factors. Sympathetic nerve activity has strong rela-
tionships with regards to increased risk of cardiovascular disease
including hypertension9,22 in patients with ESRD and the mortality
and morbidity of cardiovascular disease, suggesting that we have to
pay much more attention to sympathetic nerve activation in our
attempts to adequately treat patients with ESRD.

Sympathetic nerve hyperactivity in ESRD is independent
from obesity or hypertension
Sympathetic nerve activity is consistently elevated in patients with
ESRD, and in obese subjects and hypertensive patients in cross-
sectional studies.23,27,28 Further, strong relationships between elevated
sympathetic nerve activity, hypertension and obesity have been shown.
Thus, the question whether elevated sympathetic nervous activity in
patients with ESRD is related to their increased blood pressure may
arise. Figure 1 illustrates that plasma norepinephrine levels were higher
in patients with ESRD than in blood pressure- and body mass index-
matched hypertensive patients or body mass index-matched normo-
tensive subjects (Figure 1), indicating that sympathetic nerve hyper-
activity is at least in part independent of increased blood pressure
levels or obesity. Further, patients with early-ESRD without hemodia-
lysis had already significantly higher plasma norepinephrine levels
compared with hypertensive subjects as well as normotensive subjects.
The amount of norepinephrine in plasma is only a fraction of the
amount released into the synaptic cleft, and plasma norepinephrine
levels were affected by dialysis therapy, so it is difficult to discount that
the elevated plasma norepinephrine levels did not derive in part from
reduced plasma norepinephrine clearance rather than solely from
elevated sympathetic nerve activity. Grassi et al.,44 however, reported
similar results using microneurography. In addition, plasma norepi-
nephrine levels did not change between before- and after-hemodialysis
therapy (data was not shown), and between after-hemodialysis therapy
and before-next hemodialysis therapy. Thus, one could speculate that
plasma norepinephrine levels in ESRD patients may be considered as a
part of the sympathetic nerve activity.

Prolonged sympathetic nerve stimulation and elevated circulating
norepinephrine levels can induce changes in intra-renal blood vessels.
Indeed, catecholamines can induce proliferation of smooth muscle
cells and adventitial fibroblasts in vascular wall.45 Rao et al.35 and
Masuo et al.21 have shown strong associations between adrenergic-
related polymorphisms, elevated plasma norepinephrine and elevated
UAE or future renal injury, suggesting that stimulated sympathetic
nerve activity, itself, may independently have a major role of the onset
and development of ESRD without obesity or hypertension. However,
the precise mechanisms underlying sympathetic activation in CKD
and ESRD have not been clarified.

Plasma norepinephrine levels may predict future renal injury
Masuo et al.21 measured renal function (creatinine, BUN and creati-
nine clearance) and plasma norepinephrine levels annually over a 5-
year period in nonobese, normotensive men with normal renal
function. Subjects who had a significant deterioration of renal func-
tion (X10% increases from baseline of creatinine and BUN or
decrease in creatinine clearance) over a 5-year period had higher
plasma norepinephrine at the entry period, and greater increases in
plasma norepinephrine over 5 years (Figure 3). In this study, subjects
who had significant changes in body weight or blood pressure were
excluded. Further, subjects who had significantly higher levels of
plasma norepinephrine had a higher frequency of the Gly16 allele
of the b2-adrenoceptor polymorphism21 (Figure 4). The Gly16 allele
of the b2-adrenoceptor polymorphism has been shown to be related
to obesity,25,27,28 hypertension25,28 and metabolic syndrome develop-
ment.26 Thus, high plasma norepinephrine levels appear to be a
predictor that is determined genetically by the b2-adrenoceptor
polymorphism (Arg16Gly) for renal injury, obesity, hypertension
and metabolic syndrome.

These observations show that plasma norepinephrine levels are
strongly linked with the onset and development of renal injury.

