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General introduction

THE ROLE OF ALDOSTERONE IN HEALTH AND DISEASE

Hypertension is the most prevalent and significant modifiable risk factor for cardiovascular
disease.! It has been estimated that 7.6 million premature deaths and 54% of stroke and
47% of ischemic heart disease worldwide are attributable to elevated blood pressure levels.?
Blood pressure regulation is a complex process involving several organs, including the heart,
brain, kidneys and vasculature. The renin-angiotensin-aldosterone system (RAAS) has a
central role in blood pressure regulation. A decrease in renal perfusion leads to the synthesis
and release of renin by the juxtaglomerular cells in the afferent arterioles of the kidney. Renin
converts angiotensinogen, which is produced in the liver, to angiotensin | (Ang I). This is
subsequently converted to angiotensin Il (Ang Il) by angiotensin-converting enzyme (ACE)
in vascular tissues. Ang Il increases blood pressure via Ang Il type 1 receptor (AT1R)-mediated
vasoconstriction, by increasing sympathetic tone and by stimulation of arginine vasopres-
sin release.? Ang Il also stimulates sodium and water reabsorption by a direct action in the
kidney, and indirectly by stimulating aldosterone synthesis and release in the adrenal gland.?
When blood pressure goes up, the increase in renal perfusion will slow down renin release,
thereby providing a negative feedback mechanism regulating RAAS activity to its required
level. Figure 1 shows a schematic overview of the RAAS.
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Figure 1. Schematic overview of the renin-angiotensin-aldosterone system. ACE, angiotensin-converting enzyme.
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Chapter 1

Aldosterone is a steroid hormone produced in the zona glomerulosa of the adrenal cortex.
Its synthesis and release is mainly determined by the RAAS via activation of the AT1R by Ang
II. In addition to this, serum potassium and adrenocorticotropic hormone (ACTH) can stimu-
late aldosterone synthesis.* The regulation of aldosterone synthesis is discussed in detail in
Chapter 2. Aldosterone has actions in various parts of the body. Its main actions, however,
are in the distal part of the nephron (distal convoluted tubule, connecting tubule and cortical
collecting duct), where it has a regulatory role in volume and electrolyte homeostasis.® Bind-
ing of aldosterone to the intracellular mineralocorticoid receptor (MR) in the principal cells of
the cortical collecting duct results in the expression of several intracellular kinases, including
serum and glucocorticoid-inducible kinase 1 (SGK1) and Kirsten Ras GTP-binding protein 2A
(Ki-RasA). This cascade results in the upregulation and activation of the apical epithelial so-
dium channel (ENaC) and the basolateral Na*/K*-ATPase, promoting reabsorption of sodium
and water.*> Sodium reabsorption subsequently drives potassium excretion via Renal Outer
Medullary K* (ROMK) channels located on the apical membrane to maintain electroneutral-
ity.> Aldosterone also activates the thiazide-sensitive sodium chloride cotransporter (NCC)
in the distal convoluted tubule, further contributing to sodium reabsorption.® In addition
to this, aldosterone stimulates hydrogen excretion by type A intercalated cells in the distal
nephron, indirectly by creating a negative luminal voltage potential, and directly by increas-
ing the activity of H*-ATPases and CI/HCO, exchangers.’ The renal response to aldosterone is
not always the same. Hypovolemia and hyperkalemia can both lead to elevated aldosterone
levels, but the aim is sodium and water retention in the former and potassium excretion in
the latter situation. During hypovolemia, both Ang Il and aldosterone levels are elevated.
This promotes sodium reabsorption through a synergistic effect of Ang Il on the NCC and
ENaC. Furthermore, Ang Il inhibits ROMK, thereby minimizing potassium wasting. During
hyperkalemia, NCC activity is lower, due to the absence of Ang Il. As a result, sodium delivery
to the cortical collecting duct is higher where it is reabsorbed by eNaC, which is upregulated
by aldosterone. This drives potassium excretion as described above.”

In addition to the kidney, MR expression is found at several other places, including the
vessel wall, heart, brain and blood cells.* Aldosterone enhances vascular reactivity to Ang Il
through an increased expression of the AT1R.2 In the brain, MR activation may be involved
in central blood pressure regulation.’ Aldosterone classically works in a genomic way, i.e.
through the induction and modulation of gene transcription. In recent years, several studies
have shown rapid, nongenomic effects in several tissues, such as the renal tubule,' vascular
tissue' 2 and the heart.”® Some of these effects could not be blocked by aldosterone recep-
tor antagonists (ARAs),"® suggesting the presence of a different, yet unidentified receptor.

Although the RAAS in general, and aldosterone in particular, has an important physiologi-
cal role in blood pressure regulation, chronic activation is a key factor in the pathophysiology
of cardiovascular diseases, including hypertension and heart failure. Elevated aldosterone
levels not only contribute to the development of hypertension,’ chronic MR stimulation also
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induces a proinflammatory state which ultimately leads to end-organ damage, such as car-
diac and vascular fibrosis.' Elevated aldosterone levels have been associated with a higher
rate of morbidity and mortality in heart failure.’ The detrimental effects of aldosterone on
end-organ damage is further illustrated by the increased cardiovascular complication rate in
patients with primary aldosteronism, which will be discussed in the following paragraph. For
these reasons, drugs interfering with the RAAS are now an integral part of the treatment of
hypertension and heart failure.

PRIMARY ALDOSTERONISM

In 1955, Jerome W. Conn described a 34-year old patient presenting with hypertension and
muscle weakness. Her biochemical profile was characterized by severe hypokalemia and met-
abolic alkalosis. Further studies revealed that her condition was caused by mineralocorticoid
excess. On surgical exploration, a 4-cm adrenal tumour was found and removed."” This was
the first description of what later became known as “Conn’s Syndrome” or primary aldoste-
ronism (PA). Since its discovery, it has become a well-known cause of hypertension. For a long
time, however, PA was considered to be a very rare condition, accounting for approximately
0.05-2% of all hypertensive patients.’ Its presence was mainly suspected in patients present-
ing with hypertension and hypokalemia. Since the introduction of the aldosterone-to-renin
ratio (ARR) as a screening test for PA," it has become clear that many more patients suffer
from this condition and that a large proportion has normal serum potassium levels.?

The common clinical and biochemical abnormalities can be explained by the features of
the RAAS and the actions of aldosterone (Figure 2). An excessive production of aldosterone
from the adrenal gland results in hypertension through retention of sodium and water as de-
scribed above. The increased renal perfusion pressure will suppress renin production by the
juxtaglomerular cells. Aldosterone levels, however, remain elevated because its production
is dissociated from the RAAS. The excessive aldosterone levels also stimulate renal potassium
and hydrogen loss causing hypokalemia and a metabolic alkalosis. The hypokalemia may
result in severe muscle weakness.

In addition to (sometimes severe and refractory) hypertension, patients with PA were
shown to have a higher cardiovascular risk than can be explained by the elevated blood pres-
sure levels alone.? The chronically elevated aldosterone levels lead to severe target-organ
damage, such as myocardial?>% and large artery?* remodelling and fibrosis. Therefore, early
detection and treatment is essential to prevent long-term complications.

In contrast to previous beliefs, only a minority of patients is now thought to have an aldo-
sterone-producing adenoma (APA). The two major subtypes are bilateral adrenal hyperplasia
(BAH) and APA.%> In BAH, aldosterone overproduction is bilateral, and radiological imaging
may, but not always, show bilateral enlargement of the adrenal glands. It is estimated that
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Figure 2. The pathophysiology of primary aldosteronism.

around 65% of PA patients has BAH. APA accounts for 30% of PA cases and these patients of-
ten present with a more severe phenotype than patients with bilateral disease. Rare subtypes
include unilateral adrenal hyperplasia (3%), aldosterone-producing adrenocortical carcino-
mas (1%) and aldosterone-producing ovarian tumors (<1%).>* Glucocorticoid-remediable
aldosteronism (GRA) or familial hyperaldosteronism type | (FH-1) is a rare genetic variant of
PA (accounting for <1 % of cases®) in which a crossing-over mutation has produced a hybrid
CYP11B1/CYP11B2 gene. This hybrid gene codes for an enzyme with aldosterone synthase
activity, but its regulatory domains are derived from CYP11B1, causing its expression to be
regulated by ACTH. The inheritance is in an autosomal dominant pattern. Patients with GRA
have a high expression of the “hybrid steroids” 18-hydroxycortisol and 18-oxocortisol. In
healthy subjects, aldosterone synthase activity is mainly expressed in the zona glomerulosa,
whereas in GRA the hybrid gene is expressed in all zones of the adrenal cortex. Aldosterone
synthase activity in the zona fasciculata, subsequently, results in the production of 18-hy-
droxycortisol and 18-oxocortisol by the 18-hydroxylase and 18-oxidase activity of the hybrid
gene on cortisol.? Some PA patients show a strong family history of PA but have no evidence
of the hybrid gene as in GRA. This has been labelled as familial hyperaldosteronism type 2
(FH-2). Its phenotype is heterogenous and indistinguishable from sporadic cases.?*?” Muta-
tions in a region on chromosome 7 (locus 7p22) have been linked to FH-2,%2° but its exact
genetic basis remains to be determined. In 2008, a third form of familial hyperaldosteronism
was described (FH-3).3° These patients present with severe hypertension in their childhood,
have elevated aldosterone levels and enlarged adrenal glands with diffuse hyperplasia of
the zona fasciculata and atrophy of the zona glomerulosa. Like patients with FH-1, they have
high levels of the hybrid steroids 18-oxocortisol and 18-hydroxycortisol consistent with aldo-
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sterone synthase activity in the zona fasciculata. However, unlike in FH-1, aldosterone, and
interestingly also cortisol synthesis, is not inhibited by the administration of dexamethasone.
This suggests a more general defect in the regulation of adrenal steroid synthesis.>° Recently,
these subjects were shown to have a mutation in the inwardly rectifying potassium channel,
subfamily J, member 5 (KCNJ5).2" In the same article, it was shown that two other mutations
in KCNJ5 were frequently found in sporadic APAs. These mutations affect the selectivity filter
of the channel resulting in an enhanced sodium influx and subsequent cell depolarization.'
This is known to stimulate aldosterone synthesis®*3* and cell proliferation through activa-
tion of voltage-gated calcium channels®' and KCNJ5 mutations are now thought to have an
important role in the pathogenesis of APA and some familial forms of PA.3*

Treatment of PA can be either medical or surgical, and the choice is based on the subtype of
PA and the condition and preference of the patient.>>3¢ Patients with bilateral disease should
be treated medically with ARAs, either spironolactone or eplerenone. These agents attenuate
the effects of aldosterone on the MR, resulting in a decrease in sodium reabsorption. Alterna-
tive drugs are blockers of the epithelial sodium channel, such as amiloride and triamterene,
but these are probably less effective than aldosterone-receptor antagonists.>® Patients with
GRA should initially be treated with a glucocorticoid to suppress ACTH secretion, such as
dexamethasone. If this does not result in adequate blood pressure control, an aldosterone
receptor antagonist can be added.*

In patients with unilateral disease, surgical removal by laparoscopic adrenalectomy is the
treatment of choice, because this could potentially cure or ameliorate the elevated blood
pressure levels®” and biochemical abnormalities.*® Adrenalectomy was also shown to reverse
myocardial fibrosis,* to decrease carotid intima-media thickness and vascular stiffness*® #!
and to reduce cardiovascular risk in general.*> Although there appears to be no difference in
cardiovascular outcome between surgically and medically treated PA patients,*? a trial that
prospectively compares surgical and medical treatment in patients with an APA would be
helpful. However, it has been estimated that adrenalectomy results in a larger cost reduction
than long-term medical therapy alone.* The condition and comorbidities of the patient are
important points of consideration whether to proceed to surgery. Predictors for a favorable
surgical response (cure or control of hypertension) are a shorter duration of hypertension
before operation,** well-controlled blood pressure levels* and a lower number of antihy-
pertensive drugs** *® preoperatively and a proven response to spironolactone.* In addition,
the absence of a family history for hypertension* and the presence of the CYP11B2 (344 C/T)
genotype® are also associated with a favorable outcome after adrenalectomy. In patients
with an APA who are ineligible for surgery, computed tomography-guided radiofrequency
ablation of the adenoma may be considered.*®“° Alternatively, these patients can be treated
medically, as discussed previously.
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ALDOSTERONE RECEPTOR ANTAGONISTS IN HYPERTENSION

In addition to their central role in the treatment of patients with PA, ARAs are also used
in other cardiovascular disorders. Considering the important role of aldosterone as a me-
diator of end-organ damage, aldosterone receptor antagonism could be beneficial in the
prevention of cardiovascular complications. This is supported by the Randomized Aldactone
Evaluation Study (RALES)*® and Eplerenone Post-Myocardial Infarction Heart Failure Efficacy
and Survival Study (EPHESUS)®" which showed that the treatment of heart failure patients
with ARAs resulted in a marked reduction in morbidity and mortality that is independent of
blood pressure reduction. Another population in which ARAs could be of benefit are patients
with resistant hypertension. Resistant hypertension is defined as an elevated blood pressure
despite the use of at least 3 antihypertensive drugs, including a diuretic, and prescribed in
optimal doses, and is an important clinical problem. The exact prevalence among hyperten-
sive patients is unknown, but it is estimated to be as high as 20-30%.°? Patients with resistant
hypertension have a significantly higher risk of cardiovascular complications than patients
who respond well to antihypertensive treatment.>® Therefore, it is of eminent importance
to develop treatment strategies that effectively lower blood pressure in these patients.
Elevated aldosterone levels are thought to be a contributing factor in therapy resistance in
some patients. First of all, elevated aldosterone levels were negatively associated with treat-
ment success.”® Furthermore, although plasma aldosterone levels are expected to decrease
after treatment with ACE inhibitors (ACE-Is) or angiotensin receptor blockers (ARBs), some
patients show elevated levels after prolonged treatment.> The reasons for this “aldosterone
breakthrough” are incompletely understood, but it may contribute to therapy resistance.
ARAs could therefore be a rational treatment choice for patients with resistant hypertension.
Chapman et al.>® reported an impressive systolic and diastolic blood pressure reduction of
21.9 and 9.5 mmHg, respectively, when spironolactone was added to the antihypertensive
regime in patients with resistant hypertension. The problem with this study, and many other
studies on this topic, was its retrospective and uncontrolled design. The effect in a recent
randomized, placebo-controlled trial, was substantially smaller.> However, this needs further
confirmation. In addition, few studies have focused on eplerenone, a more selective ARA,
which could be more appropriate when patients experience sex hormone-related side effects

to spironolactone.’”

AIMS OF THE THESIS

Aldosterone is a key hormone in the physiology of blood pressure regulation and the patho-
physiology of cardiovascular disease. Elevated aldosterone levels are an important mediator
of end-organ damage in several disease states such as heart failure and primary aldosteron-
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ism. Inhibition of the deleterious effects of aldosterone is, therefore, an important therapeutic
goal. Although blockade of the effects of aldosterone at the level of the mineralocorticoid
receptor has been well established, a better understanding of the mechanisms involved in al-
dosterone synthesis and inhibition will help to identify new therapeutic targets and point out
the patients who will benefit most from this treatment. In addition, a significant proportion of
hypertensive patients has primary aldosteronism. It is important to diagnose these patients
at an early stage, first, to prevent cardiovascular complications and second, because specific
treatment is warranted including the option of surgical cure. This thesis aims to explore the
role of aldosterone and aldosterone blockade in hypertension further. More specifically, this
thesis describes the regulation of aldosterone synthesis (Part Il), the screening of patients
with primary aldosteronism (Part lll) and the benefits of aldosterone blockade in patients
with difficult-to-treat and resistant hypertension (Part IV).

Part Il starts with an overview of the regulation of aldosterone synthesis in the adrenal gland
(Chapter 2). In recent years, studies have focused on ways to interfere in this pathway to
inhibit aldosterone synthesis directly. This may have benefits above blockade of aldosterone
at the level of its receptor. The recent developments in this field are briefly discussed. Al-
though the classical pathways of aldosterone synthesis regulation are well defined, other
mechanisms may be involved. As mentioned in the introduction, some patients on ACE-I or
ARB therapy will develop elevated aldosterone levels, despite the supposed inhibition of Ang
Il or its effects. The discovery of the (pro)renin receptor ((P)RR), which not only facilitates the
non-proteolytic activation of prorenin to display Ang I-generating activity,*® but which was
also shown to have direct cellular effects,*®* raises the question whether renin or prorenin
can stimulate aldosterone synthesis directly, particularly because (P)RR-overexpression in
rodents was accompanied by elevated aldosterone levels.® In two human adrenocortical cell
lines, we studied whether the (P)RR was present and whether stimulation of this receptor by
renin and prorenin had a stimulatory effect on the production of aldosterone (Chapter 3).

Part Ill describes the screening of patients with primary aldosteronism. The diagnostic
workup for primary aldosteronism is outlined in Chapter 4. Although the ARR is widely used
for screening purposes, this test is not undisputed. Some raise doubts on its validity and
reproducibility.®"%* We studied the test characteristics of the ARR in a prospective manner in
178 patients with difficult-to-treat hypertension and related these to the recent Endocrine
Society Clinical Practice guideline on this topic®*® (Chapter 5).

Although ARAs have been in use for several decades, there has been a renaissance of these
agents in patients with difficult-to-treat and resistant hypertension in recent years. Retro-
spective and observational studies have reported spectacular improvements in blood pres-
sure values after ARA treatment, but prospective evidence is relatively limited. In addition,
most studies have a relatively short follow-up and whether the blood pressure reduction is
sustained in the long run has never been studied. Last, efforts to identify patients who will
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benefit most from ARA treatment have gained inconclusive results. These aspects are dealt
with in Part IV. Chapter 6 reviews the current evidence for the use of ARAs in hypertension,
their proposed mechanism of action and side effects. The long-term efficacy of ARAs was
studied retrospectively in 123 patients with difficult-to-treat hypertension who were treated
with an ARA (Chapter 7). The reduction in office and ambulant blood pressure by a fixed
daily dose of eplerenone was evaluated prospectively in 117 patients with difficult-to-treat
hypertension. This included regression analyses to assess which clinical and biochemical
parameters predicted this response (Chapter 8). The main findings of this thesis are discussed
in Chapter 9 and placed in a clinical perspective with suggestions for further studies.
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ABSTRACT

Aldosterone plays an important pathophysiological role in cardiovascular disease, and aldo-
sterone (mineralocorticoid) receptor antagonism has been used in the treatment of heart
failure and hypertension. However, aldosterone receptor antagonism is associated with an
increase in plasma aldosterone levels, which may result in non-mineralocorticoid receptor-
mediated (non-genomic) adverse effects. Therefore, the inhibition of aldosterone synthesis
may be preferable to blockade at the receptor level. Direct inhibitors of aldosterone synthase
are currently under development. However, specificity for aldosterone synthase remains a
challenge, and the search for more potent and more selective compounds is ongoing. Experi-
mental animal and human studies are required to establish whether aldosterone synthase
inhibitors will be successful as therapeutic agents.
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INTRODUCTION

The adrenocortical hormone aldosterone plays a pivotal role in heart failure and hyper-
tension. In heart failure, activation of the renin-angiotensin-aldosterone system leads to
elevated aldosterone levels,” which have been associated with a higher rate of morbidity
and mortality.>* A role for aldosterone has also been established in hypertension: since the
introduction of the aldosterone-to-renin ratio as a screening test, and as its use has become
more common, the prevalence of primary aldosteronism (PA) as a cause of hypertension
appears to be substantially higher than previously expected. A recent review demonstrated
that 4.3% of hypertensive patients in a primary care setting and 9.0% of referred patients had
confirmed PA.* Aldosterone is also involved in the development of hypertension and disease
progression in essential hypertension (EH).® In addition, aldosterone at inappropriately high
levels contributes to therapy resistance.’ Furthermore, in a substantial proportion of patients
with heart failure treated with an ACE inhibitor (ACE-I), or an angiotensin Il (Ang Il) type 1 (AT1)
receptor blocker (ARB), after an initial decline in aldosterone, prolonged treatment has been
demonstrated to lead to a secondary increase in the hormone, to levels greater than those
observed prior to treatment.® Therapy resistance may be a consequence of such‘aldosterone
escape’ or ‘aldosterone breakthrough’® In addition, aldosterone is an important mediator
of end-organ damage, through the promotion of vascular inflammation and myocardial
and perivascular fibrosis.” As noted, aldosterone contributes to morbidity and mortality in
patients with heart failure.>® Patients with PA have a higher rate of cardiovascular complica-
tions compared with patients with EH.8 Furthermore, left ventricular (LV) mass is greater and
arterial wall stiffness is more pronounced in patients with PA or secondary aldosteronism
compared with patients with EH.°

Thus, inhibiting the effects of aldosterone represents an important target for cardiovascular
disease therapy. Until recently, most studies focused on the blockade of aldosterone at the
level of the mineralocorticoid receptor (MR; also known as the aldosterone receptor). MR
blockade by aldosterone receptor antagonist (ARA) therapy has been demonstrated to be
effective in the treatment of cardiovascular disease; the RALES (Randomized Aldactone
Evaluation Study) and EPHESUS (Epleronone Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study) clinical trials demonstrated a marked reduction in morbidity and
mortality in patients with heart failure receiving standard treatment, following the addition
of the ARA compounds spironolactone and eplerenone, respectively.’ " Similarly, when
patients with PA were treated with spironolactone, the cardiovascular complication rate
declined to levels that were comparable to those observed in patients with EH.'> However,
spironolactone lacks specificity for the MR and, because of its anti-androgenic and proge-
stagenic effects, can cause gynecomastia, erectile disorders and menstrual irregularities.
Although these side effects are dose-dependent, with relatively low incidences observed at
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low doses of the compound,’ the effects constitute a limitation for the widespread use of
spironolactone. This issue has been partly overcome by the development and introduction of
the more selective MR antagonist eplerenone, thereby providing more options for high-dose
treatment.

However, in addition to the classic, genomic effects (ie, effects that are mediated via intra-
cellular MR, require de novo protein synthesis and occur several hours after dosing), aldoste-
rone also exerts rapid, non-genomic effects in various tissues. Such non-genomic effects do
not require de novo protein synthesis, occur within minutes, and cannot always be blocked by
MR antagonists.'*' For example, aldosterone rapidly decreases contractility in the atrial and
ventricular trabeculae of human hearts and potentiates the contractile response of human
coronary arteries to Ang 1.7 Neither spironolactone nor eplerenone block these effects, sug-
gesting the involvement of an alternative, as yet unidentified, receptor. These observations
are not unique to aldosterone: non-genomic effects can also be exerted by sex steroids.'®
Because ARA treatment, such as prolonged ACE-I and ARB therapy, results in a compensatory
increase in aldosterone levels, the non-genomic, non-MR-mediated effects of aldosterone
may partly counteract the beneficial actions of such treatment.’ Blockade of aldosterone
synthesis may therefore be more beneficial compared with MR blockade.

This review provides a brief overview of the normal regulation of aldosterone synthesis, and
discusses the development of aldosterone synthase inhibitors and their activity in experi-
mental studies.

ALDOSTERONE SYNTHESIS

The synthesis of aldosterone from cholesterol

Aldosterone is produced in the zona glomerulosa of the adrenal cortex from its precursor,
cholesterol (Figure 1). The first step in aldosterone synthesis is the transport of cholesterol to
the inner mitochondrial membrane, mediated by the steroidogenic acute regulatory (StAR)
protein. In the mitochrondia, CYP11A1 (cytochrome P450 family 11, subfamily A, poly-
peptide 1) converts cholesterol to pregnenolone by 20a-hydroxylation, 22-hydroxylation
and side-chain cleavage between C(20) and C(22) of the cholesterol carboskeleton. In the
cytosol, pregnenolone on the smooth endoplasmatic reticulum membrane is converted to
progesterone by 3B-hydroxysteroid dehydrogenase. CYP21A then converts progesterone
to 11-deoxycorticosterone (DOC) by 21-hydroxylation. The final steps in the synthesis of
aldosterone are mediated by aldosterone synthase (CYP11B2), which is located on the inner

mitochondrial membrane and catalyzes the 11B-hydroxylation of DOC to corticosterone, as
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Cholesterol
CYP11A1
CYP17
Pregnenolone | — 17-OH-pregnenolone
3B-HSD J 3B-HSD
CYP17
Progesterone | — 17-OH-progesterone
CYP21A J CYP21A
11-deoxycorticosterone 11-deoxycortisol
CYP11B2 CYP11B1
Corticosterone Cortisol
CYP11B2

18-hydroxycorticosterone

CYP11B2

Aldosterone

Figure 1. The synthesis of aldosterone and cortisol in the adrenal gland. 33-HSD, 33-hydroxysteroid dehydrogenase; CYP11AT1, cytochrome
P450 family 11, subfamily A, polypeptide 1; CYP11B1, cytochrome P450 family 11, subfamily B, polypeptide 1; CYP11B2, cytochrome P450
family 11, subfamily B, polypeptide 2; CYP21A, cytochrome P450 family 21, subfamily A

(Adapted from Connell and Davies')
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well as the subsequent 18-hydroxylation of corticosterone to 18-hydroxycorticosterone and,
finally, the 18-methyloxidation of this compound to aldosterone.™

The synthesis of aldosterone is closely linked to the synthesis of cortisol (Figure 1). Preg-
nenolone and progesterone can be hydroxylated to 17-OH-pregnenolone and 17-OH-
progesterone, respectively, by CYP17.' Following the conversion of 17-OH-progesterone to
11-deoxycortisol by CYP21A, cortisol is formed by the 11B-hydroxylation of 11-deoxycortisol
by CYP11B1.”°

The regulation of aldosterone synthesis

The main regulators of aldosterone synthesis are Ang Il, serum K* and adrenocorticotropic
hormone (ACTH)." The acute synthesis of aldosterone is increased by the upregulation of
StAR, of which Ang Il is an important mediator, whereas the chronic synthesis of aldosterone

is regulated at the level of aldosterone synthase, which is encoded by the CYP11B2 gene."

ACTH has a differential effect on aldosterone synthesis. The hormone increases acute aldoste-
rone production, and inhibits chronic CYP11B2 expression.?’ The main regulators of CYP11B2
expression, however, are Ang Il and K*. In part, these factors act through a common intracel-
lular signaling pathway in which calcium plays a crucial role?' (Figure 2).

An increase in K* leads to membrane depolarization,?' resulting in the opening of voltage-
gated Ca*" channels and leading to an influx of Ca*". The T-type Ca?* channel appears to be
the most important in this process. This is supported by the observation that aldosterone
production in the human adrenocortical cell line NCI-H295 was abolished by the T-type-
specific Ca** channel blocker benidipine, but not by L-type-specific Ca** channel block-
ers.”2 However, at higher K* concentrations, T-type Ca?* channels are inactivated and other
voltage-gated Ca?" channels may become relevant.?® Further downstream, signaling appears
to be mediated through the binding of Ca?* to calmodulin and the subsequent activation of
calmodulin-dependent kinases (CaMKs). The fact that K*-induced expression of CYP11B2 in
H295R cells was inhibited by the calmodulin inhibitor calmidazolium, as well as by the CaMK
inhibitor KN-93, supports this notion.?* Further investigation using this cell line revealed that
CaMKI, and to a lesser degree CaMKIV, are involved in this pathway.?

The Ang Il stimulation of CYP11B2 expression begins with the binding of Ang Il to the AT,
receptor? (Figure 2). Upon binding, activated phospholipase C-§§ leads to the formation of
inositol triphosphate (IP,) and diacylglycerol (DAG) from phosphatidylinositol biphosphate.
IP, induces the release of calcium from intracellular stores, resulting in the activation of
the calmodulin/CaMK pathway as described above.?® The blockade of this pathway only
partially abolishes Ang Il-induced CYP11B2 expression, however, suggesting that additional
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Figure 2. The main mechanisms involved in the upregulation of CYP11B2 expression by K* and angiotensin I1. Ang I, angiotensin Il; AT R,
angiotensin Il type 1 receptor; CaM, calmodulin; CaMKI/IV, calmodulin-dependent kinase I/IV; CYP11B2, cytochrome P450 family 11, subfamily
B, polypeptide 2; CYP17, cytochrome P450 subfamily 17; DAG, diacylglycerol; IP,, inositol triphosphate; PKC, protein kinase C; PKD, protein
kinase D.

Ang ll-induced signalling pathways are also involved.* DAG, produced along with IP_, is an
activator of protein kinase C (PKC). Because the administration of Ang Il or the PKC activator
12-O-tetradecanoylphorbol-13-acetate has been demonstrated to block forskolin-induced
CYP17 expression in H295R cells,?’ it has been postulated that PKC serves mainly to divert
steroidogenesis toward the production of aldosterone.® However, screening for protein
kinase expression levels in H295R cells following the administration of Ang Il revealed a
large increase in the levels of phosphorylated protein kinase D (PKD), and was related to the
increased expression of aldosterone synthase.? This pathway could be blocked by several
PKC inhibitors and was stimulated by the PKC activator phorbol myristate acetate, suggest-
ing that PKC phosphorylates PKD and that the PKC/PKD pathway is an additional pathway
involved in Ang ll-stimulated aldosterone synthesis.?® Other signalling pathways, such as
the 12-lipoxygenase and the Src tyrosine kinase pathways, may also play a role in Ang II-
stimulated aldosterone synthesis.?

In addition to acting partly through a common signalling pathway, Ang Il and K* demonstrate
interrelated effects in terms of regulating aldosterone synthesis. In addition to the pathways
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mentioned previously, Ang Il can also induce aldosterone synthesis by an inhibition of
leak- and voltage-gated K* conductances, resulting in membrane depolarization (Figure
2). Moreover, Ang Il can sensitize glomerulosa cells to increases in extracellular K* levels,
resulting in enhanced Ca? influxes.?® Although a sustained phosphorylation of StAR has been
proposed for this enhanced aldosterone secretion,? an effect on CYP11B2 expression cannot
be excluded.

The regulation of CYP11B2 expression likely occurs via an effect on transcription factors. Bas-
sett et al.?*® demonstrated that the transcription factors NGFIB (nerve growth factor-induced
clone B) and NURR1 (Nur-related factor 1) activated the CYP11B2 promoter. The demonstra-
tion of K*-induced NGFIB and NURR1 expression, which was partly inhibited by KN-93, indi-
cated that these transcription factors were upregulated by CaMK.*° The same research group
also identified two functional binding sites for these transcription factors on the CYP11B2
gene promoter: NBRE-1 (NGFIB response element 1) and Ad5 (-129/-114 element), respec-
tively.® COUP-TFI (chicken ovalbumin upstream promoter-transcription factor I), with Ubc9
(ubiquitin-like protein SUMO-1 conjugating enzyme) and PIAS1 (protein inhibitor of activated
STAT 1) as coactivators, is another transcription factor for the CYP11B2 gene, and binds to
Ad5.3%3" ATF1 (activating transcription factor 1) and CREB (cAMP response element-binding
protein) are additional transcription factors that have been identified to be likely activated by
phosphorylation mediated by CaMK.2° ATF1 and CREB both bind to CRE, which has also been
identified on the CYP11B2 gene promoter.3 The transcription factor SF1 (steroidogenic factor
1) is particularly important for steroidogenesis in extra-adrenal tissues;'® however, SF1 also
inhibited the effects of NGFIB and NURR1 on CYP11B2 expression in H295R cells.*®

Aldosterone synthase: structure and enzymatic activity

The CYP11B2 gene encoding aldosterone synthase, located on chromosome 8g21-q22, ex-
hibits 93% homology with the CYP11B7 gene, which encodes 11p-hydroxylase.>* Aldosterone
synthase is a mitochondrial CYP enzyme, characterized by an heme prosthetic group in the
core of its active site; this heme group is essential for the multi-local oxidation of the steroid
skeleton that occurs during the final steps of aldosterone biosynthesis.>* Despite extensive
homology with CYP11B1, only aldosterone synthase appears to be able to catalyze these
final steps of biosynthesis.* Substrate specificity is crucial for enzyme activity. Bottner et al.>
demonstrated that the substitution of three residues distant from the active site converted
the catalytic activity of CYP11B2 into the activity of CYP11B1. Based on these experiments,
substrate conversion was postulated to depend on the positioning of the substrate above
the heme molecule in the active site of the enzyme.* By constructing CYP11B1 and CYP11B2

homology models, the steric fit of the steroidal ligands to the enzyme was determined to
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be of major importance for substrate specificity.> This insight is undoubtedly crucial for the
development of CYP11B2-selective inhibitors.

THE DEVELOPMENT OF SELECTIVE ALDOSTERONE SYNTHASE INHIBITORS

The inhibition of aldosterone synthesis can occur in several ways; a number of drugs can act
as aldosterone synthesis inhibitors, including ARBs (by blocking the binding of Ang Il to the
AT, receptor), as well as Ca**-channel blockers and digoxin (by interfering with intracellular
Ca*" levels).?> 3 Recent research interest has focused on the direct inhibition of aldosterone
synthase.

Aromatase (CYP19A1) inhibitors have been demonstrated to be successful in the treatment
of breast cancer, by inhibiting the formation of estrogen. Fadrozole, a CYP19 inhibitor, is
an aromatase inhibitor that exerts a strong suppressive effect on aldosterone and cortisol
synthesis when administered at a dose that is 10-fold higher than the therapeutic dose.’”
This effect illustrates the advantages and disadvantages of CYP inhibition, namely that these
enzymes are potent therapeutic targets, but that their inhibition is associated with a risk
of side effects because of a lack of specificity. Thus, to be useful in the clinic, aldosterone
synthase/CYP11B2 inhibitors should exhibit high potency in blocking aldosterone synthase,
yet their activity should be specific for this enzyme (Table 1). As noted, CYP11B2 is highly
homologous to CYP11B1, and designing a drug that blocks aldosterone synthesis without
affecting cortisol production is therefore challenging. Furthermore, the pharmacokinetic and
pharmacodynamic profile of an aldosterone synthase inhibitor should enable the inhibitor
to be present at adequate levels in the blood following oral administration, as well as to
be delivered to the target organ efficiently. In addition, the tolerability and toxicity of an
inhibitor should be within an acceptable range.

By screening a library of CYP inhibitors, Hartmann et al.*® identified a large number of poten-
tial CYP11B2 inhibitors. These compounds were tested according to the following screening
procedure: following preselection by using bovine adrenal mitochondria containing CYP18
(18-hydroxylase), the inhibitor activity of the compounds was evaluated in Schizosaccharo-

myces pombe strains expressing the human CYP11B2 enzyme. Strong inhibitors were further

Table 1. The ideal properties for aldosterone synthase inhibitors.

High potency toward aldosterone synthase

High specificity, with no effect on other cytochrome P450 enzymes, including CYP11B1

Good pharmacokinetic and pharmacodynamic profiles, allowing adequate delivery to the target organ following oral administration
An acceptable tolerability and toxicity profile

s =

CYP11B1, cytochrome P450 family 11, subfamily B, polypeptide 1.
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tested for activity and selectivity in VZ79MZ cells transfected with either the CYP11B2 or
CYP11B1 gene. Potential activity toward other steroidogenic enzymes was then tested us-
ing microsomes from human placenta (expressing CYP19), from Escherichia coli (expressing
recombinant human CYP17) and adrenal cortex mitochondria (expressing CYP11A1).384° The
NCI-H295R cell line was identified as a suitable tool for screening for the effects of these
compounds on several steroidogenic enzymes.*

The identified compounds of interest were aryl-substituted cyclopropatetrahydronaph-
talines, aryl- and arylmethyl-substituted tetrahydronaphthalenes and arylmethylene-
substituted indanones.*® Following additional modifications, some highly potent and selec-
tive CYP11B2 inhibitors were synthesized, exhibiting IC, values as low as 2 nM in VZ79MZ
cells, with selectivity factors (defined as IC,, CYP11B1/IC,, CYP11B2) of up to 1421.** For
comparison, fadrozole has an IC, value of 1 nM, but a selectivity factor of only 10.%** Some
of the identified compounds also caused the marginal inhibition of CYP19 and CYP17, and
exhibited promising pharmacokinetic properties in in vitro assays.*** Docking and molecular
dynamics studies for some of these compounds demonstrated that the position of the ligand
nitrogen relative to the heme group in the catalytic domain was important for binding affin-
ity; an angle close to 90° was optimal, preventing the oxygen activation of the heme group
that is necessary for the catalytic process.* Steric properties, as well as molecular interac-
tions, determined the positioning and stabilization of the ligand at the active site, thereby
also determining the inhibitory properties and substrate specificity.>* 4> 4 Based on these
data, models could be constructed for the design of suitable aldosterone synthase inhibitor

compounds.3* 4647

The initial specific aldosterone synthase inhibitors that were developed were observed to be
strong inhibitors of the hepatic CYP1A2 enzyme, which is of major importance for enzymatic
metabolism within the liver.*>*® Heim et al.*® succeeded in creating new compounds with
marginal CYP1A2 inhibitory activity. These promising compounds should be further tested
for their potential use in vivo.

