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CHAPTER

INTRODUCTION

The prevalence of hypertension in patients with chronic kid-
ney disease (CKD) exceeds that of the general population.
Although hypertension is believed to be the etiology of kid-
ney disease in many of these patients, hypertension is often
the consequence of kidney disease stemming from any etiol-
ogy. The pathophysiology of hypertension in CKD is related
to multiple factors, including expanded extracellular volume
from sodium retention, activation of the sympathetic ner-
vous system (SNS) and the renin-angiotensin-aldosterone
system (RAAS), and imbalances in vasoconstrictor and va-
sodilator substances that regulate peripheral vascular resis-
tance. Untreated or poorly controlled hypertension in CKD
patients is associated with adverse outcomes including de-
terioration of renal function, development of left ventricular
hypertrophy (LVH), and increased mortality. Recent clinical
trials have investigated the role of various antihypertensive
treatments and blood pressure targets in preventing these
outcomes. The purpose of this chapter is to review the epi-
demiology, pathophysiology, and management of hyperten-
sion in patients with CKD. Because diabetic nephropathy is
the leading cause of end-stage renal disease (ESRD) in the
United States, the unique aspects of its pathophysiology
and the treatment of hypertension in this setting warrant a
separate discussion. Although mentioned briefly herein, the
reader is referred to a recent extensive review of this topic.'

EPIDEMIOLOGY
Chronic Kidney Disease

Hypertension is a prevalent comorbidity associated with CKD.
The prevalence of hypertension in the overall U.S. population,
according to the National Health and Nutrition Examination
Survey (NHANES) data from 2007 to 2008, is 29%.” Data
published by the United States Renal Data System (USRDS)
according to NHANES data collected from 1999 to 2006 in-
dicate that the prevalence of hypertension in the non-CKD
population is 23.3%.’ In contrast, the prevalence of hyperten-
sion in the CKD population is much higher. The prevalence

00000000000000000000000000000000000000000000000000000000000000000

Hypertension in Chronic Kidney Disease

Peter N. Van Buren ¢ Robert D. Toto

of hypertension increases with each stage of CKD and is esti-
mated to be 35.8%, 48.1%, 59.9%, and 84.1% in patients
with stage I, I, III, and IV/V CKD, respectively. Although the
awareness of hypertension among patients with stage III and
IV CKD was similar to that in the non-CKD population, the
failure to control hypertension (defined as blood pressure [BP]
130/80 mm Hg for those with CKD and 140/90 mm Hg for
those without CKD) is higher among the CKD patients.

The Chronic Renal Insufficiency Cohort (CRIC) is a
National Institutes of Health (NIH) sponsored prospective
observational study among 3,612 patients with an estimated
glomerular filtration rate (GFR) of 20 to 70 mL per minute
designed to better understand factors responsible for CKD
progression and cardiovascular disease.” Although the sample
population for CRIC is smaller than NHANES, the detailed
ascertainment of individual demographics, comorbidities,
medication use, and laboratory analysis provides useful infor-
mation for understanding the relationship between CKD and
hypertension control in a population that is established in the
health care system. In this population, 85.7% of patients are
hypertensive based on the definition ofa BP >140/90 mm Hg
or with the use of an antihypertensive medication. The per-
centage of patients from CRIC that are aware of their diagnosis
of hypertension (98.9%) and who are treated for hypertension
(98.3%) 1s higher than in the NHANES data. However, the
control of hypertension in CRIC patients 1s still suboptimal,
with 67.1% having BP >130/80 mm Hg and 46.7% having
BP >140/90 mm Hg. The CRIC data indicate that older age,
African American race, and a greater amount of protemuria
are risk factors for a failure to control BP to either 140/90 or
130/80 mm Hg.> Overall, the epidemiologic evidence from
NHANES and CRIC identifies that hypertension is a signifi-
cant burden for patients with CKD and the health care provid-
ers responsible for managing these patients.

The long-term consequences of uncontrolled hyper-
tension highlight the significance of this disease in CKD
patients. Studies have reported that elevated systolic BP in-
creases the incidence of CKD,>’ the progression of CKD,®
and the incidence of ESRD.” Furthermore, hypertension
1s reported to be the second leading cause of ESRD in the
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United States based on USRDS data.!’ However, it has been
difficult to establish the independent effect of BP in CKD
from effects related to the degree of baseline proteinuria.'!

Elevated BP 1s also a risk factor for cardiovascular events,
including stroke and myocardial infarction among CKD pa-
tients; however, the exact relationship between BP and out-
comes 1s not consistent among studies. A J-shaped relationship
between cardiovascular morbidity and BP has been shown,'?
suggesting that the highest risk for an outcome occurs at the
highest and lowest BP, whereas the lowest risk for an outcome
occurs at an mtermediate BP. In one longitudinal study of pa-
tients with stage III and IV CKD, systolic BP >130 mm Hg
was a predictor for an incident stroke; however, those with
systolic BP <120 mm Hg had a greater risk than those with a
systolic BP between 120 and 129 mm Hg."'? In contrast, a post
hoc analysis of the Perindopril Protection Against Recurrent
Stroke Study (PROGRESS), a prospective randomized placebo
controlled trial of the effects of perindopril on stroke among
patients with a prior history of cerebrovascular disease, CKD
patients had a reduced risk for a recurrent stroke across all
strata of systolic BP. Moreover, there was no increase in the
risk for recurrent stroke in those who achieved a systolic BP
<120 mm Hg compared to higher achieved BP levels."’

When considering mortality as an outcome, some observa-
tional data confirm the association with low BP and events.'*!
One study showed an increased mortality risk in subjects with
baseline systolic BP in the lowest quartile (<133 mm Hg) com-
pared to the other quartiles, and another study showed the
highest mortality risk with a systolic BP <110 mm Hg and
>180 mm Hg m a cohort of CKD patients inclusive of both
diabetic and nondiabetic CKD. The effect from the latter study
was strongest in older patients with advanced CKD and without
proteinuria, thus limiting the generalizability of this finding.

In summary, observational studies demonstrate an in-
creased risk for cardiovascular morbidity and mortality at BP
levels considered hypertensive for the general population.
However, it is unclear if an aggressive reduction of BP trans-
lates mnto decreased cardiovascular morbidity and mortality
in the CKD population. The evidence from randomized clin-
ical trials on specific BP targets is discussed in the treatment
section of the chapter.

Ambulatory Blood Pressure Measurements
and Chronic Kidney Disease

Although CKD patients frequently have BP measured in an
office setting, it is important to recognize some of the limita-
tions that can arise in this context. Of utmost importance to
the topic of hypertension is the relationship between home
and clinic BP measurements. Home and ambulatory measure-
ments better predict the presence ofend organ damage such as
proteinuria compared to clinic measurements.'® Ambulatory
BP measurements also predict which CKD patients with an el-
evated clinic BP have a greater risk for progression to ESRD or
reaching the composite outcome of ESRD or death.'” Thus, a
comprehensive ascertainment of BP burden requires the con-
sideration of more than measurements obtained in the office.

Hemodialysis Patients

ESRD patients on hemodialysis (HD) have an annual mortality
rate close to 20%, with cardiovascular disease and infections
accounting for the highest percentage of deaths.'® Although
the prevalence of hypertension in the HD population is near
90%,'” a target BP to improve outcomes has yet to be identi-
fied. Early epidemiologic studies showed that for BP measure-
ments obtained in the HD unit, low systolic BP and systolic
BP in excess of 200 mm Hg were associated with the high-
est mortality, particularly in older patients and diabetics.*’*!
However, it has also been shown that uncontrolled hyperten-
sion with systolic BP in excess of 140 mm Hg results in the
mcreased incidence of LVH, de novo ischemic heart disease,
and de novo cardiac failure.** It must be considered that low
systolic BP can be a manifestation of decreased cardiac output,
resulting from the structural and functional consequences of
long-standing uncontrolled hypertension, which would ex-
plain its association with increased mortality.