Abnormal Pressure Natriuresis

↑ Sodium Intake

Urinary Na Excretion

↑Renal Sodium Reabsorption

Na intake

Arterial Pressure

↑Extracellular Fluid Volume

↑Total Peripheral Resistance

↑Arterial Pressure ↑Cardiac Output

Normotension Hypertension

Figure 2 Abnormal pressure-natriuresis causes high blood pressure.39,40
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Although the amount of norepinephrine in plasma influenced by
several factors, such as the rate of reuptake into nerve endings or extra
neuronal cells, the density of neuroeffector junctions and the meta-
bolic clearance rate, plasma norepinephrine measurements appears to
represent a useful marker of sympathetic nerve activity, particularly in
large cohorts and in long-term follow up studies. In our experience,
forearm venous plasma norepinephrine concentrations correlate clo-
sely with the whole-body rate of norepinephrine spillover to plasma
(Figure 5),46 and muscle sympathetic nervous activity determined
using microneurography47,48 This suggests that forearm venous
plasma norepinephrine levels, at least in population-based studies,
provide a practical guide to the degree of sympathetic nervous
activation.

Sympathetic nerve hyperactivity in patients with renal
parenchymal disease (renal injury)
Intravascular volume expansion is a major pathogenic factor in renal
parenchymal hypertension. In these patients, excessive renin secretion
relative to volume status and heightened sympathetic nervous activity
contributes to hypertension in patients with renal injury. Potential
mechanisms include afferent stimuli from the injured kidneys to the
brain, reduced baroreceptor sensitivity, abnormal vagal function and
endothelial dysfunction in patients with renal dysfunction.49–51 Early

glomerular changes in obesity may be the precursors of more severe
glomerular injury and progressive impairment of pressure natriu-
resis.52 Klein et al.53 reported in hypertensive patients with renal
parenchymal disease that sympathetic nervous activity is inappropri-
ately high for the volume status and that reduction of nephron
number in itself does not influence sympathetic activity.

Sympathetic nerve hyperactivity in renovascular hypertension
Although there is general agreement with regards to the role of the
RAS to elevated blood pressure in the early phase of renovascular
hypertension, other mechanisms such as sodium retention and the
sympathetic nervous activation may contribute to the progression of
the disorder.54,55 Miyajima et al.56 reported increased muscle sympa-
thetic nerve activity in renovascular hypertensive patients. Johansson
et al.57 found increased muscle sympathetic nerve activity and whole-
body norepinephrine spillover in long-term renovascular hypertensive
patients compared with normotensive subjects as well as primary
hypertensive patients, and they reported sympathetic nerve activity
was higher in renovascular hypertensive patients compared with
normotensive subjects. Increased muscle sympathetic nerve activity
was normalized after successful angioplasty of a renal artery, suggest-
ing that restoration of blood flow to the ischemic kidneys may have
eliminated the afferent stimulus that provoked the increased sympa-
thetic nerve drive.58

Renal sympathetic nerve hyperactivity may contribute to renal
injury in hypertension and obesity
Elevated renal sympathetic nerve activity is found in animal models of
hypertension and in hypertensive humans.59 Elevated renal sympa-
thetic nerve activity results in reduced renal excretory function by
virtue of its effects on the renal vasculature, the tubules and the
juxtaglomerular granular cells, and impaired arterial baroreflex reg-
ulation. Intra-renal administration of catecholamines has been shown
to elicit an increase in systemic arterial pressure as long as the infusion
is continued. The efferent renal sympathetic nerve activity, by exerting
a direct influence on renal arteriolar tone, renin release and sodium
and water excretion, can interfere with the control of arterial pressure
by modifying peripheral resistance, circulating angiotensin II and

Figure 4 Subjects who had deteriorations of renal function carried higher

frequency of the Gly16 allele of Arg16Gly, the b2-adrenoceptor

polymorphisms.21

Figure 5 Correlation between whole-body norepinephrine spillover and

venous plasma norepinephrine concentrations.46
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volume balance. The renal sympathetic nerves may contribute to the
development of hypertension through the renal excretory defect as
well as vascular tone either directly or indirectly through the RAS.
Results from renal denervation studies that either attenuated the
severity or delayed the development of hypertension in spontaneously
hypertensive rats, in DOCA-salt treated rats, in renovascular hyper-
tensive rats,38,40,41,59 and in resistant hypertensive patients with
normal renal function60 support the concept of strong contributions
of renal sympathetic nerve activity for hypertension.

