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Preface

Primary aldosteronism (PA) may be the best treatable risk factor for cardiovascular
disease besides to quit smoking. The discovery of the disease is described in Prof.
Gordon’s chapter in this book, and the understanding of its prevalence and the epi-
demiology behind it as well. Thus, PA is common, and millions and millions of
individuals worldwide most likely suffer from undiagnosed PA as an underlying
reason for their hypertension. To improve the diagnose of PA, understand the
derangements and what consequence untreated PA lead to is crucial for develop-
ment of care of individuals with PA.

Consequences of PA are bearing the risk factor not only for cardiovascular dis-
ease but also on life quality. Drs. Stowasser and Ahmed describe the important QoL
assessments that have been done until now in one section of this book. It is clear that
improvement of QoL is the effect of medical as well as surgical treatment, with a
more rapid effect after surgical treatment. Besides the positive effects seen by the
reduced blood pressure per se, also less need of medication with reduced negative
side-effects with benefits surgery. Reversal of PA also leads to positive effects on
various psychological measures, caused by so far unknown mechanisms.
Aldosterone is a risk factor for cardiovascular disease, which may be reduced by
proper treatment of PA. Thus, there is a higher incidence of cardiovascular events in
PA-associated hypertension than in age- and sex-matched populations with essen-
tial hypertension.

The diagnostic procedures for PA are discussed in several chapters in this book,
commenting on the aldosterone—renin ratio (ARR), confirmatory testings, and the
adrenal venous sampling. In clear cases the diagnosis is easy, but in the majority
these methods may certainly be beyond the sensitivity level. Thus, a major issue is
identification and treatment of early or “subclinical” PA, among patients with essen-
tial hypertension. Indeed, there seems to be a continuum of this disease into the
entity denoted low-renin hypertension, which in many cases is a mild form of early
or subclinical PA. Indices state that this form of the disease is also associated with
increased risk for cardiovascular complications and possibly reduced QoL. Today,
the method of choice to identify PA is the aldosterone/renin ratio, which has been
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used also for screening of populations with essential hypertension. However, this
method has a number of drawbacks as being sensitive for ongoing medications,
posture, diet, etc. In addition, assays of aldosterone and, especially, renin have been
unsensitive. Although the ARR still is the most available method to possibly iden-
tify also early PA, a continuous search for alternative diagnostic methods to increase
the possibility to identify also early “subclinical” PA is needed.

If performing the ARR is a problem, also the confirmatory testings are sometimes
difficult with far less than 100 % sensitivity and specificity. Moreover, lateralization
may be determined by adrenal venous sampling, but it also has its well-known tech-
nical difficulties. Recent development in using positron emission tomography (PET)
by, for instance, "C-metomidate as tracer after Dexamethasone suppression is prom-
ising in distinguishing aldosterone-producing from hormonally inactive adenomas.

The recent developments in understanding the genetics behind sporadic PA may
lead to novel methods to diagnose the disease in the future. Although no success has
been described yet in identifying, for instance, mutated KCNJ5 in plasma samples,
further investigations are needed. The identification of mutations in KCNJ5, ATP1A,
ATP2B3, and CACNAI1D has also made understanding of the pathophysiology of
the zona glomerulosa cells more clear. The importance of the membrane potential
and depolarization for release of aldosterone is obvious.

Treatment of PA is either medical or surgical. The medical treatment of PA is
limited to spironolactone and eplerenone, where the latter has considerably less side
effects. This is recommended especially in idiopathic hyperaldosteronism (IHA)
where surgery has limited effect due to its bilateral cause. However, in certain cases
with assymetrical nodular hyperplasia, a unilateral adrenalectomy may still be ben-
eficial. Interestingly, Dr. Takeda and coworkers comment on the possible epigenetic
factors influencing the disease, by proposing that the methylation of CpG islands in
the CYP11B2 promoter region may regulate the activity of transcription of this
gene, and consequently the amount of aldosterone produced and the level of PA.
Long-term treatment with, for instance, spironolactone has in some cases induced,
or being associated with, remission of the PA, possibly due to a changed methyla-
tion status.

While medical treatment in cases with IHA or milder forms may be successful,
surgical treatment has an excellent outcome, and today the laparo- or retroperito-
neoscopic approach is an easy procedure for the patient who may leave the hospital
the following day. Reversal of PA is instant after surgery, with a dramatic reduction
of the number of hypertensive drugs and no need for potassium supplementation, as
well as improved QOL and reduction of risk for cardiovascular complications.

The present book presents the disease of primary aldosteronism from pathophys-
iology to quality-of-life aspects, covering genetics, diagnostics, and different treat-
ments in a truly translational manner.

Uppsala, Sweden Per Hellman, M.D., Ph.D.
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Chapter 1
Primary Aldosteronism: Molecular
Mechanisms and Diagnosis

Gian Paolo Rossi and Livia Lenzini

Abstract Primary aldosteronism (PA) is the most common endocrine form of high
blood pressure (BP) and causes excessive organ damage to the heart, vessels, and
kidneys, which translates into an excess of cardiovascular events.

When the diagnosis is made early on and an appropriate therapy is timely insti-
tuted, the hyperaldosteronism and the hypokalemia can be cured in practically all
the cases, while the arterial hypertension is cured in about 40 % of the cases and BP
control markedly ameliorated in the rest. Thus, an aggressive diagnostic approach
in hypertensive patients is justified.

The recent discoveries with molecular biology techniques have led to the identi-
fication of some mechanisms that can explain the persistent hyperaldosteronism in
spite of the high BP, the hypokalemia, and the suppression of renin, all factors that
would be expected to shut down aldosterone secretion.

The purpose of this chapter is to provide updated information on molecular
genetics of PA and the diagnostic strategy for case detection and subtype differen-
tiation of PA. While a cost effective strategy for the screening of patients with PA
can be exploited at most centers, the identification of its subtypes involves adrenal
vein sampling, which is a procedure technically difficult to perform and interpret.
Therefore, it should be undertaken at tertiary referral centers with experience in
performing and interpreting this test.

Keywords Arterial hypertension ® Aldosterone ® Primary aldosteronism ¢ Diagnosis
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Introduction

Primary aldosteronism (PA) is a common, albeit markedly under diagnosed, cause
of curable arterial hypertension, which is characterized by an increased secretion of
aldosterone that is apparently autonomous of the renin—angiotensin system (RAS),
because renin is suppressed. This translates into sodium and water retention and
potassium loss with hypokalemia. In the presence of a high-to-normal sodium
intake, the hyperaldosteronism exerts several detrimental effects [1-19] on the car-
diovascular system, which ultimately translate into an excess rate of atrial fibrilla-
tion, ischemic stroke [19-21], and cerebral hemorrhage [22], “flash” pulmonary
edema, and myocardial infarction [21]. The early identification PA followed by
diagnosis of its subtypes, which entail surgically curable and surgically incurable
causes (Table 1.1) [23], is key since in the former adrenalectomy cures PA and in the
latter institution of specific drug treatment can avoid the ominous consequences of
PA, including prominent target organ damage and cardiovascular events.

Molecular Mechanisms of PA

Aldosterone is synthesized from cholesterol in the mitochondria of the adrenocorti-
cal zona glomerulosa (ZG) cells. The regulation of this biosynthesis occurs acutely
through the increase of cholesterol entry into the mitochondria and chronically by
changing the expression of enzymes involved in ZG steroidogenesis, such as the
aldosterone synthase, which is responsible for the final step of aldosterone biosyn-
thesis and is encoded by the CYP11B2 gene. When systematically investigated in

Table 1.1 Forms of primary aldosteronism

Surgically curable
Aldosterone-producing adenoma (aldosteronoma)
Unilateral
Bilateral
Primary unilateral adrenal hyperplasia
Multinodular unilateral adrenocortical hyperplasia
Ovary aldosterone-secreting tumor
Familial type II hyperaldosteronism
Familial type III hyperaldosteronism (requiring bilateral adrenalectomy)
Aldosterone-producing adenoma or bilateral adrenal hyperplasia with concomitant pheochromocytoma
Aldosterone-producing carcinoma
Surgically not curable
Bilateral adrenal hyperplasia
Unilateral aldosterone-producing adenoma with bilateral adrenal hyperplasia
Familial type I hyperaldosteronism (also known as glucocorticoid-remediable aldosteronism)
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aldosterone-producing adenoma (APA), unexpectedly this gene was not found to be
consistently overexpressed as these tumors exhibited heterogeneous levels of the
CYPI11B2 transcript, indicating a high degree of complexity in the regulation of
aldosterone production in PA [24].

It is well established that the major regulators of aldosterone production are
angiotensin II, ACTH, endothelin-1, and the extracellular level of potassium (K*).
The former three stimuli were not found to be activated in human PA and therefore
are unlikely to play a key role in maintaining the hyperaldosteronism in PA. At vari-
ance, the role of K* has been emphasized by recent findings: K* is a key modulator
of aldosterone secretion as small elevations in its serum levels even within the phys-
iological range increase the sensitivity of ZG cells to angiotensin (Ang) II and other
secretagogue stimuli. These K* oscillations are held to depolarize the cell leading to
opening of T-type-low-voltage-activated calcium channels, and thereby to Ca?-
triggered aldosterone synthesis and cell growth. Recently, molecular variants of K*
Channels genes have been associated with phenotypes mimicking PA in animal
models and in humans [25-47].

Moreover, a germinal mutation in the KCNJ5 gene coding for the Kir3.4 potas-
sium channel has recently been described to cause a rare familial form of PA featur-
ing severe drug-resistant high BP and massive bilateral hyperplasia that required
bilateral adrenalectomy (Familial Hyperaldosteronism type III) [29, 34, 38, 42].
Besides this exceedingly rare germinal variant, several somatic KCNJ5 mutations
were found to occur in approximately one-third of the APA [25, 27, 28, 31-33,
39-42]. All of these variants are located in the selectivity filter of the channel, e.g.,
the region that confers selectivity for K*. They were found to be functional in that
they cause loss of ion specificity of the channel leading to Na* entry and thus to cell
depolarization with subsequent opening of T-type Ca’* Channels [35-37, 42].
Besides these mutations, exome sequencing recently revealed additional mutations
in the ATP1A1 and ATP2B3 [48] and in the calcium channel CACNA1D [49, 50].
The common denominator of all these changes would be enhanced Ca?* entry with
ensuing stimulation of steroidogenesis. However, the reasons for the occurrence of
these mutations remain unknown although at this stage it would seem that they
represent a mechanism whereby hyperaldosteronism once developed is maintained
rather than the initial trigger of the disease. It remains unclear if these mutations are
responsible also for enhanced cell proliferation leading to APA development or only
for persistent aldosterone excess, as in vitro experiments in transfected cells would
support the latter but not the former contention [35, 37, 42].

Overall available data allow the conclusion that molecular alterations of cell han-
dling of K* are instrumental in maintaining overproduction of aldosterone in a sub-
set of APA, in spite of the high BP, the suppression of Angiotensin II and the
hypokalemia, all factors that occur in PA and by themselves would be expected to
blunt aldosterone production. This contention is supported by findings in different
animal models in which inactivation of other K* channels, the Twik Related Acid
Sensitive K* (TASK) 1 and/or 3 created a phenotype similar to human PA featuring
hyperaldosteronism, sodium-dependent high blood pressure, low plasma renin and
low K* [45]. These channels generate background, or “leak,” K* currents that are
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essential for maintaining a negative resting membrane potential. The homozygous
knockout of only one of these channels generated two distinct forms of hyperaldo-
steronism: the inactivation of TASK-1 caused a severe hyperaldosteronism with
low-renin hypertension and a defective adrenocortical zonation, which were
glucocorticoid-remediable, albeit only in females [46]. At variance, the knockout of
TASK-3 in mice caused a low-renin and salt-sensitive form of hypertension [44, 47].

Recent discoveries, however, have drawn attention also to other molecular
mechanisms that can drive aldosterone overproduction in APA. An elevated serum
titer of angiotensin-II type-1 receptor auto-antibodies (AT1AA) in patients with an
APA, and not with bilateral adrenal hyperplasia was discovered [51]. The peculiar
increase of AT1AA in APA patients could have both functional and clinical conse-
quences. In fact, these tumors were found to express functional AT1 receptors and
moreover, a considerable proportion of them are responsive to Ang-II. Hence, it
might be that these agonistic autoantibodies against type-1 angiotensin-II receptor
stimulate aldosterone secretion and trigger the development of hyperplastic changes
in the ZG of PA patients. From the clinical standpoint the unique increase in APA
and not in IHA can be helpful in selecting the patients to be submitted to adrenal
vein sampling.

Another recent study from our group showed that patients with APA have a 31 %
higher parathormone (PTH) levels than demographically comparable primary
(essential) hypertension patients with similarly elevated blood pressure values [52].
A mild increase of PTH can therefore be a further, albeit hitherto unappreciated,
feature of APA that can be useful in pinpointing the patients with these tumors [52].
Moreover, the increase of PTH could be a factor contributing to the persistent
hyperaldosteronism in that PTH was shown to concentration-dependently increase
aldosterone secretion from human ZG and APA cells in primary culture [53].

In summary, the past 5 years have witnessed unprecedented progresses in the
understanding of the molecular mechanisms responsible of human PA. The impact
of this novel knowledge in terms of prevention and treatment of this common cause
of human hypertension is yet to be fully deployed.

Implications for Case Detection of the High Prevalence of PA

Notwithstanding the fact that normokalemic PA was described in 1965 [54-56], most
doctors still believe that hypokalemia is a conditio sine qua non of the disease. Hence,
they are alerted to search for PA only if hypertensive patients are hypokalemic, which
implies that many patients who can have PA, but are not hypokalemic, are not sub-
jected to any investigations to detect PA. This can explain why PA has been markedly
under diagnosed and therefore its prevalence has been underestimated among hyper-
tensive patients.

The first large prospective survey designed to furnish solid data on PA preva-
lence, the PAPY (Primary Aldosteronism Prevalence in hYpertensives) Study, was
eventually reported in 2006 [57].
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Table 1.2 Cohorts of patients with increased chance of primary aldosteronism

* Resistant hypertension

e Grade 2 or 3 hypertension

e Spontaneous or diuretic-induced hypokalemia

e Incidentally discovered apparently nonfunctioning adrenal mass (incidentaloma)
* Early onset (juvenile) hypertension and/or stroke (<50 years)

Patients with hypertension who also have one or more of these conditions have an
increased pretest probability of primary aldosteronism

Using a thorough diagnostic workup and a rigorous set of criteria aimed at
establishing the presence of PA, and of its subtype [58], this study evidenced that PA
involves 11.2 % of consecutive newly diagnosed hypertensive patients referred to
hypertension centers. More importantly, it showed that 4.8 % of the 1,125 patients
that were recruited had a surgically curable subtype, which led, the investigators to
conclude that PA is the most common endocrine form of hypertension and can be
curable in almost half of the cases.

Knowledge of the exact prevalence rate of a disease is fundamental for estimating,
along with clinical assessment, the prior probability of PA in individual patients,
which in turn is key for deciding whether to proceed with further diagnostic tests. The
incremental gain of a diagnostic test is in fact maximized when the patient’s prior
probability of a disease is between 10 and 30 %. Hence, with a documented high
prevalence of PA of 11.2 % in hypertensive patients [57, 59-73] by selecting the
categories of patients to be screened (Table 1.2) [74], one could enrich the PA preva-
lence and therefore make the screening cost-effective.

Screening Strategy

The Endocrine Society guidelines [74] suggested a case detection strategy, which is
based on the aforementioned considerations (reviewed in [75]), according to which
the screening tests should be performed only in patients with a higher pretest prob-
ability of PA (Table 1.2).

However, considering the high prevalence rate of PA [57], and the possibility
of preventing cardiovascular complications with an early diagnosis and specific
treatment [76], other experts favor a wider strategy, e.g., screening of all newly
presenting hypertensive patients. Implementation of this strategy could be too chal-
lenging on the health care system of many countries and therefore the decision on
what to do depends on several aspects, some of which related to the patient’s fea-
tures and some to the level of health care that a given country can provide.

Nonetheless, the screening is mandatory in the categories of patients listed in
Table 1.2, particularly if the patients are reasonable candidate for adrenalectomy and/
or have resistant hypertension. Some additional categories of patients could be included
in this list, because of a higher risk of PA, including those with evidence of target organ
disproportionate to their blood pressure levels, those with obstructive sleep apnea syn-
drome and patients with hypertension and overweight/obesity [77, 78].
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Biochemical Diagnosis

In all these patients the first step for the diagnosis of PA requires the demonstration
of a hyperaldosteronism that is autonomous from the RAS. The aldosterone-
to-renin ratio (ARR) represents a simplified approach to this goal [79], but its proper
use requires consideration to several issues that are discussed in depth elsewhere
[80]. Since the ARR value depends on plasma aldosterone concentration (PAC) and
on renin, a suppressed renin value will increase the ARR even when PAC is normal.
Therefore, a high ARR should be considered as diagnostic for PA only if the PAC is
elevated, e.g., >15 ng/dL.

Currently available assays for plasma renin activity (PRA) and for direct active
renin (DRA) lose their precision in the low range. Therefore, to avoid overinflating
the ratio ARR when renin is very low, it is common to fix the lowest renin value at
a minimum (which is 0.2 ng/mL/h for PRA and 0.6 mIU/dL (0.36 ng/mL) for DRA)
[57, 58]. These precautions are fundamental in the elderly and the population of
African origin who usually have low PRA values. Thus, the ARR should not be used
in a purely arithmetic manner, but rather interpreted as indicative of PA if a combi-
nation of increased ARR and a PAC> 15 ng/dL is found. It has indeed to be acknowl-
edged that the ARR is a crude bivariate analysis. Based on strong theoretical
considerations multivariate discriminant analysis strategies can achieve a more
accurate identification of PA [63]. They have the additional advantage of furnishing
an estimate of the individual patient’s probability of PA, which enables clinicians to
decide on whether to proceed with further testing [57].

It is worth reckoning that the ARR was shown to be reproducible when repeated
under carefully standardized conditions [57, 81], and carries quantitative informa-
tion. Therefore, an ARR value that was properly determined and resulted to be
markedly elevated represents a strong indication of the presence of PA. An ARR
value that is not markedly elevated, particularly when a carryover effect of drug
treatment cannot be ruled out, should be confirmed at retesting under proper condi-
tions, before being considered as an indication to proceed to AVS [81].

Finally, some important points must to be made concerning the assay to be used
for renin measurement. The DRA assay is gaining popularity because it requires
handling the samples at room temperature (for review [75]) [82, 83]. On the other
hand, when using the PRA assay, handling plasma at room temperature can lead to
angiotensin I generation and angiotensinogen consumption, and thus to underesti-
mation of renin. If the samples are properly collected for each assay, the DRA and
PRA values show a good correlation; which is and stronger when renin is stimulated
weaker in the low range values [84], where the PA patients typically are, because
the precision of either assay diminishes in this low range [84]. Moreover, it has,
however, to be acknowledged that only one study has prospectively documented the
feasibility of using the ARR based on the DRA for identifying APA to date [84], and
therefore further experience should be gained before replacement of the PRA could
be advised.
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Conditions for Testing

A careful preparation of the patient is a key step in the screening because several
factors and most antihypertensive drugs affect either PAC or renin values or both,
and thereby the ARR (Table 1.3). Treatment must therefore be modified before
measuring these hormones.

Importantly, some agents have negligible effects on the ARR: the alpha;-receptor
blocker doxazosin minimally affect the renin—angiotensin—aldosterone system,
while the long-acting calcium channel blockers (CCB) have a small blunting effect
on aldosterone secretion [57, 85, 86]. These agents can therefore be used, alone or
in combination, to control blood pressure at screening if withdrawal of the antihy-
pertensive treatment is harmful [57]. If the patient needs a more complex treatment,
knowledge of the effect of the different drugs on the ARR and its components
(Table 1.4) can assist in interpreting the ARR and making the correct diagnosis: a
high PAC in a patient on drugs that should lower aldosterone, and/or a blunted renin
value on agents that are expected to raise renin secretion are strong clues to the
presence of PA.

Table 1.3 Suggestions for the correct use of the ARR as a screening test

Factors affecting ARR Suggestion

Serum levels of potassium Correct hypokalemia, if present, before performing the test
to avoid false negative ARR values

PAC Be aware that high PAC might originate from low salt

intake or use of diuretics

Prepare patient with adequate salt intake, measure 24 h
urinary sodium excretion

Withdraw diuretics at least 3—4 weeks before testing;
mineralocorticoid receptor antagonists at least 6 weeks
before testing

Renin assay Because of low precision of the PRA or DRA assay for low
renin values, fix the lowest level of renin to be used in
the ARR

Patient position and blood Standardize the position of the patient and sampling

sampling conditions at your center

Handling of the samples Be aware that handling and storage of plasma samples
differ for PRA and DRA assays

Drugs ay-receptor blocker doxazosin and long-acting calcium
channel blockers are allowed

ARR accuracy The cutoff value that provides the best combination of

sensitivity and specificity should be identified at each
center by ROC curves

Be aware that the ARR is a crude bivariate analysis and that
multivariate logistic discriminant analysis might provide
better diagnostic accuracy

ARR aldosterone—renin ratio, PAC plasma aldosterone concentration, PRA plasma renin activity,
DRA direct active renin, ROC receiver operating characteristic
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Table 1.4 Effects of drugs and conditions

False False
Factor PAC Renin ARR positive rate negative rate
Medications
B blockers 1 W 1 N !
Central a-, agonists ) 1l ) i 1
NSAIDs ) N} ) T 1
K* losing diuretics ) N 1 l 1
K* sparing diuretics T M) l 1 1
Angiotensin-converting enzyme l " l l T
inhibitors
Angiotensin II receptor blockers | i 1 l 1
Long acting calcium channel -] - l -l -1
blockers
Renin inhibitors ) e b e Lo
Potassium status
Hypokalemia ! -1 1 l 1
Potassium loading 1 -1 ) T )
Sodium status
Sodium depletion 1 " 1 l 1
Sodium loading ) N 1 T 1
Aging ) N 1 1
Other conditions
Renal impairment - ) 1 T {
Pregnancy ) 1N l 1 1
Renovascular 1 i ! 1 1
Malignant 1 " l | 1

B Blockers reduce levels of renin but affect PAC relatively less, thus raising the ARR, therefore they
increase the false positive rate. Drugs that raise the PRA more than PAC, such as diuretics and miner-
alocorticoid receptor antagonists increase the rate of false negative diagnoses. Angiotensin-converting
enzyme inhibitors, angiotensin II receptor blockers, and renin inhibitors raise renin and reduce aldo-
sterone secretion and therefore they reduce the ARR and markedly increase the false negative rate
aRenin inhibitors lower PRA but raise DRA. This effect would be expected to increase false posi-
tives when renin is measured as PRA, and false negatives when renin is measured as DRA.
Abbreviations: ARR aldosterone-renin ratio, DRA direct active renin, PAC plasma aldosterone
concentration, PRA plasma renin activity

Exclusion of PA

By definition the screening tests must be highly sensitive to avoid missing any PA
case. This implies that they usually carry false positive cases that must be identified
and excluded, before selecting the patient for adrenal vein sampling (AVS). The oral
sodium loading test, the saline infusion test, the fludrocortisone with salt loading
test, and the captopril challenge tests are available to this goal [59, 63, 87, 88]. They
are aimed at demonstrating that excess aldosterone secretion is autonomous from
the RAS. Unfortunately, this is not often the case since many cases of PA are angio-
tensin-dependent [89, 90]. Hence, relying on these tests can lead to missing several
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curable APAs that show suppressible aldosterone excess after blunting renin. Thus,
once a markedly elevated ARR, e.g., above 50 or 100, has been found there is no
need, in our view, to perform any exclusion test. Whenever the ARR is borderline
elevated, e.g., between 26 and 50, but this has been confirmed at a second ARR, at
our institution we proceed directly with AVS [81].

Imaging of PA

High-resolution CT with 2-3 mm cuts is the best available technique for identifying
adrenal nodules [86, 91, 92], that can be an APA, PAH [93], or BAH. Magnetic reso-
nance is more susceptible to motion artifacts and less acceptable to patients [94].
Both CT and MR are useful to identify the rare aldosterone-producing carcinomas
that are large [95, 96]. By contrast, half of the currently identified APA are smaller
than 20 mm and up to 42 % less than 6 mm [69, 97]. PAH and MUAN are also most
often smaller than 10 mm, which makes them hardly detectable with these imaging
technologies.

A CT-evident non-functioning adrenal mass can concur in a hypertensive patient
with PA with a tiny CT-undetectable APA; moreover, in a patient with PA an adre-
nal nodule can be an APA, a macronodule of hyperplasia due to IHA [98, 99], or to
PAH [93, 97], but also a non-functioning adenoma (“incidentaloma’), which is
common at autopsy regardless of the presence of hypertension [100]. Hence, adre-
nal imaging is inadequate to achieve discrimination between APA and IHA. In fact
CT mistakenly suggested an APA in one quarter of the patients; identified correctly
a unilateral or bilateral aldosterone excess only in half; falsely suggested a BAH in
one fifth of patients with a unilateral source of aldosterone excess and showed the
presence of an APA in the wrong adrenal in some patients [101]. Overall, CT
results are confounding in about half of the patients: they can lead to useless and/
or inappropriate adrenalectomy in one quarter of the cases and to exclusion from
adrenalectomy of another quarter of the patients who are potentially curable with
this procedure [101, 102].

Subtype Differentiation by Adrenal Vein Sampling (AVS)

Given the fallacies of imaging tests, the cornerstone for diagnosing unilateral pro-
duction of aldosterone remains AVS [103]. The patients should be carefully selected
for AVS, which is expensive, technically demanding and carries a tiny risk of adre-
nal vein rupture [104, 105].

Since AVS is aimed at posing the indication for adrenalectomy, it should be
offered to all patients before adrenalectomy. Surgery should not be undertaken
without evidence of lateralized aldosterone secretion, it should be reserved only to
the patients in whom there is a strong biochemical evidence of PA and in whom
rarer forms of mineralocorticoid excess have been excluded [23, 58]. Moreover,
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these patients should be candidates for general anesthesia and surgery and should be
willing to undergo adrenalectomy.

Conversely, AVS should not be offered to the patients in whom surgery is already
indicated because of the large size of the adrenal mass and/or a likely diagnosis
of adrenocortical carcinoma, which, however, only rarely secrete only aldosterone
[95, 96]. In contrast, some centers reserve AVS only for those who are older than
40 years, based on the premise that the prevalence of non-functioning adenoma
(“incidentaloma”) increases with age and therefore an adrenal mass in a patients
younger than 40 with PA “must be an APA” [101, 106, 107]. However, as PA can be
due to BAH or to a small CT-invisible APA contralateral to the identified node we
do not support this view.

AVS should be performed only after correction of the hypokalemia, if present,
and, if feasible, after withdrawal of confounding drugs (Table 1.4). Both the perfor-
mance and the interpretation of AVS require considerable experience; hence, this
test should be reserved to third level referral centers [108].

The measurement of plasma cortisol concentration (PCC), besides that of PAC,
in adrenal vein blood is essential for calculation of the selectivity index to confirm
catheter placement and correct for dilution during sampling [103]. Values of this
index >2.0 under unstimulated conditions, or >3.0 after cosyntropin stimulation
allows to establish that the study was bilaterally selective, which is held to be a
prerequisite for use of AVS data for diagnostic purposes at many centers. ACTH
(cosyntropin) stimulation, which is being used to abolish stress-related differences
between sides, increases markedly the selectivity index [101, 104, 108, 109]. Without
stimulation, which is being used to abolish stress-related differences between sides
[101, 104, 108—110]. This stimulation is unnecessary when bilateral simultaneous
AVS [108] is used and moreover exerts a confounding effect on the lateralization
index. Therefore, we and others do not support its use [103, 108—111].

A major source of variation in interpretation of AVS results depends on the dif-
ficulty in catheterization of the right adrenal vein, which is short and sometimes
shares an egress with inferior accessory hepatic veins resulting in mixing of adrenal
blood from liver blood. This dilutes the PCC and PAC, which can result to be even
lower than peripheral values due to liver metabolism of the steroids [111]. Super-
selective catheterization of the right adrenal vein after identifying the hepatic vein
(by CT or phlebography) [111], can allow to this problem [112, 113].

Bilaterally selective AVS results should be assessed by calculating the lateraliza-
tion index [103], which usually provides an accurate diagnosis [114]. Although con-
sensus on the cutoff values to be used lacks and variable cutoffs have also been
proposed based on the concomitant assessment of contralateral suppression (see
later) [115-117], common cutoffs to differentiate unilateral production from bilateral
aldosterone excess are between 2.0 and 5.0 [101, 118, 119]. Undoubtedly use of high
cutoff values allows selecting patients that are most likely to benefit from adrenalec-
tomy, but it can preclude curative surgery to many patients who show lower values.
Results of studies that have formally assessed the performance of different cutoff
values showed that a low lateralization index of 2.0 was associated with strong evi-
dence of cure post-adrenalectomy [103, 114]; moreover, 20.5 % of the patients in a
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recent study were cured even despite having a lateralization index below 2.0 [103].
These observations, along with the report that even patients with bilateral aldoste-
rone excess can benefit from adrenalectomy [120], collectively indicate that use of
the higher (restrictive) cutoffs lead to denying beneficial adrenalectomy to many
patients, thus supporting adoption of a low cutoff value for the lateralization index.

To address the several issues that remain controversial and/or unresolved in
the interpretation of AVS [121], an international multicentre study, the Adrenal
Vein sampling International Study (AVIS, http://clinicaltrials.gov/ct2/show/NCTO
1234220) was recently completed [105]. It showed that even despite the guidelines
recommendations, many patients with PA still undergo adrenalectomy without
AVS. Moreover, it showed that AVS is a safe procedure with a rate of adrenal vein
rupture of 0.6 % [105].

C!"'methomidate positron emission tomography could be an alternative approach
to the demonstration of lateralized aldosterone excess, but it requires a positron
facility for the preparation of the tracer and therefore could be used only at large
tertiary referral centers. Whether it could identify the majority of APAs that are tiny
remains to be proven.

Treatment

In patients who are candidate for general anesthesia and wish to achieve long term
cure a lateralized aldosterone secretion should be demonstrated before undertaking
surgery. Laparoscopic adrenalectomy is currently the best treatment, which can be
performed with a short hospital stay at a very low operative risk [122—124]. When
adrenalectomy is performed after demonstration of lateralized aldosterone excess
the cure rate of PA is close to 100 % and the long-term cure of hypertension is about
42 %. Moreover, adrenalectomy was shown to induce regression of left ventricular
hypertrophy [20], and to improve diastolic dysfunction when present [8].

Lower rates of cure of hypertension [125, 126] can be due to performance of
adrenalectomy on the basis of imaging alone that, as mentioned above, can be mis-
leading in a substantial proportion of the cases. Even when antihypertensive treat-
ment cannot be withdrawn, a marked improvement is usually seen in that the number
and/or the doses of antihypertensive drugs can be markedly decreased and/or resis-
tant can be resolved [76]. As the blood pressure outcome was predicted by a short
known duration of hypertension [127], and the presence of vascular remodelling
[76], overall these data support the concept that the sooner the diagnosis is made
and adrenalectomy is performed, the better in terms of outcome.

Failure to cure can derive from an inaccurate diagnosis, that is the lack of per-
forming or correctly interpreting AVS results, the development of bilateral APA
over time or, more commonly to the concurrence of primary hypertension. Given
the high prevalence of PA and primary (essential) hypertension up to 40 % of
the patients with PA can also have concurrent primary hypertension [128], which
indicates that adrenalectomy can only cure hormonal alterations, but not hyperten-
sion, in these cases.
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MR receptor antagonists, as spironolactone, canrenone, potassium canrenoate,
and the more selective, but more expensive, shorter acting eplerenone are a rea-
sonable alternative to adrenalectomy for the patients who either are not candidates
for surgery, or do not show lateralized aldosterone excess. Additional potent and
specific MR antagonists are also being developed [3]. Pilot studies suggest that
they can effectively control blood pressure in PA patients and decrease left ven-
tricular mass, but whether they are as effective as adrenalectomy in providing
regression of target organ damage remain to be conclusively proven. The occur-
rence of gynecomastia and impotence, which can occur with the oldest MR recep-
tor antagonists, is dose-dependent, which suggests the use of lower doses in
combination, if necessary, with other agents such as long-acting CCB, some of
which also have MR antagonistic properties [129], ACE inhibitors or ARBs. Both
the latter drugs can be particularly useful as they effectively control the stimula-
tion of the RAS provoked by the diuretic action of the MR antagonists. Since the
MR antagonists, while being effective in controlling the hyperaldosteronism, do
not correct it, aldosterone synthase inhibitors are also being developed and tested
in phase 3 trials.

Conclusions

Many so-called “essential” hypertensive patients whose high blood pressure is
caused by PA can successfully be identified by following few simple rules.
Hyperaldosteronism and hypokalemia can be cured with adrenalectomy in practi-
cally all these patients; blood pressure can also be normalized or markedly lowered
in a substantial proportion if a unilateral cause of PA is discovered. Hence, screen-
ing for PA can be particularly rewarding, when hypertension is severe and/or
resistant to treatment because removal of an APA can bring blood pressure under
control even despite withdrawal or a prominent reduction of the number and doses
of antihypertensive medications.

Acknowledgments The studies reported in this chapter were supported by research grants from
FORICA (The FOundation for advanced Research in Hypertension and CArdiovascular diseases),
from the Young Research Program of the Italy’s Health Minister Project GR-2009-1524351 and
the Societa Italiana dell’Ipertensione Arteriosa.

References

1. Fritsch Neves M, Schiffrin EL (2003) Aldosterone: a risk factor for vascular disease. Curr
Hypertens Rep 5:59-65

2. Pu Q, Neves MF, Virdis A, Touyz RM, Schiffrin EL (2003) Endothelin antagonism on
aldosterone-induced oxidative stress and vascular remodeling. Hypertension 42:49-55

3. Schupp N, Queisser N, Wolf M, Kolkhof P, Barfacker L, Schafer S, Heidland A, Stopper H
(2010) Aldosterone causes DNA strand breaks and chromosomal damage in renal cells,



1 Primary Aldosteronism: Molecular Mechanisms and Diagnosis 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

which are prevented by mineralocorticoid receptor antagonists. Horm Metab Res 42:
458-465

. Rocha R, Rudolph AE, Frierdich GE, Nachowiak DA, Kekec BK, Blomme EA, McMahon

EG, Delyani JA (2002) Aldosterone induces a vascular inflammatory phenotype in the rat
heart. Am J Physiol Heart Circ Physiol 283:H1802-H1810

. Brilla CG, Maisch B, Weber KT (1992) Myocardial collagen matrix remodelling in arterial

hypertension. Eur Heart J 13(Suppl D):24-32

. Brilla CG, Pick R, Tan LB, Janicki JS, Weber KT (1990) Remodeling of the rat right and left

ventricles in experimental hypertension. Circ Res 67:1355-1364

. Rossi GP, Sacchetto A, Pavan E, Scognamiglio R, Pietra M, Pessina AC (1997) Left ventricu-

lar systolic function in primary aldosteronism and hypertension. J Hypertens 19(Suppl 8):
S147-S151

. Rossi GP, Sacchetto A, Pavan E, Palatini P, Graniero GR, Canali C, Pessina AC (1997)

Remodeling of the left ventricle in primary aldosteronism due to Conn’s adenoma. Circulation
95:1471-1478

. Rossi GP, Di Bello V, Ganzaroli C, Sacchetto A, Cesari M, Bertini A, Giorgi D, Scognamiglio

R, Mariani M, Pessina AC (2002) Excess aldosterone is associated with alterations of
myocardial texture in primary aldosteronism. Hypertension 40:23-27

Farquharson CA, Struthers AD (2002) Aldosterone induces acute endothelial dysfunction in vivo
in humans: evidence for an aldosterone-induced vasculopathy. Clin Sci (Lond) 103:425-431
Nishizaka MK, Zaman MA, Green SA, Renfroe KY, Calhoun DA (2004) Impaired
endothelium-dependent flow-mediated vasodilation in hypertensive subjects with hyperaldo-
steronism. Circulation 109:2857-2861

Taddei S, Virdis A, Mattei P, Salvetti A (1993) Vasodilation to acetylcholine in primary and
secondary forms of human hypertension. Hypertension 21:929-933

Muiesan ML, Rizzoni D, Salvetti M, Porteri E, Monteduro C, Guelfi D, Castellano M,
Garavelli G, Agabiti-Rosei E (2002) Structural changes in small resistance arteries and left
ventricular geometry in patients with primary and secondary hypertension. J Hypertens
20:1439-1444

Rizzoni D, Muiesan ML, Porteri E, Salvetti M, Castellano M, Bettoni G, Tiberio G, Giulini
SM, Monteduro C, Garavelli G, Agabiti-Rosei E (1998) Relations between cardiac and
vascular structure in patients with primary and secondary hypertension. J Am Coll Cardiol
32:985-992

Halimi JM, Mimran A (1995) Albuminuria in untreated patients with primary aldosteronism
or essential hypertension. J Hypertens 13:1801-1802

Rossi GP, Bernini G, Desideri G, Fabris B, Ferri C, Giacchetti G, Letizia C, Maccario M,
Mannelli M, Matterello MJ, Montemurro D, Palumbo G, Rizzoni D, Rossi E, Pessina AC,
Mantero F, PAPY Study Participants (2006) Renal damage in primary aldosteronism: results
of the PAPY Study. Hypertension 48:232-238

Rossi GP, Sechi LA, Giacchetti G, Ronconi V, Strazzullo P, Funder JW (2008) Primary aldoste-
ronism: cardiovascular, renal and metabolic implications. Trends Endocrinol Metab 19:88-90
Sechi LA, Novello M, Lapenna R, Baroselli S, Nadalini E, Colussi GL, Catena C (2006)
Long-term renal outcomes in patients with primary aldosteronism. JAMA 295:2638-2645
Nishimura M, Uzu T, Fujii T, Kuroda S, Nakamura S, Inenaga T, Kimura G (1999)
Cardiovascular complications in patients with primary aldosteronism. Am J Kidney Dis 33:
261-266

Rossi GP, Cesari M, Cuspidi C, Maiolino G, Cicala MV, Bisogni V, Mantero F, Pessina AC
(2013) Long-term control of arterial hypertension and regression of left ventricular hypertro-
phy with treatment of primary aldosteronism. Hypertension 62:62—69

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

Takeda R, Matsubara T, Miyamori I, Hatakeyama H, Morise T (1995) Vascular complications in
patients with aldosterone producing adenoma in Japan: comparative study with essential hyper-



14

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

G.P. Rossi and L. Lenzini

tension. The Research Committee of Disorders of Adrenal Hormones in Japan. J Endocrinol
Invest 18:370-373

. Rossi GP (2006) Surgically correctable hypertension caused by primary aldosteronism. Best

Pract Res Clin Endocrinol Metab 20:385-400

Lenzini L, Seccia TM, Aldighieri E, Belloni AS, Bernante P, Giuliani L, Nussdorfer GG,
Pessina AC, Rossi GP (2007) Heterogeneity of aldosterone-producing adenomas revealed by
a whole transcriptome analysis. Hypertension 50:1106-1113

Arnesen T, Glomnes N, Stromsoy S, Knappskog S, Heie A, Akslen LA, Grytaas M, Varhaug
JE, Gimm O, Brauckhoff M (2013) Outcome after surgery for primary hyperaldosteronism
may depend on KCNIJ5 tumor mutation status: a population-based study from Western
Norway. Langenbecks Arch Surg 398:869-874

Beuschlein F (2013) Regulation of aldosterone secretion: from physiology to disease. Eur J
Endocrinol 168:R85-R93

Boulkroun S, Golib Dzib JF, Samson-Couterie B, Rosa FL, Rickard AJ, Meatchi T, Amar L,
Benecke A, Zennaro MC (2013) KCNJ5 mutations in aldosterone producing adenoma and
relationship with adrenal cortex remodeling. Mol Cell Endocrinol 371:221-227

Li NF, Li HJ, Zhang DL, Zhang JH, Yao XG, Wang HM, Abulikemu S, Zhou KM, Zhang XY
(2013) Genetic variations in the KCNJ5 gene in primary aldosteronism patients from
Xinjiang, China. PLoS One 8:e54051

Scholl UI, Lifton RP (2013) New insights into aldosterone-producing adenomas and heredi-
tary aldosteronism: mutations in the K+ channel KCNIJS5. Curr Opin Nephrol Hypertens
22:141-147

Stowasser M (2013) Primary aldosteronism and potassium channel mutations. Curr Opin
Endocrinol Diabetes Obes 20:170-179

Akerstrom T, Crona J, Delgado Verdugo A, Starker LF, Cupisti K, Willenberg HS, Knoefel
WT, Saeger W, Feller A, Ip J, Soon P, Anlauf M, Alesina PF, Schmid KW, Decaussin M,
Levillain P, Wangberg B, Peix JL, Robinson B, Zedenius J, Backdahl M, Caramuta S, Iwen
KA, Botling J, Stalberg P, Kraimps JL, Dralle H, Hellman P, Sidhu S, Westin G, Lehnert H,
Walz MK, Akerstrom G, Carling T, Choi M, Lifton RP, Bjorklund P (2012) Comprehensive
re-sequencing of adrenal aldosterone producing lesions reveal three somatic mutations near
the KCNIJS5 potassium channel selectivity filter. PLoS One 7:e41926

Azizan EA, Murthy M, Stowasser M, Gordon R, Kowalski B, Xu S, Brown MJ, O’ Shaughnessy
KM (2012) Somatic mutations affecting the selectivity filter of KCNIJS5 are frequent in 2 large
unselected collections of adrenal aldosteronomas. Hypertension 59:587-591

Boulkroun S, Beuschlein F, Rossi GP, Golib-Dzib JF, Fischer E, Amar L, Mulatero P,
Samson-Couterie B, Hahner S, Quinkler M, Fallo F, Letizia C, Allolio B, Ceolotto G, Cicala
MYV, Lang K, Lefebvre H, Lenzini L, Maniero C, Monticone S, Perrocheau M, Pilon C,
Plouin PF, Rayes N, Seccia TM, Veglio F, Williams TA, Zinnamosca L, Mantero F, Benecke
A, Jeunemaitre X, Reincke M, Zennaro MC (2012) Prevalence, clinical, and molecular cor-
relates of KCNJ5 mutations in primary aldosteronism. Hypertension 59:592-598

Mulatero P, Tauber P, Zennaro MC, Monticone S, Lang K, Beuschlein F, Fischer E, Tizzani
D, Pallauf A, Viola A, Amar L, Williams TA, Strom TM, Graf E, Bandulik S, Penton D,
Plouin PF, Warth R, Allolio B, Jeunemaitre X, Veglio F, Reincke M (2012) KCNJ5 mutations
in European families with nonglucocorticoid remediable familial hyperaldosteronism.
Hypertension 59:235-240

Murthy M, Azizan EA, Brown MJ, O’Shaughnessy KM (2012) Characterization of a novel
somatic KCNJ5 mutation dell157 in an aldosterone-producing adenoma. J Hypertens 30:
1827-1833

Oki K, Plonczynski MW, Lam ML, Gomez-Sanchez EP, Gomez-Sanchez CE (2012) The
potassium channel, Kir3.4 participates in angiotensin II-stimulated aldosterone production
by a human adrenocortical cell line. Endocrinology 153:4328-4335

Oki K, Plonczynski MW, Luis Lam M, Gomez-Sanchez EP, Gomez-Sanchez CE (2012)
Potassium channel mutant KCNJ5 T158A expression in HAC-15 cells increases aldosterone
synthesis. Endocrinology 153:1774-1782



1 Primary Aldosteronism: Molecular Mechanisms and Diagnosis 15

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

Scholl UI, Nelson-Williams C, Yue P, Grekin R, Wyatt RJ, Dillon MJ, Couch R, Hammer LK,
Harley FL, Farhi A, Wang WH, Lifton RP (2012) Hypertension with or without adrenal
hyperplasia due to different inherited mutations in the potassium channel KCNJ5. Proc Natl
Acad Sci U S A 109:2533-2538

Seccia TM, Mantero F, Letizia C, Kuppusamy M, Caroccia B, Barisa M, Cicala MV, Miotto
D, Rossi GP (2012) Somatic mutations in the KCNJ5 gene raise the lateralization index:
implications for the diagnosis of primary aldosteronism by adrenal vein sampling. J Clin
Endocrinol Metab 97:E2307-E2313

Taguchi R, Yamada M, Nakajima Y, Satoh T, Hashimoto K, Shibusawa N, Ozawa A, Okada
S, Rokutanda N, Takata D, Koibuchi Y, Horiguchi J, Oyama T, Takeyoshi I, Mori M (2012)
Expression and mutations of KCNJ5 mRNA in Japanese patients with aldosterone-producing
adenomas. J Clin Endocrinol Metab 97:1311-1319

. Yamada M, Nakajima Y, Taguchi R, Okamura T, Ishii S, Tomaru T, Ozawa A, Shibusawa N,

Yoshino S, Toki A, Ishida E, Hashimoto K, Satoh T, Mori M (2012) KCNJ5 mutations in
aldosterone- and cortisol-co-secreting adrenal adenomas. Endocr J 59:735-741

Choi M, Scholl UI, Yue P, Bjorklund P, Zhao B, Nelson-Williams C, Ji W, Cho Y, Patel A,
Men CJ, Lolis E, Wisgerhof MV, Geller DS, Mane S, Hellman P, Westin G, Akerstrom G,
Wang W, Carling T, Lifton RP (2011) K+ channel mutations in adrenal aldosterone-producing
adenomas and hereditary hypertension. Science 331:768-772

Zennaro MC, Jeunemaitre X (2011) Mutations in KCNJ5 gene cause hyperaldosteronism.
Circ Res 108:1417-1418

Penton D, Bandulik S, Schweda F, Haubs S, Tauber P, Reichold M, Cong LD, El Wakil A,
Budde T, Lesage F, Lalli E, Zennaro MC, Warth R, Barhanin J (2012) Task3 potassium chan-
nel gene invalidation causes low renin and salt-sensitive arterial hypertension. Endocrinology
153:4740-4748

Davies LA, Hu C, Guagliardo NA, Sen N, Chen X, Talley EM, Carey RM, Bayliss DA,
Barrett PQ (2008) TASK channel deletion in mice causes primary hyperaldosteronism. Proc
Natl Acad Sci U S A 105:2203-2208

Heitzmann D, Derand R, Jungbauer S, Bandulik S, Sterner C, Schweda F, El Wakil A, Lalli
E, Guy N, Mengual R, Reichold M, Tegtmeier I, Bendahhou S, Gomez-Sanchez CE, Aller
MI, Wisden W, Weber A, Lesage F, Warth R, Barhanin J (2008) Invalidation of TASK1 potas-
sium channels disrupts adrenal gland zonation and mineralocorticoid homeostasis. EMBO J
27:179-187

Guagliardo NA, Yao J, Hu C, Schertz EM, Tyson DA, Carey RM, Bayliss DA, Barrett PQ
(2012) TASK-3 channel deletion in mice recapitulates low-renin essential hypertension.
Hypertension 59:999-1005

Beuschlein F, Boulkroun S, Osswald A, Wieland T, Nielsen HN, Lichtenauer UD, Penton D,
Schack VR, Amar L, Fischer E, Walther A, Tauber P, Schwarzmayr T, Diener S, Graf E,
Allolio B, Samson-Couterie B, Benecke A, Quinkler M, Fallo F, Plouin PF, Mantero F,
Meitinger T, Mulatero P, Jeunemaitre X, Warth R, Vilsen B, Zennaro MC, Strom TM,
Reincke M (2013) Somatic mutations in ATP1A1 and ATP2B3 lead to aldosterone-producing
adenomas and secondary hypertension. Nat Genet 45:440-444, 444e1-2

Scholl UL, Goh G, Stolting G, de Oliveira RC, Choi M, Overton JD, Fonseca AL, Korah R,
Starker LF, Kunstman JW, Prasad ML, Hartung EA, Mauras N, Benson MR, Brady T, Shapiro
JR, Loring E, Nelson-Williams C, Libutti SK, Mane S, Hellman P, Westin G, Akerstrom G,
Bjorklund P, Carling T, Fahlke C, Hidalgo P, Lifton RP (2013) Somatic and germline
CACNAID calcium channel mutations in aldosterone-producing adenomas and primary
aldosteronism. Nat Genet 45:1050-1054

Azizan EA, Poulsen H, Tuluc P, Zhou J, Clausen MV, Lieb A, Maniero C, Garg S, Bochukova
EG, Zhao W, Shaikh LH, Brighton CA, Teo AE, Davenport AP, Dekkers T, Tops B, Kiisters
B, Ceral J, Yeo GS, Neogi SG, McFarlane I, Rosenfeld N, Marass F, Hadfield J, Margas W,
Chaggar K, Solar M, Deinum J, Dolphin AC, Farooqi IS, Striessnig J, Nissen P, Brown MJ.
(2013) Somatic mutations in ATP1A1 and CACNA 1D underlie a common subtype of adrenal
hypertension. Nat Genet 45:1055-1060



16

51

52.