Similar to pre-ESRD CKD patients, the timing and loca-
tion of BP measurements are also important considerations in
HD patients. Home and ambulatory BP measurements dur-
ing the interdialytic time period, in comparison to individual
HD-unit measurements, are better predictors of mortality*
The significance of BP changes during HD treatments has
also been recently investigated. Intradialytic hypertension,
increases in BP from pre- to post-HD, has been associated
with increased short-term (6 month) morbidity and mortal-
ity in prevalent HD patients and decreased 2-year survival in
incident HD patients.?**> There is evidence that mechanisms
responsible for the phenomenon include extracellular vol-
ume overload?® or increased vasoconstriction related to intra-
dialytic endothelin-1 surges as a manifestation of endothelial
cell dysfunction.?’*° Patients with intradialytic hypertension
have also been shown to have increased ambulatory blood
pressure and greater impairment in underlying endothelial
cell function during the interdialytic time period.’**! Addi-
tional mechanisms that have been proposed, but that have
yet to be confirmed, include increased activity of the RAAS
and SNS, changes in electrolytes during HD, and removal
of antihypertensive medications during the course of HD.*

PATHOPHYSIOLOGY

The etiology of hypertension in CKD i1s multifactorial and
related to both increases in cardiac output and increased
peripheral vascular resistance (Table 40.1). Positive sodium
balance can affect either component (Fig. 40.1), and achiev-
ing sodium balance remains a primary target of managing
hypertension in patients with CKD. Multiple other mecha-
nisms, including activation of the SNS and RAAS, endothe-
lial cell dysfunction related to imbalances in vasodilator and
vasoconstrictor substances, and increased oxidative stress,
can modify the effects of each other and result in hyperten-
sion, particularly when these systems are disrupted in the
context of CKD. A comprehensive summary of these pro-
cesses 1s outlined in Figure 40.2.
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FIGURE40.1 Blood pressure is directly related to cardiac
output and vascular resistance. Extracellular volume increases
cardiac output and,potentially, vascular resistance in patients
with chronic kidney disease and end-stage renal disease.The
achievement ofeuvolemia and a reduction in vascular resis-
tance remain the primary target of blood pressure reduction in
these patient populations.
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FIGURE40.2 Both increased cardiac output and increased vascular resistance contribute to increased blood pressure in patients
with chronic kidney disease (CKD) and end-stage renal disease (ESRD). Increased cardiac output results primarily from increased ex-
tracellular volume. Activation ofthe sympathetic nervous system (SNS) and the renin-angiotensin-aldosterone system (RAAS) contrib-
utes to renal sodium reabsorption in non-ESRD CKD patients.In both CKD and ESRD patients,the decreased renal excretion of sodium
and water from the decreased glomerular filtration rate also contributes to increased extracellular volume. Finally,in ESRD patients on
hemodialysis,the transfer of sodium from the dialysate to the plasma can promote thirst and interdialytic weight gain.

Vascular resistance can be increased by the activation ofthe SNSand the RAAS, as well as by enhanced vasoconstriction caused by
endothelial cell dysfunction.Increased RAAS activity increases angiotensin (Ang) I, which binds to receptors on vascular smooth muscle
cells and causes vasoconstriction. Ang Il also activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and increases oxi-
dative stress,which is believed to be responsible for the increase in the inhibitor of endothelial nitric oxide synthase,asymmetric dimeth-
ylarginine. Endothelial cell dysfunction refers to an imbalance in mediators released from the endothelial cells of which one ofthe results
1s increased vasoconstriction. An increase in asymmetric dimethylarginine (ADMA) interferes with the production ofthe vasodilator nitric
oxide (NO).Reactive oxidative species also combine with NO to form peroxynitrite and to prevent NO that has already been produced
from binding to its receptor.In the context of impaired production and function of NO,there is less opposition to the vasoconstrictive
effects of endothelin (ET)-1.Extracellular volume overload has varying effects on vascular resistance,but there is evidence that there is a
delayed increase in vascular resistance that follows volume-induced increases in blood pressure and acts to sustain hypertension.
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Basic Concepts

BP in humans is determined both by the cardiac output and
by peripheral vascular resistance. Cardiac output 1s depen-
dent on the mtravascular component of the extracellular
space as well as the heart rate; and peripheral resistance
is dependent on functions of the vascular endothelial and
smooth muscle cells in response to the actions of various va-
soactive mediators (both vasoconstrictors and vasodilators).
Although alteration of either cardiac output or vascular re-
sistance would initially be expected to affect BP in a con-
cordant direction, a healthy kidney can adapt to short-term
changes in BP to restore normotension. An increase in renal
sodium excretion is the expected response to increased BP in
healthy individuals. This pressure natriuresis allows for the
restoration of extracellular volume and BP following an in-
crease in cardiac output. However, in CKD, this homeostatic
mechanism is impaired, and the kidney fails to sufficiently
excrete sodium loads. In CKD and ESRD, it is hypothesized
that an increase in cardiac output initiates the increase in BP,
but ultimately, an increase in vascular resistance sustains the
BP elevation.’*>* Accordingly, addressing both volume status
and the degree of peripheral vasoconstriction are necessary
to control BP in these patient populations.

Sodium Balance and Volume Overload

Sodium balance 1s an important aspect in BP control in CKD
and ESRD. Because of the kidneys ability to excrete sodium,
healthy individuals can tolerate large amounts of sodium in-
take without significant increases in BP’> However, in the
presence of kidney disease, BP 1s highly dependent on ex-
tracellular volume. Rats that have undergone 70% renal ab-
lation develop severe hypertension on a high sodium diet,
but hypertension 1s completely prevented in these animals
while on a low sodium diet.’® A lower hematocrit found in
the animals on a high sodium diet suggested that extracel-
lular volume overload was present and likely the mechanism
responsible for the increased BP Another experiment with
a renal ablation model demonstrated that increased cardiac
output 1s responsible for the initial increase in BP during
acute salt loading, but increased peripheral resistance (which
occurs after BP has already become increased) 1s responsible
for the maintenance of elevated BP even after cardiac output
has returned to normal.’’

Chronic Kidney Disease Patients Not
on Hemodialysis

Because CKD patients are limited in the amount of renal
sodium excretion, BP and sodium balance are interrelated.
Among CKD patients, those with more severe renal impair-
ment experience greater increases in BP in response to a so-
dium load. Although the pressure natriuresis curve serves
to maintain sodium balance in healthy individuals, CKD
patients require much higher BP increases than healthy in-
dividuals to augment their renal sodium excretion. Similarly,
the degree of blood volume expansion required to induce a

natriuresis 1s higher in patients with severe renal impairment
compared to those with moderate renal impairment. Overall,
these findings show that the effects on BP related to sodium
intake (“salt sensitivity”) are augmented with the progres-
sion of renal disease.’® During the early stages of CKD,
despite suboptimal renal sodium excretion, some patients
remain normotensive despite an increase in cardiac output
because of a reduction in peripheral resistance.” Although
BP is sustained in the normotensive range, these patients,
who are already limited in their sodium excretion because of
reductions in GFR, fail to induce the necessary pressure na-
triuresis to re-establish sodium balance. Consequently, fur-
ther increases in sodium loading result in increased cardiac
output, peripheral resistance, and BP.

When subjects with CKD increase dietary sodium in-
gestion from 20 to 120 mEq per day, they experience an
increase in BP that 1s not seen even in healthy subjects who
increase their dietary sodium ingestion to levels as high as
1200 mEq per day’’ Although both groups have a similar
suppression of RAAS at moderate amounts of sodium in-
gestion, plasma renin activity (PRA) and angiotensin (Ang)
II decreased drastically in healthy subjects during periods
of high sodium ingestion (1200 mEq per day).’” Although
vascular resistance could not be measured directly in this
study, mncreased vasoconstriction in the CKD subjects ap-
peared to be the likely mechanism responsible for the in-
creased BP and the reduced distribution of fluid into the
interstitial space. Even under clinical conditions of pharma-
cologic RAAS blockade, salt balance has an important role
in BP. In nondiabetic proteinuric subjects with creatinine
clearance ranging from 33 to 110 mL per minute ingesting
a low sodium diet, a reduction in BP and proteinuria dur-
ing the chronic administration of fixed doses of angioten-
sin converting enzyme (ACE) inhibitors is reversed during
periods of increased dietary sodium ingestion.*’ As further
evidence of the importance of sodium intake in relation to
BP and proteinuria in CKD patients, the coadministration
of hydrochlorothiazide during a high salt intake period re-
duces both BP and proteinuria back to values seen during
the low sodium diet.

Chronic Kidney Disease On Hemodialysis

In ESRD patients with little or no renal sodium excretion,
sodium removal through ultrafiltration during HD is the
primary means to maintain extracellular volume status be-
cause a pressure natriuresis is not possible. Consequently;
compared to healthy controls, HD patients have a signifi-
cantly higher cardiac output.*' However, the presence of
hypertension among HD patients 1s also highly dependent
on elevations in vascular resistance.*' Extracellular volume
potentially impacts both of these parameters to influence
BP. When subjected to sodium loading, HD patients typical-
ly respond with an increase in both BP and cardiac output.
The pattern of vascular resistance following sodium load-
ing 1s more variable, but increases typically do not occur
until after the elevated cardiac output has already led to an
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increase in BP**** In between HD treatments, during the
interdialytic period, HD patients gradually gain weight with
their routine dietary intake of sodium and water. The BP
patterns during a typical interdialytic period show rhyth-
mic oscillations superimposed on a general linear increase
in BP over time.*® This pattern is modified by interdialytic
weight gain such that greater weight gain 1s associated with
an increase in the slope of BP rise.** Subsequently, greater
increases in interdialytic weight gain have been associated
with increased pre-HD systolic BP at the next HD treat-
ment.*> However, that increased interdialytic weight gain
1s also associated with a greater reduction in BP during the
course of that treatment (likely as a response to the ultra-
filtration required to remove the interdialytic fluid gain).*
Such evidence supports the hypothesis that extracellular
volume (through either increases in cardiac output or vas-
cular resistance) is primarily responsible for hypertension
in this population. Consequently, one HD center has de-
scribed a 98% success rate in withdrawing antihyperten-
sive medications while using the ultrafiltration that can be
achieved during a cumulative weekly dialysis time of 24
hours.*® Thus, recognition and successful attainment of a
patient’ dry weight can facilitate the nitial BP management
in most, but not all, HD patients.