Recently, several studies have shown the renal sympathetic denerva-
tion was effective in eliciting significant blood pressure reduction in
patients with resistant hypertension with suppression of sympathetic
nerve remaining evident for at least 12 months.60–62 In contrast,
Lohmeier et al.63 reported that renal denervation affected blood
pressure, plasma norepinephrine concentration, plasma renin activity
and sodium excretion during the acute phase (1 day after renal
denervation), but that those were not persist chronically (14 days
after renal denervation).

Hall et al.8,39 reviewed the importance in the kidneys in the
pathogenesis of obesity-related hypertension as obesity raises blood
pressure by increasing renal tubular reabsorption, impairing pressure
natriuresis, causing volume expansion because of activation of the
sympathetic nervous and RASs, and by physical compression of the
kidneys, especially when visceral obesity is present. Long-term obesity
may cause an increased urinary protein excretion and a gradual loss of
nephron function that worsens with time and further exacerbates the
hypertension. With prolonged obesity, increased arterial pressure,
renal vasodilation and glomerular hyperfiltration, neurohormonal
activations including the sympathetic nervous and RASs, and meta-
bolic changes may cause glomerular injury and further impairment of
renal-pressure natriuresis, resulting in more severe hypertension and a
gradual loss of kidney function.40 Relatively small changes in renal
artery pressure may lead to large alterations in sodium and water
excretions that persisted as long as renal artery pressure is altered.

CLINICAL IMPLICATIONS

We have discussed the importance of heightened sympathetic nervous
activity, especially renal sympathetic hyperactivity, in the pathogenesis
of CKD and ESRD in hypertension because the kidneys have a
prominent role in fluid and electrolyte regulation and resultant arterial
pressure homeostasis through renal sympathetic nerve activity and the
RAS. Therefore, one could consider easily that the inhibitors for
sympathetic nerve activity or RAS may be the most effective treat-
ments for hypertension in patients with CKD or ESRD.

Renal denervation as a therapy for hypertension
Sympathetically mediated mechanisms have been implied in the
development of hypertension in animal models and in humans.1,20,24

Accordingly, in some models of hypertension, complete renal dener-
vation delayed or prevented the development of hypertension.38,59–64

Renal denervation attenuates long-term hypertensive effects of angio-
tensin II.64 Renal denervation changes baroreceptor function to
attenuate chronic blood pressure elevation.38 Further, renal sympa-
thetic nerve activity is modulated by changes in baroreceptor afferent
nerve activity under long-term high sodium diet41 and low sodium diet
represented by angiotensin II stimulation42 in animal models. Disrup-
tion of the negative feedback loop between baroreceptor afferents and
renal sympathetic nerve activity may lead to impaired regulation of
fluid balances, resulting in an elevation in arterial pressure.

Jacob et al.38 reported that chronic renal denervation (10 days)
lowered arterial pressure regardless of the amount of sodium intakes

in Sprague–Dawley rats. Ojeda et al.59 suggested that early renal
denervation may prevent the development of hypertension in intrau-
terine growth-restricted offspring who develop hypertension at the
pre-pubertal age. They compared blood pressure and renal norepi-
nephrine contents with intrauterine growth restriction in animal
models with and without renal denervation. Blood pressure and
norepinephrine contents in the kidneys were significantly lower in
those with renal denervation compared with sham operated animal
after 2 weeks of renal denervation.