53.

54.

55.

56.
57.

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

G.P. Rossi and L. Lenzini

. Rossitto G, Regolisti G, Rossi E, Negro A, Nicoli D, Casali B, Toniato A, Caroccia B, Seccia
TM, Walther T, Rossi GP (2013) Elevation of angiotensin-II type-1-receptor autoantibodies
titer in primary aldosteronism as a result of aldosterone-producing adenoma. Hypertension
61:526-533

Rossi GP, Ragazzo F, Seccia TM, Maniero C, Barisa M, Calo LA, Frigo AC, Fassina A,
Pessina AC (2012) Hyperparathyroidism can be useful in the identification of primary aldo-
steronism due to aldosterone-producing adenoma. Hypertension 60:431-436

Mazzocchi G, Aragona F, Malendowicz LK, Nussdorfer GG (2001) PTH and PTH-related
peptide enhance steroid secretion from human adrenocortical cells. Am J Physiol Endocrinol
Metab 280:E209-E213

Conn JW (1977) Primary aldosteronism. In: Genest J, Koiw E, Kuchel O (eds) Hypertension:
pathophysiology and treatment, vol 1. McGraw-Hill, New York, pp 768-780

Conn JW (1990) Part I. Painting background. Part II. Primary aldosteronism, a new clinical
syndrome. J Lab Clin Med 116:253-267

Conn JW (1964) Plasma renin activity in primary aldosteronism. JAMA 190:222-225

Rossi GP, Bernini G, Caliumi C, Desideri G, Fabris B, Ferri C, Ganzaroli C, Giacchetti G,
Letizia C, Maccario M, Mallamaci F, Mannelli M, Mattarello MJ, Moretti A, Palumbo G,
Parenti G, Porteri E, Semplicini A, Rizzoni D, Rossi E, Boscaro M, Pessina AC, Mantero F,
PAPY Study Investigators (2006) A prospective study of the prevalence of primary aldoste-
ronism in 1,125 hypertensive patients. ] Am Coll Cardiol 48:2293-2300

. Rossi GP, Pessina AC, Heagerty AM (2008) Primary aldosteronism: an update on screening,
diagnosis and treatment. J Hypertens 26:613-621

Gordon RD, Ziesak MD, Tunny TJ, Stowasser M, Klemm SA (1993) Evidence that primary
aldosteronism may not be uncommon: 12 % incidence among antihypertensive drug trial
volunteers 1. Clin Exp Pharmacol Physiol 20:296-298

Gordon RD, Stowasser M, Tunny TJ, Klemm SA, Rutherford JC (1994) High incidence of
primary aldosteronism in 199 patients referred with hypertension. Clin Exp Pharmacol
Physiol 21:315-318

Abdelhamid S, Muller-Lobeck H, Pahl S, Remberger K, Bonhof JA, Walb D, Rockel A
(1996) Prevalence of adrenal and extra-adrenal Conn syndrome in hypertensive patients.
Arch Intern Med 156:1190-1195

Brown MA, Cramp HA, Zammit VC, Whitworth JA (1996) Primary hyperaldosteronism: a
missed diagnosis in ‘essential hypertensives’? Aust N Z J Med 26:533-538

Rossi GP, Rossi E, Pavan E, Rosati N, Zecchel R, Semplicini A, Perazzoli F, Pessina AC
(1998) Screening for primary aldosteronism with a logistic multivariate discriminant analy-
sis. Clin Endocrinol (Oxf) 49:713-723

Mosso L, Fardella C, Montero J, Rojas P, Sanchez O, Rojas V, Rojas A, Huete A, Soto J,
Foradori A (1999) [High prevalence of undiagnosed primary hyperaldosteronism among
patients with essential hypertension]. Rev Med Chil 127:800-806

Rayner BL, Opie LH, Davidson JS (2000) The aldosterone/renin ratio as a screening test for
primary aldosteronism. S Afr Med J 90:394-400

Loh KC, Koay ES, Khaw MC, Emmanuel SC, Young WF Jr (2000) Prevalence of primary
aldosteronism among Asian hypertensive patients in Singapore. J Clin Endocrinol Metab
85:2854-2859

Denolle T, Hanon O, Mounier-Vehier C, Marquand A, Fauvel JP, Laurent P, Tison E, Equine
O, Ducloux D, Girerd X (2000) [What tests should be conducted for secondary arterial
hypertension in hypertensive patients resistant to treatment?]. Arch Mal Coeur Vaiss 93:
1037-1039

Cortes P, Fardella C, Oestreicher E, Gac H, Mosso L, Soto J, Foradori A, Claverie X, Ahuad
J, Montero J (2000) [Excess of mineralocorticoids in essential hypertension: clinical-
diagnostic approach]. Rev Med Chil 128:955-961

Nishikawa T, Omura M (2000) Clinical characteristics of primary aldosteronism: its preva-
lence and comparative studies on various causes of primary aldosteronism in Yokohama
Rosai Hospital. Biomed Pharmacother 54(Suppl 1):83s—85s



1 Primary Aldosteronism: Molecular Mechanisms and Diagnosis 17

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Lim PO, Dow E, Brennan G, Jung RT, MacDonald TM (2000) High prevalence of primary
aldosteronism in the Tayside hypertension clinic population. ] Hum Hypertens 14:311-315
Calhoun DA, Nishizaka MK, Zaman MA, Thakkar RB, Weissmann P(2002) Hyperaldosteronism
among black and white subjects with resistant hypertension. Hypertension 40:892-896
Schwartz GL, Turner ST (2005) Screening for primary aldosteronism in essential hyperten-
sion: diagnostic accuracy of the ratio of plasma aldosterone concentration to plasma renin
activity. Clin Chem 51:386-394

Rossi E, Regolisti G, Negro A, Sani C, Davoli S, Perazzoli F (2002) High prevalence of pri-
mary aldosteronism using postcaptopril plasma aldosterone to renin ratio as a screening test
among Italian hypertensives. Am J Hypertens 15:896-902

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

Rossi GP, Seccia TM, Pessina AC (2007) Clinical use of laboratory tests for the identification
of secondary forms of arterial hypertension. Crit Rev Clin Lab Sci 44:1-85

Rossi GP, Bolognesi M, Rizzoni D, Seccia TM, Piva A, Porteri E, Tiberio GA, Giulini SM,
Agabiti-Rosei E, Pessina AC (2008) Vascular remodeling and duration of hypertension
predict outcome of adrenalectomy in primary aldosteronism patients. Hypertension 51:
1366-1371

Goodfriend TL, Calhoun DA (2004) Resistant hypertension, obesity, sleep apnea, and aldo-
sterone: theory and therapy. Hypertension 43:518-524

Rossi GP, Belfiore A, Bernini G, Fabris B, Caridi G, Ferri C, Giacchetti G, Letizia C,
Maccario M, Mannelli M, Palumbo G, Patalano A, Rizzoni D, Rossi E, Pessina AC, Mantero
F, Primary Aldosteronism Prevalence in hYpertension Study Investigators (2008) Body mass
index predicts plasma aldosterone concentrations in overweight-obese primary hypertensive
patients. J Clin Endocrinol Metab 93:2566-2571

Hiramatsu K, Yamada T, Yukimura Y, Komiya I, Ichikawa K, Ishihara M, Nagata H,
Izumiyama T (1981) A screening test to identify aldosterone-producing adenoma by measur-
ing plasma renin activity. results in hypertensive patients. Arch Intern Med 141:1589-1593
Rossi GP (2011) A comprehensive review of the clinical aspects of primary aldosteronism.
Nat Rev Endocrinol 7:485-495

Rossi GP, Seccia TM, Palumbo G, Belfiore A, Bernini G, Caridi G, Desideri G, Fabris B, Ferri
C, Giacchetti G, Letizia C, Maccario M, Mallamaci F, Mannelli M, Patalano A, Rizzoni D,
Rossi E, Pessina AC, Mantero F, Primary Aldosteronism in the Prevalence in hYpertension
(PAPY) Study Investigators (2010) Within-patient reproducibility of the aldosterone: renin
ratio in primary aldosteronism. Hypertension 55:83-89

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

Roding JH, Weterings T, van der Heiden C (1997) Plasma renin activity: temperature
optimum at approximately 45 degrees C. Clin Chem 43:1243-1244

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, PAPY Study
Investigators (2010) The aldosterone-renin ratio based on the plasma renin activity and
the direct renin assay for diagnosing aldosterone-producing adenoma. J Hypertens 28:
1892-1899

Mulatero P, Rabbia F, Milan A, Paglieri C, Morello F, Chiandussi L, Veglio F (2002) Drug
effects on aldosterone/plasma renin activity ratio in primary aldosteronism. Hypertension
40:897-902

Stowasser M, Gordon RD, Rutherford JC, Nikwan NZ, Daunt N, Slater GJ (2001) Diagnosis
and management of primary aldosteronism. J Renin Angiotensin Aldosterone Syst 2:
156-169

Agharazii M, Douville P, Grose JH, Lebel M (2001) Captopril suppression versus salt load-
ing in confirming primary aldosteronism. Hypertension 37:1440—1443



18

88

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

G.P. Rossi and L. Lenzini

. Castro OL, Yu X, Kem DC (2002) Diagnostic value of the post-captopril test in primary
aldosteronism. Hypertension 39:935-938

Irony I, Kater CE, Biglieri EG, Shackleton CH (1990) Correctable subsets of primary aldo-
steronism. Primary adrenal hyperplasia and renin responsive adenoma. Am J Hypertens
3:576-582

Gordon RD, Gomez-Sanchez CE, Hamlet SM, Tunny TJ, Klemm SA (1987) Angiotensin-
responsive aldosterone-producing adenoma masquerades as idiopathic hyperaldosteronism
(iha:Adrenal hyperplasia) or low-renin hypertension. J Hypertens Suppl 5(suppl 5):S103—-S106
Gordon RD (1995) Primary aldosteronism. J Endocrinol Invest 18:495-511

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

Goh BK, Tan YH, Chang KT, Eng PH, Yip SK, Cheng CW (2007) Primary hyperaldosteron-
ism secondary to unilateral adrenal hyperplasia: an unusual cause of surgically correctable
hypertension. A review of 30 cases. World J Surg 31:72-79

Rossi GP, Chiesura-Corona M, Tregnaghi A, Zanin L, Perale R, Soattin S, Pelizzo MR,
Feltrin GP, Pessina AC (1993) Imaging of aldosterone-secreting adenomas: a prospective
comparison of computed tomography and magnetic resonance imaging in 27 patients with
suspected primary aldosteronism 9. ] Hum Hypertens 7:357-363

Rossi GP, Vendraminelli R, Cesari M, Pessina AC (2000) A thoracic mass with hypertension
and hypokalaemia. Lancet 356:1570

Seccia TM, Fassina A, Nussdorfer GG, Pessina AC, Rossi GP (2005) Aldosterone-producing
adrenocortical carcinoma: an unusual cause of Conn’s syndrome with an ominous clinical
course. Endocr Relat Cancer 12:149-159

Omura M, Sasano H, Fujiwara T, Yamaguchi K, Nishikawa T (2002) Unique cases of unilat-
eral hyperaldosteronemia due to multiple adrenocortical micronodules, which can only be
detected by selective adrenal venous sampling. Metabolism 51:350-355

Fallo F, Pilon C, Williams TA, Sonino N, Morra DC, Veglio F, De Iasio R, Montanari P,
Mulatero P (2004) Coexistence of different phenotypes in a family with glucocorticoid-
remediable aldosteronism. J Hum Hypertens 18:47-51

Magill SB, Raff H, Shaker JL, Brickner RC, Knechtges TE, Kehoe ME, Findling JW (2001)
Comparison of adrenal vein sampling and computed tomography in the differentiation of
primary aldosteronism. J Clin Endocrinol Metab 86:1066—1071

Mantero F, Terzolo M, Arnaldi G, Osella G, Masini AM, Ali A, Giovagnetti M, Opocher G,
Angeli A (2000) A survey on adrenal incidentaloma in Italy. Study Group on Adrenal Tumors
of the Italian Society of Endocrinology. J Clin Endocrinol Metab 85:637-644

Young WE, Stanson AW, Thompson GB, Grant CS, Farley DR, van Heerden JA (2004) Role
for adrenal venous sampling in primary aldosteronism. Surgery 136:1227-1235

Kempers MJ, Lenders JW, van Outheusden L, van der Wilt GJ, Schultze Kool LJ, Hermus
AR, Deinum J (2009) Systematic review: diagnostic procedures to differentiate unilateral
from bilateral adrenal abnormality in primary aldosteronism. Ann Intern Med 151:329-337
Rossi GP, Pitter G, Bernante P, Motta R, Feltrin G, Miotto D (2008) Adrenal vein sampling
for primary aldosteronism: the assessment of selectivity and lateralization of aldosterone
excess baseline and after adrenocorticotropic hormone (ACTH) stimulation. J Hypertens 26:
989-997

Daunt N (2005) Adrenal vein sampling: how to make it quick, easy, and successful.
Radiographics 25(Suppl 1):S143-S158

Rossi GP, Barisa M, Allolio B, Auchus RJ, Amar L, Cohen D, Degenhart C, Deinum J,
Fischer E, Gordon R, Kickuth R, Kline G, Lacroix A, Magill S, Miotto D, Naruse M,
Nishikawa T, Omura M, Pimenta E, Plouin PF, Quinkler M, Reincke M, Rossi E, Rump LC,
Satoh F, Schultze Kool L, Seccia TM, Stowasser M, Tanabe A, Trerotola S, Vonend O,



1 Primary Aldosteronism: Molecular Mechanisms and Diagnosis 19

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Widimsky J Jr, Wu KD, Wu VC, Pessina AC (2012) The Adrenal Vein Sampling International
Study (AVIS) for identifying the major subtypes of primary aldosteronism. J Clin Endocrinol
Metab 97:1606-1614

Mulatero P, Milan A, Fallo F, Regolisti G, Pizzolo F, Fardella C, Mosso L, Marafetti L, Veglio
F, Maccario M (2006) Comparison of confirmatory tests for the diagnosis of primary aldoste-
ronism. J Clin Endocrinol Metab 91:2618-2623

Kupers EM, Amar L, Raynaud A, Plouin PF, Steichen O (2012) A clinical prediction score to
diagnose unilateral primary aldosteronism. J Clin Endocrinol Metab 97:3530-3537

Rossi GP, Ganzaroli C, Miotto D, De Toni R, Palumbo G, Feltrin GP, Mantero F, Pessina AC
(2006) Dynamic testing with high-dose adrenocorticotrophic hormone does not improve lateral-
ization of aldosterone oversecretion in primary aldosteronism patients. J Hypertens 24:371-379

Seccia TM, Miotto D, De Toni R, Pitter G, Mantero F, Pessina AC, Rossi GP (2009)
Adrenocorticotropic hormone stimulation during adrenal vein sampling for identifying surgi-
cally curable subtypes of primary aldosteronism. Comparison of 3 different protocols.
Hypertension 53:761-766

Rossi GP, Pitter G, Miotto D (2007) To stimulate or not to stimulate: is adrenocorticotrophic
hormone testing necessary, or not? J Hypertens 25:481-484

Miotto D, De Toni R, Pitter G, Seccia TM, Motta R, Vincenzi M, Feltrin G, Rossi GP (2009)
Impact of accessory hepatic veins on adrenal vein sampling for identification of surgically
curable primary aldosteronism. Hypertension 54:885-889

Mengozzi G, Rossato D, Bertello C, Garrone C, Milan A, Pagni R, Veglio F, Mulatero P
(2007) Rapid cortisol assay during adrenal vein sampling in patients with primary aldosteron-
ism. Clin Chem 53:1968-1971

Auchus RJ, Michaelis C, Wians FH Jr, Dolmatch BL, Josephs SC, Trimmer CK, Anderson
ME, Nwariaku FE (2009) Rapid cortisol assays improve the success rate of adrenal vein
sampling for primary aldosteronism. Ann Surg 249:318-321

Rossi GP, Sacchetto A, Chiesura-Corona M, De Toni R, Gallina M, Feltrin GP, Pessina AC
(2001) Identification of the etiology of primary aldosteronism with adrenal vein sampling
in patients with equivocal computed tomography and magnetic resonance findings: results in
104 consecutive cases. J Clin Endocrinol Metab 86:1083—-1090

Mulatero P, Bertello C, Rossato D, Mengozzi G, Milan A, Garrone C, Giraudo G, Passarino
G, Garabello D, Verhovez A, Rabbia F, Veglio F (2008) Roles of clinical criteria, computed
tomography scan, and adrenal vein sampling in differential diagnosis of primary aldosteron-
ism subtypes. J Clin Endocrinol Metab 93:1366-1371

Mulatero P, Bertello C, Sukor N, Gordon R, Rossato D, Daunt N, Leggett D, Mengozzi G,
Veglio F, Stowasser M (2010) Impact of different diagnostic criteria during adrenal vein
sampling on reproducibility of subtype diagnosis in patients with primary aldosteronism.
Hypertension 55:667-673

Rossi GP (2007) New concepts in adrenal vein sampling for aldosterone in the diagnosis of
primary aldosteronism. Curr Hypertens Rep 9:90-97

Young WEF, Stanson AW (2009) What are the keys to successful adrenal venous sampling
(AVS) in patients with primary aldosteronism? Clin Endocrinol (Oxf) 70:14-17

Letavernier E, Peyrard S, Amar L, Zinzindohoue F, Fiquet B, Plouin PF (2008) Blood pres-
sure outcome of adrenalectomy in patients with primary hyperaldosteronism with or without
unilateral adenoma. J Hypertens 26:1816-1823

Sukor N, Gordon RD, Ku YK, Jones M, Stowasser M (2009) Role of unilateral adrenalec-
tomy in bilateral primary aldosteronism: a 22-year single center experience. J Clin Endocrinol
Metab 94:2437-2445

Auchus RJ, Wians FH Jr, Anderson ME, Dolmatch BL, Trimmer CK, Josephs SC, Chan D,
Toomay S, Nwariaku FE (2010) What we still do not know about adrenal vein sampling for
primary aldosteronism. Horm Metab Res 42:411-415

Toniato A, Bernante P, Rossi GP, Piotto A, Pelizzo MR (2000) Laparoscopic versus open
adrenalectomy: outcome in 35 consecutive patients. Int J Surg Investig 1:503-507



20

123.

124.

125.

126.

127.

128.

129.

G.P. Rossi and L. Lenzini

Jeschke K, Janetschek G, Peschel R, Schellander L, Bartsch G, Henning K (2003)
Laparoscopic partial adrenalectomy in patients with aldosterone-producing adenomas: indi-
cations, technique, and results. Urology 61:69-72

Meria P, Kempf BF, Hermieu JF, Plouin PF, Duclos JM (2003) Laparoscopic management of
primary hyperaldosteronism: clinical experience with 212 cases. J Urol 169:32-35

Sawka AM, Young WF, Thompson GB, Grant CS, Farley DR, Leibson C, van Heerden JA
(2001) Primary aldosteronism: factors associated with normalization of blood pressure after
surgery. Ann Intern Med 135:258-261

Lumachi F, Ermani M, Basso SM, Armanini D, Iacobone M, Favia G (2005) Long-term
results of adrenalectomy in patients with aldosterone-producing adenomas: multivariate anal-
ysis of factors affecting unresolved hypertension and review of the literature. Am Surg
71:864-869

Obara T, Ito Y, Okamoto T, Kanaji Y, Yamashita T, Aiba M, Fujimoto Y (1992) Risk factors
associated with postoperative persistent hypertension in patients with primary aldosteronism.
Surgery 112:987-993

Proye CA, Mulliez EA, Carnaille BM, Lecomte-Houcke M, Decoulx M, Wemeau JL,
Lefebvre J, Racadot A, Ernst O, Huglo D, Carre A (1998) Essential hypertension: first reason
for persistent hypertension after unilateral adrenalectomy for primary aldosteronism? Surgery
124:1128-1133

Dietz JD, Du S, Bolten CW, Payne MA, Xia C, Blinn JR, Funder JW, Hu X (2008) A number
of marketed dihydropyridine calcium channel blockers have mineralocorticoid receptor
antagonist activity. Hypertension 51:742-748



Chapter 2
Epidemiology and the Need for Screening

Richard Douglas Gordon

Abstract Because of change in the accepted meaning of the term “primary
aldosteronism” (PA), and in the methods used to screen for and diagnose it, the
“perceived” prevalence of PA (and hence the epidemiology of PA) has undergone
and is still undergoing progressive change since the first description of PA. As well,
methodology for measuring renin and aldosterone has always been not only variable
from centre to centre but often suboptimal. Hence in 2013 there existed an under-
standable, healthy, scientific and clinical lack of complete agreement on the defini-
tion of PA, its prevalence and how it is best identified, by screening and definitive
tests, and managed. Nevertheless, the prevailing view among clinicians diagnosing
and treating significant numbers of PA patients is that it is a common enough cause
of hypertension, associated with unusually high morbidity if not treated early, for
(1) early detection to be vigorously pursued by screening, with appropriate educa-
tion of doctors and the community regarding the need to do so; for (2) identification
of unilateral disease to have very high priority because surgery yields best patient
outcomes and that (3) a recently proposed, “public health” approach involving the
addition of “low-dose” aldosterone “antagonists” to first-line treatment of all hyper-
tensive patients is not an appropriate alternative. It would (1) make diagnosis of
unilateral PA difficult or impossible, reducing the quality of outcome for up to one-
third of patients; (2) make prevalence permanently unknowable; (3) make deciding
the appropriate dosage of aldosterone antagonist impossible when interfering medi-
cations are also being taken and (4) carry significant hyperkalemic risk. An increas-
ing understanding of the genetic bases of PA holds promise that one day it may be
possible to identify not only most PA patients but also a predisposition to PA early
enough to prevent or significantly modify its development. In this chapter perceived
prevalence is traced chronologically before attempting any estimates of true preva-
lence in primary and secondary care.
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Introduction

Primary aldosteronism (PA) is currently the commonest specifically treatable and
potentially curable form of hypertension. Recognition and appropriate treatment
can be life changing and life saving [75, 86]. Only one obvious clinical character-
istic distinguishes PA from hypertension without a recognised cause, the so-called
essential hypertension. This is unprovoked hypokalaemia. Unfortunately, hypoka-
laemia is usually a late development in PA, and, in most recently reported series,
more than 50 % of patients are normokalemic. By the time hypokalaemia develops,
and independently of blood pressure level, aldosterone excess may have caused
atrial fibrillation, heart failure, stroke or renal impairment. It is therefore manda-
tory to screen for, and diagnose, PA as early as possible, preferably before hypoka-
laemia develops. Currently available screening tests for PA, though fraught with
problems, are therefore undoubtedly worthwhile. Through more vigorous educa-
tion of primary care doctors, specialists and the general community, screening
should gradually be more widely applied to the large hypertensive population. The
precise prevalence and incidence of PA, in general and in defined hypertensive
populations, respectively, are unknown, with widely varying estimates depending
on the extent of testing and the interpretation of the screening and diagnostic tests
[87]. An impediment to obtaining definitive information on prevalence is difficulty
establishing a certain diagnosis of PA in all patients included in the survey. After
removing an adrenal in unilateral PA and finding an adenoma, ideally, immuno-
histochemical evidence of appropriate biosynthetic capacity would be established,
together with biochemical evidence of disappearance of un-suppressible (autono-
mous) aldosterone secretion postoperatively [41]. The great hope for future under-
standing of the prevalence of PA, and for precise diagnostic testing, is an
understanding of the genetic bases of PA. This commenced in 1992 [55] with elu-
cidation of the genetic basis of a rare familial form, leading to a specific genetic
test, and has recently progressed with identification of several other genetic muta-
tions which cause PA [5, 6, 8, 62, 64], in one case being not uncommon as a
somatic mutation in certain aldosterone-producing adenomas (APAs). Evidence so
far suggests that there may be geographic and ethnic differences (1) in the fre-
quency of occurrence of APAs in comparison with diffuse or nodular bilateral
adrenocortical hyperplasia (BAH); (2) in the currently known inherited forms of
PA and in the frequency of a particular genetic mutation and thus, finally, (3) in the
overall prevalence of PA. These problems associated with establishing a reliable
estimate of the prevalence of PA have led to vigorous controversy, with a minority
view that it is sufficiently uncommon not to warrant screening [7, 19, 49-52, 54,
69, 70]. The origins, basis and elements of this controversy have already been
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described in great detail [34], including many of the issues requiring discussion
here. In fact, little has changed since 2004, apart from growing support for screen-
ing and diagnosis of PA, based on the evidence that untreated, potentially curable
PA is associated with a significantly higher risk of atrial fibrillation, stroke, heart
failure and renal impairment [58, 79, 82] than other forms of hypertension of equal
severity in terms of blood pressure (BP) level. A recent proposal that screening be
abandoned in favour of including treatment suitable for patients with PA in the
first-line treatment of “all” hypertensives will be discussed later.

First Recognition and Clinical Description of PA;

Early Recognition of Its Normokalemic Form and of the
Importance of Suppressed Plasma Renin Activity in Its
Diagnosis; and First Suggestion of High Prevalence in the
General Hypertensive Population

In a brilliant example of deductive logic, made possible by wartime experience
studying adaptation to tropical climates [9], Jerome Conn in 1954 was the first to
recognise and successfully treat a patient with PA due to an APA. Based on that one
patient, he described the clinical and biochemical features of the condition [10],
which became known as “Conn’s syndrome”, with severe hypokalaemia initially a
salient feature. Not surprisingly, with the prevalence of PA presumably as high then
as it is today, and hence an untouched population ripe for the picking, Conn was
referred many hypokalemic hypertensive patients. By 1964 he could report analysis
of 145 cases [16] and come to the reasonable conclusion that it was not uncommon.
During the 10-year period following his description of the index case, Conn pub-
lished a number of seminal observations on PA. These included that suppressed
plasma renin activity (PRA) was the hallmark of the condition and not hypokalae-
mia, having recognised normokalemic PA and correctly deduced that it was an early
form [12, 13, 15, 17, 18]. Realising that normokalemic PA could masquerade as
essential hypertension [18] and hence go unrecognised, and being aware of a 20 %
incidence of adrenal adenomas in an autopsy series in which hypertensives were
compared with normotensives [80], Conn came up with the idea that as many as
20 % of hypertensives might have PA. This provoked alarm and even hostility
among his colleagues. He later revised this estimate down to 10 % and then to about
7 % of “referred” hypertensive patients [11, 14], the latter figure being probably as
close to the mark as anyone’s guess today. His Harvey Lecture [14] is well worth
reading. Conn’s initial high estimate stimulated investigation by colleagues with an
interest in hypertension ( [21, 49, 50, 53]), recognising that if Conn was correct in
suggesting that potentially curable PA was common, it would be necessary to look
for it in all hypertensive patients [21]. A positive answer to this question was capa-
ble of dramatically changing accepted medical practice. Grant Liddle’s group at
Vanderbilt University studied 90 consecutive hypertensive referrals who had never
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had unprovoked hypokalaemia, measuring aldosterone secretion or excretion by the
tedious double-isotope dilution/derivative technique in all and PRA by bio-assay in
the nephrectomised rat in some [21]. The then current assumption was accepted that
aldosterone production had to be above the normal range and that PRA had to be
suppressed for PA to be present. Using these criteria, 87 patients had either normal
aldosterone or unsuppressed PRA or both, leading by exclusion to a suggested max-
imal incidence for PA of 3.3 %. Two with raised aldosterone had PRA near the
lower limit of normal and were thought to merit further observation. Five of 24 with
aldosterone within the normal range had markedly suppressed PRA, and these days
would be considered possible PA patients and subjected to a suppression test. Thus
the incidence of PA in these 90 referred normokalemic hypertensives remains
unclear. It might have been higher than 3.3 % and possibly as high as 11 %. It is fair
to say that almost as large a degree of difficulty in deciding on the prevalence of PA
based on clinical studies and biochemical changes remains to this day. This and
other studies considered “negative” led to a quoted textbook prevalence of PA in the
hypertensive population [7, 54] of less than 1 % and advised to look for PA only if
hypokalaemia is present. This view persisted for a remarkable 20 years.

Early Diagnostic Methodology for PA and Observed
Microscopic Features of APA

During a lull in further information forthcoming on the prevalence (or incidence in
discrete populations) of PA, attention was paid to methods of screening and diag-
nostic testing [92]. Up to a week of dietary salt restriction in order to demonstrate
chronically suppressed PRA was often employed as a screening test, followed by a
salt loading test to demonstrate lack of suppressibility (autonomous secretion) of
aldosterone as a definitive test. Interest was taken in the gross and microscopic fea-
tures of APAs, many of them paradoxically composed of predominantly zona
fasciculata-type cells which in the normal adrenal are responsible for cortisol, not
aldosterone, production. It was noted that in many patients with APAs plasma aldo-
sterone (which circulates in 1,000th the concentration of cortisol and is therefore
much more difficult to measure accurately) fell with upright posture following over-
night recumbency (instead of rising, as in normals), and this was proposed as a
diagnostic test to aid in diagnosis of APA and its separation from bilateral adrenal
hyperplasia (BHA), in which aldosterone also rose with upright posture [28]. It was
appreciated that there were exceptions to this rule, but they were thought to be rare.
The University of Queensland Endocrine Hypertension Research Unit, Greenslopes
Hospital, Brisbane, Australia, began in 1987 to describe the contrasting clinical and
biochemical characteristics of patients with posture [and angiotensin, by infusion
[23, 94]]-unresponsive APAs (AII-U APAs) and of posture- and angiotensin-
responsive APAs (AII-R APAs). The AII-R APAs on posture testing could be mis-
taken for BHA or essential hypertension [37, 38]. They differed from AIl-U APAs
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in having normal levels of plasma and urinary 18-oxo-steroids, as did patients with
BHA [31, 37, 38]. AII-R APAs also showed morphological differences [35, 90, 91],
being composed predominantly of zona glomerulosa or hybrid-type cells, in
contrast with the AII-U APAs which were composed predominantly of zona
fasciculata-type cells. Interestingly, recent genetic studies have revealed another
probable difference between the two tumour types, somatic KCNJ5 mutations
being more commonly found in AII-U APAs of fasciculata-type morphology [5, 6].
Importantly, in the Greenslopes Hospital series, relying on adrenal venous sam-
pling rather than plasma aldosterone response to posture and organ imaging in
order to recognise unilateral aldosterone production suitable for unilateral adrenal-
ectomy, AII-R APAs proved to be just as common as AII-U APAs [30, 41]. This,
together with adoption of universal screening for PA by measurement of aldosterone/
renin ratio in all new hypertensives (see later), led to the numbers of patients having
unilateral adrenalectomy in the Greenslopes Unit increasing from 3-5 per year to
25-30 per year [41]. Clearly, PA was “not uncommon”, just as Jerome Conn had
suggested [12, 14] 30 years earlier.

The Impact of Application of the Aldosterone/Plasma Renin
Activity Ratio to Screening on the Diagnosis and Apparent
High Prevalence of PA

The possibility of measuring renin and aldosterone simultaneously and calculating
the ratio of aldosterone divided by renin (ARR) permits recognition of early forms
of primary aldosteronism before either hormone has moved out of the wide normal
range [32, 33, 34, 41, 84]. Hiramatsu and colleagues [47] initiated a resurgence of
interest in PA by showing that it could be detected in an unselected population of
hypertensives by measuring the aldosterone-to-PRA ratio. It much later became
apparent that measuring the concentration of the enzyme renin (PRC or DRC) in
order to generate the ratio, rather than PRA which incorporated the effect of sub-
strate levels, gave different and sometimes misleading results, especially in females
[3,4,71, 85]. Hiramatsu and colleagues screened 348 hypertensives and diagnosed
and removed nine APAs. This was an incidence of 2.6 %, much higher than expected
in 1981. Furthermore, six of the nine were normokalemic, confirming Conn’s pre-
dictions and personal findings which had been largely ignored. The incidence of PA
would almost certainly have been higher, because small adenomas and all bilateral
hyperplasia (BHA) causing PA would have been undetected by the methods avail-
able and employed [34]. As well, the effects of antihypertensive medications on the
ARR had been unexplored at that time. This promising use of the ARR stimulated
the Greenslopes Hospital Unit to study the aldosterone/PRA ratio in 18 patients
with known hypokalemic PA (12 APA, 4 BHA, and 2 FH-I) after cessation of aldo-
sterone antagonists and angiotensin-converting enzyme inhibitors [46]. A cut-off
point of 25 ng/ml/h for PRA appeared to most likely discriminate PA from normals
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and other hypertensives. It was concluded that the ratio was very promising, but
further study of its consistency and of the effects of sodium and potassium balance
and of antihypertensive medications was required. With further experience, signifi-
cant limitations of the ratio became apparent, as did the need for great care in the
collection of samples and the assay methods used [33, 34, 40, 78, 83, 85]. Current
guidelines for performing the ARR are set out in detail in other chapters in this
book. However, despite significant problems, the carefully applied ARR can pro-
duce a very important yield of specifically treatable and sometimes curable hyper-
tension, as is detailed in the following sections.

Initial Denial Followed by Acceptance of the Concept
of a Higher Prevalence for PA

After demonstration of the efficacy of ARR as a screening test [47] and a favour-
able first “in-house” assessment [46], the Greenslopes Hospital Hypertension Unit
employed it in the late 1980s to recognise the presence of PA in a surprisingly high
percentage of a small cohort of extremely resistant hypertensives [30, 34, 39]. This
convinced them to introduce screening of “all” new hypertensive patients for PA.
Their rate of diagnosis of PA (fludrocortisone suppression testing) following at least
two positive ARRs increased five- to tenfold [41], and it soon became apparent that
PA was certainly “not uncommon” among normokalemic hypertensives [30, 39,
41-43, 45] and might even be the commonest specifically treatable and potentially
curable cause of hypertension. The Greenslopes Unit’s findings and reports, not
surprisingly, were greeted with considerable caution by those researching in the
area of hypertension. However, William F Young Jr from the Mayo Clinic in 1997
noted an order of magnitude increase in his unit’s diagnosis of PA following his
application of the ARR as a screening test, and he subsequently enthusiastically
advocated its use [60, 95-99]. By 2000, reports supporting the “new higher preva-
lence” for PA were appearing from Scotland [56], Singapore [57], South Africa
[72], Japan [66] and South America [20]. By 2004, Mulatero could draw attention
to the “increased incidence of primary aldosteronism, including surgically cor-
rectible forms, in centers from five continents” [63]. It is important to point out that
it is the incidence of PA confirmed by aldo suppression tests [31, 61] which should
be considered in evaluating prevalence, not the incidence of a raised ratio. The
observed incidence of raised ARR in a primary care hypertensive population before
any suppression testing has been as high as 30 % but falls significantly after sup-
pression testing [29, 76]. It should also be remembered that prevalence of PA is
likely to be higher in a specialist hypertension clinic known to be screening for
potentially treatable causes than in a general medical clinic and, even more so, in a
primary care population. Omura and co-workers [68] reported a surprisingly high
incidence of 6 % for PA among Japanese hypertensive patients attending a general
medical clinic.
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Other Problems with Screening

One of the major problems with screening for PA using the ARR is the fact that
most hypertensives have been screened while still taking antihypertensive medica-
tions which affect the levels of renin and/or aldosterone and confound interpretation
of the ratio, causing false positives and false negatives [2, 3, 33, 34, 85]. False posi-
tives are seen in women during the luteal phase of the menstrual cycle when renin
is measured as direct renin concentration (DRC), but not when measured as PRA
[3, 71]. Tt is difficult to take patients off interfering medications and even dangerous
in some circumstances. Substitution with non-interfering medications is a very
worthwhile approach used by the Greenslopes Hospital Unit for many years [85]
but time consuming and not always possible. It is therefore highly desirable to
screen before treatment is commenced, and this is what the Greenslopes Unit has
advocated in presentations and discussions with primary care physicians and spe-
cialists. Others also advocate this approach [67], including the Japan Endocrine
Society [77]. Therefore, data on prevalence of PA obtained in a primary care setting
in “untreated” hypertensives is extremely valuable but rarely available. Such a pro-
spective study was that of Westerdahl et al. [93] in a Swedish primary care setting,
finding a prevalence of PA of 5.5 % among 200 patients. This excellent study
employed ARR, FST and AVS as investigations and concluded that the diagnosis of
PAL should be considered in newly diagnosed hypertensive subjects and that screen-
ing is warranted. A much larger, prospective study was performed in 3,000 treated
and untreated consecutive hypertensive patients referred between June 1999 and
October 2002 to a Hypertension Centre in Pavia, Italy [22]. Interfering medications
were painstakingly withdrawn according to a well-reasoned protocol before mea-
suring ARR. A saline infusion test was performed in those with ARR >25 in order
to confirm autonomous aldo production. Those with aldo not suppressing with
saline went on to have adrenal CT scans and a dexamethasone suppression test, the
latter followed by a chimeric gene test if positive, to diagnose or exclude GSH
(FH-I). Of these 3,000 hypertensive patients referred to the clinic by general practi-
tioners, as many as 684 (22.8 %) had ARR >25, but only approximately one-quarter
of these (177, 5.9 % of the whole hypertensive population) had, as well, a positive
saline loading test, leading to a positive diagnosis of primary aldosteronism. Note
the big fall in possible incidence when a suppression test is included after a positive
ARR. This was a single-centre study and thus avoided the major problem with
multi-centre studies of differences in performance criteria, methodology and “cut-
off” points for ARR from centre to centre. One such large, prospective, multi-centre
Italian study of 1,125 hypertensive patients who were referred to 14 different hyper-
tension clinics [74] also used ARR to screen (after ceasing or changing antihyper-
tensive medications) and yielded an apparent incidence for PA which was higher at
11.2 % (APA 4.8 %, ITHA 6.4 %). Thus we began to see glimpses of a possible
prevalence for PA of around 5 % in a primary care hypertensive population and
10 % in a specialist hypertension clinic seeing referred patients.
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Epidemiology Changes with New Forms and Definitions
of Primary Aldosteronism

It can be seen from the above that, at the present time, a precise description of the
epidemiology of primary aldosteronism is impossible, but we can describe “trends”.
The true epidemiology of PA will become known, if ever, only when the genetic
bases of all forms of PA have been discovered, genetic tests which provide a definite
“yes” or “no” for the presence of a known causative mutation are widely available
and the prevalence will probably vary depending on location. This will be to some
extent explained by genetic diversity in different ethnic populations. For example,
the percentage of APAs which harbour a KCNJ5 mutation may be higher in Japan than
in Brisbane, Australia, or Cambridge, England. The first widely accepted definition of
PA was based on patients with hypertension and hypokalaemia, suppressed PRA and
“unsuppressible” aldosterone who harboured an adrenal tumour. There are still some
clinicians who favour confining use of the term “Conn’s syndrome” to a solitary,
benign, APA. However, there is general acceptance of less classic forms of PA. This
follows acceptance of bilateral diffuse or nodular hyperplasia (unilateral or bilateral)
and of adrenal carcinoma as being also capable of causing PA. As soon as Conn rec-
ognised normokalemic forms, these needed to be and were included in the definition.
When Hiramatsu and colleagues in 1981 popularised the ARR as a screening test for
PA, adrenal imaging was very difficult and adrenal morphology did not figure promi-
nently in the diagnosis or the definition of PA, except by examination of a removed
adrenal which cured the hypertension and, if present, the hypokalaemia—reasonable
proof that primary aldosteronism was the cause of the patient’s condition. By the mid-
1990s, however, when reliable abdominal organ imaging by computerised tomogra-
phy (CT) became available, the definition of “possible” PA was expanded to include
an adrenal abnormality on CT scanning (typically a hypo-dense nodule) in a hyperten-
sive patient which might be an APA. However, such a nodule could also be an “inci-
dental” finding (during investigation for abdominal pain), and not autonomously
producing aldo or any other commonly measured steroid, and sometimes a metastasis.
The definition of PA has continued to be challenged by recognition not only of early,
less severe, usually normokalemic forms but also by initially rare, but now more com-
monly diagnosed (including by the Greenslopes Unit), normotensive forms, in which
all the other clinical and biochemical (low potassium, low renin, unsuppressible aldo)
features of PA may be present. Ito and co-workers [48] looked for and found an inci-
dence of this normotensive form of PA of at least 1.4 % in healthy normotensive
subjects. Is it appropriate to call this normotensive PA?

Insights and Questions Arising from Study of Familial Forms

A more recent, completely different challenge to our perceptions of definition and
prevalence of PA has arisen. When a normotensive, normokalemic member of a family
some of whose members suffer from a form of familial PA such as FH-1 is tested and
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found to have “the hybrid gene”, would it be best to say that this patient has PA or
alternatively to describe this clinical scenario in terms of “a high risk” of eventually
developing PA? We have learned much about the evolution (natural history) of PA
by the study of families harbouring genetic mutations capable of causing full-blown
or classic PA [35, 44, 81] but also early, less florid phenotype. Increasing knowledge
of human genetics and advances in methodology and in the interpretation of findings
have altered our perceptions of PA in many ways [39], starting in 1992 with the
genetic basis of familial glucocorticoid-remediable PA [55], first described clinically
26 years earlier [88]. Some affected members of FH-I families will develop hyper-
tension early, even presenting with stroke [73]. Many will remain normokalemic.
Others, especially women, even if hypokalemic, may not develop hypertension until
after the menopause, if at all. Developing knowledge of the diversity of genotype as
well as phenotype is an ongoing process which is accelerating, with the recent dem-
onstration of causal mutations in the KCNJ5 gene [5, 6, 8, 62, 64].