Therefore, HD treatment with adequate ultrafiltration
should normalize BP in many HD patients. However, the
basis for this practice assumes that interdialytic sodium and
fluid intake 1s not excessive. An insufficient time on HD
needed to completely restore normal extracellular fluid vol-
ume and achieve dry weight without inducing symptom-
atic hypotension limits this practice. A cross-sectional study
found that major differences between ultrafiltration-sensi-
tive and ultrafiltration-resistant HD patients were the pre-
and post-HD atrial natriuretic peptide (ANP) levels between
groups.”’” The ultrafiltration-sensitive group had reductions
in ANP during HD (as well as lower pre-HD ANP), whereas
the higher pre-HD ANP levels in the ultrafiltration-resistant
group persisted despite similar amounts of ultrafiltration,
suggesting that this group had remaining extracellular
volume contributing to the elevated BP. It should be rec-
ognized, however, that extracellular volume overload may
not always manifest itself overtly. In some cases, patients
may have additional extracellular volume despite appear-
ing euvolemic on clinical exam. The Dry Weight Reduc-
tion i Hypertensive Hemodialysis Patients (DRIP) study
was a randomized clinical trial in which hypertensive HD
subjects were randomized to either continue their current
HD and ultrafiltration prescription or have their dry weight
challenged during each HD treatment over several weeks
by 0.1 kg per 10 kg dry weight until symptoms developed.
The subjects randomized to additional ultrafiltration dem-
onstrated significant decreases in ambulatory systolic BP
after 4 weeks and 8 weeks.*®

The dialysate used during HD 1s another important
factor that may contribute to hypertension in ESRD pa-
tients. Although ultrafiltration effectively removes water and

sodium concurrently through convection, there may be an
additional exchange of sodium from the dialysate to the pa-
tients plasma depending on the sodium concentration gradi-
ent between the two compartments. Directly programmable
ultrafiltration enables greater convective sodium removal in
shorter periods of time, but increases the risk of intradialytic
hypotension related to the abrupt hemodynamic changes.
Although the use of higher dialysate sodium concentrations
may reduce the risk of intradialytic hypotension, it may
increase the risk of hypertension.* In contrast, the use of
individualized dialysate sodium concentrations (as opposed
to standardized concentrations, which may exceed the pre-
HD plasma sodium of the patient) have been associated with
lower pre-HD systolic BP in the context of decreased thirst
and interdialytic weight gain.”’

The Renin-Angiotensin-Aldosterone System
and Hypertension

The RAAS has local and systemic effects that control BP by
altering renal sodium reabsorption and vascular resistance.
Renin released from juxtaglomerular cells cleaves angioten-
sinogen to Ang I, which is ultimately converted to Ang II
by the ACE. Ang II causes vasoconstriction upon binding
to angiotensin type 1 (AT1) receptors in vascular smooth
muscle cells (VSMCs). Ang II increases proximal tubular
reabsorption of sodium and stimulates aldosterone release
from the adrenal gland, which is responsible for further so-
dium reabsorption in the distal nephron. Although this pro-
posed sequence applies to the levels and activity of RAAS
components in the plasma, there is also local RAAS activ-
ity. Consequently, measurements of RAAS mediators in the
plasma may not always identify a disruption of the axis at
the tissue level.”!

Early evidence for systemic RAAS activation in CKD
stems from studies in patients with autosomal dominant
polycystic kidney disease (ADPKD). It has been shown that
PRA and plasma aldosterone were higher in hypertensive
ADPKD patients compared to patients with essential hyper-
tension, and plasma aldosterone is higher in normotensive
ADPKD patients compared to healthy controls (despite sim-
ilar creatinine clearance between the groups).’? Autosomal
dominant polycystic kidney disease patients also manifest
an accentuated response to ACE inhibitors compared to
unaffected family members, further supporting the role of
RAAS in the hypertension seen in ADPKD even prior to the
onset of significant renal impairment.>® However, the find-
ings from these studies may not be entirely generalizable to
more heterogeneous groups of CKD patients because the
proposed renal ischemia induced by large cyst formation
in ADPKD does not necessarily apply to CKD from other
etiologies. There 1s evidence that PRA and aldosterone are
higher in hypertensive CKD patients compared to healthy
controls, essential hypertension patients, or even normo-
tensive CKD patients.”*>> However, there is also evidence
that CKD patients have lower PRA compared to healthy
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controls, although the values were similar to subjects with
essential hypertension and normal renal function.’® Despite
these conflicting findings, increased intrarenal RAAS activ-
ity has been described in patients with hypertension and
varying etiologies of CKD, including immunoglobulin A
(IgA) nephropathy, membranous nephropathy, and diabetic
nephropathy.>" >’

As mentioned previously, success in managing BP can
be achieved in many ESRD patients by appropriately using
ultrafiltration for volume removal.*® However, there are HD
patients who remain quite hypertensive despite achieving
their estimated dry weight. Previous reports have shown
both increased or normal PRA in groups of HD patients
compared to controls, and PRA did not consistently correlate
with BP®*®! However, increased PRA has been demonstrated
in HD patients with hypertension that is ultrafiltration re-
sistant compared to those whose BP responds to ultrafiltra-
tion.' Bilateral nephrectomy, a procedure previously used
for ultrafiltration-resistant hypertension in ESRD patients,
has been shown to reduce PRA, Ang I and II, along with re-
ductions in BP in these ultrafiltration-resistant hypertensive
patients.®?

Renin and Aldosterone

Although the primary action of angiotensin converting
enzyme (ACE) inhibitors and ARB is to decrease the pro-
duction and action of Ang II via the inhibition of the ACE
enzyme or Ang II receptor, a complete perspective on the
role of RAAS in hypertension associated with kidney dis-
case warrants a discussion of the other components of the
RAAS, including aldosterone and renin. Following the use of
an ACE inhibitor or ARB, serum aldosterone levels typically
decrease. However, in up to 40% of patients receiving these
medications, aldosterone levels can rebound to pretreatment
levels through a process referred to as aldosterone escape.®’
Aldosterone increases BP via enhanced sodium reabsorption
in the distal nephron, but it is also likely mmvolved in vaso-
constriction via interaction with the Ang II receptor.®* De-
spite evidence that CKD patients experiencing aldosterone
escape may have worse control of proteinuria, systemic BP
does not seem to be different from CKD patients whose aldo-
sterone levels remain depressed following ACE inhibitor or
ARB treatment.®>°® These studies included patients with IgA
nephropathy who were normotensive and had creatinine
clearance >50 mL per minute or patients with early diabetic
nephropathy and hypertension; such investigations have not
been performed in broader groups of CKD patients. Evi-
dence regarding the potential benefit of mineralocorticoid
receptor blockers is included in the Treatment section of this
chapter.

In contrast to the expected decrease in aldosterone fol-
lowing ACE inhibitor or ARB use, renin levels and PRA are
expected to increase as a result of the blockade in events
downstream from the main actions of renin. It has been
demonstrated in vivo that Ang II can be generated by en-
zymes other than ACE.®” This presents a potential obstacle

to complete RAAS blockade if renin levels are sufhiciently
elevated in the context of an ACE inhibitor or ARB admin-
istration, and the possible use of add-on therapy to ACE
inhibitors or ARB with a direct renin-inhibitor 1s further dis-
cussed in the Treatment section.

Angiotensin Converting Enzyme 2

Understanding of the RAAS continues to expand, and at-
tention has been drawn to another enzyme in this pathway.
ACE2 1s a monocarboxypeptidase homolog of ACE that
decreases Ang II levels by (1) increasing the degradation
of Ang Il to Ang 1-7, a vasodilatory and antiproliferative
mediator, and (2) converting Ang I to Ang 1-9. This latter
process not only prevents the conversion of Ang I to Ang II
via ACE, but the increase in Ang 1-9 acts as a substrate for
additional enzymatic conversion to Ang 1-7. Infusion of hu-
man recombinant ACE2 (rACE2) does not alter BP signifi-
cantly in normotensive mice.®® However, rACE2 prevents
BP increases induced by the infusion of Ang Il when they
are infused together. Consistent with the proposed mecha-
nism of ACE2, Ang Il levels were significantly lower and Ang
1-7 levels were higher in mice receiving Ang II plus rACE2
compared to Ang II alone. ACE2 1s highly expressed in the
kidney and is believed to play a role in the progression of
CKD via local activity of the renal RAAS. Mice that have un-
dergone 5/6 nephrectomy have significantly reduced renal
ACE2 expression and a trend toward reduced renal ACE2
activity compared to sham-operated mice.®” Although BP
was similar in nephrectomy and sham-operated mice, there
was greater proteinuria in the nephrectomy mice. The pro-
teinuria was further increased following administration of
the ACE2 inhibitor. The major implications of these studies
are that there may be further opportunities to reduce Ang I1
levels beyond the currently implemented strategies.

