Chapter 4

Neurogenic Factors in Hypertension Associated
With Chronic Kidney Disease

Vito M. Campese

Introduction

Hypertension is very prevalent among patients with chronic kidney disease (CKD)
and it becomes more frequent as patients progress towards end-stage renal disease
(ESRD). Approximately 85 % of patients with ESRD have hypertension, which is
in large part responsible for the high incidence of cardiovascular events and deaths
in these patients. Hypertension is also a major contributor to the progression of
kidney disease.

The pathogenesis of hypertension in patients with kidney diseases is multifacto-
rial and may vary depending on the underlying renal disease. Several factors have
been implicated in the pathogenesis of hypertension in CKD. In this chapter, we
focus on the evidence that activation of the sympathetic nervous system (SNS) may
play a major role in the pathogenesis of hypertension, as well as cardiovascular
disease and progression of kidney disease in this patient population.

Evidence for Neurogenic Factors in Hypertension
Associated with Kidney Disease

The kidney is not only an elaborate filtering device but also a sensory organ, richly
innervated with sensory and afferent nerves. There are two main functional types of
renal sensory receptors and afferent nerves: renal baroreceptors, which are activat-
ed by changes in renal perfusion and intrarenal pressure; and renal chemoreceptors,
which are stimulated by ischemic metabolites or toxins [1, 2]. In rats, these “che-
moceptive” receptors are further classified into R1 and R2 based on their resting
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level of activity and the types of stimuli that elicit a response. The activation of
these chemosensitive receptors may, through the renal afferent nerves, establish
connections with integrative nuclei of the SNS in the central nervous system |3,
4]. In experimental animals, stimulation of these afferent nerves by either ischemic
metabolites such as adenosine, or by urea, evokes reflex increases in efferent sym-
pathetic nerve activity and increased blood pressure (BP) [5].

Our studies on 5/6 nephrectomized (5/6 Nx) rats have provided the most con-
vincing evidence yet for a role of the SNS in the pathogenesis of hypertension as-
sociated with 5/6 Nx. The turnover rate [6] and the secretion of norepinephrine (NE)
[7] from the posterior hypothalamic (PH) nuclei were greater in 5/6 Nx than in con-
trol rats. Bilateral dorsal rhizotomy at the level T-10 to L-3 prevented the increase in
BP and the increase in NE turnover in the PH. Evidence also suggest that increased
SNS activity may contribute to the progression of kidney disease in rats [8]. These
studies led us to postulate that increased renal sensory impulses generating in the
affected kidney and then transmitted to the central nervous system activate regions
of the brain involved in the noradrenergic control of BP resulting in hypertension.

The notion that kidney injury may lead to activation of the SNS and to hyperten-
sion, independently from changes in glomerular filtration rate (GFR), is supported
by our studies in the phenol-kidney injury model. In this model, hypertension is
caused by injecting 50 puL of 10% phenol in the lower pole of one kidney. This
leads to an immediate elevation of NE secretion from the PH nuclei and a rise in
BP that persists at least for 6 weeks after the kidney injury [9]. Renal denervation
prevents the rise in NE secretion from the PH nuclei and the rise in BP caused by
phenol injection. Serum creatinine did not change after the intrarenal administration
of phenol indicating that this model of hypertension does not cause any apparent
change in kidney function. These studies have demonstrated that a specific injury
to a limited portion of the kidney may cause a permanent elevation of BP in the rat.
Hypertension in this model is mediated by neurogenic mechanisms.

The potential importance of this observation is substantial, since clinical experi-
ence indicates that not all renal injuries in humans are associated with hyperten-
sion. For example, in the absence of renal insufficiency, immunoglobulin A (IgA)
nephropathy is more likely to be associated with hypertension than membranous
glomerulonephritis or minimal change disease. In addition, it is plausible to expect
that not all forms of hypertension associated with kidney disease are due to SNS
activation. As a consequence, it is naive to expect clinical benefits from renal dener-
vation in all forms of hypertension associated with kidney disease.