Obtaining a Definitive Diagnosis

In addition to the challenge to current definitions of PA represented by the above
development of techniques permitting definitive diagnosis of a genetic predisposi-
tion to PA, there remain seemingly insurmountable problems to overcome in order
to establish its prevalence. The first step towards resolution, not yet taken, is wide-
spread recognition and acceptance that the problems exist, and the second step will
be a collective will to solve them. What are these seemingly insurmountable prob-
lems? Up to the present time, the best methods for screening and diagnosing PA
remain highly controversial. Accurate, robust methods for measuring renin, “renin
activity”, angiotensin and aldosterone are still not widely available, 60 years after
the clinical description of PAL by Conn, and 50 years after he defined the patho-
physiology using a bio-assay in the nephrectomised rat to assess renin activity, and
tedious, time-consuming double-isotope derivative dilution techniques to quantify
aldosterone. A seminal issue concerns whether measurement of the enzyme renin
(present in precursor, inactive and active forms) is helpful or confusing. The end
product of the enzyme (renin) reaction with its substrate (angiotensinogen) is angio-
tensin I (Ang-I) which is rapidly converted to angiotensin-II (Ang-II), and it is this
peptide, not renin the enzyme, which is not only the major regulator of aldosterone
production but also capable of “feeding back” negatively to suppress renin release.
Changes in levels and reactivity of substrate as well as other known and unknown
influences on angiotensin generation are ignored if levels of renin in one of its many
forms are relied on to assess the activity of the system in terms of its effects on
aldosterone levels. More precise and reproducible methods which incorporate mass
spectrometry of generated angiotensin I are beginning to appear in the literature,
and methods for measuring circulating angiotensin II will almost certainly follow.
Methods for measurement of aldo by mass spectrometry are well established [89]
but not yet widely available. If the methodological problems can been solved,
another significant problem will remain. Importantly and unavoidably, regardless of
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the methodology, quoted “cut-off” points for ARR which are utilised when
screening, and are accepted as delineating “likely” or “unlikely” PA, are always
arbitrary and contentious. They represent a “best guess”, even when statistically
derived, for example using receiver—operator curves. Similarly, definitive tests for
PA are necessarily arbitrary in discriminating between normality and abnormality.
Neither sets of criteria will be transferable from laboratory to laboratory because of
differences, sometimes subtle and sometimes not, in methods of collection of blood
samples, detailed handling of the samples and precise conditions utilised in the
assays. This is why an element of local preference, based on local experience of
outcomes, should always override “guidelines” when there is a clash. Hence at the
present time, and into the foreseeable future, somewhat arbitrary assumptions have
to be made (quite often after treatment has been commenced) regarding the correct-
ness of the diagnosis of PA. Removal of an adenoma with typical histological
features has often been regarded as sufficient to unequivocally establish a firm diag-
nosis of PA, without appropriate immuno-histochemical evidence of aldosterone
secretory capacity. Might it have been an “incidentaloma”? Normokalemia and a
normal post-operative aldo suppression test [41] are the best currently available
evidence of removal of all abnormal, unsuppressible aldosterone-producing tissue.
This provides convincing evidence that PA due to APA was present but is rarely
performed. Lack of very strong evidence of a correct diagnosis of PA will always
threaten the validity of estimated prevalence or incidence of PA.

“Need for Screening’”” Depends on Perceived Epidemiology

The following general points regarding epidemiology apply equally to screening
and epidemiology of PA. The intensity of need for screening for a clinical condition
will depend on factors such as (a) the seriousness of a negative outcome if the condi-
tion is not recognised (that is, “missed”); (b) whether it is sufficiently common to
make screening worthwhile and (c) that screening methods are sufficiently robust to
unequivocally identify those affected. In the case of PA, the first two of these arbi-
trarily chosen criteria suggesting a “high need for screening” appear to be well satis-
fied, while the third is doubtful, as already discussed. Epidemiology is always
greatly influenced by the intensity and quality of screening. Epidemiology is the
historical record of recognised instances of a condition, such as PA, in a community
setting which can range from a very small to a very large community. Epidemiology
changes not only with place, but with time, especially if it is due to an infective
agent. It will at any given time depend on the reliability and precision of the criteria
for recognition (that is, for diagnosis) that the condition is or was indeed present,
and this will also vary with both place and time, as diagnostic criteria change and
are, or are not, taken up and acted upon to confirm or exclude the diagnosis.
Critically, it will depend on (a) identification of an infective or genetic cause or, if
not infective or genetic, (b) a tight and universally acceptable definition of what
the condition is. This has become a real difficulty for PA, as already discussed.
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Most importantly of all, however, it will depend on the prevailing attitudes, global
or local, regarding the commonness and importance of the condition, and hence the
degree of enthusiasm regarding the need to make the diagnosis. Thus the epidemiology
of primary aldosteronism in Brisbane, Queensland, Australia, might be vastly dif-
ferent from that in Dallas, TX, USA. Norman Kaplan has argued persuasively that
PA is being over-diagnosed in Brisbane and elsewhere and that screening for it is
not only unnecessary but also a waste of “the health dollar”. These fundamental
differences in approach and inevitable outcomes (normokalemic PA will rarely be
diagnosed in Kaplan’s clinic) illustrate that, most importantly of all, the epidemiology
of PA will vary greatly from place to place depending mainly on whether or not it is
sought in the local community, illustrating a very important truism—“If you don’t
look, you certainly won’t find”.

Such differences of opinion are healthy and form the basis on which science, and
certainly biological science, makes its stuttering but seminal advances. It is only
problematic if it results in (a) patients who deserve and require specific treatment
missing out on such treatment, which is very serious, or (b) health-directed public
funds being spent unnecessarily, unproductively and therefore unwisely. This is less
serious, but obviously best avoided. In the case of PA, lack of screening is indeed
very serious. Dedicated clinicians who follow individual patients closely are strongly
moved by unnecessary, permanent morbidity caused by unrecognised and therefore
not specifically treated PA, when cerebral, cardiac and renal damage occurs and is
irreversible. This is preventable (by screening) and results from failure to recognise
PA early in its natural history, and hence make use of the specific and highly effec-
tive medical and surgical (in carefully selected cases) treatments available.

Current Recommendations for Screening, Including
“The Endocrine Society” Guidelines

Clinical management guidelines issued from time to time by the Endocrine Society
(United States) have proved useful to endocrinologists worldwide. Given widely
divergent opinions on the prevalence and management of primary aldosteronism
over the 50 years since its first description, the Endocrine Society convened a panel
of clinicians experienced in the management of primary aldosteronism under the
chairmanship of John Funder, of Monash University, Melbourne, Australia. Funder
is a medical graduate but not a clinician, with a long and distinguished research
record in mineralocorticoid receptors and aldosterone action based predominantly
on animal studies. As well, he closely follows clinical studies concerning PA and
was very interested in the initial clinical trials in hypertension and heart failure of
the aldosterone antagonist, eplerenone, which has negligible interaction with the
androgen receptor when compared with spironolactone. The panel addressed the
issues of screening (who and how to screen), how to establish a firm diagnosis and
subtype differentiation and how to treat PA. A good attempt was made to identify
patient groups especially deserving of screening, including those with an expected
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higher incidence of PA, such as patients with resistant hypertension, with spontaneous
hypokalaemia or with a family history of PA [59]. The guidelines were published in
J Clin Endocrinol Metab in 2008 [27] and met with a mixed reception, particularly
in Europe, especially with regard to the universality of screening and whether adre-
nal venous sampling is necessary. Resolving these controversial issues depends par-
ticularly on to what extent each patient is assessed as a unique individual and to
what extent the patient, following very full discussion, is involved in decision-
making. Rather than advocating “one size fits all” and seeking a consensus, an alter-
native point of view which I strongly favour is to ask the clinician to consider local
facilities and local expertise as prime determinants of best possible practice in that
patient [36]. Recently, John Funder, who considers PA to be common but treats no
PA patients, and Norman Kaplan, a clinician who considers PA to be uncommon
and admits to seeing few patients with PA, agreed that the best and cheapest way to
deal effectively with PA would be to include low-dose aldosterone antagonists such
as spironolactone, eplerenone and amiloride as part of first-line treatment of hyper-
tension [24-26, 52]. Clinicians experienced in managing patients with PA as well as
other patients with hypertension could find the recent Funder/Kaplan proposal unat-
tractive for several reasons. The incidence of hypertension increases with age, and
the majority of hypertensive patients are old enough to be experiencing a decline in
renal glomerular function. Administration of either potassium supplements or drugs
which reduce potassium excretion has been known for at least 40 years to carry
significant risk of hyperkalaemia in those with declining renal function. For exam-
ple, the approval of amiloride for clinical use was followed by reports of serious
hyperkalemic episodes. Despite well thought out, enthusiastic education of doctors
regarding the use of eplerenone and spironolactone in heart failure patients, with
apparent safety in tightly controlled clinical trial conditions, most hypertensives are
treated by busy general practitioners (GPs or primary care doctors) who are unfa-
miliar with the delayed onset and offset of the antihypertensive and volume-deplet-
ing effects of aldosterone blockade. It is highly unlikely that the slow, cautious
approach employed by endocrinologists, nephrologists and cardiologists prescrib-
ing these medications would be followed by all GPs, who may be following hyper-
tension treatment guidelines which recommend incremental increase of medication
until a target (often impossible to reach in older patients) is reached. Ideally, the
dosage of spironolactone, eplerenone or amiloride should be adjusted based on
serial measurements of plasma levels of renin, aldosterone, creatinine and potas-
sium. For renin levels to be interpretable, medications which affect them would need
to be avoided, or at least taken into account, which requires experience and skill and
takes time. This is difficult enough in specialist practice and unlikely to be possible
in primary care, where many doctors may also not be sufficiently familiar with the
renin—angiotensin—aldosterone system in clinical practice. Because of renin becom-
ing unsuppressed, once aldosterone antagonism is introduced into a hypertensive
patient’s treatment, it will be impossible, without ceasing it, to diagnose unilateral
aldosterone production due to an APA by adrenal venous sampling, depriving such
patients of the possibility of cure and condemning them to life-long drug therapy,
probably in increasing doses. As well, some clinicians and institutions will still be
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recommending screening of all hypertensive patients for PA, preferably before med-
ications are commenced. These will most likely include the Greenslopes Hospital
Hypertension Unit and the Japan Endocrine Society [77] into the foreseeable future.

Conclusions

We have been forced to directly address the question of the definition of PA, not at
the beginning of a chapter entitled “Epidemiology and need for screening”, as the
reader might reasonably expect, but at the end, because it is constantly evolving and
inevitably the subject of controversy. PA is certainly not now as Conn described it,
hypertension with severe hypokalaemia. It has moved through normokalemic PA to
normotensive PA and, perhaps, even to enough unsuppressible aldosterone in the
context of falling nephron numbers and a persisting high salt intake to cause hyper-
tension with suppressed renin, as in the Framingham Offspring study of subjects
over 50 years of age [65]. Will PA finally be defined by a variety of genetic muta-
tions either in the adrenal only or in the entire genome? Only time will tell. While
knowledge of the genetics of PA began 21 years ago with the discovery of mutations
causing the rare glucocorticoid-remediable familial form of PA [55], it is only very
recently that meaningful breakthroughs have followed, identifying somatic adrenal
and genomic mutations causing PA of varying severity (FH-III), the former not
uncommon and the latter rare. If the genetic bases of the more common FH-II can
be elucidated, then we might be in a position to identify with certainty many sub-
jects with PA, or at least an inherited tendency to develop PA, following a single
blood test. That would give us new, clearer definitions for at least some subtypes of
PA on a genetic rather than a clinical, biochemical or morphological basis.

In the meantime, agreement on epidemiology depends critically on widely
accepted “working” definitions, not yet available. We have therefore considered
only the various estimates of prevalence, how these have changed over time and how
dependent they are on criteria used to identify hypertension and to identify PA. They
have varied widely, from 2 to 30 % for prevalence of PA in primary care and from 5
to 30% in secondary care. A reasonable guess might be at least 2.5 % in primary care
and at least 7 % in secondary care. There seems no doubt that PA prevalence in
resistant hypertension is very significant, at least 10 % and probably much higher.
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Chapter 3
Low-Renin Hypertension

Per Hellman and Emil Hagstrom

Abstract Low-renin hypertension is a condition that relates to the sodium status,
but a similar situation is present in approximately 25 % of individuals with essential
hypertension, without having high aldosterone levels. Indeed, the aldosterone—renin
ratio may be raised, and among these individuals some suffer from primary aldoste-
ronism. Thus, there is an overlap between essential hypertension, low-renin hyper-
tension, and primary aldosteronism, indicating that similar treatment regimes may
be successful.

Keywords Renin ° Essential hypertension ¢ Aldosteronism * Aldosterone—renin
ratio

One of the key consequences of primary aldosteronism (PA) is the overproduction
of aldosterone and the compensatory low renin levels. However, in the literature on
hypertension the term “low-renin hypertension,” not necessarily caused by an inap-
propriate secretion of aldosterone as the underlying cause, is present. Moreover,
search for patients with primary aldosteronism among patients with low renin often
fails [1-3]. The term low-renin hypertension was initially proposed after studies
dividing patients into subgroups based renin activity relative to urinary sodium
excretion but is in many cases more or less a reflection of the sodium status. The
normal physiological response to sodium overload is reduction of both aldosterone
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and renin, and a “low-renin” situation occurs. Another view of the same entity is to
refer to the subset of the population with essential hypertension (EH) and low renin
levels. This is present in approximately 25 % of all EH patients [3, 4]. In most of
these patients plasma aldosterone is normal, but the aldosterone—renin ratio becomes
increased. Indeed, in the field of endocrinology there are several similar situations
with normal, but still inappropriate, hormone levels seen only in the resulting
parameter indicating decreased functional negative feedback. Such examples would
be the situation in mild primary hyperparathyroidism (pHPT) with normal levels of
parathyroid hormone (PTH) but slightly elevated ionized calcium levels, thus sig-
nalling that the calcium sensing of the parathyroid cells is disturbed [5]. Another
situation occurs in insulinomas, often seen only by low levels of plasma glucose but
still normal, but inappropriately high, serum insulin levels. The same situation may
occur in primary aldosteronism—a normal plasma aldosterone—but in case of a
disturbed regulation system may be seen as low renin levels and hypertension but
described as low-renin hypertension. In many situations with low levels of renin,
also aldosterone levels are low, such as in mineralocorticoid excess of other reasons
such as cortisol treatment as well as in situations with increased extracellular vol-
ume due to sodium retention [6, 7]. Thorough investigations of patients with low
renin and normal aldosterone levels nevertheless reveal subsets with primary aldo-
steronism [8]. Thus, the fraction of patients with hypokalemia, normal aldosterone
levels, and low renin levels, not necessarily being hypertensive or only suffering
from mild hypertension, is a plausible subgroup of low-renin hypertensive patients,
possibly suffering from mechanisms similar to the dysregulation seen in pure PA
(summary of cellular mechanisms to be disturbed is seen in Fig. 3.1)

Although Conn in his initial prediction of the frequency of primary aldosteron-
ism among hypertensive populations actually was around the numbers we estimate
today, there will always be an overlap between what should be regarded as patho-
logical or merely a normal variant. A recent study identified low renin levels in 93
out of 303 hypertensive subjects in the Framingham Offspring Study, and approxi-
mately half of these (approximately 10 % of all hypertensive individuals) also had
elevated aldosterone [4], again supporting previous PA prevalence numbers in
hypertensive subjects. It is actually suggested that the total share of individuals
exhibiting inappropriately elevated aldosterone secretion may be in the order of
30—40 % of all hypertensive individuals [9, 10]. Further support of low-renin hyper-
tension and PA being in the continuum of the same disease is the similar response
to treatment with mineralocorticoid antagonists [9, 10].

Genetic variations may be an underlying cause not only for PA itself but also for
low-renin EH. Low renin may be more common in certain parts of the world due to
normal genetic variation such as polymorphisms in the CYP11B1 and B2 genes
[11, 12]. The -344C/T polymorphism in the CYP11B2 gene has been thoroughly
investigated in hypertensive individuals, and association with higher blood pressure
is present in European as well as Chinese populations [13, 14]. Interestingly, a hap-
lotype of -344C/T and K173 is more common in patients with aldosterone-produc-
ing adenomas than in patients with normal adrenals, and the haplotype is associated
with increased CYP11B2 expression, higher aldosterone production, and also blood
pressure [15].



41

3 Low-Renin Hypertension

QOURIIGISIA WOy dueydedde )

1M PAYSI[qN "WJSAS QUOISISOP[E—UISU)OISUL—UIUI AY) JO MIIAIOAQ)

S|S0 H
- — .:ou_normuﬁ_mnu__oo E
: ‘uopesayjoid JWSA

....... i TR uonelapjold HWS
H ‘Aunfui |ejjeyiopus
‘uol SUODOSEA

HA

uabouisuajoibuy

| Buy

ee zsy

uojsuapuadAH u)
wa)sAg auolajsop|y-uisuajoibuy-uiuay



42 P. Hellman and E. Hagstrém

Table 3.1 Revised from Gordon et al. TRENDS in Endocrinology and Metabolism, 2005: 16:
108-113

Miscellaneous
1. An unremarkable hypertensive patient taking a very generous salt diet
2. Consistent ingestion of licorice, by inhibition of 113-hydroxysteroid dehydrogenase (HSD-2)

Intrinsic renal causes
A greatly reduced nephron population caused by, for example, unilateral nephrectomy,
congenital solitary kidney, diabetic nephropathy, chronic glomerulonephritis, or aging

Intrinsic mineralocorticoid excess

1. Primary aldosteronism

2. Low-renin essential hypertension

3. Excessive DOC secreted by benign or malignant adrenocortical tumors

4. Ectopic production of ACTH by neoplastic tissue, such as bronchial carcinoids and small-cell
tumors of the lung, causing excessive secretion of 11-decoxycorticosterone (DOC)

Familial forms of salt-sensitive hypertension (rare)

1. Familial hyperaldosteronism type I, 1I, or III

2. Pseudohyperaldosteronism (Liddle’s syndrome)

3. Syndrome of hypertension and hyperkalemia with normal glomerular filtration rate
(pseudohyperaldosteronism type 2, PHA-2, Gordon’s syndrome)

4. Deficiency of HSD-2, leading to “apparent mineralocorticoid excess”

5. Hypertensive forms of congenital adrenal hyperplasia (excess DOC)
11B-hydroxylase deficiency
17a-hydroxylase deficiency

6. Mutations of the mineralocorticoid receptor leading to activation by progesterone and
pregnancy hypertension

7. Mutations of the glucocorticoid receptor leading to resistance to cortisol and ACTH-driven
DOC-induced hypertension (glucocorticoid resistance syndrome)

A study from China of 1,356 consecutive patients with hypertension identified
235 with potential primary aldosteronism and consequently the remaining 913 as
exhibiting essential hypertension. Analyses of SNPs in KCNIJS5 revealed a male pre-
dominance for one variation of rs2604204 in PA patients, implying that potential
underlying prerequisites for PA may occur also in this gene [16].

In the future, findings of similar associations in the recently discovered genes
linked to PA, such as KCNIJ5, ATP1A1, ATP2B3, or CACNA1D, may also theoreti-
cally be associated to hyperplasia of adrenocortical tissue and increased aldosterone
secretion leading to suppression of renin as well as hypertension, without obvious
findings of nodular hyperplasia or adrenocortical adenomas.

Indeed, there are a number of causes of low renin levels, but most likely the most
frequent one is variations in the normal physiological response to sodium intake and
plasma levels of sodium and possible polymorphic variations in involved genes or
in a rather rare fraction by genetic disturbances in the population (Table 3.1).
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One of the key issues when discussing low renin levels is the difficulty in
measuring renin in plasma. It may be stated either as plasma renin activity (PRA)
as a measure of its capacity to generate angiotensin I from a substrate or as the
pure plasma renin level usually by immunochemiluminometric methods [17].
The problem, as is the case in any immunoassay-based method measuring low
concentration levels, is the detection level in any of these assays. The development
during recent years has resulted in that renin is predominantly measured in plasma
rather than indirectly after measuring its activity. As with measurements of plasma
aldosterone, many antihypertensive drugs affect the plasma renin level; e.g.,
B-blockers lower plasma renin levels and ACE inhibitors increase renin levels, the
latter being possible to use as a diagnostic tool—cases with low renin despite tak-
ing ACE inhibitors or angiotensin receptor antagonists have an increased risk of
having PA [1]. Since medication also influences plasma aldosterone levels, the
aldosterone—renin ratio will most likely be disturbed, which has to taken into
account when interpreting results. For instance, patients with calcium channel
blockers, which suppress aldosterone secretion, may still have low renin levels,
thus masking a subclinical PA but also indicating not yet fully investigated patho-
physiological mechanisms with potential underlying causes for disturbance.
Results of several screening programs address the problem with pharmacological
treatment affecting the ratio, many reporting that among the patients screened for
pathological aldosterone—renin ratios only a very small number have pure adreno-
cortical aldosterone-producing adenomas. Indeed, the share of patients with adre-
nocortical hyperplasia may be much higher, but among these also a fraction of
patients with low-renin EH may also be present and the distinction difficult to
identify due to definition problems and lack of imaging methodology which iden-
tifies adrenocortical hyperplasia.

Treatment of low-renin hypertension is, in case of finding an individual in the
PA-low renin continuum, aldosterone antagonists, such as spironolactone or eplere-
none, while low-renin hypertension with normal aldosterone levels respond well to
thiazide therapy, unless hypokalemia is also present. Low-renin EH is typically salt
and volume sensitive indicating good response to diuretics and dietary modifica-
tions. Most of these patients are likely to have a gain of function in the renal sodium
channels but lack of ability to reduce aldosterone levels, even though the renin lev-
els are suppressed. Indeed the concomitant water reabsorption may mask the
increased sodium retention until hypokalemia occurs [1]. The monogenic variants
listed in Table 3.1 are very rare but have in common retention of sodium and
increased blood volume.

As a conclusion—future investigations may have public health implications
since identifying patients with low-renin hypertension may be of help in order to
both offer proper treatment strategies for overtly hypertensive individuals and iden-
tify those with subclinical or lower degree of hypertension in order to reduce the
risk of developing manifest hypertension.
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Chapter 4
Molecular Derangements in Sporadic Primary
Aldosteronism

Per Hellman, Tobias Akerstriim, and Peyman Bjorklund

Abstract Until very recently molecular derangements were merely unknown in
primary aldosteronism. New genetic techniques have allowed detailed searches
which have led to identification (to date) of a number of mutated genes—KCNIJS5,
ATP1A1, ATP2B3, and CACNA 1D—all encoding for channel proteins which when
activated or disturbed cause depolarization of the glomerulosa cell and release of
aldosterone. In addition, activation of the beta catenin pathway has also been noticed
in these cells. Identification of these genes gives hope for future development of
targeted drugs, detailed diagnostic procedures, and individualized medicine.

Keywords KCNJ5 « ATPIA1 ¢« ATP2B3 « CACNAID ¢ Depolarization ¢ Beta
catenin

Introduction: Primary Aldosteronism, a Channelopathy?
KCNJ5

The molecular disturbances causing primary aldosteronism (PA) have been largely
unknown until recently. Mutations in only few genes, all detected by next-generation
sequencing (NGS), are suggested to account for almost 60 % of all aldosterone-
producing adenomas (APA). The first identified mutation was in KCNJ5, a gene
coding for the potassium channel Kir 3.4 regulating ion flow through the membrane.
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It was previously known that activation of the angiotensin II type 1 receptor on the
surface of the adrenal zona glomerulosa cells trigger depolarization and activation of
the voltage-gated calcium channels, which leads to release of aldosterone [1].
Disturbances in this system, leading to aldosterone secretion excess, cause hyperal-
dosteronism. The identification of mutated KCNIJS5 directly involved in this regula-
tory system was done by whole-exome capture and Illumina sequencing as well as
confirmation by Sanger sequencing of initially 4 APAs and corresponding blood
samples, and further investigation of 14 samples revealed either of the 2 tumor-
specific mutations—G151R and L168R in KCNJ5 in 8 of 22 tumors [2]. In the selec-
tion process samples with low levels of loss of heterozygosity were chosen in order
to increase the possibility to identify specific somatic mutations. The mutations led
to changes in highly conserved amino acids within the selectivity filter in KCNIJS5.
Further studies revealed that the mutation led to an increased ion conductance,
allowing sodium entering the cell followed by depolarization, opening of voltage-
gated calcium channels, increase in intracellular calcium concentration, and thereby
stimulated release of aldosterone (Figs. 4.1 and 4.2). It is also speculated that the
same mechanism leads to stimulated cell proliferation, although not yet fully proven
and in some studies even questioned [3]. A similar and parallel mechanism is seen
also in KCNIJ11 (Kir 6.2) mutations associated with beta-cell hyperplasia [4].

Further analyses from several groups and different parts of the world demon-
strate that altogether slightly less than 50 % of all adenomas exhibit mutations in
this gene (Table 4.1). One of the mutations, T158A, was specifically investigated in
relation to increased expression of CYP11B2, indicating a more profound and long-
standing effect also on synthesis of aldosterone [3]. This is supported by yet another
study, showing that KCNJ5-mutated APAs had higher CYP11B2 expression than
non-KCNJ5-mutated APAs [5]. Investigated unilateral primary hyperplasias of
adrenal cortex have not shown any mutations, while 40 % of adenomas with
surrounding marked hyperplasias harbored a mutation [6]. This suggests that
possessing a KCNJ5 mutation is strongly associated with exhibiting an adenoma,
which is most likely to lateralize in adrenal venous sampling. Indeed, this was supported
by findings that patients with KCNJ5-mutated APAs more likely demonstrated
aldosterone excess from the affected adrenal than others without KCNJ5 mutations
[7]. An interesting accessory and hitherto unexplained finding is the female pre-
dominance in possessing KCNJ5 mutations, 49-63 vs. 19-24 % [6, 8].

Interestingly, the finding of KCNJ5 mutations is in line with earlier mice studies,
where the TWIK-related acid-sensitive K (TASK) channels demonstrated crucial
influence on aldosterone secretion. They appear to be the complex which sets the
membrane potential in the zona glomerulosa cells in mice, thereby regulating aldo-
sterone secretion [9]. Knockout mice verified the causal role of these proteins, leading
to primary aldosteronism in mice [10]. However, KCNJ5 and the TASK proteins
have important differences, despite the importance of the potassium channels to set
the membrane potential and thereby regulate the intracellular calcium concentration
[11]. One of the TASK family members, TASKI1, is similar to the human KCNIJ3,
and siRNA knockdown of this protein in human cells leads to activation of CYP11B2
and increased aldosterone production [12]. However, so far no mutations in KCNJ3
have been reported.
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Fig. 4.1 Mechanisms for function of KCNJ5 in normal cells as well as cells with mutations.
Reprint from Choi et al. [2]

ATPases

The Na*/K*-ATPases regulate the potassium transport over the cell membrane and
are thereby important for maintaining the resting potential of the cell. Mutations in
genes ATPIA1 encoding for a subunit in the Na*/K*-ATPase and ATP2B3 encoding
a plasma membrane Ca** ATPase have been recently reported [13, 14]. ATPIAI was
found mutated in 16 of 308 APAs (5.2 %) and 10 of 152 (6.6 %) in respective study,
while ATP2B3 mutations were found in 5 of 308 APAs (1.6 %) [13]. Mutations
found in ATPIAI affect L104, V332, or A963, all of which are residues involved in
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Fig. 4.2 Mechanisms for functional disturbances in normal zona glomerulosa cells as well as in
cells with mutated CACNA1D. Reprint from Scholl et al. [19]

pore formation. Interestingly the deletions found in this gene are also affecting these
residues. Even mutations found in ATP2B3 affect pore formation. All these muta-
tions are believed to affect polarization of the cells implicating an important role for
the membrane potential in dysregulation of aldosterone secretion and activation of
CYP11B2. However implication of the Na*/K*-ATPase in regulation of aldosterone
secretion [15, 16] and effect of angiotensin II on the Na*/K*-ATPase activity [17]
are well studied, and higher serum aldosterone concentration in Afplal knockout
mice has been reported [18].

The Na*/K*-ATPase can be blocked by ouabain resulting in enhanced aldoste-
rone secretion [15, 16]. This suggests a possibility to identify small-molecule “acti-
vators” of this channel as a hypothetic drug in aldosteronism.
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;I‘ablg ;.éNI;gevalen?e Of Study Prevalence Type of mutation

oun mutation in -

publications 20112013 Choi et al. [2] 8/22 (36 %) L168R (n=6)
GI51IR (n=2)

Boulkron et al. [8] 129/380 (34 %) L168R (n=53)
GI151R (n=76)
Azizan et al. [27] 30/73 (41 %) L168R (n=10)
GI51R (n=19)
dell157 (n=1)
Akerstrom et al. [6]  157/348 (47 %) LI168R (n=71)
GI15IR (n=84)

E145Q (n=2)
Monticone et al. [5]  18/47 (38 %) L168R (n=10)
G151IR (n=38)
Taguchi et al. [28] 15/23 (65 %) L168R (n=3)
GI51R (n=12)
Arnesen et al. [29] 10/28 (36 %) L168R (n=4)
G15IR (n=6)
Yamada et al. [30] 2/3 (66 %) L168R (n=1)
GI151IR (n=1)
Xekouki et al. [31] 2/16 (12 %) GI5IR (n=2)

Voltage-Gated Calcium Channels

Two recent reports who performed NGS on non-KCNJ5-mutated APAs revealed
somatic mutations in CACNAID, encoding for a voltage-gated calcium channel in 5
out of 43 specimens (11.6 %) [19] and 7 out of 142 (5 %) [14]. The most common
mutation was G403, again in somewhat parallel to KCNJ5 residing in the channel
pore. Exome sequencing was performed in pairs of DNA from tumor and peripheral
blood in order to identify tumor-specific DNA changes. CACNA ID encodes Cay1.3,
the o; subunit of an L-type voltage-gated calcium channel. The found missense
mutations, G403R and I750M, were confirmed by Sanger sequencing. The mutation
facilitated channel opening as presented in patch-clamp analyses.

Interestingly, in 2 out of 100 individuals with unexplained hypertension and PA
early in life the G403D mutation was found in peripheral blood, implicating a new
genetic syndrome with gain-of-function mutation in CACNAID, which in these
cases were de novo mutations since there was no family history. These individuals
did not exhibit adrenal enlargement (hyperplasia) on computed tomography. The
mechanism for excess aldosterone secretion mimics that of KCNJ5, ATP1A1, and
ATP2B3 regarding increased cytoplasmic calcium concentration, in these cases by
increased flux through the mutated L-type calcium channel.

CACNAID mutations seem to occur in older individuals, equally in male and
female, and cause smaller tumors than KCNJ5 mutations.
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Other Possible Derangements

Another molecular derangement possibly involved in subsets of PA is within the
APC (adenomatosis polyposis coli)/beta catenin pathway. An initial finding that
patients with familial adenomatosis coli have increased prevalence of adrenal
masses is in concordance with this hypothesis [20]. Indeed, this may be a conse-
quence of selection bias since adrenal incidentaloma occurs in approximately 10 %
of all CT scans. Aberrant activation and accumulation of beta catenin with subse-
quent translocation to the nucleus and functioning as a transcription factor may
occur in several ways, such as inactivating mutations in APC or mutation in the
third exon of CTNNBI leading to uncoupling of phosphorylation possibilities and
thereby stabilization of beta catenin which avoids degradation. The Wnt/beta
catenin pathway is important for embryological adrenal development and for cell
renewal in the adult adrenal cortex [21]. Abnormal immunohistochemical expres-
sion of beta catenin is seen in adrenocortical adenomas as well as adrenocortical
cancers (ACC), and in PPNAD nuclear accumulation of beta catenin is also seen,
implying importance in adrenocortical tumorigenesis [22]. In a mouse model where
adrenocortical restricted activation of beta catenin occurs adrenocortical hyperpla-
sia develops, which with time translates into primary aldosteronism as well as ACC
[23]. In APAs low frequency of mutations in CTNNBI has been noted as well [24].
Indeed, although clearly associated with cortisol excess and ACC, activation of the
Wht/beta catenin pathway is present in APAs as well as in the surrounding adrenal
cortex [25, 26].
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Chapter 5
From Genetic Abnormalities
to Pathophysiological Mechanisms

Maria-Christina Zennaro and Sheerazed Boulkroun

Abstract Maintenance of an appropriate zona glomerulosa cell membrane potential
is crucial for the regulation of aldosterone biosynthesis. Cell membrane depolariza-
tion is one of the main triggers for the chain of intracellular events that ultimately
leads to increased aldosterone biosynthesis. Potassium channels play a key role in
the maintenance of the membrane resting potential of zona glomerulosa cells.
Among the different K* channels, the TASK (TWIK-related acid-sensitive potas-
sium) channels are highly expressed in the adrenal cortex. Their role in the regula-
tion of aldosterone biosynthesis has been highlighted by the analysis of different
mouse models of TASK channel invalidation. Recently, mutations in different genes
coding for proteins involved in the regulation of the zona glomerulosa cell mem-
brane potential and ionic homeostasis have been identified in tumoral (somatic)
DNA from sporadic aldosterone-producing adenoma and in germline DNA from
patients with familial hyperaldosteronism. Although little is known about their spe-
cific function in the adrenal gland, in this chapter we describe their structure and
function and discuss, based on the knowledge in other tissues and published work,
the role of these proteins in normal aldosterone production and in the pathogenesis
of primary aldosteronism (PA).

Keywords Aldosterone-producing adenoma e Potassium channel ¢ ATPase ¢
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Calcium Signaling and the Regulation
of Aldosterone Biosynthesis

The human adrenal cortex is constituted by three distinct morphological zones with
specific functional properties [3] (Fig. 5.1, left panel): the zona glomerulosa (ZG),
which is located immediately underneath the capsule, produces mineralocorticoids
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Fig. 5.1 Histological structure of the adrenal cortex and aldosterone biosynthesis pathway.
(Left panel) The adrenal gland is composed of two distinct anatomical structures of different origin
and function: the cortex and the medulla. The cortex, located in the periphery, produces adrenal ste-
roid hormones, while the medulla is responsible for catecholamine biosynthesis. The cortex is divided
into three different morphological and functional zones: the zona glomerulosa, located underneath
the capsule, produces mineralocorticoids (aldosterone), and the zona fasciculata produces glucocor-
ticoids, whereas biosynthesis of sexual steroids takes place in the inner zona reticularis. (Right panel)
Aldosterone is synthesized from cholesterol through a series of sequential enzymatic reactions
involving cytochrome P450 enzymes (right panel). Conversion of cholesterol into pregnenolone is
catalyzed by the cholesterol side-chain cleavage enzyme (CYPII/AI) in the mitochondria.
Pregnenolone is released into the cytosol and converted to progesterone by 3p-hydroxysteroid dehy-
drogenase (HSD3B1/B2). The 21-hydroxylation of progesterone by the steroid 21-hydroxylase
(CYP21A2) produces 11-deoxycorticosterone (DOC). The aldosterone synthase (CYPI1B2) cata-
lyzes the last three reactions allowing conversion of DOC into aldosterone: the 11p-hydroxylation of
DOC to form corticosterone, the 18-hydroxylation to yield 18-hydroxycorticosterone (18-OH-B),
and finally the 18-methyloxidation to form aldosterone. Grey arrows represent reactions taking place
in the mitochondria and black arrows reactions taking place in the endoplasmic reticulum of all three
zones of the adrenal cortex. Red arrows indicate reactions taking place in mitochondria of zona glo-
merulosa only. It has to be noted that conversion of DOC to corticosterone also takes place in the
zona fasciculata where it is catalyzed by the activity of 11f-hydroxylase (not shown)
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involved in the regulation of sodium and potassium homeostasis and blood pressure.
The zona fasciculata (ZF), the thickest zone of the cortex, produces glucocorticoid
hormones that play important roles in stress response and energy homeostasis,
while biosynthesis of sexual steroids takes place in the inner zona reticularis.
Aldosterone and cortisol are synthesized from cholesterol by a series of specific
enzymatic reactions [16] with the final steps catalyzed by the isozymes aldosterone
synthase (encoded by CYPIIB2) and 11p-hydroxylase (encoded by CYPIIBI),
respectively. These enzymes are highly homologous, and their genes are located in
tandem on chromosome 8q21-q22. 11p-hydroxylase catalyzes the 11p-hydroxylation
of 11-deoxycortisol to cortisol and of 11-deoxycorticosterone (DOC) to corticoste-
rone. Aldosterone synthase catalyzes the 11p-hydroxylation of DOC to corticoste-
rone, 18-hydroxylation of corticosterone to 18-hydroxycorticosterone (18-OHB),
and 18-oxidation of 18-OHB to aldosterone (Fig. 5.1, right panel). Acute aldoste-
rone production is controlled by rapid signaling events that increase cholesterol
influx into the mitochondria, where cholesterol is converted into pregnenolone, the
first step of aldosterone biosynthesis. Chronic and sustained regulation of aldoste-
rone production involves the increased expression of CYP11B2 [27].

Aldosterone biosynthesis is tightly regulated in an exquisite endocrine regula-
tory loop to maintain electrolyte and fluid homeostasis by the kidney. The principal
regulators are the renin—angiotensin system and extracellular potassium (K*) con-
centration. While the renin—angiotensin system is the main effector responsible for
increasing aldosterone production in conditions of volume and salt depletion, K*
exerts greater amplitude of regulatory control over a wide range of concentrations
with maximal hormone production that is attained between 8 and 10 mmol/L
[55, 58]. It was shown very early that alterations in K* concentrations can change
the steroid output of zona glomerulosa cells even after maximal stimulation by other
secretagogues [58]. Furthermore, angiotensin II (Angll) and K* synergize to regu-
late aldosterone production: in cases where one of the two agonists is below a cer-
tain threshold, stimulation of aldosterone biosynthesis by the other is impaired. On
the other hand, only small changes of either AnglI or K* are required to elicit robust
stimulation of aldosterone production when the other agonist is present at modest to
high concentration [66]. Remarkably, it has been demonstrated that plasma K* is
also a central component of an Angll-independent mechanism regulating aldoste-
rone production in conditions of sodium depletion [46].

The key molecular pathway involved in aldosterone production is calcium (Ca*")
signaling [55]. Increased intracellular calcium levels affect aldosterone biosynthesis
in many ways: by increasing the activity of cholesterol ester hydrolase, with subse-
quent release of deesterified cholesterol from its cytoplasmic stores; by increasing
cholesterol delivery to the outer mitochondrial membrane; by promoting the trans-
fer of cholesterol to the inner mitochondrial membrane through increased expres-
sion of the steroid acute regulatory (StAR) protein; by increasing the formation of
cofactors necessary for the p450 cytochrome enzymes involved in aldosterone bio-
synthesis; and by stimulating the transcription of CYP1IB2 (reviewed in [55]). This
last step involves activation of the Ca®* signaling pathway, with binding of Ca* to
calmodulin, and activation of Ca**/calmodulin-dependent protein kinases, which
regulate by phosphorylation the activity of several transcriptional activators that
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regulate expression of CYPIIB2, in particular the nuclear receptor subfamily four
group A (NR4A) members 1 and 2 (NURR77 or NGF1B and NURRI1), the cyclic
AMP-dependent transcription factor ATF-1, and the cyclic AMP-responsive element-
binding protein (CREB) [6].

Angll signals through the AnglI type 1 receptor (AT1R) to stimulate inositol
trisphosphate-dependent Ca?* release from the endoplasmic reticulum. In addition,
stimulation by AnglI or K* results in depolarization of the zona glomerulosa cell
membrane and opening of voltage-dependent Ca?* channels, a major mechanism
controlling intracellular Ca®* concentration. Indeed, Ca’* transport through the
plasma membrane is regulated by the ionic concentration gradient and the mem-
brane potential, which depends on the distribution of diffusible ions and their selec-
tive conductance across the membrane. The concentration gradient of major cations
between the intracellular and extracellular space, which is required for the establish-
ment of the membrane potential, is generated among others by the activity of the
Na*, K*-ATPase, which transports two K* ions into and three sodium ions out of the
cell, and by Ca®* pumps. In the adrenal zona glomerulosa the main ionic conduc-
tance is that of K* due to the expression of different types of K* channels. As a
consequence, the cell membrane potential closely follows the equilibrium potential
of K* over a large range of extracellular K* concentrations [5]. Elevation of extracel-
lular K* concentration, decrease of intracellular K* concentration, inhibition of the
Na*, K*-ATPase, or closure of TASK potassium channels all lead to cell membrane
depolarization, allowing opening of voltage-dependent Ca** channels. AngII inhibits
Na*, K*-ATPase activity in rat adrenal glomerulosa cells, which might represent an
additional mechanism contributing to its stimulation of aldosterone production [26].

Potassium Channels and the Regulation
of Aldosterone Biosynthesis

Patch-clamp studies have revealed inwardly rectifying, outwardly (delayed) rectify-
ing, Ca?*-activated as well as background potassium currents in glomerulosa cells.
Among the different K* channels, the TASK (TWIK-related acid-sensitive potas-
sium) channels are highly expressed in the adrenal cortex. TASK channels are
responsible for the background (or leak) potassium current and exert a significant
role in the generation of the strongly negative resting membrane potential (>80 mV)
in glomerulosa cells. Their role in the regulation of aldosterone biosynthesis has
been highlighted by the analysis of different mouse models of TASK channel invali-
dation displaying different phenotypes of aldosterone excess [18, 24, 29, 47].
Genetic invalidation of the TASK1 channel in mice leads to ectopic expression of
CYP11B2 in zona fasciculata due to adrenocortical cell depolarization [29]. Female
homozygous TASK1 knockout mice present low-renin, glucocorticoid-remediable
hyperaldosteronism; until puberty, male TASK1 knockout mice display the same pheno-
type but normalize subsequently in terms of adrenal zonation and aldosterone
secretion. Indeed, androgen-dependent expression of TASK3 in adult male mice,
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and possibly other mechanisms, compensates for the loss of TASK1 function [29].
When both TASK1 and TASK3 channels are deleted, mice present a phenotype
reminiscent of patients with idiopathic primary hyperaldosteronism (IHA) [18]. No
abnormal adrenal cortex zonation is observed, but profound ZG membrane depolar-
ization leads to elevated plasma aldosterone levels and low circulating renin, with
aldosterone production not suppressed by a high-salt diet. In contrast to the previous
models, mice lacking TASK3 channels display a mild hyperaldosteronism that is
associated with low renin levels and an increased aldosterone-to-renin ratio. These
animals show partially autonomous aldosterone production, which is not suppressed
by high-sodium or low-potassium diets [47], suggesting that constitutive depolar-
ization of zona glomerulosa cells in these animals leads to partially autonomous
aldosterone production, which is counterbalanced by decreased activity of the
renin—angiotensin system. Altogether, these models suggest that TASK channels
serve a dual function, with TASKI1 controlling the functional zonation in terms of
CYP11B2 expression, while TASK3 is responsible for the control of zona glomeru-
losa cell membrane potential [47]. Although these models suggest that abnormali-
ties in TASK1 and/or TASK3 channels may be involved in the pathogenesis of PA
in humans, no causative mutations of these genes have been identified so far [15]
(Zennaro et al. unpublished results).

G Protein-Activated Inward Rectifier Potassium Channels,
ATPases, and Primary Aldosteronism

Until recently, TASK channels were presumed to be the principal actors in the main-
tenance of zona glomerulosa membrane potential and regulation of aldosterone bio-
synthesis. A major advance in our understanding of the pathogenesis of PA has
come from the identification of a few recurrent sporadic and germline mutations in
the KCNJ5 gene coding for the G protein-activated inward rectifier potassium chan-
nel 4 (GIRK4) in aldosterone-producing adenoma (APA) and familial hyperaldoste-
ronism type III [14, 15, 40, 52] (see Fig. 5.2). All mutations identified so far are
located near or within the selectivity filter of GIRK4, which contains the consensus
GYG motif for potassium selectivity (see below). Expression of mutated channels
in different cell lines demonstrated that these gain-of-function mutations affect the
ion selectivity of the channel, with increased Na* conductance leading to chronic
membrane depolarization [15, 40, 52]. It has been shown that these changes are
responsible for increased Ca?* influx into the cell through activation of voltage-
gated Ca** channels leading to increased Ca**/calmodulin signaling and constitutive
secretion of aldosterone [45]. Inherited KNCJ5 mutations also lead to increased cell
proliferation in familial hyperaldosteronism type III, where subjects show massive
bilateral adrenal hyperplasia requiring bilateral adrenalectomy to control blood
pressure [23]. However, overexpression of mutated GIRK4 channels in human
embryonic kidney cells [52] or adrenal H295R cells [45] results in Na*-dependent
cell death or decreased proliferation, most likely due to lethal intracellular Na*
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Fig. 5.2 Schematic representation of the GIRK4 subunit. GIRK4 subunits of GIRK channels
present two transmembrane domains (M1 and M2), a putative pore region (H5, indicated in black)
and intracellular N- and C-termini. Regions involved in Gy interaction are indicated in blue, those
involved in interaction with G and Goffy are indicated in green, the PIP2-binding domain is indi-
cated in purple, and amino acids involved in Na;* sensing and in PIP2 interaction are identified by
green stars. GIRK4 mutations identified in sporadic and familial forms of primary aldosteronism
are indicated by yellow stars

accumulation in these systems. The fact that somatic GIRK4 mutations lead to
increased cell proliferation in APA therefore awaits formal demonstration in experi-
mental systems.