Sympathetic Nervous System and
Hypertension

The SNS has been studied extensively as a possible contribu-
tor to hypertension in CKD and ESRD patients. In CKD pa-
tients, there 1s evidence for multiple pathways that the SNS
may affect to increase BP. In support of the previous discus-
sion of the effects of salt balance on BP, renal sympathetic
nerve stimulation increases proximal tubular reabsorption
of sodium and water.”’ Additionally, the systemic effects of
the SNS include increased cardiac output and vasoconstric-
tion. Although evidence of activated SNS activity based on
elevated catecholamine levels in CKD is inconsistent and
possibly confounded by decreased renal clearance of these
compounds, other estimates of SNS, such as muscle sympa-
thetic nerve activity (MSNA), confirm the hyperactive state
in CKD and ESRD. The mechanisms responsible for hyper-
active SNS are thought to be related to increased renal nerve
activity. The kidney possesses baroreceptors and chemore-
ceptors that increase renal nerve firing secondary to pressure
changes or metabolites produced in response to ischemia
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or uremia. Animal models of renal artery stenosis, arterial
ligation causing partial renal ablation, or intrarenal phenol
injection all reveal increased nerve activity.’' "> Activation of
renal nerves results in a centrally mediated hypertension via
activation of the SNS, which can ultimately be interrupted by
a blockade of neural signals. For example, Sprague-Dawley
rats that have undergone a 5/6 nephrectomy experience an
attenuation in hypertension following a dorsal rhizotomy
with a concurrent reduction in the turnover of norepineph-
rine in the hypothalamic nuclei and locus coeruleus.” In
humans, there 1s evidence for SNS activation even prior to
overt renal impairment if a potential cause for renal ischemia
i1s present. Hypertensive ADPKD patients have increased
MSNA compared to controls despite preserved renal func-
tion in both groups.” Muscle sympathetic nerve activity was
even higher in ADPKD patients with decreased GFR, but
was not different between normotensive ADPKD patients
and controls. Given the experimental association with bilat-
eral renal 1schemia, the possibility exists that the increased
MSNA is related to increases in RAAS activation. One study
confirmed the presence of increased MSNA in CKD pa-
tients, and showed that the administration of the ACE in-
hibitor enalapril caused a reduction in MSNA (relative to
the decrease in BP it caused), whereas amlodipine increased
MSNA.” In a small study including patients with various
etiologies of nondiabetic CKD and matched control, MSNA
changed similarly in the patients and controls with variability
in volume status, but MSNA was persistently higher in the
CKD patients.”

The evidence for the role of increased SNS activity in the
etiology of hypertension in renal disease 1s best supported
by the findings of Converse et al.”” Twenty years ago it was
established that ESRD patients had increased MSNA com-
pared to healthy controls and other ESRD patients that had
undergone bilateral nephrectomies. Higher mean arterial BP
was also seen in the ESRD patients whose native kidneys
were still present, and the hypothesis was that afferent sig-
naling from the ischemic kidneys modulated an overall SNS
response best managed by surgical removal of the kidneys.
This 1s further supported by the fact that reversing the ure-
mic state of ESRD patients with renal transplantation does
not decrease MSNA, but a native kidney nephrectomy in the
transplant recipient does.”® The fact that nondiabetic HD
patients have a normal arterial and cardiopulmonary barore-
flex response weakens any suggestion that uremia-induced
impairments in these reflexes might further contribute to ab-
normally elevated SNS activity in this population.”

Renalase

Adding to the evidence that CKD patients, particularly those
with hypertension, have increased MSNA and circulating
catecholamine levels is the recent discovery of a protein that
may facilitate higher levels of catecholamines. Renalase is
an amine oxidase that contributes to catecholamine degra-
dation, which, in comparison to other common amine oxi-
dases, can circulate in the plasma. Renalase is secreted into

the circulation by the kidneys, and patients with ESRD on
HD have nearly undetectable levels, supporting the role of
adequate renal function to maintain its presence.®’ Although
in CKD patients, there 1s no direct evidence how circulating
renalase 1s responsible for hypertension, animal models dem-
onstrate the development of hypertension following knock-
out of the renalase gene and a reduction in BP following the
infusion of recombinant renalase in Sprague-Dawley rats.

ENDOTHELIAL CELL DYSFUNCTION
AND HYPERTENSION

Because the increase in peripheral vascular resistance also
contributes to the elevated BP in patients with kidney
disease, it 1s important to understand the mechanisms re-
sponsible for vasoconstriction. Blood vessels are lined with
endothelial cells, which release mediators that exert their
actions on VSMC receptors. The balance between vasocon-
stricting mediators and vasodilating mediators dictates the
ultimate response of the VSMC and the amount of resis-
tance. Endothelial nitric oxide synthase (eNOS) uses argi-
nine as a substrate to produce the vasodilator nitric oxide
(NO). This process is dependent on the presence of the co-
factor tetrahydrobiopterin (BH4), and production of NO can
be inhibited by the arginine analog asymmetric dimethylar-
ginine (ADMA). One of the primary vasoconstrictive agents
1s endothelin-1 (ET-1), but the ultimate response of the
vascular tone i1s dependent on which ET receptor is being
bound. The interplay between all of these mediators 1s com-
plex. Substances such as Ang II modify the activity of ET-1,
and NO release 1s sensitive to the relative state of oxidative
stress and inflammation.

Endothelin

ET-1 is a 21 amino acid mitogenic peptide that is produced
ubiquitously, but to a large extent in vascular endothelial
cells. Its original description demonstrated that it had more
potent vasoconstrictive effects than other vasoconstrictive
peptides including Ang II, vasopressin, and neuropeptide
Y while having a longer lasting effect on vascular tone than
the endothelial-derived relaxing factor NO.*' Additionally,
ET-1 has been shown to promote vascular cell hypertrophy
and increase nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity, resulting in oxidative stress and
endothelial cell dysfunction.®” There are two primary recep-
tors for ET-1: ET-A and ET-B. ET-1 binding to ET-A and ET-B
receptors found on VSMC causes vasoconstriction, whereas
binding to ET-B receptors on the endothelial cells causes va-
sodilation, suggesting a mechanism for feedback inhibition
to stimulation by ET-1. Because ET-1 has paracrine behavior
and migrates from the endothelial cells to VSMC (away from
the lumen), plasma levels of ET-1 have proven to be unreli-
able in establishing a clear causal relationship with hyperten-
sion. However, mRNA expression of ET-1 in the endothelium
of resistance vessels is higher in patients with moderate-to-se-
vere hypertension compared to those with mild hypertension
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or controls.* Its role in hypertension in humans is further
implicated by its effects on arterial tone. Following an infu-
sion of ET-1, forearm blood flow decreases (increased tone)
in both hypertensive and healthy humans, although the ef-
fect 1s greater in hypertensive patients. The pharmacologic
inhibition of ET-A receptors alone or the combined inhibition
of ET-A and ET-B receptors results in significant increases in
forearm blood flow in the hypertensive patients, but not the
healthy subjects.* The administration of a nonselective ET
receptor blocker in a dose of >500 mg per day resulted in
reductions in systolic and diastolic office and ambulatory BP
as compared to placebo; the BP reduction from the drug was
similar to that achieved with the ACE inhibitor enalapril.®

In patients with CKD, both systemic and local renal
effects are proposed to contribute to hypertension in this
population. Partial nephrectomy Sprague-Dawley rat mod-
els suggest that there is an imbalance of ET expression and
degradation in the uremic state. In these animals, there were
increased ET-1 levels (related to increased expression) in the
endothelial cells of the thoracic aorta and renal cortex.®® It
was also found that the number of ET-B receptors was de-
creased in these locations, but there was a mild increase in
ET-A receptor expression in the VSMC. Downregulation of
ET-B receptors disables a mechanism for ET-1 degradation
and can further contribute to the increased presence and
action of ET-1.%7:%

In CKD, there 1s also increased urinary and plasma lev-
els of ET-1, independent of BP**° The renal excretion rate
of ET-1 is increased i hypertensive CKD patients, but not
in subjects with normal renal function who have increased
plasma ET-1 levels accompanying essential hypertension.
These findings suggest that renal production of ET-1 increas-
es as renal function declines and contributes to hypertension
in CKD.”! Mechanisms through which ET-1 can increase BP
include vasoconstriction, salt/water retention, and activation
of the RAAS. ET-A receptor inhibitors have been shown to
decrease systemic BP in CKD patients and controls.”* They
also increased renal blood flow and decreased renal vascular
resistance i CKD patients, and this effect dissipated with
a concurrent administration of an ET-B receptor inhibitor.
These findings and the evidence that ET-A receptor antag-
onists reduce proteinuria in diabetic patients have already
been further mvestigated in a clinical trial. The ASCEND
study was a randomized double-blind placebo-controlled
trial studying the effects of avosentan i patients with dia-
betic nephropathy.” Subjects were randomized to avosentan
25 mg daily, 50 mg daily, or placebo while being continued
on current therapy with an ACE inhibitor or ARB. There
were trends toward lower sitting and standing systolic BP
in the low dose group, and this difference was statistically
significant compared to placebo. However, the study was
terminated early because of increased cardiovascular events
in the avosentan group, particularly from congestive heart
failure exacerbations and pulmonary edema. A smaller ran-
domized placebo-controlled trial in 27 nondiabetic protein-
uric CKD patients compared the effects of a selective ET-A

receptor antagonist, sitaxsentan, with either the calcium
channel blocker nifedipine or placebo.”® Sitaxsentan sig-
nificantly lowered BP and arterial stiffness compared to pla-
cebo. There was no difference in these outcomes compared
to nifedipine, but proteinuria reduction was greater. Thus,
the practical use of inhibiting various endothelin receptors
remains to be fully established in CKD.