Both direct and indirect evidence implicates increased SNS activity in the patho-
genesis of hypertension in patients with CKD [10—13]. Plasma NE levels are usu-
ally increased in hemodialysis patients [14], but these levels, whether measured
before or post dialysis, are poorly correlated with levels of BP [15, 16]. Direct re-
cording of neuronal activity from postganglionic sympathetic fibers in the peroneal
nerves of ESRD patients have shown a greater rate of sympathetic nerve discharge
than in control subjects. Converse et al. [17] observed increased muscle SNS activ-
ity (MSNA) and peripheral vascular resistance in hypertensive patients with ESRD.
By contrast, patients with bilateral nephrectomy manifested lower MSNA, BP, and
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peripheral vascular resistance compared to patients with native kidneys. Ligtenberg
et al. observed an increase in muscle SNS discharge in CKD, when compared with
age- and weight-matched control [18]. Klein et al. [19] observed increased muscle
sympathetic nerve activity in hypertensive patients with polycystic kidney disease
regardless of kidney function. Activation of renal afferents appears also to be the
primary mechanism for calcineurin inhibitors-induced hypertension in rats [20, 21].

Other mechanisms potentially responsible for the increase in sympathetic nerve
activity in CKD patients include reduced central dopaminergic tone [22]. Hyperten-
sive patients with CKD have a heightened DOPA and dopamine sulfoconjugating
propensity, and dopamine sulfate attenuates the biologic action of free dopamine.
The increase in sympathetic activity in CKD could also be due to reduced barore-
ceptors sensitivity [23], abnormal vagal function [24], increased intracellular cal-
cium concentration [25], and increased plasma B-endorphin and B-lipotropin [26].
Increased neuropeptide Y in response to fluid overload may also participate to hy-
pertension in ESRD [27].

Effects of Angiotensin II and Oxidative Stress on Central
SNS Activation

Substantial evidence indicates that angiotensin II (Ang II) enhances sympathetic
nerve (SNS) activity centrally and peripherally [28, 29]. Intracerebroventricular
infusion of Ang II raises BP, renal sympathetic nervous system activity (RSNA),
and NE secretion from the PH nuclei [30]. As a consequence, the anti-hyperten-
sive effects of angiotensin-converting enzyme (ACE) inhibitors and angiotensin
II receptor blockers (ARBs) could be in part related to inhibition of the SNS. ACE
inhibitors reduce peripheral sympathetic nerve activity in patients with chronic re-
nal failure (18). Similarly, AT-1 receptor blockers reduce central SNS activity in a
model of neurogenic hypertension caused by renal injury [31].

The effects of Ang Il on BP are mediated in part by reactive oxygen species
(ROS). Infusion of Ang II into rats is associated with increased vascular super-
oxide production. Ang II stimulates oxidative stress through nicotinamide adenine
dinucleotide/nicotinamide adenine dinucleotide phosphate (NADH/NADPH)-oxi-
dase activation, and chronic infusion of Ang Il raises the concentration of oxidative
markers [21]. Antioxidants, such as tempol and vitamin E, prevent Ang II-induced
hypertension in rats.

Limited data are available concerning the effects of Ang II on oxidative stress
in the brain and the role this might play in SNS-mediated regulation of cardio-
vascular function. Zimmerman et al. [32] observed that the effects of intracere-
broventricular Ang Il on BP and heart rate were abolished by pretreatment with
adenoviral vector-mediated expression of superoxide dismutase (AdSOD) in mice.
Zanzinger et al. [33] showed that removal of extracellular superoxide or reactive
nitrogen species within the rostral ventrolateral medulla by microinjection of super-
oxide dismutase (SOD) reduced SNS activity. We have shown that SOD mimetics
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administered intracerebroventricularly abrogate the effects of Ang II on BP and
SNS activity, supporting the hypothesis that the effects of Ang II on central SNS
activation are mediated by increased oxidative stress in brain regions involved in
the noradrenergic control of BP [34].

Effects of Nitric Oxide on SNS Activity

Nitric oxide synthase (NOS) is present in a specific area of the brain involved in
the neurogenic control of BP and the cardiovascular system, and it is an important
component of transduction pathways that tonically inhibit SNS activity [35, 36].

Vaziri et al. [37] observed downregulation of endothelial and inducible NOS
in 5/6 NPX rats, and suggested that this may contribute to BP elevation. Reduced
availability of NO in the brain could result in increased SNS activity and in hyper-
tension.

Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric
oxide (NO) synthases that inhibits NO synthesis and may result in endothelial dys-
function, vasoconstriction, and elevation of BP [38]. ADMA blood levels are signif-
icantly elevated in CKD and ESRD patients suggesting that ADMA may contribute
to hypertension [39, 40], increased SNS activity, atherosclerosis [41], and mortality
[42] in these patients.