Several studies have shown that somatic KCNJ5 mutations are present in ~40 %
of APA from Western countries [1, 4, 9, 39] and as high as 65 % of patients from
Japan [57]. KCNJ5 mutations are associated with female gender, younger age, and
a more severe phenotype of the disease in terms of preoperative aldosterone levels
and hypokalemia. They are however not consistently associated with tumor size,
blood pressure levels, and postoperative outcome after surgery [9]. While germline
KCNJ5 mutations are involved in the pathogenesis of bilateral adrenal hyperplasia
in familial forms of the disease, similar mutations have not been identified in
patients with IHA, which together with APA represents the other most frequent
form of sporadic PA [9].

More recently, whole-exome sequencing performed in 9 APA has identified
recurrent somatic mutations in ATP/A1, coding for the ol subunit of the Na*, K*-
ATPase, and ATP2B3, coding for the plasma membrane calcium-transporting
ATPase 3 (PMCA3) [7] (Fig. 5.3). These mutations are present in ~7 % of tumors
in a large European multicenter study including 308 APA samples. Mutations
were more frequent in males and were associated with higher preoperative
aldosterone levels and significantly lower serum potassium concentrations [7].
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Fig. 5.3 Schematic representation of Na*, K*-ATPase and plasma membrane calcium transport-
ing ATPase 3 (PMCA3). The Na*, K*-ATPase and PMCA3 belong to the P-type ATPase family.
(a) The Na*, K*-ATPase is composed of two subunits, a and . The o subunit presents ten
transmembrane domains (M1-M10), and the N- and C-termini are intracellular. The ATP-binding
region, located in the second intracellular loop of the « subunit, is encased in a blue circle. The 3
subunit has a single membrane crossing with a cytoplasmic N-terminus and is located close to the
M7/M10 transmembrane domain. FXYD proteins possess one transmembrane domain with an
extracellular N-terminus; they are not integral part of the Na*, K*-ATPase but modulate the pump
activity. Mutations identified in primary aldosteronism are indicated by yellow stars. (b) Similar to
the Na*, K*-ATPase, the PMCA pump possesses ten transmembrane domains (M1-M10) and the
ATP-binding region is located in the second intracellular loop (blue circle). The acidic phospholipid-
binding domain, located in the first intracellular loop, and the calmodulin-binding domain, located
in the C-terminal tail, are indicated in red and in green, respectively. Mutations identified in
primary aldosteronism are indicated by yellow stars
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Mutations in the ol subunit of the Na*, K*-ATPase affect amino acids in the
transmembrane a-helix M1 or the juxtaposed a-helix M4, which are involved in
potassium ion binding and gating [19]. The small deletions found in PMCA3
involve the homologous region of the M4 transmembrane helix, where according
to the known structure of a homologous rabbit sarcoplasmic reticulum-type Ca**-
ATPase, a glutamate is crucial for Ca?* binding. Both ATPases are highly expressed
in the adrenal cortex. In vitro experiments in cell models have shown that muta-
tions in the al subunit of the Na*, K*-ATPase lead to a complete loss of pump
activity and a strongly reduced affinity for K*. Furthermore, electrophysiological
studies performed on primary adrenal adenoma cells demonstrated an inappropri-
ate depolarization of cells expressing mutated ATP/AI genes. Although muta-
tions in PMCA3 have not been investigated experimentally, deletions are predicted
to cause a major distortion of the Ca*-binding site, therefore affecting intracel-
lular Ca** clearance [7].

G Protein-Activated Inward Rectifier Potassium Channels

Structure and Function of G Protein-Activated
Inward Rectifier Potassium Channels

GIRK channels are members of a large family of inwardly rectifying K* channels
(Kir1-Kir7). Kir channels are classified into seven families but can be categorized
into four functional groups: (1) the classical Kir channels (Kir2.x); (2) the G protein-
gated Kir channels (Kir3.x, now referred to us as GIRKx); (3) the ATP-sensitive K*
channels (Kir6.x); and (4) the K*-transport channels (Kirl.x, Kir4.x, Kir5.x, and
Kir7.x). “Inward rectifiers” are a class of K* channels that can conduct much larger
inward currents at membrane voltages negative to the K* equilibrium potential than
outward currents at voltages positive to it. Consequently Kir channels operate near
the resting membrane potential and tend to be silenced when voltage-dependent Na*
or Ca? channels depolarize the membrane [36]. In the adrenal gland, however,
under physiological conditions, Kir channel opening will lead to a K* outflow rather
than potassium inflow (see below).

GIRK channels comprise four members (GIRK1, GIRK2, GIRK3, and GIRK4)
showing 36 % sequence identity. GIRK1 was first cloned from a rat heart cDNA
library, based on sequence similarity with cloned inwardly rectifying K* channels,
ROMKI (Kirl.1) and IRK1 [35]. The encoded protein presented similar structure to
ROMK and IRK1 with two transmembrane regions (M1 and M2), a putative pore
region (HS5), and intracellular N- and C-termini. Although in Xenopus oocytes
GIRKI1 displays many of the properties of the G protein-coupled muscarinic K*
channel (Igacy) from the heart [35], in mammalian cell lines expression of GIRK1
alone does not produce a functional K* channel [34]. The effects observed in
Xenopus oocytes were, in fact, due to GIRK1 heteromeric assembly with Kir3.5/XIR,
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a homolog of GIRK4 [28]. GIRK1 generally forms heteromultimers with other
GIRK subunits to form functional K* channels. In heart, GIRK1 and GIRK4 physi-
cally associate to form the Ix,c, channel. The quaternary structure of this channel
was determined by different approaches. Corey et al. showed that GIRK proteins
form tetramers and that native Ix,q, 1s most likely a tetramer composed of two
GIRK1 and two GIRK4 subunits. Surprisingly, both of the possible arrangements
of subunits, GIRK1-GIRK4-GIRK1-GIRK4 or (GIRK1),—(GIRK4),, around the
pore may be viable [17].

Comparison of the solved structures of the cytoplasmic domains of GIRKI,
GIRK?2, and IRK1 (Kir2.1) highlighted a conserved secondary structure for inwardly
rectifying K* channels, consisting of 14 p-strands and 2 a-helices. Two-thirds of the
amino acid sequence of GIRK channels is represented by large hydrophilic N- and
C-terminal domains, which form a large “cytoplasmic pore” structure. Electro-
physiological studies revealed the importance of this cytoplasmic pore. First, it
extends the effective length of the pore. The cytoplasmic pore contains some of the
acidic residues essential for the voltage-dependent high-affinity block of the chan-
nel by Mg?* and polyamines from the intracellular side. This binding, which physi-
cally blocks the channel, underlies the voltage gating and the inward rectification of
the channel. The mechanism of inward rectification also involves the M2 helix, with
GIRK4 possessing a crucial Asn and GIRK1 an Asp in this position as polyamine-
binding site. This gives rise to large inward currents at hyperpolarized potentials
and small outward currents at more positive potentials. In contrast to voltage-gated
K-channels, GIRKSs lack an intrinsic voltage sensor segment. Second, the cytoplas-
mic pore is the structural component through which gating of GIRK channels can
be modulated by regulatory proteins, ATP, Na*, or pH. Resolution of the crystal
structure of a protein formed by the N- and C-termini of GIRK1 showed that a sin-
gle subunit forms a globular, mainly f sheet protein with a prominent o helix, which
can assemble as a tetramer of identical subunits to form a pore [43]. The cytoplas-
mic pore increases the length of the ion pathway and is wide enough to allow K*
to remain hydrated; it constitutes more a long tunnel than a wide vestibule.
Phosphatidylinositol 4,5-bisphosphate (PIP2)-binding domains have also been
localized to the N- and C-termini by mutagenesis studies. Indeed, gating of GIRKs
is dependent on the membrane content of PIP2, with PIP2 enhancing GIRK currents
and PIP2 depletion reducing GIRK currents.

Each subunit of the tetrameric channel is made up of two transmembrane domains
flanking a highly conserved pore-forming helix. In terms of ion selectivity, GIRK
channel subunits all present the same signature sequence: TXG(Y/F)G. In the
“weaver” mouse, mutation of the Gly156 to serine in the selectivity filter of the
GIRK?2 channel results in the loss of K* selectivity [41]. However, residues outside
the selectivity filter of GIRK channels have also been found to contribute to K*
selectivity. Residues involved in the selectivity filter of channels formed by GIRK 1/
GIRK4 subunits have been identified by homologies with the Kir2.1 channel.
Mutation of the Thr141 in the pore loop and Ser165 in M2 of Kir2.1 has been shown
to alter both cesium (Cs*) block and rubidium (Rb*) permeation and mutations in
the same position in GIRK4, Thr148, or Alal72 have the same effect, whereas
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similar mutations in GIRK1 at position Ala142 or Ser166 did not affect the channel
characteristics [37]. Molecular modelling suggested that residues Glul45 and
Argl55 in GIRK4 and residues Glu139 and Argl49 in GIRK1 form a salt bridge
behind the selectivity filter and probably act to maintain the structure rigid.
Disruption of the salt bridge renders the selectivity filter floppy and has dramatic
effects on permeation, inward rectification, and agonist activation, similar to those
observed when residues involved in the selectivity filter are mutated.

Regulation of GIRK Channels by G Proteins

The intracellular domains of GIRK channels, which also include the cytoplasmic
pore region, are crucial for modulation of channel activity by many regulators and
for establishing the voltage dependence of inward rectification [67]. In these
domains, the sequence identity increases to >80 %. GIRKs are coupled to many
different G protein-coupled receptors (GPCRs), like the muscarinic M,, 8-opioid,
dopamine D4, and somatostatin receptors. GIRKs are effectors of GPy signaling.
Gpy has roles in channel trafficking and assembly in addition to cell signaling. Gfy
binds to the intracellular N- and C-terminal domains and induces a configuration
change that is transduced to the lower M2 region which is rotated. While there exist
2-3 separate Gfy-binding segments on each GIRK, with the channel tetramer
having 8—12 putative Gfy-binding sites, cross-linking experiments have established
that each channel subunit binds to one GPy, with a total of four Gpy per channel
tetramer [67]. Mutations within the GPy-binding segment of the C-terminal region
of GIRKSs eliminate agonist-induced receptor activation of the channel but preserve
Gpy-dependent basal activities, indicating that some binding sites are required for
early interactions between Gfy and GIRKSs during channel biosynthesis and chan-
nel assembly, while other sites may be required to mediate channel activation at the
cell surface. The cytoplasmic region of GIRKSs is critically involved in channel gating.
Gy specificity is dependent upon the specific Ga subunit with which they are asso-
ciated; Ga (Gai subunit, but not Gas or Gaq) plays a central role in determining
receptor-coupling specificity to GIRKs. Interestingly, in native tissue, only Gai-
coupled receptors activate GIRKs [49]; as all heterotrimers release Gfy, it is hypoth-
esized that this specificity may derive from spatial restriction of heterotrimers
composed of Gas or Gaq in the membrane lipid bilayer, preventing interaction with
GIRKs [53].

GIRKSs are also regulated by regulators of G protein signaling (RGS) proteins.
RGS have mostly negative modulatory roles on GPCR-mediated signal transduction
[61]. They act as GTPase-activating proteins (GAPs), thus terminating the activa-
tion cycle of Ga by promoting its intrinsic GTPase activity. On GIRK channels,
RGS proteins accelerate both the activation and the deactivation kinetics of the
channel [51]. The impact on deactivation is explained by their GAP activity, which
terminates Go activation by promoting GTP hydrolysis, increasing GaGDP which
sequesters GPy into an inactive complex. The mechanisms of GIRK activation by
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RGS are less well understood. It has been described that RGS4 can form a stable
complex with the GABAg receptor, Gao and GIRK, indicating that they may act as
accessory proteins forming part of a larger signaling complex [67].

Regulation by PIP2 and Sodium

GIRKs are regulated by plasma membrane PIP2; receptor-mediated hydrolysis of
PIP2 via Gaq leads to K-current desensitization of GIRK1/4 complexes through the
activation of phospholipase C (PLC) [33]. This occurs also after activation of sig-
naling pathways not involving heterotrimeric G proteins, like the epidermal growth
factor receptor, which directly couples to PLCy. The extent of agonist-induced
desensitization depends upon the strength of the GIRK—PIP2 interaction. The
mechanistic basis for K*-current inhibition by PIP2 hydrolysis is a direct interac-
tion between PIP2 and GIRKSs [33]. The interaction between PIP2 and GIRKSs is
weak, and at the low PIP2 concentrations of the plasma membrane PIP2 does not
normally gate GIRK channels. PIP2 produced via hydrolysis of ATP causes pro-
longed unitary channel openings, which sensitize the channel to gating molecules
like GPy or sodium [56]. GPy subunits require PIP2 to stimulate and maintain the
activity of GIRKs. Gating molecules vice versa stabilize channel interactions with
PIP2, suggesting that gating proceeds by modulating channel PIP2 interactions.
GIRKSs seem therefore to be regulated by the balance of two pathways: one activat-
ing pathway, via GPCRs coupled to Gai and gating by GPy interacting directly with
the channel to stabilize its interaction with PIP2 leading to channel opening: one
inhibitory pathway, via PLC-dependent hydrolysis of PIP2, therefore limiting
channel activity [33].

Intracellular Na* (Na;*) can activate GIRK channels which contain GIRK?2 or
GIRK4 subunits independently of G protein activation. This mechanism involves
two processes: (1) a modification of the functional state of the channel which
depends on ATP hydrolysis and (2) a subsequent gating of the ATP-modified chan-
nel by Na* [56]. This mechanism of K¢, channel activation was shown to be opera-
tive during Na;* accumulation, produced for instance by blocking the Na*,
K*-ATPase, and is likely to be involved in the “direct” electrophysiological effects
of cardiac glycosides, such as digitalis, drugs widely used in heart failure or for
improvement of the inotropic state of the heart [56]. Studies aimed at identifying
regions of GIRK channels that mediate their activation by Na* have converged to a
region located in the C-terminus close to the plasma membrane. In GIRK4, this
region was found to include residues 214-252. Aspartate at position 223 in GIRK4,
located in the CD loop between the fC- and pD-strands, is considered to be the Na;*
sensor. At the equivalent position, GIRK1 possesses an asparagine (Asn217) prob-
ably explaining its sodium insensitivity.

Intracellular Na* also strengthens the interaction between GIRKs and PIP2,
increasing and accelerating GIRK activation by PIP2 [30]. Na;* can activate chan-
nels containing GIRK4 by modifying the three-dimensional structure of the loop to
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increase the channel’s sensitivity to PIP2. In GIRK4, a highly conserved arginine
(Arg225) in the loop that contains the crucial Asp223 has been shown to be crucial
in the sensitivity of the channel to PIP2. Asp223 inhibits electrostatic interactions
between PIP2 and Arg225, while Na* binding attenuates this inhibition, allowing
the arginine residue to enhance the channel’s sensitivity to PIP2. Na* plays the role
of a switch that breaks the hydrogen bonding between the aspartate and the arginine.
Na* sensitivity of GIRK channels involves also the backbone carbonyls of two more
residues and a water molecule. The existence of a specific Na*-binding motif,
DXRXXH, especially in GIRK channels, was proposed [50].

Recently, the structural basis for GIRK channel regulation by G proteins, PIP2,
and sodium has been elucidated by establishment of the crystal structure of the
GIRK2 channel [60]. These studies show that GIRK channels contain two func-
tional gates, an inner helix gate (formed by the inner helices of the transmembrane
domain) and a G loop gate (formed by the G loop at the apex of the C-terminal
domain), that are regulated by a combination of cytoplasmic and membrane stimuli.
The Na*-binding site is located between the BC-BD and BE-PG loops and is depen-
dent on a negatively charged Asp residue. PIP2 binds at the interface between the
transmembrane and cytoplasmic domains and is coordinated by several positively
charged residues.

GIRK as Part of Larger Signaling Complexes

GIRKSs are part of large macromolecular signaling complexes, which are organized
in transient interactions to stable signalosomes, depending on the need for either
signal amplification with no need for specificity or rather rapid and highly specific
signaling events [67]. Many proteins have been shown to associate in those com-
plexes, for example GIRK1/4 with f2-adrenergic receptors, or D2 and D4 recep-
tors, which remain intact throughout the signaling process. Receptor—Gfy
interactions initially occur in the endoplasmic reticulum, after which they are traf-
ficked to the cell membrane. These early complexes may also contain GIRKs and
RGS proteins. Other proteins associated with GIRKs are GPCR-kinases (GRKs),
protein kinases (PK)A and PKC, and protein phosphatases (PP)I and PP2A.
Tyrosine phosphorylation has been shown to inhibit GIRK activity. Channel inacti-
vation has been linked to activation of Gag-coupled receptors and could involve
PKC-mediated phosphorylation of the channel or PLC-mediated PIP2 depletion.
It is most likely that GIRK inhibition is initially mediated by PIP2 depletion and
that subsequently increased DAG can lead to PKC stimulation, which inactivates
the channel through phosphorylation and reduced interaction with PIP2. Gy sub-
units stabilize interactions with PIP2 and lead to persistent channel activation.
Activation of PLC hydrolyzes PIP2 and limits Gfy-stimulated activity, indicating
that PIP2 itself is a receptor-regulated second messenger, downregulation of which
accounts for GIRK desensitization [33].
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The Na*, K*-ATPase and PMCA

The Na*, K*-ATPase or Sodium Pump

ATPases are classified into five types and nine subtypes. The Na*, K*-ATPase is a
member of the P-type ATPase family whose members are characterized by the
presence of a specific motif DKTGTLT. The Na*, K*-ATPase is composed of two
subunits, a and P. Four isoforms of the a subunits have been identified, al—o4.
They are composed of about 1,000 amino acids, with 10 transmembrane segments
(M1-M10); the N- and C-termini have been shown to be intracellular [31]. The f
subunit is a type II membrane protein, and three isoforms have been identified,
B1-P3. B subunits are composed of about 370 amino acids and have a single mem-
brane crossing with a cytoplasmic N-terminus. Crystallographic data predict that
the B subunit is located close to the M7/M10 transmembrane domain of the o
subunit. Both o and f subunits are needed to form a functional ATPase (Fig. 5.3a).
Although f subunits facilitate the correct membrane integration acting as a chaper-
one protein, they are also involved in the mechanism of active transport. Depending
on the association of o subunits with different § subunits affinity for potassium can
be modified [32].

The reaction mechanism of the Na*, K*-ATPase involves different conforma-
tional changes: the first conformation (E,) presents high affinity for both Na* and
ATP (0.2 pM), whereas the second one (E,) has only low affinity for ATP (150 mM).
Binding of ATP to E, permits the binding of three intracellular Na* and leads to E,
phosphorylation (E,P). The bound Na* ions are occluded, and a new conformational
change occurs allowing Na* to be released at the extracellular surface (E,P). The
E,P conformation is sensitive to aqueous hydrolysis and binds two K* at the outer
surface, inducing enzyme dephosphorylation (E,) and K* occluding. The binding of
ATP to the low-affinity site of the enzyme allows release of the two K* ions at the
intracellular side. The enzyme returns to the conformation (E,) with high affinity for
Na*, and ATP and is available for a new cycle.

Remarkably the catalytic activity of the enzyme and the ionic transport are
performed by two separate regions. Different approaches (chemical labeling, site-
directed mutagenesis) demonstrated that all the residues involved in nucleotide
binding are located in the second extracellular loop between the M4 and M5
transmembrane domain (which are the domains carrying the recurrent somatic
mutations found in APA, see above). Proteolysis experiments revealed that the
cation transport domain is formed by transmembrane segments of the protein.
In particular, the glutamate at position 779 in the M5 transmembrane domain is a
key residue in the ability of the enzyme to occlude ions, while residues involved
in cation coordination are located in M4, M5, and M6 transmembrane domains.
Indeed several negatively charged amino acids are present in these domains and
are not compensated by positive charges strongly suggesting that transported cat-
ions are involved not only in charge neutralization but also in enzyme stability.
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Due to its role, the Na+, K+-ATPase is ubiquitously expressed. In the adrenal
cortex, the ol subunit is predominantly expressed in zona glomerulosa and, to a
less extent, in zona fasciculata [31, 59].

Regulation of the Na*, K*-ATPase

The activity of the Na*, K*-ATPase is regulated by several factors, including FXYD
proteins, ouabain and other cardiotonic steroids, and hormones. The FXYD protein
family is composed of seven members (FXYD1-FXYD?7). They possess one trans-
membrane domain with an extracellular N-terminus and are characterized by the
presence of an extracellular FXYD motif, two conserved glycine residues located in
the transmembrane domain, and one intracellular serine residue. The FXYD pro-
teins are not an integral part of the Na*, K*-ATPase but modulate the pump activity
by changing the apparent affinity for Na*, K* or ATP. Their expression is tissue
specific allowing adaptation of Na*, K*-ATPase activity to the tissue [22].
Cardiotonic steroids (comprising especially digoxin and ouabain), named due to
their positive effect on heart performance, play an important role in the control of
blood pressure but also in the control of many cellular functions (proliferation, dif-
ferentiation) due to the activation of specific cellular pathways; modification of
endogenous levels of cardiotonic steroids could be involved in chronic renal and heart
failure, hypertension, and cancer. They constitute also an important class of Na*, K*-
ATPase inhibitors. Indeed, the Na*, K*-ATPase not only acts as a Na* and K* trans-
porter but also as a receptor for this class of molecules. The Na*, K*-ATPase interacts
with cytoskeleton proteins (ankyrins and adducins) or membrane proteins (caveo-
lins); this kind of interactions can play a role in targeting and stabilizing the pump
into specialized membrane signaling microdomains. The o2 and a3 subunits are
located in specific plasma membrane microdomains adjacent to the endoplasmic
reticulum and in close proximity to the Na*/Ca*" exchanger, thus forming a functional
structure named PLasmERosome [8]. Binding of ouabain induces an increase in Ca**
signaling. The al subunits reside in caveolae where they interact with Src kinase,
phosphoinositide 3-kinase, ankyrin, and inositol triphosphate receptor, forming a
functional structure called signalosome [48]. Binding of ouabain can result in the
activation of the MAPK and PI3K pathway and in the generation of specific second
messengers [mitochondrial reactive oxygen species (ROS), PLC, and Ca*"] [54].
Short- and long-term regulation of the Na*, K*-ATPase also involves a variety of
hormones. The short-term effects implicate either (1) a direct effect on the kinetic
behavior of the enzyme or (2) a translocation to the membrane of preexisting pumps;
long-term effects involve de novo pump synthesis. Among others, aldosterone has been
shown to increase the expression of the o subunit of the Na*, K*-ATPase in the distal
tubule of the kidney [20]. The mineralocorticoid receptor is strongly expressed in the
zona glomerulosa of the adrenal cortex [10]. Whether aldosterone-mediated activation
of the Na*, K*-ATPase may represent a short autocrine regulatory loop restricting aldo-
sterone production in the adrenal zona glomerulosa awaits further investigation.
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The Plasma Membrane Calcium-Transporting ATPase

The plasma membrane calcium-transporting ATPase (PMCA) pumps allow extrud-
ing Ca?* from the cell and are key regulators of cellular Ca** homeostasis. The fam-
ily comprises four members (PMCA1-PCMA4) composed of about 1,200 amino
acids, with 10 transmembrane segments (M1-M10) (Fig. 5.3b). Similarly to the
Na*, K*-ATPase, the PMCA belongs to the P-type ATPase family. The Ca** ATPase
reaction cycle involves two conformational states E; and E,. In the E; state, intracel-
lular Ca?* binds to the pump with a high affinity, whereas in the E, conformational
state, the affinity of the pump for Ca** decreases, leading to its release at the extra-
cellular side. The PMCA pumps have only one Ca?*-binding site instead of two
described in the Sarco(Endo)plasmic reticulum Ca?*-ATPase (SERCA). In addition
to the ATP-binding site located in the second intracellular loop, the first intracellular
loop contains a domain (~40 amino acids) which binds activating acidic phospho-
lipids, and the intracellular C-tail contains a calmodulin-binding site. In the absence
of calmodulin, the C-tail interacts also with two specific sites located in the first
intracellular loop, leading to an auto-inhibitory conformation [21]; calmodulin
binding removes the C-terminal tail from the inhibitory sites, restoring the pump
activity. While PCMA1 and PCMA4 are ubiquitously expressed, PMCA2 and
PMCA3 are expressed in a very limited number of tissues, essentially in the nervous
system. PMCAZ2 is also expressed in the mammary gland and PMCA3 in the adre-
nal cortex [11].

In addition to the activating effect of calmodulin reported above, PMCA pumps
can be activated by other mechanisms, such as (1) binding of acidic phospholipids
in the first intracellular loop, which reduce the Ca** Km of the pump; (2) its dimer-
ization through the calmodulin-binding domain; and (3) phosphorylation of the
calmodulin-binding domain, by protein kinase C, which prevents the interaction of
the auto-inhibitory calmodulin-binding domain with the first intracellular loop.
Finally, calpain can irreversibly activate the pump by cleavage of the C-terminal
part which contains the auto-inhibitory calmodulin-binding domain [12].

How Do GIRK4 Channels and ATPases Regulate
Physiological Aldosterone Production?

As described above, the activity of the Na*, K*-ATPase and of different Ca®* pumps
is essential for the establishment of the membrane potential of zona glomerulosa
cells and for maintaining intracellular calcium homeostasis. The finding that GIRK4
and ATPase mutations were responsible for sporadic and familial hyperaldosteron-
ism opens the question as to whether GIRK channels, Na*, K*-ATPase, and PMCA3
also play an important role in the physiology of zona glomerulosa cells and aldoste-
rone production. GIRK4, Na*, K*-ATPase, and PMCA3 are highly expressed in the
adrenal cortex and in APA (Fig. 5.4). GIRK4 is particularly expressed in the zona
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Control adrenal

Fig. 5.4 Immunolocalization of GIRK4, Na*, K*-ATPase ol, and PMCA3 in control adrenal
cortex and APA. In control adrenal, GIRK4 and the a1 subunit of the Na*, K*-ATPase are strongly
expressed in zona glomerulosa and to a less extent in zona fasciculata, while PMCA3 is expressed
in the entire cortex. GIRK4, Na*, K*-ATPase a1, and PMCA3 are all expressed in APA. The dotted
line delineates the zona glomerulosa underneath the capsule in control adrenal. Magnification x200

glomerulosa, although its heteromerization partner has not been formally identified
so far in this tissue. As GIRK channels act as inward rectifiers at membrane voltages
negative to the K* equilibrium potential, in the zona glomerulosa, where the mem-
brane potential is usually slightly more depolarized than the K* equilibrium poten-
tial, GIRK channels conduct outward potassium currents [15]. GIRK channels may
therefore contribute to maintaining the hyperpolarized state of the zona glomerulosa
cell membrane, providing a GPCR-coupled effector regulated by the balance of dif-
ferent pathways. Activating pathways would involve different GPCRs expressed in
the zona glomerulosa coupled to Gai and gating by Gy, or increased Na;*, leading
to channel opening: inhibitory pathways may act via PLC-dependent hydrolysis of
PIP2, therefore limiting channel activity.

Angll was found to inhibit each type of the hitherto described K* channels, in
particular TASK channels. Maneuvers applied to activate PLC, Gq, and PKC, or to
increase the concentration of cytoplasmic Ca? and IP3, led to the conclusion that the
action of AnglII on K* channels is mediated by the breakdown of PIP2 in the plasma
membrane [55]. In a model of adrenocortical cells, it has been shown that activation
of GIRK4 inhibits AnglI-stimulated changes in membrane voltage and aldosterone
secretion; similarly, GIRK4 overexpression leads to a decrease in membrane volt-
age, decreased intracellular Ca** and aldosterone production, and reduced mRNA
expression of StAR, CYPI1IAIl, HSD3B2, CYP2IA2, CYP17Al, CYPI1IBI, and
CYP11B2, coding for the major steroidogenic enzymes involved in aldosterone bio-
synthesis [44] (Fig. 5.1). The mechanistic basis for this effect has been attributed to
AngllI-dependent downregulation of KCNJ5 mRNA expression and GIRK4 protein
levels, involving Ca?* signaling [44]. It has been therefore suggested that GIRK4
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containing channels in the zona glomerulosa continuously transfer K* from inside
to out of the cells to regulate membrane voltage, an action that is inhibited by AngIl
[44]. In addition to regulating GIRK4 channel expression, an additional mechanism
whereby AngllI could negatively regulate GIRK4 channel function is Gag-mediated
PLC-dependent PIP2 hydrolysis. Conversely, the inhibitory effect of AnglI on Na*,
K*-ATPase activity which leads to cell membrane depolarization [26] may have an
opposite effect on GIRK activity, as increase in Na;* can activate GIRK channels
[30]. These may serve as negative feedback mechanism during intense stimulation
with Angll, similarly to the effect of increased intracellular Ca’* leading to pump
activation [64]. Indeed, under conditions where extracellular K* stimulates aldoste-
rone secretion, i.e., 4-10 mM, it also stimulates the Na*, K*-ATPase by direct bind-
ing to the pump as well as through increased intracellular Ca®* [64]. In rat
glomerulosa cells, the predominant form of Na*, K*-ATPase is the a-isoenzyme
[55]. Inhibition of the Na*, K*-ATPase by ouabain has been shown to rapidly
increase the release of aldosterone from rat glomerulosa cells, an effect involving
calcium influx through voltage-gated calcium channels [65]. Furthermore, pro-
longed infusion of ouabain in rats results in raised plasma concentrations of aldoste-
rone and corticosterone, without effect on plasma renin activity, that is associated
with marked hypertrophy of the zona glomerulosa, indicating that prolonged treat-
ment with ouabain selectively stimulates the growth and steroidogenic capacity of
adrenal zona glomerulosa cells [42]. Angll reduces the activity of the Na*, K*-
ATPase through the AT1R [26], an effect that possibly involves the activation of a
tyrosine phosphatase [63]. Inhibition of Na*, K*-ATPase contributes to membrane
depolarization and generation of a calcium signal, finally leading to increased aldo-
sterone production.

The adrenal cortex is a complex tissue, where cords of steroidogenic cells are in
close contact with endothelial cells from blood vessels, chromaffin cells from the
adrenal medulla, immune cells (mast cells, lymphocytes, macrophages), and nerve
terminations. All those different cellular components constitute the basis for a para-
crine and autocrine control of aldosterone production, involving catecholamines
and neurotransmitters (adrenalin, noradrenalin, dopamine, and serotonin), cyto-
kines (TGFp, interleukins), vasoactive peptides (endothelin, nitric oxide), and
growth factors (IGF, EGF). Among them, different molecules involve signaling via
GPCRs coupled to different effector mechanisms. Whereas the role of these factors
in regulating aldosterone production under physiological circumstances is still
debated, a few of them might involve coupling to GIRK channels to exert their
effects. The neurotransmitter dopamine is a well-known inhibitor of aldosterone
biosynthesis [55]. In bovine adrenal glands as well as in humans, administration of
the dopaminergic antagonist metoclopramide causes a rise in plasma aldosterone
levels [13, 38]. Both D2 and D4 dopamine receptors are expressed in the adrenal
gland [62]. A large amount of data indicates that dopamine inhibits aldosterone
production via the D2 receptor coupled to Gai signaling [62]; animals inactivated
for the D2 dopamine receptor show twofold increased aldosterone levels [2]. This
regulation may involve Gai-mediated decrease in PKA signaling but also a Gpy-
dependent stimulatory effect on GIRK4 channel function. Indeed, a potentiation of
GIRK channel activity by dopamine via the D2 receptor is a characteristic feature



70 M.-C. Zennaro and S. Boulkroun

of GIRK1/GIRK4 heterotetramers [34]. A second factor possibly implicating GIRK
channels to regulate aldosterone production is vasopressin. Vasopressin is a Ca?*-
mobilizing agonist binding to the V1 receptor in glomerulosa cells. In glomerulosa
cell-enriched primary cultures, vasopressin increased aldosterone secretion and was
found to be as potent as AngllI in stimulating aldosterone secretion, phosphoinosit-
ide turnover, and Ca* mobilization [25]. Similarly to Angll, the action of vasopres-
sin on V1 involves Gaq-PLC-mediated PIP2 hydrolysis, with increased calcium
signaling resulting from mobilization of Ca** from intracellular IP3-dependent
stores [55]. In addition, it has been shown that vasopressin increases intracellular
Ca?* concentrations via increased Ca>* influx. This latter mechanism may involve
inhibition of GIRK activity via PLC-mediated PIP2 hydrolysis (see above).

Conclusion

Different recurrent somatic mutations of KCNJS5, ATPIAI, and ATP2B3 have been
identified in APA as well as germline mutations of KCNJ5 in familial hyperaldoste-
ronism type III. These mutations affect the zona glomerulosa cell membrane poten-
tial and ionic homeostasis, leading to increased calcium signaling which promotes
increased aldosterone biosynthesis and possible cell proliferation. Gene expression
studies in a large series of APA did not identify distinctive molecular features of
APA carrying mutations compared with non-mutated tumors [9]. This suggests that
eventually the remaining 50 % of APA without identified mutations harbor genomic
changes (structural changes, gene expression changes) that converge to altered ionic
homeostasis as a central pathogenic mechanism of primary aldosteronism.
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Chapter 6
Familial Hyperaldosteronism Type I

Paolo Mulatero, Silvia Monticone, Franco Veglio, and Tracy Ann Williams

Abstract Primary aldosteronism comprises sporadic and genetic forms. Three forms
of familial hyperaldosteronism have been described so far. In this chapter we discuss
the genetic basis, clinical phenotypes, and diagnosis and therapy of familial hyper-
aldosteronism type I. This condition is caused by the presence of the chimeric
CYPI11B1/CYP11B2 gene and displays unique characteristics such as the normaliza-
tion of blood pressure and aldosterone levels after dexamethasone administration, the
hyperproduction of the hybrid steroids 18-hydroxycortisol and 18-oxocortisol, and an
increased rate of cerebrovascular events.
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DST Dexamethasone-suppression test

FH-I Familial hyperaldosteronism type I

GRA Glucocorticoid-remediable aldosteronism
MRA Mineralocorticoid receptor antagonist

180OHB 18-Hydroxycorticosterone
180OHF 18-Hydroxycortisol

18ox0F 18-Oxocortisol

PA Primary aldosteronism

PCR Polymerase chain reaction

PRA Plasma renin activity

SNP Single-nucleotide polymorphism
UAH Unilateral adrenal hyperplasia
Introduction

Primary aldosteronism (PA) was first described by Conn in 1955, when a condition
of severe hypertension and hypokalemia in a 34-year-old woman was relieved after
the removal of a 40 mm adrenocortical adenoma [1]. PA is now considered the most
common secondary form of hypertension [2]. In addition, it has become also clear
that aldosterone is responsible for cardiovascular inflammation and fibrosis [3] and
that PA patients undergo cardiovascular events significantly more often than essential
hypertensives [4]. PA subtype diagnosis is fundamental to address patients to the
most appropriate therapy, surgical for aldosterone-producing adenoma (APA) and
unilateral adrenal hyperplasia (UAH) and medical with mineralocorticoid receptor
antagonists (MRA) for bilateral adrenal hyperplasia (BAH) patients. Together with
sporadic PA, familial forms have also been described [5—7]. Early detection of these
conditions is of paramount importance to allow targeted therapy, thereby preventing
the damage associated with long-life inappropriate aldosterone production. In this
chapter we describe the genetic cause, clinical and biochemical phenotypes, and
diagnosis and therapy of familial hyperaldosteronism type I.

Historical Description

Familial hyperaldosteronism type I (FH-I) has also been defined in the past as
dexamethasone-suppressible hyperaldosteronism and subsequently as glucocorticoid-
remediable aldosteronism (GRA). FH-I was first described by Sutherland et al. [5]
in a father and son (41 and 16 years old, respectively), both affected by hypertension
and hypokalemic alkalosis. Interestingly, of the 11 uncles and aunties of the father
3 died of cerebrovascular events, 2 in their 40s, and 1 in his 60s. The father was
hypertensive since he was 19 years old and the boy since he was 13. Electrocardiogram
revealed left ventricular hypertrophy. Plasma renin activity (PRA) was undetectable
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in both subjects, both under normal and low-sodium diet. In the father, urinary
aldosterone levels were markedly elevated and therefore he underwent left adrenal-
ectomy; after surgery aldosterone levels were reduced by half but were still elevated.
Adrenal exploration was undertaken because Conn’s syndrome was suspected; no
adenomas were found, and the left adrenal was removed because of its greater size
compared to the contralateral. The adrenal showed multiple nodules of 14 mm
composed of zona fasciculata cells [5]. The son also displayed high urinary aldoste-
rone levels. Surprisingly, when dexamethasone 2 mg/day was given to patients, a
normalization of blood pressure, plasma potassium levels, and PRA and a sustained
inhibition of aldosterone secretion were observed.

A few months later, New and Peterson reported the case of a 12-year-old boy
with hypertension and hypokalemic alkalosis, who was hypertensive since he was
2 years old and with a long history of polyuria, polydipsia, enuresis, and severe
headache [8]. The patient displayed low PRA and high aldosterone levels. Again,
dexamethasone determined a reduction of blood pressure and suppression of aldo-
sterone to undetectable levels. Consistently, intravenous ACTH infusion determined
an increase in blood pressure and aldosterone levels.

Subsequently, Miura et al. [9] reported a similar case in a 17 years old Japanese
boy. Interestingly, the patient underwent complete removal of the left adrenal and
half of the right adrenal without showing improvement of hypertension and hypoka-
lemia; histology revealed in this case diffuse hyperplasia of the zona fasciculata—
reticularis without nodules.

These three reports shed light on a new form of PA completely different from
APA and with a familial basis.

Clinical Diagnosis

Between 1966 and 1992, diagnosis of FH-I was exclusively made on a clinical
basis. In most cases, a positive diagnosis was made when a complete suppression of
aldosterone levels was achieved during a dexamethasone-suppression test (DST)
(Liddle JCEM 1960). The test is usually performed over 2—4 days when dexametha-
sone 0.5 mg is administered every 6 h [10, 11]. Consistently, ACTH infusion was
shown to determine increased blood pressure and hypokalemia [12] and a greater
increase in the plasma aldosterone and 18-hydroxycorticosterone (180OHB) com-
pared to low-renin essential hypertensives, PA patients, and normal subjects [13].
Furthermore, aldosterone levels show a circadian rhythm similar to cortisol and are
unresponsive to posture [14], in agreement with a dependency from ACTH and not
from angiotensin II stimulation; however, normal angiotensin II response is restored
during chronic dexamethasone therapy [15]. Interestingly, chronic ACTH adminis-
tration determines a persistent increase in aldosterone production in contrast with
normal subjects, where ACTH induces a transient increase in aldosterone secretion
followed by return to normal levels in 1-2 days [12, 16]. Another distinct feature of
FH-I is the abnormal production of the 17-hydroxylated analogs of 180OHB and
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aldosterone, 18-hydroxycortisol (180OHF) and 18-oxocortisol (180xoF), also called
“hybrid steroids” [16, 17]. Before the discovery of the genetic cause of FH-I, the
increased production of 180OHF and 180xoF in this disease suggested the possibility
that FH-I could be caused by a disorder of the adrenal transitional zone in cells
expressing both the 17-hydroxylase and the P-450-corticosterone methyl oxidase
complex necessary for the 18-hydroxylation and 18-oxidation of corticosterone [16].

Genetic Cause of FH-I

The genetic cause of FH-I was demonstrated in 1992 to be due to a chimeric
CYPI11B1/CYP11B2 gene [18, 19]. This hybrid gene results from an unequal cross-
ing over between CYP11B1 and CYP11B2 genes during meiosis, thereby forming
a fusion gene comprising sequences from CYP11B1 at the 5’ end (including ACTH
regulatory sequences) and sequences from CYP11B2 at the 3’ end, enough to confer
aldosterone synthase activity to the chimeric enzyme [20] (Fig. 6.1).

CYPI11B2 encodes aldosterone synthase, a mitochondrial cytochrome P450
enzyme that synthesizes aldosterone from deoxycorticosterone (DOC). Aldosterone
synthase catalyzes three reactions: 11p-hydroxylation of DOC to corticosterone (B),

Ang Il and K* ACTH
regulated regulated
promoter region promoter region
CYP11B2 CYP11B1

Normal Alleles

a9 —alD—

Asymmetric alignment
and crossing-over

CYP11B2 CYP11B1
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Duplicated Allele '”"gl“’“ Hybrid ﬂMeIOSIS
CYP11B2 CYP11B1/B2
Hybrid CYP11BI
CYP11B2/B1
Deleted Allele
Ang Il and K*
regulated

promoter region

Fig. 6.1 The asymmetric alignment and crossing over between CYP11B1 (in black) and CYP11B2
(in grey) genes produce a hybrid CYP11B1/CYP11B2 gene with the promoter region of CYP11B1
(regulated by ACTH) and a portion of CYP11B2 sufficient to confer aldosterone synthase activity
to the encoded hybrid enzyme. In the deleted allele, CYP11B2 is at the 5 end and CYP11B1 at the
3" end (see text)
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Fig. 6.2 In the normal zonation of the adrenal cortex, in the zona glomerulosa CYP11B2, under
the control of angiotensin II and potassium, converts DOC to B, 18OHB, and aldosterone, whereas
CYPI11B1, under the control of ACTH, converts S to F. When biochemical zonation is disturbed
by the simultaneous expression of the hybrid CYP11B1/CYP11B2 enzyme and CYP17, the hybrid
enzyme, under the control of ACTH, is able to convert DOC to aldosterone and F to 18OHF
and 18oxoF

18-hydroxylation of B to I8OHB, and, finally, 18-oxidation of I8OHB to aldosterone
[21, 22]. CYP11B2 is located in chromosomal region 8q24.3, at a distance of 40 kb
from CYPI1BI1, that encodes 11p-hydroxylase [23, 24]. This enzyme synthesizes
cortisol from the precursor 11-deoxycortisol (Fig. 6.2). Different expression pat-
terns ensure differential steroid production and zonation in the adrenal cortex:
CYPI1BI is expressed throughout the entire cortex and is mainly regulated by
ACTH, CYP11B2 is exclusively expressed in the zona glomerulosa and is regulated
by angiotensin II and potassium levels, and CYP17 (17a-hydroxylase that converts
11-deoxycortisol to cortisol) is selectively expressed in the zona fasciculata
(Fig. 6.2). Therefore aldosterone is exclusively produced in the zona glomerulosa
and cortisol in the zona fasciculata—reticularis. The simultaneous presence of the
hybrid enzyme and of CYP17 determines the abnormal production of the hybrid
steroids [25] (Fig. 6.2).

The recombination between the two genes allows the diagnosis of FH-1 by Southern
blot analysis in which a new band, specific for the hybrid gene, appears with BamHI
and EcoR1 restriction enzyme digestion [18, 20, 26]. The asymmetrical recombina-
tion between the two genes is made possible by the high degree of homology between
the two genes (95 % in the coding regions, 90 % in the introns, and 93 % identity of
the amino acid sequence) [25]. The hybrid enzyme is expressed in the zona fascicu-
lata of the adrenal cortex and produces aldosterone, 18OHF, and 18oxoF under the
regulatory control of ACTH [26, 27]. To date, chimeric genes responsible for
FH-I have always been shown to have the point of recombination between intron
2 and exon 4 [28] (Fig. 6.3). Subsequently, it was shown that only two residues are
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Fig. 6.3 Schematic description of CYP11B1 and CYP11B2 gene structures, displaying a high
degree of homology (95 % of identity in coding sequences) except for a small insertion in intron 5
of CYP11B2. The region in which the crossing over occurs is indicated as is the location of nucleo-
tides encoding residues 288 and 320 which are fundamental for the 18-hydroxylase and 18-oxidase
activities of CYP11B2, respectively

indispensable for aldosterone synthase activity: Gly288 and Ala320 [29] (Fig. 6.3).
Glycine 288 is responsible for the 18-hydroxylase activity and alanine 320 for
18-oxidase activity; consistent with these observations, the substitution of Ser288
and Val320 in CYP11B1 with the corresponding residues in CYP11B2 confers
18-hydroxylase and 18-oxidase activities so that the new enzyme can synthesize
aldosterone from DOC. Similarly the substitution of Gly288 in CYP11B2 with a
serine disrupts aldosterone synthase activities [26, 29]. Theoretically, FH-I could
also be determined by a gene conversion between CYP11B1 and CYP11B2 genes
rather than by the asymmetrical crossing over [26, 30]. Gene conversion is a non-
reciprocal recombination involving the transfer of genetic information from one
allele or homologous gene to another that is a frequent cause of 21-hydroxylase
deficiency due to a recombination between CYP21 and CYP21P (homologous
pseudogene carrying deleterious mutations) [31]. However, despite intensive
investigations, this type of recombination has never been demonstrated in PA and
FH-I patients [26]. Since aldosterone secretion is frequently regulated by ACTH
rather than by angiotensin II in APA, the presence of the chimeric gene, or muta-
tions in residues 288 and 320 of CYP11BI1 converting it into an aldosterone-
producing enzyme, was investigated in the DNA extracted from APA: none of the
APA patients displayed the chimeric gene or mutations in exons 5 and 6 of
CYPI11B1 [32, 33].