A recent multicenter clinical trial showed the effectiveness of
catheter-based renal sympathetic nerve denervation in patients with
resistant hypertension.60–62 After treatment, systolic blood pressure
was lowered by 27 mm Hg at 12 months with estimated glomerular
filtration rate remaining stable (baseline mean office blood pressure
was 177/101 mm Hg, patients were initially taking approximately five
antihypertensive medications and estimated glomerular filtration rate
was 81 ml min�1 per 1.73 m2). An attenuation of hypertension of this
magnitude by catheter-based renal sympathetic denervation in com-
bination with pharmacologic therapy is likely to be valuable in
decreasing the risks of stroke, left ventricular hypertrophy, heart failure
and chronic renal failure.63,64

Pharmacological treatments for hypertension in patients with
ESRD
Hypertension is common in CKD and is a risk factor for the faster
progression of renal damage, and reduction of blood pressure is an
efficient way of preventing or slowing the progression of this damage.
International guidelines recommend lowering blood pressure to 140/
90 mm Hg or less in patients with uncomplicated hypertension, and to
130/80 mm Hg or less for patients with diabetic or chronic renal
disease. The ESCAPE trial65 assessed the long-term renoprotective
effect of intensified blood pressure control among 385 children with
CKD treated with a fixed high dose of an angiotensin converting
enzyme (ACE) inhibitor, ramipril. This trial showed that intensified
blood pressure control, with target 24-h blood pressure levels in the
low range of normal, confers a substantial benefit with respect to renal
function among children with CKD. Antihypertensive drugs that have
direct effects on intra-renal mechanisms may, therefore, have
nephron-protective effects additional to those resulting from reduc-
tions in arterial blood pressure. ACE inhibitors and angiotensin
receptor blockers (ARBs) have beneficial effects on proteinuria and
declining renal function that appear to be mediated by factors
additional to their effects on blood pressure. These RAS inhibitors
are recommended as a first-line antihypertensive approach in patients
with CKD. Weir66 reviewed the clinical data supporting the use of RAS
inhibitions (ACE inhibitors and ARBs) as mono-therapy or combina-
tion therapy based on the known role of the RAS in blood pressure
regulation and vascular response to injury, and considered the
implications of the data for future treatment. Five trials were identified
that evaluated the effects of combination therapy with ACE inhibitors
and ARBs compared with treatment with either agent alone in
different patient populations using different end points. In hyperten-
sive patients with type 2 diabetes and microalbuminuria, combination
ACE-inhibitor/ARB therapy resulted in better blood pressure control
than either agent alone as well as greater reductions in microalbumi-
nuria.66 Compared with monotherapy, dual-RAS inhibitions reduced
the occurrence of a doubling of the serum creatinine concentration or
ESRD by 60–62% in patients with non-diabetic renal disease (both
Po0.05 vs. ACE inhibitor or ARB alone). Combining ACE inhibitors
and ARBs to provide more extensive RAS inhibition may provide
greater antihypertensive efficacy and end-organ protection than use of
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either class alone. Neumann et al.67 reported that RAS inhibitors (ACE
inhibitors and ARBs) could reduce blood pressure, but did not
normalize sympathetic nervous activity in hypertensive patients with
CKD. Klein et al.68 compared the effects of enalapril (10 mg orally)
and losartan (100 mg orally) over a 6-week treatment in patients with
chronic renal failure. The change in blood pressure and the change in
muscle sympathetic nerve activity during the treatments were corre-
lated (r¼0.70 and r¼0.63, respectively; both Po0.05). Baroreceptor
sensitivity was not affected by the treatments. These observations
support that the RAS inhibitors could suppress the stimulated
sympathetic nerve activity associated with reduction on blood
pressure.