The Role of Renalase

Renalase is a flavin adenine dinucleotide-dependent amine oxidase highly expressed
in the kidney and heart [43]. It metabolizes catecholamines and catecholamine-like
substances via a superoxide (O,(-))-dependent mechanism using NADH as a cofac-
tor [44]. Renalase infusion in rats caused a decrease in cardiac contractility, heart
rate, and BP and prevented a compensatory increase in peripheral vascular tone.
In humans, renalase gene expression is highest in the kidney but is also detectable
in the heart, skeletal muscle, and the small intestine. The plasma concentration of
renalase is markedly reduced in patients with ESRD as compared with healthy sub-
jects. This raises the possibility that the reduced secretion of renalase in CKD may
contribute to increased SNS activity and hypertension [45]. Schlaich et al. measured
serum renalase levels in 22 patients with resistant hypertension and observed an
inverse relationship between renalase levels and SBP [46].

Some studies have evaluated the relationship between polymorphisms in the re-
nalase (RNLS) gene and BP levels by examining several single nucleotide poly-
morphisms (SNPs) of RNLS.” In more than 2000 individuals from the International
Collaborative Study of Cardiovascular Disease in Asia (InterASIA in China), Zhao
et al. [47] observed that two SNPs (rs2576178 A>G and rs2296545 C>G) were as-
sociated with essential hypertension.
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In one Chinese population-based study, the G allele of the rs2576178 SNP was
associated with hypertension among hemodialysis patients (odds ratio (OR), 1.76;
P'40.008) [48]. In a cohort of 590 Caucasian participants with stable coronary artery
disease, the CC genotype (for the rs2296545 SNP) was associated with cardiovas-
cular phenotypes such as cardiac hypertrophy, dysfunction, and ischemia but not
with BP [49]. By contrast, the same polymorphisms were genotyped in 5696 par-
ticipants of the population-based Cardiovascular Cohort of the “Malmé Diet and
Cancer” (MDC-CC). Before and after adjustment for major cardiovascular risk fac-
tors, the hazard ratio for cardiac and cerebrovascular events was not significantly
different in carriers of different genotypes [50].

Renal Denervation in CKD

In recent years, renal nerve ablation has been utilized with some success in the
management of patients with resistant hypertension [51]. However, the frequency
and extent of success is still disputed [52].

Given the strong scientific evidence for increased SNS activity particularly in
patients with CKD, renal denervation is expected to be useful in this group of pa-
tients. However, the evidence so far is quite limited. In one study, the researchers
performed renal denervation using radiofrequency waves on 15 patients with resis-
tant hypertension and stage III or IV CKD [53].

The average BP of the patients at the start of the study was 174+22/91+ 16 mmHg,
despite the use of 5.6+ 1.3 antihypertensive drugs. After the procedure, the average
change in office systolic and diastolic BP at 1, 3, 6, and 12 months was —34/— 14,
—25/—11,-32/-15, and —33/—19 mmHg, respectively.

The average nighttime systolic BP had decreased, after 3 months, from 154416
to 140+22 mmHg (P=0.03) and was 144+22 mmHg after 6 months. After the pro-
cedure, nighttime diastolic BP declined at 3 months (78411 vs. 70+8 mmHg) and
6 months (78+11 vs. 75+ 14 mmHg; P=0.02; Fig. 4.1).

Some concerns of this methodology specifically for CKD patients have to con-
sidered. First, in patients with low GFR renal blood flow can be particularly reduced.
Since cooling of the catheter tip depends decisively on the blood flow, thermal prob-
lems might occur increasing the potential for damage of the renal blood vessels.
Second, the procedure requires substantial amounts of contrast media raising the
risk of acute kidney injury in these patients. Of interest, Hering et al. observed no
deterioration in renal function over the course of the study in CKD patients.

The Simplicity Study III, a randomized controlled study, failed to demonstrate
a beneficial effect of renal denervation on BP in a large group of patients with re-
sistant hypertension [54]. Given these unimpressive results, the role of renal dener-
vation in the management of resistant hypertension, particularly in CKD patients,
remains to be established. Several issues need to be resolved: first, how to identify
patients with increased renal sympathetic nerve activity, who may be more suit-
able for renal denervation; second, to what extent and with what variability renal
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Fig. 4.1 Office BP values at follow-up. Changes in average office BP (a) and mean decrease
in office BP (b) at follow-up. Error bars represent SDs. ¥*P<0.001 versus baseline (before the
procedure). FU follow-up, M month, pre-RDN prerenal denervation. (Reprinted from [53]. With
permission from the American Society of Nephrology)

denervation is achieved with the Simplicity catheter by various investigators; third,
the issue of regeneration of renal nerves after denervation remains unresolved. Until
all these issues are satisfactorily resolved, renal denervation should remain an ex-
perimental tool in the management of hypertension associated with kidney disease.
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