In vivo studies with aldosterone synthase inhibitors

An ideal aldosterone synthase inhibitor has not yet been identified, and the in vivo benefits
of such a compound remain to be determined. Most in vivo studies conducted to date have
focused on FAD-286, the dextroenantiomer of the aromatase inhibitor fadrozole.

FAD-286 decreased urinary free aldosterone excretion in spontaneously hypertensive rats on
either a low Na*/high K* or high Na*/low K* diet.* Double transgenic rats (dTGR) expressing
the human renin and angiotensinogen genes were used as a model of Ang Il/aldosterone-
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dependent organ damage to assess the effect of FAD-286 on the target organs.*® FAD-286 (4
mg/kg/day for 3 weeks) was compared with the ARB losartan (30 mg/kg/day) in this system.
Both FAD-286 and losartan markedly reduced serum aldosterone levels. The mortality rate in
FAD-286-treated rats was 10%, compared with 40% in dTGR controls. There was a slight reduc-
tion in blood pressure in FAD-286-treated rats following 3 weeks of treatment, whereas treat-
ment with losartan resulted in a normalization of blood pressure. Cardiac hypertrophy was
reduced by FAD-286, and was normalized by losartan. In addition, both FAD-286 and losartan
reduced urinary albumin excretion, the infiltration of inflammatory cells and the deposition
of collagen IV and fibronectin in the kidney; losartan exhibited more potency than FAD-286.%°
However, a direct comparison with an aldosterone receptor antagonist was not performed
in this model. Such a comparison was conducted in a model of ischemic congestive heart
failure, in which rats were treated with either FAD-286 (4 mg/kg/day) or spironolactone (80
mg/kg/day) for 12 weeks.”' Both FAD-286 and spironolactone improved LV hemodynamics,
remodelling and function. FAD-286 was more potent in reducing LV end-diastolic pressure,
the relaxation constant and dilatation compared with spironolactone. Following 12 weeks of
treatment, FAD-286 reduced myocardial oxidative stress to a greater extent than spironolac-
tone. In addition, only FAD-286 normalized the congestive heart failure-induced reduction in
Ang Il type 2 receptor protein levels.*!

The role of locally produced aldosterone can be assessed with aldosterone synthase inhibi-
tors. Although aldosterone in the heart is mainly derived from the circulation,*®>* 33 there is
also evidence for the local production of aldosterone in the brain,? ** causing the induction
of sympathetic hyperactivity and hypertension.>* Such an induction was observed in Wistar
rats following the intracerebroventricular infusion of hypertonic saline. The concomitant
intracerebroventricular infusion of FAD-286 prevented the increase in hypothalamic
aldosterone levels following hypertonic saline infusion, and also inhibited the increase in
sympathetic tone and blood pressure.>> A similar approach was followed to assess whether
locally produced aldosterone in the CNS contributed to sympathetic hyperactivity and LV
dysfunction after myocardial infarction.*® Wistar rats underwent coronary ligation and were
administered FAD-286 (icv) for 4 weeks. FAD-286 prevented the increase of aldosterone in
the hippocampus and hypothalamus, and attenuated the development of LV dysfunction
and remodelling.*®

Although these results are promising, the studies involved had a short duration. Little is
known about the long-term benefits of a compound such as FAD-286, the side effects poten-
tially related to the inhibition of other CYP enzymes, such as CYP19, or the general long-term
toxicity. Itis therefore crucial that more specific aldosterone synthase inhibitors are subjected

to extensive evaluation in vivo.
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CONCLUSION

The inhibition of aldosterone at the level of the MR has proven to be useful in the treatment of
heart failure,’® ™ primary aldosteronism'? and essential hypertension.> However, an increase
in aldosterone levels following ARA treatment may result in undesirable effects, because of
non-genomic, non-MR-mediated activity."->” The direct inhibition of aldosterone synthesis
may therefore be more beneficial compared with MR blockade. Several promising aldoste-
rone synthase inhibitors have been developed; however, selectivity for the enzyme remains
a challenge. The synthesis of cortisol, as well as the activation of other CYP450 enzymes
including hepatic enzymes, should remain unaffected. In vitro testing systems are useful in
identifying potent and selective compounds. However, only long-term, in vivo experimental
studies, followed by clinical trials, can provide sufficient data on the efficacy, tolerability and
safety of these drugs. Whether aldosterone synthase inhibitors can have a beneficial effect
on primary endpoints when used instead of, or in addition to, ARA treatment, remains to be
determined to assess whether these compounds can be used successfully in the treatment of
cardiovascular disease. Such information will also provide more insight regarding the clinical

relevance of the non-genomic effects of aldosterone.

40



Aldosterone synthase inhibitors

REFERENCES

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

Dzau VJ, Colucci WS, Hollenberg NK, Williams GH. Relation of the renin-angiotensin-aldosterone
system to clinical state in congestive heart failure. Circulation. 1981;63:645-651

Guder G, Bauersachs J, Frantz S, Weismann D, Allolio B, Ertl G, Angermann CE, Stork S. Comple-
mentary and incremental mortality risk prediction by cortisol and aldosterone in chronic heart
failure. Circulation. 2007;115:1754-1761

Latini R, Masson S, Anand |, Salio M, Hester A, Judd D, Barlera S, Maggioni AP, Tognoni G, Cohn JN.
The comparative prognostic value of plasma neurohormones at baseline in patients with heart
failure enrolled in Val-HeFT. Eur Heart J. 2004;25:292-299

Jansen PM, Boomsma F, van den Meiracker AH. Aldosterone-to-renin ratio as a screening test for
primary aldosteronism--the Dutch ARRAT Study. Neth J Med. 2008;66:220-228

Jansen PM, Danser AH, Imholz BP, van den Meiracker AH. Aldosterone-receptor antagonism in
hypertension. J Hypertens. 2009;27:680-691

Bomback AS, Klemmer PJ. The incidence and implications of aldosterone breakthrough. Nat Clin
Pract Nephrol. 2007;3:486-492

Young MJ. Mechanisms of mineralocorticoid receptor-mediated cardiac fibrosis and vascular
inflammation. Curr Opin Nephrol Hypertens. 2008;17:174-180

Milliez P, Girerd X, Plouin PF, Blacher J, Safar ME, Mourad JJ. Evidence for an increased rate of
cardiovascular events in patients with primary aldosteronism. J Am Coll Cardiol. 2005;45:1243-
1248

Strauch B, Petrak O, Wichterle D, Zelinka T, Holaj R, Widimsky J, Jr. Increased arterial wall stiffness in
primary aldosteronism in comparison with essential hypertension. Am J Hypertens. 2006;19:909-
914

Pitt B, Remme W, Zannad F, Neaton J, Martinez F, Roniker B, Bittman R, Hurley S, Kleiman J, Gatlin
M. Eplerenone, a selective aldosterone blocker, in patients with left ventricular dysfunction after
myocardial infarction. N Engl J Med. 2003;348:1309-1321

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky J, Wittes J. The effect of
spironolactone on morbidity and mortality in patients with severe heart failure. Randomized
aldactone evaluation study investigators. N Engl J Med. 1999;341:709-717

Catena C, Colussi G, Nadalini E, Chiuch A, Baroselli S, Lapenna R, Sechi LA. Cardiovascular out-
comes in patients with primary aldosteronism after treatment. Arch Intern Med. 2008;168:80-85
Jeunemaitre X, Chatellier G, Kreft-Jais C, Charru A, DeVries C, Plouin PF, Corvol P, Ménard J. Efficacy
and tolerance of spironolactone in essential hypertension. Am J Cardiol. 1987,60:820-825

Chai W, Danser AHJ. Why are mineralocorticoid receptor antagonists cardioprotective? Naunyn
Schmiedebergs Arch Pharmacol. 2006;374:153-162

Skott O, Uhrenholt TR, Schjerning J, Hansen PB, Rasmussen LE, Jensen BL. Rapid actions of aldo-
sterone in vascular health and disease--friend or foe? Pharmacol Ther. 2006;111:495-507
Schiffrin EL. Effects of aldosterone on the vasculature. Hypertension. 2006;47:312-318

Chai W, Garrelds IM, de Vries R, Batenburg WW, van Kats JP, Danser AHJ. Nongenomic effects of
aldosterone in the human heart: Interaction with angiotensin Il. Hypertension. 2005;46:701-706
Khalil RA. Sex hormones as potential modulators of vascular function in hypertension. Hyperten-
sion. 2005;46:249-254

Connell JM, Davies E. The new biology of aldosterone. J Endocrinol. 2005;186:1-20

Bassett MH, White PC, Rainey WE. The regulation of aldosterone synthase expression. Mol Cell
Endocrinol. 2004,217:67-74

41




Chapter 2

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

42

Elliott ME, Goodfriend TL. Angiotensin alters 45Ca2+ fluxes in bovine adrenal glomerulosa cells.
Proc Natl Acad Sci U S A. 1981;78:3044-3048

Akizuki O, Inayoshi A, Kitayama T, Yao K, Shirakura S, Sasaki K, Kusaka H, Matsubara M. Blockade
of T-type voltage-dependent Ca2+ channels by benidipine, a dihydropyridine calcium channel
blocker, inhibits aldosterone production in human adrenocortical cell line NCI-H295R. Eur J
Pharmacol. 2008;584:424-434

Lotshaw DP. Role of membrane depolarization and T-type Ca2+ channels in angiotensin Il and K+
stimulated aldosterone secretion. Mol Cell Endocrinol. 2001;175:157-171

Pezzi V, Clyne CD, Ando S, Mathis JM, Rainey WE. Ca(2+)-regulated expression of aldosterone
synthase is mediated by calmodulin and calmodulin-dependent protein kinases. Endocrinology.
1997;138:835-838

Condon JC, Pezzi V, Drummond BM, Yin S, Rainey WE. Calmodulin-dependent kinase | regulates
adrenal cell expression of aldosterone synthase. Endocrinology. 2002;143:3651-3657

Kakiki M, Morohashi K, Nomura M, Omura T, Horie T. Expression of aldosterone synthase cyto-
chrome p450 (p450aldo) mRna in rat adrenal glomerulosa cells by angiotensin Il type 1 receptor.
Endocr Res. 1997;23:277-295

Bird IM, Pasquarette MM, Rainey WE, Mason JI. Differential control of 17 alpha-hydroxylase and
3 beta-hydroxysteroid dehydrogenase expression in human adrenocortical H295R cells. J Clin
Endocrinol Metab. 1996;81:2171-2178

Romero DG, Welsh BL, Gomez-Sanchez EP, Yanes LL, Rilli S, Gomez-Sanchez CE. Angiotensin
Il-mediated protein kinase d activation stimulates aldosterone and cortisol secretion in H295R
human adrenocortical cells. Endocrinology. 2006;147:6046-6055

Betancourt-Calle S, Mann-Blakeney RS, Isales CM, Calle RA, Bollinger Bollag W. Angiotensin I
priming of aldosterone secretion with agents that enhance Ca(2+) influx. Mol Cell Endocrinol.
2001;177:61-70

Bassett MH, Suzuki T, Sasano H, White PC, Rainey WE. The orphan nuclear receptors NURR1 and
NGFIB regulate adrenal aldosterone production. Mol Endocrinol. 2004;18:279-290

Kurihara I, Shibata H, Kobayashi S, Suda N, Ikeda Y, Yokota K, Murai A, Saito I, Rainey WE, Saruta
T. Ubc9 and protein inhibitor of activated stat 1 activate chicken ovalbumin upstream promoter-
transcription factor I-mediated human CYP11B2 gene transcription. J Biol Chem. 2005;280:6721-
6730

Bassett MH, Zhang Y, White PC, Rainey WE. Regulation of human CYP11B2 and CYP11B1: Compar-
ing the role of the common CRE/Ad1 element. Endocr Res. 2000;26:941-951

Kawamoto T, Mitsuuchi Y, Toda K, Yokoyama Y, Miyahara K, Miura S, Ohnishi T, Ichikawa Y, Nakao K,
Imura H, et al. Role of steroid 11 beta-hydroxylase and steroid 18-hydroxylase in the biosynthesis
of glucocorticoids and mineralocorticoids in humans. Proc Natl Acad Sci U S A. 1992;89:1458-1462
Roumen L, Sanders MP, Pieterse K, Hilbers PA, Plate R, Custers E, de Gooyer M, Smits JF, Beugels |,
Emmen J, Ottenheijm HC, Leysen D, Hermans JJ. Construction of 3D models of the CYP11B family
as a tool to predict ligand binding characteristics. J Comput Aided Mol Des. 2007;21:455-471
Bottner B, Schrauber H, Bernhardt R. Engineering a mineralocorticoid- to a glucocorticoid-
synthesizing cytochrome p450. J Biol Chem. 1996;271:8028-8033

Kau MM, Kan SF, Wang JR, Wang PS. Inhibitory effects of digoxin and ouabain on aldosterone
synthesis in human adrenocortical NCI-H295 cells. J Cell Physiol. 2005;205:393-401

Demers LM, Melby JC, Wilson TE, Lipton A, Harvey HA, Santen RJ. The effects of CGS 16949a,
an aromatase inhibitor on adrenal mineralocorticoid biosynthesis. J Clin Endocrinol Metab.
1990;70:1162-1166



Aldosterone synthase inhibitors

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Hartmann RW, Muller U, Ehmer PB. Discovery of selective CYP11B2 (aldosterone synthase)
inhibitors for the therapy of congestive heart failure and myocardial fibrosis. Eur J Med Chem.
2003;38:363-366

Bureik M, Hubel K, Dragan CA, Scher J, Becker H, Lenz N, Bernhardt R. Development of test systems
for the discovery of selective human aldosterone synthase (CYP11B2) and 11beta-hydroxylase
(CYP11B1) inhibitors. Discovery of a new lead compound for the therapy of congestive heart
failure, myocardial fibrosis and hypertension. Mol Cell Endocrinol. 2004;217:249-254
Ulmschneider S, Muller-Vieira U, Mitrenga M, Hartmann RW, Oberwinkler-Marchais S, Klein CD,
Bureik M, Bernhardt R, Antes |, Lengauer T. Synthesis and evaluation of imidazolylmethylenetetra-
hydronaphthalenes and imidazolylmethyleneindanes: Potent inhibitors of aldosterone synthase.
JMed Chem. 2005;48:1796-1805

Muller-Vieira U, Angotti M, Hartmann RW. The adrenocortical tumor cell line NCI-H295R as an
in vitro screening system for the evaluation of CYP11B2 (aldosterone synthase) and CYP11B1
(steroid-11beta-hydroxylase) inhibitors. J Steroid Biochem Mol Biol. 2005;96:259-270

Voets M, Muller-Vieira U, Marchais-Oberwinkler S, Hartmann RW. Synthesis of amidinohydrazones
and evaluation of their inhibitory effect towards aldosterone synthase (CYP11B2) and the forma-
tion of selected steroids. Arch Pharm (Weinheim). 2004;337:411-416

Voets M, Antes |, Scherer C, Muller-Vieira U, Biemel K, Barassin C, Marchais-Oberwinkler S, Hart-
mann RW. Heteroaryl-substituted naphthalenes and structurally modified derivatives: Selective
inhibitors of CYP11B2 for the treatment of congestive heart failure and myocardial fibrosis. J Med
Chem. 2005;48:6632-6642

Voets M, Antes |, Scherer C, Muller-Vieira U, Biemel K, Marchais-Oberwinkler S, Hartmann RW.
Synthesis and evaluation of heteroaryl-substituted dihydronaphthalenes and indenes: Potent
and selective inhibitors of aldosterone synthase (CYP11B2) for the treatment of congestive heart
failure and myocardial fibrosis. J Med Chem. 2006;49:2222-2231

Ulmschneider S, Muller-Vieira U, Klein CD, Antes |, Lengauer T, Hartmann RW. Synthesis and evalu-
ation of (pyridylmethylene)tetrahydronaphthalenes/-indanes and structurally modified deriva-
tives: Potent and selective inhibitors of aldosterone synthase. J Med Chem. 2005;48:1563-1575
Ulmschneider S, Negri M, Voets M, Hartmann RW. Development and evaluation of a pharmaco-
phore model for inhibitors of aldosterone synthase (CYP11B2). Bioorg Med Chem Lett. 2006;16:25-
30

Lucas S, Heim R, Negri M, Antes |, Ries C, Schewe KE, Bisi A, Gobbi S, Hartmann RW. Novel aldo-
sterone synthase inhibitors with extended carbocyclic skeleton by a combined ligand-based and
structure-based drug design approach. J Med Chem. 2008;51:6138-6149

Heim R, Lucas S, Grombein CM, Ries C, Schewe KE, Negri M, Muller-Vieira U, Birk B, Hartmann
RW. Overcoming undesirable CYP1A2 inhibition of pyridylnaphthalene-type aldosterone syn-
thase inhibitors: Influence of heteroaryl derivatization on potency and selectivity. J Med Chem.
2008;51:5064-5074

Ménard J, Gonzalez MF, Guyene TT, Bissery A. Investigation of aldosterone-synthase inhibition in
rats. J Hypertens. 2006;24:1147-1155

Fiebeler A, Nussberger J, Shagdarsuren E, Rong S, Hilfenhaus G, Al-Saadi N, Dechend R, Wellner M,
Meiners S, Maser-Gluth C, Jeng AY, Webb RL, Luft FC, Muller DN. Aldosterone synthase inhibitor
ameliorates angiotensin ll-induced organ damage. Circulation. 2005;111:3087-3094

Mulder P, Mellin V, Favre J, Vercauteren M, Remy-Jouet |, Monteil C, Richard V, Renet S, Henry
JP, Jeng AY, Webb RL, Thuillez C. Aldosterone synthase inhibition improves cardiovascular func-

43




Chapter 2

52.

53.

54.

55.

56.

57.

a4

tion and structure in rats with heart failure: A comparison with spironolactone. Eur Heart J.
2008;29:2171-2179

Chai W, Garrelds IM, de Vries R, Danser AHJ. Cardioprotective effects of eplerenone in the rat heart:
Interaction with locally synthesized or blood-derived aldosterone? Hypertension. 2006;47:665-
670

Gomez-Sanchez EP, Ahmad N, Romero DG, Gomez-Sanchez CE. Origin of aldosterone in the rat
heart. Endocrinology. 2004;145:4796-4802

Gomez-Sanchez EP, Ahmad N, Romero DG, Gomez-Sanchez CE. Is aldosterone synthesized within
the rat brain? Am J Physiol Endocrinol Metab. 2005;288:E342-346

Huang BS, White RA, Ahmad M, Jeng AY, Leenen FHH. Central infusion of aldosterone synthase
inhibitor prevents sympathetic hyperactivity and hypertension by central Na* in Wistar rats. Am J
Physiol Regul Integr Comp Physiol. 2008;295:R166-R172

Huang BS, White RA, Ahmad M, Tan J, Jeng AY, Leenen FHH. Central infusion of aldosterone syn-
thase inhibitor attenuates left ventricular dysfunction and remodelling in rats after myocardial
infarction. Cardiovasc Res. 2008;81:574-581

Chai W, Garrelds IM, Arulmani U, Schoemaker RG, Lamers JMJ, Danser AHJ. Genomic and non-
genomic effects of aldosterone in the rat heart: Why is spironolactone cardioprotective? Br J
Pharmacol. 2005;145:664-671









Chapter3

Renin and prorenin have no direct
effect on aldosterone synthesis in the
human adrenocortical cell lines H295R
and HAC15

*Pieter M. Jansen', *Johannes Hofland?, Anton H. van den Meiracker’,

Frank H. de Jong?, A.H. Jan Danser’

Divisions of Pharmacology, Vascular and Metabolic Diseases’ and Endocrinology? Department
of Internal Medicine, Erasmus Medical Centre Rotterdam, The Netherlands.

*both authors contributed equally

Journal of the Renin-Angiotensin-Aldosterone System 2012;13(3):360-366.



Chapter 3

ABSTRACT

Introduction: Transgenic rats expressing the human (pro)renin receptor (h(P)RR) have el-
evated plasma aldosterone levels despite unaltered levels, in plasma and adrenal, of renin
and angiotensin Il.

Materials and methods: To investigate whether renin/prorenin-(P)RR interaction underlies
these elevated aldosterone levels, the effect of (pro)renin on steroidogenesis was compared
with that of angiotensin Il in two (P)RR-expressing human adrenocortical cell lines, H295R
and HAC15.

Results: Angiotensin Il rapidly induced extracellular signal-regulated kinase (ERK) phosphory-
lation and increased the expression of STAR, CYP21A2, CYP11B2 and CYP17A1 at 6 and 24
hours, whereas the expression of CYP11A1 and HSD3B2 remained unaltered. Incubation with
renin or prorenin at nanomolar concentrations had no effect on the expression of any of the
steroidogenic enzymes tested, nor resulted in ERK phosphorylation. Angiotensin II, but not
renin or prorenin, induced aldosterone production.

Conclusion: Although the (P)RR is present in adrenocortical cells, renin and prorenin do not
elicit ERK phosphorylation nor directly affect steroid production via this receptor at nanomo-
lar concentrations. Thus, direct (pro)renin-(P)RR interaction is unlikely to contribute to the
elevated aldosterone levels in human (P)RR transgenic rats. This conclusion also implies that
the aldosterone rise that often occurs during prolonged renin-angiotensin system blockade
is rather due to the angiotensin Il ‘escape’ during such blockade.
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INTRODUCTION

(Pro)renin receptors ((P)RRs) bind both renin and its inactive precursor, prorenin, and such
binding allows prorenin to display angiotensin (Ang) I-generating activity.”* Surprisingly,
renin and prorenin also act as agonists for this receptor, inducing effects in an angiotensin-
independent manner."*7 Transgenic rats with either ubiquitous or vascular smooth muscle-
specific expression of the human (P)RR have increased plasma aldosterone levels. Yet, their
plasma levels of renin and angiotensin are normal,®® and elevated adrenal levels of Ang Il did
not occur in the animals with ubiquitous (P)RR expression.’® Possibly therefore, renin- and/or
prorenin-induced stimulation of this receptor in the adrenal cortex (i.e. independently of an-
giotensin) is responsible for increased aldosterone production. Recently, the (P)RR was shown
to be present in aldosterone-producing adenomas (APAs) as well as in two adrenocortical
cell lines (H295R and HAC15) suggesting a role for this receptor in aldosterone synthesis.”
Indeed, adrenal (P)RR expression in (P)RR transgenic rats correlated with CYP11B2 expres-
sion.' Moreover, some of the mitogen-activated protein (MAP) kinases linked to aldosterone
synthesis and release (extracellular signal regulated 1/2 (ERK1/2) and p38 mitogen-activated
protein kinase (MAPK)),'> '3 are known to be activated by renin/prorenin (hereafter referred
to as (pro)renin) binding to the (P)RR.”:*

Aldosterone is produced from cholesterol through a series of enzymatic reactions involv-
ing cytochrome P450 (CYP) enzymes and a hydroxysteroid dehydrogenase (HSD). After
mitochondrial transport by steroid acute regulatory protein (encoded by STAR), cholesterol
is converted into pregnenolone by P450scc (CYP11A1). Aldosterone is formed through se-
quential reactions by 33-HSD (HSD3B2), 21-hydroxylase (CYP21A2) and aldosterone synthase
(CYP11B2). P450c17 (CYP17A1) diverts steroidogenesis from aldosterone towards glucocorti-
coid and sex steroid synthesis.” These enzymes are present in the adrenocortical carcinoma
cell lines H295R and HAC15, making them useful and well-characterized models to study
regulatory mechanisms for aldosterone synthesis.’®'®

The purpose of this study was to assess whether there is a direct, Ang Il-independent
effect, of prorenin and/or renin on the MAP kinase signalling cascade and adrenocortical
steroidogenesis in H295R and HAC15 cells. To that end, we studied the effects of (pro)renin

on aldosterone production and steroidogenic enzyme expression in these cells.

MATERIALS AND METHODS

Cell culture studies

H295R cells (ATCC, Manassas, VA) were maintained in DMEM/F12, containing 5% foetal calf
serum (FCS), 400 IU/ml penicillin and 0.4 mg/ml streptomycin (Invitrogen, Carlsbad, CA).
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H295R cells were seeded in 24-well plates at a concentration of 1x10° cells/ml for 24 hours.
Cells were then serum-starved overnight and subsequently incubated with Ang Il (Sigma-
Aldrich, St. Louis, MO; 100 nmol/l), recombinant human renin (see below, 1 and 10 nmol/l),
or recombinant human prorenin (1 nmol/l). Renin was applied at higher concentrations than
prorenin, given its lower affinity for the (P)RR.? At 6, 24 and 48 hours, medium was removed
and the plates were snap-frozen and stored at -80°C until further analysis.

HAC15 cells (kindly provided by Dr. W.E. Rainey, Medical College of Georgia, Augusta, GA)
were maintained in DMEM/F12 containing 10% cosmic calf serum (CCS, Thermo Scientific,
Breda, The Netherlands), penicillin and streptomycin. These cells were seeded in 24-well
plates at a concentration of 1x10° cells/ml for 24 hours. Cells were put on 0.1% CCS overnight
and subsequently incubated with Ang Il (100 nmol/I'*2"), recombinant human renin (10
nmol/l), recombinant human prorenin (2.5 nmol/l), or Ang Il in combination with renin or
prorenin. At 48 hours, culture media were collected and the plates were snap-frozen and
stored at -80°C until further analysis.

To study whether renin or prorenin activates the ERK1/2 phosphorylation pathway, H295R
cells were seeded in 6-well plates at a concentration of 4.5x10° cells/ml for 24 hours. Cells
were serum-starved overnight and subsequently stimulated with Ang Il (100 nmol/l), recom-
binant human renin (10 nmol/l), or recombinant human prorenin (2.5 nmol/l). After 5 and
30 minutes of incubation, the cells were harvested and lysed with lysis buffer containing
protease inhibitor Complete (Roche, Almere, The Netherlands) and phosphatase inhibitor
mixture (Sigma, Zwijndrecht, The Netherlands) as described previously.” The cell lysates were
stored at -20°C until Western blot analysis.

The capacity of H295R cells to generate (pro)renin was assessed by collecting medium fol-
lowing exposure of the cells to 10 umol/I forskolin (Sigma-Aldrich) or 1 mmol/l cAMP (Sigma-
Aldrich) (to maximally stimulate renin release??) for 48 hours in the absence or presence of 5%
FCS. In order to evaluate their angiotensin-converting enzyme (ACE) content, serum-starved
cells were incubated at 37°C with 10 nmol/I Ang | in the absence or presence of 10 umol/I
captopril. Medium samples (50 pl) for Ang | and Il measurements were then collected at 30,
60, 180 and 360 minutes and rapidly mixed with angiotensinase inhibitor mix as described

previously.?®

Recombinant human (pro)renin

Recombinant human prorenin was a kind gift of Dr. S. Matthews (Hoffmann-LaRoche, Basel,
Switzerland). It was secreted by CHO cells transfected with a vector containing human pro-
renin cDNA. It was partially purified, to remove traces of renin, by Cibacron Blue Sepharose
affinity chromatography (Amersham Pharmacia Biotech, Roosendaal, The Netherlands). The
intrinsic renin activity of the prorenin preparation, prior to proteolytic activation, was less
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than 2% of the activity after complete proteolytic activation.?* After proteolytic activation,

the prorenin preparation contained approximately 4 pmol/I renin.

(P)RR expression

(P)RR expression was investigated in non-stimulated H295R cells and human adrenal tissue,
obtained as residual tissue after nephrectomy (n=2), by reverse transcriptase-polymerase
chain reaction (RT-PCR). Cells and frozen tissues were homogenized in TRIzol reagent (Invit-
rogen) with the Polytron PT 3000 (Kinematica AG, Littau-Luzern, Switzerland) and RNA was
isolated according to the manufacturer’s instructions. Following isolation, 1 pg of RNA was
reverse transcribed as described previously.? In the PCR reaction, CAT TGT CCATGG GCTTCT
CT was used as forward primer, and 2 different reverse primers (CAA ACT TTT GCA GAG CGT
CA and ATC CAG GAT CCA TGT TCC AA) were used, resulting, respectively, in the detection
of 603 and 864 bp fragments.” A 30 uL mixture containing AmpliTaq mix (Roche Applied
Science, Penzberg, Germany), dNTPs, 1250 nmol/I primers and 30 ng cDNA was incubated
for 5 minutes at 95°C. Amplification was performed in forty cycles consisting of the following
steps: 1 minute at 95°C, 1 minute at 64°C, and 1 minute at 72°C. The amplification was ended
with a 10-minute incubation at 72°C. PCR products were run on an agarose 2% gel

Western Blotting

For the detection of ERK1/2 and phosphorylated ERK1/2, 10 pg of protein was loaded on
a 12% polyacrylamide gel. For the detection of (P)RR and {3-actin, 20 pg of protein was ap-
plied. Cell lysates of Mardin Darby Canine Kidney (MDCK) cells (15 pg protein) were used as
a positive control for the presence of the (P)RR. We used polyclonal rabbit antibodies against
ERK1/2 and phospho-ERK1/2 (Cell Signaling, Danvers, MA) for the detection of total and phos-
phorylated ERK, polyclonal rabbit anti-ATP6AP2 antibodies (Sigma-Aldrich) for the detection
of the (P)RR, and monoclonal mouse anti-actin (clone C4) antibodies (Millipore, Amsterdam,
The Netherlands) for the detection of -actin. Horseradish peroxidase-conjugated secondary
antibodies were purchased from Biorad (Veenendaal, The Netherlands). Blots were developed
with chemiluminescence substrate. Quantification of protein levels was performed with Im-
age J (National Institutes of Health, Bethesda, MD).

RNA isolation and quantitative RT-PCR

RNA was isolated from the H295R cells using TRIzol, followed by reverse transcription. There-
after, expression of steroidogenic enzyme and housekeeping gene hypoxanthine ribosyl
transferase 1 (HPRT1) mRNAs was evaluated using real-time PCR as described previously.®

Primer and probe sequences have been described previously.'> cDNA specificity was checked

51




Chapter 3

for each gene product and PCR efficiency exceeded 90% for each probe-primer pair. Expres-
sion of mRNAs was calculated relative to HPRT1 using the 6Ct-method.

Prorenin, renin, angiotensin and aldosterone measurements

Renin and prorenin in the culture medium were measured by immunoradiometric assay (Cis-
bio Bioassays, Bagnols-sur-Ceze, France) as described before.?® The detection limit was 0.024
pmol/Il. Ang | and Il were measured with sensitive radioimmunoassay.?” Their detection limits
were 80 and 40 pmol/l, respectively. Aldosterone was measured with a radioimmunoassay
(Coat-a Count, Siemens-DPC, Los Angeles, CA) with a detection limit of 61 pmol/I.

Statistical analysis

Levels are expressed as mean + standard error of the mean (SEM). ERK phosphorylation and
log-converted steroidogenic enzyme expression levels were analyzed by one-way analysis of
variance (ANOVA), applying post-hoc Dunnett’s test for multiple comparisons. Aldosterone
levels were analyzed by Kruskal-Wallis test, applying post-hoc Dunn’s test for multiple com-
parisons because of a non-Gaussian distribution even after log-conversion. P-values <0.05
were considered statistically significant. Analyses were performed with GraphPad Prism 5.01
(GraphPad Software Inc., San Diego, CA).

RESULTS

Local expression of the (P)RR and RAAS components

Both H295R cells and human adrenal tissue expressed the (P)RR, as evidenced by the appear-
ance of the expected 603 and 864 bp fragments following RT-PCR (data not shown). Western
blots on H295R cell lysates confirmed the presence of the (P)RR protein (Figure 1).

Neither renin nor prorenin could be detected in the medium of forskolin- or cAMP-
stimulated H295R cells with or without serum (n=3). The cells metabolized Ang | to the same
degree without or with captopril ((t, ,’s 2.1+0.1 and 2.6+0.2 hours, respectively; n=4), and Ang
Ilin the medium remained below the limit of detection under all conditions.
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kDa (P)RR

kDa
43 ——
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Figure 1. Western blot analysis on the presence of the (pro)renin receptor ((P)RR) in the H295R cell line with B-actin serving as reference for
protein loading. Mardin Darby Canine Kidney (MDCK) cells were used as positive control for (P)RR expression; they yielded a product of similar
size.

Effect of (pro)renin on adrenocortical cells

Incubation with Ang Il rapidly induced phosphorylation of ERK at both 5 and 30 minutes,
whereas supraphysiological concentrations of both renin and prorenin did not (Figure 2).

Aldosterone concentrations in the supernatants of unstimulated H295R cells were below
the detection limit of the assay. Ang Il led to a rise in aldosterone concentration in HAC15
cell culture media after 48 hours of incubation (Figure 3). This was not affected by coincuba-
tion with renin or prorenin. Stimulation with renin or prorenin alone did not result in higher
aldosterone secretion as compared with unstimulated cells.

Ang Il (n=4) significantly increased the expression of STAR, CYP11B2, CYP21A2 and
CYP171A1 (Figure 4) in H295R cells at 6 and/or 24 hours, but not at 48 hours. No significant
effects were observed for HSD3B2 and CYP11A1 (data not shown). Renin and prorenin (n=4
for all concentrations) had no significant effect on the expression of any of the steroidogenic
enzymes studied. After 48 hours of incubation, only Ang Il (in the presence or absence of (pro)
renin), but not renin or prorenin alone, increased the expression of CYP11B2 and decreased
the expression of CYP17A1 in HAC15 cells (n=3 for all conditions; Figure 5). No significant
effects were observed for the expression of the other steroidogenic enzymes.
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Figure 2. Total ERK1/2 (ERK) and phosphorylated ERK1/2 (p-ERK) in H295R cells after a 5-minute incubation with angiotensin Il (Ang

11, 100 nmol/1), renin (10 nmol/1), and prorenin (2.5 nmol/l) analyzed by Western blot (A). Quantification of ERK phosphorylation relative to
unstimulated cells at 5 and 30 minutes stimulation (B). *** P<0.001 versus control. Values are mean = SEM of six experiments except for Ang Il
at t=5min and control at t = 30 min (n=5).
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Figure 3. Aldosterone concentrations in HAC15 culture media after 48 hours of incubation with renin (10 nmol/1), prorenin (2.5 nmol/1),
angiotensin Il (Ang I, 100 nmol/1), and Ang II (100 nmol/I) coincubated with renin (10 nmol/1) or prorenin (2.5 nmol/l), compared with
unstimulated cells. *** P<0.001 versus control. Values are mean & SEM of 12 experiments.
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Figure 4. Expression of STAR, CYP21A2, CYP11B2 and CYP17A1 mRNA in H295R cells after incubation with angiotensin Il (Ang I, 100
nmol/l), renin (1 and 10 nmol/1) and prorenin (1 nmol/l) for 6, 24 and 48 hours. Values were related to the housekeeping gene HPRT1 and
depicted relative to unstimulated cells (mean & SEM of four experiments). *P<0.05, **P<0.01, ***P<0.001 versus control.
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Figure 5. Expression of STAR, CYP21A2, CYP11B2 and CYP17AT mRNA in HAC15 cells after incubation with angiotensin I (Ang Il, 100
nmol/l), renin (10 nmol/I), prorenin (2.5 nmol/I) for 48 hours. Values were related to the housekeeping gene HPRT1 and depicted relative to
unstimulated cells (mean & SEM of three experiments). *P<0.05 versus control.