Interestingly, the deleted allele carrying the hybrid CYP11B2/CYP11B1 gene
complementary to that responsible for FH-I has been shown to be responsible for a clini-
cal phenotype of congenital adrenal hyperplasia associated with 11p-hydroxylase
deficiency [34].
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Diagnosis, Prevalence, and Phenotypes

FH-I diagnosis became even easier after 1995 [35] with the introduction of the long-
polymerase chain reaction (PCR) strategy for the amplification of the hybrid gene
[10, 26, 35]. This rapid and efficient method substituted the DST and the hybrid
steroid measurement for FH-I diagnosis; it should be emphasized that DST could
result in a relatively high rate of falsely positive diagnoses of FH-I [10, 36].
Furthermore, the increase in hybrid steroid production is not pathognomonic of
FH-I, because these steroids can also be produced in variable amounts in patients
with APA [37, 38] and in some FH-III families [7]. Therefore, the clinical tests have
been progressively abandoned and FH-I diagnosis is currently performed by long-
PCR amplification of the hybrid CYP11B1/CYP11B2 gene.

Current guidelines of the Endocrine Society [39] suggest to test for FH-I in all
patients with the onset of PA earlier than 20 years of age and in those who have a fam-
ily history of PA or of strokes at young age (<40 years). However, due to the benefit of
an early diagnosis and the requirement of a specific therapy, some authors, including
our group, prefer to systematically test all PA patients [40, 41]. The prevalence of FH-I
has been found to be inferior to 1 % of all PA patients [42, 43]. Random screening of
hypertensive patients has proven to be unsuccessful [26, 36, 44—46]. However, screen-
ing in targeted patients (hypertensive individuals with a history of resistant hyperten-
sion, with a family history of intracranial hemorrhage or resistant hypertension and or
a history of hypokalemia) resulted in the detection of new FH-I cases [47].

Another subgroup of patients in which FH-I (and in general genetic forms of PA)
should be considered is hypertensive children: it has been recently shown that
among untreated hypertensive children (4—16 years old), the prevalence of FH-I was
3.1 % [48].

The possibility of performing FH-I diagnosis with an easy and relatively inex-
pensive test enabled clinicians to recognize many FH-I patients with mild clinical
phenotypes [49] and even asymptomatic normotensive individuals [36].

The clinical phenotypes of FH-I families cover the whole spectrum of hyperten-
sion severity, from resistant hypokalemic hypertension to normokalemic mild
hypertension and to asymptomatic normotension. The possible reason for such a
wide variation in the severity of hypertension has been extensively investigated: the
role of sodium intake has been ruled out by many authors [50, 51] as well as the
possibility of a different gene expression dependent on the site of the crossing over
[20]. The role of aldosterone and 18OHF and 18oxoF levels (as an index of the
hybrid enzyme activity) has been shown by some authors [38, 51] but not by others
[28]. Also the protective role of urinary kallikrein has been shown in some families
[28] but not in others [38]. Finally, some authors have reported higher blood pres-
sure in males [51] and in patients inheriting the hybrid gene from their mothers who
also had higher aldosterone levels [52]. This last observation was interpreted as
being the result of chronic exposure in utero to elevated aldosterone levels that
could determine increased aldosterone responsiveness later in life.
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It should be noted that the extreme phenotypic variability applies not only
in comparisons between families but also between members of the same pedigree
[28, 38, 51-53]. Interestingly, in some cases, patients with florid biochemical hyper-
aldosteronism showed normal blood pressure levels, but also subjects carrying the
hybrid gene displayed normal aldosterone and unsuppressed renin [53]. The most
probable explanation for the clinical variability is the effect of genetic variations
at genes encoding proteins involved in sodium handling or in modulating the min-
eralocorticoid response: for example SNPs on the bradykinin B2 receptor and in the
alpha-adducin gene have been shown to affect blood pressure levels in patients with
sporadic PA [54].

As in sporadic PA, most FH-I patients are normokalemic [50], and therefore,
genetic screening should not be restricted to the hypokalemic patient.

Generally, patients with FH-I display normal adrenals at CT scanning. However,
in the few cases that have been adrenalectomized, a diffuse hyperplasia of the zona
fasciculata, with or without nodules, has been observed [5, 9]. In one French family
comprising seven affected individuals, two also had adrenal adenomas and two
others had micronodular adrenal hyperplasia [27]. The reason for the hyperplasia/
adrenal nodules in those subjects is still unknown.

Patients with FH-I display a high risk of cerebrovascular complications, around
20 % of the patients and 50 % of the families [55]. The most frequent event is cere-
bral hemorrhage (70 % of cases) due to ruptured intracranial aneurysms, which is
often fatal (60 % mortality). The mean age of the event is 32 years [55]. It has been
hypothesized that hypertension and/or the excess of aldosterone during early phases
of the cerebrovascular development could favor the formation of aneurysms [55].
FH-I women display increased prevalence of pregnancy-aggravated hypertension but
not of preeclampsia [56]. Interestingly, FH-I subjects display evidence of abnormal
left ventricular structure and function already in the normotensive stage of the dis-
ease [57], consistent with the hypothesis that increased aldosterone levels are associ-
ated with target organ damage at least in part independent of the effects on blood
pressure levels. This raises the question whether FH-I subjects should be treated with
dexamethasone and/or MR antagonists even if blood pressure is still normal.

Therapy

FH-I treatment is based primarily on glucocorticoid administration in order to
inhibit the ACTH-stimulated aldosterone production [39]. Dexamethasone and
prednisone are the most used steroids for their long half-lives and should be taken
at bed time to suppress the morning ACTH peak. In adult patients, doses of dexa-
methasone of 0.125-0.25 mg/day (or prednisone 2.5-5 mg/day) are usually
sufficient to control hyperaldosteronism and hypokalemia (if present). The mini-
mum dose necessary to control blood pressure should be suggested in order to
avoid cushingoid side effects [39, 58]. MR antagonists such as spironolactone and
eplerenone can be associated to glucocorticoids to obtain blood pressure control.
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The use of eplerenone may be preferred in FH-I children to avoid potential growth
retardation and antiandrogenic effects associated with glucocorticoids and spirono-
lactone, respectively [39, 59]. In all FH-I patients sodium intake should be restricted
even in the normotensive phase.

Conclusions

Familial hyperaldosteronism type I is a rare but often severe and potentially fatal
form of genetic hyperaldosteronism that should be carefully excluded in at least some
subgroups of patients, such as subjects with the onset of PA earlier than 20 years of
age and in those who have a family history of PA or of strokes at a young age, who
have been shown to have an increased risk of suffering from this disease. Recent
studies have shown that FH-I may be relatively frequent in hypertensive children, and
therefore, this category of patients should also be tested. The existence of specific
therapy for FH-I and the high risk of cerebrovascular complications may suggest that
all PA patients should be tested to offer them and their affected relatives the appropri-
ate treatment.
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Chapter 7
Familial Hyperaldosteronism Type II

Michael Stowasser and Richard Douglas Gordon

Abstract As originally defined, the term familial hyperaldosteronism type II
(FH-II) refers to the occurrence in families of at least two members with primary
aldosteronism (PA) that is not glucocorticoid suppressible and not associated with
the hybrid CYPI11B1/2 gene mutation responsible for familial hyperaldosteronism
type I (FH-I, glucocorticoid-remediable aldosteronism). FH-II appears to be much
more common than FH-I and is probably genetically heterogeneous. As in appar-
ently non-familial PA, PA in the majority of patients with FH-II is due to either
unilateral aldosterone-producing adenoma or bilateral adrenal hyperplasia which
may be diffuse or nodular and responds favorably to unilateral adrenalectomy (for
unilateral forms) or specific medical treatment antagonizing aldosterone action. So
far, the only gene found to be mutated in the germ line of affected members of
families with PA (after exclusion of FH-I by genetic testing for the hybrid gene)
is KCNJ5, encoding a potassium channel, but this appears to be a rare cause of
familial PA. The search for other underlying genetic mutations is ongoing.
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Introduction and Definition

Twenty-five years after Sutherland and co-workers [31] first described the familial
occurrence of glucocorticoid-suppressible primary aldosteronism (PA) (see Chap. 4),
a second familial variety of PA, in which aldosterone is not glucocorticoid suppress-
ible, was described by the Greenslopes Hospital Hypertension Unit (GHHU) in
Brisbane, Australia, in 1991 [15]. Additional families were subsequently also
reported from other countries [11, 19]. This condition was labelled familial hyper-
aldosteronism type II (FH-II) [29] in order to distinguish it from the glucocorticoid-
suppressible form (familial hyperaldosteronism type I, FH-I). The GHHU and its
sister unit at Princess Alexandra Hospital (also in Brisbane) are now following 45
Australian families (110 patients) with FH-II [14, 27, 28]. In each family, PA was
confirmed by fludrocortisone suppression testing (FST), and FH-I was excluded by
demonstrating the absence of the CYPI/1B1/B2 hybrid gene mutation by genetic
testing and/or failure of dexamethasone to suppress aldosterone.

In 2008, Geller and co-workers described an American family with an affected
father and two daughters with PA which, like FH-II, was not glucocorticoid sup-
pressible and not associated with the hybrid gene mutation but, unlike FH-II, was
characterized by severe, childhood-onset hypertension, 18-hydroxy- and 18-oxo-
cortisol levels which were markedly elevated (to a much greater degree than in
FH-I) and resected adrenals showing marked, diffuse hyperplasia of zona fascicu-
lata (ZF), with the combined adrenal weight in one daughter reaching 81 g (normal
<12 g) [12]. The description of this family led Mulatero to coin the term “familial
hyperaldosteronism type III” (FH-III) [21]. As is discussed in Chap. 6, the affected
members of this family were later found by Choi et al. [6] to carry a germline muta-
tion in KCNJ5, which encodes a potassium channel. Since that report, several other
families with PA and germline KCNJ5 mutations have been reported, some of them
demonstrating much milder phenotypes which resembled those of families with
FH-II (see below and Chap. 6). This overlap has raised an issue in terms of the defi-
nitions of these two familial forms of PA. Given that Mulatero’s use of the term
“FH-III” was based on the description of a new form of clinical presentation, it
could be argued that the term be reserved for families which show similar early-
onset non-glucocorticoid-suppressible severe PA with markedly enlarged adrenals.
This, however, creates uncertainty in how to label patients with milder PA and
KCNJ5 mutations. Another approach, which is possibly preferable, is to define
FH-III genetically (that is, familial PA due to inherited germline mutations of
KCNJ5) with FH-II remaining a diagnosis of exclusion (that is, all forms of familial
PA for which the underlying genetic mutation remains unknown) (Table 7.1).
Defined in this way, the phenotype of FH-III becomes quite variable, ranging from
mild to very severe PA and with adrenal morphology ranging from apparently nor-
mal (on radiological imaging) to grossly hyperplastic.

The nomenclature for familial forms of hypertension is evolving and may change,
as each approach has strengths and weaknesses. For example, retaining FH-II as a
diagnosis of exclusion and using the term FH-III for families with germline KCNJS5
mutations imply that as new causative mutations are discovered, an ever-increasing
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list of numerical FH designations (for example, FH-IV, FH-V) will emerge. Some
investigators will find this confusing and possibly unacceptable. Indeed, this has not
been the practice for other genetically heterogeneous conditions such as Liddle
syndrome (caused by activating mutations in the genes coding either the gamma or
the beta subunits of the sodium epithelial channel) and familial hyperkalemic hyper-
tension (also known as Gordon syndrome, so far known to be caused by mutations
in WNK1 or WNK4, encoding two of the with no lysine [K] family of kinases which
regulate the sodium/potassium co-transporter, and in CUL3 or KLCH3, thought to
encode proteins involved in ubiquitination of WNK1 and WNK4 kinases). The opti-
mal approach to the classification of familial forms of PA is an issue worthy of
further discussion.

Clinical Features

Patients with FH-II have demonstrated substantial diversity in phenotypic expres-
sion [27, 28]. Among the 110 patients identified so far by our Brisbane group, ages
at presentation ranged from 14 to 78 years; 56 (51 %) were female, and 27 (25 %)
were hypokalemic. Thirty-one (28 %) have undergone unilateral adrenalectomy. Of
these, 27 had unilateral PA confirmed by preoperative adrenal venous sampling
(AVS) and/or postoperative cure of hypertension and biochemical PA, 1 “almost”
lateralized on AVS but with incomplete contralateral suppression, and 3 had bilat-
eral PA but were unable to tolerate aldosterone antagonist treatment in the doses
required to control hypertension. Two (2 %) other patients have undergone bilateral
adrenalectomy, one for bilateral giant macronodular hyperplasia causing autono-
mous adrenal aldosterone and cortisol production and the other in another institu-
tion for severe, medically unresponsive, hypokalemic PA associated with bilateral
macronodular hyperplasia. The remaining 77 (70 %) patients, in whom hyperten-
sion has been treated medically with agents that block aldosterone action, comprise
56 with bilateral PA confirmed by AVS, 1 with unilateral PA who opted for medical
treatment, and 20 in whom AVS either has not yet been performed (n=12) or gave
inconclusive results (n=38).

In this series of families with FH-II, mode of transmission of phenotype has fol-
lowed a dominant pattern in 18 families but remains uncertain in the other 27.
Interestingly, several families have included affected members with differing forms
of PA. For example, in one family, a 37-year-old female underwent removal in 1987
of a 2.2 cm right aldosterone-producing adenoma (APA) with cure of hypertension
and hypokalemia. Preoperatively, here plasma aldosterone levels failed to rise in
response to either the assumption of upright posture or an intravenous infusion of
angiotensin II (AII), consistent with the All-unresponsive variety of APA. In 1990,
her hypertensive, normokalemic father was found, at age 63 years, to have PA due to
a 0.5 cm right All-responsive APA, the removal of which led to marked improve-
ment in hypertension control. Ten years later, her 46-year-old hypertensive, normo-
kalemic sister was diagnosed as having PA due to bilateral adrenal hyperplasia
(BAH) and was commenced on spironolactone treatment. In a second family,
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hypokalemia was cured and hypertension markedly improved in a 78-year-old
woman following removal of a 6 mm left All-responsive APA in 1993 [14]. In the
following year, her 46-year-old hypertensive, normokalemic daughter was diag-
nosed as having PA due to a 14 mm left All-unresponsive APA, the removal of which
led to cure of hypertension. While the mother’s tumor was almost entirely composed
of zona glomerulosa (ZG)-like cells and hybrid cells (cells having morphological
characteristics of both ZG and ZF), the daughter’s tumor was composed predomi-
nantly of ZF-like cells [14]. This is consistent with our previously reported observa-
tions in patients with apparently non-familial PA that All-responsive APAs usually
demonstrate a predominance (at least 80 %) of non-ZF-like cells, while All-
unresponsive APAs tend to be composed mainly (at least 50 %) of ZF-like cells [34].

Prevalence

Because clinical, biochemical, and morphological characteristics of patients with
FH-II do not differ significantly from those with apparently non-familial PA [13, 27,
28], it is possible that mutations underlying FH-II may be relatively common among
the broader PA population.

In the Brisbane experience, FH-II appears to be at least seven times more common
than FH-I. From 1992 to 2004, 912 patients were diagnosed as having PA after screen-
ing all newly referred hypertensives by aldosterone/renin ratio (ARR) testing and con-
firming the diagnosis by FST, and all underwent either dexamethasone suppression
testing or genetic testing for the hybrid gene mutation responsible for FH-I. Of these
912 patients, 29 (3.2 %) represented new families with FH-II (their affected relatives
being subsequently identified) and only 4 (0.4 %) were from new families with FH-I.

Mulatero and colleagues [23] assessed prevalence rates for familial PA among
300 patients consecutively diagnosed in their institution (after excluding those
referred with a form of familial PA in mind). Hybrid gene testing yielded only two
(0.7 %) with FH-1. Of the remaining 298, 199 had relatives available for, and con-
senting to, biochemical screening by ARR testing and, where positive, definitive
confirmation or exclusion of PA by intravenous saline infusion testing. Twelve had
at least one affected relative, giving a prevalence of FH-II of at least 6 % (almost ten
times that of FH-I) in that study. The prevalence may have been higher given that
another 54 families remained of “uncertain” affectation status, either because not all
hypertensive members underwent ARR testing or because tested family members
were considered to have “uncertain” status [23].

Why Look for Mutations Causing FH-I11?

Unlike in FH-I, the genetic defect/s underlying FH-II has/have not yet been eluci-
dated. Identification of such defects would further the understanding of the pathogen-
esis of FH-II, as has occurred in the case of FH-I since elucidation of the hybrid gene
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defect [18], and has important implications for patient management. As in apparently
non-familial PA, detection of FH-II currently involves biochemical screening by ARR
testing and confirmation of PA by FST. As has already been observed in FH-I, elucida-
tion of mutations causing FH-II should lead to the development of new genetic screen-
ing tests which greatly simplify diagnosis, being absolutely specific for a particular
mutation, clearly much more sensitive and specific than biochemical testing. This
would permit earlier and more frequent detection of those affected, provided that
identification of the responsible mutations had been achieved.

Candidate Gene Studies in FH-I1

The search for genetic abnormalities causing FH-II has involved both candidate
gene and genome-wide search approaches. We have excluded the hybrid gene muta-
tion responsible for FH-I in all of our patients with FH-II [27, 28]. Sequencing stud-
ies performed within Yutaka Shizuta’s laboratory in Kochi, Japan, on peripheral
blood DNA from one of our Australian patients with FH-II did not reveal mutations
in the coding region of CYPI/IB2 (personal communication, Yutaka Shizuta,
Department of Medical Chemistry, Kochi Medical School, Japan, 1992).

It is possible in vitro to introduce point mutations into CYPIBI which confer
aldosterone synthase activity to its gene product [8]. Fallo’s group, however, found
no evidence of such mutations in peripheral blood DNA from Italian patients with
FH-II [11] or from ten Australian patients (four families) with FH-II from the
GHHU/PAHHU series [unpublished observations]. This group also excluded both
the —344T and the intron conversion alleles of CYPI/B2 (which have been impli-
cated in PA) in all four of their patients with FH-II [11].

Single-strand conformation polymorphism analysis of the p53 tumor-suppressor
gene revealed no evidence of germline mutations in 14 patients with FH-II or
somatic mutations in tumor DNA from the 7 of these who underwent removal of an
aldosterone-producing tumor [2].

Linkage Analysis Studies in FH-II

Linkage studies performed in collaboration with Stratakis et al. (NIH, Bethesda,
MD, USA) involving one large, informative family from the GHHU series revealed
no evidence of cosegregation of phenotype with polymorphisms within the CYP11B2,
ATI, or MENI loci [32, 33]. A genome-wide search in this family, however, demon-
strated linkage between FH-II and a locus at chromosome 7p22 with a maximum
paired logarithm of odds (LOD) score of 3.26 [17]. Subsequent work involving a
second Australian family and a South American family identified by Dr. Maria New
(New York Presbyterian Hospital) increased the multipoint LOD score for the locus
to 4.61 [25]. Recombination events in our largest Australian family of eight affected
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individuals narrowed the locus by 1.8 Mbp, allowing the exclusion of almost half the
candidate genes in the original locus [25]. Linkage to 7p22 has also been verified in
two Italian FH-II families identified by Dr. Paolo Mulatero (University of Torino).
The combined multipoint LOD score for the five families that are informative for the
7p22 locus (two Australian, one South American, and two Italian) would appear to
have put the LOD score beyond reasonable doubt at 5.22 [30].

Although Fallo and co-workers were unable to demonstrate LOH at the 7p22
locus in APAs removed from patients with FH-II [10], this would not exclude caus-
ative mutations unable to be detected by the LOH approach.

Sequencing at Chromosome 7p22 and Beyond in FH-IT

There are approximately 50 genes residing within the linked 7p22 locus. Initial
sequencing efforts were directed towards the more likely candidates among these
genes including PRKARIB [9], RBaK [16, 26], PMS2 and GNA12 [16], and ZNF12,
RPA3, and GLCCI (unpublished data). All were relevant as they are involved either
in cell cycle control or steroid action, and adrenal cortical hyperplasia and neoplasia
and abnormal steroid regulation are characteristic features of FH-II. In each case,
gDNA from two affected and two unaffected subjects from our largest 7p22-linked
FH-II family was used to sequence the gene followed by further genotyping of inter-
esting single-nucleotide polymorphisms (SNPs) in additional affected and unaf-
fected members from FH-II families as well as unrelated normotensive controls.
However, no mutations likely to be causative for FH-II were identified by this
approach [9, 16, 26].

Later efforts involved intensive examination of this region using next-generation
sequencing methodology, which generates sequencing data much more quickly than
traditional PCR and direct sequencing approaches. This also permitted a wider
search to include whole-genome linkage analysis and whole-exomic sequencing to
identify candidate SNPs both within 7p22 and elsewhere. Of the high-priority tar-
gets thus identified, however, the great majority were excluded after Sanger sequenc-
ing because of incomplete segregation with phenotype [4], and the search for
causative mutations in FH-II remains intensive and ongoing.

Genetic Heterogeneity in FH-1I

FH-II, and PA in general, is likely to be genetically heterogeneous. For example, for
two Australian families with FH-II, linkage at the 7p22 region was excluded [25].
This genetic heterogeneity is not surprising given the high degree of clinical and
biochemical phenotypic diversity observed in FH-II and other forms of PA. Genetic
heterogeneity has been reported in other inherited forms of hypertension such as
Liddle syndrome [35] and Gordon syndrome [3, 7, 20].
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Relevance of KCNJ5 Mutations to Families Designated
as Having FH-II

Choi and colleagues [6] recently reported somatic mutations (G151R and L168R)
in KCNJ5, encoding an inwardly rectifying potassium channel, in 8 of 22 APAs
removed from Swedish patients with apparently non-familial PA. As mentioned in
the opening section of this chapter, these authors also identified a third KCNJS
mutation (T158A) in the germ line of an American family with a familial form of
PA reported in 2008 [12] associated with very severe, early-onset PA and suffi-
ciently different clinically (and in the case of FH-I, genetically) from FH-I and -1I
to be labelled “FH-III” by Mulatero [21]. The authors proposed that the KCNJ5
mutations, by causing increased channel Na* permeability (extracellular concentra-
tions of which are much higher than K*), predispose to chronic adrenocortical cell
membrane depolarization and consequently to influx of Ca?* which, in turn, leads to
upregulation of enzymes involved in aldosterone synthesis and cell proliferation [6].

Subsequently, Mulatero et al. [22] reported somatic KCNJ5 mutations (one each
of the three mutations reported by Choi et al.) in 3 of 11 APAs removed from
patients with FH-II. They also described a novel germline mutation (G151E) in both
affected members (mother and daughter) of 1 of 21 families with FH-II studied.
Both had early-onset hypertension and moderately severe biochemical PA, but,
unlike the family studied by Geller et al. [12], the adrenals appeared normal on
computed tomography (CT) and hybrid steroid levels were only slightly elevated.
The novel mutation again demonstrated loss of K*/Na* selectivity when expressed
in HEK cells [22]. Hence, a family previously designated as having FH-II was found
to carry a germline mutation in the gene mutated in FH-III.

Scholl et al. described two more families (six subjects) with germline G151E
mutations associated with early-onset but mild PA controllable with spironolactone
and not associated with abnormal adrenal morphology on CT [24]. However, two
other pedigrees (four subjects) with germline G151R mutations had a much more
severe phenotype with very-early-onset and severe PA that was poorly responsive to
spironolactone and, in three of these patients, eventually required bilateral adrenal-
ectomy (performed before the age of 5 years in each case) to achieve control. The
removed adrenals demonstrated hyperplasia of both ZF and ZG in two, while the
youngest (18 months) operated subject’s adrenals were histologically normal.
Surprisingly, G151E-mutated channels showed markedly higher (more abnormal)
sodium conductance and conferred greater lethality to transfected HEK 293T cells
than G151R-mutated channels. This increased lethality may explain the lack of
adrenal hyperplasia occurring clinically in patients bearing germline G151E (versus
G151R) mutations [24].

Another novel germline KCNJ5 mutation (I157S) was detected in a mother and
daughter with severe early-onset PA and bilateral massive adrenal hyperplasia [5].
When expressed in HEK cells, this mutation again resulted in loss of channel ion
selectivity and less negative cell membrane potentials.
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In collaboration with Kevin O’Shaughnessy and Morris Brown in Cambridge,
UK, we reported somatic KCNJ5 mutations in 30 (41 %) of 73 APAs (10 of 27 from
Australia and 20 of 46 from the UK) from patients with apparently non-familial PA
[1]. We have not, however, identified germline KCNJ5 mutations among any of our
patients with FH-II (32 families so far studied) ([1] and unpublished observations),
but testing of all the remaining available families (with particular focus on those
with more pronounced bilaterally abnormal adrenal morphology) is ongoing. It is
likely that further reports of germline KCNJ5 mutations in families previously des-
ignated as having FH-II will appear. Whether they should then be labelled as having
FH-III, or an entirely new labelling system devised, is a matter worthy of debate.

Conclusions

The study of familial forms of PA has led to a much greater understanding of the
genetic mechanisms underlying regulation of aldosterone synthesis and adrenal
growth and the molecular basis of PA itself. FH-II is the most common variety and
will almost certainly prove to be genetically heterogeneous. Although the genetics
of FH-II remains to be elucidated, the emergence of new technologies that have
streamlined the analysis of large regions of DNA has greatly enhanced the likeli-
hood of success and, as has recently occurred with the discovery of germline KCNJ5
mutations, promises to deliver further insights into the causation/s of this pheno-
typically diverse condition.
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Chapter 8
Familial Hyperaldosteronism Type II1

Tracy Ann Williams, Silvia Monticone, Franco Veglio, and Paolo Mulatero

Abstract Primary aldosteronism is a frequent form of endocrine hypertension
comprising both sporadic and familial forms. Three forms of familial hyperaldoste-
ronism have been described to date. In this chapter we discuss the clinical pheno-
types and the genetic basis of familial hyperaldosteronism type III. This condition
is caused by a mutation in the KCNJ5 gene, encoding the potassium channel GIRK4
(also called Kir 3.4), that alters the selectivity filter of the ion channel. In the pres-
ence of these mutations, aldosterone secretion is increased leading to a particularly
severe form of hyperaldosteronism with early-onset hypertension that is usually
resistant to pharmacological treatment and requires bilateral adrenalectomy.
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FH-III Familial hyperaldosteronism type III
PA Primary aldosteronism

PRA Plasma renin activity

SBP Systolic blood pressure
Introduction

After the first description by Jerome Conn [1], primary aldosteronism (PA) was
considered a frequent form of secondary hypertension. However, this hypothesis
was subsequently challenged by most clinical researchers [2], until the use of the
aldosterone/plasma renin activity (PRA) ratio (ARR) as a screening test in most
hypertensive patients [3]. The widespread use of the ARR led to the recognition
of PA as the most frequent and potentially curable form of endocrine hyperten-
sion. This stimulated further research studies that demonstrated a pivotal role of
aldosterone excess in cardiac, vascular and renal damage [4] resulting in an
increased rate of cardiovascular events in PA patients compared to essential
hypertensives [5].

The subtype diagnosis of PA is of paramount importance both for sporadic forms,
to address patients to the appropriate therapy, and for familial forms, to perform an
early diagnosis of affected relatives.

Familial forms comprise familial hyperaldosteronism type I (FH-I) also known
as glucocorticoid-remediable aldosteronism, determined by the presence of a chi-
meric enzyme that results from the recombination of CYP11B1 and CYP11B2
genes [6]; familial hyperaldosteronism type II (FH-II) for which the causative gene
has not been identified but has been shown in some cases to be linked to chromo-
somal region 7p22 [7]; and familial hyperaldosteronism type III (FH-III) that is
discussed in this chapter.

Historical Description

In 2008 Geller et al. described a family with a peculiar clinical and hormonal phe-
notype associated with PA [8] that was defined as FH-III [9]. The index case was
the father, whose particular condition was firstly described in 1959 [10] at the age
of 9 years when he had been suffering from headache since he was 3 years old and
had severe polyuria, polydipsia, and enuresis, and developed generalised myalgia.
Blood pressure readings at 5 years ranged between 160 and 200/115-140 with a
highest recorded value of 300/190. A chest X-ray and electrocardiogram showed
left ventricular hypertrophy [10]. Plasma potassium levels were between 2.1 and
3.0 mEq/L; 3-day average urinary aldosterone levels were 67 pg/day (normal val-
ues 4-8) and 17-ketosteroids were slightly above the normal level. Corticotropin
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administration determined a twofold increase of urinary aldosterone levels together
with a reported marked increase in 17-ketosteroid and 17-hydroxysteroid
excretion. The boy was diagnosed with PA and underwent adrenal exploration:
both adrenal glands were enlarged, and the patient underwent bilateral adrenalec-
tomy [10]. The adrenals displayed an increased size and nodular hyperplasia with
the zona fasciculata occupying most of the gland. After surgery, polyuria decreased
from 6.5 to 1.2 L/day, blood pressure fell to 110/65, and potassium increased to
normal levels [10]. Twenty-six years later the two daughters of the patient dis-
played severe childhood hypertension (at 7 and 4 years of age) [8]. Biochemical
and hormonal evaluations showed marked hypokalaemia (K* <2 mEq/L in both
sisters) and very high levels of serum aldosterone (137.4 and 185.1 ng/dL; normal
values 3-39.5) with suppressed PRA. Surprisingly, during a 3-week dexametha-
sone administration, aldosterone levels paradoxically increased whereas blood
pressure levels were unchanged [8]. The two girls were lost to follow-up for 8 years
after which they were seen again for markedly resistant hypertension and hypoka-
laemia despite multidrug regimens including spironolactone and amiloride and
robust potassium supplementation. Hormone measurements showed suppressed
ACTH and markedly increased aldosterone and its precursors deoxycorticosterone
and 18-hydroxycorticosterone. Cortisol levels were within the normal range.
Similar results were obtained with urinary steroid measurements. Finally,
18-hydroxycortisol and 18-oxocortisol were particularly elevated, and even greater
than the levels reported for FH-I [11]. The dexamethasone suppression test was
repeated with similar results to those obtained 8 years previously, but unexpect-
edly, cortisol levels were not suppressed during the test, suggesting a global altera-
tion of the regulation of aldosterone and cortisol in the adrenal cortex [8]. Both
girls underwent bilateral adrenalectomy: adrenals were markedly enlarged and at
histology demonstrated a diffuse hyperplasia of the zona fasciculata without
evidence of nodularity.

Genetic Cause of FH-III

The genetic cause of FH-III is due to the presence of a germline mutation in the
KCNJ5 gene located on chromosome 11q24 [12, 13]. KCNJ5 encodes the
G-protein-activated inward rectifier K* channel 4 (GIRK4, also known as Kir3.4)
that is implicated in the regulation of heart rate [14] and in the pathogenesis of
atrial fibrillation [15]. A heterozygous Gly387Arg loss-of-function KCNJ5 muta-
tion is present in all affected members of a family with long QT syndrome, an
inherited cardiac disorder predisposing affected individuals to sudden death from
cardiac arrhythmias [16]. In the adrenal gland, GIRK4 is localised to the zona glo-
merulosa and to the outer part of the zona fasciculata [12, 17, 18]. Mutations in
KCNIS5 that cause FH-III are located around the highly conserved GlyTyrGly motif
in the K* selectivity filter in the pore domain of the channel. These mutations
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interfere with ion selectivity and result in an increase in Na* entry and membrane
depolarisation [12, 19-21]. In the zona glomerulosa cells of the adrenal gland,
membrane depolarisation leads to the opening of voltage-gated calcium channels
and an increase in intracellular Ca®* [13].

The first described KCNJS mutation responsible for FH-III was Thr158Ala [12]
which has also been described as a somatic mutation in aldosterone-producing
adenomas [19]. Expression of the KCNJS Thr158 Ala mutation in a human adrenal
cortical cell line (HAC15) resulted in Na* and Ca* influx and an increase in
CYPIIB2 (the gene encoding aldosterone synthase) expression and a marked
increase in aldosterone secretion that could be inhibited using the calcium channel
blocker nifedipine [22].

A total of seven families with FH-III caused by KCNJ5 mutations have now
been described (Table 8.1). These mutations comprise Thr158Ala in three mem-
bers of a single family [8, 12]; Gly151Glu in seven members of three families
[19, 20]; Gly151Arg in four members of two families [20]; and Ile157Ser in two
members of one family [21]. The Gly151Glu genotype is correlated with a notably
milder phenotype compared with patients harbouring the other mutations [20].
As with the other described KCNJS FH-III mutations, Gly151Glu results in Na*
influx and membrane depolarisation [19]; however, the Na* conductance of cells
expressing this mutation was surprisingly much greater than those expressing
Gly151Arg [20]. The Gly151Glu mutation resulted in a Na*-dependent cell lethality,
and it is this increased cell death that may account for the reduced adrenocortical
hyperplasia and the milder phenotype observed in patients carrying this form of
mutated KCNJ5 [20].

Patients carrying the Thr158 Ala KCNJ5 FH-III mutation exhibit a massive over-
production of hybrid steroids, a paradoxical increase in aldosterone levels in
response to dexamethasone administration and decreased androgen production [8].
The family with three patients carrying the Thr158Ala mutation comprises the boy
first described in 1959 [10] who later fathered the two sisters with FH-III [8]. This
family exhibited severe primary aldosteronism and hypertension that was resistant
to a multi-drug therapy and required bilateral adrenalectomy [8]. In contrast, FH-III
patients with the Gly151Glu KCNJ5 mutation were treated with medical therapy
that included mineralocorticoid receptor antagonists and amiloride, which success-
fully controlled both the blood pressure and hypokalaemia [19, 20]. The adrenals
appeared normal on CT scanning with no evidence of hyperplasia [19, 20]. Hybrid
steroids were produced at lower levels compared to Thr158Ala and were within the
range of hybrid steroids produced by patients with sporadic primary aldosteronism.
In addition, blood pressure and aldosterone levels were not increased upon dexa-
methasone administration. The FH-III Tle157Ser and Gly151Arg KCNJ5 mutations
cause a clinical profile more reminiscent of Thr158Ala, rather than Gly151Glu,
with patients displaying severe aldosteronism and early-onset hypertension, uncon-
trolled with medical therapy, and massive bilateral adrenal hyperplasia, thus requir-
ing bilateral adrenalectomy [20, 21].
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Diagnosis, Prevalence and Phenotypes

The diagnosis of FH-III was at first based on the particular clinical features of the
first described family [8, 9, 23]. However, it soon became clear that these features
were specific to this family and not of FH-III in general [19]. For this reason the
only consistent way to diagnose FH-III is by KCNJ5 DNA sequencing and the iden-
tification of mutations that alter the selectivity filter of the ion channel.

Prevalence of FH-III has not been investigated systematically in large popula-
tions. In our centre we found a single family [19] among 12 with familial hyperal-
dosteronism (8.3 %) that were identified in the PATOGEN (Primary Aldosteronism
in TOrino-GENetic forms) study [24]. On the basis of these results, FH-III accounts
for less than 1 % of PA patients.

Clinical phenotypes have been shown to vary between families and according to
the causative mutation. We describe here the most important clinical features of the
published pedigrees.

Thri58Ala [8, 10, 12]—This was the mutation causing the first described case of
FH-III [10], and only one family has been described to date with this mutation. The
clinical and biochemical phenotypes associated with this mutation are described in
the previous paragraphs (Table 8.1).

Glyl51Glu [19, 20, 25-27]—Three families with this mutation have been
described. The Italian family is of particular interest since the index case became
hypertensive when she was 18 which is the oldest age of diagnosis of hypertension
in all FH-III cases published so far [19] (Table 8.1). Interestingly, she had a history
of polyuria in the first decade of life that subsequently disappeared which suggests
that aldosterone overproduction and hypokalaemia were already present. After PA
diagnosis, blood pressure levels were normalized with a three-drug treatment
including low-dose spironolactone (25 mg). The daughter was referred at 2 years of
age to the hospital for polyuria and polydipsia, and she was severely hypertensive
and hypokalaemic. Aldosterone levels were particularly high (>100 ng/dL) and not
modified after dexamethasone administration [25]. The same test was performed to
the mother with similar results (cortisol displayed normal suppression in contrast
with the family described by Geller) [8]. Blood pressure and hypokalaemia were
controlled with canrenone and amiloride [25]. She also displayed hypercalciuria
and nephrocalcinosis, and the latter was also present in the mother. Both patients
had normal appearance of the adrenal glands at CT scanning and displayed levels of
18-hydroxycortisol and 18-oxocortisol in the range of sporadic PA patients [28] or
slightly higher but much lower than the levels measured in FH-I patients and in the
family described by Geller [8].

In the American family K1486 reported by Scholl [20] the first patient was
described in 1955 [26] (Table 8.1). He was a 13-year-old boy with polyuria and
nicturia since early childhood, with hypertension (up to 200/150) and severe hypo-
kalaemia (1.8-2.2 mEq/L). PA diagnosis was made, and the patient underwent
removal of the right and four-fifths of the left adrenal gland. After surgery the
patient became normotensive except when he underwent a high-sodium diet [26].
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His daughter was found hypertensive at the age of 2 years: even in this case polyuria
and polydipsia were present. Potassium levels were 3.5 mEqg/L, PRA was sup-
pressed and aldosterone was elevated. During dexamethasone administration, corti-
sol levels were suppressed and aldosterone unchanged [26]. Blood pressure levels
were normalized with spironolactone therapy. In adulthood she had two children
with PA, hypertension and hypokalaemia before the age of 2 years: in both cases
spironolactone normalized blood pressure and potassium levels [20].

The last family described with G151E mutations (K124) [20] had two affected
members: the son was hypertensive and hypokalaemic since 4 years of age and was
effectively treated with spironolactone. The father underwent bilateral adrenalec-
tomy at 6 years of age for PA that was diagnosed at the age of 1 because spironolac-
tone was not yet available (Table 8.1).

Glyl51Arg [20]—Two families with this mutation have been described. In the
first family, the mother and the two daughters all had hypertension and hypokalae-
mia before 2 years of age. Spironolactone and unilateral adrenalectomy were unef-
fective, and only bilateral adrenalectomy successfully normalized blood pressure
and potassium levels. Adrenal glands were markedly enlarged with hyperplasia of
the zona glomerulosa and of the zona fasciculata [20].

In the last patient (K 409) [20] G151R was probably a de novo mutation since
both parents were normotensive. She had hypokalaemic hypertension since the age
of 4 years when PA was diagnosed. She was lost at follow-up [20].

lle157Ser [21]—The family described with this mutation comprises two affected
members, a mother and daughter. The daughter was hypertensive and hypokalaemic
since 2 years of age when severe PA was diagnosed [21]. Dexamethasone suppres-
sion testing was negative; she was treated with spironolactone until the age of 15
when she underwent removal of the entire left and half of the right adrenal because
of resistant hypertension despite multiple-drug treatment including spironolactone.
The adrenals were markedly enlarged with diffuse adrenocortical hyperplasia.
Despite normalisation of the hypertension and hypokalaemia by the surgical inter-
vention, the remaining right adrenal subsequently became hyperplastic and the
patient again developed resistant hypertension: she was awaiting further removal of
the right adrenal gland at the time of her description [21]. The mother was hyperten-
sive and hypokalaemic for PA since 7 years of age and underwent bilateral adrenal-
ectomy for massive bilateral adrenal hyperplasia at 13 years [21].

In summary, with the exception of an Italian woman, all FH-III patients suffered
from severe hypertension and hypokalaemia in early childhood (before the age of 7)
which was in most cases associated with polyuria and polydipsia. This last feature
is probably determined by a hypokalaemic tubulopathy with a urinary concentrating
defect associated with reduced expression of aquaporin-2 [29]. It should be noted
that only the family described by Geller [8] displayed aldosterone hypersecretion
associated with deregulated cortisol production and a paradoxical increase in aldo-
sterone secretion during dexamethasone administration: therefore, this feature
should no longer be considered as characteristics of FH-III. Bilateral adrenal hyper-
plasia has been shown in all families except in those carrying the Gly151Glu muta-
tion that causes an increase in cell death [20]. Finally, hypokalaemia was marked in
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most patients, again with the exception of some patients carrying the Gly151Glu
mutation. Finally, aldosterone levels were particularly increased and much higher
than those reported for FH-I and FH-II patients [24].

Therapy

With the exception of families with the Gly151Glu mutation, in which hypertension
and hypokalaemia were reported to be controlled by mineralocorticoid receptor
antagonists and amiloride, in all other patients bilateral adrenalectomy was requested.

Conclusions

FH-III is a rare and particularly aggressive form of genetic hyperaldosteronism,
associated in most cases with severe hypertension and hypokalaemia requiring
bilateral adrenalectomy. This condition is determined by mutations in the KCNIJ5
gene encoding the potassium channel GIRK4.
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Chapter 9
The Aldosterone—Renin Ratio:
Role and Problems

Michael Stowasser and Richard Douglas Gordon

Abstract The major role of the aldosterone/renin ratio (ARR) test is in screening
hypertensive patients for primary aldosteronism (PA). Although currently the most
reliable and popular approach, the value of this screening test depends on an appre-
ciation of factors (such as antihypertensive and other medications, posture, time of
day, age, gender, phase of menstrual cycle, diet, presence of hypokalemia, medica-
tions, and renal function) which can affect the results, on the care with which either
these factors are controlled or their effects taken into account, and on access to reli-
able and reproducible assays for renin and aldosterone. Even then, physiological
day-to-day variability reduces the value of a single estimation, and repeated testing
is advisable before deciding whether or not to proceed to further diagnostic work-
up. Provided that testing of aldosterone suppressibility is always carried out in order
to confirm or exclude the diagnosis, and adrenal venous sampling is employed to
differentiate unilateral from bilateral forms, wide application of the ARR can have
a major beneficial clinical impact, with improved therapeutic outcomes, including
possible cure in those with unilateral disease and improved quality of life.
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Introduction

The plasma aldosterone/renin ratio (ARR) was introduced as a screening test for
primary aldosteronism (PA) in the 1980s [42, 44] after being reported to have the
ability to detect PA (including surgically curable forms) in hypertensive patients
who would otherwise have been missed because they lacked the biochemical “hall-
mark” of hypokalemia. Since that time, it has emerged as the most popular form of
screening for PA. Its wider application among the hypertensive population to
include normokalemic (and not just hypokalemic) patients in the 1990s and beyond
[36, 38, 51, 58, 66, 76, 92] was largely responsible for the recognition that PA is
much more common than previously suspected and possibly accounts for as many
as 5-15 % of hypertensive subjects. Not unexpectedly, this has resulted in a marked
increase in the number of ARR tests ordered by treating physicians, prompting a
critical need to better understand the strengths and weaknesses of the ARR and the
factors that can complicate interpretation of results.

The Rationale Behind the Use of the ARR
as a Screening Test for PA

Because PA is characterized by aldosterone production which is excessive in rela-
tion to body salt/volume status and relatively autonomous of its chronic regulator,
renin—angiotensin II (AIl) [17], plasma aldosterone levels in PA are higher than
would be normally expected for the prevailing level of renin (which is suppressed)
and, as a result, the ARR becomes elevated. In early PA, as an adrenal begins to
secrete aldosterone autonomously in addition to the correctly regulated secretion,
salt is retained, volume expands, and blood pressure (BP) begins to rise [37]. The
increase in volume and BP is detected early by volume and BP sensors, and renin
secretion is reduced appropriately. During this period of homeostatic adjustment,
the fall in renin would be expected to blunt the rise in plasma aldosterone. As a
result, the ARR becomes elevated well before aldosterone levels rise above the nor-
mal range, rendering it much more sensitive than plasma aldosterone for detection
of PA [37]. It is probably only when renin becomes profoundly suppressed and can
be suppressed no further that aldosterone becomes clearly elevated.

Measurement of renin alone (that is, without aldosterone) would permit detection
of the great majority of patients with PA as levels are almost invariably low in that
condition (provided that potentially confounding influences, such as renin-stimulating
medications, are not present). However, this approach lacks specificity as renin levels
are also suppressed in other low-renin forms of hypertension including the following:

1. Liddle’s syndrome, in which genetic mutations of the § and y subunits of the
epithelial sodium channel (ENaC) lead to constitutive channel activation (causing
salt retention, hypertension, and potassium loss) by preventing binding of these
subunits to a regulatory protein (Nedd4) which normally brings about channel
degradation [88];
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2. The syndrome of apparent mineralocorticoid excess (SAME), which can result
from a mutated gene or be acquired, for example through carbenoxolone admin-
istration for peptic ulcer or by consistent ingestion of licorice. Both forms result
in deficiency of 11p-hydroxysteroid dehydrogenase type 2 (11pHSD?2) activity,
an enzyme which functions to prevent cortisol (1,000-fold higher concentrations
than aldosterone) from gaining access to and causing excessive stimulation of
the mineralocorticoid receptor in the distal nephron, by converting cortisol to
cortisone which has no affinity for the receptor [72].

3. Hypertensive forms of congenital adrenal hyperplasia, which are caused by
mutations in either the 11f3-hydroxylase or the 17a-hydroxylase genes, leading
to reductions in plasma cortisol levels, compensatory elevation of adrenocortico-
trophin (ACTH), and increased production of the mineralocorticoid deoxycorti-
costerone (DOC) [47, 89].

4. Primary glucocorticoid resistance, which prevents normal feedback inhibition
of ACTH secretion by cortisol, leading to elevated ACTH and excessive DOC
production [6].

5. Ectopic ACTH production by tumors, leading to sustained, very high levels of
DOC and cortisol, the latter having significant mineralocorticoid activity after
exhausting HSD2 conversion to cortisone [87].

6. DOC-secreting tumors [45].

7. Mutations of the mineralocorticoid receptor gene which cause a modest consti-
tutive activation of the receptor and also permit progesterone and spironolactone
to act as agonists rather than antagonists, so that hypertension may be exacer-
bated during pregnancy and in response to spironolactone treatment [28].