Nitric Oxide and Asymmetric
Dimethylarginine

NO is one of the primary vasodilators released from the en-
dothelium and counteracts the effects of the vasoconstric-
tors. NO also plays an important role in modifying renal
blood flow and sodium excretion. Infusion of r-arginine,
the substrate for NO production, decreases renal vascular
tone in hypertensive patients who are either salt sensitive or
salt resistant, but this effect 1s diminished in salt-sensitive
patients with increasing sodium intake.”” This suggests in-
creased dietary sodium mmpairs NO release in salt-sensitive
patients, and there is additional evidence that impaired renal
response to arginine predicts an increased prevalence of end-
organ damage in patients with salt-sensitive hypertension.”®
Furthermore, transition from a low sodium diet to a high
sodium diet decreases plasma NO levels 1n salt-sensitive hy-
pertensive patients compared to salt-resistant hypertensive
patients where there was an inverse relationship between
changes in plasma NO and BP changes.”” These findings
demonstrate that, in essential hypertension, there is im-
paired NO production and this impairment 1s associated
with increased BP and long-term consequences related to
uncontrolled BP.

Animal models of renal ablation have consistently iden-
tified a reduction in renal NO production, but not systemic
NO production.”®” Differences in these studies may be re-
lated to the method of renal ablation and the consequential
effects on systemic BP that could confound overall produc-
tion of NO in the aorta.”® In humans, total body NO pro-
duction assessed by varying techniques has been noted to
be lower in CKD patients and ESRD patients compared to
healthy controls.'® %% Although decreased NO synthase
activity may be responsible for these findings, CKD patients
were more hypertensive and had increased serum levels of
the eNOS inhibitor ADMA.'"!

The association between ADMA and renal function has
also been demonstrated i animal CKD models. Rats that
have undergone a 5/6 nephrectomy have increased ADMA,
and these levels correlate with increased BP'® Urinary
ADMA excretion was increased in these animals, but the en-
zyme responsible for the metabolism of ADMA, dimethyl-
arginine dimethylaminohydrolase (DDAH) was found to be
decreased, suggesting that mechanisms beyond impaired
renal excretion are responsible for ADMA accumulation in
CKD. Further support for the role of ADMA in hypertension
comes from evidence that transgenic mice overexpressing
DDAH have lower BP and ADMA than controls, and that the
administration of DDAH attenuates the increase in BP that
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occurs following a 5/6 nephrectomy in animal models.'**!%

Infusion of ADMA into healthy humans causes an increase
in systolic BP associated with decreased cardiac output, but
increased vascular resistance.'"®!°” In patients with nondia-
betic CKD (IgA nephropathy and ADPKD) elevated ADMA
levels can be seen even in the early stages of CKD prior to
a significant reduction in GFR compared to healthy con-
trols.'” However, in this study, there were no significant dif-
ferences in ADMA between hypertensive and normotensive
CKD patients. Elevated ADMA has been confirmed in ESRD
patients on HD where the increased levels were predictive
of cardiac structure and function, as well as cardiovascular
morbidity and mortality.'”''? Cumulatively, these studies
fail to consistently show a direct correlation with ADMA and
BP in CKD and ESRD patients, but ADMA is associated with
adverse events in this population.

Oxidative Stress

A common aspect related to many of the previously described
mediators of hypertension in CKD i1s oxidative stress. Oxida-
tive stress refers to an imbalance of reactive oxygen species
(ROS) and naturally occurring antioxidant enzymes that fa-
vor an elevation of ROS. Chronic kidney disease 1s a state of
both relative ROS excess and antioxidant depletion. Increased
RAAS activity can generate ROS via the Ang [I-induced acti-
vation of NADPH oxidase, which may be one explanation for
the degree of oxidative stress seen in CKD and ESRD. Fur-
thermore, it has been demonstrated that the enzyme respon-
sible for the degradation of ADMA, DDAH, can be influenced
by increased oxidative stress.''? Following a 5/6 nephrecto-
my, Sprague-Dawley rats have increased BP that is attenuated
by the administration of an antioxidant and lipid peroxida-
tion inhibitor.''* The BP increases again following withdrawal
of the antioxidant. The levels of plasma malondialdehyde, a
marker of lipid peroxidation, increased mn the CKD animal
models and correlated with BP Again, malondialdehyde lev-
els decreased when the animals were given the antioxidant,
but increased when the antioxidant was withdrawn.

Additionally, ROS can interact with NO that has already
been synthesized by eNOS and deplete the amount of NO
available to induce vasodilation. This was shown in an ex-
periment using a 5/6 nephrectomy in Sprague-Dawley rats
where a diet fortified in the antioxidant vitamin E attenuated
BP increases that occurred following the nephrectomy:''
There was an increase in plasma and tissue nitrotyrosine, a
measure of the effects of ROS on NO, 1n all CKD animals;
this effect was reduced in the CKD animals receiving a diet
high in vitamin E. Similarly, NO production from isolated
vascular tissues was higher in the animals receiving vitamin
E compared to the animals on a regular diet.

Numerous studies in humans with CKD and ESRD have
aimed to determine if intervention with antioxidant therapy
1s capable of improving outcomes. A retrospective analysis
of the Heart Outcomes Protection Evaluation (HOPE) study,
which mcluded nonproteinuric CKD subjects with serum
creatinine (Cr) <2.3 mg per deciliter, found no difference

in the composite of cardiovascular outcomes between sub-
jects taking vitamin E 400 units daily or placebo.''® Hemo-
dialysis patients receiving antioxidants including vitamin E
or N-acetylcysteine in randomized placebo-controlled trials
showed improved cardiovascular outcomes, but there was
no difference in mortality between these groups.''’!'8

Arginine Vasopressin

Experimental evidence suggests that vasopressin may also
contribute to hypertension in CKD patients, although cur-
rently no therapy 1s aimed at decreasing its effects. Arginine
vasopressin (AVP) is a peptide released from the hypothala-
mus in response to increases in plasma osmolarity. Recep-
tors for vasopressin include the Vla, VIb, and V2 receptors.
Traditionally, V1a receptors were believed to be responsible
for vasoconstriction via VSMC, and V2 receptors responsible
for water reabsorption through the insertion of aquaporin
channels in the collecting duct of the nephron. Based on ani-
mal studies, the Vla receptor may mediate other effects on
BP related to decreases in circulating blood volume, baro-
reflex sensitivity, and RAAS activity.''”"'** In CKD patients,
AVP levels are higher and increase in response to osmolarity
changes with a greater slope than in controls.'*! Vasopressin
levels are also elevated in HD patients, and BP decreases fol-
lowing infusion of an AVP inhibitor in HD patients that have
been saline loaded.'**'*

Secondary Hyperparathyroidism

Secondary hyperparathyroidism is a complication of CKD that
contributes to many comorbidities associated with CKD. The
increased production and secretion of parathyroid hormone
(PTH) 1s triggered in part as a response to the accumulation
of serum phosphorus caused by decreased renal phosphorus
excretion in CKD. Furthermore, in CKD, there is decreased
renal 25-hydroxyvitamin D; 1a-hydroxylase activity, which
results in the reduced production of active vitamin D. Previ-
ous in vitro studies have investigated the role of secondary
hyperparathyroidism in the etiology of hypertension, but re-
cent clinical trials have added to the data available in human
studies. One study i adult CKD patients demonstrated an
association with increased BP and elevated serum PTH levels
proposed to be related to higher cytosolic calcium in the sub-
jects with elevated PTH levels.'** This association was sup-
ported by the improvement in mean BP following treatment
with the vitamin D analog alfacalcidol. Treatment with vita-
min D also decreased PTH and cytosolic calcium levels along
with the decrease in BP. It has since been demonstrated that
although treatment with 1,25 dihydroxyvitamin D in spon-
taneously hypertensive rats (SHR) achieves a reduction in BP
mediated through the attenuation of endothelium-dependent
VSMC contraction, the administration of vitamin D had no
effect on the amount of free cytosolic calcium,'* suggestive
of an effect downstream from the increase in calcium.
Although the exact mechanisms remain under debate,
further evidence has been generated to support the use of
active vitamin D treatment in CKD. The selective vitamin
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D receptor activation with paricalcitol for a reduction of al-
buminuria in patients with type 2 diabetes (VITAL) study
was a clinical trial where patients with diabetic nephropathy
(mean estimated glomerular filtration rate: 39 to 42 mL per
minute) were randomized to receive placebo versus 1 g
paracalcitol versus 2 mcg paricalcitol.'*® In this study there
was a reduction in albuminuria following the administra-
tion of the larger dose of vitamin D compared to placebo.
Additionally, there was a significant reduction in systolic BP
In patients receiving vitamin D compared to placebo. The
identification of inactive vitamin D deficiency and insufhi-
ciency in the general population and in CKD patients with
secondary hyperparathyroidism has generated further inter-
est in the effects of BP response to inactive vitamin D reple-
tion/supplementation. A recent meta-analysis of the effects
of vitamin D on the cardiovascular system among healthy in-
dividuals showed a trend toward reductions in systolic BP'*’