DISCUSSION

Transgenic rats overexpressing the human (P)RR have increased levels of plasma aldosterone
despite normal plasma and tissue levels of renin and Ang 11.8'° Given the direct effects of both
renin and prorenin via (P)RR-mediated activation of ERK1/2 and p38 MAPK," ' we hypoth-
esized that renin and prorenin might directly stimulate aldosterone synthesis through activa-
tion of the adrenocortical (P)RR. This hypothesis was tested in the adrenocortical cell lines
H295R and HAC15, making use of nanomolar levels of (pro)renin. These concentrations were
chosen based on previous in-vitro studies showing effects of (pro)renin in cardiomyocytes,
monocytes and renal cells.>7 ™ 28 It should be realized that such concentrations are three
to four orders of magnitude above the physiological levels of (pro)renin.?® Although (pro)
renin levels may rise under pathological conditions and/or during renin-angiotensin system
(RAS) blockade, such rises are usually <10-fold,?**" i.e., far below the 1000-10.000-fold higher
levels applied here. Therefore, at most, such high levels might exist at sites where (pro)renin
is produced, e.g. in the kidney and the adrenal gland.

First, (P)RR expression in H295R cells was confirmed both at the mRNA and protein level.
Second, we verified whether H295R cells are capable of generating RAS components. In

agreement with a previous study,* we were unable to detect ACE activity in these cells. In
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fact, following the addition of Ang | to the medium, these cells did not generate any Ang Il
ruling out Ang Il generation by non-ACE pathways as well.

Adrenal cells are thought to express a renin transcript lacking exon 1, encoding for a
non-secretory intracellular renin.?* Immunohistochemistry indeed supported the cytosolic
presence of renin in H295R cells.3? We were unable to detect renin or prorenin in the medium
of these cells, even following stimulation of the renin-stimulatory® adenylyl cyclase-cAMP
pathway. This confirms that renin lacking the transport signal (which is encoded by a signal
derived from exon 1 of the renin gene) cannot be secreted.** The function of intracellular
renin is so far unknown. Although elevated levels of adrenal (cytosolic) renin have been
reported to occur in conjunction with elevated plasma levels of aldosterone,* it remains
to be determined whether intracellular renin displays Ang I-generating activity, and if so,
to what degree it has access to angiotensinogen in adrenal cells. Alternatively, such renin
might stimulate intracellular (P)RRs in an Ang ll-independent manner, and thereby increase
aldosterone synthesis. Renin and prorenin, when added to the medium, will accumulate
intracellularly,>3>3¢ and thus our experimental approach should allow the stimulation of (P)
RRs both on the cell surface and in the cells.

The current study, however, does not support aldosterone synthesis by adrenocortical
cells following their exposure to nanomolar concentrations of either renin or prorenin. In
fact, although present in H295R cells, stimulation of the (P)RR with renin or prorenin did not
lead to phosphorylation of ERK1/2. In contrast, Ang Il did induce ERK1/2 phosphorylation
and resulted in a profound stimulation of steroidogenic enzyme expression, in particular
aldosterone synthase (CYP11B2), in full agreement with previous reports.'”-'° Aldosterone
concentrations in culture media of unstimulated H295R cells remained below the detection
limit. In order to be able to assess even small effects on aldosterone secretion, additional
experiments were performed in HAC15 cells. Ang ll, but not renin or prorenin, increased
aldosterone secretion in these cells. Clearly, therefore, our findings rule out a direct effect of
renin/prorenin on aldosterone synthesis via activation of (P)RR on either the cell surface or
in the cells.

One may speculate that, in the intact adrenal gland in vivo, in the presence of sufficient an-
giotensinogen and ACE, (pro)renin binding to the (P)RR would allow angiotensin generation,
thus resulting in aldosterone synthesis in an indirect (Ang ll-dependent) manner. However,
given the unchanged plasma and tissue angiotensin levels in (P)RR transgenic rats,®'° this
mechanism cannot underlie the elevated aldosterone levels in these rats.

In conclusion, neither renin nor prorenin stimulates aldosterone synthesis directly via
(P)RR in H295R and HACT5 cells, not even when applied at supraphysiological levels. Most
likely therefore, the elevated aldosterone levels in (P)RR transgenic rats are the consequence
of other mechanisms. Given the recent observation that the (P)RR is indispensable for the
integrity of vacuolar H*-ATPase (an enzyme that plays an important role in the acidification
of subcellular compartments),?” one possibility is that intracellular pH changes per se (i.e.,
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independently of renin/prorenin) affect aldosterone synthesis. Alternatively, the renal dam-
age in (P)RR transgenic rats may stimulate adrenal aldosterone production via an increase
in serum potassium levels.®° Although (P)RR blockade with the handle region peptide (HRP)
prevented renal damage in (P)RR transgenic rats,* the effect of such normalization on plasma
aldosterone levels or serum potassium levels has not yet been reported. Importantly, the
current data rule out that the ‘aldosterone escape’ occurring during single or dual RAS block-
ade® % is due to the renin/prorenin rise that accompanies such blockade. More likely, the
Ang Il escape that usually also occurs during prolonged RAS blockade*! 2 contributes to this
aldosterone rise.
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ABSTRACT

Since the introduction of the aldosterone-to-renin ratio (ARR) as a screening test for primary
aldosteronism (PA), there has been a marked increase in the reported prevalence of this con-
dition among hypertensive subjects. A meta-analysis from the literature shows a prevalence
of 8 % among hypertensive patients, with a twofold higher prevalence in referred patients as
compared with primary care patients (9.5 vs 4.3 %). The diagnostic workup includes screen-
ing, confirmation and evaluation of the subtype of PA. Although the ARR is the recommended
screening test, the usefulness of the ARR remains subject of debate, because of doubts on its
validity, the many factors affecting the ARR, including posture, time of day of blood sampling
and use of antihypertensive medication and a poor reproducibility. Additional studies are
needed to evaluate whether the ARR really is a reliable screening test for PA.
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BACKGROUND

Primary aldosteronism (PA) has been a well-known cause of hypertension since the 1950s
when Jerome Conn described a disease state characterized by severe hypertension and hy-
pokalemia. The cause turned out to be an aldosterone-producing adrenal tumour." Initially,
PA was considered to be extremely rare with an estimated prevalence ranging from 0.05 to 2
%. This was partly due to the lack of reliable screening tests. PA was mainly suspected when
patients presented with (resistant) hypertension and hypokalemia.? Since not all patients
with PA have reduced potassium levels, hypokalemia is an unreliable screening parameter.
An elevated plasma aldosterone in itself is also a poor indicator of autonomous aldosterone
excess, as levels can be raised secondary to activation of the renin-angiotensin system (RAS),
forinstance in the context of diuretic use or a renal artery stenosis. Therefore, plasma aldoste-
rone levels should be considered in relation to the activity of the other elements of the RAS.
Simultaneous measurement of aldosterone levels and renin levels or activity was shown to
enable differentiation of major disorders of the RAS, including PA.>“ Since PA is characterized
by elevated aldosterone levels and suppressed renin levels, an elevated aldosterone-to-renin
ratio (ARR) could be a better indicator of (relatively) autonomous aldosterone production
(Figure 1). The ARR was introduced as a screening test for PAin 1981 by Hiramatsu et al.> Since

Aldosterone Renin

— —

Normotension
Essential hypertension
Secondary aldosteronism

Renin

“——

Aldosterone
v

Primary aldosteronism

Figure 1. Rationale for the aldosterone-to-renin ratio (ARR): primary aldosteronism is associated with an
inadequately elevated aldosterone level in relation to renin levels or activity resulting in an elevated ARR.
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then, the reported prevalence of PA has increased considerably,® and it is now considered to
be one of the major causes of secondary hypertension.

PREVALENCE STUDIES

Since the introduction of the ARR, numerous studies have investigated the prevalence of a
raised ARR and PA.”3> These studies differ in the population that was subjected to screening,
the screening test that was used and the cutoff values to define abnormality. Also, there were
differences in the diagnostic workup, as will be discussed later. An overview of these studies
is given in table 1, subdivided into primary care patients (table 1A), referred patients with
moderate to severe, often poorly controlled hypertension (table 1B) and special subgroups
(table 1Q).

The prevalence of an elevated ARR in the reported studies ranged from 0 to 41 %, with
a weighed mean value of 19.1 %. The prevalence of confirmed PA ranged from 0.7 to 34 %
with a weighed mean value of 8.3 %. The chance of having PA is higher in patients with more
severe hypertension. A combined analysis of two population-based studies in Germany
showed that 7.0% of the hypertensive population has an elevated ARR. In the subgroup with
Stage Ill hypertension, this number was markedly higher.? Rossi et al.’® found a mean PA
prevalence of 11.2% in a population of referred hypertensive patients, but the prevalence
ranged from 6.6 % in patients with grade | to 19 % with grade Il hypertension.” A similar
trend was observed by Mosso et al.’® who found a prevalence of 2.0 % in grade |, up to 13.2%
in grade lll hypertension. Our meta-analysis shows that the prevalence is twice as high in
referred patients as in primary care patients (Figure 2B) which is not surprising because the
referred patients are expected to have more severe hypertension. Remarkably, the preva-
lence of an elevated ARR is almost as high in primary care as in referred patients (Figure 2A),
indicating that a higher number of patients will have a false-positive result when the ARR is
applied in a primary care setting. Even in normotensive subjects a small subset appears to
have PA, with reported prevalences of around 1.5 %.% 16

In contrast to former beliefs, many patients with PA present without hypokalemia, and
percentages range from 0 % to 70 %.7 106192536 |n some studies only normokalemic patients
were included.® 2226 A retrospective evaluation from centres in five continents showed that
between 9 and 37 % of patients were hypokalemic.® Overall, the percentage of hypokalemic
patients among PA cases was higher in referred patients than in primary care patients (Figure
2C). Furthermore, the reported numbers of aldosterone-producing adenomas were higher
in this group (Figure 2D). It seems reasonable to conclude that referred patients more fre-
quently have an APA reflected by a more severe phenotype of higher blood pressure levels

and lower serum potassium values.
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Figure 2. Prevalence of A) an elevated aldosterone-to-renin ratio (ARR), B) primary aldosteronism (PA), C) percentage of hypokalemia and
D) aldosterone-producing adenomas (APA) among PA cases in primary care and referred patients. Figures are based on weighed mean values for
the studies reported in table 1. The differences are tested using x2 statistics. ** p<0.01; *** p<0.001

Whether special subgroups have a higher prevalence of PA has been subject of investiga-
tion. These studies include African American patients with resistant hypertension,'” patients
with type 2 diabetes mellitus (DM) and resistant hypertension? and hypertensive patients
with adrenal incidentalomas.?® Black subjects generally have lower plasma renin levels than
white subjects.’” However, neither ARR levels nor the prevalence of PA in black and white
patients with resistant hypertension were statistically different (24% in African Americans
and 20% in white patients).””-3° In a group of 100 patients with type 2 DM and poorly
controlled hypertension, a 14% prevalence of PA was reported. This was independent of
glycemic control. These numbers are similar to those found in other populations.? A high
prevalence of PA has been described in patients with obstructive sleep apnea® and although
the exact pathophysiological mechanism is still unclear, increased aldosterone levels appear
to increase the risk of sleep apneas contributing to treatment resistance.*® Patients with
adrenal incidentalomas form another group potentially at risk for having PA. Bernini et al.?®
screened 90 normokalaemic subjects with an adrenal incidentaloma with hypertension and
35 subjects without hypertension for the presence of PA. Of the subjects with hypertension,
5.6 % had PA, whereas no cases were found in the normotensive subgroup, indicating that an
adrenal incidentaloma per se should not be an indication for screening, unless hypertension
is present.
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’ Patients at increased risk for PA ‘

}

| ARR |

i When elevated

’ Confirmation test ‘

i When positive

— ’ CT-adrenals ‘

If adrenalectomy feasible

'

’7’ Adrenal vein sampling ‘
Bilateral production Unilateral production

Treatment with aldosterone-
receptor antagonist ’

If adrenalectomy not feasible

Adrenalectomy

Figure 3. Flowchart for the diagnostic workup of primary aldosteronism.
ARR, aldosterone-to-renin ratio; CT, computed tomography; PA, primary aldosteronism. (Adapted from Funder et al.**).

DIAGNOSTIC WORKUP FOR PA

In 2008, the Endocrine Society published a clinical practice guideline for case detection,
diagnosis and treatment of patients with primary aldosteronism.>® The diagnostic workup is
summarized in Figure 3.

Screening

The guideline recommends screening of patients with Joint National Commission stage 2,
stage 3 or resistant hypertension, hypertension and spontaneous or diuretic-induced hypo-
kalemia, hypertension with an adrenal incidentaloma, or hypertension and a family history of
early-onset hypertension, stroke at a young age or a first-degree relative with PA.3**The ARR is
the screening test of choice. Some investigators include an elevated aldosterone level in the
screening test, but this is not recommended in the guideline because of an unacceptable risk
of false-negative tests.>* The recommended cutoff values for the most commonly used assays
are shown in Table 2.
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Table 2. The most commonly adopted ARR cutoff values for the most common laboratory assays and units.

PRA (ng/ml per hr) PRA (pmol/I per min) PRC(mU/1) PRC (ng/1)
PAC (ng/dl) 30 25 37 5.7
PAC (pmol/l) 750 60 91 144

(Adapted from Funder et al.*’)

Confirmation tests

A positive ARR in itself is insufficient to establish the diagnosis of PA and a confirmation test
is needed to show that adrenal aldosterone synthesis cannot adequately be suppressed.
The most frequently used confirmation tests are the intravenous or oral salt loading test, the
fludrocortisone suppression test (FST) and the captopril suppression test.** Each test has its
own dynamics. Although there is insufficient data to give preference for one test above the
other at this point,* many authors consider the FST as the gold standard for the diagnosis of
PA.* However, this test, consisting of the administration of fludrocortisone (100 pg every 6
hours for 4 days) while on a high sodium diet, is time-consuming and impracticable because
of the need for hospitalization for close monitoring and replacement of serum potassium
levels.®* The intravenous SLT consists of the infusion of 2 liters of 0.9% sodium chloride
solution over 4 hours.* Although the reliability of the intravenous SLT has been debated,*
especially in normokalemic PA patients,* it is easier to carry out in an outpatient setting. For
this reason, the intravenous SLT is the most frequently used test in The Netherlands.®* An
inadequately high posttest plasma aldosterone level is indicative of PA.** Unfortunately, the
optimal SLT cutoff value has never been unequivocally defined. The guideline® states that a
postinfusion PAC above 277 pmol/L (100 pg/mL) makes the diagnosis of PA very likely and
below 139 pmol/L (50 pg/mL) unlikely. A postinfusion PAC between these values is indeter-
minate. However, the literature on this is limited and local protocols have their own cutoff
values. A postinfusion PAC of 139 pmol/L was shown to be the optimal cutoff by some*
with a sensitivity of 88 % compared to the FST.* On the other hand, Streeten et al.* found
235 pmol/L to be the optimal cutoff with 77 % sensitivity compared to the FST although not

all patients were subjected to the FST.

Subtyping

After establishing the diagnosis of PA, additional studies should be performed to assess the
subype of PA, as every subtype has its own specific treatment. The most important subgroups
of PA are aldosterone-producing adenomas (APA) and idiopathic primary aldosteronism (IPA).
Glucocorticoid-remediable aldosteronism (GRA) is a genetic form of PA in which crossing-over
of the CYP11B1 and CYP11B2 genes leads to a hybrid gene, coding for aldosterone synthase,
but under main regulation by ACTH instead of angiotensin 1.4 Mulatero et al.® showed that
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widespread screening for PA has led to a shift in the proportion of bilateral hyperplasia as
a cause of PA, with this subtype now comprising the majority of cases. The prevalence of
APAs among PA cases is around 12% in the primary care setting and 33% in referred patients
(Figure 2).

Imaging of the adrenal glands by computed tomography (CT) or magnetic resonance
imaging (MRI) are frequently used to differentiate between unilateral and bilateral disease.
Although the finding of an adrenal adenoma on imaging in a patient with biochemically
proven PA is very suggestive of an APA, the presence of a non-functional mass (inciden-
taloma) cannot be ruled out.”**° On the other hand, imaging techniques may not be sensi-
tive enough to detect adrenal microadenomas.* ** Several studies have shown that a large
number of disconcordant results between conventional imaging techniques and adrenal
vein sampling (AVS) exists, leading to a misdiagnosis of the subtype in a considerable propor-
tion of patients.’>*%5153 Although an adrenal CT scan is recommended as the initial study for
subtyping to exclude an adrencortical carcinoma and to guide AVS, the latter study is now
considered to be the gold standard to differentiate unilateral from bilateral aldosterone over-
production.®® In AVS, aldosterone and cortisol levels are measured in blood collected from
both adrenal veins to assess whether aldosterone is unilaterally overproduced. At the same
time, a cortisol sample from the peripheral circulation (either a peripheral vein or the inferior
vena cava) is taken to confirm whether the cannulation of the adrenal veins was succesful
because cortisol levels in the adrenal veins should be much higher than in the peripheral
circulation.® Interestingly, the detection rate of APAs appears to be highly dependent on the
availability of AVS, with higher proportions found in centres where AVS is available.> ™ This
supports the notion that AVS is superior for detection of lateralized aldosterone production
over CT or MRI. However, uniform diagnostic criteria for the interpretation of AVS results are
lacking and the final subtype diagnosis is greatly dependent on the criteria that are used.>* %
Nuclear imaging techniques, such as *'I-19-iodocholesterol, have been developed to obtain
a functional, yet noninvasive, way of localization.*® However, these techniques lack sensitivity
and are currently not recommended for this purpose.?®*” GRA can be detected by genetic
testing and this is recommended in PA patients with family history of PA or strokes at a young
age, or the presentation of the disease at a young age.*

DEBATE ON THE ARR AS A SCREENING TEST FOR PA

Despite these guidelines, the validity of the ARR as a screening test for PA remains subject
of debate because studies are difficult to compare, many factors affect its results and its test
characteristics have incompletely been characterized.’®%° Furthermore, an elevated ARR
may be merely a reflection of low renin levels, therefore not a real indication of autonomous
aldosterone secretion per se, and could in many cases indicate “regular” low-renin hyperten-
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sion.>® 5783 For this reason, the clinical relevance of an increased ARR remains unclear.®* The
application of the ARR in an unselected hypertensive population could therefore lead to an
enormous increase in costs.® The major concerns regarding the ARR as a diagnostic test are
considered below.

Differences in diagnostic protocols

The ARR is widely used for screening purposes, but there are important differences in the
diagnostic protocols reported in the literature, making a comparison difficult. These include
differences in cutoff values, which also depend on assays and locally established reference
values, and the extent to which antihypertensive treatment was changed prior to the test
(Table 1). Furthermore, in some studies the ARR had to be raised on more occasions for the
test to be positive.” 8% Rossi et al.'® assessed the ARR after acute administration of captopril,
to raise specificity while other groups included an elevated aldosterone level in the screening
test for this purpose.’ 22 In many of the older studies, renin was assessed as plasma renin
activity (PRA),7?* 2> 2628 while newer studies used plasma renin concentration (PRC).>* 27 2°
The PRA assay is time-consuming, is dependent on endogenous angiotensinogen levels
and difficult to standardize.® The PRC assay is easier to standardize allowing for comparison
with international reference values. Although the PRC may be less sensitive in the very low
range,® ¢ it was shown to be a reasonable alternative for the PRA.6°% The Endocrine Society
recommendations for the ARR cutoff values for the different techniques are given in Table 1,
but conversion factors may change if renin tests evolve.*

Sensitivity and specificity of the test

Several groups have reported sensitivity and specificity estimates for the ARR'-1%30.59.7073 wjth
markedly variable findings. Sensitivities between 66 and 100 % and specificities between
61 and 96 % have been reported. Clearly, these numbers are dependent on the cutoff value
that is used. In addition to this, a comparison should be performed with caution because
of differences in laboratory assays (PRA versus PRC), the conditions of testing and the con-
firmation tests used. An important flaw in many studies is the presence of verification bias,
which implies that usually only patients with an ARR above the predefined cutoff value were
subjected to confirmatory testing. Such an approach is likely to result in an overestimation
of diagnostic performance.” The same problem may occur in retrospective studies, because
of a preselection of the cases and controls that is not independent of the screening test.
The area under the curve (AUC) of the receiver operating characteristic (ROC) curve provides
an estimation of the test performance independent of cutoff values. Most studies showed
AUCs for the ARR between 79-87 %.'7'87 |n studies where the PA cases were preselected, the

reported AUCs were much higher (up to 99.6%),”%7%7¢ possibly for reasons mentioned above.
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Factors affecting the ARR

Many factors are known to influence the ARR, including posture,”” time of blood sampling,””:
8 age,’>® salt intake,®#' the presence of hypokalemia,®? sex® and medications including oral
anticonceptives,®® nonsteroidal anti-inflammatory drugs® and certain selective serotonin
reuptake inhibitors.®” Antihypertensive drugs are an important factor to consider when us-
ing the ARR. Beta-adrenergic receptor blockers and centrally-acting antihypertensives can
cause falsely elevated ARR levels, because of their suppressive effect on renin.® On the
other hand, angiotensin converting enzyme inhibitors (ACE-Is), angiotensin Il type 1 receptor
blockers (ARBs) and diuretics cause an increase in renin levels, resulting in a decrease in ARR.®"
8,991 Alpha-adrenergic blockers, such as doxazosin, have no effect on the ARR,® as well as
non-dihydropyridine calcium channel blockers (CCBs).** Dihydropyridine CCBs may cause a
decrease in ARR via an increase in renin levels through reflex sympathetic mechanisms and a
decrease in aldosterone by inhibition of calcium-dependent adrenal aldosterone synthesis®
92 but a cross-sectional study showed no effect of dihydropyridine CCBs on the ARR, indicat-
ing that this is probably neglible. If these drug effects on the ARR are also clinically relevant
in a multidrug regimen, and which drugs in particular, has been addressed in a few papers.
Beta-adrenergic blockers, ACE-Is and ARBs were shown to have the largest effect on the ARR
in multidrug therapy.®® However, Schwartz and Turner'® showed that the AUC under the ROC
curve for the ARR did not change when drug therapy was ceased. This implies that the ARR is
still valid under multidrug therapy, but may require a different cutoff value.*

Serum potassium is an important stimulus for aldosterone synthesis and hypokalemia can
inhibit aldosterone secretion.®? Failure to correct hypokalemia can therefore lead to false-
negative ARR values, although it is questionable whether this holds true in the context of
severe PA with largely autonomous aldosterone production. In addition this, sodium intake
also affects renin and aldosterone levels. A sodium restriction will stimulate renin levels,
thereby decreasing the ARR.** It is therefore adviced that patients are on an unrestricted
dietary salt intake when the ARR is assessed.*

Because of the diurnal and postural effects on aldosterone and renin levels, a standard-
ized approach for blood sampling is needed to minimize variation.”” The Endocrine Society
guidelines recommend to perform blood sampling mid-morning after 5-15 minutes in sitting
position in a previously ambulant patient. Interfering medication is preferably stopped,
and if necessary replaced by an alpha-adrenergic blocker, non-dihydropyridine CCB and/or
hydralazine.®

Variability of the ARR

Even under standardized conditions, biological variability is considerable and even patients
with a proven PA will occasionally have ARR values within normal ranges due to natural vari-
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ability.® It was also shown that when the ARR is repeated in the same patient under the
same conditions, the difference between the two readings can be as high as 10-fold.*®*’ This
variability will negatively affect the usefulness of the ARR as a screening test and repeated
tests may be required to establish or exclude the diagnosis of PA.

Alternative screening tests

The discussion about the validity of the ARR as a screening test has led to the development
of alternative screening methods. Rossi et al.®® constructed a logistic multivariate model in
which the probability of PA is calculated based on parameters such as PRA, serum potas-
sium and plasma aldosterone. This approach was tested and further simplified to the (serum
aldosterone)?-to-PRA ratio by Seiler et al.®® This study showed that these methods have a
higher AUC on ROC analysis, but this approach has not been evaluated prospectively since.

CONCLUSION

PA is a relatively frequent cause of hypertension, with prevalences ranging up to more than
20%, depending on the population subjected to screening. The recent Endocrine Society
clinical practice guideline® provides a clear protocol for the diagnostic workup. The ARR is
the screening test of choice. However, this test is not undisputed because of the many factors
itis influenced by and concerns about its reproducibility. Diagnosing PA as a cause of hyper-
tension is important. First, because patients with PA have more cardiovascular events than
patients with essential hypertension, independent of blood pressure, stressing the need for
early detection to prevent complications.’® Second, because specific treatment is available:
adrenalectomy in case of an adrenal adenoma and treatment with an aldosterone-receptor
antagonist in case of bilateral adrenal hyperplasia.** ' Additional studies are needed to
evaluate whether the ARR really is a reliable screening test for PA.
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Chapter 5

ABSTRACT

Background: The aldosterone-to-renin ratio (ARR) is a widely used screening test for primary
aldosteronism (PA). Current guidelines recommend a cutoff value of 91 pmol/mU. Studies on
its sensitivity, specificity, reproducibility and the role of medication have been conflicting.
We prospectively assessed the test characteristics of the ARR and the effect of combination
antihypertensive treatment.

Methods: In 178 patients with persistent hypertension despite the use of at least 2 antihyper-
tensives, plasma renin and aldosterone were assessed twice within an interval of 4 weeks.
All patients underwent an intravenous salt loading test. A post-test plasma aldosterone
exceeding 235 pmol/L was considered diagnostic for PA. ARR was repeated after 4 weeks
of standardized treatment with a calcium channel blocker and/or a-adrenergic-receptor
blocker.

Results: The prevalence of PA was 15.2 %. The median ARR was 35.0 (interquartile range 16.2-
82.0) in PA versus 7.1 (2.2-17.5) pmol/mU in essential hypertensives (p<0.001). Under random
medication, the ARR had 22.2 % sensitivity and 98.7 % specificity. On standardized treatment,
the ARR rose from 9.6 (2.5-24.8) to 21.4 (10.8-52.1) (p<0.001). Multivariate regression showed
that ACE-inhibitors and angiotensin ll-receptor blockers were responsible for the lower
ARR during random treatment. The area under the receiver operating characteristic curve
was, however, similar under random and standardized treatment (84 vs 86 %, respectively,
p=0.314). Bland-Altman plots showed an almost 5-fold difference in ARR values taken under
the same conditions.

Conclusion: ARR sensitivity for PA is low when the recommended cutoff is used. Reproduc-

ibility is also poor, stressing the need for alternative screening tests.
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INTRODUCTION

Since the introduction of the aldosterone-to-renin ratio (ARR),' the diagnosis of primary al-
dosteronism (PA) has increased dramatically.? PA is now considered to be the most prevalent
cause of secondary hypertension with reported prevalences between 3.2 and 20 %.>' The
Endocrine Society recommends screening of patients with Joint National Commission stage
2, stage 3 or resistant hypertension, hypertension and spontaneous or diuretic-induced hy-
pokalemia, hypertension with an adrenal incidentaloma, or hypertension and a family history
of early-onset hypertension, stroke at a young age or a first-degree relative with PA."*The ARR
is the screening test of choice with a recommended cutoff value of 91 pmol/mU."® However,
the diagnostic workup for PA remains a challenge and several factors are known to influence
the ARR, including posture,'” time of blood sampling,'” '® age,'® 2 salt intake,? ' presence of
hypokalemia,? sex? and use of anticonceptives,*% nonsteroidal anti-inflammatory drugs®
and certain selective serotonin reuptake inhibitors.?” Most antihypertensive drugs also af-
fect the ARR,% and it is generally accepted that 3-adrenergic receptor blocking agents (BBs)
and centrally-acting antihypertensives, related to their renin suppressive effect, can lead to
falsely elevated ARR levels.?®3' In contrast, angiotensin-converting enzyme inhibitors (ACE-Is)
and angiotensin Il type 1-receptor blockers (ARBs) lead to a decrease in ARR.% 3° Diuretics,
including potassium-sparing, are also thought to lower the ARR,' 332 although we recently
observed a small and borderline significant increase in ARR in essential hypertension (EH)
patients treated with eplerenone.®®* The current guidelines recommend to assess the ARR
under an a-adrenergic-receptor blocker (AB), hydralazine and/or a calcium channel blocker
(CCB), preferably of the non-dihydropyridine subclass, since these drugs have little or no ef-
fect on the ARR.®The role of dihydropyridine CCBs is unclear. In theory, these agents cause a
decrease in ARR via an increase in renin levels through reflex sympathetic mechanisms and a
decrease in aldosterone levels through inhibition of calcium-dependent adrenal aldosterone
production.?® 3 These effects are probably negligible under stable treatment and no effect of
dihydropyridine CCBs on the ARR was found in a cross-sectional study.*® Despite the known
effects of individual antihypertensives on the ARR, their clinical relevance when used in com-
bination treatment is less clear and whether patients on combination treatment should be
switched to a standardized regime before assessment of the ARR is debated.** Gallay et al.*
concluded that the ARR remains a valid screening test when antihypertensive medications
are continued but their study design did not allow for a proper assessment of sensitivity and
specificity. Another study showed that in combination treatment the ARR is mainly affected
by BBs and ACE-Is or ARBs.*° A different cutoff value for the ARR may be needed when taken
under antihypertensive treatment.*®

Although the ARR is widely used, studies regarding its sensitivity and specificity have been
inconsistent. Sensitivities from 66% to 100% and specificities from 61% to 100% have been

reported.” 3+ These wide ranges can be explained by differences in cutoff values, laboratory
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assays, study population and sampling conditions. Also, many studies have methodological
limitations.*

In addition to a high sensititivity and specificity, a screening test should be reproducible.
Unfortunately, there is a wide spontaneous variation in plasma renin (PRC) and aldosterone
concentrations (PAC), even in patients with PA.** This may imply that a single ARR is inad-
equate to confirm or exclude the diagnosis of PA.%*

Our aim was to assess the test characteristics of the ARR in patients with difficult-to-control

hypertension and to evaluate the effect of combination antihypertensive treatment.

METHODS

Patients

In this multicenter study, patients aged 18 to 65 years with an office systolic BP (SBP) above
140 mmHg and/or diastolic BP (DBP) above 90 mmHg despite the use of at least two anti-
hypertensive drugs were invited to participate. Patients were excluded if a known cause of
hypertension was present, if they suffered from cardiac chest pain or heart failure and in case

of a cerebro- or cardiovascular event within 6 months before study entry or pregnancy.

Design

BBs and potassium-sparing diuretics were discontinued at least 4 weeks before start of the
study protocol. All other antihypertensive agents were continued. When hypokalaemia was
present, oral potassium replacement was started. PRC and PAC were assessed twice within an
interval of 2 to 4 weeks. At the second visit, all patients also underwent an intravenous salt
loading test (SLT) consisting of an infusion of 2 litres of NaCl 0.9 % in 4 hours. Patients with
a post-infusion PAC exceeding 235 pmol/L were considered to have PA.* Subsequently, the
random antihypertensive medication (RM) regime was replaced by a standardized medica-
tion regime (SM) consisting of a combination of a CCB (in most cases amlodipine 5 or 10
mg g.d.) and doxazosin 4 or 8 mg q.d. depending on BP levels. After 4 to 6 weeks on this
combination of drugs, PRC and PAC measurements were repeated. Patients with a positive
SLT underwent a computed tomography (CT) scan of the adrenals to screen for the presence
of an aldosterone-producing adenoma (APA).

The study was approved by the Institutional Review Board and Ethical Committee of the
Erasmus MC in Rotterdam and has been registered at www.clinicaltrials.gov (ClinicalTrials.

gov Identifier: NCT00407784). All patients gave written informed consent to participate.
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Clinical and biochemical measurements

At baseline, clinical data, height and weight, and number and types of antihypertensive
drugs were recorded. Patients were screened for the presence of left ventricular hypertrophy
(LVH) using a standard 12-lead electrocardiogram (EKG) based on the Sokolow-Lyon criteria.*’
BP was measured at all visits as 3 subsequent measurements after at least 5 minutes in sitting
position with a validated automatic BP measurement device. The mean value of the last two
readings was used for the analysis.

At all visits, serum sodium, potassium, urea and creatinine levels were measured using
locally available routine laboratory techniques. In addition, 24-hour urinary samples were
collected for determination of sodium, potassium and creatinine. PRC and PAC were deter-
mined by drawing blood samples in EDTA plasma by venipuncture between 8 and 10 am
after 10 minutes in sitting position. The samples were centrifuged at room temperature for
10 minutes at 3000g. The plasma was then collected and stored at -20°C until analysis. PAC
was measured with a radioimmunoassay (Coat-a-Count, Diagnostics Product Corporation,
LA, CA, USA). This assay has a detection limit of 30.5 pmol/L (11 pg/ml) and a coefficient of
variance (CV) of 8.4%. PRC was assessed using an immunoradiometric assay (Renin lll, Cisbio,
Gif-sur-Yvette, France) with a detection limit of 2.02 mU/L and a CV of 7.2%. All PAC and PRC
measurements were performed at the hypertension research laboratory of the Erasmus MC.

Statistical analysis

Values are expressed as mean + SD, or as median and interquartile range (IQR) when not
normally distributed. Categorical values are reported as percentages.

Medication use was quantified by adding up the total number of different antihyperten-
sive drugs, as well as by assessing the defined daily dose (DDD) per drug and for total drug
use according to the World Health Organization Anatomical Therapeutic Chemical (ATC)
index.*® Antihypertensive agents were grouped in the following categories: a. diuretics, b.
renin-angiotensin-system (RAS) blockers (i.e. ACE-Is, ARBs, and renin inhibitors), c. CCBs, d.
BBs, e. ABs, and f. other antihypertensive drugs.

Differences between two groups were tested with the student’s t-test or the Wilcoxon-
signed rank test when not normally distributed. Sensitivity and 1-specificity for different
cutoff values of the ARR were plotted in Receiver Operating Characteristic (ROC) curves.
Areas under the curve (AUC) were compared using a nonparametric approach.* The optimal
cutoff points were identified using Youden'’s J statistic and by assessing the cutoff value at
which 95% sensitivity was reached.

To evaluate the reproducibility of the ARR, the values of the first two visits were subjected to
natural logarithmic transformation (LnARR1 and LnARR2). The differences between LnARR1
and LnARR2 were plotted against the mean of these values in Bland-Altman plots. The 95%
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limits of agreement of these differences were calculated and expressed as the ratio between
ARR1 and ARR2 by reversing the Ln-transformation.

The effect of individual medication groups on the ARR was assessed in a multivariate linear
regression model with the relative change in ARR after medication change from RM to SM
as dependent variable after natural logarithmic transformation ((Ln(ARR,, /ARR_)). The main
classes of antihypertensive medication, the presence or absence of PA, age and sex were
included as covariates.

Analyses were performed in SPSS Statistics 20 for MacOS X (IBM, Armonk, NY, USA) and
Graphpad Prism 5.02 for Windows (GraphPad Software Inc., La Jolla, CA, USA). ROC curve
analyses were performed in MedCalc 12.3.0.0 for Windows (MedCalc Software, Mariakerke,

Belgium).

RESULTS

Patients

A total number of 186 patients was included in the study. Six patients were excluded from the
analysis because their BB or potassium sparing diuretic was not stopped after inclusion. Two
patients were lost to follow-up before a SLT could be performed. In total, data of 178 patients
from 13 hospitals was available for analysis. Of these patients, 27 had a positive SLT (PA) and
151 had a negative SLT (EH). This resulted in a 15.2 % prevalence of PA in our population.
Thirteen of the 27 PA patients had evidence of an adrenal adenoma on the CT-scan.

Table 1 shows the baseline characteristics of patients with EH and PA. SBP and DBP were
similar in both patient groups, as was the median number of antihypertensive drugs. Medica-
tion use expressed in DDD tended to be lower in PA patients (p=0.084). The most frequently
used treatment combinations consisted of diuretics, RAS blockers and CCBs (40 %), diuretics
and RAS blockers (14 %), RAS blockers and CCBs (13 %), and diuretics, RAS blockers, CCBs and
ABs (12 %).

There were no differences in age, sex, BMI and percentage of diabetics between EH and
PA groups. Also the proportion of patients with previous cardiovascular complications was
similar, but the albumin-to-creatinine ratio was higher in patients with PA (2.09 vs 1.19 mg/
mmol, p=0.035). Patients with PA had a higher serum Na* and lower serum K* than patients
with EH. A higher proportion of PA patients was hypokalemic or on potassium replacement.
As expected, PRC was lower, and the PAC and ARR were higher in patients with PA compared
to EH.
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Table 1. Baseline characteristics of patients with essential hypertension (EH) and primary aldosteronism (PA).