The addition of diuretics and calcium-channel antagonists to RAS
inhibitor therapy is also considered to be a rational strategy to
reduce blood pressure and preserve renal function. The ALLHAT
study69 recommended that thiazide-type diuretics should be the initial
therapy for reduction of cardiovascular risk. Either amlodipine or
lisinopril was superior to chlorthalidone in preventing ESRD overall,
by diabetes status or by renal function level. Thiazides were more
effective on preventing heart failure, and new-onset diabetes
associated with thiazides did not increase cardiovascular disease
outcomes.

Calcium-channel antagonists are a highly heterogeneous class of
compounds, and it appears that some agents are more suitable for use
in patients with CKD than others. Manidipine is a third-generation
dihydropyridine calcium-channel antagonist that blocks both L- and
T-type calcium channels. Unlike older-generation dihydropyridines,
which preferentially act on L-type channels, manidipine has been
shown to have beneficial effects on intrarenal hemodynamics, protei-
nuria and other measures of renal functional decline in hypertensive
patients with chronic renal failure.70 Ligtenberg et al.71 compared the
effects on muscle sympathetic nerve activity between ACE-inhibition
using enalapril and calcium-channel antagonist using amlodipine in
hypertensive patients with chronic renal failure. Treatment with
enalapril normalized blood pressure and muscle sympathetic-nerve
activity in the patients and shifted the baroreflex curve to the left,
reflecting normal blood pressure levels, without significantly changing
sensitivity. In the patients who received amlodipine, treatment also
lowered blood pressure but increased muscle sympathetic nerve
activity.

In terms of the close contribution of elevated sympathetic nerve
activity to renal injury/proteinuria/albuminuria, sympathetic nerve
inhibitors may have ameliorative effects on hypertension-related renal
injury. Amann et al.72 reported that a sub-antihypertensive dose of
moxonidine, a centrally acting sympatho-inhibitor, showed amelio-
rates renal structural and functional damage in sub-totally nephrecto-
mised rats. Renal angiotensin II tissue concentration was not affected
by moxonidine.

Bakris et al.73 showed that carvedilol was associated with less
deterioration on the progress of albuminuria in hypertensive patients
with type 2 diabetes compared with metoprolol after 5 months
treatment, and that the diminution in deterioration was not explained
by blood pressure reduction given the similar blood pressure reduc-
tion with each medications. Another study, the Carvedilol–Metoprolol
Comparison in Hypertensives (GEMINI) study74 involved 1235
hypertensive patients with type 2 diabetes treated with RAS inhibitors.
The mean HbA1c increased with metoprolol, but not carvedilol, and
insulin sensitivity improved with carvedilol but not metoprolol. Blood
pressure was similar between the two groups. Progression to micro-
albuminuria was less frequent with carvedilol than with metoprolol.
These findings indicate that use of carvedilol in the presence of RAS

blockade did not affect glycemic control and improved some compo-
nents of the metabolic syndrome relative to metoprolol in participants
with diabetes and hypertension.

CONCLUSIONS

The role of the sympathetic nervous system in renal injury, ESRD and
renovascular hypertension are discussed through a literature review
investigating sympathetic nervous mechanisms in hypertension and
obesity. Relevant studies of sympathetic nerve activity and b2-adre-
noceptor polymorphism might contribute to the onset and main-
tenance of renal injury in healthy subjects and in patients with chronic
renal failure and cardiovascular events in ESRD patients. A better
understanding of the relationships between sympathetic nerve activity
and renal injury will help to develop appropriate treatment strategies
targeting renal injury in hypertensive patients with and without CKD.
Recently, the possibility of renal sympathetic denervation has been
raised with promising results in patients with refractory hypertension
and normal renal function with a substantial and sustained reduction
in blood pressure persisting up to 12 months without deterioration of
renal function.60 Clearly, further studies are needed to clarify the
mechanisms of the renal injury to prevent the onset or the develop-
ment of ESRD in hypertensive and obese patients, and to treat renal
injury in these patients.
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