Drug Related
Erythropoietin-Stimulating Agents

Beyond the disruption of endogenous mediators of hyper-
tension that occurs in CKD patients, it 1s also important to
consider the 1atrogenic effects of commonly implemented
interventions in this patient population. Anemia 1s anoth-
er prevalent comorbidity in CKD. Though iron deficiency
contributes to decreased hemoglobin levels m CKD and
ESRD patients, the underlying erythropoietin deficiency
has prompted widespread use of erythropoiesis-stimulating
agents (ESAs) as commonly used therapeutic agents to cor-
rect anemia. Increases in BP in both previously hypertensive
and nonhypertensive patients is one of the reported adverse
effects of ESA use.'*® Despite the recognition that ESA ad-
ministration increases BP, several meta-analyses have failed
to consistently show significant differences in hypertension-
related adverse events in ESA use versus nonuse or high or
low target hemoglobin groups using ESA in CKD and ESRD
patients.'”"*! Proposed mechanisms of ESA-induced hy-
pertension include increased ET-1 release and increased
sensitivity to Ang II and adrenergic stimuli.'**'**> Further-
more, acute and chronic ESA administration in pre-HD CKD
patients resulted in impairment of flow-mediated dilatation
as a measurement of endothelial cell function.'** Current
guidelines recommend treating hypertension that arises dur-
ing treatment with an ESA as opposed to withholding ESA
treatment in anemic patients.'?’

HYPERTENSION IN SPECIFIC
ETIOLOGIES OF CHRONIC
KIDNEY DISEASE

Because diabetic nephropathy and CKD attributed to hyper-
tension are the two leading causes of ESRD in the United
States, it 1s important to consider what aspects of the under-
lying disease processes make CKD-associated hypertension
unique in these cases.

Hypertension in Diabetic Nephropathy

Diabetic nephropathy is the leading cause of ESRD in the
United States. The timing of the onset of hypertension in pa-
tients with diabetic nephropathy is related to whether type 1
or type 2 diabetes is the underlying cause. The onset of hyper-
tension correlates with the development of microalbuminuria
in type 1 diabetics and is rarely present before that time. How-
ever, a “non-dipping” nocturnal BP pattern, where BP fails to
decrease at night from the daytime values, predicts the onset
of microalbuminuria in patients with type 1 diabetes and nor-
moalbuminuria.'*® There is also evidence of genetic factors
that determine whether hypertension will be present in type 1
diabetics because there 1s a higher prevalence of hypertension
in the family members of patients with type 1 diabetes and
microalbuminuria.”?” Conversely, hypertension is frequently
already present in patients with type 2 diabetes before the
onset of microalbuminuria.'*®'*® The overlap between risk
factors for hypertension and type 2 diabetes in patients with
obesity and the metabolic syndrome may explain why hyper-
tension occurs before renal disease in this population.

There are many similarities in the pathophysiology of
hypertension in diabetic nephropathy and nondiabetic kid-
ney disease. It should be recognized that in addition to the
impact that impaired renal function has on sodium excre-
tion, RAAS activation, SNS activation, endothelial cell dys-
function, and oxidative stress, the metabolic derangements
present in diabetes further accentuate the role these factors
have in causing increased vasoconstriction and BP.

Hypertensive Nephrosclerosis

Although diabetic nephropathy is the leading cause of ESRD
in the United States, the second leading cause of ESRD is
hypertensive nephrosclerosis, with an incidence rate of 100
per million in 2010 according to the USRDS.? Because hy-
pertensive nephrosclerosis frequently presents with a normal
urinary sediment and a lack of sonographic changes beyond
decreased kidney size, many cases of CKD/ESRD attributed
to hypertensive nephrosclerosis are never confirmed with a
renal biopsy. Often, the identification of hypertension as the
sole risk factor for CKD accounts for the designation of hy-
pertension as the etiology. Kidney biopsies from nondiabetic
hypertensive individuals with proteinuria and/or increased
serum Cr revealed thickened and hyalinized arterioles with
an exaggeration of arteriolar smooth muscle hypertrophy in
excess of that typically seen from normal aging.'*® Addition-
ally, both hypertrophic and sclerotic glomerular lesions can
be seen in hypertensive nephrosclerosis with both autoregu-
latory dysfunction and ischemia possibly playing a role.!*!
Because the number of patients in the general population
who have a diagnosis of hypertension far exceeds the num-
ber of those who go on to develop kidney disease, there
must be certain risk factors that predispose some individuals
to hypertensive nephrosclerosis.

In particular, African Americans are more susceptible
to renal disease than other races and often develop CKD at
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younger ages. Additionally, the severity of hypertension does
not correlate with renal function as well as in non-African
American patients.'** There are differences in the renal biop-
sy findings in African American and Caucasian patients with
hypertensive nephrosclerosis, although the etiology of these
differences remains unexplained.'* Genetic variants that
predominate in African Americans are sought after as pos-
sible explanations for the pattern of CKD in this population.
An association between nonmuscle myosin heavy chain 9
(MYH9) gene polymorphisms and the pathologic diagnosis
of focal segmental glomerulosclerosis and HIV nephropathy
in African Americans has been detected.'** In several cohorts
of African American patients, it has also been shown that
the presence of some MYH9 gene polymorphisms is associ-
ated with the presence of nondiabetic ESRD previously di-
agnosed as hypertensive nephrosclerosis.'*> Because MYH9
1s expressed in podocytes, mesangial cells, and renal cap-
illary beds, such evidence suggests the possibility that hy-
pertension alone is not sufficient to cause progressive renal
disease, but in fact, a genetic susceptibility that primarily
affects the kidneys predisposes individuals to the onset of
renal disease in the context of other inciting factors, includ-
ing hypertension.

Further investigation into this topic has shown that the
risk for kidney disease associated with the MYHO gene is re-
lated to polymorphisms in another nearby location on chro-
mosome 22q. The apolipoprotein 1 (ApoLl) gene encodes a
serum factor that lyses Trypanosoma brucei rhodesiense. Case-
control studies of African Americans with focal segmental
glomerulosclerosis compared to African American controls
reveal that the risk for renal disease was dependent on the
presence of the ApoLl alleles.'*® This has also been con-
firmed in African Americans patients with ESRD attributed
to hypertensive nephrosclerosis.'*® This concept has impor-
tant implications expanding from risk stratification of pa-
tients to expectations for managing hypertension in patients
with nondiabetic kidney disease.

TREATMENT

Pre—End-Stage Renal Disease

The management of hypertension in pre-ESRD CKD pa-
tients should be aimed at lowering the risk for progression to
ESRD as well as reducing the risk for cardiovascular events
and death. Current recommendations are to target a BP of
130/80 mm Hg in all CKD patients with consideration of
a BP of 125/80 mm Hg in those with significant protein-
uria.'*” These guidelines are based on the results and post
hoc analyses of randomized clinical trials, which are summa-
rized in Table 40.2. The Modification of Diet in Renal Dis-
case (MDRD) studies randomized patients with GFR of 25
to 55 mL per minute (Study 1) and 13 to 24 mL per minute
(Study 2) to a mean arterial pressure (MAP) <107 mm Hg
or a MAP <92 mm Hg.'*® Although there was no difference
between groups in the change in GFR with a mean follow-
up of 2.2 years, a further analysis demonstrated that there

was a significant reduction in GFR decline in those subjects
with proteinuria randomized to the lower MAP goal.'*” The
African-American Study of Kidney Disease and Hyperten-
sion (AASK) study randomized nondiabetic African Ameri-
can patients with a GFR of 20 to 65 mL per minute to either
a MAP of 102 to 107 mm Hg or a MAP of <92 mm Hg.
During the initial 3 months, there was a faster decline of
GFR 1in the intensive BP group, but there was no difference
between groups in the chronic or overall slope of GFR over
time."*" For patients with higher baseline proteinuria, there
was a trend toward a slowed reduction in GFR with intensive
BP control. Following the randomized study, all remaining
subjects participated i a cohort study where the goal BP
was set at 140/90 mm Hg. During the study, the goal BP was
later changed to 130/80. For those with baseline proteinuria
>(.22 g per day, there was a slower decline in GFR if they
had been randomized to a MAP <92 mm Hg in the origi-
nal study.">' In contrast, the Ramipril Efficacy in Nephropa-
thy 2 (REIN2) study randomized nondiabetic CKD patients
with persistent proteinuria (1 to 3 g if the GFR <45 mL per
minute, or >3 g if the GFR <70 mL per minute) to either
standard BP control (diastolic BP <90 mm Hg) or intense BP
control (<130/80 mm Hg). The study was halted at the first
interim analysis because of similarities between BP groups in
the outcomes of ESRD, proteinuria, and GFR decline despite
the fact that systolic BP and diastolic BP were lower in the
intensive BP group. These similarities persisted among the
strata of baseline proteinuria.'>*