EH (n=151) PA (n=27) p-value
Age (years) 49.9+9.7 47.6+9.4 0.256
Males (%) 53.0 55.6 0.805
BMI (kg/m?) 28.7(26.3-31.7) 29.0(24.7-32.0) 0.826
Caucasians (%) 67.5 704 0.772
Smokers (%) 30.2 23.1 0.461
History of CVD (%) 10.7 38 0.274
DM (%) 11.9 14 0.494
LVH (%) 18.2 280 0.260
ACR (mg/mmol) 1.2(0.5-2.9) 2.1(1.1-5.7) 0.035
Duration of HT (months) 261 (94-699) 261 (87-524) 0.567
SBP (mmHg) 155.8+21.4 159.0£15.9 0452
DBP (mmHg) 944+122 97.4+114 0.241
pulse (BPM) 729117 68.2+10.9 0.054
Na* (mmol/L) 1419+23 142.9+22 0.030
K* (mmol/L) 39405 35+05 <0.001
Serum creatinine (pmol/L) 80.0+19.1 82.6+226 0.526
Na* excretion (mmol/24 hours) 184 (131-231) 182 (147-219) 0.947
Hypokalemia (%) 15.9 48.1 <0.001
K-suppletion (%) 27 23.1 <0.001
TTKG 6.1(4.8-7.7) 73(5.6:9.5) 0.032
PRC(mU/L) 27.2(13.6-87.5) 16.4 (8.6-28.6) 0.003
PAC (pmol/L) 227 (158-380) 565 (382-806) <0.001
ARR (mmol/mU) 7.1(2.2-17.5) 35.0(16.2-82.0) <0.001
Nr of antihypertensives 3(3-4) 3(2-3) 0.028
DDD 45 (3.3-6.0) 3.5(3.0-6.0) 0.084
Diuretics (%) 80.8 66.7 0.099
RAS blockers (%) 88.7 718 0.118
(CB (%) 74.8 778 0.744
BB (%) 43.7 29.6 0.172
Alpha-adrenergic blockers (%) 16.6 25.9 0.243
Other a-HT (%) 33 0.0 0338

Data presented are mean + SD or median (interquartile range).

BMI, body mass index; CVD, cardiovascular disease; DM, diabetes mellitus; LVH, left ventricular hypertrophy; ACR, albumin-creatinine ratio; HT,
hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; BPM, beats per minute; Na*, serum sodium; K*, serum potassium; TTKG,
transtubular potassium gradient; PRC, plasma renin concentration; PAC, plasma aldosterone concentration; ARR, aldosterone-to-renin ratio;
DDD, defined daily dose; RAS, renin-angiotensin-system; CCB, calcium channel blocker; BB, beta-adrenergic blocker; a-HT, antihypertensives
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Sensitivity and specificity of the ARR

Median PRC was 27.2 (IQR 13.6-87.5) mU/L in EH and 16.4 (8.6-28.6) mU/L in PA (p=0.003).
Median PAC was 227 (158-380) pmol/L) in EH compared to 565 (371-725) pmol/L in PA
(p<0.0001). As a consequence, the ARR was higher in PA than in EH patients (35.0 versus 7.1
pmol/mU, p<0.001; figure 1). PA patients with an APA on CT-scan tended to have a lower PRC
and higher PAC than patients without an APA, whereas the ARR was significantly higher in
patients with an APA (median ARR 53.4 versus 22.4 pmol/mU, p=0.024; figure 2).
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Figure 1. Plasma renin concentration (PRC, panel A), plasma aldosterone concentration (PAC, panel B) and aldosterone-to-renin ratio (ARR,
panel C) in patients with essential hypertension (EH) and primary aldosteronism (PA) using random medication. The dashed line in panel C
represents the Endocrine Society cutoff value of 91 pmol/mU.
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Figure 2. Plasma renin concentration (PRC, panel A), plasma aldosterone concentration (PAC, panel B)
and aldosterone-to-renin ratio (ARR) in primary aldosterone patients with (APA) or without (no APA) an
aldosterone-producing adenoma on computed tomography scanning.

When a cutoff value for the ARR of 91 pmol/mU was used, only 6 patients with PA demon-
strated an elevated ARR resulting in a sensitivity of 22.2 %. Two EH patients had a positive ARR
resulting in a specificity of 98.7 % (figure 1). The positive predictive value (PPV) of the ARR at
this cutoff is 75.0 % and the negative predictive value (NPV) 84.8 % in our population. The
positive likelihood ratio (LR) is 17.1 and the negative LR 0.79. Figure 3 shows the ROC curve
for the ARR. The area under the curve (AUC) is 0.85 (SE 0.04, p<0.0001). The optimal cutoff
point according to Youden’s J statistic is an ARR of 24.0 (95 % Cl 12.4-34.9) pmol/mU, resulting
in a sensitivity of 70.4 % and a specificity of 83.4 % (Youden'’s J Index 0.54 (95% confidence

interval (Cl) 0.36-0.64)). However, for a screening test a high sensitivity is the most important
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Figure 3. Receiver Operating Characteristic curve for the aldosterone-to-renin ratio under a random antihypertensive medication regime.
The area under the curve is 0.85 (SE 0.04, p<0.0001).

feature. To achieve 95 % sensitivity the cutoff value of the ARR should be further lowered to
5.6 pmol/mU at the cost of a significant decrease in specificity to 46.9 % (95 % Cl 29.9-70.8 %).

Due to the study design, patients could be on any type of antihypertensive medication,
with the exception of BBs and potassium-sparing diuretics, during the SLT and this may have
affected the outcome of the confirmation test. Nine patients (4 with EH and 5 with PA) were
on “ARR-neutral” medication when the SLT was performed. Their clinical and biochemical
profile is shown in table 2. Of the 5 patients with PA only 1 had an ARR above 91 pmol/mU. All
three patients with an APA had ARR levels below this cutoff value.

The effect of medication on the ARR

After the diagnostic phase, which included assessment of the ARR and performance of the
SLT, the random antihypertensive medication (RM) was changed to a standardized medica-
tion (SM) regime consisting of doxazosine and a CCB, in most cases amlodipine. After 4-6
weeks on this antihypertensive regime, the ARR was repeated. Of the total population of 178
patients, this phase could be completed in 145 patients (126 patients with EH and 19 with
PA). The main reasons for not completing this phase was that the BP was or became too high
to safely change the medication and the occurrence of side effects.

After changing from RM to SM, a significant drop in PRC was seen for the group as whole
from 20.9 (11.7-72.1) to 12.4 (7.5-25.0) mU/L (p<0.0001), as well as for EH and PA patients
separately (from 22.8 (12.2-88.5) to 13.7 (8.2-25.6) mU/L (p<0.0001) for EH and from 13.6
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Table 3. Multivariate regression analysis with the natural logarithm of the relative rise in ARR after changing from random medication (RM)
to standardized medication (SM) (Ln(ARR, /ARR ) as dependent variable.

Beta coefficient SE p-value
Age (years) -0.018 0.009 0.045
Sex (0=F, 1=M) 0.238 0.173 0171
PA (0=no, 1=yes) -0.176 0.252 0.486
Diuretics -0.038 0.201 0.851
RAS blockers 1.053 0.284 <0.001
() 0.273 0.243 0.263
Alphablockers 0.113 0.206 0.585

SE, standard error; PA, primary aldosteronism; RAS, renin-angiotensin-system; CCB, calcium channel blockers.

(8.6-38.7) to 6.2 (3.3-15.6) (p=0.0002) for PA; figure 4). PAC rose significantly in EH (from 217
(157-350) to 328 (215-497) pmol/L, p<0.0001) but remained unchanged in PA patients (645
(382-898) pmol/L on RM and 621 (460-892) pmol/L on SM, p=0.260). The ARR was higher on
SM than RM in both EH (increase from 7.8 (2.3-19.2) to 18.5 (10.0-43.6) pmol/mU; p<0.0001)
and in PA patients (increase from 37.5 (16.2-82.0) to 97.0 (42.6-242.0) pmol/mU; p<0.0001)
(figure 4). The effect of the individual medication classes on the change in ARR was tested
in a multivariate regression model with Ln(ARR, /ARR ) as dependent variable. Of the main

medication groups, only RAS-blockers significantly affected the change in ARR after switch-
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Figure 5. Receiver Operating Characteristic curve for the ARR taken under a random antihypertensive medication regime (RM) and under

standardized medication (SM) with a calcium channel blocker and doxazosine. The area under the curve (AUC) is 0.84 (SE 0.04) for RM and 0.86
(SE0.04) for SM (p=0.31).
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ing to SM (table 3). Age had a negative association with the rise in ARR in our model. The
presence of PA did not affect the change in ARR. Serum potassium had no association with
the change in ARR in a univariate analysis (data not shown) and was not included in the
model. Figure 5 shows the ROC curves for these 145 patients during both RM and SM. The
AUC for both curves was of similar magnitude (84.3 % (SE 4.5 %) for RM versus 86.3 % (SE
4.2 %) for SM (p=0.31)). In this subgroup, the optimal ARR cutoff according to the highest
Youden's Index was 15.2 (95 % Cl 4.9-20.0) pmol/mU on RM (Youden Index J 0.54 (95 % Cl
0.37 - 0.64); sensitivity 89.5 %, specificity 64.3 %) and 40.2 (95 % Cl 16.1 - 81.6) pmol/mU on
SM (Youden Index J 0.63 (95 % CI 0.44 - 0.75); sensitivity 89.5 %, specificity 73.8 %). When
aiming for a sensitivity of 95 % the cutoff value should be lowered to 5.8 pmol/mU on RM
(associated specificity 45.2 % (95 % Cl 34.9 — 57.3 %)) and 16.3 pmol/mU on SM (associated
specificity 43.7 % (95 % Cl 32.4 - 57.9 %)).

Reproducibility

PRC, PAC and the ARR were assessed on two subsequent visits with an interval of 2 to 4
weeks. The antihypertensive medications and the conditions of sampling were the same on
both occasions. A total number of 158 patients was available for this analysis (133 EH and
25 PA patients). Six patients (5 PA and 1 EH) had an ARR above 91 pmol/mU at the first visit
and 8 patients (7 PA and 1 EH) at the second. Nine patients (7 PA and 2 EH) had at least one
elevated ARR. Figure 6 shows Bland-Altman plots for In(PRC), In(PAC) and In(ARR). The 95 %
limits of agreement are shown in the figures. The lower limit is -1.55 (95 % Cl -1.57 to -1.53)
corresponding to an ARR1/ARR2 ratio of 0.21 (0.21-0.22). The upper limit is 1.44 (95 % Cl
1.42 to 1.47) corresponding to an ARR1/ARR2 ratio of 4.24 (4.15-4.33). This indicates that the
difference between the two readings can range up to almost 5-fold.

DISCUSSION

The ARR is the standard screening test for PA. However, data on its sensitivity, specificity and
reproducibility have been conflicting. Whether the antihypertensive treatment should be
standardized before performing the ARR has remained a subject of debate.

The results shown in this study indicate that the sensitivity of the ARR under a random
medication regime, but with the exclusion of BBs and/or potassium-sparing diuretics, is
low at a cutoff value of 91 pmol/mU as recommended by the Endocrine Society guideline.’
Lowering the cutoff value improves sensitivity, although at a considerable loss of specificity.

The sensitivity and specificity of the ARR have been studied by others™ 15:37.:38:4043,50.51 yje|ding
markedly variable findings. Sensitivities between 66 and 100 % and specificities between 61
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and 96 % have been reported. Comparing the findings of the various studies is confounded
by factors such as differences in cutoff values, laboratory assays (PRA versus PRC), the condi-
tions of testing and the confirmation tests used. Many studies suffer from verification bias,
as usually only patients with an ARR above the predefined cutoff value were subjected to
confirmatory testing. Such an approach is likely to result in an overestimation of diagnostic
performance.* The same problem may occur in retrospective studies where patients and
controls are often selected based on a diagnostic test which at the same time is the subject of
evaluation. In our study, both the screening and the confirmation test were performed in all
patients with difficult to control hypertension in a prospective manner allowing an unbiased
evaluation of the diagnostic performance of the ARR.

For an optimal evaluation of a screening test, the gold standard should be reliable. A limita-
tion in our design is that the SLT was performed during a random medication regime, which
could include diuretics and RAS blockers. The Endocrine Society guideline recommends to
perform the SLT under ARR-neutral medication.'® Although it is reasonable to assume that
antihypertensives (diuretics and RAS blockers in particular) have an effect on the outcome of
the SLT, this has never been systematically studied. Our protocol reflects clinical reality where
it is often more feasible and practical to continue ongoing antihypertensive treatment dur-
ing confirmation testing. In our study, nine patients (5 with PA and 4 with EH) were on a CCB
and a-adrenergic receptor blocker when the SLT was performed and their clinical profile and
ARR values are reported individually. Although the generalizability of these data is limited,
they suggest that even under optimal conditions only a minority of the PA patients has an
elevated ARR. Notably, three of these patients had an APA that would have been missed if the
ARR cutoff value of 91 pmol/mU had been used.

Another point of debate is the cutoff value for a positive SLT, which was 235 pmol/L in our
study.* Unfortunately, the optimal SLT cutoff value has never been unequivocally defined.
The guideline' states that a postinfusion PAC above 277 pmol/L (100 pg/mL) makes the
diagnosis of PA very likely and below 139 pmol/L (50 pg/mL) unlikely. A postinfusion PAC
between these values is indeterminate. However, the literature on this is limited and local
protocols have their own cutoff values.'® A postinfusion PAC of 139 pmol/L was shown to be
the optimal cutoff by some®? >3 with a sensitivity of 88 % compared to the fludrocortisone
suppression test (FST).>* On the other hand, Streeten et al.* found 235 pmol/L to be the opti-
mal cutoff with 77 % sensitivity compared to the FST although not all patients were subjected
to the FST. Our protocol required a single cutoff value and, although arbitrary, in our view the
chosen cutoff provides a fair compromise of all available data and has been used by others.’
450 When a post-infusion PAC cutoff of 277 pmol/L would have been used, the prevalence of
PA would have been 12.4 % in our population. Six PA patients and 2 EH patients would have
had an ARR above 91 pmol/mU resulting in a sensitivity of 27.3 % and a specificity of 98.7 %.
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Therefore, a more stringent criterion for the SLT would not have altered the outcome of the
study significantly.

It is well-known that antihypertensive medication has a major impact on the ARR. The
effects of individual antihypertensive drugs on renin and aldosterone levels have been dis-
cussed by others,?3%32 but the relevance of combination treatment has been debated.* In
our study, the ARR was lower during random combination antihypertensive treatment than
during standardized treatment with a CCB and a-adrenergic receptor blocker. A multivari-
ate analysis pointed out that RAS blockers in the treatment regime were responsible for the
lower ARR during non-standardized treatment. This is not an unexpected finding since RAS
blockers increase the PRC to a greater extent than that they lower the PAC, resulting in a
higher ARR. Contrary to the decrease in PRC, PAC did not rise in PA after the medication
change, likely reflecting the autonomy of aldosterone production in these patients. It should
be noted that BBs and potassium-sparing diuretics were ceased prior to the start of the
study protocol. Therefore, no conclusion can be made regarding the contribution of these
agents. BBs are known to lower renin levels and to increase the ARR both as monotherapy®
2 and as part of combination treatment.>® With this in mind our results are in agreement with
the observations by Seifarth et al.*® showing that in combination treatment both BBs and
ACE-I/ARBs had the largest influence on the ARR. Despite the observed change in ARR, the
AUC under the ROC curve remained unchanged, indicating that the standardized treatment
regime did not result in an overall improvement of the test performance, which is in line with
a previous study.®® It can therefore be concluded that combination treatment does not need
to be stopped but requires a lower ARR cutoff value as has been suggested by others.>* Many
other drugs including NSAIDs,?® certain SSRIs?” and oral contraceptives®2* can influence the
ARR.The use of these drugs was not systematically recorded in this study and could have had
a small effect on the test results.

Most of our PA patients had a normal ARR mainly because their PRC was not or only mar-
ginally suppressed. This can be explained in part by medication use but even under standard-
ized conditions many of these patients had relatively high PRC levels. Therefore, additional
explanations for these higher than expected PRC levels need to be considered. In our study,
the ARR was based on PRC and not on PRA. Many of the earlier studies reporting on the ARR
have used the PRA. The assessment of the PRA has disadvantages, being time-consuming,
dependent on endogenous angiotensinogen levels and difficult to standardize.>* Use of the
PRC allows for standardization of the test procedure and comparison with international refer-
ence values. Studies have shown that this can be a reasonable alternative for the PRA,>8
although the PRC may be less sensitive in the very low range.>* *® The assay used here has
a detection limit of 2.02 mU/L, which should enable detection of suppressed levels of PRC.
Cryoactivation of prorenin (allowing its detection in a renin assay) can be a cause for falsely
elevated PRC levels,* particularly at low PRC levels. Incubation of samples at 37°C (like during
a PRA measurement) facilitates the return of prorenin to its closed, inactive conformation
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so that it can no longer display activity nor will be detected in a renin assay. Theoretically
therefore, cryoactivation is expected to affect PRA to a lesser degree than PRC. Nevertheless,
in our samples, PRC levels were only rarely close to the detection limit of the assay (Figure
1A). Moreover, to prevent prorenin cryoactivation, samples were always processed at room
temperature and the plasma was rapidly frozen until analysis. Furthermore, all PRC as well as
PAC measurements were performed in one laboratory with extensive experience in perform-
ing these measurements.

Saltintake is a strong determinant of RAS activity and low salt intake can lead to a marked
rise in renin.®® Although salt intake was not actively controlled for, it was generally high in
our population and therefore it is highly unlikely that the sometimes high PRC values can
be explained by a low salt intake. It has also been suggested that the diagnosis of PA can
be masked if hypertensive kidney damage is present, manifested by renal arteriolosclerosis
leading to a rise in renin levels.’ We selected patients with a relatively normal creatinine
clearance to exclude the possibility of hypertension caused by renal disease. Nonetheless,
subclinical renal damage may have contributed to the relatively high PRC levels in some of
our PA patients.

Another factor to take into account are serum potassium levels. Potassium by itself can
stimulate aldosterone secretion, while on the other hand hypokalemia can inhibit aldoste-
rone secretion, leading to lower PAC levels.?? Failure to correct hypokalemia can therefore
lead to falsely low ARR levels and an underdiagnosis of PA. Although we aimed to correct
hypokalemia as much as possible, this was not successful in all patients. Twelve out of 27 PA
patients had a serum potassium level below 3.5 mmol/| at the time of the first ARR measure-
ment and 3 patients below 3.0 mmol/I. To correct hypokalemia completely in patients with
severe PA can be a challenge. Since aldosterone production is largely autonomous in PA, it
might be questioned whether hypokalemia will affect PAC to an extent that is clinically rel-
evant. Indeed Tanabe et al.** observed an inverse relation between PAC and serum potassium
concentration in PA, supporting the concept that serum potassium levels are determined by
PAC in PA and not the other way around.

The question remains whether an elevated ARR is a good reflection of (relatively) au-
tonomous aldosterone production. Montori et al.*? showed that the ARR is mainly driven by
renin and is therefore not a good indicator of inappropriately elevated aldosterone levels in
relation to renin. On the other hand, it is debatable whether suppressed renin levels are a
prerequisite for the diagnosis of PA. Previous studies, supported by the present findings, have
shown that a significant number of PA patients has non-suppressed renin levels even in the
presence of an APA.52% |n addition to the various possibilities mentioned above, this may be
related to individual differences in sensitivity and thresholds for RAS activation. Furthermore,
the clinical picture of PA encompasses a broad spectrum with mild biochemical abnormali-
ties on the low end and a florid phenotype with high aldosterone and markedly suppressed
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renin levels on the high end. This study confirms that PA patients with an APA had on average
lower PRC and higher ARR values than patients without evidence of an APA on their CT-scan.

PRC, PAC and ARR are subject to significant diurnal variations.’”® Sampling at a standardized
time helps reducing variability in ARR levels.” Blood sampling was performed mid-morning
in accordance with recommendations.’® Nonetheless, there still can be considerable day-to-
day variations with negative effects on reproducibility.* ¢ Our data show that ARR levels
can display an almost 5-fold difference when determined under the same conditions. The
implication of this is that a single negative test cannot sufficiently rule out PA although it
remains to be determined how many tests are needed.

CONCLUSIONS

PA is the most prevalent cause of secondary hypertension but establishment of this diagnosis
can be challenging. The ARR is the standard screening test for PA, but our data show that its
sensitivity is poor when the recommended cutoff value is used even under a standardized
medication regime. Overall test performance does not improve under a standardized treat-
ment regime but requires a different cutoff value. Reproducibility is also low, stressing the
need for multiple tests to establish the diagnosis. Despite these difficulties in screening, it
remains clinically important to identify patients with PA, especially with surgically correctable
forms. It is recommended to proceed quickly to a confirmation test when clinical suspicion
is high.

ACKNOWLEDGEMENTS

JH.A. Arnoldus, J.D. Banga, M. van den Berge, R.A. Carels, A. Dees, B.P. Imholz, E. Jager, M.Y.
Gerrits, S. Mohkamsing and B. van der Velde are gratefully acknowledged for their contribu-
tion to this study.

CONFLICTS OF INTEREST

This study was financially supported by Pfizer, The Netherlands. Pfizer was not involved in the
analyses nor the preparation of the manuscript.

107




Chapter 5

REFERENCES

10.

11.

12.

13.

14.

15.

16.

108

Hiramatsu K, Yamada T, Yukimura Y, Komiya |, Ichikawa K, Ishihara M, Nagata H, Izumiyama T. A
screening test to identify aldosterone-producing adenoma by measuring plasma renin activity.
Results in hypertensive patients. Arch Intern Med. 1981;141:1589-1593

Mulatero P, Stowasser M, Loh KC, Fardella CE, Gordon RD, Mosso L, Gomez-Sanchez CE, Veglio
F, Young WF, Jr. Increased diagnosis of primary aldosteronism, including surgically correctable
forms, in centers from five continents. J Clin Endocrinol Metab. 2004;89:1045-1050

Williams JS, Williams GH, Raji A, Jeunemaitre X, Brown NJ, Hopkins PN, Conlin PR. Prevalence
of primary hyperaldosteronism in mild to moderate hypertension without hypokalaemia. J Hum
Hypertens. 2006;20:129-136

Loh KC, Koay ES, Khaw MC, Emmanuel SC, Young WF, Jr. Prevalence of primary aldosteronism
among asian hypertensive patients in singapore. J Clin Endocrinol Metab. 2000;85:2854-2859
Fogari R, Preti P, Zoppi A, Rinaldi A, Fogari E, Mugellini A. Prevalence of primary aldosteronism
among unselected hypertensive patients: a prospective study based on the use of an aldoste-
rone/renin ratio above 25 as a screening test. Hypertens Res. 2007;30:111-117

Mosso L, Carvajal C, Gonzalez A, Barraza A, Avila F, Montero J, Huete A, Gederlini A, Fardella CE.
Primary aldosteronism and hypertensive disease. Hypertension. 2003;42:161-165

Westerdahl C, Bergenfelz A, Isaksson A, Wihl A, Nerbrand C, Valdemarsson S. High frequency of
primary hyperaldosteronism among hypertensive patients from a primary care area in Sweden.
Scand J Prim Health Care. 2006;24:154-159

Gordon RD, Stowasser M, Tunny TJ, Klemm SA, Rutherford JC. High incidence of primary aldoste-
ronism in 199 patients referred with hypertension. Clin Exp Pharmacol Physiol. 1994;21:315-318
Lim PO, Dow E, Brennan G, Jung RT, MacDonald TM. High prevalence of primary aldosteronism in
the tayside hypertension clinic population. J Hum Hypertens. 2000;14:311-315

Fardella CE, Mosso L, Gomez-Sanchez C, Cortes P, Soto J, Gomez L, Pinto M, Huete A, Oestreicher
E, Foradori A, Montero J. Primary hyperaldosteronism in essential hypertensives: prevalence,
biochemical profile, and molecular biology. J Clin Endocrinol Metab. 2000;85:1863-1867

Rossi GP, Bernini G, Caliumi C, Desideri G, Fabris B, Ferri C, Ganzaroli C, Giacchetti G, Letizia C, Mac-
cario M, Mallamaci F, Mannelli M, Mattarello MJ, Moretti A, Palumbo G, Parenti G, Porteri E, Sempli-
cini A, Rizzoni D, Rossi E, Boscaro M, Pessina AC, Mantero F. A prospective study of the prevalence
of primary aldosteronism in 1,125 hypertensive patients. JAm Coll Cardiol. 2006;48:2293-2300
Douma S, Petidis K, Doumas M, Papaefthimiou P, Triantafyllou A, Kartali N, Papadopoulos N,
Vogiatzis K, Zamboulis C. Prevalence of primary hyperaldosteronism in resistant hypertension: A
retrospective observational study. Lancet. 2008;371:1921-1926

Stowasser M, Gordon RD, Gunasekera TG, Cowley DC, Ward G, Archibald C, Smithers BM. High rate
of detection of primary aldosteronism, including surgically treatable forms, after ‘non-selective’
screening of hypertensive patients. J Hypertens. 2003;21:2149-2157

Strauch B, Zelinka T, Hampf M, Bernhardt R, Widimsky J, Jr. Prevalence of primary hyperaldo-
steronism in moderate to severe hypertension in the Central Europe region. J Hum Hypertens.
2003;17:349-352

Calhoun DA, Nishizaka MK, Zaman MA, Thakkar RB, Weissmann P. Hyperaldosteronism among
black and white subjects with resistant hypertension. Hypertension. 2002;40:892-896

Funder JW, Carey RM, Fardella C, Gomez-Sanchez CE, Mantero F, Stowasser M, Young WF, Jr,,
Montori VM. Case detection, diagnosis, and treatment of patients with primary aldosteronism:
An endocrine society clinical practice guideline. J Clin Endocrinol Metab. 2008;93:3266-3281



Test characteristics of the ARR

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Tiu SC, Choi CH, Shek CC, Ng YW, Chan FK, Ng CM, Kong AP. The use of aldosterone-renin ratio
as a diagnostic test for primary hyperaldosteronism and its test characteristics under different
conditions of blood sampling. J Clin Endocrinol Metab. 2005;90:72-78

Lamarre-Cliche M, de Champlain J, Lacourciere Y, Poirier L, Karas M, Larochelle P. Effects of
circadian rhythms, posture, and medication on renin-aldosterone interrelations in essential
hypertensives. Am J Hypertens. 2005;18:56-64

Yin G, Zhang S, Yan L, Wu M, Xu M, Li F, Cheng H. Effect of age on aldosterone/renin ratio (ARR)
and comparison of screening accuracy of arr plus elevated serum aldosterone concentration for
primary aldosteronism screening in different age groups. Endocrine. 2012;42:182-189

Koch M, Aker S, Haastert B, Rump LC. Clinical relevance of dietary salt intake on aldosterone and
the aldosterone-to-renin ratio as screening parameters for primary aldosteronism. Clin Nephrol.
2010;74:182-189

Kerstens MN, Kobold AC, Volmer M, Koerts J, Sluiter WJ, Dullaart RP. Reference values for
aldosterone-renin ratios in normotensive individuals and effect of changes in dietary sodium
consumption. Clin Chem. 2011;57:1607-1611

Cain JP, Tuck ML, Williams GH, Dluhy RG, Rosenoff SH. The regulation of aldosterone secretion in
primary aldosteronism. Am J Med. 1972;53:627-637

Pizzolo F, Raffaelli R, Memmo A, Chiecchi L, Pavan C, Guarini P, Guidi GC, Franchi M, Corrocher R,
Olivieri O. Effects of female sex hormones and contraceptive pill on the diagnostic work-up for
primary aldosteronism. J Hypertens. 2010;28:135-142

Pizzolo F, Pavan C, Corrocher R, Olivieri O. Laboratory diagnosis of primary aldosteronism, and
drospirenone-ethinylestradiol therapy. Am J Hypertens. 2007;20:1334-1337

Ahmed AH, Gordon RD, Taylor PJ, Ward G, Pimenta E, Stowasser M. Effect of contraceptives on
aldosterone/renin ratio may vary according to the components of contraceptive, renin assay
method, and possibly route of administration. J Clin Endocrinol Metab. 2011;96:1797-1804
Mitnick PD, Greenberg A, DeOreo PB, Weiner BM, Coffman TM, Walker BR, Agus ZS, Goldfarb S.
Effects of two nonsteroidal anti-inflammatory drugs, indomethacin and oxaprozin, on the kidney.
Clin Pharmacol Ther. 1980;28:680-689

Ahmed AH, Calvird M, Gordon RD, Taylor PJ, Ward G, Pimenta E, Young R, Stowasser M. Effects
of two selective serotonin reuptake inhibitor antidepressants, sertraline and escitalopram, on
aldosterone/renin ratio in normotensive depressed male patients. J Clin Endocrinol Metab.
2011;96:1039-1045

Mulatero P, Rabbia F, Milan A, Paglieri C, Morello F, Chiandussi L, Veglio F. Drug effects on aldoste-
rone/plasma renin activity ratio in primary aldosteronism. Hypertension. 2002;40:897-902
Ahmed AH, Gordon RD, Taylor P, Ward G, Pimenta E, Stowasser M. Effect of atenolol on aldo-
sterone/renin ratio calculated by both plasma renin activity and direct renin concentration in
healthy male volunteers. J Clin Endocrinol Metab. 2010;95:3201-3206

Seifarth C, Trenkel S, Schobel H, Hahn EG, Hensen J. Influence of antihypertensive medication on
aldosterone and renin concentration in the differential diagnosis of essential hypertension and
primary aldosteronism. Clin Endocrinol (Oxf). 2002;57:457-465

Stowasser M, Ahmed AH, Pimenta E, Taylor PJ, Gordon RD. Factors affecting the aldosterone/renin
ratio. Horm Metab Res. 2012;44:170-176

Montori VM, Schwartz GL, Chapman AB, Boerwinkle E, Turner ST. Validity of the aldosterone-renin
ratio used to screen for primary aldosteronism. Mayo Clin Proc. 2001;76:877-882

109




Chapter 5

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

110

Jansen PM, Frenkel WJ, van den Born BJ, de Bruijne EL, Deinum J, Kerstens MN, Arnoldus JH, Woit-
tiez AJ, Wijbenga JA, Zietse R, Danser AH, van den Meiracker AH. Determinants of blood pressure
reduction by eplerenone in uncontrolled hypertension. J Hypertens. 2012

Kondo T, Goto R, Sonoda K, Yasuda T, Ono K, Takaki Y, Yatsuda R, Miyamura N, Araki E. Plasma renin
activity and aldosterone concentration are not altered by the novel calcium channel antagonist,
azelnidipine, in hypertensive patients. Intern Med. 2010;49:637-643

Gallay BJ, Ahmad S, Xu L, Toivola B, Davidson RC. Screening for primary aldosteronism without
discontinuing hypertensive medications: Plasma aldosterone-renin ratio. Am J Kidney Dis.
2001;37:699-705

Niizuma S, Nakahama H, Kamide K, Fukuchi K, lwanaga Y, Nakata H, Yoshihara F, Horio T, Naka-
mura S, Kawano Y. The cutoff value of aldosterone-to-renin ratio for the diagnosis of primary
aldosteronism in patients taking antihypertensive medicine. Clin Exp Hypertens. 2008;30:640-647
Schwartz GL, Chapman AB, Boerwinkle E, Kisabeth RM, Turner ST. Screening for primary aldoste-
ronism: Implications of an increased plasma aldosterone/renin ratio. Clin Chem. 2002;48:1919-
1923

Bernini G, Moretti A, Orlandini C, Berti P, Miccoli P, Bardini M, Taurino C, Bernini M, Salvetti A.
Plasma and urine aldosterone to plasma renin activity ratio in the diagnosis of primary aldoste-
ronism. J Hypertens. 2008;26:981-988

Eng PH, Tan KE, Khoo DH, Tan CE, Lim HS, Lim SC, Koh LK, Ho SC, Tai ES, Fok AC. Aldosterone to
renin ratios in the evaluation of primary aldosteronism. Ann Acad Med Singapore. 1997,26:762-
766

Giacchetti G, RonconiV, Lucarelli G, Boscaro M, Mantero F. Analysis of screening and confirmatory
tests in the diagnosis of primary aldosteronism: Need for a standardized protocol. J Hypertens.
2006;24:737-745

Nishizaka MK, Pratt-Ubunama M, Zaman MA, Cofield S, Calhoun DA. Validity of plasma aldoste-
rone-to-renin activity ratio in African American and white subjects with resistant hypertension.
Am J Hypertens. 2005;18:805-812

Hirohara D, Nomura K, Okamoto T, Ujihara M, Takano K. Performance of the basal aldosterone
to renin ratio and of the renin stimulation test by furosemide and upright posture in screen-
ing for aldosterone-producing adenoma in low renin hypertensives. J Clin Endocrinol Metab.
2001;86:4292-4298

Schwartz GL, Turner ST. Screening for primary aldosteronism in essential hypertension: diagnos-
tic accuracy of the ratio of plasma aldosterone concentration to plasma renin activity. Clin Chem.
2005;51:386-394

Montori VM, Young WF, Jr. Use of plasma aldosterone concentration-to-plasma renin activity ratio
as a screening test for primary aldosteronism. A systematic review of the literature. Endocrinol
Metab Clin North Am. 2002;31:619-632, xi

Tanabe A, Naruse M, Takagi S, Tsuchiya K, Imaki T, Takano K. Variability in the renin/aldosterone
profile under random and standardized sampling conditions in primary aldosteronism. J Clin
Endocrinol Metab. 2003;88:2489-2494

Streeten DH, Tomycz N, Anderson GH. Reliability of screening methods for the diagnosis of
primary aldosteronism. Am J Med. 1979;67:403-413

Sokolow M, Lyon TP. The ventricular complex in left ventricular hypertrophy as obtained by
unipolar precordial and limb leads. Am Heart J. 1949;37:161-186

WHO Collaborating Centre for Drug Statistics Methodology. ATC/DDD index 2012. Available from:
http://www.whocc.no/atc_ddd_index/



Test characteristics of the ARR

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Delong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated
receiver operating characteristic curves: A nonparametric approach. Biometrics. 1988;44:837-845
Seiler L, Rump LC, Schulte-Monting J, Slawik M, Borm K, Pavenstadt H, Beuschlein F, Reincke M.
Diagnosis of primary aldosteronism: Value of different screening parameters and influence of
antihypertensive medication. Eur J Endocrinol. 2004;150:329-337

Trenkel S, Seifarth C, Schobel H, Hahn EG, Hensen J. Ratio of serum aldosterone to plasma renin
concentration in essential hypertension and primary aldosteronism. Exp Clin Endocrinol Diabetes.
2002;110:80-85

Holland OB, Brown H, Kuhnert L, Fairchild C, Risk M, Gomez-Sanchez CE. Further evaluation of
saline infusion for the diagnosis of primary aldosteronism. Hypertension. 1984;6:717-723
Mulatero P, Milan A, Fallo F, Regolisti G, Pizzolo F, Fardella C, Mosso L, Marafetti L, Veglio F, Maccario
M. Comparison of confirmatory tests for the diagnosis of primary aldosteronism. J Clin Endocrinol
Metab. 2006;91:2618-2623

Sealey JE, Gordon RD, Mantero F. Plasma renin and aldosterone measurements in low renin
hypertensive states. Trends Endocrinol Metab. 2005;16:86-91

Perschel FH, Schemer R, Seiler L, Reincke M, Deinum J, Maser-Gluth C, Mechelhoff D, Tauber R,
Diederich S. Rapid screening test for primary hyperaldosteronism: ratio of plasma aldosterone
to renin concentration determined by fully automated chemiluminescence immunoassays. Clin
Chem. 2004;50:1650-1655

Ferrari P, Shaw SG, Nicod J, Saner E, Nussberger J. Active renin versus plasma renin activity to
define aldosterone-to-renin ratio for primary aldosteronism. J Hypertens. 2004;22:377-381

Unger N, Lopez Schmidt |, Pitt C, Walz MK, Philipp T, Mann K, Petersenn S. Comparison of active
renin concentration and plasma renin activity for the diagnosis of primary hyperaldosteronism in
patients with an adrenal mass. Eur J Endocrinol. 2004;150:517-523

Rossi GP, Barisa M, Belfiore A, Desideri G, Ferri C, Letizia C, Maccario M, Morganti A, Palumbo G,
Patalano A, Roman E, Seccia TM, Pessina AC, Mantero F. The aldosterone-renin ratio based on the
plasma renin activity and the direct renin assay for diagnosing aldosterone-producing adenoma.
J Hypertens. 2010;28:1892-1899

Sealey JE, Moon C, Laragh JH, Alderman M. Plasma prorenin: Cryoactivation and relationship to
renin substrate in normal subjects. Am J Med. 1976;61:731-738

Volpe M, Lembo G, Morganti A, Condorelli M, Trimarco B. Contribution of the renin-angiotensin
system and of the sympathetic nervous system to blood pressure homeostasis during chronic
restriction of sodium intake. Am J Hypertens. 1988;1:353-358

Oelkers W, Diederich S, Bahr V. Primary hyperaldosteronism without suppressed renin due to
secondary hypertensive kidney damage. J Clin Endocrinol Metab. 2000;85:3266-3270
Ignatowska-Switalska H, Chodakowska J, Januszewicz W, Feltynowski T, Adamczyk M, Lewan-
dowski J. Evaluation of plasma aldosterone to plasma renin activity ratio in patients with primary
aldosteronism. J Hum Hypertens. 1997;11:373-378

Bravo EL, Tarazi RC, Dustan HP, Fouad FM, Textor SC, Gifford RW, Vidt DG. The changing clinical
spectrum of primary aldosteronism. Am J Med. 1983;74:641-651

Rossi GP, Seccia TM, Palumbo G, Belfiore A, Bernini G, Caridi G, Desideri G, Fabris B, Ferri C, Gi-
acchetti G, Letizia C, Maccario M, Mallamaci F, Mannelli M, Patalano A, Rizzoni D, Rossi E, Pessina
AC, Mantero F. Within-patient reproducibility of the aldosterone: Renin ratio in primary aldoste-
ronism. Hypertension. 2010;55:83-89







Part IV

Aldosterone-receptor antagonism in
hypertension






Chapter 6

Aldosterone-receptor antagonism in
hypertension

Pieter M. Jansen?, A.H. Jan Danser?, Ben P.Imholz® and Anton H. van den Meiracker?.
a Division of Pharmacology, Vascular and Metabolic Diseases, Department of Internal Medicine,

Erasmus Medical Centre Rotterdam, The Netherlands
b Department of Internal Medicine, Twee Steden Hospital, Waalwijk, The Netherlands.