8. The syndrome of familial hypertension and hyperkalemia with normal glomerular
filtration rate (FHH) [31], a salt-sensitive form of hypertension associated with
mutations in genes (including WNKI, WNK4, CUL3, and KLHL3) encoding pro-
teins which regulate the thiazide-sensitive sodium chloride cotransporter in the
distal nephron [10, 90]. Unlike PA, aldosterone levels are chronically suppressed
(as a result of chronic suppression of renin/All) in all these salt-dependent, low-
renin forms of hypertension with the exception of FHH, in which chronically
elevated plasma potassium levels can lead to variable aldosterone levels, but
renin is consistently suppressed in the untreated state.

9. Hypertension in the presence of significantly reduced renal glomerular function
leading to reduced production of renin and sodium retention suppressing renin
production.

Hypokalemia was once regarded as the hallmark of PA. However, since screening
of normokalemic hypertensives for PA using the ARR became popular, the majority
of newly diagnosed PA patients these days have milder forms of PA and are normo-
kalemic. In the natural history of PA development, appearance of hypokalemia is
usually delayed and is therefore absent except in those with severe forms (very high
plasma aldosterone levels) and in those taking potassium-losing diuretics such as
thiazides. Some factors influencing its appearance include the dietary salt load
reaching the distal nephron, dietary potassium, and sensitivity of the collecting duct
to aldosterone.
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Confounders and Limitations to the Use of the ARR

Although the ARR is widely regarded as the most reliable method for screening for
PA currently available, like any biochemical screening test false positives and nega-
tives can occur [75]. This is partly because renin is not the sole normal regulator of
aldosterone production and plasma levels, and renin and aldosterone do not always
move in parallel. Potassium and ACTH are also important regulators of aldosterone
production, and they move independently of renin. As well, changes in hepatic
blood flow such as occur when upright posture replaces recumbency affect meta-
bolic degradation and hence plasma aldosterone levels. Furthermore, because
plasma renin activity (PRA) and the concentration of the “direct active renin”
enzyme (DRC) respond differently to certain stimuli, the method used to measure
renin can significantly influence the ARR result. Such factors need to be taken into
account and controlled for where possible in order to minimize the rate of false-
positive and false-negative ratios and thereby maximize the utility of the ARR.

Effects of Posture

Following assumption of upright posture, the resulting translocation of blood into the
lower limbs is associated with a rise in plasma aldosterone [85]. This occurs partly
due to an increase in renin, released in response to a fall in renal perfusion pressure
and an increase in sympathetic output and beta adrenergic receptor stimulation [32],
and from the reduction in metabolic clearance of aldosterone that occurs due to
reduced hepatic blood flow [8, 61]. Because the effect of reduced hepatic clearance is
more rapid, the rise in aldosterone levels measured before and shortly (less than 1 h)
after assuming upright posture may not demonstrate close correlation with the rise in
renin. Better correlation between changes in aldosterone and renin levels would be
expected to occur in studies which use a longer period (2—4 h) of ambulation.

Most centers use an upright sample for ARR testing, usually while seated for
5-15 min. Performance of the ARR in the upright (versus recumbent) position is
less likely to miss patients with PA. This is because the majority of patients with PA
are All responsive (AII-R), meaning that their aldosterone levels rise in response to
rising renin—All and thus to upright posture: this includes all patients with AII-R
aldosterone-producing adenoma (APA), which makes up at least 50 % of APAs in
our experience and most (at least 70 %) with bilateral adrenal hyperplasia [23, 35,
56, 78]. Furthermore, although aldosterone levels in the All-unresponsive (AII-U)
forms (which include AII-U APA, familial hyperaldosteronism type I, and the
remaining up to 30 % of bilateral adrenal hyperplasia) fail to rise in response to
upright posture [23, 35, 56, 78], upright levels are similar to those of patients with
AII-R forms (whose recumbent levels are usually much lower), and upright ARRs
appear to be sufficiently sensitive.
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Effects of Time of Day

Aldosterone and renin levels obtained midmorning from seated patients will tend to
be higher than those measured in the afternoon [33, 86] because the stimulatory
effect of upright posture on these levels is greater at that time of day [40]. In patients
with PA, renin levels are chronically suppressed and aldosterone levels are strongly
influenced by ACTH [48], which follows a striking circadian pattern with the high-
est levels around 0800 h and falling rapidly thereafter [60]. Their ARR levels are
therefore more likely to be elevated during the morning than the afternoon [33].

Age-Related Effects

In the elderly, gradually reducing renal function leads to a fall in renin levels [18],
but the accompanying fall in aldosterone levels is less marked, leading to the
frequent occurrence of false-positive ratios.

Gender Differences

As illustrated in Fig. 9.1, estrogen stimulates production of the renin substrate angio-
tensinogen [20, 29]. The resulting rising angiotensin levels lead, by negative feedback
on the juxtaglomerular apparatus, to falls in renin release and in DRC. Because the
influences of rising substrate and falling renin enzyme levels on product (angiotensin I)
formation counteract each other, PRA (which measures generation of angiotensin I)
remains relatively stable [25]. Falling DRC will tend to raise ARR, whereas stable
PRA will not. Progesterone, secreted during the second half (luteal phase) of an ovula-
tory menstrual cycle, has mineralocorticoid-antagonist activity [62] and can cause
natriuresis, lowering plasma volume and resulting in a compensatory increase in
plasma renin and aldosterone. Fluctuations in estrogen and progesterone during the
menstrual cycle thus have the potential to complicate interpretation of the ARR.

Fommei and co-workers [26] suggested that a rise in plasma aldosterone in the
luteal phase of the menstrual cycle may have implications for screening criteria for
PA, for example if plasma aldosterone below a certain level is thought to exclude PA
[91]. Pizzolo et al. [64] reported elevated ARR (using DRC) levels to be more prev-
alent in hypertensive women than men (13.6 % versus 2.3 %), but seldom associated
with confirmed PA.

We measured the ARR in 19 normal, ovulating women at three time points in
the menstrual cycle and compared it with single measurements in 21 normal males
of similar age [3]. In each subject renin was measured as both DRC and PRA and
the results compared. ARRs in males were significantly lower than those of females,
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Fig. 9.1 Effects of estrogen on renin, showing differential influences on levels when measured as
plasma renin activity [PRA, which measures the generation of angiotensin I (Ang-I)] versus direct
renin concentration (DRC, which measures the plasma concentration of active renin enzyme).
Estrogen stimulates production of the renin substrate angiotensinogen by the liver. The resulting
rising angiotensin I and II (Ang-II) levels lead, by negative feedback on the juxtaglomerular appa-
ratus, to falls in renin release and in DRC. The influences of rising substrate and falling renin
enzyme levels on product (Ang-I) formation counteract each other, so that PRA remains relatively
stable. As a result, the aldosterone/renin ratio tends to rise in response to estrogen when renin is
measured as DRC but not when measured as PRA

regardless of renin assay method, and therefore possibly so well down in the cur-
rently accepted normal range that a significant increase associated with developing
PA would not be recognized, and represent a false negative. In the females, ARR
levels were the lowest (and closest to those of males) during the menses and
follicular phase and were the highest during the luteal phase, but the difference
only reached significance when DRC (and not when PRA) was used. Two women
had luteal ARRs that were falsely elevated using DRC but normal using PRA.
These observations may help to explain the higher incidence of false-positive
ARRs in hypertensive women than men and suggest that PRA may be preferable
to DRC in the determination of ARR, at least in women. They also argue for the
development of new reference ranges which take into account gender and sex
hormone levels [3].

Effects of Dietary Sodium Intake

Sensitivity of the ratio is likely to be improved if patients maintain a liberal dietary
salt intake prior to testing. This is because habitual dietary salt restriction raises
renin and aldosterone levels, and because the ARR is more dependent on renin than
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aldosterone [55], this has the potential to lower the ARR in patients with PA
[32, 80]. Conversely, occasional false positives might conceivably arise in patients
without PA who consume very large amounts of salt [32, 80]. Although in one study
manipulation of dietary salt intake in normotensive subjects, while altering aldoste-
rone and renin levels as expected, did not appear to have a substantial effect on the
ARR [49], the relevance of this finding to hypertensives is uncertain and deserving
of further study.

Effects of Plasma Potassium Level

Severe, uncorrected hypokalemia can lower aldosterone secretion in PA [15] and
therefore has the potential to be associated with false-negative ratios [32, 80]. It is
therefore probably safest to assume that a normal ARR should not exclude a
diagnosis of PA until measured after correcting hypokalemia with supplemental
slow-release potassium chloride tablets. The presence of hypokalemia, however,
might not be appreciated if care is not taken during sample collection to avoid false
elevations of potassium levels [13, 21]. Common contributors to this include fist
clenching (which drives potassium out of the muscles and into the blood), failure
to release the torniquet while blood is being collected, the use of vacutainers™
(which can cause hemolysis) rather than syringes, “difficult” sampling (which also
causes hemolysis), failure to separate the plasma from the cells within 30 min of
blood collection (which allows potassium to leave the red cells as their metabolism
slows down), and measurement of potassium in serum rather than plasma
(which results in higher levels due to release of potassium from the cells during
clotting) [13, 21].

Medications Potentially Causing False-Positive Ratios

Beta-adrenergic blocking medications raise the ARR [2]. Blockade of beta-
adrenoceptor-mediated stimulation of renin production by juxtaglomerular cells
brings about a profound suppression of renin levels [30, 63]. Although aldosterone
levels also fall, this is to a lesser degree, possibly because of the continuing stimula-
tory action of potassium and ACTH, and the ratio therefore rises. Methyldopa [63]
and clonidine [52] can have a similar effect by reducing central sympathetic out-
flow. Nonsteroidal anti-inflammatory agents suppress renin levels by inducing renal
sodium and water retention and by suppressing renal prostaglandins which normally
stimulate renin release. At the same time they promote retention of potassium
leading to stimulation of aldosterone production and further elevation of the ARR
[54]. Whether the effects of these agents are sufficient to raise the ARR above the
arbitrary cutoff point for PA and thereby cause false-positive test results has been
questioned [69, 91], but our own experience has been that falsely elevated ratios are
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not uncommon in patients receiving these drugs, and our approach is to withdraw
them where possible and to repeat the ratio before deciding whether to proceed to
confirmatory suppression testing.

For reasons similar to those explained above (see subsection entitled “Gender”),
patients receiving oral contraceptive agents and other estrogen-containing prepara-
tions may demonstrate falsely elevated ratios when measurements of DRC are used
rather than PRA because the increased hepatic production of angiotensinogen,
induced by estrogen, results in increased negative feedback by angiotensin-
suppressing active renin production [20, 29, 71]. This usually prevents PRA from
rising significantly but will lead to suppressed DRC and increased aldosterone/DRC
ratio. Statistically significant elevations of ARR using DRC but not PRA were
observed following the administration of the combined oral contraceptive prepara-
tion ethinylestradiol plus drospirenone (EE+D) [4]. In 3 of the 17 normotensive
healthy women studied, aldosterone/DRC ARR values exceeded the upper limit of
the normal range 3 weeks after commencing the treatment. Because drospirenone
has mineralocorticoid antagonist properties, rises in both renin and aldosterone
were expected. The rise in ARR when calculated using DRC presumably reflected
an effect of the estrogenic component of EE +D. On the other hand, treatment with
subdermal etonogestrel (a progestin-only contraceptive preparation) in 15 other
normotensive healthy females was not associated with significant changes in ARR
calculated by DRC or PRA [4]. Use of PRA may be preferable to DRC when screen-
ing women for PA by ARR measurement without ceasing estrogen-containing oral
contraceptive agents.

Medications Potentially Causing False-Negative Ratios

False-negative ratios may be encountered in patients taking medications that stimulate
renin production. These include all diuretics [32, 93] including potassium-sparing
diuretics such as spironolactone, eplerenone, amiloride, and triamterene, which all
induce volume contraction and sympathetic nervous system stimulation.
Dihydropyridine calcium channel antagonists briskly stimulate renin [14, 57], prob-
ably through reflex sympathetic stimulation as blood pressure falls, natriuretic
effects, and direct stimulation of calcium-dependent renin regulatory pathways.
Angiotensin-converting enzyme (ACE) inhibitors [57] and AII receptor blockers
(ARBs) [57] interfere with negative feedback of AII on renin production and can
markedly elevate renin to levels well above normal.

Medication-induced reduction in aldosterone synthesis may also contribute to the
generation of false-negative ratios. This can occur with potassium-wasting diuretics
such as thiazides which increase renal potassium losses leading to lowering of plasma
potassium levels. Dihydropyridine calcium antagonists can reduce aldosterone pro-
duction by interfering with intracellular, calcium-dependent steps in biosynthesis [5].
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ACE inhibitors and ARBs would also be expected to inhibit aldosterone production
in patients with AII-R forms of PA [7], and this has been confirmed for the early
stages of treatment (up to 1 year), but often is lost later on, with rebounding high
levels of aldosterone. The effects of ACE inhibitors and ARBs on the ARR are usu-
ally to cause false negatives but are unpredictable and should be replaced when
employing ARR to exclude PA.

We recently measured aldosterone, PRA, and DRC levels in normotensive,
depressed male patients commencing treatment with either of the selective serotonin
reuptake inhibitors (SSRIs) sertraline (n=12) or escitalopram (n=14) [1]. For both
SSRIs, treatment was associated with rises in aldosterone, PRA, and DRC. Because
renin rose to a greater degree, the ARR fell significantly in both treatment groups,
whether calculated using PRA or DRC. Treatment with SSRIs therefore appears to
have the potential to cause false negatives among patients with PA. Further studies
involving hypertensive patients are required to address this question.

Effects of Renin Inhibitors

Renin inhibitors have complex effects on renin levels, which depend on how renin
is measured [16]. Put simply, these agents are likely to raise the ARR (and cause
false positives) if renin is measured as PRA and lower it (causing false negatives) if
measured as DRC.

Where Medications Cannot Be Withdrawn

In cases where a potentially interfering medication cannot be withdrawn, useful
information can still be obtained by taking into account its known effects when
interpreting the ARR result. For example, a raised ratio in patients receiving a
diuretic, ACE inhibitor, angiotensin receptor blocker, dihydropyridine calcium
blocker, or SSRI antidepressant would make PA very likely, whereas a normal ARR
in the presence of beta-blocker treatment or an estrogen-containing oral contracep-
tive agent would make the diagnosis very unlikely.

Effects of Coexisting Conditions

Conditions which result in stimulation of previously suppressed renin, such as
pregnancy [39], renal artery stenosis [79], and malignant hypertension [9, 46, 59],
may render ratios falsely negative in patients with PA. False-positive ratios may
occur in patients with renal impairment [53], in which renin levels tend to fall as a
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result of reduced renin secretory mass and also salt and water retention, while any
associated hyperkalemia tends to elevate aldosterone. As mentioned above (see sec-
tion entitled “The Rationale Behind the Use of the ARR as a Screening Test for
PA”), false-positive ratios occur in the syndrome of familial hypertension and
hyperkalemia with normal glomerular filtration rate (FHH, otherwise known as
Gordon syndrome), in which a primary defect in renal tubular function results in
excessive resorption of not only sodium (leading to hypertension and renin suppres-
sion) but also potassium (causing chronic hyperkalemia, which counteracts sup-
pression of aldosterone) [34].

Falsely Elevated Ratios in the Context of Very Low Renin Levels

Another limitation of the ARR is that, in the presence of very low renin levels (for
example, at PRA values of <0.1 ng/mL/h), the ARR may be elevated even when
plasma aldosterone is also very low (for example, 4 ng/dL or 120 pmol/L) and
clearly not consistent with PA. In order to avoid this problem, some investigators
include a minimum plasma aldosterone concentration (for example >15 ng/dL or
410 pmol/L) within the screening criteria. In our own experience, however, this
approach would have led many of our patients with PA to have been missed because
their plasma aldosterone levels fell below this cutoff level [76]. Of 125 patients who
underwent removal of APAs within the Endocrine Hypertension Research Center in
Brisbane between 2001 and 2010 (inclusive), 20 (16 %) had upright midmorning
plasma aldosterone levels of <15 ng/dL and 5 (4 %) had levels <10 ng/dL
(278 pmol/L). Because of this, our approach is to proceed with diagnostic work-up
for PA in all patients with elevated ARR other than those whose plasma aldosterone
concentration is below the level used to define normal suppression during confirma-
tory fludrocortisone suppression testing (that is, 6 ng/dL or 165 pmol/L). In those
patients, we will periodically repeat the ARR and consider, from time to time,
further diagnostic work-up depending on the clinical scenario and patient’s wishes
[74]. We recognize, however, that opinions remain divided on this issue and that the
risk of missing APA at plasma aldosterone levels of <10 ng/dL is low.

The Importance of Assay Methodology

Highly reproducible assays are essential for the diagnosis and management of PA.
Although the ARR appears to be more dependent on renin than aldosterone [55],
accurate measurement of both is required for reliable ARR results. Further, reliable
aldosterone quantification is critical during subsequent suppression testing (in which
the definitive confirmation or exclusion of PA is dependent on the aldosterone level)
and adrenal venous sampling (the results of which largely determine whether a
patient is a candidate for unilateral adrenalectomy or, alternatively, treatment with
aldosterone antagonist medication) [32, 80].
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Aldosterone Assays

The current mainstay for measuring aldosterone is by antibody-based methods [12,
19, 22, 43, 50]. Immunoassays demonstrate varying selectivity and poor interlabo-
ratory reproducibility requiring each laboratory to establish its own reference range
for the diagnosis of PA [65]. For example, Schirpenbach et al. [68] reported a two-
to threefold difference in aldosterone concentrations measured by four currently
used methods. Such discrepancies in aldosterone measurement between laborato-
ries suggest a need for improved aldosterone measurement for both screening and
confirmation of PA [33, 77].

Gas chromatography-mass spectrometry has been used to measure aldosterone in
biological fluids [11, 70, 73]. While this technique is considered a reference method
that provides both accurate results and excellent specificity, these methods in general
require extensive sample preparation including chemical derivatization. The lack of
automation and complexity of sample preparation have relegated gas chromatography-
mass spectrometry to specialist clinical laboratories and is not used in routine clinical
services. However, high-performance liquid chromatography-tandem mass spectrom-
etry (HPLC/MS/MYS) is a powerful analytical technique that is becoming increasingly
used in the clinical setting [82]. HPLC/MS/MS offers the opportunity to provide more
reliable measurement of aldosterone than immunoassays [27]. In the wake of concerns
raised about currently available immunoassay methodology [68, 77], we developed a
high-throughput mass spectrometric method of measuring aldosterone which has
proven to be highly reliable and reproducible [83]. This technology also has the ability
to simultaneously measure multiple steroids [41, 84]. Wide adoption of such methodol-
ogy therefore has the potential to improve diagnostic accuracy and optimize clinical
outcomes, a great money-saver in the long run. However, for many it may be out of
financial reach until the assay becomes more price competitive and widely available.
Thus this approach is currently limited to specialized laboratories.

Renin Assays

Concerns also relate to the faster, more convenient methods of directly measuring
active renin [24, 33] using immunometric techniques and automated machinery
which have widely been adopted in large, busy laboratories in recent years. These
include unreliability and poor reproducibility, particular at the low end of the refer-
ence range which is particularly relevant to the work-up of patients suspected of or
confirmed as having PA. Furthermore, as described above, measurements of DRC,
unlike PRA, do not take into account circulating levels of endogenous substrate and
are therefore affected by factors such as endogenously or exogenously administered
estrogen. Efforts are under way to develop high-throughput assays of angiotensin I
(PRA) using mass spectrometry, and results are awaited with great interest.
Because of the critical role of validated assay techniques and the innate variability
of both aldosterone and renin, it is important that management decisions not be
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based on a single ratio. Before deciding that PA is highly likely or highly unlikely,
the ratio should be repeated until confident that the ARR is raised, meanwhile
adjusting medications and conditions of collection if indicated. The next step, a
definitive test involving salt loading, is not entirely risk free in patients with severe
hypertension or compromised cardiac or renal function.

A Suggested Approach to Measurement of the ARR

The approach used by the Endocrine Hypertension Research Centre at Greenslopes
and Princess Alexandra Hospitals, Brisbane [32, 78, 80] (Table 9.1), attempts to
address the above considerations by avoiding, where possible, factors which may
confound the ARR or at least taking their effects into account. This approach has
resulted in detection of large numbers of patients with PA, including those with
surgically correctable forms (which make up around a third of patients in our expe-
rience) who have been either cured or had hypertension markedly improved follow-
ing laparoscopic adrenalectomy, associated with marked improvements in quality of
life [67, 78, 81].
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Chapter 10
Confirmatory Testing for Primary
Aldosteronism

Matthias Haase, Matthias Gruber, Xing Gao, Oliver Vonend,
and Holger S. Willenberg

Abstract To minimize the influence of medication, potassium, angiotensin 2, and
corticotropin, because mechanisms of aldosterone escape have been described, and
to increase specificity in the diagnostic process, confirmatory testing is necessary in
cases suspected to have primary aldosteronism.

There are different approaches to demonstrate that aldosterone is secreted auton-
omously, including the proof of insufficient suppression of aldosterone secretion or
demonstration of a strong suppression of renin.

Nevertheless, all confirmatory tests have pros and cons and sensitivities or speci-
ficities are less than 100 %. Therefore, the confirmation of primary aldosteronism is
based on a positive screening test and a positive confirmation test but also on details
from the case history and or the patient examination. In addition, a typical postint-
erventional course with reversal of symptoms and signs characteristic of primary
aldosteronism help to document the diagnosis.
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Introduction

Confirmatory testing is mandatory in patients with suspected primary aldosteronism
[11]. Main reasons for this rationale include that the influence of medication be
minimized; that secretion of aldosterone is controlled by a number of factors,
including potassium, angiotensin 2, and corticotropin; and that mechanisms of aldo-
sterone escape have been described [8, 44].

There are different approaches to prove that aldosterone secretion occurs inde-
pendently of these factors. While a number of tests aim at showing non-suppression
of aldosterone secretion, other interventions investigate how strong renin secretion
or renin activity is suppressed by the aldosterone action and the negative feedback.
In addition, there are tests that try to show that some observations are different in
patients with aldosteronomas.

There were efforts to employ endocrine function tests to distinguish different
subtypes of primary aldosteronism, including unilateral disease as in aldosterone-
producing adenomas and bilateral disease as in bilateral adrenal hyperplasia.
However, most of the tests described below do not have the power to differentiate
between unilateral or bilateral disease. There are several reasons, and some are
mentioned under the corresponding subheadings.

For all tests used to investigate into the physiology of aldosterone secretion,
conditions must apply to minimize the influence of ACTH, medication, and other
conditions to interfere with the renin- and angiotensin-mediated aldosterone release.
To respect the circadian rhythm, all tests should be performed in the morning.
In addition, there should be no signs for infection or stress.

In all patients, renin should be low (suppressed). It is not quite clear how low
renin needs to be to ensure aldosterone levels against the influence of angiotensin.
However, most patients with PA should have plasma renin concentrations below
5 ng/1[29, 46].

Use of glucocorticoids, direct renin inhibitors, mineralocorticoid receptor antag-
onists, inhibitors of the epithelial sodium channel, or even other diuretics are not
allowed as medication. Also, certain progestins, antidepressants, and medication
interfering with CYP3A4 activity should be avoided. A guideline provides informa-
tion on this matter [11].

On the other hand, the more autonomous and unopposed aldosterone secretion
occurs, the more suppressed is renin and angiotensin and the less does medica-
tion interfere with the salt, water, and volume regulation. In addition, a recent
study pointed out that there is probably no need for extensive medication switch-
ing in all patients anyway, except for aldosterone antagonists, thiazides, and loop
diuretics [39].
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However, a problem that really matters when it comes down to cutoff values is
the quality of assays employed. Frequently, certain values are quickly adopted from
studies while there is a substantial inter-assay variation [37, 38].

Of note, all confirmatory tests have pros and cons and sensitivities or specificities
in a range between 80 and 95 %. Therefore, the confirmation of primary aldosteron-
ism is based on a positive screening test and a positive confirmation test but also on
details from the case history and or the patient examination. In addition, a typical
postinterventional course with reversal of symptoms and signs characteristic of
primary aldosteronism document the diagnosis.

Non-suppression of Aldosterone

Fludrocortisone Suppression Test

Principle

Fludrocortisone, 9a-fluoro-cortisol, is a mineralocorticoid receptor agonist and
affects salt, water, and volume homeostasis as aldosterone does. The oral adminis-
tration of fludrocortisone under the condition of a high-salt diet will therefore lead
to sodium retention — stimulation of thirst and adiuretin/aquaporin-2 — water
retention — hypervolemia and — suppression of renin (Fig. 10.1, Panel A). As a
consequence of hypervolemia, endogenous aldosterone secretion is sufficiently
downregulated in normal persons or patients with essential hypertension while in
patients with primary aldosteronism it is not (Fig. 10.1, Panel A).
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Fig. 10.1 This figure shows the principles of the fludrocortisone suppression test (Panel a) and the
saline infusion test (Panel b)
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Protocol

Patients receive 0.1 mg fludrocortisone acetate every 6 h along with potassium
chloride or citrate (40 mmol solutions) every 6-8 h (depending on serum potas-
sium values) and a high-salt diet for four full days. If necessary, slow-release
sodium chloride supplements (30 mmol) can be given three times daily with
meals. It is aimed at serum potassium values of 4 mmol/l and a sodium excretion
rate of 3 mmol/kg body weight (min. 200 mmol per day). Blood for aldosterone,
renin, and cortisol measurements is sampled after these 4 days around 10 AM
(on day 5). Blood for cortisol is also sampled between 7 and 8 AM to ensure a
decline between early and late morning time points (exclusion of false-positive
aldosterone values due to stress and corticotropin influence). While some centers
perform this test on an outpatient basis, the Brisbane group prefers an inpatient
setting [41].

This test can be combined with the determination of urinary aldosterone
(metabolite) excretion.

Discussion

PA is excluded when aldosterone concentrations drop below 50 ng/l and the
diagnosis of PA is safely made when post-FST blood concentrations exceed
60 ng/l [11]. A number of studies applied and/or confirmed this cutoff for plasma/
serum aldosterone concentrations, amongst them Gordon and colleagues [14],
Fardella et al. [10], Stowasser et al. [41], Mulatero et al. [28, 30], and Willenberg
et al. [46].

It is important to note that there is no study showing that after 4 days of fludro-
cortisone application, the maximum extend of aldosterone suppression was
achieved. In this regard, it was not shown that side effects may not develop anymore
after cessation of fludrocortisone acetate. The experience of the Diisseldorf group
suggests that 3 out of 77 patients (4 %) experience side effects such as left heart
failure that may occur in patients with or without PA [46]. Higher doses of fludro-
cortisone may result in a still higher frequency of cardiac side effects [22].

Although this test may render false-positive results in patients with heart fail-
ure (insufficient “transfer of venous volume to arterial volume”), it seems to be
more sensitive than the saline infusion test [13, 46]. In 2009, it was shown that
primary aldosteronism is excluded when aldosterone levels drop below 80 ng/l
(225 pmol/l) after 4 days or below 110 ng/l (305 pmol/1) after 3 days of fludrocor-
tisone treatment (4 x 100 pg per day) while salt intake does not seem to play a
major role [43].

In order to prevent an influence of stress and corticotropin on adrenal aldosterone
release, a version of the FST was published that combines the FST with the low-
dose overnight dexamethasone suppression test, whereby 1 mg of dexamethasone is
given at midnight on day 4 [16]. This test suppresses aldosterone blood concentra-
tions below 25 ng/l (74 pmol/l) in normal individuals.
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Saline Infusion Test

Principle

The saline infusion test (SIT) leads to acute volume expansion and is followed by
suppression of renin and, consequently, aldosterone when secretion of aldosterone
does not occur autonomously or in response to potassium or corticotropin (Fig. 10.1,
Panel B). In addition, with the knowledge of unselective electrolyte handling by
mutated KCNJ5 potassium pores or loss-of-function ATPase sodium—potassium
channels in aldosteronomas, application of sodium in the form of saline may have a
direct stimulating effect onto zona glomerulosa cells [4, 7, 46].

Protocol

The test should be performed after a period of supine position overnight, but it is
also possible to be performed in an outpatient setting. It is then started after a period
of minimal 30 min of supine test and blood will be drawn for measurement of aldo-
sterone, cortisol, renin, sodium, and potassium in the morning. Then 2 L of 0.9 %
sodium chloride is infused over a time period of 4 h (500 ml per hour). During the
infusion blood pressure and heart rate should be controlled in cases of heart failure
at least every 30 min. At the end of the test, blood sampling for the measurement of
the above mentioned parameters is repeated. During the test the patient is not
allowed to stand up, except for miction. Patients should be motivated to remain
lying during the last 2 h.

Discussion

The SIT is easy to perform and a practical procedure in an outpatient setting.
In experienced hands, the rate of side effects is low when patients are carefully
examined for possible contraindications, e.g., cardiac insufficiency and exacerbated
arterial hypertension, before testing. In addition, the application of a saluretic agent
immediately after the test may be an option to circumvent acute heart failure.
There are several reported cutoffs for a normal suppression of aldosterone at the
end of the saline infusion. Mulatero et al. found that plasma aldosterone concentra-
tions below 50 ng/1 (138 pmol/l) rule out primary aldosteronism (specificity 88 %,
sensitivity 90 %; [28]). This study basically confirmed former findings [17, 18].
However, in 1994, a discussion started that a considerable number of patients with
PA are missed with SIT at such cutoff values [13]. In the PAPY study, cutoff values
for the plasma aldosterone after saline infusion of 67.5 ng/l (181 pmol/) for
aldosterone-producing adenomas and 69.1 ng/l (192 pmol/l) for idiopathic hyperal-
dosteronism were the results with the best compromise between sensitivity and
specificity that were 75 and 83 %, respectively [34]. Likewise, in another study,
Giacchetti et al. found a cutoff for serum aldosterone of 70 ng/l (194 pmol/l) to
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come with a specificity of 100 % and a sensitivity of 88 % [12]. Furthermore, work
of the Munich group rather confirmed the rather low cutoff of 51 ng/l (141 pmol/l)
to have a good performance in the differentiation between hypokalemic primary
aldosteronism and essential hypertension (sensitivity 91 %, specificity 90 %).
However, this test may not be appropriate to clearly differentiate between normoka-
lemic primary aldosteronism and essential hypertension (sensitivity 57 %, specific-
ity 90 %; [37, 38]). Interestingly, in this study the participants did not need to stop
the antihypertensive medication, except for spironolactone, and the investigators
found a similar decrease in aldosterone after saline infusion in the patients with
essential hypertension and normal controls.

In comparison with the fludrocortisone suppression test, the study of Mulatero
et al. found not much difference in the performance of the SIT for the detection of
primary aldosteronism [28]. However, this study demonstrated a correct diagnosis
of PA in 88 % of hypertensive patients only when compared to the FST. A recently
published study confirmed the divergent results produced by the SIT in comparison
to the FST [46]. Interestingly, the FST seemed to be more sensitive than the SIT of
which the latter showed the best compromise between exclusion and confirmation
of PA at a cutoff value for serum aldosterone of 31.5 ng/l (87 pmol/l), rendering a
sensitivity of 82 % and a specificity of 92 % [46]. Interestingly, in this study, it was
shown that a substantial number of patients with aldosterone-producing adenomas
and hypokalemic hyperaldosteronism did suppress below the cutoff of 50 ng/l
(138 pmol/l) suggesting that a continuum exists between essential hypertension
over normokalemic hyperaldosteronismus to clear-cut aldosterone-producing ade-
noma with hypokalemic hypertension. A consequence may be that it makes sense to
strictly control other factors of aldosterone release, including potassium or cortico-
tropin, which can partly be achieved by the administration of dexamethasone (1 mg
the night before). This procedure, however, leads to even lower cutoff values as
reported by Pappa et al. that are as low as 24 ng/1 (66 pmol/l) [32].

In recognition of different published cutoffs, the Endocrine Society suggested to
exclude primary aldosteronism at concentrations below 50 ng/l (138 pmol/l) and to
make the diagnosis of primary aldosteronism when aldosterone values are above
100 ng/1 (277 pmol/l) after 4 h of saline infusion. Plasma aldosterone concentrations
between 50 and 100 ng/1 (138-277 pmol/l) may be consistent with a borderline situ-
ation [11]. However, depending on the assay in use, even lower cutoff values have
to be considered.

Oral Saline Load/Urinary Aldosterone (Metabolite) Excretion

Principle

Tetrahydroaldosterone (THA) and aldosterone-18-glucuronide (A18G) are aldoste-
rone metabolites that are produced within the liver and excreted through the kidneys
along with free aldosterone (free A) into the urine. Therefore, high serum concen-
trations of aldosterone do more or less result in higher urinary levels of aldosterone
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Fig. 10.2 This figure summarizes the principle of aldosterone (metabolite) excretion into urine
(Panel a) and of the captopril and losartan tests (Panel b). Panel a, aldosterone is secreted as free
aldosterone (free A) and aldosterone-18-glucuronide (A18G), both of which can be assessed by
determination of aldosterone before and after complete hydrolysis. In addition, tetrahydroaldoste-
rone is secreted into the urine and can be determined. Panel b, captopril inhibits the conversion of
angiotensin I into angiotensin II and losartan the association of angiotensin II to its type 1 receptor
which normally results in a decline in aldosterone secretion

and its metabolites (Fig. 10.2, Panel A). Measurement of urinary aldosterone
(metabolite) concentrations can be done using chromatographic methods with mass
spectrometry or by competitive radioimmunoassays [19, 48, 49].

Protocol

The analysis of aldosterone secretion in a 24-h urinary specimen should be performed
in the context of a (minimum) 3-day high-salt diet and controlled by the measurement
of sodium concentration in the urine. Aldosterone concentrations of >12—-14 pg per
day in combination with urinary sodium concentrations above 200-250 mmol per day
are highly suggestive for autonomous aldosterone secretion [5, 50]. A prerequisite for
the interpretation of results, however, is the demonstration of renin suppression.

Discussion

Some studies have shown a high sensitivity and specificity for the analysis of tetra-
hydroaldosterone for the diagnosis of primary aldosteronism [1]. However, other
authors have observed a high overlap of the urine concentrations of these metabolites
between patients with essential hypertension and primary aldosteronism [37, 38].
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Attempts to overcome the problem of overlap included the correction of urinary
aldosterone secretion for plasma renin concentrations or other indices of mineralo-
corticoid excess, such as the SUSPPUP ratio, and resulted in an increase in specific-
ity up to 100 % [3]. Also, the analysis of urinary THA and A18G per gram creatinine
may still have a high specificity (but a low sensitivity) for the diagnosis of primary
hyperaldosteronism with the following cutoffs, 126 pg THA/g creatinine or 19.7 pg
A18G/g creatinine [37, 38].

The excretion of THA was also studied before and after 3 days of fludrocortisone
treatment (300 pg per day) and seemed to be autonomous when it remained higher
than 79 % of the control value [24].

18-hydroxy-cortisol (180OH-F) and 18-oxo-cortisol (180xo0-F) are products of
adrenal steroidogenesis and reflect the metabolization of cortisol in cells derived
from the zona glomerulosa, including cells in aldosterone-producing tumors.
Detection of these metabolites in urine samples can also be done by immunoassays
[26]. Interestingly, patients that suffer from primary aldosteronism show signifi-
cantly higher concentrations of 18OH-F and 18oxo-F in 24-h urine samples as com-
pared to patients with essential hypertension [27]. The highest levels of these two
metabolites have been observed in subjects with glucocorticoid-remediable aldoste-
ronism [27] and cortisol-co-secreting aldosterone-producing adenomas [45]. Since
urinary 180OH-F and 18oxo-F concentrations correlate, the sole measurement of
urinary 180OH-F may be sufficient in the diagnostic routine and a cutoff of <130 pg
per day for the exclusion of primary aldosteronism has been proposed [27]. However,
measurement of 180OH-F and 18oxo-F should not be the determining criteria in the
diagnosis of primary aldosteronism since, at present, the data is based on a limited
number of patients.

Interestingly, mutations causing primary adosteronism or adrenal tumor develop-
ment seem to result in specific (urinary) steroid profiles and are currently under
investigation.

Suppression of Renin and Non-suppression of Aldosterone

Captopril Challenge Test and Losartan Challenge Test

Principle

Captopril inhibits the conversion of angiotensin I into angiotensin II and losartan
the association of angiotensin II to its type 1 receptor which normally results in
a decline in aldosterone production and in the stimulation of renin (Fig. 10.2,
Panel B). In the case of autonomous aldosterone secretion, blood concentrations
of aldosterone do not fall below a certain cutoff and renin will not be stimulated
sufficiently.
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Protocol (CCT)

Patients remain in a quiescent position throughout the test (lying or sitting). After
30 or 60 min of rest, blood is drawn for basal measurements and patients receive
25-50 mg captopril, for example four crushed 12.5 mg tablets. After another 1 h or
after 2 h, blood is again sampled for renin, aldosterone, and cortisol. This test is
judged to confirm primary aldosteronism when

e Aldosterone drops less than 30 % of the basal value [36]
* Aldosterone remains higher than 85-120 ng/l [2, 6]
* Aldosterone-to-renin ratio remains higher than 30-50 ng/dl:ng/ml/h [25, 35]

Protocol (LCT)

Instead of captopril, 50 mg of losartan can be given after 1 h of initial rest. Blood is
drawn after 2 h [47] or 4 h [12] and primary aldosteronism confirmed if

e Aldosterone-to-renin ratio remains higher than 35 ng/dl:ng/ml/h and the absolute
aldosterone remains higher than 100 ng/l [47]
* Aldosterone-to-renin ratio remains higher than 40 ng/dl:ng/ml/h [12]

Discussion

As the above given protocols show there are substantial test variations. In addition,
different assays were used. Frequently, assay specifications and even units of mea-
surements were not clearly stated in the papers. Sometimes, interpretations seem to
be a matter of tradition rather than of evaluation. Also these tests seem to give too
many false-positive or false-negative results [29]. Therefore, captopril challenge
test (CCT) and losartan challenge test (LCT) are totally dependent on local
experiences.

Nonetheless, the advantage of these tests may be that hypervolemia is not aggra-
vated in patients with hyperaldosteronism. In addition, the CCT seems to perform
better in patients with a good sodium load [34].

Postural Test (PT)

Principle

Renin is released with the transition from the supine position to the upright position,
and this leads to increase of angiotensin II concentrations in the blood. The negative
feedback onto renin secretion and renin activity leads to a decrease in angiotensin II
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Fig. 10.3 This sketch summarizes the influence of an aldosterone-producing adenoma on the
increase in sodium retention, volume expansion, and rise in blood pressure. While small adenomas
still allow for an increase in renin activity and generation of angiotensin II during upright posture
(Panel a), larger adrenal tumors and higher aldosterone secretion rates do not (Panel b)

levels and aldosterone secretion from normal zona glomerulosa cells. The upright
posture results in a lower arterial volume and stimulation of renin secretion in
normal individuals, while in primary aldosteronism, salt-mediated hypervolemia
cannot be overcome by standing and renin remains suppressed (Fig. 10.3).

Protocol

The patients should sleep overnight constantly for at least 4 h in supine position
before testing. Aldosterone and renin concentrations should be measured. Blood
sampling should be performed in supine position early in the morning and after 4 h
of movement in an upright position. Cortisol measurements are also necessary to
exclude a stress-related influence of corticotropin.

Discussion

The posture test can be used to study the volume load and the extend of renin sup-
pression that is less profound in idiopathic (bilateral) forms of aldosteronism (IHA)
as compared to definite aldosteronomas. Therefore, the PT has been employed in
the differential diagnosis of PA, more specifically to distinguish unilateral from
bilateral disease, and is accepted by the Endocrine Society of Japan [31].

The original idea of the posture test is to study the response to angiotensin IT
[33]. Preceding reports have suggested that IHA is considered to be responsive to
angiotensin II, whereas 60 % of definite aldosteronomas secrete aldosterone
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independently of angiotensin II. It could be shown that in patients with unilateral
disease, aldosterone remains constant or even drops “paradoxically” during the time
course of the day. This can be explained by the circadian rhythm and the responsive-
ness of aldosteronomas to corticotropin. If unilateral disease is supported by the
results of imaging studies, a fall in both aldosterone and cortisol during PT is very
suggestive of a unilateral aldosteronoma so that therapeutic steps can be taken with-
out adrenal venous sampling [9]. However, 3040 % of visible aldosteronomas
were also observed to be responsive to angiotensin II because in this fraction of
patients, blood aldosterone concentrations have increased as in patients with I[HA
[15]. As a result, the sensitivity and specificity of the PT are reduced substantially
[30]. A prospective study has shown that the sensitivity of PT is rather low and
therefore not useful in the differentiation of PA [20].

An alternative explanation for the reduced performance of the PT was provided
recently by the Diisseldorf group: the suppression of renin and angiotensin by small
(invisible on imaging) aldosterone-producing tumors may be less severe than the
suppression induced by large adrenal adenomas (visible on imaging) that are char-
acterized by a higher rate of aldosterone production [46].

Whether the performance of the PT can be increased is currently under investiga-
tion. So far, it seems that the reversed postural test comes with a better sensitivity
than the conventional version of the test [42].

Other Tests

Dexamethasone Suppression Test

The dexamethasone suppression test (4 doses of 0.5 mg of dexamethasone for
2 days, followed by 4 doses of 2.0 mg of dexamethasone for 2 days) was described
by Liddle [21]. Different variants were employed to screen for glucocorticoid-
remediable aldosteronism (GRA or familial hyperaldosteronism type 1). If genetic
testing is not established or available, an aldosterone level below 40 ng/l indicates
the presence of GRA when patients were given 4x0.5 mg of dexamethasone for
2 days minimum, rather than three full days [23].

This test should not follow immediately the fludrocortisone suppression test to
preclude false-positive test results.

Corticotropin Stimulation Test

It was reported that the corticotropin stimulation test can be employed to distinguish
patients with an aldosterone-producing adenoma from patients with bilateral dis-
ease because aldosterone is stimulated much stronger in patients with an aldoster-
onoma than in patients with IHA [40]. Again, this phenomenon may also be
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explained alternatively as stated in Sect. 3.2 since the influence of corticotropin
increases relatively to the influence of renin/angiotensin when the latter system is
inhibited by hypervolemia. Therefore, this test cannot be used as a confirmatory test
per se. On the other hand, adrenal venous sampling may be a test to be used also for
confirmation since clear demonstration of unilateral aldosterone secretion would be
proof for the presence of an aldosterone-producing adenoma.
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Chapter 11
Radiological and Radionuclide Imaging
of Adrenocortical Tumours

Anders Sundin

Abstract Because of the increasing use of cross-sectional imaging, mainly computed
tomography (CT), adrenal tumours are frequently detected in patients who undergo
imaging for other reasons than adrenal disease. These incidentally depicted adrenal
lesions, “incidentalomas,” comprise a wide variety of different tumour entities. In a
minor portion of these patients, biochemical screening reveals a functional tumour
and further diagnostic work-up and therapy need to be performed according to the
type of hormonal overproduction. In patients without a cancer history almost all adre-
nal incidentalomas are benign which is in contrast to patients with a known extra-
adrenal malignancy who frequently harbour adrenal metastases. Most of the adrenal
lesions can be characterised by CT and magnetic resonance imaging based on their
morphological appearance and/or by attenuation/signal characteristics consistent with
the content of microscopic (cytoplasmatic) or macroscopic fat. A significant number
of adrenal lesions can, however, not be easily determined and require radiological
follow-up of tumour size in order to exclude that the tumour is malignant or necessi-
tate further work-up by functional imaging methods or biopsy. Non-invasive charac-
terisation by functional radionuclide imaging with scintigraphy and positron emission
tomography (PET) is therefore an important adjunct. The most commonly used PET
tracer, ['SF]FDG, is useful to differ benign from malignant lesions and, before the
surgical decision, to establish whether an adrenal metastasis is the only lesion or, in
case of disseminated disease, to confirm that non-surgical treatment instead should be
chosen. 18-FDG-PET is also useful in pheochromocytoma and ACC. The enzyme
inhibitor 'C-metomidate has been developed as a PET tracer for adrenal imaging to
differ adrenocortical from non-adrenocortical tumours. ''C-metomidate-PET is cur-
rently also tried to diagnose Conn adenomas in primary aldosteronism, but further
development is needed before the method can be established for this purpose.
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Introduction

Since the introduction of spiral, or helical, computed tomography (CT) and of
multidetector CT (MDCT) the use of CT has increased considerably. Adrenal
tumours are found at image reading in many patients who are referred for CT of the
thorax and/or abdomen for reasons unrelated to adrenal disease. These so-called
incidentalomas increase with age and are found in approximately 5 % of CT exami-
nations that include the adrenal region [1]. Incidentalomas are also detected by
magnetic resonance imaging (MRI) and ultrasonography (US) [2]. The work-up of
the patient with an incidentaloma should aim at establishing whether the inciden-
taloma is hormonally active or not and if the lesion is benign or malignant. The
biochemical work-up is usually performed by an endocrinologist, and the imaging
characterisation is a task for the radiologist. In patients without a cancer history,
malignant incidentalomas are very rare. By contrast, patients with cancer, or those
who have previously undergone treatment for cancer, have a high risk that the inci-
dentaloma represents an adrenal metastasis. The reported incidence of adrenal metas-
tases in incidentaloma patients is, however, very varying in the literature [3-5].

As opposed to the patients with incidentaloma, those who present with clinical
symptoms from adrenal disease and therefore undergo imaging are rare.