In summary, the following conclusions relevant to clini-
cal practice emerge from these trials: (1) there is currently
insufhicient evidence from the cumulative trial data to dem-
onstrate that, in patients with nondiabetic kidney disease,
intensive BP goals (<130/80 mm Hg) slow the progression
of CKD or reduce the incidence of ESRD and death, and
(2) patients with protemnuria tend to have faster deteriora-
tion in renal function, but benefit the most from aggres-
sive therapy. It 1s important to also acknowledge, based on
studies m patients with diabetes, that renoprotection may
not be synonymous with decreased overall cardiovascular
risk reduction. The administration of combination therapy
with perindopril and indipamide to participants with type
2 diabetes and varying levels of baseline renal disease (26%
with microalbuminuria, 4% with macroalbuminuria, 19%
with an estimated GFR <60 mL per minute) was associ-
ated with significantly reduced risk for the composite renal
outcome of new onset microalbuminuria, new onset mac-
roalbuminuria, new onset ESRD, or doubling of serum cre-
atinine.'> Achieving systolic BP <110 mm Hg offered the
greatest renoprotection. Similarly, in post hoc analysis of the
Irbesartan in Diabetic Nephropathy Trial (IDNT), the lowest
quartiles of baseline and achieved systolic BP were associ-
ated with the lowest incidence of renal events.!>* However,
the subgroup with systolic BP <120 mm Hg had a greater
overall mortality than those with BP >120 mm Hg even after
controlling for comorbidities. With systolic BP >120 mm
Hg, cardiovascular mortality increased with each 10 mm Hg
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increase, but also increased for each 10 mm Hg increment
of diastolic BP lower than 85 mm Hg. Although these stud-
ies were inclusive of patients with diabetes and/or diabetic
nephropathy and not completely generalizable to the whole
CKD population, it is important to recognize potential limi-
tations of overtreating BP in the context of outcomes other
than renoprotection.

A large multicenter randomized clinical trial has been
designed to address what the optimal BP target is for patients
without diabetes mellitus in order to reduce the risk for car-
diovascular events. The Systolic Blood Pressure Intervention
Trial (SPRINT) will randomize almost 10,000 subjects to ei-
ther an intensive BP goal (120 mm Hg) or a standard BP goal
(140 mm Hg)."” The inclusion criteria are age >55 years,
hypertension, and the presence of a clinical or subclinical
cardiovascular disease, excluding stroke. Inclusive in the
definition is CKD with an estimated GFR of 25 to 59 mL per
minute, but proteinuria >1 g will be one of the exclusion
criteria. The primary outcome is the occurrence of the first
major cardiovascular event, although a decline in renal func-
tion and the development of ESRD over a 6-year follow-up
are some of the secondary end points. The large number of
CKD patients expected to be enrolled in SPRINT will pro-
vide enough power to reach meaningful conclusions in this
patient population. Given the exclusion criteria of diabetes
and protemuria >1 g per day, this study will be directly ap-
plicable to CKD patients considered at a lower risk for ad-
verse events than some of the earlier mentioned studies.

Despite the existing debate for the ideal BP in a CKD pa-
tient, evidence shows that the majority of CKD patients fail
to have BP adequately controlled.>'® Although most CKD
patients will require more than one antihypertensive drug,
all CKD patients should be prescribed a low sodium diet
as the first step in managing BP. Dietary sodium intake will
also affect the degree of proteinuria in CKD patients, such
that increased dietary sodium intake abolishes the antipro-
teinuric effects of RAAS inhibition.'*® The current recom-
mendations are to limit dietary sodium intake to less than
2.4 gper day '’

Inhibitors of the RAAS are the recommended first-line
antihypertensive agents for most CKD patients, with the most
commonly used agents being ACE inhibitors or ARBs. These
agents should be titrated to the maximum recommended
doses in order to achieve the greatest RAAS inhibition. Sev-
eral randomized clinical trials have evaluated the efficacy of
ACE inhibitors in CKD patients and, similar to the effects of
implementing intensive BP lowering, show that the benefits
are most appreciable in patients with higher baseline pro-
teinuria. The African-American Study of Kidney Disease and
Hypertension (AASK) and Ramipril Efficacy in Nephropathy
(REIN) studies included randomization arms with different
antihypertensive agents. In REIN, the ACE inhibitor ramipril
decreased the risk of ESRD compared to placebo regardless
of baseline proteinuria and slowed the decline of GFR in
patients with nephrotic range proteinuria.'””'>® In AASK,
subjects were randomized to the ACE inhibitor ramipril,

the beta-blocker metoprolol, or the calcium channel blocker
amlodipine. Ramipril caused a slower overall decline in GFR
compared to metoprolol.'” There was no difference in the
overall decline in GFR between ramipril and amlodipine.'>
However, this was confounded by the acute increase in GFR
with amlodipine because the chronic decline in GFR was
slower with ramipril. Furthermore, for subjects with mild-
to-moderate baseline proteinuria or renal impairment (GFR
<40 mL per minute), there was a significantly slower reduc-
tion in GFR in the ramipril group. Ramipril also reduced the
composite outcome of ESRD, the doubling of serum Cr, or
death compared to metoprolol and amlodipine. "'’

The benefit of ACE inhibitors extends even to advanced
nondiabetic cases of CKD. In a randomized clinical trial, pa-
tients with serum creatinine (Cr) between 3 and 5 mg per
deciliter were randomized to either benazepril 10 mg twice
daily or placebo, in addition to other antihypertensives.'®
Proteinuria >0.3 g per day was one of the inclusion criteria,
and the mean baseline proteinuria was 1.6 and 1.7 g per day
in the benazepril and placebo groups, respectively. The use of
benazepril reduced the occurrence of the primary endpoint of
the composite of doubling serum Cr, ESRD, or death. There
was also a slower reduction in GFR and creatinine clearance
over time, which was assessed as a secondary endpoint in the
benazepril group. These findings occurred in the context of
similar BP control between groups, and the average achieved
systolic BP was <130 mm Hg in both groups.

The cumulative findings show that use of an ACE in-
hibitor offers benefits over other drugs even when a similar
BP is achieved. In addition to these studies in nondiabetic
kidney disease, there is robust evidence for BP control and
RAAS inhibition in reducing renal endpoints in patients with
diabetic kidney disease, specifically in the progression of
overt nephropathy to composite clinical endpoints in type 1
and type 2 diabetes,'®' 1% progression of microalbuminuria
to macroalbuminuria in type 2 diabetes,'®* and the primary
prevention of microalbuminuria in hypertensive patients
with type 2 diabetes.'®>'°® For CKD patients without diabe-
tes, it should be emphasized that the benefits of RAAS inhi-
bition are strongest in patients with the greatest risk for CKD
progression. In fact, one meta-analysis confirmed that use of
an ACE inhibitor was most beneficial in those with >500 mg
per day of proteinuria.'®” The benefits of ACE inhibitors as
first-line agents are less certain in those without proteinuria.

Additional agents are frequently required to control BP
in CKD patients. Diuretic therapy addresses the impact of
extracellular volume on BP and optimizes sodium balance.
When GFR is significantly impaired, loop diuretics such as
furosemide may be more effective than hydrochlorothiazide.
It 1s important to dose loop diuretics at least twice daily and
to consider increased doses in patients with significantly im-
paired GFR 1n order to optimize delivery of the drug to the
site of action. Diuretics additionally offer the benefit of in-
creasing renal potassium excretion in CKD patients who may
be prone to hyperkalemia. Following the use of RAAS inhibi-
tors and diuretics, the decision of which additional agents to
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use will be dependent on other underlying comorbidities.
Beta-blockers are recommended for patients with congestive
heart failure, coronary artery disease, and arrhythmias.'*’
Calcium channel blockers, vasodilators such as hydralazine
and minoxodil, and clonidine may also be required 1f BP re-
mains elevated. Although a post hoc analysis of the Avoiding
Cardiovascular Events through Combination Therapy in
Patients Living with Systolic Hypertension (ACCOMPLISH)
trial demonstrated that subjects with a GFR <45 mL per
minute had decreased progression of CKD using the ACE
inhibitor benazepril plus the calctum channel blocker amlo-
dipine compared to benazepril plus hydrochlorothiazide,'®®
it is unknown how the former combination compares to a
regimen including an ACE inhibitor and a loop diuretic.
A suggested approach to the selection of an antihypertensive
regimen for CKD patients is provided in Figure 40.3.

Combimation Renin-Angiotensin-Aldosterone
System Inhibition

Because of the concerns of incomplete inhibition of the pro-
duction or action of Ang II, combination therapy with both
ACE mhibitors and ARB has been considered. This strategy
has been shown to lower proteinuria in numerous studies
of CKD patients, but it is uncertain how much of this effect

is derived from additional BP lowering.'®® Because of the
concerns of aldosterone escape and the non—ACE-related
production of Ang II related to increased PRA in patients
already receiving either an ACE inhibitor or ARB, add-on
therapy using either a mineralocorticoid receptor blocker or
a direct renin inhibitor has also been considered. None of
these strategies is currently recommended for patients with
CKD, but there is accumulating evidence of the effects of
such regimens that is worth briefly discussing here.