Journal of Hypertension 2009;27(4):680-691



Chapter 6

ABSTRACT

The role of the renin-angiotensin-aldosterone system (RAAS) in hypertension has since long
been recognized and aldosterone has been acknowledged as one of the key hormones in
the pathophysiology, not only in primary aldosteronism but also in essential hypertension
and drug-resistant hypertension. Aldosterone-receptor antagonists (ARAs) are increasingly
used in patients with resistant hypertension, often with impressive results. However, defini-
tive evidence for the benefit of ARAs in these patients from randomized, controlled trials is
lacking. This review gives an overview of the current data on this topic. Future studies should
focus on the identification of factors that are able to predict the response to treatment, as to
select patients who will benefit most from treatment with ARAs. On the basis of the current
knowledge, we recommend prescription of ARAs to patients with primary aldosteronism,
resistant hypertension and patients with hypertension and hypokalemia.
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INTRODUCTION

The role of aldosterone in the pathophysiology of hypertension has since long been rec-
ognized. This has particularly become clear in patients with primary aldosteronism. Recent
studies, however, have shown that aldosterone is also involved in essential hypertension and
aldosterone-receptor antagonists (ARAs) are increasingly used in these patients. This review
discusses the role of aldosterone in hypertension and summarizes the evidence for the use of

ARAs in hypertension, both as monotherapy and as add-on therapy in resistant hypertension.

THE ROLE OF ALDOSTERONE IN HYPERTENSION

The role of aldosterone in blood pressure (BP) regulation is best illustrated in primary
aldosteronism, a state characterized by an excess of aldosterone, with severe, often therapy-
refractory, hypertension. Since the introduction of the aldosterone-to-renin ratio (ARR) as a
screening test for primary aldosteronism, many groups have studied the prevalence of this
condition in different subsets of hypertensive patients."?” We recently performed a meta-
analysis on the prevalence of primary aldosteronism. Our meta-analysis showed that 4.3 %
of hypertensive patients in a primary care setting and 9.0% of referred patients have con-
firmed primary aldosteronism.?® Since many primary aldosteronism patients present without
hypokalemia and screening for primary aldosteronism is not performed routinely, a large
proportion of primary aldosteronism patients remains undetected.

Evidence for a pivotal role of aldosterone in the pathogenesis and course of essential
hypertension has emerged more recently. In nonhypertensive persons, elevated -yet physi-
ological- aldosterone levels increase the risk of developing hypertension.?® Furthermore, in
normotensive young persons with a positive family history of hypertension, suppression of
aldosterone on salt loading was inadequate.*® This may cause a predisposition to fluid over-
load and risk of developing hypertension.

Aldosterone is also involved in drug-resistant hypertension. In patients with aldosterone-
associated hypertension, defined as an elevated ARR and plasma aldosterone level, but
no primary aldosteronism based on a captopril suppression test, adequate BP control was
reached in a lower fraction of patients and after a longer treatment period as compared with
essential hypertensive patients.?’

Blocking the RAAS with angiotensin-converting enzyme inhibitors (ACE-Is) or angiotensin
receptor blockers (ARBs) is often associated with a decrease in plasma aldosterone followed
by an increase in aldosterone above pretreatment levels during prolonged treatment.3> 3
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This so-called aldosterone escape or aldosterone breakthrough may contribute to therapy
resistance by counteracting the antihypertensive actions of ACE-Is or ARBs. In a systematic
review, Bomback and Klemmer** have estimated an incidence of aldosterone breakthrough
of 10 - 53% in patients with chronic heart or kidney disease on ACE-l or ARB therapy. In
these conditions, aldosterone breakthrough is associated with negative cardiovascular and
renal outcomes. The addition of an ARA in this situation could result in an improved outcome
through a further and sustained BP reduction

There is also increasing evidence for BP-independent adverse effects of aldosterone on
the cardiovascular system. Aldosterone has shown to be a mediator of end-organ damage
through the promotion of vascular inflammation and cardiac and perivascular fibrosis.>
Indeed, a marked reduction in morbidity and mortality with aldosterone blockade, inde-
pendent of haemodynamic effects, has been shown in the Randomized Aldactone Evalu-
ation Study (RALES) and Eplerenone Post-Myocardial Infarction Heart Failure Efficacy and
Survival Study (EPHESUS) performed in patients with heart failure.33” Also unexplained by
BP differences, a higher rate of cardiovascular complications has been reported in primary
aldosteronism than in essential hypertensive patients.®® 3 In a retrospective study, Milliez et
al*® found a 4.2 times higher risk of stroke, 6.5 times higher risk of nonfatal myocardial infarc-
tion and 12.1 times higher risk of atrial fibrillation in primary aldosteronism compared with
age-matched, sex-matched and BP-matched patients with essential hypertension. Patients
with primary or secondary aldosteronism have a higher left ventricular mass than those with
essential hypertension, after correction for a large number of confounders.® Arterial wall

Primary aldosteronism

Aldosterone escape in
ACE-I or ARB therapy
\ Higher aldosterone levels
increase the risk of

developing hypertension

Role of aldosterone
in hypertension

Resistant hypertension / \ Mediator of end-organ

damage

Figure 1. The role of aldosterone in hypertension. ACE-1, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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stiffness is also higher in patients with primary aldosteronism than in those with essential
hypertension.*' Interestingly, in essential hypertension, a positive correlation between the
ARR and measures of arterial stiffness has been demonstrated.*> The mentioned effects of
aldosterone that may contribute to the pathogenesis and course of (resistant) hypertension
are summarized in Figure 1.

Considering the emerging role of aldosterone in the pathogenesis of hypertension and its
deleterious effects on heart, vessels and kidney, there is a rationale for the use of ARAs in
the treatment of hypertension. However, the prescription of these drugs has often been lim-
ited to specific conditions such as heart failure and primary aldosteronism. In the following
paragraphs, the evidence for the use of ARAs in hypertension, both as monotherapy and as
add-on therapy in resistant hypertension will be discussed.

MONOTHERAPY WITH ALDOSTERONE-RECEPTOR ANTAGONISTS IN
HYPERTENSION

Treatment of hypertension with monotherapy of spironolactone was described already 30
years ago. When compared with placebo, spironolactone, in a dosage of 100-400 mg daily,
was more effective in lowering blood pressure.** Spironolactone was shown to be equally
effective as propranolol in essential hypertension*** and high-dose chlorthalidone in low-
renin hypertensive patients.** Spironolactone efficacy is clearly dose-dependent. However,
no additional benefit was shown for doses exceeding 150 mg daily.* A single dose is as ef-
fective as a divided daily dose.*” In normotensive persons, a small dose of spironolactone (25
mg) has no BP lowering effect.*®

The widespread use of spironolactone in hypertension has been limited by the high inci-
dence of side effects, in particular the occurrence of gynaecomastia in men due to the anti-
androgenic properties of the drug. However, these adverse effects of aldosterone-receptor
blockade have been overcome by the introduction of the more selective ARA, eplerenone.®

Several studies have evaluated the antihypertensive potential of eplerenone monotherapy.
In a double-blind, randomized, placebo-controlled, parallel group, dose-ranging study, a
dose-dependent decrease in office BP was shown for eplerenone, 50-400 mg, in mild-to-
moderate hypertensive patients, with a 4.4-15 mmHg decrease in SBP.>° Long-term safety
and efficacy were studied in an open-label, uncontrolled trial by Burgess et al.>' Eplerenone
was started at 50 mg and uptitrated to a maximum of 200 mg for a period up to 14 months.
If necessary, another antihypertensive drug could be added. Seventy-four percentage of
patients on eplerenone achieved BP goals, and 16.8% were excluded because of treatment

119

°
-
[
-
-3
©
<=
v




Chapter 6

failure. In patients with stage 1 - 3 essential hypertension, eplerenone lowered both SBP and
DBP in a dose-related manner. Eplerenone lowered BP already at a dose as low as 25 mg. The
maximum response of clinic BP was seen at a dose of 100 mg daily with a reduction of 10.4
mmHg in SBP and 6.3 mmHg in DBP.>

Eplerenone has also been compared with other antihypertensive drugs. Treatment with
eplerenone, 50-200 mg, was as effective as with losartan, 50-100 mg, in white patients with
mild-to-moderate hypertension and superior to that with losartan in black patients. The
response rate was significantly higher for eplerenone (64.5%) than for losartan (48.3%).>* In
patients with low-renin hypertension, eplerenone reduced BP more effectively than losartan
did: the decrease in BP was greater after 8 weeks, response rates were higher and less number
of patients needed additional treatment with hydrochlorothiazide.>* A comparison of eplere-
none with enalapril in patients with stage 1 or 2 essential hypertension showed no difference
in BP-lowering potential over a 12-month treatment period.> In older patients with systolic
hypertension, the reduction in SBP and pulse pressure was similar for eplerenone and amlo-
dipine. Reduction in clinic DBP was modestly larger with amlodipine than with eplerenone
(6.9 vs. 4.5 mmHg, p=0.014).> Pitt et al.>” studied the effects of eplerenone (200 mg), enalapril
(40 mg) and eplerenone/enalapril (200/10 mg) combination therapy on left ventricular mass
and BP in patients with essential hypertension and left ventricular hypertrophy. Monotherapy
with eplerenone had a similar BP-lowering effect as enalapril (23.8/14.4 mmHg vs. 24.7/13.4
mmHg, respectively).

Therefore, monotherapy with eplerenone is an effective antihypertensive treatment, with
similar BP-lowering potential as other antihypertensive agents. The potency of eplerenone
on a molecular weight basis is 50-75% of that of spironolactone.®

ADD-ON THERAPY WITH ALDOSTERONE-RECEPTOR-ANTAGONISTS

Most antihypertensive agents are used in combination to enhance efficacy and to reduce
side effects.®® Many investigators have studied the effect of ARAs in combination with other
antihypertensive drugs or as part of third-line treatment in therapy-resistant hypertension.

An additional antihypertensive effect in combined treatment can be due to a synergistic or
an additive effect. The cardiovascular system will react to antihypertensive treatment with
counter-regulatory mechanisms. Aldosterone breakthrough can be seen as an example of
this. When eplerenone (50-100 mg) was given over an 8-week period to hypertensive pa-
tients whose BP was insufficiently controlled despite ACE-I or ARB monotherapy, SBP was
significantly lower after addition of eplerenone to ACE-I (-13.4 mmHg) or ARB (-16.0 mmHg)
as compared with placebo (-7.5 mmHg in the ACE-I/placebo group and —9.2 mmHg in ARB/
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placebo group). DBP was only lowered with eplerenone in the ARB group (-12.7 mmHg for
eplerenone vs. -9.3 mmHg for placebo).*

Also treatment with the potassium-sparing diuretic amiloride is characterized by a compen-
satory rise in aldosterone,*® thereby limiting its antihypertensive effect. Although amiloride
(5 mg) and spironolactone (25 mg) had no antihypertensive effect in normotensive persons,
the combination significantly lowered SBP (-4.6 mmHg). It is suggested that this is due to a
complementary inhibition of the epithelial sodium channel (eNaC).*

Several authors have discussed the value of ARAs in resistant hypertension (Table 1).6% Most
studies on the efficacy of add-on spironolactone therapy in resistant hypertension are not
placebo-controlled. Ouzan et al.*®® studied the effect of the addition of spironolactone (1 mg/
kg per day) in 25 patients with an elevated BP despite the use of at least two antihyperten-
sive drugs in an open-label, uncontrolled trial. When an ACE-l or ARB was used, these were
replaced by spironolactone. Mean 24-h ambulatory BP measurement (ABPM) decreased sig-
nificantly from 152/86 mmHg to 128/76 mmHg after 1 month of spironolactone. All patients
reached target BP after 2 months of treatment. The number of required antihypertensive
drugs decreased from 3.2 before to 2.1 during spironolactone use. Another open-label
trial studied the BP response to addition of a low-dose of spironolactone (12.5-50 mg) in 76
patients with resistant hypertension. Of these, 34 turned out to have primary aldosteron-
ism. At 6 weeks, SBP and DBP had decreased by 21 mmHg and 14 mmHg, respectively, and
this effect was sustained after 6 months. Interestingly, BP reduction was similar in patients
with and without primary aldosteronism.®" A retrospective analysis on the efficacy of add-on
treatment with spironolactone in 340 patients referred to a hypertension clinic with ongoing
hypertension despite at least two antihypertensive agents, compared with standard add-on
therapy, showed a BP reduction of 23.2/12.5 mmHg for spironolactone compared with 7.6/5.8
mmHg for other add-on treatment (p<0.05). Clinical judgement appears to have influenced
the treatment strategy, as patients put on spironolactone had lower potassium values and
higher left ventricular mass at baseline.®

Lane et al.® conducted an open observational study in which general practitioners were
advised to add spironolactone 25-50 mg in patients with resistant hypertension who were
already using an ARB. Outcome data were available in 119 patients. On an average, SBP de-
creased by 21.7 and DBP by 8.5 mmHg. The largest study was performed by Chapman et al.,%
who evaluated the BP response of 1411 patients in the Anglo-Scandinavian Cardiac Outcome
Trial — Blood Pressure Lowering Arm (ASCOT-BPLA) who received additional spironolactone
because of sustained hypertension despite three antihypertensive drugs prescribed accord-
ing to the study protocol. Spironolactone was given at the investigator’s discretion in an
open-label, uncontrolled fashion at a median dose of 25 mg. BP decreased by 21.9/9.5 mmHg
(p<0.001) after spironolactone. Interestingly, BP responses were similar for both pretreat-
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ment regimes consisting of amlodipine/perindopril and atenolol/bendroflumethiazide. It
should, however, be noticed that the latter group was overrepresented in this population
(75 % was pretreated with atenolol/bendroflumethiazide). Clinical judgement could have
influenced the choice of spironolactone, selecting those with a larger expected response in
both groups.

These studies indicate that there is increasing evidence for the usefulness of spironolactone
in the treatment of resistant hypertension, often with impressive results. It should be ac-
knowledged that most of the mentioned studies did not adhere to the current European
Society of Hypertension guidelines of resistant hypertension, defined as an elevated BP
despite treatment with at least three antihypertensives in optimal dose amounts including a
diuretic.®® Furthermore, although a favourable effect of spironolactone seems plausible from
a mechanistic point of view, randomized, double-blind, placebo-controlled trials are needed
to provide definite proof for the efficacy of spironolactone as add-on treatment in resistant
hypertension. Coming from the same drug class, a similar effect of eplerenone is assumed.
To our knowledge, however, no studies on the use of eplerenone in resistant hypertension
have been reported.

Amiloride, although not a genuine aldosterone-receptor blocker, should also be discussed
in this perspective. In the same way as for spironolactone, Lane and Beevers®” evaluated in
an open observational study the effect of amiloride 10 mg. Although this also resulted in a
reduction in BP, the response was less than for spironolactone. This in contrast to a study in
black patients with elevated BP on conventional treatment including a diuretic and a calcium
channel blocker where addition of spironolactone 25 mg or amiloride 10 mg resulted in a
larger BP reduction with amiloride (4.6/1.8 mmHg for spironolactone vs. 9.8/3.4 mmHg for
amiloride). The combination exerted an additional BP-lowering effect.** In patients with un-
controlled BP who were using hydrochlorothiazide, the reduction in daytime DBP was higher
with the addition of enalapril than with the addition of amiloride. Because of uncontrolled BP,
more patients randomized for amiloride needed uptitration of drug dose in the fourth week
and addition of propranolol in the eigth week of treatment.®®

There are no studies comparing amiloride and spironolactone as add-on therapy in
genuine resistant hypertension. Ramsay et al.* compared amiloride and spironolactone in
thiazide-treated hypertensive patients. Surprisingly, the relative potency to correct hypoka-
lemia was 2.8:1 in favour of amiloride. The presence of a carry-over effect did not allow to
make conclusions about possible differences in BP-lowering potential between the two regi-
mens. Therefore, studies evaluating the efficacy of amiloride vs. spironolactone in resistant
hypertension are to be welcomed. It should be realized that amiloride only blocks the renal
effect of aldosterone. A compensatory rise in plasma aldosterone levels during amiloride
administration resulting in adverse cardiovascular effects can therefore not be excluded.
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Chapter 6

MECHANISMS FORTHE ANTIHYPERTENSIVE EFFECTS OF ALDOSTERONE-
RECEPTOR ANTAGONISTS

ARAs can exert their antihypertensive effect through several mechanisms (Figure 2).

A large part of the antihypertensive effect can be attributed to its diuretic properties.
Through competitive antagonism with aldosterone for the mineralocorticoid receptor in the
distal convoluted tubule in the kidney, aldosterone-induced upregulation of eNaC and Na*/
K* ATPase is prevented, leading to increased natriuresis, enhanced potassium reabsorption
and decrease in circulating volume.

However, in recent years it has become clear that aldosterone has actions at many alterna-
tive sites in the body including the heart, blood vessels and brain. A part of the antihyper-
tensive potential of ARAs might be attributable to blockade of mineralocorticoid receptors
at these sites. Application of spironolactone, 50 mg twice daily, in eight oligoanuric haemo-
dialysis patients for 2 weeks resulted in a decrease in predialysis SBP from 142 to 131 mmHg.
This is an indication that spironolactone can exert antihypertensive effects independent of
its diuretic properties.”

The extrarenal actions of ARAs can be attributed to intracerebral effects, modulation of
sympathetic tone, and direct or indirect vascular effects. Intracerebroventricular infusion of
aldosterone caused an increase in BP in rats.”" Intracerebroventricular administration of a
selective mineralocorticoid receptor antagonist in rats with hypertension induced by deoxy-
corticosterone acetate and salt enhanced urinary sodium and water excretion and decreased
BP.”2 A reduction in sympathetic output might have mediated this effect, as the same route
of administration reduced sympathetic tone in a rat model of congestive heart failure.”® In
patients with dilated cardiomyopathy, spironolactone reduced sympathetic nerve activity by

Induction of diuresis and
natriuresis Reduction in vascular stiffness

\ /

Antihypertensive
actions of ARAs

Modulation of

responsiveness to AT II
. . Modulation of vascular tone /
Reduction of sympathetic tone Decline in
\_ endothelin-1 levels

Figure 2. Proposed mechanisms for the antihypertensive actions of aldosterone-receptor antagonists. AT Il, angiotensin |I; ARA, aldosterone-
receptor antagonist.
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amelioration of aldosterone-induced impairment of noradrenaline reuptake at the synaptic

level.*

Experimental studies have shown that prolonged exposure to aldosterone enhances vascular
reactivity to angiotensin Il (AT Il) through an increased expression of the angiotensin type
1 receptor (AT1R).”*”? In human coronary arteries, acute exposure to aldosterone increased
the vasoconstrictor response to AT Il. Because these effects could not be blocked by classic
ARAs® the relevance of this phenomenon for the antihypertensive effect of ARAs is uncer-
tain. Treatment with spironolactone has also been shown to be associated with a decline
in plasma endothelin-1 levels,®* posing another potential mechanism for the extrarenal
antihypertensive effects of ARAs.

Vascular stiffness is an important determinant of systolic hypertension®' and an independent
predictor of mortality in hypertensive patients.®? Treatment with spironolactone in patients
with essential hypertension reduced pulse wave velocity and augmentation index,* thereby
on the long-term indirectly contributing to SBP reduction.

The clinical relevance of the aforementioned extrarenal mechanisms of ARAs is unknown. A
crossover trial in patients with low-renin hypertension and an elevated ARR and a previous
SBP response to spironolactone of at least 20 mmHg showed that even in this selected popu-
lation, high dose thiazide diuretic treatment (bendroflumethiazide 5 mg) was as effective
as 100 mg of spironolactone. Biochemical measures of natriuresis indicated bendroflume-
thiazide to be less effective than spironolactone.®® This suggests that natriuresis is the most
important mode of action in terms of blood pressure reduction at least in this population.

ALDOSTERONE-RECEPTOR ANTAGONISTS AND OTHER ENDPOINTS

Apart from lowering BP, beneficial effects on left ventricular hypertrophy, cardiac and peri-
vascular fibrosis, cardiac arrhythmias, and proteinuria, independent of BP lowering, have
been reported for ARAs.

Left ventricular hypertrophy and cardiac fibrosis

Aldosterone-blockade in heart failure patients has been associated with a marked reduction
in morbidity and mortality.3*3” This has in part been attributed to a (BP independent) reduc-
tion in cardiac fibrosis. Patients with primary aldosteronism have a higher left ventricular wall
thickness and mass than essential hypertension patients.** 84 % This is related to changes in
myocardial textures suggestive of increased collagen deposition as assessed by videoden-
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sitometry.®* Conversely, treatment with spironolactone in a subgroup of the RALES popula-
tion was shown to lead to a decrease in serum markers for collagen synthesis and cardiac
fibrosis.? In patients with LVH, treatment with spironolactone for 6 months decreased left
ventricular fibrosis.®”

In patients with essential hypertension, addition of low-dose spironolactone (25 mg) to ACE
inhibition (ACE-1) was followed by a greater decrease in left ventricular mass index (LVMI)
than ACE-l alone, as well as a decrease in procollagen type Il amino-terminal peptide (PIIINP),
a marker for collagen type Ill synthesis, despite the absence of a BP response to spironolac-
tone.®® Similar results on LVMI were found after the addition of spironolactone to the ARB
candesartan for 1 year in hypertensive patients with concentric LVH, but not in patients with
eccentric LVH.2? Combination therapy with eplerenone and enalapril caused a larger reduc-
tion in left ventricular mass than either treatment alone (-27.2 g on combination therapy,
compared with —14.5 g for eplerenone and -19.7 g for enalapril).>” The failure of ACE-I to
achieve full regression of left ventricular mass might in part be caused by the previously
discussed aldosterone escape, as LVMI did not decrease in patients with aldosterone escape
on ACE inhibition as opposed to a decline in LVMI in patients without aldosterone escape.®®

Perivascular fibrosis and vascular stiffness

As stated earlier, aldosterone is also an important mediator of perivascular fibrosis and
increased vascular stiffness. Aldosterone-blockade was shown to prevent an increase in
arterial stiffness and arterial fibrosis in old normotensive rats®’ and aldosterone-salt-treated
rats.”? This effect was mediated by modification of collagen and elastin density within the
vascular wall’' and prevention of aldosterone-induced accumulation of fibronectin.®> % In
stroke-prone spontaneously hypertensive rats, high-salt diet increased the media-to-lumen
ratio of mesenteric resistance arteries and cardiac collagen content. These effects could be
blocked by eplerenone.®* There is also evidence for a vasculoprotective effect of aldosterone
antagonism in humans. A 1-year treatment of hypertensive patients with eplerenone resulted
in reduced stiffness in resistance arteries isolated from gluteal subcutaneous biopsies as well
as a decreased collagen-to-elastin ratio. This was accompanied by a decrease in circulating
inflammatory mediators.®> The same observation applies for large-vessel disease.
Spironolactone reduced pulse wave velocity (PWV) and augmentation index in previously
untreated patients with essential hypertension in a BP-independent manner.*? A reduction
in brachial PWV and PIIINP was also seen in hypertensive diabetic patients treated with spi-
ronolactone 50 mg for 4 months.* A similar effect on PWV was found by White et al.> after a
24-week treatment with eplerenone in patients with systolic hypertension, but this reduction

was similar in amlodipine-treated patients.
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Cardiac Arrhythmias

Part of the reduction in mortality in the RALES and EPHESUS trials has been attributed to
lower sudden death incidence rates under aldosterone blockade.® 3’ Aldosterone has
been linked to ventricular as well as supraventricular arrhythmias. High aldosterone levels
on admission in patients presenting with ST-elevation myocardial infarction increased the
risk of ventricular tachyarrhythmias, ventricular fibrillation and resuscitated cardiac arrest
in a stepwise fashion.”” In patients with previous atrial fibrillation, the reoccurrence of atrial
fibrillation was independently associated with raised plasma aldosterone levels.®® In patients
with primary aldosteronism, the risk of sustained arrhythmias was almost five times higher
than in patients with essential hypertension (OR 4.93). Another study showed a prolonged QT
interval in patients with primary aldosteronism, with the maximum QT intervals correlating
well with ARR and aldosterone levels. However, QT dispersion, a measure of repolarisation
inhomogeneity, was small in these patients, thereby protecting them from ventricular ar-
rhythmias.®® The reason why aldosterone increases the risk of ventricular dysrhythmias in
cardiac patients but not in primary aldosteronism patients is unknown, but may involve a
larger burden of underlying structural and functional cardiac damage in the first group lead-
ing to a greater repolarization inhomogeneity.

Spironolactone has been shown to exert antiarrhythmic actions in experimental'® " as well
as clinical conditions.'%% |n patients with coronary artery disease, but without cardiac failure,
a 3-month period of spironolactone treatment led to a reduction in ventricular extrasystoles
and a decrease in QT interval length.'® Patients with congestive heart failure (CHF) treated
with spironolactone for 6 months showed a decrease in 24-h mean heart rate, ventricular
and atrial premature beats, and had a lower risk of atrial fibrillation and atrial flutter than
placebo-treated patients.'® Several mechanisms have been proposed for the antiarrhythmic
actions of spironolactone. First, as discussed earlier, aldosterone-induced myocardial fibrosis
is reduced. Second, aldosterone has a profound effect on electrolyte fluxes such as potassium
and magnesium, and spironolactone may alleviate these electrolyte imbalances, thereby
reducing the risk of arrhythmias. Indeed, spironolactone was shown to reduce cellular mag-
nesium efflux and loss in CHF patients.’® On the contrary, maximum QT intervals in patients
with primary aldosteronism were correlated with aldosterone but not with potassium levels,
suggesting a possible direct effect of aldosterone on myocardial electrophysiology.®® Finally,
conditional cardiac overexpression of the mineralocorticoid receptor in a transgenic mouse
model has been reported to result in severe ventricular arrhythmias,’® suggesting a direct
role of cardiac mineralocorticoid receptor in the pathogenesis of cardiac arrhythmia. Interest-
ingly, these arrhythmias occurred in the absence of aldosteronemia.'® Furthermore, in the
isolated rat Langendorff heart mineralocorticoid receptor blockade decreased the risk of
ventricular fibrillation after ischemia and reperfusion.’® " As there is hardly any aldosterone
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present in these isolated perfused hearts, this effect is most likely due to blockade of miner-
alocorticoid receptor stimulation by endogenous glucocorticoids.'

Microalbuminuria

Previous studies have shown that treatment of patients with diabetic nephropathy with an
ARA results in a considerable reduction of proteinuria,'®'° even in addition to ACE-l or ARB
therapy.'”"° Similar results are found in hypertensive patients. Both eplerenone (-21.6%) and
losartan (-18.2%) reduced urinary albumin-to-creatinine ratio (UACR) compared with placebo
(+ 5.2%) in patients with mild-to-moderate hypertension.>* When eplerenone was compared
with amlodipine in patients with systolic hypertension, eplerenone reduced UACR with 21.4
vs. 0.5 % for amlodipine. The reduction in UACR was much larger when microalbuminuria
was present at baseline (UACR>30 mg/g) (52.3% for eplerenone vs 10.4% for amlodipine;
p<0.05).¢ In patients with stage 1 or 2 essential hypertension with normal UACR at baseline,
no relevant change in UACR occurred on eplerenone treatment. However, in patients with
microalbuminuria at baseline, UACR decreased by 61.5% with 6-month monotherapy with
eplerenone (50 to 200 mg), as compared with 25.7 % (p = 0.01) with enalapril.*>* In hyperten-
sive patients with LVH, superiority of 200 mg eplerenone above 40 mg enalapril in terms of
BP reduction could not be confirmed after 9 months treatment. However, both drugs signifi-
cantly reduced UACR compared with placebo (24.9% for eplerenone and 37.4% for enalapril).
Combination therapy, consisting of 200 mg eplerenone and 10 mg enalapril, further lowered
UACR by 52.6%.5

The antiproteinuric effect is, at least in part, related to changes in renal haemodynamics after
aldosterone blockade. Patients with primary aldosteronism have a higher glomerular filtra-
tion rate (GFR) and a state of relative glomerular hyperfiltration as compared with patients
with essential hypertension.”"" 2 Treatment of primary aldosteronism patients with either
adrenalectomy or spironolactone causes a decline in both GFR and albuminuria, suggest-
ing an interdependence between these two variables.? In two of the studies in diabetic
nephropathy, changes in GFR and proteinuria were correlated.'”” '"° Although it is likely that
BP reduction has contributed to the decrease in proteinuria by lowering glomerular filtration
pressure in response to ARA not all antihypertensive drugs lower proteinuria equally, despite
similar changesin BP. For instance, Rachmani et al.’® showed that spironolactone was superior
to cilazapril in reducing albuminuria independent of BP reduction. Other mechanisms than
BP reduction therefore seem to play a role. First, in primary aldosteronism patients aldoste-
rone specifically increases glomerular hydrostatic pressure and adrenalectomy resulted in a
significant decline in glomerular pressure by a specific effect on afferent resistance.”"' Second,
aldosterone promotes renal inflammation. Renal biopsies from patients with heavy protein-
uria showed an increased expression of the mineralocorticoid receptor and glucocorticoid-
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regulated kinase 1 (Sgk1), which was related to an enhanced expression of IL-6 and TGF-f31."
Third, spironolactone may limit the development of renal fibrosis. Spironolactone treatment
in patients with proteinuria resulted in a decrease in the urinary excretion of type IV collagen
as a reflection of a lower collagen turnover rate in the glomerular basement membrane and
mesangial matrix.""* Finally, aldosterone blockade by inhibition of the formation of Sgk1 and
reducing oxidative stress preserves glomerular barrier function.”®

SIDE EFFECTS

The main side effects reported for ARA are sex hormone-related effects and hyperkalemia.
Sex hormone-related side effects have extensively been described for spironolactone and in-
clude gynaecomastia and erectile disorders and menstrual abnormalities. These side effects
can be attributed to the antiandrogenic action of spironolactone. Spironolactone competes
with 5-alpha-dihydrotestosterone for the testosterone receptor.'® Furthermore, spironolac-
tone causes a decrease in plasma testosterone and an increase in estradiol by altering the
peripheral metabolism of testosterone.'"” In fact, spironolactone has been shown to be useful
in conditions of androgen excess, such as hirsutism,'® polycystic ovary syndrome''® and acne
vulgaris.'?®

The incidence of sex hormone-related side effects is dose-dependent. In a large, retrospec-
tive analysis of patients receiving spironolactone for the treatment of hypertension, the inci-
dence of gynaecomastia in male patients was 13%. At doses of 50 mg or less, the incidence
was 6.9%, whereas it was 52% at doses of 150 mg or higher.*® Although relatively rare for
lower dosages, these side effects have importantly limited the use of spironolactone. Side
effects can be prevented by using lower doses of spironolactone in combination with other
antihypertensive agents.

The introduction of the more specific ARA, eplerenone, have raised possibilities for high-dose
treatment with ARAs. Indeed, the incidence rates of sex hormone-related side effects in the
studies reported in this review were low, with incidence rates for gynaecomastia ranging
from 0 to 2.5%, impotence from 0 to 3.0% and menstrual disturbances from 0 to 2.5%. These
side effects were often sporadic and not evidently attributable to the use of eplerenone. In
most reported studies, the incidence of side effects in placebo or active control groups was

similar.>>7

A point of concern is the occurrence of hyperkalemia. Treatment with ARAs is associated with
an increase in serum potassium concentration. The incidence rates of hyperkalemia, mostly
defined as a serum potassium exceeding 5.5 mmol/l, during use of eplerenone ranged from

129

°
-
[
-
-3
©
<=
v




Chapter 6

0.8 to 4.2%.°°% Only Pitt et al>” reported a relatively high incidence rate of hyperkalemia
of 10.9% for 200 mg eplerenone compared to 2.8% for 40 mg enalapril and 4.5% for the
combination of 200 mg eplerenone and 20 mg enalapril. However, no clinical symptoms or
complications were observed in any of these patients and hyperkalemia persisted in only
three patients, necessitating discontinuation or dose modification. Of note, the rise in serum
potassium is unrelated to the BP response.'?!

In a case-control study on heart failure patients using spironolactone, higher age, diabetes
mellitus, higher baseline potassium levels, lower baseline potassium supplement doses, and
use of beta-blockers were identified as risk factors for the development of hyperkalemia,
whereas lower baseline body weight, higher baseline serum creatinine and use of other
diuretics were related to the development of renal insufficiency.'?

Case reports have identified a possible association between the use of spironolactone and ul-
ceration and bleeding of the upper gastrointestinal tract. In a case-control study, Verhamme
et al.'® found a 2.7-fold increase in the risk of gastrointestinal bleeding. The association was
stronger with higher doses of spironolactone. It has been speculated that impaired healing
of gastrointestinal erosions by the inhibition of the formation of fibrous tissue underlies the
observed association between spironolactone use and the mentioned gastrointestinal prob-
lems.'?® With the limited available evidence, we think it is too early at this moment to advice
against the use of spironolactone in patients with a history of gastric ulcers or gastrointestinal
bleeding, especially in the lower doses used in resistant hypertension.