Imaging Techniques
Computed Tomography (CT)

Computed tomography is the basic modality for imaging and characterisation of
adrenal tumours and is usually the method by which the incidentaloma was initially
detected. In modern CT scanners, a large number of detectors are arranged in paral-
lel rows (MDCT) and by use of the rapidly rotating X-ray tube (0.5-1 s per rota-
tion), typically more than one hundred 2 to 1 mm sections are produced per second.
With this fast scanning, there are rarely problems with breathing artefacts and an
MDCT examination of both the abdomen and the thorax can usually be performed
during one breath-hold. Because modern MDCT scanners produce 1 mm or sub-
mm images, these are by default reformatted to produce high-spatial-resolution
two-dimensional (2D) coronal and sagittal multiplanar reformatted (MPR) image
volumes. For adrenal imaging, these MPRs are valuable and should always be
viewed to avoid interpretation errors. For example, what may initially be considered
as an adrenal tumour in the transversal plane may in the MPRs be found to represent
a horizontally orientated limb of the adrenal.
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Dual-energy CT is a recent technique, whereby the CT examination simultaneously
is performed at two different tube voltages, for example 80 and 140 kV. This can be
achieved either by using two separate X-ray tubes, by switching between two different
voltages during exposure with one tube, or by detector-related techniques.

Dual-energy CT may for example be used for tissue characterisation including
adrenal incidentalomas although this is not yet an established clinical procedure [6, 7].

The current fast CT scanners also allow for better use of intravenous iodine-
based contrast media. The organs and tissues of interest may be examined accord-
ing to optimised protocols in various contrast-enhancement phases. A prerequisite
for optimised injection protocols is a power injector, preferably with two heads, to
allow contrast medium injection followed by a saline bolus. By rinsing the brachial,
brachio-cephal and subclavian veins with a saline chaser, the contrast medium
lodged in these vessels may instead be used for contrast enhancement. Also, image
artefacts related to the high contrast medium concentrations in the veins in the
upper thorax may be avoided. Early scanning, approximately Y2 minute after con-
trast medium injection starts, visualises the arteries (early arterial phase or CT angi-
ography) and is rarely used for adrenal imaging. Occasionally it is helpful for the
imaging work-up before surgical resection of large adrenal tumours, for example an
adrenocortical cancer (ACC), when arterial anatomy sometimes needs to be
assessed. Optionally, the vascular anatomy can by post-processing also be dis-
played in three-dimensional (3D) image volumes (maximum intensity projection,
MIP) and by using volume-rendering technique (VRT). These 3D volumes may be
rotated to facilitate image interpretation. In the late arterial phase (or portal-venous
inflow phase), some 10—15 s later, the small arterial branches are contrast enhanced,
and this is the best phase to depict hypervascular lesions for example hypervascular
liver metastases. Pheochromocytomas are fairly frequently hypervascular and show
a pronounced contrast enhancement in this phase. In the venous (or portal-venous)
phase, approximately 60-90 s after injection starts, the contrast medium has circu-
lated through the capillaries and into the venous system, including the portal vein
to enhance the liver. In the venous phase, the vessels and the parenchymal organs
are contrast-enhanced and hypovascular lesions are best delineated. A late or a
delayed excretion phase, several minutes after injection starts, is useful in adrenal
and renal imaging and sometimes also for CT of the liver. For calculation of the
contrast medium washout from adrenal tumours this delayed phase is usually per-
formed at 15 min.

Magnetic Resonance Imaging

Because of the better soft tissue contrast, MRI generally performs better than CT
for many imaging applications. A drawback is that MRI is not as readily available
as is CT, and in centres with limited access to MRI, the method is mainly used as a
problem-solving tool. For adrenal imaging MRI has a role for tumour characterisa-
tion and for follow-up in young patients to decrease the radiation dose.
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The intravenous gadolinium (Gd)-based MRI contrast media are extracellular
agents, similar to the iodine-based contrast media for CT, and the various contrast-
enhancement phases are the same. This is executed by repeated MRI acquisition
after Gd contrast injection, the so-called dynamical contrast-enhanced (DCE) MRI.
Thus, repeated MRI acquisitions allow for MR angiography (MRA), a late arterial
phase for imaging of hypervascular lesions and a venous contrast-enhancement
phase to delineate those who are hypovascular. When MRI is performed in 3D, the
image volume may be reconstructed in the transverse, coronal and sagittal planes.
For MRI there are also specific contrast media available such as hepatocyte-specific
(gadolinium or manganese based) contrast media and superparamagnetic iron oxide
particles that are instead taken up by the Kupffer cells of the reticuloendothelial
system. Modern MRI is usually performed using a 1.5 Tesla (T) magnet, but cur-
rently also MRI at 3T is becoming available. The higher field strength of the 3T
magnets can be used to either achieve better image resolution or shorten the MRI
acquisition. When neither spatial resolution nor fast acquisition is critical, the higher
field strength can be used for a combination of both. In the characterisation of adre-
nal lesions signal sequences (“in phase” and “out of phase”) to detect cytoplasmatic
fat are available.

Ultrasonography (US)

Ultrasonography or ultrasound does not expose the patient to radiation, similarly to
MRI, and is therefore beneficial in young patients. Currently US can be performed
also during intravenous contrast enhancement (CEUS), by using micro bubbles, and
is a very sensitive technique. For liver imaging CEUS has been shown to depict very
small sub-0.5 cm liver metastases. CEUS is also very valuable to assess previously
equivocal liver lesions at CT and MRI, and by dynamical examination over time the
lesion may be characterised by its in- and outflow pattern of the contrast medium.
US is an excellent method to guide the needle for tumour biopsies, and a US-guided
biopsy is generally performed faster than by CT.

For adrenal imaging US is not yet established for diagnosis or follow-up except
in connection with biopsy when an adrenal metastasis is suspected. CEUS has, how-
ever, been tried to differ benign from malignant tumours, but the reported results are
diverse. In some studies CEUS has been shown to be useful [8, 9] and produced
similar results as CT and MRI [10], whereas for others the technique has failed to
differ the benign from the malignant adrenal tumours [11].

Scintigraphy

By radionuclide imaging methods (scintigraphy, positron emission tomography
(PET)) various aspects of biologic function may be imaged (e.g. metabolism, recep-
tor density, enzyme function, blood flow) as opposed to conventional radiological
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methods to image morphology-anatomy. The molecules, the biological function of
which is imaged by scintigraphy, are labelled with a gamma-emitting radionuclide
to produce a tracer preparation. Common gamma emitter uses in nuclear medicine
are "Tc, 2] and ""In. **"Tc is conveniently eluded from a generator in the nuclear
medicine department and used for labelling. Most molecules that are used to pro-
duce tracers for scintigraphy are delivered as labelling kits to which the radionu-
clide is added. After administration of the tracer, usually intravenously, the patient
is placed on the couch of the gamma camera. Scintigraphy by 2D planar imaging is
acquired by positioning the detectors in front of and/or behind the patient, and the
detectors are stepwise, or slowly continuously, moved along the patient to cover the
anatomical area of interest. By single-photon emission computed tomography
(SPECT) 3D imaging is acquired by stepwise moving the detector heads around the
patient in a circular fashion to produce transverse images. These images are regu-
larly reformatted in also the coronal and sagittal plane. The resulting 2D planar and
3D SPECT images are greyscale or colour coded to represent radioactivity concen-
tration. New gamma cameras for SPECT also comprise a CT scanner in the same
gantry (SPECT/CT). Because most SPECT/CT examinations are performed in
nuclear medicine departments, the CT protocols generally do not include intrave-
nous contrast enhancement and are performed at a low radiation dose. The SPECT/
CT examinations are evaluated in a computer workstation, and three image volumes
are displayed: SPECT, CT and a software SPECT/CT overlay or fusion of the two
to facilitate anatomical correlation of the SPECT findings.

Positron Emission Tomography/Computed Tomography

The positron-emitting radionuclides are generally produced in a low-energy cyclo-
tron, and their half-lives are usually short. For '¥F the half-life is 110 min, for %Ga
68 min and for '"'C 20 min. In practice '®F may be transported within approximately a
2-h radius from a cyclotron site to a PET unit without their own PET tracer produc-
tion. A PET camera resembles a CT scanner, with a patient couch and a gantry, which
holds tens of thousands of detectors, arranged in rings. The detector axial range is
approximately 15-20 cm, and the patient is therefore stepwise moved through the
gantry and examined about 3 min per “bed position, typically to include the abdomen,
thorax and neck”. Standalone PET scanners have become rare, and currently PET is
regularly performed together with CT in PET/CT hybrid scanners. The CT examina-
tion is usually performed after the PET acquisition. [*F]fluoro-deoxy-glucose (['*F]
FDQG) is the most commonly used PET tracer and is predominately applied in onco-
logic imaging because malignant tumour accumulates ['*F]FDG to a higher extent
than most normal tissues. ["*F]FDG is usually administered 1 h before examination,
but with 'C-labelled tracers scanning is started earlier after injection. Unlike the
gamma camera, the detectors in the PET camera indirectly register the positron emis-
sions. The emitted positron within a few millimetres collides with an electron upon
which both are annihilated and converted into two high-energy (511 keV) photons.
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These travel in opposite directions and simultaneously (within a few nanoseconds)
reach the detector rings, and the line of decay is registered. By collecting all decays
during the acquisition, transversal images representing radioactivity concentration
(Bg/mL) are reconstructed. Since not all the photons reach the detectors because of
attenuation in the tissues, the PET acquisition data are corrected for attenuation by
using the CT examination performed in the same imaging session. The PET/CT
examination is evaluated using a computer workstation by viewing PET, CT and the
PET/CT fusion. The CT examination, thus, supplies an excellent anatomical map to
correlate the PET findings and vice versa. Optimally, the CT should be performed as
a fully diagnostic examination by using a radiological protocol including intravenous
contrast enhancement. Unfortunately, some centres still use an un-enhanced low-
radiation-dose CT protocol whereby the full potential of the technique is not
employed. Only when a fully diagnostic CT examination has recently been per-
formed, within the last few weeks, one can refrain from i.v. contrast enhancement in
connection with PET/CT. The attenuation-corrected PET images are regularly recal-
culated to provide images of standardised uptake values (SUVs) whereby the radio-
activity concentration data in the images (Bq/mL) are divided by the ratio between the
injected dose (Bq) and the patient’s body weight (g). This recalculation is used to
normalise the uptake in the patient’ various tissues for differences in injected activity
and distribution volume.

Adrenocortical Adenoma

cT

Most incidentalomas represent benign cortical nodules, generally referred to as
adrenocortical adenomas. As opposed to the macroscopic fat in a myelolipoma, the
adrenocortical adenomas have an abundance of microscopic cytoplasmatic fat.
Approximately 70 % of these lesions may be characterised as benign adenomas by
attenuation measurement of the tumour in a non-contrast-enhanced CT examina-
tion. The attenuation of the normal parenchymal organs measures approximately
30-70 HU. However, in an adrenocortical adenoma the presence of cytoplasmatic
fat (fat attenuation —100 HU) decreases the attenuation of the tumour. A parallel
phenomenon is the low hepatic attenuation seen in patients with liver steatosis.
In the pre-contrast (native) CT, the attenuation of the incidentaloma is measured in
the transversal slice where the tumour is the largest. Low-radiation-dose examina-
tions, for example CT performed for attenuation correction at PET/CT, can, however,
not be used since these attenuation measurements cannot be relied on. A circular
region of interest (ROI) with a diameter that will cover % to 4/5 of the tumour diam-
eter is placed in the slice, a second and third ROI is placed in the adjacent (cranial
and caudal) slices, and the mean of the three measurements is noted. Incidentalomas
which at CT appear morphologically benign and measure <10 HU in the pre-
contrast CT examination can be diagnosed as a benign adrenocortical adenoma
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with 98-99 % specificity and 65-71 % sensitivity [12, 13]. According to Swedish
national guidelines benign adrenocortical adenomas measuring less than 4 cm in
transaxial diameter generally require no further imaging or radiological follow-up.
The routines in this respect, however, vary in different countries and centres. In order
not to misdiagnose a simple cyst (attenuation approximately 0—15 HU) as a benign
adrenocortical adenoma, it should, however, be confirmed that the lesion is contrast
enhancing.

MRI

MRI is useful in young patients to decrease the radiation dose and in those who cannot
receive i.v. iodine-based contrast media because of impaired kidney function or a pre-
vious severe adverse reaction. MRI represents an alternative to CT to visualise micro-
scopic fat, occasionally also in incidentalomas with a pre-contrast attenuation >10 HU.
MRI of the adrenals is performed to include MRI signal sequences “in phase” and
“out of phase” [14, 15]. In a benign adrenocortical adenoma, the protons in the mix-
ture of microscopic fat and water within the cytoplasm will add to the signal intensity
(in phase) in the image but will counteract and decrease the signal (out of phase).
Other tumour entities do not demonstrate this so-called chemical shift phenomenon,
and, similarly to CT, the “lipid-poor adenomas” (benign adrenocortical adenomas
with a low concentration of cytoplasmatic fat) will escape characterisation. MRI is
also advantageous in young patients for follow-up of the tumour size and allows for a
“second chance” to characterise the lesion by “in- and out-of-phase” imaging.

Contrast Medium Washout

Because the initial CT, by which the incidentaloma was diagnosed, usually was
performed during intravenous contrast enhancement, a new pre-contrast (native)
examination is often needed to allow for attenuation measurements. Examination is
also performed during contrast enhancement in the venous phase (90-120 s after
injection starts) and a delayed scan at 15 min. As previously pointed out, before a
dedicated CT or MRI examination of the adrenals is undertaken, inquiries should be
made for any previous CT/MRI of the abdomen/thorax that by showing a
morphologically unchanged incidentaloma may make further imaging redundant.
The reason to include delayed scanning in the dedicated protocol for CT of the
adrenals is that incidentalomas with morphologically benign appearance, but with a
pre-contrast attenuation >10 HU (and therefore cannot be discarded as a benign
adrenocortical adenoma), may in addition be characterised regarding their contrast
enhancement and washout. The mechanisms for this are not fully understood, but
the concept is based on the different characteristics of malignant as opposed to
benign tumours. Malignant tumours are known to generally be hypovascular,
and the relative volume of the interstitial space is larger than that in normal tissues.
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Also, the interstitial pressure is higher in malignant tumours than in normal tissues.
These characteristics of malignant tumours will impede their contrast enhancement
and delay the contrast medium washout. By contrast, benign adrenal tumours simi-
larly to normal organs and tissues contrast-enhance rapidly and have a fast contrast
medium washout. The degree of contrast enhancement and washout is based on the
attenuation measurements of the incidentaloma in the pre-contrast (unenhanced, U)
CT, contrast-enhanced (enhanced, E) and delayed (D) phases (at 15 min). The
“absolute washout” is calculated according to the following expression:

Absolute washout = (E—-D)/(E-U)

Delayed scanning has in the various published studies been performed mainly at
10 and 15 min and different “cut-off” values have been applied for the resulting
quotient. In the daily clinical setting, calculation of the “absolute washout” is usu-
ally based on a 15-min delayed examination and a quotient >0.6 indicates that the
adrenal tumour probably represents a benign adrenocortical adenoma. A quotient
<0.6 conversely indicates that the lesion may be malignant. The sensitivity to differ
malignant from benign incidentalomas is mean 88 (range 86—-89 %) and the speci-
ficity mean 93 (range 87-96 %) [16—19].

A general problem for incidentaloma characterisation, as previously pointed out,
is that the initial CT customarily was performed without a pre-contrast scan.
However, in case the incidentaloma is revealed while the patient is still in the CT
scanner, a delayed phase may be added at 15 min and a “relative washout” can be
calculated according to the following expression:

Relative washout =(E—D)/E

At a threshold value of 0.4 the sensitivity is mean 87 (range 82-95 %) and the
specificity mean 95 (range 92-100 %) [16-18].

When interpreting the results of pre-contrast attenuation measurements and
those of contrast medium washout calculations it is important to realise that these
measurements may not always be reliable. Variations in the attenuation measure-
ments may depend on technical parameters such as partial volume effects, espe-
cially with small incidentalomas and particularly when no thin (1-3 mm) slices are
available. Also, there are operator-dependent factors to consider, mainly the size of
the ROI that is chosen for the attenuation measurement, relative to the tumour diam-
eter and how the ROI is positioned within the incidentaloma. Also, factors related to
maintenance, for example the routines for calibration of the CT scanner, are of
importance to acquire reliable attenuation measurements.

Impact of Washout
There are also varying routines in different departments as to how the results of

washout measurements are used for the patient management. In some departments,
a morphologically benign but previously uncharacterised incidentaloma
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(pre-contrast attenuation >10 HU) with an absolute washout >0.6 may be discarded
as benign with no need for further imaging [12]. Other centres, for instance that of
the author, instead advise radiological follow-up by CT or MRI to measure the
tumour size in order to confirm or rule out the malignant nature of an incidentaloma
with a pre-contrast attenuation >10 HU. In this routine the result of the “absolute
washout” merely indicates how soon the follow-up should be performed after the
time point when the incidentaloma was first detected. With an “absolute washout”
<0.6, follow-up at 3 months is recommended and >0.6 at 6 months. If the inciden-
taloma is unchanged in morphological appearance and size, the final CT/MRI is
performed at 1 year, before the patient is discarded. The final biochemical follow-
up is performed at 2 years.

Radionuclide Imaging

Imaging of the vast majority of adrenal incidentalomas is adequately managed by
CT and MRI. For some of these tumours, further imaging characterisation is, how-
ever, needed. For these patients there are several radionuclide imaging (molecular
imaging, nuclear medicine imaging) techniques available.

BII-.Norcholesterol (NP-59) Scintigraphy

BlT-norcholesterol (NP-59) was previously primarily used for scintigraphy including
SPECT for preoperative localisation of aldosterone-secreting adrenocortical
tumours (Conn adenomas) in primary hyperaldosteronism [20]. The tracer is,
however, no longer available in most European countries since the production of the
tracer has been ended. The technique was mainly used in specialised centres and
had several drawbacks, for instance a high radiation dose to the patient, limited
spatial resolution of SPECT making small tumours difficult to visualise, the need
for thyroid blocking and repeated imaging.

Positron Emission Tomography of Adrenal Tumours

PET with ['"®F]FDG) has developed as a powerful molecular imaging technique,
mainly in oncological patients, and is today regularly combined with CT (PET/CT)
to also acquire a morphological reference to the functional image findings and vice
versa. The use of ["*F]FDG for oncological PET/CT is based on its accumulation
to a higher extent in malignant compared to benign tumours and most normal tis-
sues, except the brain. There is also a high accumulation of ["*F]JFDG in kidney
since it is excreted into the urine, and high radioactivity concentrations are found
in the urinary collective system and bladder. ["*F]FDG-PET/CT is mainly used in
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oncology for tumour characterisation, staging, detection of current disease and
therapy monitoring and is well established in lung cancer, lymphoma, colorectal
cancer and melanoma. The high clinical impact of ['*F]JFDG-PET and PET/CT has
been reported for many different tumour types in a large number of studies and
reviews [21-23].

"C-Metomidate-PET for Characterisation of Adrenal Tumours

Metomidate and etomidate are inhibitors of the CYP11B enzymes 11p-hydroxylase
(CYPI11B1, P45011p) and aldosterone synthase (CYP11B2, P450aldo) involved
in the synthetic pathways of cortisol and aldosterone, respectively. Both etomi-
date and metomidate have been labelled with ''C and '®F and used for PET imag-
ing of adrenocortical tumours. ''C-metomidate was chosen as the tracer in the first
clinical trial because of its better radiochemical characteristics [24]. In this study,
15 patients with various adrenal tumours underwent ''C-metomidate-PET.
All adrenocortical tumours (adenoma, hyperplasia, ACC) showed a high
''C-metomidate uptake and were unequivocally distinguished from the non-adre-
nocortical lesions (myelolipoma, pheochromocytoma, metastasis, cyst) without
tracer uptake.

Two studies have compared PET with "C-metomidate and ["®F]FDG in the same
patients [25, 26]. In these reports, the patients (19 and 16, respectively) had various
benign and malignant adrenal tumours. All adrenocortical lesions were
""C-metomidate positive, and ["®F]FDG-PET detected two-thirds of the malignant
tumours in the first group [25]. In the second study, '"C-metomidate-PET distin-
guished the adrenocortical tumours from the non-adrenocortical lesions and ['®F]
FDG-PET differed the malignant from the benign tumours [26].

The largest study to date on ''C-metomidate-PET comprised 73 patients with 75
adrenal tumours (adrenocortical adenoma, hyperplasia, pheochromocytoma, ACC,
metastasis, various tumours of non-adrenal origin) ranging 1-20 cm in size [27].
Correlation with the histopathological diagnosis showed 89 % sensitivity and 96 %
specificity for !"C-metomidate-PET to distinguish adrenocortical from non-
adrenocortical lesions. Three small <1 cm tumours were false negative. PET mea-
surements of ""C-metomidate uptake (SUV) could not differ the benign from the
malignant adrenocortical tumours.

The role of ""C-metomidate-PET in comparison with CT and MRI was tested in
a clinical setting for the imaging work-up of 44 adrenal incidentalomas in 38
patients [28]. Morphological imaging proved sufficient for all but a few patients in
whom CT and MRI failed to characterise the tumour. '"C-metomidate-PET could
add information by defining the adrenocortical or non-adrenocortical origin of these
lesions. In the management of patients with incidentaloma '"C-metomidate-PET
thus has a marginal role. The method is best employed as a problem-solving tool
when CT and MRI fail to characterise the tumour and when time is of essence and
follow-up imaging cannot be awaited.
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b

Fig. 11.1 Transaxial 'C-metomidate-PET images of a patient with primary aldosteronism who
was examined at baseline (a) and after oral administration of 0.5 mg of dexamethasone three times
daily for 3 days (b). The PET examinations were performed after injection of 10MBq
"C-metomidate per kg body weight. The images show summation of PET data 15-45 min after
tracer administration. Comparing the baseline examination (a) with the follow-up study b, the
maximum ''C-metomidate uptake (standardised uptake value, SUV,,,,,) in the Conn tumour (arrow)
increased by 20 % and the quotient between the uptake in the adenoma and that of the normal
contralateral adrenal increased by 30 %

Primary Aldosteronism

Patients with a biochemical diagnosis of primary aldosteronism undergo CT/MRI
of the adrenals. A unilateral finding of an adrenal tumour by CT/MRI is, however,
generally not sufficient for the surgical decision. In occasional patients the Conn
adenoma is located in the contralateral adrenal but is so small that it escapes detec-
tion by CT/MRI. Most patients therefore also undergo lateralisation of the Conn
adenoma by selective venous sampling and subsequent hormonal analysis. This is a
technically challenging procedure, and thorough training is required to succeed to
sample blood bilaterally. Preoperative lateralisation is generally needed in order to
avoid surgical resection of a non-secreting adenoma.

"'C-metomidate-PET has also been evaluated in primary aldosteronism [29, 30].
In a previous study small <1 cm adrenocortical adenomas were missed by
'C-metomidate-PET because of a similar tracer uptake in tumours and normal
adrenal. Therefore nine patients with small Conn adenomas (average 1.7 cm; range
1-2.5 cm) were examined and then re-examined after 3 days of per oral dexa-
methasone medication. For matters of comparison, two patients with non-functioning
adrenocortical adenomas were included into the study. It was hypothesised that
corticoid treatment decreases ACTH secretion and thereby the 11-beta-hydroxy-
lase activity in normal adrenal parenchyma but not in Conn adenomas. The tumour
visibility was, however, similar in both examinations [29]. Neither did principal
compartment analysis (PCA) improve the image contrast. PCA was applied in a
cohort of seven patients who underwent ''C-metomidate-PET before and after
dexamethasone treatment according to the same protocol [30]. By contrast, by
pre-medication with a higher dose of per oral cortisone, it was possible for
another group to increase the adenoma-to-normal adrenal ratio by mean 25+5 %
and by !"C-metomidate PET/CT visualise sub-centimeter adenomas (Fig. 11.1a, b).
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In 25 patients with PA and lateralisation by adrenal venous sampling to the side of
the adenoma, the tumour SUVmax was higher (mean 21.7) than in normal adrenal
(mean 13.8). However, this difference was absent in ten patients without lateralisa-
tion. The authors concluded that ''C-metomidate PET/CT is a sensitive and spe-
cific non-invasive alternative to adrenal venous sampling in PA [31].

13]_Metomidate-SPECT

Aniodinated tracer ['*’I]-iodometomidate has been developed for SPECT [32]. This
is advantageous because the SPECT systems are more generally available than
PET/CT scanners. Conveniently, the long half-life of ' allows for distribution of
['#I]-iodometomidate to centres without their own tracer production. In addition,
the longer half-life of %I, as compared to 11C, allows for imaging at later time
points. Imaging can be performed 4-6 h after ['**[]-iodometomidate injection, but
the best tumour-to-background ratios were found at 24 h. A drawback is that the
spatial resolution of SPECT is inferior to that of PET (1-1.5 cm versus 0.5 cm).
The binding properties of ['**I]-iodometomidate are comparable to those of metomi-
date and etomidate in vitro, and preclinical and clinical evaluation has demonstrated
high and specific uptake of ['*’I]-iodometomidate in normal adrenals, adrenocorti-
cal tumours and distant ACC metastases. Similarly to '"C-metomidate-PET,
['#I]-iodometomidate-SPECT cannot differ adrenocortical adenoma from ACC,
unless metastases also are detected.
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Chapter 12
Aldosterone and Cardiovascular Diseases

Andreas Tomasschitz and Stefan Pilz

Abstract In the past, dysregulations of aldosterone secretion as well as aldosterone-
related genomic and non-genomic effects have been recognized to play an impor-
tant role in the development and progression of cardiovascular diseases (CVDs)
beside of the renin—angiotensin system. Growing evidence suggest that aldosterone
significantly contributes to cardiovascular damage even in the absence of primary
aldosteronism and independent of arterial blood pressure. This phenomenon led to
the concept of relative aldosterone excess; several studies in humans and animals
consistently documented a profound role of aldosterone in mediating arterial hyper-
tension, vascular damage, myocardial dysfunction, kidney and metabolic diseases.
The interplay between (1) aldosterone and angiotensin 2; (2) aldosterone and cal-
cium regulatory endocrine systems; and (3) aldosterone and salt intake are key
research fields of aldosterone-mediated target organ damage. In addition, novel
treatment strategies to block aldosterone in addition to the classical mineralocorti-
coid receptor blockade are upcoming.
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Introduction

Ischemic heart disease is globally the most important cause of premature death [1].
The renin—angiotensin—(aldosterone) system (RA(A)S) has essential implications
for the development of cardiovascular diseases (CVDs).

In the past, dysregulation of aldosterone secretion as well as aldosterone-related
genomic and non-genomic effects have been recognized to play an important role in
the development and progression of cardiovascular, renal, and metabolic diseases
beside of angiotensin II.

Primary aldosteronism (PA) has been defined as aldosterone production, which
is inappropriately high, relatively autonomous from the RAS, and non-suppressible
by sodium loading [2]. Arterial hypertension due to absolute aldosterone excess
(PA) has been initially considered as a benign form of disease with low risk of organ
complications. More recent epidemiological studies suggested that the chronic
exposure to absolutely elevated aldosterone levels is however related to blood pres-
sure (BP) independent target organ damage.

Growing evidence suggest that aldosterone significantly contributes to cardio-
vascular damage even in the absence of PA. This phenomenon led to the concept of
relative aldosterone excess.

Several interventional studies in patients with heart failure (HF) demonstrated
that the benefit of mineralocorticoid receptor (MR) blockade to reduce CVD out-
comes occurs independent of prevailing BP levels - even in patients with aldoste-
rone levels “within the physiological range” [3-5]. The spectrum of (relative and
absolute) aldosterone excess ranges from hyperaldosteronism in the setting of HF to
low-renin hypertension (LREH) and finally PA due to bilateral adrenal hyperplasia
or aldosterone producing adenoma. The continuum of aldosterone excess restricts
the application of cutoffs for aldosterone levels, such as the use of the aldosterone
to renin ratio (ARR) to screen for PA, in order to accurately indicate “absolute aldo-
sterone excess” [6, 7].

This chapter will summarize the current knowledge about (1) the mechanistic
background of aldosterone-mediated cardiovascular damage in different settings;
(2) the clinical evidence pointing to aldosterone as a mediator of CVD, (3) the util-
ity of aldosterone as a biomarker for detecting CVD and related diseases; and (4)
the evidence of aldosterone—*blocking” treatment strategies.

For this purpose, a literature search focusing on available experimental and clini-
cal data was performed in the electronic database MEDLINE via PubMed.

Regulation of Aldosterone Secretion

The transport of cholesterol to the inner mitochondrial membrane (for conversion to
pregnenolone) by the steroidogenic acute regulatory protein (StAR) protein and the
conversion of 11-deoxycorticosterone to aldosterone by aldosterone synthase
(encoded by the CYP11B2 gene) are the two major rate-limiting steps of adrenal
aldosterone synthesis [8, 9]. Aldosterone synthesis is mainly regulated by
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extracellular potassium concentration and angiotensin II. Both potassium and
angiotensin II increase the intracellular calcium content through calcium release
from intracellular stores and via calcium influx through T- and L-type Ca?* channels
[10-12]. There is however evidence that several further factors, such as ACTH, non-
esterified fatty acids, lipoproteins, and parathyroid hormone (PTH), participate in the
regulation of aldosterone synthesis [13—16]. Doi et al. documented that aldosterone
synthesis is additionally regulated by cryptochrome genes Cry1 and Cry2—core ele-
ments of the circadian clock [17]. Moreover, increased sympathetic activity and
dietary salt intake modulate the sensitivity of the adrenal gland to angiotensin I [18].
This is in line with the finding from the Framingham Offspring Study that urinary
sodium is the strongest determinant (R>: 10 %) of circulating aldosterone [19].

Somatic mutations, e.g., in the KCNJ5 gene, which encodes the G-protein-
activated inward rectifier K* channel 4 (GIRK4), have been recently found in aldo-
sterone producing adenomas and are implicated to increase CYP11B2 gene
expression contributing to the development of absolute aldosterone excess [20].

Several studies pointed to a potentially relevant aldosterone synthesis outside the
adrenal glands, e.g., in the vasculature [21]. Silvestre et al. documented CYP11B2
transcription in the rat heart [22]. In humans, cardiac CYP11B2 expression was
particularly observed in pathological circumstances. The dimension and pathologi-
cal consequences of cardiovascular aldosterone synthesis remains however to be
elucidated in further studies.

Patho-Physiology of Aldosterone Action

Aldosterone contributes to cardiovascular damage (1) directly via genomic and non-
genomic effects and (2) indirectly via mediating the development and progression
of arterial hypertension, metabolic diseases and renal dysfunction, which are related
to an increased cardiovascular risk [23].

Genomic Aldosterone-Mediated Effects

Given that the MR has also been identified in non-epithelial tissues, such as vascular
smooth muscle cells (VSMC), endothelial cells (EC), macrophages, adipocytes, and
cardiomyocytes, the classic view that aldosterone acts exclusively on transport epi-
thelial cells has been broadened to include cells other than transport epithelia within
the kidney [24].

In its classical “genomic” action, aldosterone binds to the MR and regulates gene
transcription of the epithelial sodium channel (ENaC) in the distal renal tubulus
promoting sodium retention [25]. Binding of aldosterone to the MR induces the
expression of several further genes involved in sodium/potassium regulation includ-
ing Na*/K~-ATPase and the renal outer medullary K*-channel (ROMK) [26-28].

Inappropriately elevated aldosterone levels exert proinflammatory, profibrotic,
proliferative, and proarrhythmogenic effects on the cardiovascular system.
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Experimental and observational studies documented aldosterone-induced
upregulation of various modulators involved in the pathophysiology of target organ
damage: transforming growth factor  (TGF-f), adhesion molecules (VCAM-1,
ICAM-1, and selectins), plasminogen activator inhibitor-1 (PAI-1), nuclear factor-
kappa B (NF « B), osteopontin, placental growth factor, metallothioneins, connective
tissue growth factor, etc. [29, 30]. In addition, aldosterone promotes oxidative stress
via activating the NADPH oxidase and via decreasing the expression of glucose-
6-phosphate dehydrogenase [31, 32].

Dietary salt intake is a central regulator of adrenal aldosterone synthesis and
modulator of aldosterone-related effects and of the adrenal sensitivity to angioten-
sin II response [7, 18]. This is in line with the findings of Fliser et al., who postu-
lated the existence of background pacemakers, possibly dietary salt intake and/or
ACTH, for the regulation of aldosterone secretion independent of the RAS [33].

Accumulating evidence suggests a modulatory role of epigenetic mechanisms on
adrenal aldosterone secretion. The link between fetal insults and epigenetic modifi-
cation of genes of the RAAS and the ensuing alterations of gene expression in adult
life might contribute to the development of hypertension and CVD [34].

Non-genomic Aldosterone-Mediated Effects

Rapid non-genomic aldosterone-mediated effects are related to the development of
ventricular hypertrophy and apoptosis of cardiac myocytes, vasoconstriction and
vasodilatation (depending on the bioavailability of NO), and renal injury [35-38].

Mechanistic studies did not consistently document an involvement of the MR in
mediating non-genomic effects. Accordingly, not all non-genomic effects are
affected by MR-blockade. Several authors proposed the existence of an alternative
“aldosteronereceptor.” Grossmannetal. suggested the involvement of MR-dependent
and MR-independent pathways in inducing rapid non-genomic effects [39]. In
VSCMs non-genomic aldosterone effects were in part linked to the GPR30-coupled
signaling pathway [40].

Aldosterone-induced rapid signaling cascades involve (1) ERK1/2-activation
leading to modulation of cell growth [41]; (2) the p38 MAP kinase subfamily, which
participate in cell differentiation, apoptosis and cell cycle progression [42]; (3) the
activation of the protein kinase D 1 (PKD1) leading to cell proliferation [41]; (4)
increased reactive oxygen species (ROS) generation through NADPH oxidase-
dependent mechanisms [43]; (5) pronounced expression of collagens in fibroblasts;
(6) modulation of microRNA expression in various tissues (e.g., miR-23a and MiR-
208b) [44, 45]; (7) regulation of Na+/H+exchanger (NHE) 1-9 activities, which
modulate intracellular pH [46]; and (8) regulation of urinary acidification by regu-
lating H+-ATPase activity, etc. [47]. Rapid non-genomic aldosterone-mediated
effects further imbed the activation of extracellular signal regulated kinase (EGFR),
mediated by the non-receptor tyrosine kinase—Src

Importantly, many cross talk mechanisms restrict a clear delineation between
genomic and non-genomic aldosterone-mediated effects.
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Fig. 12.1 Genomic and non-genomic aldosterone-mediated effects

Figure 12.1 provides an overview about aldosterone-mediated genomic and
non-genomic effects.

Cross talk Between Aldosterone and Angiotensin I1

Mechanistic studies pointed to several routes of a cross talk between genomic and
non-genomic aldosterone-related effects and components of the RAS. In particular,
the cross talk between aldosterone and the pathways regulated by angiotensin II
might potentiate target organ damage induced by the RAAS [48, 49]. It has been
suggested that this cross talk depends on the non-receptor tyrosine kinase c-Src, and
on receptor tyrosine kinases, EGFR and PDGFR, and results in activation of MAP
kinases and cell growth, migration, and inflammation [50].

The cross talk between aldosterone and angiotensin II is strengthened by studies
in rat cardiomyocytes revealing an upregulation of angiotensin converting enzyme
(ACE) by raised aldosterone levels [51]. Subsequently, elevated angiotensin II levels
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in turn stimulated aldosterone synthesis. In humans, aldosterone upregulated
angiotensin Il receptors in VSMCs and potentiated the vasoconstrictor effect of angio-
tensin I in coronary arteries [52]. Aldosterone-MR interaction pronounced
angiotensin II-induced activation of the NADPH oxidase in the cardiovascular sys-
tem [53]. Accordingly, MR antagonism decreased gene expression of the angiotensin
II type 1 receptor, ACE, and endothelin-1 in non-infarcted myocardial tissue [54].
Recently, de Almeida et al. showed that NO modulates the cross talk between
aldosterone and Ang-(1-7), which amplifies Ca(**) signals in cardiomyocytes [55].

MR Activation by Aldosterone and Glucocorticoids

Funder et al. suggested that in the absence of 11f-hydroxysteroid dehydrogenase
type 2 (11B-HSD2), which prevents binding of glucocorticoids (GCs) to the MR,
cortisol is bound to for example cardiac MRs in a tonic inhibitory mode and pre-
vents activation of the MR by aldosterone. In cell types with low or no 113-HSD2
activity, such as in cardiomyocytes or VSMCs, GCs might activate the MR particu-
larly in the setting of an increased ROS generation [56]. Funder et al. proposed that
NADH act as a transcriptional repressor of GC/MRs. Alterations of the NAD/
NADH ratio however will result in GC-related MR activation—presumably in addi-
tion to aldosterone [56]. This hypothesis was strengthened by findings in animals
[57]. Studies noted that the aldosterone—-MR interaction might be similarly pro-
nounced in the setting of increased ROS-generation [58]. Indeed, in rats with myo-
cardial ischemia both aldosterone and cortisol respectively increased infarct size
and apoptosis index, which was prevented by spironolactone [56].

These findings added fuel to the debate about a varying degree of 11p-HSD2
expression in different tissues and the resulting degree of aldosterone and cortisol-
mediated MR activation.

In addition, it should stressed that (1) the MR-aldosterone complex is more sta-
ble and 200-fold more active than the GC-MR complex [59]; (2) the elicited signal-
ing pathways of GCs and aldosterone might vary substantially; and (3) the expression
levels of the MR might differ depending on for example environment factors [60].
Novel evidence points to a ligand-independent activation of the MR, e.g., mediated
by GTPase Racl [61].

Clinical Evidence for Aldosterone-Related
Cardiovascular Risk

Cardiovascular Risk Related to Primary Aldosteronism

In 2012 James Funder wrote: “So while essential hypertension (EH) is a cardiovas-
cular risk factor, this is very much magnified in PA [62].”
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In fact, the risk of cardiovascular events in patients with PA is increased compared
to in otherwise similar patients with essential hypertension (EH). PA has been
related to the development and progression arterial hypertension, severe target
organ damage and increased cardiovascular mortality [63—66].

Cardiovascular complications occurred in 14-35 % of patients with absolute
aldosterone excess [65, 67, 68]. Data from the German Conn's registry, inaugurated
in 2006, confirmed that cardiovascular mortality is the main cause of death in PA
(50 % versus 34 % in hypertensive controls; P<0.05) [69].

In the German Conn's Registry, the prevalence of atrial fibrillation and cardiovas-
cular events (angina pectoris, myocardial infarction, chronic cardiac insufficiency,
coronary angioplasty) was 7.1 % and 16.3 %, respectively. Angina pectoris and
chronic cardiac insufficiency were significantly more prevalent in hypokalemic PA
(9.0vs. 2.1 %, P<0.001; 5.5 vs. 2.1 %, P<0.01), indicating a stronger impact on CVD
health with increasing severity of aldosterone excess [70]. Takeda et al. documented a
significantly higher incidence of cerebral hemorrhage in the patients with aldosterone
producing adenoma (APA) when compared to the EH patients [67]. A large recent
study in 459 patients with PA revealed a significantly higher prevalence of CAD
(adjusted odds ratio, 1.9), nonfatal MI (adjusted odds ratio, 2.6), HF (adjusted odds
ratio, 2.9), and atrial fibrillation (adjusted odds ratio, 5.0) compared to EH [71].

LV hypertrophy is a major independent risk factor of HF, sudden cardiac death
(SCD) and CVD mortality in humans [72]. Higher left ventricular (LV) wall thick-
ness, LV mass index as well as longer PQ interval were found in patients with PA
compared to EH [73]. In patients with PA LV end-diastolic dimension index was
significantly larger than in EH with and without LV hypertrophy [74]. Freel et al.
demonstrated a significant increase in the frequency of noninfarct late gadolinium
enhancement (70 %) and higher pulse wave velocity in PA when compared with EH
subjects (13 %; P<0.0001) but with no difference in LV mass independent of BP [75].
PA patients treated with adrenalectomy or MR blockade showed a comparable
decrease of LV mass after 3 and 7 years follow up [76].

In the large PAPY Study Rossi et al. reported a significantly higher LV mass in
PA compared to EH patients (27.1 % versus 16.2 %; P=0.020), despite similar BP
values [77]. After a median follow-up of 3 years BP declined (P<0.0001 versus
baseline) to similar values in adrenalectomized (135+15/83+9 mmHg) and medi-
cally treated PA (133 +11/83+7 mmHg), compared to EH (139+15/86+9 mmHg)
patients. In accordance to the above findings, Stehr et al. found higher levels of
malondialdehyde (MDA) and amino terminal propeptides of type I (PINP) in
patients with PA compared to EH. These data suggest increased oxidative stress and
myocardial fibrosis as pivotal mechanisms leading to CVD damage and LV hyper-
trophy in patients with PA [78].

Pimenta et al. recently reported that in patients with PA higher dietary salt intake
(reflected by 24-h urinary sodium) independently predicts LV wall thickness and LV
mass among the patients with PA but not in patients with EH. This finding under-
lines the importance of salt excess for potentiating deleterious effects in the setting
of inappropriately elevated aldosterone levels [79].

Recent studies added the knowledge that PA promotes an abnormal pattern of LV
filling in parallel to ventricular hypertrophy [80]. With this in line, both the E wave
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flow velocity integral and the E/A integral ratio respectively were lower, and atrial
contribution to LV filling was higher in PA patients compared with essential hyper-
tensives [81].

Evidence suggests that aldosterone excess even promotes pulmonary vascular
disease independent LV function and pulmonary capillary wedge pressure in addi-
tion to increased arterial wall stiffness, carotid intima—media thickness and carotid
plaques [82, 83]. Patients with PA had significantly higher intima—media thickness
in the common carotid artery than EH patients and controls independent of age and
24-h systolic BP [84]. Bernini et al. documented a greater intima—media thickness
and higher femoral pulse wave velocity as well as a higher aortic augmentation
index in PA patients compared to matched hypertensives [85]. The media—lumen
ratio of small arteries from fat tissue of consecutive aldosterone-producing adenoma
patients significantly predicted the BP response to adrenalectomy [86].

Tunica media to internal lumen ratio of small resistance arteries derived from
biopsy of gluteal fat tissue was significantly increased in PA and in essential hyper-
tension compared with normotensive controls. In addition, total collagen and type
IIT vascular collagen were significantly greater in PA compared to essential hyper-
tensives [87]. The TAIPAI Study Group reported an inverse correlation between the
number of circulating endothelial progenitor cells and plasma aldosterone concen-
tration, arterial stiffness and serum high-sensitivity C-reactive protein levels. High-
dose aldosterone attenuated endothelial progenitor cells proliferation and
angiogenesis in vitro. Interestingly, the preoperative number of endothelial progeni-
tor cells predicted the curability of hypertension after adrenalectomy [88].
Adrenalectomy of PA patients resulted in significantly decreased carotid intima—
media thickness and lower brachial-ankle pulse wave velocity levels [89].

After medical (MR blocker) or surgical (adrenalectomy) treatment of PA, the
cardiovascular outcome for patients with PA was significantly improved and com-
parable to EH patients [65]. Surgical therapy was suggested to cure hypertension in
up to 50 % and improve BP in the remainder of patients with PA [2, 90].
Cardiovascular outcome was comparable in PA patients treated with adrenalectomy
vs. MR blockade [65, 91]. However, one study noted a significant decrease of LV
wall thickness and mass in patients treated with adrenalectomy of an aldosterone-
producing tumor, but not in those with medical therapy after 1 year of follow-up
[81]. In patients with PA treatment with low-dose spironolactone for 1 year signifi-
cantly decreased systolic and diastolic BP and reduced LV mass index [92]. Changes
in systolic BP and pretreatment aldosterone levels are suggested as independent
predictors of LV mass changes after treatment [76].

Several issues regarding diagnosing and treating PA are still unresolved [7].
Although observational and interventional studies strongly indicate a (partially)
reversible CVD risk related to PA it still unknown whether (1) the diagnostic workup
in PA patients significantly improves cardiovascular outcome compared to aldoste-
rone—(MR) blockade in patients with “elevated ARR levels” without prior detection
of PA; and (2) whether adrenalectomy improves cardiovascular outcome compared to
aldosterone—(MR) blockade in PA already diagnosed with PA. A more differentiated
look between cardiovascular outcome of patients with aldosterone producing ade-
noma, bilateral adrenal hyperplasia and patients with LREH should elucidate the
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relationship between aldosterone excess and cardiovascular risk. In particular, in
regard of lacking evidence for an improved outcome of patients with PA, particularly
in those with bilateral adrenal hyperplasia and low renin essential hypertension
(LREH), interventional studies are urgently warranted to compare different diagnostic
strategies and treatment regimen within the broad continuum of aldosterone excess.

Cardiovascular Risk Related to “Relative Aldosterone Excess”

Several observational studies consistently documented a robust relationship
between elevated aldosterone levels and increased CVD morbidity and mortality
independent of the presence of PA. It is therefore increasingly recognized that, even
in the absence of absolute aldosterone excess, a relative excess of aldosterone, i.e.,
aldosterone concentrations within the “normal range” but inappropriately elevated
in regard to for example dietary salt intake plays an eminent role in the pathogen-
esis of CVDs [93].