Mineralocorticoid Receptor Blockers and Direct Renin
Inhibitors. Most of the benefits of add-on therapy with a
mineralocorticoid receptor antagonist (MRA) are related to a
reduction in proteinuria as opposed to BP. In one clinical trial,
patients with proteinuric CKD were randomized to ramipril
plus dual placebo, ramipril plus spironolactone plus placebo,
ramipril plus placebo plus irbesartan, or triple therapy with
all three medications.'”’ There were no differences in systolic
BP during follow-up, but the groups receiving spironolac-
tone as either dual or triple therapy had a clear benefit in
proteinuria reduction compared to the group receiving only
ramipril. Other studies involving MRA have been exclusively
in patients with diabetic nephropathy and yielded similar
results, suggestive of an antiproteinuric benefit from MRA,

Does the patient have diabetic kKidney
disease or non-diabetic proteinuric

kidney disease

ACE Inhibitor or ARB

| | ACE innibitor or ARB

Is the patient still

OR

hypertensive? \
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FIGURE40.3 For chronic kidney disease (CKD) patients with diabetic kidney disease or nondiabetic proteinuric kidney disease, inhi-
bition ofthe renin-angiotensin-aldosterone system (RAAS) system using either an angiotensin-converting enzyme (ACE) inhibitor or

an angiotensin receptor blocker (ARB) should be the first-line therapy. These drugs can also be used as first-line therapy in patients

without proteinuria or diabetic kidney disease,but the evidence to support this decision is not as clear. Diuretics should be used to

reduce extracellular volume. It is important to use a thiazide diuretic only ifthe glomerular filtration rate (GFR) is >40 mLper minute

and to dose loop diuretics at least twice daily. For patients that remain hypertensive,those with coronary artery disease (CAD) or con-

gestive heart failure (CHF) should receive an indicated beta-blocker, whereas for others,calcium channel blockers can be used. Finally,

patients that are still hypertensive may be started on fourth- or fifth-line agents.
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although BP differences have varied.'”"™'® Clinical trials
of the direct renin inhibitor aliskiren in CKD patients are
mainly limited to diabetic nephropathy. Although the use of
aliskiren as a single agent lowers BP and albuminuria,'’* the
beneficial effects of combination therapy, including aliskiren
compared to single agent RAAS inhibition, mainly stem from
albuminuria reduction.'”>-'"

FEnd-Stage Renal Disease

The current recommendations for managing hypertension in
ESRD patients 1s to target a pre-HD systolic BP <140 mm
Hg and a post-HD systolic BP <130 mm Hg.'”” There is
significant overlap in the etiology of hypertension in pa-
tients with ESRD and pre-ESRD CKD. There is increasing
evidence of outcomes related to strategies aimed at targeting
the underlying causes of hypertension in the HD popula-
tion. Hemodialysis patients are even more vulnerable to the
impact of volume overload than CKD patients because of the
extremely limited ability to excrete sodium and water due to
kidney failure. The mechanisms of increased vasoconstric-
tion are also similar between ESRD and pre-ESRD CKD pa-
tients. Furthermore, the duration and timing of the weekly
HD regimen may impact BP control in HD patients.
Identifying and achieving an HD patients target
dry weight are the initial steps that should be taken in
managing BP. This process involves a careful clinical as-
sessment of the patient’ extracellular volume status, strict
enforcement of dietary sodium restriction, and prudent ap-
plication of ultrafiltration during the HD procedure. Current
recommendations are to limit interdialytic sodium intake to 2
to 3 g per day in patients who appear volume overloaded."”’
In patients who remain hypertensive, there should be a con-
sideration of a reduction in dry weight. A slow, progressive
reduction in estimated dry weight over several weeks has
been shown to reduce ambulatory BP in hypertensive HD
patients.”® Increasing the amount of time a patient spends
on HD with either daily or nocturnal dialysis compared to
thrice weekly sessions has also been shown to improve BP
control. One RCT compared thrice weekly HD with a regi-
men consisting of six treatments per week.'”® The rates of
death and a left ventricular (LV) mass were reduced after
12 months in the group randomized to more frequent HD.
Pre-HD systolic BP and the number of antihypertensives re-
quired were also reduced 1n this group, although ambulatory
BP was not measured. In an observational study, nocturnal
HD has been associated with improved BP and LV mass.'”
One randomized study has demonstrated reductions in LV
mass, pre-HD systolic BP, and the antihypertensive require-
ment in subjects converted to nocturnal HD.'® Finally,
another randomized study confirmed the improved BP with
nocturnal HD, but failed to demonstrate improvement in the
primary outcome of mortality and LV mass reduction.'®’
Despite the effects from dry weight reduction or more
frequent HD treatments, pharmacologic treatment with
antihypertensive agents 1s frequently required to further

lower BP in HD patients. Overall, evidence from two meta-
analyses supports the use of antihypertensive medications
in HD patients to improve cardiovascular outcomes and
mortality'%>'** First-line recommended therapy for HD
patients is the use of a RAAS-inhibiting drug.!”” In obser-
vational studies of HD patients, the use of ACE inhibitors
was associated with reduced mortality.'®* However, this has
not yet been confirmed in a randomized clinical trial. The
Fosinopril in Dialysis (FOSIDIAL) trial randomized HD pa-
tients to either fosinopril or standard therapy and achieved
a nonsignificant 8% reduction in the hazard ratio for mor-
tality and cardiovascular death.'®™ One small study that
randomized hypertensive ESRD patients to one of several
ARB (candesartan, losartan, valsartan) versus placebo dem-
onstrated a reduction in both fatal and non-fatal cardiovas-
cular events.'®® For patients that remain hypertensive after
implementing a pharmacologic RAAS inhibition, other an-
tihypertensive drugs should be prescribed based on existing
comorbidities. The beta-blocker carvedilol has been shown
to improve survival in patients with dilated cardiomyopa-
thy,'®*” and other beta-blockers may be used in the context
of coronary artery disease. Additionally, the calctum channel
blocker amlodipine has been shown to improve the compos-
ite outcome of mortality and nonfatal cardiovascular events
in hypertensive HD patients already prescribed other agents,
including ACE inhibitors and beta-blockers,'®® and should
be considered as an add-on therapy. Fourth- and fifth-line
agents, 1f necessary, include alpha-blockers, centrally acting
sympathetic agonists (clonidine), and direct vasodilators.
A suggested approach to the selection of an antihypertensive
regimen for CKD patients is provided in Figure 40.4.
Despite the fact that peritoneal dialysis (PD) offers a
more continuous treatment modality than intermittent HD
for removing fluid and toxins, there is a high prevalence of
hypertension in the PD population. In a multicenter Italian
study of over 500 peritoneal dialysis patients, it was deter-
mined that the prevalence of hypertension was 88%.'"
Just as in HD patients, extracellular volume is an important
determinant of BP and both hypertensive status and the
amount of sodium and fluid removal have been associated
with increased mortality in PD patients.'” Extracellular vol-
ume overload remains a primary concern in PD patients, and
there 1s evidence using either an assessment of left atrial vol-
ume or bioimpedance analysis that PD patients are generally
more volume overloaded than HD patients.'”""'®* Further
observational evidence, however, suggests that BP may not
be as important of a predictor of the relative risk of death in
the PD population.'”® Formal recommendations do not exist
for the PD population as in HD patients, although attaining
euvolemia in these patients remains an important goal.

CONCLUSION

Hypertension is a prevalent comorbidity associated with
chronic kidney disease from the early stages to ESRD. Its
existence in this population is related to multiple factors
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FIGURE40.4 For hemodialysis (HD) patients,the first step in managing blood pressure (BP) should be to identify and achieve the
accurate dry weight. Overtly volume overloaded patients may require additional HD treatments to achieve dry weight,and in others,
a trial of gradual dry weight reduction may be possible.Inhibitors ofthe renin-angiotensin-aldosterone system (RAAS) (angiotensin-
converting enzyme [ACE] inhibitors and angiotensin receptor blockers) are first-line pharmacologic therapy in HD patients. As in
pre—end-stage renal disease (ESRD) chronic kidney disease (CKD) patients,additional therapy may be dictated by underlying comor-
bidities reserving indicated beta-blockers for patients with congestive heart failure (CHF) or coronary artery disease (CAD). Calcium
channelblockers can be added next for patients that remain hypertensive because there is evidence that they reduce cardiovascular
end points compared to placebo in HD patients. Finally, patients that are still hypertensive may be started on fourth- or fifth-line
agents (alpha-blockers, centrally acting sympathetic agonists,direct vasodilators). All HD patients should limit their interdialytic
weight gain through dietary salt and water restriction to prevent extracellular volume overload.

including extracellular volume overload and increased va-
soconstriction. Uncontrolled hypertension is associated with
the progression of CKD to ESRD and with cardiovascular
morbidity and mortality,. Home and ambulatory BP measure-
ments are currently the gold standard for predicting out-
comes and assessing the overall BP burden. The target BP for
CKD patients that optimally reduces the risk for both renal
and cardiovascular outcomes remains unknown, but sub-
jects with increased proteinuria derive more benefit from ag-
gressive BP lowering. The optimal BP for patients on HD also
remains unknown, but appropriate estimation and achieve-
ment of dry weight are paramount in controlling BP for most
of these patients. Pharmacologic antihypertensive agents will
be required for most CKD and ESRD patients, and inhibitors
ofthe RAAS appear to be the most beneficial in CKD patients
with proteinuria, with accumulating evidence that there may
also be an advantage to these drugs in ESRD patients.
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