TARGETED TREATMENT

Several efforts have been made to select patients who would benefit most from aldosterone
receptor blockade. ARAs have been thought to be particularly useful in conditions of aldo-
sterone excess. Several parameters reflecting intravascular volume overload or aldosterone
excess have been studied for their predictive value for the BP response to ARAs. One of these
parameters is the serum potassium level. In patients with uncontrolled hypertension, add-
on therapy with spironolactone was more effective when serum potassium was below 4.0
mmol/l than when it was above 4.0 mmol/[.5% 24

Several studies have focused on plasma renin as a predictor for BP response. Whereas pro-
pranolol was shown to be more effective in untreated patients with essential hypertension
with PRA levels exceeding 2.0 ng/m per hour, spironolactone was more effective when PRA
levels were below 1.0 ng/l per hour. Furthermore, the BP response to spironolactone was
negatively correlated to baseline PRA.** However, in a study comparing enalapril with eplere-
none monotherapy in untreated patients with stage 1 or 2 hypertension, the BP reduction
was not correlated to baseline renin levels, whereas the response to enalapril was greater at
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higher baseline renin levels.> A similar result was found in patients with low-renin hyperten-
sion in whom eplerenone caused a consistent reduction in BP independently of baseline
active renin levels. Losartan, however, was more effective at higher baseline renin levels.>
Also, in addition to ACE-I or ARB therapy'® and as add-on treatment in resistant hyperten-
sion,®’ the amount of BP reduction could not be predicted by plasma renin levels'> or PRA.S
Although most studies indicate that plasma renin is not a determinant of the BP response
to ARAs, eplerenone was shown to be more effective in patients with low-renin hyperten-
sion than losartan. As black patients are known to have lower renin levels,'?® eplerenone is
more effective in these patients than losartan.>®* Recent studies have focused on the ARR as a
determinant of the BP response to ARAs. Prisant et al.’® found no predictive value of serum
aldosterone or the ARR for the response to ARAs when added to ACE-I or ARB. Mahmud et
al.'* however, demonstrated that the ARR failed to predict the response in patients with
uncontrolled hypertension on a multidrug regimen, but proved to be predictive in previ-
ously untreated patients. This correlation also existed for low plasma renin activity.*> '2* It
is suggested that this discrepancy is the consequence of the interfering effects of the used
antihypertensive drugs on the ARR. This could also be the case for the earlier reported con-
flicting results for plasma renin. Another explanation is that these biochemical values should
be interpreted in relation to salt intake.’®

In case of proven primary aldosteronism, the indication for treatment with an ARA seems
evident when surgery is not considered. Indeed, in patients with an elevated ARR and
nonsuppressible aldosterone on salt loading, spironolactone was a highly effective antihy-
pertensive drug, leading the authors to suggest that spironolactone should be prescribed in
all patients with an elevated ARR.'?” Nishizaka et al.,°" however, found a similar BP reduction in
hypertensive patients with or without primary aldosteronism. When compared with losartan,
there was no difference in efficacy of eplerenone in subgroups based on sex, baseline BP

values or body mass index.

CONCLUSION

Aldosterone has a key role in the pathogenesis of hypertension, not only because of its ef-
fects on salt and fluid retention but also because of extrarenal effects at many sites in the
body. Several studies have shown the antihypertensive potential of ARAs, not only in patients
with primary aldosteronism but also in those with essential hypertension. Impressive BP
reductions have been reached when used in patients with resistant hypertension, although
evidence from randomized, placebo-controlled clinical trials is still lacking. The side effect
profile is usually mild. When sex hormone-related side effects occur, the more selective ARA
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eplerenone can be prescribed. Hyperkalemia and renal insufficiency can be prevented by
proper selection of patients and close monitoring.

The question which patient should be treated with an ARA cannot be answered unanimously.
Certainly, primary aldosteronism is an indication for treatment with an ARA when surgery
is not considered. There is no evidence that cardiovascular outcome is different in primary
aldosteronism patients treated medically or surgically.® In essential hypertension, there is
insufficient evidence to prescribe an ARA purely on the basis of a high ARR or a low renin
level. We suggest treatment with an ARA in patients with resistant hypertension, as well as
in patients with hypokalemia, as these patients were shown to be more responsive to ARA
therapy and such treatment will contribute to correction of the hypokalemia.

Eplerenone has been shown to be cost-effective in the treatment of heart failure after acute
myocardial infarction.’?® Whether this also applies for the treatment of hypertension has not
been studied, but selection of patients who in particular will benefit from treatment will
definitely result in a decrease in morbidity and mortality and total cost expenditure. As the
costs for spironolactone are considerably lower than those for eplerenone, use of the former
will considerably contribute to cost-effectiveness, reserving the latter for situations that call
for more selective aldosterone blockade. It is evident that confirmation of true resistant hy-
pertension either by 24-h ambulatory BP monitoring or home BP measurements is required
for cost-effectiveness, especially in the case of use of eplerenone.

The appropriate daily dose of ARAs in patients with resistant hypertension is unclear. Cal-
houn'® has advised to start spironolactone at a dose of 25 mg, which is to be increased to 50
mg when BP is still uncontrolled. In patients with chronic kidney disease, diabetes or higher
age, spironolactone should be started at a daily dose of 12.5 mg. If potassium supplementa-
tion is used, this should be discontinued or at least substantially reduced. Serum potassium
should be monitored 4 weeks after the start of spironolactone in low-risk patients and after 1
week in high-risk patients. In case of side effects, spironolactone should be discontinued and
restarted at a lower dose when side effects have subsided or alternatively and dependent on
the severity of side effects downtitrated.

Eplerenone is usually started at 50 mg daily (25 mg for higher-risk patients) and titrated to
a maximum of 50 mg twice daily.'?

In conclusion, ARAs have gained a place in the treatment of hypertension. This is especially
the case in patients with primary aldosteronism, both in terms of BP reduction as well as the
prevention of end-organ damage. For therapy-resistant hypertension, the available studies
are promising, but definitive evidence from well controlled trials is awaited.
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ABSTRACT

Background: The long-term efficacy of aldosterone-receptor antagonists (ARA) as add-on
treatment in uncontrolled hypertension has not yet been reported.

Methods: Data from 123 patients (21 with primary aldosteronism, 102 with essential hyper-
tension) with difficult-to-treat hypertension who received an ARA between May 2005 and
September 2009 were analyzed retrospectively for their blood pressure (BP) and biochemical
response at first follow-up after start with ARA and the last follow-up available.

Results: Systolic BP decreased by 22 + 20 and diastolic BP by 9.4 + 12 mmHg after a median
treatment duration of 25 months. In patients that received treatment > 5 years, SBP was 33 +
20 and DBP 16 + 13 mmHg lower than at baseline. Multivariate analysis revealed that baseline
BP and follow-up duration were positively correlated with BP response.

Conclusion: Add-on ARA treatment in difficult-to-treat hypertension results in a profound and
sustained BP reduction.
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INTRODUCTION

Aldosterone-receptor antagonists (ARAs) have been shown to be effective in blood pressure
(BP) reduction,™™ but until recently their use was mainly limited to certain conditions such
as liver cirrhosis, heart failure and primary aldosteronism (PA). With the recognition of PA
as a common cause of resistant hypertension,’? a renewed interest in the use of ARAs in
hypertension has emerged. However, aldosterone has also shown to be an important fac-
tor in other forms of resistant hypertension. In patients with elevated aldosterone-to-renin
ratios (ARRs) and plasma aldosterone levels, but without genuine PA based on suppression
testing, BP control was harder to achieve than in essential hypertensives (EHs)."* Furthermore,
a proportion of patients treated with angiotensin-converting enzyme inhibitors (ACE-Is) or
angiotensin receptor blockers (ARBs) shows aldosterone breakthrough,'*'¢ contributing to
therapy resistance by partly counteracting the intended blockade of the renin-angiotensin-
aldosterone system (RAAS). The use of ARAs in resistant hypertension, therefore, seems
rational and several publications have pointed out the potential of aldosterone blockade
in difficult-to-treat or resistant hypertension.””?* In many of these studies, the addition of
spironolactone resulted in an impressive drop in systolic BP (SBP) of up to 25 mmHg and 12
mmHg in diastolic BP (DBP). However, most of these studies were either open-label,'” 8 2.
2 or retrospective' 2" 23 in design. One randomized, placebo-controlled, double-blind trial
was performed comparing spironolactone with amiloride, the combination of both drugs,
and placebo in black hypertensive patients with uncontrolled hypertension despite treat-
ment with at least a diuretic and a calcium channel blocker.?* Interestingly, the BP response
was considerably smaller than in the aforementioned studies (-7.3 in SBP and -3.3 mmHg in
DBP for spironolactone versus placebo). De Souza et al. recently performed an open-label,
prospective study on the BP-lowering benefits of spironolactone in patients with resistant
hypertension. By using 24-hour ambulatory BP measurements, at least part of the potential
white coat and placebo effect could be accounted for. Twenty-four hour SBP and DBP de-
creased by 16 and 9 mmHg, respectively, after a median treatment duration of 7 months, and
in a subgroup, the persistence of this effect was confirmed up to 15 months.?? So far, longer
follow-up periods have not been reported and although a persistence of the effect in the
long run is expected, this remains to be confirmed.

Predicting factors for the BP response to ARA treatment have been identified in several
studies. Lower serum potassium levels were pointed out by several groups to be associated
with a larger decrease in BP.'* 2" 222> Most studies found no relation between plasma renin
concentration or activity and the BP lowering response to ARAs.>17:26 Also neither plasma
aldosterone levels nor ARR levels seem to predict the BP-lowering effect,?> % although this
could have been caused by the interfering effects of multidrug antihypertensive regimens
on the ARR in these patients.”® Other factors possibly associated with a better response are
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the absence of diabetes,?® higher waist circumference, lower aortic pulse wave velocity,?> and
a lower baseline high-density lipoprotein (HDL) cholesterol.?!

ARAs have been prescribed in our clinic to patients with difficult-to-treat hypertension for
a long time now, often with good results even after many years. This study aims to retrospec-
tively characterize the long-term response to ARA treatment in patients with difficult-to-treat
hypertension and to identify factors associated with this response.

METHODS

Patients

All patients who visited the outpatient hypertension clinic of the Erasmus Medical Center
in Rotterdam and the Tweesteden Hospital in Waalwijk, the Netherlands, between May
2005 and September 2009 were screened for their eligibility for the study. Patients were
selected when they had uncontrolled hypertension (BP > 140/90 mmHg, or >130/80 mmHg
for patients with diabetes mellitus (DM) or manifest cardiovascular disease) despite the use
of at least two antihypertensive drugs and were put on spironolactone or eplerenone during
the study period. Patients who were already using an ARA when referred to our clinic were
excluded. Patients of whom insufficient data was available to meet the primary objective (for
instance insufficient data on medication use or the absence of a BP measurement at the start
of treatment or last follow-up) or patients who were prescribed an ARA for another indication
than hypertension were also excluded from the analysis.

Clinical data

At baseline, patients’ sex, height, weight, the time of diagnosis of hypertension, their anti-
hypertensive medication, their family history, and the presence or absence of diabetes at
the start of ARA treatment were collected from patient files. Their electrocardiograms (ECGs),
when not taken longer than one year before start of treatment, were scored for the presence
of left ventricular hypertrophy (LVH) according to the Sokolow-Lyon criteria. The presence or
absence of PA was based on the clinical judgement by their physician.

At baseline, at first follow-up (i.e., the first follow-up visit that BP was measured after start
of ARA treatment), and at the end of follow-up (i.e., the date that ARA treatment was perma-
nently discontinued or the last visit before the end of data collection), the following param-
eters were recorded: BP, serum sodium, potassium, urea, creatinine, uric acid, glucose, total
cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and hemoglobin
and hematocrit, and plasma renin and aldosterone levels, where available.
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BP measurements were taken in triplicate at an interval of five minutes with a semiautomatic
BP measuring device after a rest of five minutes in sitting position. The mean of these mea-
surements was used in the analysis.

Biochemical measurements were taken on the visit day or the nearest previous moment.

Plasma renin concentrations (PRCs) were assessed using an immunoradiometric assay
(Renin Ill, Cisbio, Gif-sur-Yvette, France). Plasma aldosterone concentrations (PACs) were
measured with a radioimmunoassay (Coat-a Count, Diagnostics Product Corporation, LA, CA.
USA). Hyperkalemia was defined as serum potassium levels exceeding 5.5 mmol/L.

Data analysis

Statistical analyses were performed in SPSS 17.0 for Windows.

Main effects at first follow-up and end of follow-up were calculated. Furthermore, to assess
the long-term efficacy of treatment, patients were stratified based on the duration of follow-
up into the following categories: < 1 year, 1-5 years, and > 5 years follow-up.

Values are expressed as mean + SD, or as median and range when not normally distributed.
Medication use was quantified by adding up the total number of different drugs, as well
as by assessing the defined daily doses (DDDs) per drug and for total drug use according
to the World Health Organization Anatomical Therapeutic Chemical (ATC) index.” Differ-
ences within subjects were tested using paired Student’s t-tests for two groups and one-way
analysis of variance (ANOVA) for repeated measurements for more groups. Between-subjects
differences were tested with unpaired t-tests for two groups and one-way ANOVA for more
groups. For values that were abnormally distributed, nonparametric tests were used (Mann-
Whitney U test and Wilcoxon Signed Ranks test). Differences in proportions were tested with
a chi-square test.

Patients with PA were excluded for regression analysis. A univariate linear regression
analysis was performed to identify potential determinants of the BP response. Significant
parameters were subsequently tested in a multivariate linear regression analysis. This model
was further adjusted for age and sex.

RESULTS

Study population

A total of 175 patients was prescribed an ARA during the study period. Fifty-two patients
were excluded: 39 because of insufficient data, 5 because our criteria for difficult-to-treat
hypertension were not met, 3 because of questionable treatment adherence, 2 because of
a follow-up duration less than a month, 1 because baseline BP measurement was not per-
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Table 1. Baseline characteristics of the study population.

Total EH PA p-value
Number 123 102 21
Age (years) 56.6+10.7 56.7+11.2 56.5+8.2 0.959
Male (%) 60.1 56.9 76.2 0.09
BMI (kg/m?) 294+£5.0 293+£5.0 30.1£5.2 0.537
SBP (mmHg) 159.7£19.1 158.4+183 166.0+21.7 0.094
DBP (mmHg) 9334122 92.7+125 96.0+10.8 0.268
Time since diagnosis (years) 10.0 (0-50) 10.0 (0-50) 7.5(1.0-34) 0319
Age at diagnosis (years) 42.0+13.0 415+133 47+14 0.335
Nr. of antihypertensives 3(2-6) 3(2-6) 3(2-5) 0.071
DDD 5.0(1.25-13.0) 5.0(1.25-13.0) 3.7(1.5-10.0) 0.117
DM (%) 28 232 21 0.842
LVH (%) 285 26.5 38.1 0.125
Family history of HT 52.0 53.9 4.9 0.355
Serum sodium (mmol/L) 141527 1412£238 143.0+2.14 0.008
Serum potassium (mmol/L) 39+0.6 40+0.6 34£05 <0.001
Serum creatinine (pmol/L) 83.8+20.1 83.8+21.1 841144 0.959
Serum uric acid (mmol/L) 0.36+0.08 0.37+0.08 0.34+0.08 0.134
Haemoglobin (mmol/L) 8.9+0.82 88+0.8 9.5+0.6 0.001
Hematocrit (%) 0.42+0.04 413+36 453+21 0.003
Cholesterol (mmol/L) 5.31+0.96 5.27+097 5.55+0.90 0.345
HDL (mmol/L) 135+0.42 137041 1.26 +0.44 0.347
LDL (mmol/L) 337+£1.02 341+1.02 3.16+1.03 0.407
Glucose (mmol/L) 55+1.6 55+1.6 55+1.8 0.943
ACR (g/mol) 2.19(0.95-12.4) 2.19(0.15-453.8) 1.96 (0.37-592.0) 0518
PAC (pmol/L) 282.5(2.8-4172) 224.4(2.8-M172) 548.5(199-2282) p<0.001
PRC (mU/L) 13.9(1.0-4374) 19.8 (1.0-4374) 5.8(1.8-18.9) p<0.001
ARR (pmol/mU) 19.4(0.3-1087) 9.5(0.3-781) 82.7(17.4-1087) p<0.001

EH, essential hypertension; PA, primary aldosteronism; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
DDD, defined daily dose; DM, diabetes mellitus; LVH, left ventricular hypertrophy; HT, hypertension; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; ACR, urinary albumin-to-creatinine ratio; PAC, plasma aldosterone concentration; PRC, plasma renin concentration; ARR,
aldosterone-to-renin ratio.
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formed with a semiautomatic BP measuring device, and 1 because an ARA was prescribed
because of another indication than hypertension. In total, 123 patients were included in
the analysis with a mean age of 56.6 + 10.7 years. The median duration between diagnosis
and start of ARA treatment was 10 years (range 0-50 years). The median number of different
antihypertensive agents was 3 (total DDD 5.0). Twenty-three percent of patients had DM, and
29 percent had LVH. Twenty-one patients were diagnosed as having PA by their physician.
The baseline characteristics of all patients and of the EH and PA subgroups are shown in table
1. Serum potassium levels were lower in patients with PA than with EH (3.4 mmol/L versus 4.0
mmol/L in EH, p<0.001). Serum sodium levels were higher in patients with PA than with EH
(143 versus 141 mmol/L, p<0.001).

As expected, PRC was lower in PA than in EH patients (5.8 versus 19.8 mU/L, p<0.001). PAC
and ARR were higher in PA patients (548.5 versus 224.4 pmol/L (p<0.001) for PAC, and 82.7
versus 9.5 pmol/mU (p<0.001) for ARR).

Values of haemoglobin and hematocrit were also higher in PA than in EH patients

Treatment

Ninety-four patients started on spironolactone treatment with a median dose of 50 mg daily
(range 12.5-100 mg). Twenty-nine patients started on eplerenone with a median dose of 50
mg (range 25-50 mg). Total starting DDD of ARA was 0.67 (range 0.17-1.33). At the end of
follow-up, 91 patients were on spironolactone with a median dose of 25 mg (range 12.5-100
mg) and 32 patients on eplerenone (median dose 50 mg, range 25-100 mg). Median ARA DDD
at end of follow-up was 0.67 (range 0.17-2.00). Median treatment duration at first follow-up
was 8 weeks (range 1-66 weeks). The median treatment duration at end of follow-up was 25
months (range 1-144 months).

Main effects of ARA treatment

The BP levels at first follow-up and at the end of follow-up are shown in Figure 1. In EH pa-
tients, BP decreased by 13 + 1.8 mmHg systolically and 6.2 + 1.0 mmHg diastolically at first
follow-up, and by 21 + 2.1 and 9.7 + 1.4 mmHg at the end of follow-up. In PA patients, SBP
had decreased by 23 + 4.8 mmHg and DBP by 9.6 + 2.5 mmHg at first follow-up and by 28 +
4.9and 9.7 £ 3.1 mmHg at the end of follow-up. Changes in BP were not significantly different
for EH and PA patients at both time points, although a trend existed towards a larger SBP
decrease at first follow-up in the PA group (p=0.063).

Serum potassium and creatinine levels increased significantly after start of ARA treatment
for both EH and PA patients. Furthermore, in PA patients, serum sodium was significantly
lower at first follow-up compared to baseline (Table 2).
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Figure 1. Systolic (SBP) and diastolic 1701 A
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Table 2. Changes in biochemical parameters at first follow-up and end of follow-up after start of treatment with an aldosterone-receptor
antagonist for patients with essential hypertension and primary aldosteronism. Values were tested with one-way ANOVA for repeated
measurements. Indicated p-values are for differences between baseline and first follow-up (a), first and last follow-up (b), and baseline and last
follow-up (c) after Bonferroni adjustment; n represents the number of patients with measurements at all three time points.

n Baseline p-value® First FU p-value® End of FU p-value©
EH Serumsodium 66 141.2£27 1.000 1409 +3.0 0.927 1413£3.2 1.000
(mmol/L)
Serum potassium 80 40+0.6 <0.001 44+0.6 1.000 44+05 <0.001
(mmol/L)
Serum creatinine 78 84.6+20.8 <0.001 90.8+24.7 0.355 93.6+26.2 <0.001
(pmol/L)
PA Serum sodium 17 142.9+2.1 0.015 141.0+£3.4 0.103 142.7+£34 1.000
(mmol/L)
Serum potassium 19 3405 <0.001 43£05 1.000 43£0.5 <0.001
(mmol/L)
Serum creatinine 18 85.7+14.1 0.011 96.1+22.6 1.000 95.7+19.6 0.169
(umol/L)

EH, essential hypertension; FU, follow-up; PA, primary aldosteronism.
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At baseline, PA and EH patients used a median number of 3 antihypertensive drugs (range
2-6). At the end of follow-up, the number of drugs had increased to 4 (range 1 to 7, p<0.001).
However, when expressed in DDD, the total amount of antihypertensive drugs remained un-
changed (5 DDD at baseline versus 4.5 at end of follow-up, p=0.459). Also in the EH subgroup,
the number of antihypertensive drugs increased from 3 to 4 (p<0.001), with a nonsignificant
decrease in DDD (5 DDD at baseline against 4.6 at end of follow-up, p=0.663). In PA patients,
there was no significant change in number of antihypertensive drugs (3 versus 3, p=0.317 or
DDD 3.66 versus 3.83, p=0.407).

Stratification to follow-up duration

Because of the wide variation in follow-up duration and to better assess the long-term ef-
ficacy of ARA treatment, patients were stratified according to their treatment follow-up. The
following categories were formed: 0-1 year, 1-5 years, and > 5 years. Number of patients in
these categories were 33, 49, and 20, respectively, for EH patients, and 5, 8, and 8 for PA
patients. In Figure 2, blood pressure reduction is shown for the three categories of follow-up

A B (o3 A B C
Em EH

5 107 3 PA
T -20-
£
=304 =
% L9
0 -404 **
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509  p=0.001 p=0.083
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Figure 2. Changes in systolic (SBP) and diastolic (DBP) blood pressure at the end of follow-up compared to baseline for three categories of
follow-up duration (A < 1year; B 1-5 years; C > 5 years). P-values are for trend tested with one-way ANOVA; indicated significance levels are for
differences between groups after adjustment for multiple comparisons. EH, essential hypertension; PA, primary aldosteronism.
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Figure 3. Systolic (SBP) (panel A), diastolic (DBP) (panel B) blood pressure and medication use (defined daily dose, DDD) (panel C) at
baseline and end of follow-up after stratification for follow-up duration for patients with essential hypertension. Indicated in panel Cis the DDD
for the aldosterone-receptor antagonist (ARA). For baseline, this is added up to total DDD; at the end of follow-up, this is part of the total DDD
since ARA was started at baseline. Differences were tested with paired t-test for SBP and DBP and Wilcoxon Signed Ranks test for DDD (DDD
without ARA at baseline versus DDD including ARA at the end of follow-up).

duration. In EH patients larger responses were seen with longer follow-up duration (p=0.001
for ASBP and p=0.01 for ADBP with one-way ANOVA). In PA patients, a similar trend was seen.
The overall trends were not different for EH and PA patients (p=0.467 for ASBP and p=0.907
for ADBP at two-way ANOVA).

To investigate whether the reduction in BP was merely a result of a greater number of an-
tihypertensive drugs than a specific effect of ARA treatment, baseline and end-of-follow-up
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BP is shown in relation to medication use for EH (Figure 3) and PA (Figure 4). The proportion

of total DDD that consisted of ARA treatment is separately indicated. These figures show that

at longer follow-up, BP further decreased, while the total DDD remained unchanged. In EH

patients, the percentage of total DDD consisting of an ARA significantly increased from 9.1

% to 14.2 % (p<0.001) in the 1-5 years follow-up group. In PA patients, the relative contribu-

DBP (mmHg) SBP (mmHg)

Nr of antihypertensives (DDD)

1904

1704

1504

1304

110-

1104

1004

90

804

70-

o
1

IS
1

N
1

o
I

B
]H I I *
C
\\
Il Baseline
[ End of follow-up
ARA (DDD)

Figure 4. Systolic (SBP) (panel A), diastolic (DBP) (panel B) blood pressure and medication use (defined daily dose, DDD) (panel C) at
baseline and end of follow-up after stratification for follow-up duration for patients with primary aldosteronism. Indicated in panel Cis the DDD
for the aldosterone-receptor antagonist (ARA). For baseline, this is added up to total DDD; at the end of follow-up, this is part of the total DDD
since ARA was started at baseline. Differences were tested with paired t-test for SBP and DBP and Wilcoxon Signed Ranks test for DDD (DDD
without ARA at baseline versus DDD including ARA at the end of follow-up).
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Long-term use of aldosterone receptor antagonists

tion of ARA to total DDD increased from 14.9% to 22.4 % in the 1-5 years follow-up group
(p=0.050) and from 14.9 % to 31.9 % in the > 5 years follow-up group (p=0.018).

Predictors for the blood pressure response

The main clinical parameters were tested for their potential association with SBP as well as DBP
response at first and last follow-up by univariate regression analysis (with the change in BP
being negative). Table 3 shows the beta coefficients of all parameters that were significantly
associated with BP change in any of the four groups, as well as those considered relevant
based on earlier reports. At first follow-up, the sodium/potassium ratio as well as follow-up
duration were significantly associated with ASBP. The ARR was significantly associated with
ADBP, yet with a very small and probably irrelevant regression coefficient considering the
range in ARR. Interestingly, haemoglobin and hematocrit levels, total cholesterol, and LDL
levels were negatively associated with blood pressure change at univariate analysis for ASBP,
and the latter two also for ADBP.

At last follow-up, the change in BP was significantly correlated with baseline BP, urinary
albumin-to-creatinine ratio (ACR), LVH, follow-up duration, and, for DBP, the ARR.

To identify independent predictors for BP response, the variables significantly associated
in the univariate analyses were included in a multivariate linear regression analysis. In addi-
tion, the model was adjusted for age and sex. The regression coefficients and significance
levels are shown in Table 4. Unfortunately, haemoglobin, hematocrit, total cholesterol, LDL,
LVH, and the ARR could not be included in the analysis because numbers were too small to
maintain sufficient statistical power.

Table 4. Multivariate linear regression analysis for the change in systolic and diastolic blood pressure at first and last follow-up (ASBP1,
ADBP1, ASBP2, and ADBP2).

ASBP1 ADBP1 ASBP2 ADBP2
B SEM  p-value B SEM  p-value (] SEM  p-value B SEM  p-value
Age (years) 0.015 0.203 0.941 -0.026  0.117 0.824 0.070 0.191 0716  -0200  0.122 0.104

Sex (1=female,  2.669 3.990 0.506 3.387 2.291 0144 5776 3.799 0.132 -1.125 2429 0.644
2 =male)

SBP_ (mmHg) -0.223 0121 0.069 0.01m 0.069 0874  -0335 0119  0.006  0.133 0.076 0.085
DBP (mmHg) 0.122 0.198 0.541 -0.162  0.113 0.157  -0.051 0.205 0803  -0485 0131  <0.001

FU-duration -0.251 0.160 0.121 -0.099 0.092 0.283 -0.031 0.013 0.016 -0.018 0.008 0.030
(weeks)

Na*(mmol/L) -0.273 0.799 0.734 -0.704 0.459 0.129 0.607 0.760 0.427 -0.011 0.486 0.982
K* (mmol/L) -12162 11925 0311 5051 6846 0463 16925 12363 0175 3339 7905 0674
Na*/K* -1.770 1.304 0.179 -0.554 0.748 0.461 -1.810 1.356 0.185 -0.292 0.867 0.737

SBP0 baseline systolic blood pressure; DBPO, baseline diastolic blood pressure; FU, follow-up; Na*, serum sodium concentration; K*, serum
potassium concentration.
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At first follow-up, only baseline SBP seemed to be an independent predictor (borderline
significant) for ASBP. For ADBP, there were no independent predictors for the response. At the
end of follow-up, higher baseline BP and longer FU duration were independently associated
with the change in BP.

Adverse events

ARA treatment was in general well tolerated. In total, 13 adverse events were reported.
Five cases of gynaecomastia were reported with spironolactone use resulting in a switch to
eplerenonein 1 patient. Two cases of hyperkalemia were seen, and in two patients, a clinically
relevant decrease in renal function was observed. Two patients (one on eplerenone and one
on spironolactone) reported general discomfort and headache, and one patient experienced
gastrointestinal discomfort, although this was probably already present before start of spi-

ronolactone. In 1 patient, the nature of the adverse event was not further specified.

DISCUSSION

This study showed that the addition of aldosterone-receptor antagonists (ARAs) in patients
with difficult-to-treat hypertension was highly effective in reducing SBP as well as DBP. This
effect was already present at short-term follow-up (median follow-up 8 weeks) and persisted
in the long run with a median follow-up of 25 months. The BP reduction in EH and PA patients
was comparable, and in both groups ARA treatment resulted in a small rise in serum potas-
sium and creatinine levels.

To assess whether the BP-lowering effect was still present after prolonged treatment, pa-
tients were stratified according to their duration of follow-up. We observed larger BP reduc-
tions with increasing follow-up, which was highly significant in EH patients. In the subgroup
that had a follow-up of more than 5 years, SBP was 29 mmHg and DBP 16 mmHg lower than
at baseline. In PA, a similar trend was seen although this failed to reach statistical significance,
probably because of the small number of patients in each subgroup. Also in the multivari-
ate regression analysis, we observed a strong correlation between treatment duration and
decrease in BP. Although it is appealing to conclude that a longer treatment duration leads
to better BP control, for instance by reversing target organ damage, a more likely explanation
is some form of effect-bias implicating that patients with a better response are more likely to
receive ARA treatment for a longer period. Whether prolonged treatment leads to a better BP
control requires a long-term prospective study.

Another explanation for the favourable long-term BP response could be an optimization
of the antihypertensive medication or merely the fact that the total amount of medication
increased over time. To investigate this further, BP values at baseline and at end of follow-up
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were shown in relation to total medication use. Although BP decreased considerably over the
study period, the total amount of DDD remained virtually the same. The relative contribution
of ARA treatment to total DDD increased over time. The possibility that the improved BP re-
duction during long-term follow-up is due to an increase in total amount of antihypertensive
medication can therefore be excluded.

The BP responses in this study were of similar magnitude as those observed in other
retrospective or open-label studies concerning add-on ARA treatment.'”?" 2 Interestingly, in
two prospective trials, BP reductions were considerably smaller than in the aforementioned
studies. Saha et al.?* studied the effect of spironolactone in black hypertensive patients
with uncontrolled BP despite the use of at least a diuretic and a calcium-channel-blocker
in a randomized, placebo-controlled manner and reported a reduction of 7.3 mmHg in SBP
and 3.3 mmHg in DBP. In a recent study, De Souza et al.?2 assessed the effect of open-label
spironolactone treatment in resistant hypertension with 24-hour ambulatory BP measure-
ments, thereby eliminating a white-coat effect and at least in part also a placebo effect. In
their study, SBP was reduced by 16 mmHg and DBP by 9 mmHg.

The longest follow-up in all mentioned studies was 15 months. Whether the effect persists
over a longer period had not yet been reported. With all the limitations of a retrospective
design, our study is the first to show that the BP lowering effect of add-on ARA treatment is
profound and persistent even after years of treatment.

Earlier publications have focused on identifying clinical and biochemical predictors for the
BP response to ARA treatment. Several studies have shown that neither plasma renin concen-
tration or activity, nor aldosterone or the ARR are good predictors for this response,>® 1722 26
although this may only hold for patients on multidrug regimens® related to the interfering
effects of many antihypertensives on renin and aldosterone levels.® Low serum potassium
levels have consistently been shown to be associated with a better response.'® 2" 222> Other
factors potentially related to a better BP response are higher waist circumference, lower
aortic pulse wave velocity,?? the absence of DM, and a lower baseline HDL cholesterol.”!
In a univariate linear regression analysis, we could not confirm the predictive value of the
serum potassium level for BP response. However, the sodium/potassium ratio (as a poten-
tial indicator for aldosterone excess) showed a significant correlation with SBP decrease at
short follow-up at univariate analysis. In a multivariate analysis, only higher baseline BP and
longer follow-up duration independently predicted BP response in the long run. Potential
explanations for this have been discussed earlier in this section. In our univariate analysis,
also haemoglobin, total cholesterol, and LDL for short-term follow-up and left ventricular
hypertrophy and urinary albumin-to-creatinine ratio for long-term follow-up were identified
as potential predictors. Unfortunately, because of too many missing values, these variables
were not included in the multivariate analysis to maintain enough statistical power. However,
these parameters are important candidates for further studies on determinants of BP lower-
ing by ARAs. Plasma renin and aldosterone levels were not associated with BP response, as
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has been reported earlier. In our univariate analysis, the ARR was weakly, yet significantly,
associated with change in DBP. Considering the median ARR of 9.5 pmol/mU in this patient
group, a beta coefficient of 0.027 is probably of little relevance. Also the number of patients
with ARR available at baseline was too small to include in the multivariate analysis.

The mechanism that underlies the BP-lowering effect of add-on ARA treatment is most likely
induction of natriuresis and diuresis although extrarenal effects of aldosterone blockade may
also be of importance, such as a reduction in sympathetic tone and modulation of vascular
tone, and in the long run a reduction in vascular stiffness may also play a role (reviewed in
Jansen et al.*). The clinical relevance of these extrarenal mechanisms is unknown. A cross-
over trial in patients with low-renin hypertension, an elevated ARR, and a previous favourable
BP response to spironolactone showed that even in this selected population, high-dose
thiazide diuretic treatment was as effective as 100 mg of spironolactone, strongly suggesting
that natriuresis is the most important mode of action.*® This also underscores the relevance
of dietary salt reduction in resistant hypertension as has been shown elsewhere ' In general,
ARA treatment was well tolerated and side effects were rare. In 13 patients, side effects were
reported (10.6 %), most of them presenting with gynaecomastia or hyperkalemia. The oc-
currence of sex hormone-related side effects with spironolactone is dose-dependent,*? and
in many cases, these side effects can be prevented by using lower doses. When this is also
not tolerated, treatment with eplerenone, being a more specific ARA with virtually no sex
hormone-related actions in therapeutic doses, can be considered.

Risk factors for hyperkalemia are advanced age, diabetes mellitus, higher baseline potassi-
um levels,** and advanced stage 3 nephropathy.** The presence of renal function impairment
and concomitant use of other diuretics predisposes to the development of renal failure.®
Frequent monitoring of serum potassium and renal function is warranted in these patients.

Our study has several limitations, the most significant one being its retrospective nature.
Because of this, there is an important heterogeneity in patients, treatment and follow-up.
To properly assess the long-term efficacy of ARA treatment taking into account the large
differences in follow-up, stratification to follow-up duration was made. This makes the analy-
sis prone to bias with overrepresentation of patients with a good response in the group of
prolonged follow-up. It would have been more ideal to collect patient data at several time
points during the follow-up period, but clinical information in the written files was not always
present. Furthermore, biochemical parameters, especially haemoglobin and cholesterol
(including HDL and LDL) at baseline, were only available for a limited number of patients,
thereby limiting their usefulness for multivariate analysis because of lack of statistical power.
Also renin and aldosterone levels were only available for a subset of patients.

This study shows that long-term treatment including an ARA leads to a persistent BP
reduction. Whether this is attributable to the ARA itself or to better treatment in general is
an important point of consideration. As shown, BP reduction was not accompanied by an
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increase in total amount of antihypertensive drugs, thereby making a specific effect of the
intervention with an ARA more likely. Last, the distinction between patients with EH and PA
was solely based on a clinical diagnosis by the patient’s physician. A formal confirmation test
for PA was only performed in a proportion of the patients labelled with the diagnosis PA.
The recent guidelines for the diagnosis and treatment of PA made by the Endocrine Society
advise to perform a confirmation test in patients with an ARR above 91 pmol/mU.3* From the
ranges in ARR reported in Table 1, it could be deduced that some of the EH patients actually
had PA and that some of the PA patients had been misdiagnosed. However, considering the
substantial differences in renin, aldosterone, and potassium levels between our EH and PA
patients, we think that the diagnosis was correct in most of the patients.

With all limitations, our results are in favour of a profound and long-term BP lowering effect
of ARA treatment in difficult-to-treat hypertension. To assess the magnitude of the response
more accurately, a randomized, placebo-controlled trial is needed. With all evidence available,
ARAs at moderate dosages are a welcome treatment option in patients with difficult-to-treat
or resistant hypertension.
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Chapter 8

ABSTRACT

Background: Add-on therapy with aldosterone-receptor antagonists has been reported to
lower blood pressure (BP) in patients with uncontrolled hypertension. We assessed potential
predictors of this response.

Methods: In essential hypertensive patients with uncontrolled BP, despite the use of at least
two antihypertensives, plasma renin and aldosterone concentrations and the transtubular
potassium gradient (TTKG) were measured . Patients were treated with eplerenone 50
mg daily on top of their own medication. The office and ambulatory BP response and bio-
chemical changes were evaluated after 1 week and 3 months of treatment and 6 weeks after
discontinuation. Potential predictors for the change in 24-h ambulatory BP were tested in a
multivariate regression model.

Results: One hundred seventeen patients with a mean age of 50.5+6.6 years were included.
Office BP decreased from 149/91 to 142/87 mmHg (p<0.001) and ambulatory BP from 141/87
to 132/83 mmHg after 3 months of treatment (p<0.001). Six weeks after discontinuation of
eplerenone, office and ambulatory BP measurements returned to baseline values. Treatment
resulted in a small rise in serum potassium and creatinine, and a small decrease in the TTKG.
In a multivariate model, neither renin, aldosterone, or their ratio, nor the TTKG predicted the
BP response. Only baseline ambulatory SBP predicted the BP response, whereas the presence
of left ventricular hypertrophy was associated with a smaller BP reduction.

Conclusion: Add-on therapy with eplerenone effectively lowers BP in patients with difficult-
to-treat primary hypertension. This effect is unrelated to circulating renin-angiotensin-aldo-
sterone system activity and renal mineralocorticoid receptor activity as assessed by the TTKG.
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INTRODUCTION

Despite the availability of a large arsenal of antihypertensive agents, blood pressure (BP)
remains uncontrolled in a substantial proportion of treated patients.' Evidence indicates that
these patients are at high risk to develop cardiovascular complications.? In patients in whom
BP is difficult to control with standard antihypertensive treatment, add-on treatment with
an aldosterone receptor antagonist (ARA) has been shown to result in a further BP reduc-
tion.>¢ In retrospective studies, this effect ranged up to 25 mmHg in SBP and 12 mmHg in
DBP.7* 111415 Few prospective studies with add-on ARA therapy have been performed and
although a BP-lowering effect was always present, BP reductions were considerably smaller.®
10.16 For instance, the first randomized, placebo-controlled trial on the effect of add-on treat-
ment with spironolactone in patients with resistant hypertension showed a reduction of 5.4
mmHg in daytime SBP and 1.0 mmHg in daytime DBP after 8 weeks of spironolactone. The
lack of a control group is likely the most important cause of the difference in BP-lowering
effect between the retrospective and prospective studies. Other contributing factors may
be selection bias and the inclusion of patients with subtle forms of primary aldosteronism in
retrospective studies.

As is common for antihypertensive regimens in general, the BP response to add-on ARA
shows a wide interindividual variation. Several investigators have tried to identify factors that
predict a favourable BP response, but data on predictors have been conflicting. Lower serum
potassium levels have been reported by several groups to be associated with a better BP
response,”® %17 possibly pointing out inclusion of patients with undetected primary aldoste-
ronism. Although some publications have demonstrated that a low plasma renin level ¢ or
a higher aldosterone-to-renin ratio (ARR)'¢ is associated with a better response, most investi-
gators have found that the fall in BP is unrelated to plasma renin and aldosterone levels or the
ARR.* 13121 This absent association might be explained by the variable effects of multidrug
antihypertensive regimens on aldosterone and renin levels."” Other factors reported to be
associated with a favourable response were a high baseline BP,'" 222 a high BMI,? an elevated
waist circumference, a low aortic pulse wave velocity' and a low high-density lipoprotein
cholesterol.®

The long-term use of spironolactone is limited by the risk of its antiandrogenic and pro-
gestogenic side effects.?® In this respect, prescription of the more selective ARA eplerenone
may have advantages. The potential beneficial effects of eplerenone in patients with resistant
hypertension have not been studied extensively. Only Calhoun and White performed an
open-label, uncontrolled trial in patients with resistant hypertension showing a significant
decrease of 12.2 mmHg in 24-h SBP and of 6 mmHg in 24-h DBP after 12 weeks of eplerenone
at a dose of 50-100 mg."?

The aim of the present study was to investigate the efficacy of add-on therapy with a fixed
dose of the selective ARA eplerenone in patients with persistent hypertension despite the
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use of at least two antihypertensive agents and to explore the presence of potential deter-
minants for this response. In all patients, primary aldosteronism was excluded by means of
an intravenous salt loading test. In addition, the transtubular potassium gradient (TTKG) was
assessed as a measure of kidney mineralocorticoid receptor activity.?*

METHODS

Patients

Male and female patients aged 18-65 years with an office SBP above 140 mmHg and/or an of-
fice DBP above 90 mmHg despite the use of at least two antihypertensive drugs were invited
to participate. The antihypertensive medication was not necessarily given in the maximal
dose. Patients were excluded if a known cause of hypertension was present, in case of cardiac
chest pain or heart failure, a cerebrovascular or cardiovascular event within 6 months before
inclusion, pregnancy, or a known allergy to eplerenone. Beta-adrenergic blockers (BB) as
well as potassium-sparing diuretics were discontinued to allow a proper evaluation for the
presence of primary aldosteronism. All patients were screened for the presence of primary
aldosteronism by the ARR and an intravenous salt loading test.?® Only patients with a nega-
tive salt loading test (as defined by a posttest plasma aldosterone below 235 pmol/L) were
included. A total of 28 patients of 183 patients who were initially screened had a positive salt
loading test.

Design

At baseline, office BP, a 24-h ambulatory BP measurement (ABPM) and routine biochemi-
cal tests were taken. In addition, clinical data, height and weight, and number and types
of antihypertensive drugs were recorded. Patients were screened for the presence of left
ventricular hypertrophy (LVH) using a standard 12-lead electrocardiogram (EKG) based on
the Sokolow-Lyon criteria.?” At this point, eplerenone 50 mg once daily was started. The
other antihypertensive drugs were left unchanged. One week after initiation of eplerenone,
office BP was measured, as well as routine biochemical parameters. If serum potassium level
exceeded 5.6 mmol/l, eplerenone dose was reduced to 25 mg. In other cases, eplerenone
was continued at the initial dose. After three months of treatment, office BP, 24-h ABPM and
biochemical measurements were repeated. At this point, all antihypertensive medications
but eplerenone were continued. After another 6 weeks, office BP, 24-h ABPM and biochemical
measurements were again performed.
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The study was approved by the Institutional Review Board and Ethical Committee of the

Erasmus MC in Rotterdam and has been registered at www.clinicaltrials.gov (ClinicalTrials.

gov ldentifier: NCT00407784). All patients gave written informed consent to participate.

Blood pressure measurements

Office BP levels were recorded as three subsequent measurements after at least 5 minutes in
sitting position with a validated automatic BP measurement device. The mean value of the
last two readings was used for the analysis.

Twenty-four hour ABPM was performed using a locally available validated ABPM monitor.
For by far the majority of patients, the Spacelabs 90217 or 90207 ABPM monitor was used
(Spacelabs Medical, Issaquah, WA, USA). In one centre, the Mobil-o-Graph ABPM monitor
(APC Cardiovascular Ltd., Cheshire, UK) was used. BP was recorded every 20 minutes during
daytime and every 30 minutes during night time. The measurement was considered valid in
case of at least 40 successful readings.

Biochemical measurements

At all visits, serum sodium, potassium, urea, creatinine, bicarbonate, uric acid levels and
osmolality were measured using locally available routine laboratory techniques. In addi-
tion, urine samples were collected for determination of sodium, potassium, creatinine and
osmolality. The TTKG was calculated as [(urine K*) * (plasma osmolality)] / [(serum K*) * (urine
osmolality)].* Only urine samples with a urinary Na* concentration exceeding 25 mmol/L and
an osmolality equal or greater than plasma osmolality were used to calculate the TTKG. In
some patients, a 24-h urine sample and in other patients a spot urine sample was available. In
patients for whom both were available at baseline, the 24-h sample was used to calculate the
TTKG. For serial measurements, only urine samples collected via the same sampling method
were used.

In the preceding diagnostic phase and after 3 months of treatment, plasma aldosterone
concentration (PAC) and plasma renin concentration (PRC) were determined by drawing
blood samples in EDTA plasma by venapuncture between 8 and 10 a.m. after 10 min in sit-
ting position. The antihypertensive drugs allowed at the time of sampling were as described
previously, that is without beta-adrenergic blocker and potassium-sparing diuretics. The
samples were centrifuged at room temperature for 10 min at 3000g.The plasma was then
collected and stored at -20 °C until analysis. PAC was measured with a radioimmunoassay
(Coat-a-Count; Diagnostics Product Corporation, Los Angeles, California, USA). PRC was as-

sessed using an immunoradiometric assay (Renin I, Cisbio, Gif-sur-Yvette, France).
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Statistical analysis

Values are expressed as mean + SD, or as median and interquartile range (IQR) when not
normally distributed. Categorical values are reported as percentages.

Medication use was quantified by adding up the total number of different antihyperten-
sive drugs, as well as by assessing the defined daily dose (DDD) per drug and for total drug
use according to the World Health Organization Anatomical Therapeutic Chemical (ATC)
index.”® Antihypertensive agents were grouped in the following categories: diuretics; renin-
angiotensin-system (RAS) blockers (i.e. angiotensin-converting enzyme inhibitors (ACE-Is),
angiotensin-receptor blockers (ARBs), and renin inhibitors); calcium-channel blockers (CCBs);
beta-adrenergic blockers; alpha-adrenergic blockers; and other antihypertensive drugs.

Upon treatment with eplerenone, changes in BP and biochemical parameters were tested
with one-way analysis of variance (ANOVA) for repeated measurements. Post-hoc analysis
was performed according to Bonferroni correction for multiple testing. Changes in PAC and
PRC were tested with the Wilcoxon signed-rank test because of a skewed distribution.

The differences in 24-h BP at baseline and after 3 months of treatment were grouped
in tertiles. Intertertile differences in clinical and biochemical parameters were tested with
one-way ANOVA with post-hoc testing according to Bonferroni or the Kruskal-Wallis test for
parameters with a nonnormal distribution. To test for differences in proportions, the Pearson
¥* test was applied.

To identify predictors for the BP response, multivariate regression analysis was performed
with the change in 24-h ABPM (AASBP and AADBP) as dependent variable. Serum potassium,
PRC, PAC and the ARR at baseline were selected as covariates based on literature findings as
described in the previous section. In addition, variables with an association with the depen-
dent value with a p-value less than 0.20 on univariate regression analysis as well as age and
sex were included in the model. All analyses were performed in SPSS Statistics 20 for MacOS
X (IBM, Armonk, New York, USA).

RESULTS

Study population

A total of 141 patients was included in the study protocol. Twelve patients were excluded
before completion of the protocol: four patients because of adverse events, two patients
because of a myocardial infarction, one patient because of a hypertensive urgency, and
five patients were lost to follow-up. Another 12 patients had a switch in antihypertensive
medication other than eplerenone and were excluded from the analysis. In total, 117 patients
with a mean age of 51 + 9.7 years were included in the analysis. The mean office BP was
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150/92 (£18/11) mmHg. They used a median number of 3 (IQR 2-3) antihypertensive drugs
(total DDD 4.5 (3-5.5)). Diuretics were used by 75 % of patients, RAS blockers by 87 %, CCB
by 81 %, alpha-adrenergic blockers by 22 % and other antihypertensive drugs by 1.7 % of

patients. Note that beta-adrenergic blockers were discontinued in an earlier phase to allow a

Table 1. Baseline characteristics of the total study population (n=117).

Mean = SD or median (IQR)
Age (years) 50.5+6.6
Men (%) 56.4
BMI (kg/m?) 28.8(26.5-32.1)
Whites (%) 67.5
Smokers (%) 284
History of CVD (%) 1.2
DM (%) 1.1
LVH (%) 19.2
ACR (mg/mmol) 1.1(0.5-2.5)
Duration of hypertension (months) 64(23-161)
Office SBP (mmHg) 150.0+17.8
Office DBP (mmHg) 91.6+10.9
Office pulse (BPM) 774127
24-h SBP (mmHg) 140.6 +14.9
24-h DBP (mmHg) 87.1+86
Na* (mmol/l) 141.8+2.5
K* (mmol/l) 40405
Serum creatinine (pmol/l) 786177

Na* excretion (mEq/24 h)
TTKG

PRC(mU/1)

PAC (pmol/l)

ARR (mmol/mU)

No. of antihypertensives
DDD

Diuretics (%)

RAS blockers (%)

(CB (%)

Beta-adrenergic blockers (%)
Alpha-adrenergic blockers (%)

Other antihypertensives (%)

174.4(117.0-221.0)
6421
23.4(11.7-72.1)
227 (152-360)
7.0(2.5-18.9)
3.0(23)
4.5(3.0-5.5)
75.2
87.2
81.2
0.9
222
17

ACR, urinary albumin-to-creatinine ratio; ARR, aldosterone-to-renin ratio; BPM, beats per minute; CCB, calcium channel blocker; CVD,
cardiovascular disease; DDD, defined daily dose; DM, diabetes mellitus; IQR, interquartile range; K*, serum potassium; LVH, left ventricular
hypertrophy; Na*, serum sodium; PAC, plasma aldosterone concentration; PRC, plasma renin concentration; RAS, renin-angiotensin system;

TTKG, transtubular potassium gradient.
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proper diagnostic workup for primary aldosteronism. However, one patient still used a beta-
adrenergic blocker at inclusion. Eleven percent had diabetes mellitus, 28 % smoked (included
are patients who quit smoking less than 5 years ago) and 11 % had a history of cardiovascular

disease. Patient characteristics are displayed in Table 1.

Blood pressure response

Figure 1 shows the mean office BP at baseline, after 1 week of treatment with eplerenone
50 mg, after 3 months of treatment, and 6 weeks after discontinuation of treatment. Of the
total study population of 117 patients, data of 102 patients were available for this analysis:
seven patients were excluded from this analysis because they continued eplerenone after
3 months, and of eight patients, BP values of one of the visits was missing. In four patients,
the eplerenone dose was reduced to 25 mg (because of palpitations in one patient and for
unknown reasons in three patients). SBP dropped from 149.0 + 17.8 to 144.1 + 16.7 mmHg
after 1 week, and to 141.8 £ 18.7 mmHg after 3 months. When eplerenone was stopped, SBP

160+ *% *%
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Figure 1: Office SBP and DBP at baseline, after 1 week and 3 months of add-on treatment with
eplerenone, and 6 weeks after eplerenone was stopped (ES). (Overall p-value<0.001 (one-way analysis of
variance, ANOVA for repeated measurements) for both SBP and DBP). BL, baseline.
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Figure 2. Ambulatory SBP (ASBP) and DBP (ADBP) at baseline, after 3 months of eplerenone and 6 weeks after eplerenone was stopped (ES).
(Overall p-value<0.001 (one-way analysis of variance, ANOVA for repeated measurements) for both SBP and DBP). BL, baseline.

returned to baseline values (149.9 + 19.7 mmHg, p<0.001 for total trend). DBP levels were
90.7 + 11.0, 88.1 £ 10.9, 86.6 + 12.8 and 90.9 + 13.3 mmHg at baseline, after 1 week of treat-
ment, after 3 months of treatment and 6 weeks after discontinuation, respectively (P<0.001
for total trend). The pulse rate was similar at all time points.

A similar pattern was observed for 24-h ABPM at baseline, after 3 months of eplerenone
treatment and 6 weeks after discontinuation (Figure 2, total number available for analysis
was 97 patients). Ambulatory SBP (ASBP) decreased from 140.7 + 15.1 to 132.3 + 15.7 mmHg
(p<0.001), and ambulatory DBP (ADBP) from 87.3 + 8.3 to 82.6 + 10.6 mmHg (p<0.001). After
cessation of eplerenone, ASBP rose again to 138.7 + 16.6 mmHg (p<0.001) and ADBP to 85.9

+ 9.6 mmHg (p<0.001).

Biochemical changes

There was a small but significant rise in serum potassium and serum creatinine after start
with eplerenone (Table 2). This rise was consistent during the total treatment period and
values returned to baseline after eplerenone was stopped. Serum sodium and bicarbonate
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Table 2. Changes in biochemical parameters after 1 week and 3 months of treatment with eplerenone and 6 weeks after its discontinuation.

n Baseline 1week 3 months Discontinuation p-value

K* (mmol/l) 109 40£05 42+04 42104 40£05 <0.001
Na* (mmol/l) 109 142.0+25 1414123 141.1+£29 141.6+25 0.003

Serum creatinine 107 78.7+179 80.7£18.2 80.6+20.2 78.0+19.0 <0.001
(pmol/1)

Serum bicarbonate 91 27.6+42 272£27 264+4.1 275+32 0.013

(mmol/l)

TTKG 40 70x20 63121 59+19 65118 0.035

PRC(mU/1) 923 30.2(12.5-71.9) 55.0(18.7-154.1) <0.001
PAC (pmol/l) 93 241(158-388) 396 (242-576) <0.001
ARR (pmol/mU) 93 7.3(2.8-23.7) 7.5(2.4-16.6) 0.071

ARR, aldosterone-to-renin ratio; K*, serum potassium; Na*, serum sodium; PAC, plasma aldosterone concentration; PRC, plasma renin
concentration; TTKG, transtubular potassium gradient. Data are mean=SD or median and IQR.

showed a marginal lower value with eplerenone. The TTKG was significantly lower after 3
months of treatment compared to baseline (P=0.028; Table 2). Median renin levels increased
from 30.2 (IQR 12.5-71.9) mU/I at baseline to 55.0 (18.7-154.1) mU/I (p<0.001) after 3 months.
PAC rose from 241 (158-388) to 396 (242-576) pmol/l (p<0.001). There was a trend towards a
slightly higher ARR after treatment (p=0.071; Table 2).

Determinants for the blood pressure response

To identify potential predictors for the BP response to eplerenone, the differences in ASBP
(AASBP) and ADBP (AADBP) between baseline and after 3 months of treatment were ar-
ranged in tertiles. Patients with valid ABPM data available at both time points were included
in this analysis (n=103). Table 3 shows the clinical characteristics for each tertile. Patients
in the highest tertile for AASBP were older than those in the lowest tertile (53.8 + 8.1 com-
pared to 48.0 = 10.3 years, p=0.039). In addition, a larger proportion of patients with a poor
response had LVH. There were no other differences in BP, biochemical profile and medication
use between the tertiles.

Subsequently, a multivariate linear regression analysis was performed for AASBP and
AADBP (Table 4). A higher baseline ASBP was associated with a greater reduction in ASBP.The
presence of LVH was associated with a smaller response. For AADBP, no significant predictors
were found, although a trend existed toward a smaller response for patients with LVH. Of
note, neither serum potassium levels nor the ARR predicted the BP response. Substitution
of the ARR by PRC and PAC showed no significant relation (data not shown). In addition, the
24-h sodium excretion, the change in PRC after eplerenone treatment and the number and
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Table 3. Characteristics of patients grouped into tertiles of the difference in 24-h ambulatory SBP (AASBP) and DBP (AADBP) between 3
months of add-on eplerenone treatment and baseline.

AASBP AADBP

1st tertile 2nd tertile 3rd tertile p-value  1sttertile 2nd tertile 3rd tertile p-value
DASBP (mmHg)  48+85 -14£26 -21.1£92
AADBP (mmHg) 3.8+49 -47+12 -127£5.0
Age (years) 48.0+103 49.5+10.5 53.8+8.1 0.037 484+95 50.2+103 526+9.9 0.286
Men (%) 63.9 56.2 60 0.813 66.7 55.9 57.6 0.610
Durationof HT ~ 55.5(13.3-159)  61.0(14.0- 84.5(44.0- 0.564 61.0 (14.0- 64.0 (30.0- 75.5(26.0- 0913
(months) 197.0) 172.8) 176.0) 189.3) 168.3)
Smoking (%) 40.0 219 200 0.120 27.8 333 212 0.543
DM (%) 83 6.2 20.0 0.160 83 1.8 15.2 0.678
BMI (kg/m?) 29.0(25.1-33.0) 27.5(25.9-31.5) 28.9(27.2-31.4) 0.644 29.2(253-33.5) 28.5(26.0-34.2) 28.2(27.1-30.6) 0518
Whites (%) 69.4 62.5 743 0.580 63.9 67.6 75.8 0.557
LVH (%) 25.0 345 33 0.010 333 20.7 6.9 0.038
Historyof (VD 114 9.4 143 0.821 57 17.6 121 0305
(%)
24-h ASBP 138.1£12.6 138.4+15.5 1449 +16.7 0.103 139.9+ 144 136.7£12.7 145.1+17.5 0.075
(mmHg)
24-h ADBP 88.0£9.1 86.3+6.4 879+99 0.674 88.2+84 85.2+8.1 89.0+9.1 0.162
(mmHg)
Na* (mmol/l) 1423+25 141.2+27 1423+19 0.104 1422+2.7 14.7+24 141.9+2.1 0.722
K* (mmol/1) 4105 39405 40+05 0.576 40+05 40+04 40+05 0.878
Creatinine 789+15.0 793+£19.3 80.9+189 0.886 817184 749+13.0 82.5+20.1 0.145
(pmol/l)

Na* excretion 177 (81-216) 154(125-240)  178(123-226)  0.398 171(82-235) 178(141-227)  176(120-221)  0.690
(mmol/24 h)

TTKG 6322 6.7£1.6 6.6+2.4 0.798 6.4+2.0 6.4+19 6.7+23 0.833
PRC(mU/1) 20.8(12.6-91.2) 28.7(11.8- 20.7(11.0-58.1)  0.739 26.4(12.6-91.2)  19.6(10.2-77.3)  26.6(14.5-66.4)  0.777
110.2)
PAC (pmol/l) 238.2(186.3-  2493(169.7-  221.6(120.5-  0.288 227.1(187.7- 227.1(166.2- 231.3(117.0- 0.930
398.2) 3933) 3227) 355.3) 355.9) 438.4)
ARR (pmol/mU)  838(2.5-224)  7.3(2.0-22.8)  5.4(25-16.5)  0.774 5.8(2.3-20.7) 7.8(2.7-24.6) 5.2(2.5-12.8) 0.486
DDD 45(3.6-5.5) 43(3.0-6.9) 4.0(3.0-5.5) 0.749 5.0(3.6-5.9) 4.0(3.4-5.9) 4.0(3.0-54) 0.545 E
Diuretics (%) 722 87.5 743 0.268 80.6 794 72.7 0.706 E
RAS blockers (%) 833 93.8 88.6 0.409 86.1 912 87.9 0.800 =
(CB (%) 88.9 781 80.0 0.450 833 824 818 0.986
Alfa-blockers (%) 22.2 18.8 17.1 0.858 16.7 26.5 15.2 0.441

ARR, aldosterone-to-renin ratio; CCB, calcium channel blocker; CVD, cardiovascular disease; DDD, defined daily dose; DM, diabetes mellitus; HT,
hypertension; K*, serum potassium; LVH, left ventricular hypertrophy; Na*, serum sodium; PAC, plasma aldosterone concentration; PRC, plasma
renin concentration; RAS, renin-angiotensin system; TTKG, transtubular potassium gradient. Data are mean=SD or median and IQR.
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Table 4. Multivariate linear regression model for the change in 24-h ambulatory SBP and DBP. Data of 89 patients was available for this
analysis.

DASBP AADBP

B SEM p-value B SEM p-value
Age 0.01 0.16 0.949 0.04 0.10 0.711
Sex (0=M, 1=F) 0.6 2.97 0.844 0.2 1.85 0.930
Ethnicity 38 2.95 0.205 29 1.86 0.125
(0=nonwhite,
1=white)
Smoking (0/1) 57 2.98 0.057 -28 1.87 0.142
DM (0/1) 79 4.45 0.080 3.6 2.81 0.209
History of CVD (0/1) 44 4.29 0312 32 2.69 0.234
24-h SBP 0.31 0.095 0.002
24-h DBP 0.14 0.097 0171
K* (mmol/l) -0.96 279 0.731 -0.81 1.76 0.646
LVH (0/1) =1/ 3.69 0.043 -4.2 231 0.074
ARR (pmol/mU) 0.05 0.17 0.790 0.05 0.04 0.233

ADBP, ambulatory diastolic blood pressure; ARR, aldosterone-to-renin ratio; ASBP, ambulatory systolic blood pressure; CVD, cardiovascular
disease; DM, diabetes mellitus; K*, serum potassium; LVH, left ventricular hypertrophy; SEM, standard error of the mean.

subclasses of antihypertensive medication had no association with the BP response at uni-
variate regression analysis and were not included in the multivariate model (data not shown).

Adverse events

Of the initial study population of 141 patients, 44 patients reported a total of 57 adverse
events. Most adverse events were mild and had no suspected relation to treatment. Most
reported were dizziness (14%), gastrointestinal complaints (12.3%), tiredness (10.5%), head-
ache (7%) and edema and weight gain (7%). Seven patients left the study protocol because of
adverse events: two patients had a myocardial infarction during eplerenone treatment, one
patient had a hypertensive urgency, three patients had gastrointestinal complaints and one
patient suffered from orthostatic hypotension. One patient developed a mild hyperkalemia
(5.9 mmol/l) 1 week after start with eplerenone but serum potassium levels spontaneously
normalized to 4.6 mmol/l after 3 months of treatment.

DISCUSSION

Several studies have demonstrated that treatment of patients with resistant hypertension
with ARAs leads to a further, in many cases impressive, BP reduction. However, most of these
studies have methodological limitations, being retrospective, lacking objective BP record-
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ings or a placebo-controlled design and including patients with primary aldosteronism.>*
7911121415 |n recent years, a few prospective studies have been reported. In these studies, a
reduction in BP during add-on therapy with an ARA was still observed, though substantially
smaller than that in the retrospective studies.® ' To our knowledge, only one trial has as-
sessed the effect of the selective ARA eplerenone.™

Our study shows that the addition of eplerenone to existing BP-lowering treatment in
patients with uncontrolled hypertension, in whom primary aldosteronism was excluded by a
salt loading test, results in a significant decrease in both office and 24-h ambulatory BP. After
3 months of treatment, ambulatory BP was reduced by 8.4 mmHg systolic and 4.7 mmHg
diastolic. This response is of comparable magnitude as reported in other studies in which
24-h ABPM or a placebo-controlled design was used (Table 5).

The mechanism of the BP-lowering effect of ARAs in resistant hypertension is incompletely
understood. It has been suggested that a relative aldosterone excess contributes to therapy
resistance. In patients with an elevated ARR and plasma aldosterone level, but a negative
confirmation test for primary aldosteronism, BP control was more difficult to achieve than in

Table 5. Overview of studies on the antihypertensive effects of add-on treatment with aldosterone receptor antagonists with either a
placebo-controlled design or use of 24-h ambulatory blood pressure monitoring.

Reference  Population n Study design  ARA Follow-  Reduction  Reduction  Reduction  Reduction
up (SEM) (SEM) (SEM) (SEM)
in SBP in DBP in ASBP in ADBP

(mmHg) (mmHg) (mmHg) (mmHg)

Sahaetal® Blackhypertensive 98  Randomized,  Spironolactone 9weeks  7.3(23)° 3.3(1.4¢

patients with placebo- 25mg
elevated BP despite controlled trial
treatment including
adiureticand a ((B
DeSouzaet  Patients with 175  Open-label, Spironolactone Median7 14 (2.3) 7(1.3) 16(1.3) 9(0.8)
al® resistant uncontrolled 25-100mg months
hypertension trial (median 50 mg)
Vdclaviket  Patients with 117 Randomized,  Spironolactone 8weeks  6.5(2.9) 2.5(13)8 9.8(2.38 1.0(1.4)
al. resistant placebo- 25mg 2(NS)
hypertension controlled trial
This study Patients with 117 Open-label, Eplerenone 50 mg 3 months  7.2(1.5) 4.1(1.0) 8.4(1.3) 4.7(0.8)
uncontrolled HT uncontrolled
despite at least two trial
antihypertensives

ADBP, ambulatory DBP; ARA, aldosterone-receptor antagonist; ASBP, ambulatory SBP; (CB, calcium channel blocker; HT, hypertension; NS, not
significant.
scompared with placebo.
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patients with a low ARR.? In addition, a large proportion of patients treated with an ACE-I or
ARB shows “aldosterone escape”, a situation in which aldosterone levels after an initial decline
rise to or even above pretreatment levels during prolonged treatment with these agents.3* 3!
This secondary rise in aldosterone counteracts the BP reduction and possibly contributes to
therapy resistance. Moreover, aldosterone excess is thought to be an important mediator of
structural cardiovascular damage such as arterial stiffness,* 3 which in the long run may fur-
ther increase BP levels and impair the response to BP-lowering agents. From this perspective,
it is reasonable to assume that ARAs are particularly effective in patients with aldosterone
excess. However, indices of aldosterone excess such as a low renin level, a high ARR or a low
serum potassium level have not uniformly been shown to predict the response to ARAs.*'*
16.18-21 | jkewise, in our study, no relation with any of these variables could be found, although
it cannot be ruled out completely that the use of antihypertensive medication at the time
of sampling with its associated effects on PRC and PAC may have contributed to this lack of
correlation. The TTKG, considered to be a measure of aldosterone activity in the distal convo-
luted tubule and cortical collecting duct,? 2> did not correlate with the eplerenone-induced
BP reduction, although a small but significant decrease in the TTKG after treatment with
eplerenone was observed. Also the 24-h sodium excretion was not related to the reduction in
BP. Inhibition of the extrarenal effects of aldosterone such as a direct regulatory action of vas-
cular tone* could play a role as well. Only a higher baseline ambulatory SBP was associated
with a larger fall in SBP. However, this is a nonspecific response as it has been observed with
different classes of antihypertensive drugs. With all limitations in sensitivity,* the presence
of LVH on the EKG was associated with a smaller response in BP. The presence of LVH usually
implies more severe hypertension and structural vascular changes, which in turn may impair
the efficacy of BP-lowering agents.

Antihypertensive drug use had no effect on BP reduction. It should be noted that beta-
adrenergic blockers were discontinued before start of the study protocol. Because beta-
adrenergic blockers lead to a reduction in PRC, it could be that these agents can hamper the
secondary rise in PRC after eplerenone treatment, thereby potentiating its BP-lowering ef-
fect. However, we did not observe a relation between the change in PRC and the BP response,
making this influence unlikely.

ARAs are generally well tolerated. However, gynecomastia, erectile dysfunction and
menstrual disorders are well-known side-effects of spironolactone, especially when used in
higher dosages.?® Eplerenone, being a more selective ARA, has a much lower incidence of sex
hormone-related side-effects and can replace spironolactone when this latter compound is
not well tolerated.® In our study, one patient reported loss of libido, but no cases of gyne-
comastia or other sex hormone-related side-effects were seen. Although 31 % of patients
reported an adverse event during treatment with eplerenone, these were predominantly
mild and in most cases probably unrelated to the study medication. Because our study lacked
a placebo arm, the true incidence of adverse effects attributable to eplerenone cannot be
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assessed. Two patients developed a myocardial infarction and one patient was excluded
because of a hypertensive urgency. A relation with the study medication is unlikely and these
events probably reflect the high cardiovascular risk profile of the study population.

Another point of concern during treatment with an ARA is the risk of hyperkalemia and
deterioration of renal function. Although a significant rise in serum potassium and creatinine
levels after eplerenone treatment was observed, this rise was marginal and remained stable
over the treatment period of 3 months. Only one patient had a serum potassium level of
5.9 mmol/L after 1 week of treatment, but this normalized without any dose reduction. Pre-
existent impairment of renal function,? pretreatment elevated potassium levels,?>3” higher
age, diabetes mellitus, and use of beta-adrenergic blockers®” have all been identified as risk
factors for the occurrence of hyperkalemia, whereas a higher baseline serum creatinine and
concomitant use of other diuretics were shown to be associated with the development of
renal insufficiency.’” Therefore, the advice remains to closely monitor serum potassium and
creatinine levels, especially when such risk factors are present. We also observed a rise in PAC
during add-on treatment with eplerenone. This rise is probably related to a rise in PRC due to
volume depletion and the rise in potassium concentration.

As mentioned, most studies concerning the BP-lowering effect of add-on ARA therapy
are retrospective. Our study further augments the necessary prospective evidence for their
efficacy. The most important limitations of our study are the relatively small numbers and the
absence of a blinded, placebo-controlled design. However, the use of 24-h ABPM is known to
largely preclude the occurrence of observer bias and placebo-related effects.®®* In addition,
the almost complete return of BP to baseline levels after cessation of eplerenone provides
strong evidence for a genuine treatment effect. Another limitation is that only patients who
completed the full trial with no change in medication other than the study medication were
included in the analysis. This could have resulted in selection of patients with a favourable
response. However, when including all patients with available data at baseline and 3 months
of treatment, the BP response was of similar order of magnitude (office BP decreased from
150.7/92.0 £ 20.2/12.7 to 142.4/87.4 + 20.1/14.0 (p<0.001) making selection bias less likely.

The precise delineation of the place of ARAs in the treatment of patients with difficult-
to-treat and resistant hypertension has not been well established. Although both in the
European and American hypertension management guidelines, the use of an ARA has been
recommended in case of resistant hypertension,*®*' their place within the therapeutic arena
remains to the judgement of the individual physician. This may lead to underuse, as has re-
cently been shown in a retrospective cohort study evaluating the prescription of BP-lowering
agents in patients with resistant hypertension. In this large study, ARAs were prescribed
in only 5.9% of patients.*? Reports on how the efficacy of ARAs relates to other forms of
add-on treatment are scarce. When studied in a cross-over design, spironolactone had a
greater antihypertensive effect than combination treatment with an ACE-I and ARB." Also

in comparison to doxazosin, BP reduction was larger when spironolactone was added to the
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therapeutic regimen in patients with resistant hypertension.? As also observed in our study,
not all patients with resistant hypertension respond favourably to add-on ARA treatment. Pa-
tients with hypertension refractory to BP-lowering treatment in general, displayed a smaller
response to spironolactone than patients who were responsive to treatment.** Segura et al.*
showed that in these patients, the addition of a triple therapy consisting of substitution of
the diuretic with chlorthalidone, addition of amlodipine (if not yet prescribed), and the direct
renin inhibitor aliskiren on top of the already used treatment can result in a further relevant
BP reduction. Future research should focus on identifying the different mechanisms involved
in treatment resistance in order to select the best combination of antihypertensive drugs for
each individual patient. Also, comparison of ARAs with innovative treatment modalities such
as endovascular catheter-based renal sympathetic denervation* would be of great interest.
Although renal sympathetic denervation has been reported to have a large effect on office
BP, the effect on ambulatory BP is comparable to that observed with add-on ARA treatment.*
Finally, the importance of lifestyle measures, especially a reduction in dietary salt intake,
should be emphasized. The median sodium excretion in our population was 174 mmol per
day. Probably, the BP of a large proportion of our patients would have benefited from dietary
sodium reduction.*

CONCLUSION

In conclusion, eplerenone effectively lowers BP in patients with difficult-to-treat hyperten-
sion without evidence of primary aldosteronism. This effect is unrelated to parameters of
aldosterone excess such as a high plasma aldosterone, low plasma renin, high ARR or a high
TTKG. In our population, the presence of LVH was associated with a smaller BP reduction. Ad-
ditional studies to compare aldosterone receptor blockade with other treatment modalities
are warranted to select the most optimal treatment strategy for the individual patient with
difficult-to-treat or resistant hypertension.
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SUMMARY

The adrenocortical hormone aldosterone is a key factor in the regulation of volume homeo-
stasis and blood pressure regulation. However, in pathological circumstances, it is a mediator
of elevated blood pressure and end-organ damage, such as cardiac and vascular remodelling
and fibrosis. The pathophysiological role of aldosterone in hypertension and aldosterone

antagonism as a therapeutic target are further explored in this thesis.

Regulation of aldosterone synthesis

The classical view is that the renin-angiotensin-aldosterone-system (RAAS) is the main
regulator of aldosterone synthesis through the stimulation of angiotensin Il type 1 receptors
(AT1R) in adrenocortical cells by angiotensin Il (Ang Il). In addition, potassium and adreno-
corticotropic hormone (ACTH) are known inductors of aldosterone synthesis (Chapter 2).
However, the regulation of aldosterone synthesis is far more complex and several other fac-
tors, including adipose tissue factors, are thought to affect steroid synthesis.' Treatment with
angiotensin-converting enzyme inhibitors (ACE-Is) or angiotensin receptor blockers (ARBs)
normally decreases aldosterone levels by interrupting the RAAS at the level of Ang Il produc-
tion or action. This results in a compensatory rise in renin (Chapter 1). It is known, however,
that a significant number of patients shows “aldosterone breakthrough”, indicating that after
an initial decline, aldosterone levels go up during prolonged treatment.>® The mechanisms
for aldosterone breakthrough are incompletely understood. Binding of prorenin to the (pro)
renin receptor ((P)RR) promotes non-proteolytic activation of prorenin to display angiotensin
I-generating activity.* Moreover, recent studies have shown that binding of renin and pro-
renin to the (P)RR can induce direct, angiotensin-independent effects through the activation
of mitogen-activated protein (MAP) kinases, including extracellular signal regulated kinase
1/2 (ERK1/2).> ¢ Furthermore, transgenic rats expressing the human (P)RR have elevated al-
dosterone levels despite normal Ang Il levels.” ® Based on these observations, we postulated
that (pro)renin could induce adrenal aldosterone synthesis directly via stimulation of the (P)
RR. This was investigated in vitro in two human adrenocortical cell lines (H295R and HAC15)
(Chapter 3).The presence of the (P)RR in human adrenal tissue has been reported before® and
we confirmed this in isolated adrenal tissues and the adrenocortical cell line H295R. However,
stimulation of the (P)RR with renin and prorenin at nanomolar concentrations did not induce
any expression of the major enzymes involved in steroid synthesis, phosphorylation of
ERK1/2, or aldosterone production. Ang Il, in contrast, rapidly induced ERK phosphorylation,
the expression of several steroidogenic enzymes and aldosterone production in these cells.
These experiments rule out that a direct action of (pro)renin on (P)RRs in adrenocortical cells
is the underlying mechanism for aldosterone breakthrough during ACE-I or ARB treatment.
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Screening for primary aldosteronism

Around 8% of the hypertensive population suffers from primary aldosteronism (PA), a
condition characterized by (relatively) autonomous overproduction of aldosterone by the
adrenal gland. In contrast to previous beliefs, a minority of these patients has an aldosterone-
producing adenoma (APA), as originally described by Jerome Conn, and a minority presents
with hypokalemia (Chapter 4). It is clinically important to diagnose these patients early,
because they often suffer from a hypertension that is difficult to treat, because they have
a higher cardiovascular risk'® due to the deleterious effects of aldosterone on vascular
and cardiac'? tissues and because specific treatment may be available, i.e. treatment with
aldosterone-receptor antagonists (ARAs) in bilateral disease and adrenalectomy in patients
with an APA.”* The aldosterone-to-renin ratio (ARR)' is recommended as the screening test of
choice in the Endocrine Society Clinical Practice Guideline for the diagnosis and treatment of
PA.'> However, the validity of the ARR has remained subject of debate, because of concerns
about a poor test performance,’ low reproducibility’” and the economic costs associated
with widespread screening.'® Interpretation of the test results is further complicated by the
many factors that influence the ARR, including antihypertensive medication (Chapter 4).
We studied the test characteristics of the ARR in 178 patients with difficult-to-treat hyper-
tension (Chapter 5). Aldosterone and renin levels were assessed twice within 4 weeks on
a random antihypertensive treatment regime. Subsequently, all patients were subjected to
an intravenous salt loading test (SLT) as the gold standard to diagnose or exclude PA. To
study the effect of antihypertensive medication on the ARR, the treatment was then switched
to a standardized regime, consisting of a calcium channel blocker and an alpha-adrenergic
blocker, which are thought to have minimal effect on renin and aldosterone levels. The ARR
was repeated after four to six weeks on standardized treatment. The prevalence of PA in our
population was 15%. When the recommended' cutoff value for the ARR was used, the sensi-
tivity of the test was only 22%. On standardized treatment, the ARR levels were significantly
higher. Multivariate regression analysis showed that ACE-Is and ARBs were responsible for
the lower ARR under random treatment. The overall test performance, however, expressed as
the area under the receiver operating characteristic curve, remained unchanged (84% during
random treatment versus 86% during standardized treatment; p=0.314). The overlap in ARR
values between PA and essential hypertensive patients, is considerable, resulting in a very
low test specificity if the cutoff is lowered to a level with acceptable sensitivity. The usefulness
of the ARR is further compromised by its large within-patient variability: when taken under
the same conditions, we observed differences in ARR values that could be as large as 5-fold.

190



Summary, discussion and perspectives

Aldosterone-receptor antagonism in hypertension

For a long time, ARAs were mainly prescribed in specific conditions such as heart failure and
PA. This is surprising, considering the well-recognized role of aldosterone in the pathophysi-
ology of hypertension and cardiovascular disease. Aldosterone may be especially relevant
in patients with hypertension that is not easily controlled with one or two agents or that
is even resistant to treatment. In the last 10 years, these agents have regained interest as a
potent treatment modality in resistant hypertension (Chapter 6). The largest study in this
field was by Chapman et al.'®* who evaluated the blood pressure response of 1411 patients
in the Anglo-Scandinavian Cardiac Outcome Trial — Blood Pressure Lowering Arm (ASCOT-
BPLA). These patients received additional spironolactone because of sustained hypertension
despite the use of three antihypertensive drugs. After the addition of a relatively low median
dose of 25 mg spironolactone, an impressive systolic and diastolic blood pressure reduc-
tion of 21.9 and 9.5 mmHg, respectively, was observed. The problem with this study was its
retrospective design and the lack of a control group. Other studies showed similar blood
pressure reductions, but also had methodological shortcomings, being retrospective, lacking
objective BP recordings or lacking a placebo-controlled design. In recent studies, using either
24-hr ambulatory blood pressure monitoring (ABPM)' or a placebo-controlled design®* more
modest results were observed. The follow-up in these studies was relatively short (up to
a median treatment duration of 1.3 years'®) and whether the blood pressure reduction is
sustained on prolonged treatment is unknown. Furthermore, most studies were done with
spironolactone. Whether eplerenone, which may have a better tolerability, exerts the same
effect on blood pressure remains to be studied. To answer the first question, we performed a
retrospective analysis of 123 patients with difficult-to-treat hypertension, defined as uncon-
trolled hypertension despite the use of at least two antihypertensive drugs, who received
an ARA as part of their blood pressure treatment. Systolic and diastolic blood pressure de-
creased with 22 and 9 mmHg, respectively, after start of ARA treatment, which is consistent
with the aforementioned retrospective and observational studies. However, the follow-up in
our study was substantially longer, with a median treatment duration of 25 months. In the
subgroup that received ARA treatment for more than 5 years, the blood pressure reduction
was even higher (33 and 16 mmHg for systolic and diastolic blood pressure, respectively).
This was not attributable to an increase in total druge use (expressed as total defined daily
dose, DDD), since DDD did not change significantly over time (Chapter 7).

In a subsequent prospective trial, the effect of 3-month add-on therapy with eplerenone
in a fixed daily dose of 50 mg was evaluated in 117 patients with difficult-to-treat hyperten-
sion. Office blood pressure decreased from 149/91 to 142/87 mmHg and ambulatory blood
pressure from 141/87 to 132/83 mmHg after 3 months of treatment. After discontinuation

of eplerenone, office and ambulatory blood pressure measurements returned to baseline
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values. In a multivariate model, neither renin, aldosterone, or their ratio predicted the blood
pressure response (Chapter 8).

DISCUSSION

The regulation of aldosterone synthesis

Aldosterone synthesis is regulated by Ang I, serum potassium and ACTH (Chapter 2). How-
ever, steroid synthesis is a complex process and other factors may be relevant. We showed
that the (P)RR is present in adrenocortical cells, but direct stimulation of this receptor by
supraphysiological concentrations of renin or prorenin did not have any effect on aldoste-
rone synthesis. The question remains what is the role of these locally expressed (P)RRs in
adrenocortical cells. We know that binding of prorenin to the (P)RR facilitates non-proteolytic
activation allowing it to exert Ang I-generating activity.* Therefore, in the presence of suf-
ficient angiotensinogen and ACE in the adrenal gland, this mechanism could contribute to
the stimulation of aldosterone synthesis via the classical RAAS pathway. We did not detect
any ACE-activity in these cells. It cannot be ruled out that ACE is expressed by other cell
types in the intact adrenal gland. However, in transgenic rats expressing the human (P)RR,
aldosterone levels were increased despite unchanged plasma and tissue angiotensin levels.”
821 This suggest an involvement of the (P)RR in aldosterone synthesis independent of the
RAAS. The (P)RR was recently shown to be crucial in vacuolar H*-ATPase assembly, thereby
regulating intracellular pH* and this could be another mechanism through which the (P)RR
exerts its effects on cell functioning.

Our study shows that aldosterone breakthrough is not caused by a direct stimulatory effect
of (pro)renin on aldosterone synthesis. The exact causes for aldosterone breakthrough remain
uncertain, but may involve Ang Il breakthrough via insufficient ACE inhibition, upregulation
of ACE under pathophysiological conditions or production of Ang Il via ACE-independent
pathways. Direct activation of aldosterone synthesis via a rise in serum potassium may also
be relevant.? A role for endothelin-1 as a stimulatory factor for aldosterone secretion has
been postulated as well.**

Screening for primary aldosteronism

Chapter 5 clearly shows that the ARR has a poor sensitivity for PA if the recommended cutoff
value is used. Although many groups have made attempts to define the optimal cutoff value,
a comparison of these studies is difficult because protocols and study populations differ
considerably (Chapter 4). Many studies have methodological shortcomings, in the sense
that only subjects with a positive screening test were subjected to additional testing.”® In
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our protocol, the intravenous SLT was performed in all participants. This allowed for a proper
evaluation of the test characteristics.

It is well-known that antihypertensive medication affects the ARR.2® Whether this is clini-
cally relevant, especially in a multidrug regime, is being debated.?” We show that the level of
the ARR is significantly lowered by ACE-Is and ARBs in a multidrug regime, but that the overall
test performance does not change. This implies that the test will perform just as well in a
multidrug setting, but requires a lower cutoff value. This is in agreement with observations
made by others.” It should be emphasized that beta-aderenergic blockers and potassium-
sparing diuretics were ceased as part of the study protocol. Therefore, no conclusions can be
made about the role of these drugs. It is generally accepted, however, that beta-adrenergic
blockers increase the ARR,?*2® and this has also been observed in a multidrug regime.?* The
problem remains what the cutoff value should be under random antihypertensive treatment.
The change in ARR will be hardly predictable, due to different combinations of ACE-Is, ARBs
and/or beta-adrenergic blockers and variations in the prescribed doses and, for this reason,
a clear-cut cutoff cannot be defined. This strongly favours the use of standardized treatment.

Ideally, the gold standard should be undisputed. Although the fludrocortisone suppres-
sion test is considered the gold standard by some,*® and the validity of the intravenous SLT
has been debated by others" 32 the latter is more practical in an outpatient setting. The
Endocrine Society guideline™ states that there is insufficient evidence to prefer one con-
firmation test above the other. However, it advices to perform the confirmation test under
ARR-neutral medication. This guideline was published after our study had started, and this
recommendation was, for this reason, not implemented in the study protocol. However, the
effect of medication on the outcome of the SLT has been poorly studied. Only one recent
study*® addressed this issue and found a 34% disconcordance in test outcome (positive or
negative) when performed under minimally modified chronic antihypertensive therapy and
under neutral therapy (doxazosin and/or verapamil). Although this is considerable, even two
subsequent tests under neutral therapy showed a disconcordance of 16%. It should be noted
that diuretics were stopped in the modified chronic therapy and that the intravenous SLT
was preceded by 3 days of oral salt loading, thereby making this protocol difficult to compare
with ours. Additional studies on the effects of medication, diuretics in particular, are war-
ranted to provide a definitive answer on this matter.

Despite this, it can be concluded that the ARR is a poor screening test. The sensitivity is
poor when the recommended cutoff value is used, but when the cutoff value is lowered to
a level with an acceptible sensitivity of 95 %, the specificity is only 47 % (Chapter 5). The
consequence is that 53% of patients without PA will falsely be subjected to a SLT. The test
performance is further compromised by a poor within-patient reproducibility.

The attempt to express an inadequate aldosterone production in a single measure
likely dismisses the complexity of the RAAS and the large interindividual differences in RAAS
regulation. In our study, many PA patients had relatively unsuppressed renin levels. Although
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several authors include a suppressed renin level in the diagnostic criteria, by doing so, an
elevated ARR as an indication of PA becomes a self-fulfilling prophecy. Relatively high renin
levels in patients with proven PA have been reported in the literature before, 3 but were
missed in many studies, because only the patients with an elevated ARR were subjected to
confirmation testing. An alternative strategy would be to proceed more quickly to a confir-
mation test when clinical suspicion is high. This concept is not new, since the intravenous SLT
was initially considered a screening test.*

Aldosterone-receptor antagonism in hypertension

There is a growing body of evidence that ARAs are a valuable addition to the treatment of
patients with difficult hypertension. The blood pressure reduction reported in retrospective
and uncontrolled studies is impressive. Our retrospective study (Chapter 7) is no exception
and the same limitations of the study design apply. However, the follow-up in our study was
considerably longer than in the previous trials, providing some insight in the long-term ef-
fects of aldosterone blockade. Interestingly, patients who received treatment for a longer
duration had a larger reduction in blood pressure at the end of follow-up. As previously
described, aldosterone is an important mediator of target-organ dysfunction and damage,
and this can contribute to therapy resistance. An explanation could be that ARAs reverse
these processes, leading to a better blood pressure control over time. It is very well possible,
however, that the duration of treatment is influenced by its effect as well, i.e. a clinician is
more likely to continue the treatment if it works well. Unfortunately, our study design did not
allow for a differentiation between these explanations. The blood pressure reduction could
also be merely the result of other interventions related to the follow-up in a referral centre.
A control group, either placebo or another “rescue” strategy, would have been helpful, but
difficult to achieve in this retrospective design. However, we show that the decrease in blood
pressure is not the result of an increase in total drug use per se.

The limitations of these uncontrolled studies have been addressed in recent years. De
Souza et al.'® evaluated the blood pressure reduction to spironolactone in a median dose
of 50 mg in 175 patients with resistant hypertension. Although this was not a genuine
placebo-controlled trial, the use of 24-h ABPM is known to partly control for observer bias
and placebo-related effects.’”3 The first placebo-controlled trial was done by Vaclavik et al.,°
studying the response to spironolactone 25 mg in patients with resistant hypertension. As
said, the blood pressure reductions were substantially smaller in these studies than in the
observational ones. Our study, described in Chapter 8, was the first to evaluate the effect of
eplerenone. Blood pressures were measured with 24-h ABPM. As an additional control, the
blood pressure was again assessed after discontinuation of eplerenone. The subsequent rise
in blood pressure strongly supports the conclusion that the initial blood pressure reduction
was really attributable to mineralocorticoid receptor (MR) blockade by eplerenone.
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How ARAs lower blood pressure in difficult-to-treat or resistant hypertension is not fully
understood. We found no correlation with plasma renin, aldosterone or the ARR. This is in
agreement with most studies on this topic.3*** An interfering effect of antihypertensive drugs
on aldosterone and renin levels could underly this, as the ARR did predict the blood pressure
response in previously untreated patients.*

Glucocorticoids such as cortisol can bind the MR with the same affinity as mineralocor-
ticoids.* Target tissues for aldosterone, such as renal tubular cells, are normally protected
from cortisol-MR interactions by the enzyme 11f3-hydroxysteroid dehydrogenase (HSD11B2),
which inactivates cortisol by the conversion to cortisone. HSD11B2 polymorphisms, which
likely affect the degree of cortisol inactivation, were shown to be associated with hyperten-
sion in some patients.* This might provide another explanation for the lack of correlation
between the response to ARA treatment and aldosterone levels, although a relation with a
low renin level would still be expected. Mihailidou et al.* surprisingly found that spironolac-
tone reduced infarct size in isolated rat hearts, even in the absence of any corticosteroids and
a direct protective action through an inverse agonist effect has been suggested. Whether this
also applies to renal tubular MRs is unknown.

In theory, ARAs can exert their antihypertensive effects in several ways, including modula-
tion of sympathetic tone, direct or indirect actions on vascular tone and, in the long run,
reduction in vascular stiffness (Chapter 6). The decrease we observed after eplerenone
treatment in the transtubular potassium gradient, which can be considered as a marker of
aldosterone activity in the distal convoluted tubule and cortical collecting duct,*” suggests
that natriuresis was the main mechanism in our study (Chapter 8).

PERSPECTIVES

PA is a clinically important cause of hypertension. Clinicians should make their best effort
to find these patients, especially the ones with an APA, which can be potentially cured by
surgical removal. Unfortunately, establishing the diagnosis can be challenging and the ARR
is not an ideal screening test. As discussed in the previous section, an alternative would be
to proceed more quickly to a confirmation test when the clinical suspicion is high. This has
important implications, not only in economic terms, but also in terms of patients’ safety, as
some patients may be at risk of fluid overload.*® Alternative ways of screening for PA should
be explored. Patients with PA were shown to have higher urinary excretion rates of the hybrid
steroids 18-hydroxycortisol and 18-oxocortisol than patients with essential hypertension.
Especially urinary 18-hydroxycortisol excretion levels may have additional diagnostic value
when combined with the ARR and may alleviate the need for confirmatory testing when very
low (strongly arguing against the diagnosis of PA) or high (strongly favouring PA).*® Another
interesting development is the discovery of alternative urinary markers of aldosteronism.
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One of them is prostasin, a membrane-bound serine protease that is a modulator of and
therefore a potential marker for epithelial sodium channel activity.* Recently, Van der Lubbe
et al>® showed that the phosphorylated form of the sodium chloride cotransporter in urinary
exosomes, vesicles derived from renal tubular epithelial cells, is increased in states of high
aldosterone levels and is potentially a better marker for PA than prostasin. These promising
biomarkers need further study to assess their suitability for clinical practice.

Taken together, the evidence that patients with difficult-to-treat and resistant hypertension
can benefit from treatment with an ARA is compelling. Although their blood pressure lower-
ing potential is probably not as high as earlier observational studies suggested, these agents
deserve a more prominent role in hypertension treatment.

The use of ARAs in resistant hypertension is recommended in European and American
hypertension management guidelines.>">2 Despite this, ARAs are still infrequently used for
this indication.” It would be interesting to know how the efficacy of ARAs relates to other
forms of add-on treatment in resistant hypertension, but data on this are scarce. Spironolac-
tone was found to have a larger antihypertensive effect than combination treatment with
an ACE-I and ARB.** Moreover, when compared with doxazosin, the blood pressure reduc-
tion was larger when spironolactone was added to the therapeutic regime in patients with
resistant hypertension.>> A comparison with new treatment modalities such as endovascular
catheter-based renal sympathetic denervation®® would be of great interest. Although renal
sympathetic denervation has been reported to have a large effect on office blood pressure,
the effect on ambulatory blood pressure is of similar magnitude as that observed with add-
on ARA treatment.*® Another promising development is the design of aldosterone synthase
inhibitors. The use of ARAs can be compromised by the occurrence of sex hormone-related
side effects through its actions on other steroid hormone receptors. Aldosterone synthase
inhibitors have the potential of inhibiting the deleterious effects of aldosterone without
causing these side effects. And although their clinical relevance is not yet completely under-
stood, not all the non-genomic effects of aldosterone may be blocked by ARAs. A difficulty in
the design of aldosterone synthase inhibitors is enzyme specificity. Aldosterone synthase is
coded for by cytochrome P450 family 11, subfamily B, polypeptide 2 (CYP11B2) and shows a
high homology with CYP11B1, the gene coding for 11-B-hydroxylase. This enzyme catalyzes
the final step in cortisol synthesis. Many potential aldosterone synthase inhibitors will, there-
fore, affect cortisol synthesis to some degree. One compound, FAD-286 (the dextroantiomer
of the aromatase inhibitor fadrozole) has recently been subjected to the first clinical studies
under the name of LCI699. It was shown to lower blood pressure and plasma aldosterone
levels in patients with PA> and essential hypertension® and to increase plasma 11-deoxycor-
ticosterone concentrations, as is to be expected by its inhibition of aldosterone synthase.*”
Although morning cortisol levels were unaffected by LCI699 treament, ACTH levels increased
after treatment.” Also, the cortisol response to ACTH stimulation was blunted in a subset of
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patients.>”*8 In a cohort of hypertensive patients, a dose-dependent inhibition of the ACTH-
induced cortisol response was confirmed and the maximally tolerated dose for LCI699 based
on this aspect of cortisol suppression was 1.30 mg in a once daily dose.* In essential hyper-
tension, the reduction in 24-h ABPM was of similar size for LCI699 1 mg daily and eplerenone
50 mg twice daily (-7.7/-5 mmHg versus -10.5/-6.0, respectively; NS).*® However, in patients
with PA, the reduction in 24-h ABPM after 4 weeks of treatment was greater for eplerenone
(uptitrated to 100 mg twice daily) than for LCI699 (uptitrated to 1 mg twice daily).®® Although
these results are encouraging, further research is needed to assess its suitability for clinical
practice. In particular, the optimal dose of LCI699 should be found, especially in relation to
cortisol suppression, and the clinical relevance of the impaired cortisol response to ACTH
should be addressed. From a theoretical viewpoint, studies comparing ARAs and aldosterone
synthesis inhibitors and possibly a combination of both, could be helpful in unraveling the
role of non-MR mediated effects of aldosterone on the one hand, and aldosterone-indepen-
dent MR activation on the other, in the pathophysiology of hypertension.

The mechanism for treatment resistance is not completely understood, but is multifactorial in
most cases.”? The best treatment strategy, therefore, is likely to be different for every patient.
Not all patients with resistant hypertension respond favourably to add-on ARA treatment.
Patients with hypertension refractory to blood pressure-lowering treatment in general,
displayed a smaller response to spironolactone than patients who were responsive to treat-
ment.®' Future research should focus on identifying the different mechanisms involved in
treatment resistance so that each patient receives treatment that is tailored to his specific
needs. An example are obese patients with hypertension, in whom ARAs may be a good treat-
ment choice.®? An association was found between plasma aldosterone levels and features of
the metabolic syndrome, such as dyslipidemia and insulin resistance. Plasma lipoproteins
are thought to act as a source of cholesterol for adrenal steroid synthesis, but recent ex-
perimental studies indicate that lipoproteins, and very low density lipoproteins in particular,
can stimulate aldosterone synthesis directly via upregulation of steroidogenic acute regula-
tory protein (StAR) and aldosterone synthase (CYP11B2).53% A better understanding of these
pathways may help to clarify the complex relation between the metabolic syndrome and
hypertension and lead to more effective treatment in obesity-related hypertension.

Finally, the importance of lifestyle measures, especially a reduction in dietary salt intake,
should be emphasized. Excessive salt intake has an important contributory role in treatment
resistance.’ It should also be noted that excessive salt intake greatly potentiates the deleteri-
ous effects of aldosterone®” and even in patients with PA, dietary salt restriction can help to
restore a normal hemodynamic profile.’® Therefore, a dietary salt restriction should be the
mainstay of the treatment of hypertensive patients.
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Het bijnierschorshormoon aldosteron speelt een essentiéle rol in volume- en bloeddrukregu-
latie in het menselijk lichaam. Onder pathologische omstandigheden, echter, is aldosteron
een belangrijke factor bij het ontstaan van een verhoogde bloeddruk en eindorgaanschade,
zoals remodellering en fibrosering van de hartspier en de vaatwand. De pathofysiologische
rol van aldosteron bij het ontstaan van hypertensie en het nut van remming van aldosteron

bij hypertensie zijn het onderwerp van dit proefschrift.

Regulatie van aldosteronsynthese

Het renine-angiotensine-aldosteron-systeem (RAAS) wordt als de belangrijkste regulator
van aldosteronsynthese beschouwd via de stimulatie van de angiotensine Il (Ang Il) type 1
receptoren die op de bijnierschorscellen aanwezig zijn. Daarnaast kan de synthese van al-
dosteron gestimuleerd worden door het serum kalium en het adrenocorticotroop hormoon
(ACTH) (Hoofdstuk 2). De regulatie van aldosteronsynthese is echter veel complexer en
verschillende andere factoren spelen waarschijnlijk ook een rol. Wanneer een patiént wordt
behandeld met een angiotensine-converterend enzym remmer (ACE-I) of een angiotensine-
receptor blokker (ARB), daalt normaal gesproken de aldosteronspiegel door onderbreking
van het RAAS op het niveau van Ang ll-produktie of effect. Dit resulteert in een compensa-
toire stijging in het plasma renine (Hoofdstuk 1). Het is echter bekend dat bij veel patiénten
er een “aldosterondoorbraak” kan plaatsvinden. Dit houdt in dat de aldosteronspiegels, na
een initiéle daling, een stijging laten zien bij langdurige behandeling. Het mechanisme dat
ten grondslag ligt aan aldosterondoorbraak is niet volledig bekend. Wanneer prorenine
bindt aan de (pro)reninereceptor ((P)RR), faciliteert dit een niet-proteolytische activatie
van prorenine waardoor deze de omzetting van angiotensinogeen naar angiotensine | kan
katalyseren. Recente studies laten echter zien dat de binding van renine en prorenine aan de
(P)RR ook directe, angiotensine-onafhankelijke effecten, tot gevolg kan hebben door de acti-
vatie van mitogeen-geactiveerde proteine kinases, zoals extracellulair signaal-gereguleerde
kinase 1/2 (ERK1/2). Daarnaast is gebleken dat transgene ratten, die de humane (P)RR tot
expressie brengen, verhoogde aldosteronspiegels hebben, ondanks normale Ang Il spiegels.
Deze observaties leidden tot de hypothese dat (pro)renine de synthese van aldosteron direct
kan stimuleren via activatie van de (P)RR. Dit werd onderzocht in twee humane bijnierschors-
cellijnen (H295R en HAC15) (Hoofdstuk 3). Al eerder werd aangetoond dat deze cellen de
(P)RR tot expressie brengen en dit werd in ons onderzoek bevestigd. Stimulatie van deze
receptor met renine en prorenine in nanomolaire concentraties leidde echter niet tot een
verhoogde expressie van de enzymen die betrokken zijn bij de produktie van aldosteron,
noch tot fosforylering van ERK1/2 of aldosteronproduktie. Dit in tegenstelling tot Ang Il dat
deze effecten wel liet zien. Deze experimenten laten zien dat aldosterondoorbraak tijdens de
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behandeling met een ACE-I of ARB niet het gevolg is van een direct effect van (pro)renine op
bijnierschorscellen via de (P)RR.

Het screenen op primair hyperaldosteronisme

Ongeveer 8% van de mensen met hypertensie heeft primair hyperaldosteronisme (PHA). Dit
is een conditie die wordt gekarakteriseerd door een (relatieve) overproduktie van aldosteron
door de bijnier. In tegenstelling tot wat vroeger werd gedacht, heeft slechts een minderheid
een aldosteron producerend adenoom (APA), zoals oorspronkelijk beschreven door Jerome
Conn, en heeft ook slechts een minderheid een verlaagd serum kaliumgehalte. Het is belan-
grijk om deze patiénten vroeg op te sporen omdat zij vaak een vorm van hypertensie hebben
die moeilijk te behandelen is en ook omdat zij een hoger cardiovasculair risico hebben als
gevolg van de schadelijke effecten van aldosteron op hart en bloedvaten. Daarnaast is er
een specifieke behandeling beschikbaar, behandeling met aldosteron receptor antagonisten
(ARAN) bij bilaterale afwijkingen en adrenalectomie in het geval van een APA. De “Endocrine
Society”raadtin haar richtlijn de aldosteron-renine ratio (ARR) aan als de beste screeningstest.
Desalniettemin is de validiteit van de ARR nog onderwerp van discussie wegens twijfels over
de diagnostische waarde, lage reproduceerbaarheid en de economische kosten die gemoeid
zijn bij brede screening. De interpretatie van de ARR wordt verder bemoeilijkt door de vele
factoren die de test beinvloeden, waaronder het gebruik van antihypertensieve medicatie
(Hoofdstuk 4). In Hoofdstuk 5 werden de testkarakteristieken van de ARR onderzocht in 178
patiénten met moeilijk te behandelen hypertensie. Aldosteron- en reninespiegels werden
tweemaal binnen vier weken bepaald tijdens het gebruik van hun eigen, willekeurige, medi-
catie. Daarna werd bij alle deelnemers een intraveneuze zoutbelastingstest (ZBT) verricht,
als goudstandaard voor de diagnose van PHA. Om het effect van medicatie op de ARR te
bestuderen, werd de behandeling vervolgens aangepast naar een gestandaardiseerd re-
gime, bestaande uit een calciumantagonist en een alfa-adrenerge receptor blokker. Van deze
middelen weten we dat ze weinig invloed hebben op de spiegels van renine en aldosteron.
De ARR werd vervolgens herhaald na vier tot zes weken. De prevalentie van PHA was 15% in
onze populatie. Als de aangeraden afkapwaarde werd gebruikt, was de sensitiviteit van de
ARR slechts 22%. Onder gestandaardiseerde behandeling was er een significante stijging van
de ARR te zien. Een multivariate regressieanalyse liet zien dat het gebruik van een ACE-Il en/of
ARB de oorzaak was van de lagere ARR onder willekeurige antihypertensieve therapie. Echter,
de oppervlakte onder de “receiver operating characteristic” curve was voor beide condities
gelijk (84% voor willekeurige versus 86% voor gestandaardiseerde behandeling, p=0.314),
hetgeen inhoudt dat de test onder zowel willekeurige als gestandaardiseerde medicatie
hetzelfde presteert. De overlap in ARR waardes tussen patiénten met PHA en essentiéle
hypertensie is aanzienlijk. Dit heeft tot gevolg dat wanneer de afkapwaarde wordt verlaagd
naar een niveau met een acceptabele sensitiviteit, de specificiteit fors daalt. De bruikbaarheid
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van de ARR wordt verder beperkt door de grote intraindividuele variabiliteit: onder dezelfde
condities en in dezelfde patiént konden twee ARR bepalingen bijna een factor vijf verschillen.

Het gebruik van aldosteron receptor antagonisten bij hypertensie

Voor lange tijd werden ARAn vooral gebruikt in patiénten met specifieke condities, zoals
hartfalen en PHA. Dit is merkwaardig, aangezien veel bekend is over de rol van aldosteron
bij de pathofysiologie van hypertensie en hart- en vaatziekten in het algemeen. Aldoste-
ron is waarschijnlijk nog meer van belang in patiénten met hypertensie die niet met een
of twee middelen te controleren is of zelfs resistent is voor het effect van behandeling. In
de laatste tien jaar zijn ARAn opnieuw in de belangstelling komen te staan als mogelijke
behandeling van patiénten met een therapieresistente hypertensie (Hoofdstuk 6). De
grootste studie op dit vlak is van Chapman et al. die de bloeddrukrespons in kaart bracht
van 1411 deelnemers aan de Anglo-Scandinavian Cardiac Outcome Trial — Blood Pressure
Lowering Arm (ASCOT-BPLA) die de ARA spironolacton voorgeschreven kregen omdat hun
bloeddruk verhoogd bleef ondanks het gebruik van drie antihypertensiva. Na de toevoeging
van een relatief lage mediane dosis spironolacton van 25 mg zagen zij een indrukwekkende
daling in de systolische en diastolische bloeddruk van respectievelijk 21.9 en 9.5 mmHg. Een
belangrijk probleem met deze studie was de retrospectieve opzet en de afwezigheid van
een controlegroep. In andere studies werden vergelijkbare bloeddrukdalingen gezien, maar
ook deze hadden methodologische tekortkomingen, zoals een retrospectieve opzet, een aan
verstoring onderhevige manier van bloeddruk meten of het gebrek aan een placebogroep.
In een recente studie waarbij 24-uurs bloeddrukmetingen werden gebruikt en een andere
met een placebo-gecontroleerde opzet, werden aanzienlijk kleinere reducties in bloeddruk
waargenomen. De volgduur tijdens al deze studies was relatief kort, een maximale mediane
behandelduur van 1.3 jaar, en of de bloeddrukdaling duurzaam is tijdens langere behandel-
ing is niet bekend. Daarnaast is het opvallend dat de meeste studies zijn uitgevoerd met
spironolacton. Of eplerenon, wat mogelijk minder bijwerkingen heeft, eenzelfde bloed-
drukverlagend effect heeft, is nog niet bestudeerd. Om de eerste vraag te beantwoorden,
werd een retrospectieve analyse uitgevoerd van 123 patiénten met moeilijk te behan-
delen hypertensie, gedefinieerd als verhoogde bloeddrukwaarden ondanks het gebruik
van tenminste twee antihypertensieve medicijnen, die een ARA voorgeschreven kregen als
onderdeel van hun bloeddrukbehandeling. De systolische en diastolische bloeddruk daalde
met respectievelijk 22 en 9 mmHg na de start van de ARA, hetgeen overeenkomt met de
bovengenoemde retrospectieve studies. De volgduur was echter substantieel langer in onze
studie, met een mediane behandelduur van 25 maanden. In de subgroep die meer dan vijf
jaar werd behandeld, was de bloeddrukdaling aan het eind van de volgduur zelfs nog groter
(33 en 16 mmHg voor respectievelijk de systolische en diastolische bloeddruk). Dit werd
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niet veroorzaakt door een toename in het totale aantal gebruikte medicijnen (uitgedrukt in
vastgestelde dagelijkse dosis) (Hoofdstuk 7).

In een prospectieve studie werd vervolgens het effect van eplerenon in een vaste doser-
ing van 50 mg als toevoeging aan de bestaande antihypertensieve therapie bestudeerd in
117 patiénten met moeilijk behandelbare hypertensie. De spreekkamerbloeddruk daalde
van 149/91 mmHg naar 142/87 mmHg en de ambulante bloeddruk van 141/87 naar 132/83
mmHg na drie maanden. Na het staken van eplerenon steeg de bloeddruk weer naar de
uitgangswaarde. Renine, aldosteron, noch de ARR bleek een voorspeller van de bloeddrukre-
spons in een multivariate analyse (Hoofdstuk 8).
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ABBREVIATIONS

3B-HSD
AB
ABPM
ACE
ACE-I
ACR
ACTH
ADBP
Ang
ANOVA
APA
ARA
ARB
ARR
ASBP
ASCOT-BPLA
AT1R
ATC
ATF1
AUC
AVS
BAH

BB

BMI

BP

BPM
Ca2+
CaMK
cAMP
CCB
CcGs

cl

CNS
COUP-TFI
CREB
CcT
CVvD

3 B-hydroxysteroid dehydrogenase
Alpha-adrenergic blocker

Ambulatory blood pressure measurement
Angiotensin-converting enzyme
Angiotensin-converting enzyme inhibitor
Urinary albumin-to-creatinine ratio
Adrenocorticotropic hormone
Ambulatory diastolic blood pressure
Angiotensin

Analysis of variance
Aldosterone-producing adenoma
Aldosterone receptor antagonist
Angiotensin Il type 1 receptor blocker
Aldosterone-to-renin ratio

Ambulatory systolic blood pressure

Anglo-Scandinavian Cardiac Outcome Trial — BP lowering arm

Angiotensin Il type 1 receptor
Anatomical therapeutic chemical
Activating transcription factor 1
Area under the curve

Adrenal vein sampling

Bilateral adrenal hyperplasia
Beta-adrenergic blocker

Body mass index

Blood pressure

Beats per minute

Calcium

Calmodulin-dependent kinase
Cyclic adenosine monophosphate
Calcium channel blocker

Cosmic calf serum

Confidence interval

Central nervous system

Chicken ovalbumin upstream promoter-transcription factor |

cAMP response element-binding protein
Computed tomography
Cardiovascular disease
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Abbreviations

CYP11A1
CYP11B1
CYP11B2
CYP17A1
CYP21A2
DAG
DBP
DDD

DM
dTGR
EDTA

EH

EKG
ENaC
ERK

FCS
FH-1/2/3
FST

GFR
GRA
HDL
HPRT1
HRP
HSD11B2
HT

icv

IL-6

IP,

IPA

IQR

K*

KCNJ5
Ki-RasA
LDF-score
LDL

Ln

LR

Lv

LVH

214

Cytochrome P450 family 11, subfamily A, polypeptide 1
Cytochrome P450 family 11, subfamily B, polypeptide 1
Cytochrome P450 family 11, subfamily B, polypeptide 2
Cytochrome P450 family 17, subfamily A, polypeptide 1
Cytochrome P450 family 21, subfamily A, polypeptide 2
Diacylglycerol

Diastolic blood pressure

Defined daily dose

Diabetes mellitus

Double transgenic rats

Ethylene diaminetetraacetic acid

Essential hypertension

Electrocardiogram

Epithelial sodium channel

Extracellular signal-regulated kinase

Fetal calf serum

Familial hyperaldosteronism type 1/2/3
Fludrocortisone suppression test

Glomerular filtration rate

Glucocorticoid-remediable aldosteronism
High-density lipoprotein

Hypoxanthine ribosyl transferase 1

Handle region peptide

11B-hydroxysteroid dehydrogenase

Hypertension

intracerebroventricular

Interleukin-6

Inositol triphosphate

Idiopathic primary aldosteronism

Interquartile range

Potassium
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Standardized antihypertensive medication
Selective serotonin reuptake inhibitor
Steroidogenic acute regulatory protein
Transforming growth factor 31

Transtubular potassium gradient

Ubiquitin-like protein SUMO-1 conjugating enzyme
Very low-density lipoprotein

Antihypertensives
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