In patients referred to coronary angiography circulating aldosterone levels
“within the physiological range” were related to increased risk of cardiovascular
mortality independent of LV function and further established CVD risk factors [94].
In addition, aldosterone-related CVD morbidity and mortality is strongly linked to
a decreased kidney function [95]. Further observational studies in different CVD
risk groups, e.g., in patients with ST elevation acute myocardial infarction, in stable
CAD patients, in female nursing home residents, and in hemodialysis patients, con-
sistently documented a strong relationship between circulating aldosterone levels
and risk of CVD morbidity/mortality [96—-100].

Epidemiological investigations documented significant associations between
urinary aldosterone excretion and cardiovascular risk. Increased urinary aldosterone
levels were related to a dysfunctional subcutaneous adipose tissue, increased LV
mass index, severity of sleep apnea syndrome, insulin resistance, and resistant
hypertension [101-105]. Novel evidence points to a eminent role of aldosterone in
modulating CV aging processes in humans: plasma aldosterone levels are inversely
related to telomere length of white blood cells [106].

Aldosterone and Arterial Hypertension

Primary Aldosteronism, Relative Aldosterone Excess,
and Arterial Hypertension: Clinical Evidence

Aldosterone plays a key role in homeostatic control and maintenance of arterial BP

by regulating extracellular volume, vascular tone, and cardiac output [23].
Increasing severity of arterial hypertension is paralleled by a rising prevalence of

PA, which is therefore considered as the most common curable form of arterial
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hypertension [107, 108]. PA, comprising two main subtypes, aldosterone producing
adenoma (APA; unilateral disease) and bilateral adrenal hyperplasia (idiopathic
aldosteronism (IHA)), may be found in 3-32 % of hypertensive patients [109—113].
However, the true prevalence of PA in the setting of arterial hypertension is still a
subject of great controversy [114-116].

There is an ongoing discussion whether previously diagnosed cases of absolute
aldosterone excess are true PA or the upper end of a continuum with inappropriately
elevated aldosterone levels, high volume state and low renin secretion. Adlin et al.
recently revealed that LREH might be present in 31 % of patients with untreated
hypertension [117]. Indirect support for a major role of the aldosterone in modulat-
ing BP is the observation that two-thirds of patients with refractory hypertension
have a low renin status and can be treated effectively with an MR blocker [118].
LREH and ITHA were proposed to represent two ends of a continuum with a relative
excess of aldosterone for a given level of renin [119, 120]. Accordingly, similar
variations of the CYP11B2 gene have been found in patients with IHA and LREH.
Moreover, in LREH as well as in patients with idiopathic PA with bilateral adrenal
hyperplasia, an increased adrenal sensitivity to angiotensin II has been revealed,
which strengthens a common pathophysiological background of these entities.

The bimodal serum aldosterone distribution in subjects with LREH indicated
aldosterone-dependent and aldosterone-independent mechanisms of LREH.
Warnock suggested that LREH might be related to increased ENaC activation with
subsequent sodium and volume overload resulting in renin suppression, whereas
aldosterone levels remain largely within the normal range [121].

Important limitations in our understanding of “aldosterone excess” include the
difficulties of identifying a renin level as “low” and of comprehending the mecha-
nisms that drive the activation of the adrenal or extra-adrenal RAAS.

A key finding in the field of aldosterone research was that in normotensive indi-
viduals without PA the plasma aldosterone concentration was predictive for the sub-
sequent development of sustained hypertension [19]. Further findings from the
community-based Framingham Offspring Study supported a considerable heritabil-
ity of the ARR reflecting relative aldosterone excess [122]. In a large study of par-
ticipants at CVD risk inappropriately elevated aldosterone levels exerted a strong
effect on BP values and constituted the most important and second-most important
predictor of systolic and diastolic BP levels, respectively [123]. In fact, the associa-
tion between BP and the ARR was evident even at borderline hypertensive BP val-
ues, and implies that a varying degree of relative hyperaldosteronism is common
among hypertensive patients [123]. Meneton et al. showed that in addition to high
plasma aldosterone low renin levels precede the occurrence of hypertension in
middle-aged Caucasians [124].

In animal models a modest increased expression of the aldosterone synthase sen-
sitized BP to salt [125]. In this context Connell et al. hypothesized that a long-term
increase of aldosterone synthesis from early life resulting from the interaction
between genetic and environmental factors, might lead to aldosterone-related
hypertension and cardiovascular damage [126].
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MR blockers and aldosterone synthase inhibitors, administered as monotherapy
or add-on therapy, are efficacious in the treatment of arterial hypertension. In a
head-to-head comparison, the MR blocker spironolactone lowered arterial BP as
effectively as thiazide diuretics in patients with low renin levels and high aldosterone-
to-renin ratio values [127]. In patients with resistant hypertension spironolactone
lowered BP levels irrespective of prevailing aldosterone and renin concentrations
[128]. Spironolactone, even at very low doses, contributes to the lowering of BP
when used as fourth-line, add-on therapy in patients with resistant hypertension
[129, 130]. The second generation MR blocker eplerenone effectively reduced BP
in patients with arterial hypertension, including LREH, and even in patients with
mild to moderate hypertension [131, 132]. Although spironolactone has been never
tested in cardiovascular outcome RCTs before, the above mentioned evidence justi-
fies the use of MR blockade as a third- or fourth-line drug for treating arterial hyper-
tension [133].

Important consequences of previous studies might be that relative hyperaldoste-
ronism (1) is recognized as a crucial mediator of arterial hypertension; and (2) the
consideration of a wider use of MR blockade, especially when other antihyperten-
sive drugs are insufficient for the control of BP [133]. More research is however
needed to better understand the mechanisms controlling aldosterone secretion and
to make MR blockade a safe treatment option in hypertensive patients.

Evolutionary Aspects for the Role of Aldosterone
in Mediating Arterial Hypertension

The RAAS is the principle volume-regulatory effector in humans. About 400 Ma,
the transition of organisms form the ocean to dry land offered challenges regarding
the maintenance of the internal environment in a salt scarce environment. Thus, the
RAAS probably evolved in Paleozoic times in response to environmental pressures
when our early terrestrial ancestors were confronted with low salt availability.
Under these conditions, activation of the RAAS would favor renal salt conservation
and water retention, thus contributing to maintaining sufficient tissue perfusion in a
salt-scarce environment [134].

Homo sapiens emerged around 150,000 years ago [135]. The increased use of
salt for food conservation in advanced civilizations provokes a over-driven RAAS,
which is inappropriately downregulated and triggers target organ damage [136].
The gap between the primary function of the RAAS in our early ancestral and the
completely changed environment in Western societies is a feasible evolutionary rea-
son for the tremendous health burden exerted by CVDs.

Na* reabsorption occurring via the epithelial Na* channel (ENaC) in distal
tubules and cortical colleting ducts is the final renal step of a complex network of
regulators of sodium and volume homeostasis. The varying responsiveness of ENaC
to aldosterone plays a pivotal role in the pathophysiology of arterial hypertension.
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Fig. 12.2 Relative aldosterone excess: inadequate downregulation of aldosterone due to inappro-
priately high dietary salt intake in modern societies

In fact, the inappropriate adjustment of aldosterone—ENaC activity to high dietary
salt intake in modern societies is the central mechanism for the development of salt-
sensitive, aldosterone-dependent hypertension [134]. This phenomenon is further
confirmed by findings in Yanomama Indians (Venezuela). Yanomama Indians live
on extremely low Na* intakes (10 mmol per day) and show clearly raised serum
aldosterone concentrations (14.7 mmol/l), yet have low BP (mean 102/62 mmHg)
[137]. Thus, the “two-hit” concept of aldosterone-mediated BP elevation comprise
an increased Na* reabsorption and high dietary salt loading together with an inap-
propriate downward adjustment of aldosterone secretion (Fig. 12.2).

Gomez-Sanchez et al. additionally proposed an important role of centrally acting
mineralocorticoids in mediating salt appetite, sympathetic drive, vasopressin
release, and finally salt sensitive hypertension [138]. Arterial hypertension caused
by centrally acting mineralocorticoids is preventable by MR blockade.

The relationship of dietary salt (sodium) intake and cardiovascular morbidity/
mortality has been intensively debated. The American Heart Association recently
strongly recommended a dietary sodium intake of less than 1.5 g/day for all
Americans. It has been argued that although high sodium intake is related to delete-
rious effects a low sodium diet in turn results may worsen cardiovascular prognosis
[139]. This is at least questionable in regard of mineralocorticoid-related arterial
hypertension when considering the low BP levels found in Yanomama Indians
despite elevated aldosterone concentration. Alderman and Cohen recently discussed
the conflicting results regarding salt-related CVD risk; In humans with average
sodium intakes of less than 4.5 g/day, most observational studies found an inverse
association of salt intake with outcome; in subjects with average intakes greater
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than 4.5 g/day, most studies reported direct associations between sodium intake and
CVD outcomes [140]. These results indicated a “J-shaped” relationship between
sodium and cardiovascular outcomes with higher risk for sodium intakes above and
below the range of 2.5-6.0 g/day.

Effects of Aldosterone on the Vasculature

Both ECs and VSMC:s are established sites of MR expression and local aldosterone
synthesis [21]. Numerous mechanistic studies demonstrated genomic and non-
genomic aldosterone-related effects on the vasculature which contributed to func-
tional and structural alterations and the ensuing development of arterial hypertension
and CVD. In experimental studies and humans MR activation promoted endothelial
dysfunction, systemic vascular resistance, vasoconstriction, and decreased forearm
blood flow [58, 141]. MR blockade improved endothelial dependent vasodilatation
independent of BP [142]. Lieb et al. found a positive correlation between the ARR
and various measures of arterial stiffness [143]. This is in line with a decreased
collagen-to-elastin ratio and improved vessel remodeling as well as decreased vas-
cular stiffness due to MR antagonism [144].

Oberleithner et al. impressively demonstrated that the response of the endothe-
lium to small changes of sodium concentration strongly depends on aldosterone
[145]. This is supported by the fact that in humans the association of circulating
aldosterone with CVD death is strongly linked to prevailing circulating sodium lev-
els [94]. Aldosterone stimulated the insertion of the ENaC in the EC membrane. In
addition, CRP promoted the insertion of ENaC in EC membranes and potentiated
endothelial stiffness, which was prevented by MR blockade [146]. Recent investiga-
tions of ECs cultured in aldosterone-supplemented medium demonstrated an
impressive increase of MR and ENaC expression, which was paralleled by an
increased cortical stiffness. MR blockade by spironolactone resulted in an improved
endothelial function by increasing NO release by 50 % [147].

Decreased NO availability and the increase of ROS-generation, which result in an
enhanced production of local vasoconstrictors such as prostacyclin, endothelin, and
angiotensin II, are two key mechanisms for aldosterone-induced endothelial dys-
function [148—150]. This is underlined by an increased NOS activity and decreased
arterial BP levels after MR blockade in animal models with hypertension [151].

In VSMCs aldosterone modulated intracellular levels of Ca* and cAMP and
induced NHE activity as well as the phosphorylation of different kinases followed
by proliferation and inflammation [152—-156]. MR activation in human VSMCs and
ECs resulted in increased inflammatory gene expression, such as ICAM1, VCAMI,
interleukin-16, cytotoxic T-lymphocyte-associated protein, that was followed by
leukocyte adhesion to coronary ECs [49, 157].

Kasal et al. identified suppressor T-regulatory lymphocytes (Tregs) as a potential
target to prevent aldosterone-induced vascular injury. Aldosterone enhanced macro-
phage infiltration in the aorta and renal cortex as well as infiltration of the aorta by
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T-cells. Tregs in the renal cortex were diminished, while the adoptive transfer of
Tregs prevented the adverse vascular and renal effects induced by aldosterone. This
finding indicated that immunomodulatory interventions may interfere with
aldosterone-induced vascular damage [158].

Aldosterone and Heart Failure

In a landmark investigation Swedberg et al. documented a robust association
between elevated aldosterone levels (in the setting of neuroendocrine activation)
and increased risk of death in patients with severe HF [159]. Vantrimpont et al.
confirmed a positive relationship between circulating aldosterone levels and
adverse outcome in patients with LV ejection fraction <40 % at 3 months after
myocardial infarction (MI) [160]. Similarly, in patients with acute MI plasma
aldosterone emerged as short- and long-term predictor of fatal CVD events [94,
161-163]. In the LURIC study patients with acute coronary syndrome and with
either low or high circulating aldosterone levels were at higher risk of fatal
cardiovascular events (Fig. 12.3). In the EVEREST trial comprising patients
hospitalized for worsening HF (LVEF <40 %) higher baseline serum aldosterone

Association of plasma aldosterone with cardiovascular mortality in patients
with moderately or severely impaired left ventricular function (LURIC Study)

18 P =0.002 P =0.041 P =0.004

e j

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Hazard ratios for
cardiovascular mortality

Quartiles of plasma aldosterone concentration (1st quartile as reference)

Fig. 12.3 Risk of death due to fatal cardiovascular events in patients with moderately or severely
impaired left ventricular function. Findings from the Ludwigshafen Risk and Cardiovascular
Health (LURIC) study
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levels were associated with an increased risk for all-cause and cardiovascular
mortality or HF rehospitalization [164]. These findings concurred with the
upregulation of MR expression after acute experimental MI [165]. In patients
with acute HF circulating aldosterone levels remained high for almost 10 month
after discharge and were strongly associated with all-cause and cardiovascular
mortality [164].

In the Framingham Offspring Study relative aldosterone excess reflected by the
ARR was positively associated with both concentric/eccentric LV hypertrophy and
parameters of extracellular matrix turnover [166]. We reported that in patients with
preserved LV function (LVEF>60 %) circulating aldosterone levels are indepen-
dently related with echocardiographic parameters of LV structure, particularly in
women [167].

The central role of aldosterone in the pathophysiology of HF and related compli-
cations has been underlined by findings derived from the landmark studies RALES,
EPHESUS, and EMPHASIS-HF [3-5]. In RALES and EPHESUS MR blockade
significantly reduced risk of death in patients with severe HF NYHA III/IV and in
patients with decreased LV function (EF<40 %) after acute MI, respectively.
A substudy of the EPHESUS trial additionally revealed decreased levels of amino-
terminal propeptide of collagen type I (PINP) and PIIINP after 6 months treatment
with eplerenone [168]. In the EMPHASIS-HF trial treatment of eplerenone com-
pared to placebo significantly reduced risk of death and of risk of hospitalization in
NYHA II patients with a LV ejection fraction <35 %.

In the 4E-LV hypertrophy Study enrolling hypertensive patients with LV hyper-
trophy eplerenone was as effective as enalapril in regression of LV hypertrophy and
BP control [169].

Thus, use of MR blockers are currently recommended in patients with (1) per-
sisting symptoms (NYHA II-IV) and an EF <35 % despite treatment with an ACE-I
(or ARB) and beta-blocker; (2) HF and ventricular arrhythmia in addition to ACE-I/
Beta-blocker; (3) as third-line therapy in uncontrolled arterial hypertension; and (4)
PA due to bilateral adrenal disease [2, 133, 170].

Caution should be taken in regard of MR-blockade associated risk of hyperkale-
mia and decline of kidney function. In the EPHESUS trial, however, the incidence
of serious hyperkalemia was rather low [4]. In addition short-term increase of potas-
sium after initiating MR-blockade was not related to mortality outcomes. The
PEARL-HF study in HF patients revealed that the use of the potassium binder
RLY5016 in parallel to spironolactone (25-50 mg/day) prevents MR-related
hyperkalemia [171].

Additional evidence suggests that MR blockade by spironolactone might improve
CVD outcome in patients with HF and preserved ejection fraction (HFpEF).
Interestingly, in states of pressure overload (HFpEF) the myocardium becomes
increasingly sensitized to aldosterone excess [172]. In the ALDO-DHF Study
Pieske et al. demonstrated that in NYHA II/III patients with HFpEF (LVEF>50 %)
and evidence of diastolic dysfunction spironolactone treatment compared to pla-
cebo for 12 months results in decreased diastolic dysfunction, decline of LV mass
index and improved neuroendocrine activation [173]. This supports the hypothesis
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that MR blockade reverses early phases of HF development. More evidence in this
field will be gained by the TOPCAT (Treatment Of Preserved Cardiac function HF
with an Aldosterone antagonist Trial) Study, which currently evaluates the effect of
MR blockade on hard clinical endpoints in patients with HFpEF [174].

Mechanistic experimental studies attempted to shed more light on the mecha-
nisms underlying aldosterone-related myocardial damage. Primarily, aldosterone-
mediated changes on the myocardium comprise fibrosis, inflammation, hypertrophy,
and apoptosis [175].

Gekle et al. proposed a coincidence model of aldosterone-mediated target organ
damage; According to the “two hit” concept a second trigger, such as angiotensin II,
salt excess, and/or oxidative stress, is necessary to trigger aldosterone-induced car-
diac damage [176].

The increase of aldosterone-related ROS generation is mediated via the multifunc-
tional Ca**/calmodulin (CaM) dependent protein kinase (CaMKII) [177]. CaMKII is
strongly associated with aldosterone-mediated post-MI matrix remodeling and car-
diac rupture. The stimulation of cardiac myocyte NHE activity and ensuing ROS
generation is one suggested mechanisms of aldosterone-related fibrosis [178].

Aldosterone—MR interaction regulates the expression of various genes, which
are deeply involved in pathologic cardiac remodeling, independent of BP regula-
tion: ANP, BNP, TGF-beta, PAI-1, Col I/Il, etc. [179]. The upregulation of these
genes is prevented by MR-blockade. Latouche et al. detected two novel
MR-specific genes which contribute to myocardial matrix remodeling: Adamts]
and SerpinA3 [180]. In addition, aldosterone—MR activation is followed by stim-
ulation of inflammatory mediators such as the chemokine receptor CXCR4 [181].

These findings are in line with reduced pathologic remodeling after an early
initiation of MR-blockade in mice with MI [182]. Finally, MR activation of macro-
phages might play an additional crucial role in mediating cardiac remodeling pro-
cesses [183].

In rat models of renovascular hypertension and PA Weber and Brilla et al. identi-
fied aldosterone (in addition to salt) as major culprit of ventricular hypertrophy
[184, 185]. Cardiac hypertrophy was attenuated by MR blockade with spironolac-
tone independent of BP changes [186]. Histological abnormalities related to aldo-
sterone—salt effects were dominated by perivascular fibrosis and acute inflammatory
response including the upregulation of ICAM-1, connective tissue growth factor,
PAI-1, monocyte chemoattractant molecule-1, TNFa, collagen, and metalloprotein-
ases [29, 187].

In further experimental animal studies with HF following myocardial infarction
due to coronary ligation the cardiomyocyte-specific inactivation of the MR gene
prevents adverse cardiac remodeling, attenuated pulmonary edema, increased capil-
lary density, and reduced accumulation of extracellular matrix proteins in the sur-
viving LV myocardium [188]. This study supported the importance of the
cardiomyocyte MR activation for ischemic HF development. In mice macrophages
lacking MR in myeloid cells mimicked the effects of MR blockade and protected
against cardiac hypertrophy, fibrosis, and vascular damage caused by L-NAME/
angiotensin2 [183].



12 Aldosterone and Cardiovascular Diseases 171

The cardiomyocyte/coronary vessel-MR-aldosterone cross talk caused coronary
dysfunction due to an increased local aldosterone synthesis within myocardial cells
[189]. One further pivotal question concerns the balance between MR activation
and aldosterone excess. It has been hypothesized that particularly patients with pre-
existing cardiovascular damage, e.g., after acute MI, show an increased susceptibil-
ity to MR activation and/or an increased sensitivity to basal MR activity.

Inconsistent findings have been however revealed regarding local aldosterone
synthesis in cardiomyocytes [22, 190, 191]. It has been speculated that cardiomyo-
cytes produce aldosterone particularly under pathological conditions, which might
favor MR activation even in the setting of low cardiac 113-HSD?2 activity. In addi-
tion, aldosterone might be delivered from circulation to the heart via inflammatory
cells, e.g., via monocytes and macrophages [183].

Sodium and calcium homeostasis are tightly regulated by endocrine systems.
Considering that aldosterone excess is paralleled by elevated PTH levels and vice
versa, it has been proposed that clinically relevant interactions exist between the
RAAS and the vitamin D-PTH axis [15, 192, 193].

Evidence for the interplay between the RAAS and the vitamin D—PTH axis has
been gained from animal and human studies; Adrenalectomy results in increased
circulating calcium and decreased PTH levels, and parathyroidectomy is followed
by decreased calcium, renin, and aldosterone levels [194, 195].

Maniero demonstrated the expression of both type 1 PTH receptors in aldosterone-
producing adrenocortical nodules as well as expression of the MR in the nuclei of
parathyroid adenoma and even in normal parathyroid cells [196].

Novel evidence indicates that in the setting of high dietary salt intake aldosterone
promotes reabsorption of sodium and increases calcium (and magnesium) excretion
in the renal distal tubule followed by PTH secretion. This mechanism might explain
why the association between circulating aldosterone and PTH levels varied depend-
ing on dietary salt intake reflected by 24-h urinary sodium excretion [193].

Considering the wide use of MR antagonists, the above-discussed findings may
have significant clinical implications: PTH excess exerts adverse effects on bone
health and accumulating evidence indicates that PTH is an independent cardiovas-
cular risk factor. Thus, lowering PTH by MR blockade may have beneficial cardio-
vascular, renal, and metabolic effects. This is supported by the observation in
patients with chronic HF that MR blockade is associated with reduced fracture risk.
In patients with PA, treatment with either MR blockers or adrenalectomy does not
only normalize elevated PTH levels but is also related to improved bone mineral
density and decreased fracture risk [194, 197].

HF is one further clinically relevant setting in which the mutual interplay between
sodium and calcium regulating hormones may have detrimental consequences:
hyperaldosteronism despite sodium and fluid retention results in further salt reten-
tion and renal/fecal calcium/magnesium wasting and subsequent secondary hyper-
parathyroidism. The PTH-promoted mitochondrial Ca®* excess, e.g., in the
myocardium, induces oxidative stress and necrotic cell death which in the long term
aggravates HF [198]. PTH tends to increase adrenal aldosterone synthesis, thus trig-
gering a vicious circle of mutually reinforcing hyperaldosteronism and hyperpara-
thyroidisms with the resulting risk of even more target organ damage (Fig. 12.4).
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Fig. 12.4 The interplay between calcium and sodium regulatory hormones. Parathyroid hormone
(PTH) directly stimulates aldosterone synthesis in zona glomerulosa cells. PTH increases sensiti-
zation towards angiotensin 2. PTH contributes to the development of cardiovascular damage via
binding to the PTH/PTH-rP receptor, which is expressed in vascular smooth muscle cells and
cardiomyocytes. Inappropriately elevated aldosterone secretion in the setting of primary aldoste-
ronism, heart failure, and dietary salt excess results in (1) accelerated renal (and fecal) calcium and
magnesium loss and salt/water retention and (2) increased parathyroid hormone (PTH) secretion
via activation of calcium sensing receptor and (b) activation of mineralocorticoid receptors (MR)
located on chief cells of the parathyroid glands. Aldosterone exerts genomic (by binding to the
MR), and non-genomic profibrotic and proinflammatory effects on blood vessels and the myocar-
dium. 1,25(OH)2D (1) modulates renin gene transcription and renin synthesis in the kidney inde-
pendent of serum calcium and PTH and (2) modifies tissue sensitivity to angiotensin 2. Circulating
angiotensin 2 stimulates PTH secretion. The stimulatory effects of both angiotensin 2 and aldoste-
rone are attenuated by ACE inhibition and MR-blockade, respectively. Finally, the vicious circle
between angiotensin 2, aldosterone, and PTH might potentiate CV damage. PTH(R) parathyroid
hormone (receptor), MR mineralocorticoid receptor, AT/R angiotensin 2 type 1 receptor, Ang II
angiotensin 2, VDR vitamin D receptor, pHPT primary hyperparathyroidism, CaSR calcium-
sensing receptor

Considering the wide use of RAAS blocking agents, the results of ongoing RCTs
evaluating the clinical effects of ACE-inhibitors or MR blockers on PTH, bone
metabolism, and CVD are awaited with high interest. The Effect of eplerenone on
parathyroid hormone (EPATH) Study currently evaluates in patients with primary
hyperparathyroidism the effects of MR blockade by eplerenone on PTH levels and
cardiovascular risk factors [199].
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MR blockade increases aldosterone (and cortisol) levels, which might result in
pronounced non-genomic aldosterone-induced effects [200]. Novel treatment strat-
egies to block aldosterone in the setting of HF are upcoming. Aldosterone-synthase
inhibitors are a promising therapy option: aldosterone-synthase inhibitor FAD286
significantly improved coronary vascular dysfunction and normalized HF-related
myocardial oxidative stress compared to spironolactone [201]. Because of the
homology of the enzymes responsible for aldosterone and cortisol synthesis, such
blockade is however not specific for aldosterone synthesis and will therefore also
suppress cortisol release.

The novel orally active aldosterone synthase inhibitor LCI699 decreased dose-
dependently plasma and urine aldosterone concentration by up to 70-80 %. This
orally active aldosterone synthase inhibitor also impacted on the GC axis. In a ran-
domized double-blind placebo and active-control phase 2 trial the compound caused
significant reduction of systolic BP and ambulatory 24-h-BP [202].

Studies in humans are needed to further evaluate effects of aldosterone synthase
inhibition.

Aldosterone, Stroke and Arrhythmia

Background

Aldosterone—-MR interaction induced cardiomyocyte ionic remodeling by modulat-
ing T-type calcium channel expression, potassium channel expression, L-type cal-
cium channel expression, and ryanodine receptor activities [203—-206]. Aldosterone
impacted on the control of myocyte calcium signaling, modulation of calcium tran-
sients, sarcoplasmatic reticulum diastolic leaks, resulting in an increased risk of
arrhythmia due to prolonged repolarization and early after-depolarization [207].
Pro-arrhythmic properties of aldosterone may be further mediated by increased
sympathetic drive, decreased heart rate variability, disturbed baroreceptor function,
and blunted myocardial norepinephrine uptake [208].

Aldosterone and Atrial Fibrillation

Reil et al. suggested that aldosterone-mediated atrial fibrosis, myocyte hypertrophy,
and conduction disturbances result in a higher risk of atrial arrhythmia [209]. Higher
levels of circulating aldosterone levels were found patients with chronic atrial fibril-
lation and rapidly decreased after electric cardioversion [210, 211]. Of note, Li et al.
suggested a relationship between CYP11B2 T-344C gene polymorphism and higher
AF risk [212].
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Spironolactone prevented atrial remodeling and apoptosis in a canine model of
atrial fibrillation [213]. In patients with persistent atrial fibrillation use of eplere-
none was related to a increased maintenance of sinus rhythm after radiofrequency
catheter ablation [214]. In the EMPHASIS-HF Study eplerenone reduced the risk of
new onset atrial fibrillation or flutter [215].

Aldosterone and Ventricular Arrhythmia

LV hypertrophy due to pro-fibrotic effects of aldosterone is characterized by a dif-
fuse accumulation of connective tissue accelerating the development of profound
ventricular arrhythmia via increased electric inhomogeneity of conduction and
impaired gap junction function. Accordingly, in rat ventricular myocytes a normal-
ization of post MI pathological electrical remodeling after MR-blocker therapy was
observed [216].

In patients at cardiovascular risk circulating plasma aldosterone levels over a
broad range were related to an increased risk for SCD [94]. Accordingly, much of
the benefit of MR blockade has been attributed to the reduction of SCD [3, 4]. This
is supported by the observation of impressive reduction of ventricular extrasystoles
and QT intervals after MR blockade [217]. Recent findings confirmed the eminent
role of aldosterone as mediator of ventricular arrhythmia; In patients presenting for
primary PCI for STEMI early MR blockade resulted in reductions in rates of life-
threatening arrhythmia and cardiac arrest independent of the initial risk profile and
HF [218]. Gomez et al. documented a strong correlation between aldosteronemia
and risk of cardiac arrhythmia in HF [206].

Aldosterone and Metabolic Disorders

In 1965 JW Conn observed an increased incidence of impaired glucose tolerance in
PA [219]. Thereafter, clinical and experimental studies by the majority supported a
direct impact of aldosterone on glucose homeostasis independent of changes in cir-
culating potassium levels. Aldosterone excess may have multiple metabolic conse-
quences: at a cellular level aldosterone caused insulin resistance by increasing
oxidative stress, attenuating insulin signaling, and thus decreasing glucose trans-
port. Aldosterone also diminished glucose stimulated insulin secretion, both in vivo
and in vitro, through a MR-independent mechanism [220].

An association between aldosterone levels and insulin resistance has been
reported both in normotensive and hypertensive populations [221, 222]. In normo-
tensive healthy subjects circulating aldosterone levels were related insulin resis-
tance independent of traditional risk factors [222]. Fallo et al. noted in patients with
PA a higher prevalence of metabolic syndrome and higher levels of fasting glucose
compared to EH patients independent of the type of PA, BP levels, abdominal
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obesity, body mass index, and lipid levels [223]. This group found in patients with
PA in the absence of metabolic syndrome a higher insulin resistance, defined by
increased homeostasis model assessment (HOMA index), than in those with LREH.
Circulating adiponectin levels were lower in PA than in patients with LREH [224].

Another study implicated a higher prevalence of metabolic disorders in IHA
compared with APA patients similar to EH [225]. In the Framingham Offspring
Study aldosterone levels was strongly associated with the development of metabolic
syndrome [226]. In two German population based studies, circulating aldosterone
was independently related to the presence of metabolic syndrome [227].

One study impressively confirmed that patients with PA have greater homeosta-
sis model assessment index (P<0.05) and plasma insulin response to an oral glu-
cose load (P<0.05) and lower quantitative insulin sensitivity check index (P<0.01)
than normotensive controls. After PA treatment parameters of insulin sensitivity
were restored to normal [228].

Shimamoto et al. found that after adrenalectomy of PA patients, blood glucose
levels were significantly decreased and the total insulin levels during 75 g OGTT
were significantly increased compared with the normal range [229]. Giachetti et al.
found a positive correlation between homeostasis model assessment (HOMA) insu-
lin resistance index and HOMA beta cell and serum aldosterone levels in both
patients with aldosterone producing adenoma and bilateral adrenal hyperplasia,
respectively [230].

One group reported improved insulin action in patients with PA after adrenalec-
tomy, whereas spironolactone treatment of patients with idiopathic PA did not sig-
nificantly influence insulin action [231]. No significant associations between insulin
sensitivity expressed by the hyperinsulinemic clamp and by the homeostasis model
assessment (HOMA) and QUICKI indexes in the patients with insulinoma or PA
have been reported by Skrha et al. [232].

In the German Conn's Registry diabetes mellitus was more prevalent in patients
with PA (n=638) than in 338 matched controls (23 % vs. 10 % in controls) [233].
In contrast, one further large study revealed a lower prevalence of impaired fasting
glucose in patients with primary aldosteronism than in matched controls, and the
prevalence of hyperglycemia (impaired fasting glucose or diabetes mellitus) and
blood levels of glucose and lipids did not differ between cases and controls.

In one further study no significant difference between preoperative and postop-
erative levels of either fasting plasma glucose or serum lipids in PA patients who
underwent adrenalectomy have been observed [234].

Clinical findings regarding lipid metabolism in PA are inconsistent. Most studies
did not reveal any differences in the serum lipid profile of patients with PA com-
pared to EH [223, 228, 234, 235]. Inappropriately elevated levels of aldosterone are
related to obesity in normotensive and hypertensive populations and BMI (body
mass index) is related to circulating aldosterone concentrations in healthy normo-
tensive subjects with dietary salt excess [236-238]. Iacobellis et al. showed that low
HDL-cholesterol prevalence was significantly higher in subjects with PA than in EH
(73.7 % vs. 17.5 %) [239]. Ronconi et al. suggested that adiponectin gene polymor-
phisms, e.g., the genotype 276 T/T, is associated with worse metabolic profile in PA
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[240]. The Framingham Study failed to document a relation between subcutaneous
adipose tissue and plasma aldosterone concentration and ARR levels, respectively,
raising doubts whether regional adiposity measures are associated with circulating
indicators of the RAAS [241]. This issue needs further investigation. Further stud-
ies showed that plasma aldosterone is related to BMI in EH but not in PA [242].
Ishimori et al. did not document changes in fasting plasma glucose and the glucose
area under the curve during the oral glucose tolerance test after adrenalectomy
although fasting plasma insulin and the insulin area under the curve increased sig-
nificantly [243].

The inconsistency of reports regarding metabolic disturbances in patients with
PA might be due to differences in selection of participants with PA and controls,
study conditions and sample size as well in the methods used to evaluate insulin
sensitivity. Furthermore, abnormalities of the glucose metabolism in patients with
PA and EH might result from common pathogenetic mechanisms [244].

Several different pathogenic mechanisms have been implicated to underlie
aldosterone-induced insulin resistance: one important mechanism is the inhibition
of transcriptional activity of the insulin receptor gene by aldosterone/MR [245—
247]. Aldosterone mediates the degradation of insulin receptor substrate (IRS)-1
and IRS-2 via production of reactive oxygen species (ROS), leading to impaired
glucose uptake in adipocytes [248]. Lastra et al. demonstrated that spironolactone
improved insulin sensitivity in the rat skeletal muscle [249]. Kraus et al. demon-
strated that aldosterone impacts on the insulin-induced glucose uptake in murine
brown adipocytes [250].

Various cytokines, such as TNF-a, interleukin 6, adiponectin, and leptin, which
are modulated by aldosterone, might play a crucial role in mediating the develop-
ment and progression of metabolic syndrome [251, 252].

Recent animal studies documented an emerging role of the local as well as the
systemic RAAS in the genesis of cardiometabolic abnormalities of visceral adipos-
ity [253]. MRs have been identified in brown adipose tissue. Fat cell-derived fac-
tors, adipocytokines, and lipids modulated adrenal aldosterone synthesis [254].
Investigations by Caprio et al. indicated pro-adipogenic effects of aldosterone on
human adipocytes [255].

Aldosterone contributed to the differentiation of brown adipose cells and affected
energy expenditure [256]. In an adipocyte cell line (3T3-L1), mature adipocytes
were isolated from human or mouse adipose tissue and from perivascular fat of
obese diabetic mice. Aldosterone synthase was detected in adipocytes both under
basal conditions and after exposure to angiotensin; this was associated with
increased aldosterone secretion [257].

Rats fed a high-fat diet developed elevated aldosterone levels accompanied by a
twofold increase in adrenal aldosterone synthase mRNA expression and zona glo-
merulosa hypertrophy [258]. Plasma resistin concentration was significantly higher
in PA subjects when compared with EH [239]. Flynn et al. reviewed the role of
adipocyte-secreted factors in stimulating aldosterone release from the adrenal cor-
tex. Visceral adipocytes stimulated aldosterone release involving both Wnt-
signaling pathways and mitogen-activated protein kinases [259].
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Aldosterone-mediated gene repression of adiponectin and peroxisome
proliferator-activated receptor y (PPARY) have been reversed by MR blockade in
obese mice models [260, 261].

Aldosterone excess affects glucose uptake through defective expression of glu-
cose transporter 2 and 4 genes in liver and skeletal muscle of adult male rat [262].

In the vasculature aldosterone—MR activation led to an increased production of
reactive oxygen species and oxidative stress, resulting in increased insulin resis-
tance [263].

It might be speculated that aldosterone impairs the whole-body insulin-sensitivity
acting outside the adipose tissue. This is line with beneficial effects of MR blockers
on hepatic steatosis in mice [264]. Conflicting results were however reported in
regard of the impact of MR blockers on glucose homeostasis. Some studies reported
aworsened glycemic control in hypertensive patients with diabetes after MR blocker
treatment [265]. Further studies are warranted in this field.

Cardiovascular Risk Related to Aldosterone-Mediated
Kidney Damage

Patients with chronic kidney disease (CKD) are more likely to die of CVD than
progress to end-stage kidney failure [266]. Growing evidence supports that
aldosterone-mediated effects participate in the development and progression of
renal damage and thus linking the increased mortality risk with declining kidney
function. This is in line with reports documenting nephroprotective effects of MR
antagonists in addition to an RAS blockade-based regimen.

In patients with PA, elevated aldosterone levels are linked to increased renal
damage and CVD mortality [267, 268]. Sechi et al. documented a partially revers-
ible renal dysfunction in PA compared to patients with EH [64]. In the PAPY Study
24-h urine albumin excretion and prevalence of microalbuminuria was significantly
higher in PA than in EH patients [269]. In 148 patients with PA renal dysfunction
and elevated albuminuria were reversible after treatment with eplerenone or spi-
ronolactone [270].

It has been further suggested that even in patients not suggestive for PA the asso-
ciation of higher plasma aldosterone concentration with overall CVD mortality and
SCD is stronger for patients with lower kidney function [95]. In an observational
study in the general Japanese population adverse renal outcome was predicted by
higher baseline ARR levels [271]. Similarly in the Framingham Offspring Study
baseline aldosterone concentration are significantly associated with the incidence of
CKD [272].

In the 4D study Drechsler et al. showed in hemodialyzed patients with type 2
diabetes that both circulating aldosterone and cortisol levels are powerful predictors
of SCD—an observation calling for appropriate studies to assess the efficacy of
aldosterone targeted intervention in renal patients [99].
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A recent randomized small crossover study by Boesby documented that eplere-
none as add-on treatment reduced albuminuria independent of arterial BP [273]. In
a double-blind randomized placebo controlled crossover study in patients with type
1 diabetes and microalbuminuria spironolactone on top of standard antihypertensive
treatment significantly lowered albuminuria by 60 % [274]. In patients with CKD
2/3 on RAS blockade with well controlled BP spironolactone significantly reduced
LV mass/index as well as pulse wave velocity [275].

A causal role of aldosterone in renal disease is also plausible in view of past find-
ings of Quinkler et al. in kidney biopsies of patients with renal failure and mild to
marked proteinuria: serum aldosterone was correlated negatively with creatinine
clearance and positively with renal scarring. In the samples of heavy proteinuric
patients the MR was increased fivefold and sgk1 (a key molecule for Na+ reabsorp-
tion) 2.5-fold [276].

Apart from kidney protection another target of MR blockade in CKD patients
may be the frequent LV-hypertrophy.

Mechanistic studies implicated that aldosterone causes BP independent kidney
damage as a result of oxidative and nitrative stress, accompanied by structural and
mutagenic DNA damage. Terada et al. found that aldosterone increased expression
and activation of SGK1(Serine/threonine-protein kinase); in addition it activated
NF«xB and caused expression of ICAM-1 (intercellular adhesion molecule-1) and
CTGF (connective tissue growth factor) [277]. This effect was abrogated by eplere-
none. Activation of SGK1 and NFkB are involved in the progression of aldosterone-
induced mesangial fibrosis and inflammation.

Xue et al. documented the existence of a local aldosterone system in the kidney
[278]. Local activation of renal cells is obviously important, because Lee et al.
showed that activation of the local aldosterone system is involved in the apoptosis
of podocytes in streptozotocin treated Sprague—Dawley rats [279]. The levels of the
synthase CYP11B2 and of the MR were significantly higher in podocytes of dia-
betic animals and this was associated with increased apoptosis.

Activation of the MR as well as Racl are involved in kidney injury from salt-
induced hypertension. The observation that adrenalectomy abrogated salt-induced
proteinuria led to the further conclusion that Racl is an enhancer of aldosterone-
induced MR activation in the kidney—and possibly a future therapeutic target as
well [280].

Apart from glomerular effects, aldosterone affects non-glomerular renal struc-
tures as well; Fu et al. recently showed that aldosterone affects macula densa func-
tion and the resulting tubuloglomerular feedback [281].

Aldosterone should be considered a novel therapeutic renal target in CKD
patients with the added potential “off-target” effects on heart and vasculature [282].
The decrease of the glomerular filtration rate often observed after the initiation of
MR blockade is presumably the result of reversing hyperfiltration. As a result of
recent opinions and findings, in the future aldosterone and the MR may become an
additional therapeutic target in CKD. Figure 12.5 provides an overview about
aldosterone-related myocardial, vascular, and kidney damage.
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Fig. 12.5 Overview about the aldosterone continuum and related myocardial, vascular, and kid-
ney damage
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Chapter 13
Quality-of-Life Aspects of Primary
Aldosteronism
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Abstract Evidence from case reports and group data suggest that primary
aldosteronism (PA) is associated with a variety of mood disorders (including
anxiety, irritability, and, to a lesser extent, depression) which contribute to reduced
quality of life (QOL). Specific treatment (unilateral adrenalectomy for unilateral PA
or aldosterone antagonist medications for bilateral PA) results in reversal of these
adverse states, with benefits appearing to be more rapidly achieved and more com-
plete with surgical versus medical therapy. Possible contributors to reduced QOL in
PA include effects of hypertension, hypokalemia, medications, aldosterone-induced
obstructive sleep apnea, and direct actions of aldosterone on the central nervous
system (CNS), but how such putative direct central actions may come about remains
speculative. As QOL is of paramount importance from the patient’s perspective,
these observations add to the weight of arguments supporting early detection of PA
among hypertensive populations, careful differentiation of its subtypes, and institu-
tion of appropriate specific treatment.
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Introduction

Measurement of disease status alone, such as severity of hypertension, size of
myocardial infarction, or tumor load, provides only partial insights into health
status [36, 48]. Psychosocial factors such as pain, mood disturbance, restricted
mobility, difficulty fulfilling personal and family responsibilities, and financial
burden are also important as contributors to personal burden of illness [36] but are
frequently ignored in clinical research. This may be at least partly because they are
less easily defined and measured due to their relative complexity and subjectivity.
Consequently, measurement of health-related quality of life, otherwise known as
quality of life (QOL), has emerged as a major area of research development in the
field of health status assessment [48].

Definition and Importance of QOL

The term QOL refers to the physical, psychological, and social domains of health,
seen as distinct areas that are influenced by a person’s experiences, beliefs, expecta-
tions, and perceptions [62]. QOL has been defined by the World Health Organization
as “individual’s perception of their position in life in the context of the culture and
value systems in which they live in relation to their goals, expectations, standards
and concerns” [48]. It is affected by the person’s physical health, psychological
state, personal beliefs, social relationships, and educational level [47]. Measurement
of QOL considers the impact of the disease or its treatment from the patient’s per-
spective [6] and determines the need for any support during illness including social,
emotional, and physical support. To many patients, including those with primary
aldosteronism (PA), this is likely to be at least as important (if not more so) as more
objectively measured clinical parameters such as blood pressure level.

Evaluation of Health Burden and Treatment Response in PA:
An Evolving Perspective

The decision whether to screen for, definitively diagnose, and then determine the
subtype of a secondary form of hypertension such as PA is to a large extent dependent
on the degree of benefit that the patient is likely to experience as a result of receiving
specific treatment. Traditionally, this has meant the blood pressure response. In the
case of PA, unilateral laparoscopic adrenalectomy leads to cure of hypertension in
50-60 % and improvement in virtually all remaining patients with unilateral forms
[11, 35]. On the other hand, treatment with aldosterone antagonists usually brings
about marked improvement in hypertension control in patients with bilateral forms
[29, 56, 58]. More recently, attention has turned to the effects of treatment on other
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downstream consequences of PA after the emergence of growing evidence that
long-term exposure to aldosterone excess causes damage to the cardiovascular
[8, 10, 42] and renal [9, 21, 41] systems independently of its effects on blood
pressure. This would help to explain why patients with PA have been reported to be
at higher risk of cardiovascular events [34] and renal dysfunction [43] than subjects
with “essential” hypertension matched for blood pressure levels. Most importantly,
both surgical and specific medical treatment against PA have been reported to abro-
gate the excess in cardiovascular and renal morbidity that otherwise occurs when
patients with PA are treated with nonspecific antihypertensive medications [46].
Psychosocial factors, and their response to specific treatment, have been less well
explored in PA, but have received growing attention, particularly in recent years.

PA and Disorders of Psychological Functioning

Several case reports have described the association of PA with depression [2, 25, 30].
In a study conducted by Sonino and colleagues [50] to investigate the presence of
psychiatric disorders and subclinical psychological syndromes in newly diagnosed
PA patients, seven of ten patients were found to have anxiety disorder, with one also
having major depression. Demoralization was reported in five cases. In this study,
however, a chance association between these psychological disorders and PA could
not be excluded because of the small sample size. Also, whether the psychological
distress preceded or followed the onset of aldosteronism could not be determined.
In a more recent study conducted by Sonino and colleagues [51], a series of inter-
views and questionnaires were used to assess psychological correlates in PA. Twelve
(52 %) of 23 patients with PA suffered from an anxiety disorder compared with four
(17.4 %) of 23 patients with essential hypertension and one (4.3 %) of 23 normoten-
sive controls. Generalized anxiety disorder, but not depression, was more frequent
in PA than in essential hypertensive patients and normotensive controls.

Anecdotally, observers (medical and nursing staff and patients’ relatives) from
the Endocrine Hypertension Research Centre (EHRC) at Greenslopes and Princess
Alexandra Hospitals have suggested that PA patients appear to exhibit more anger,
irritability, and emotionality than patients with hypertension from other causes.
Verbal reports from patients or their spouses include statements such as “impa-
tient,” “cranky,” “irritable” and “moody” with no obvious cause. Houlihan [23]
described a 51-year-old male with a 4-month history of irritable mood and episodes
of rage, in whom the presence of hypertension and hypokalemia, raised ARR and
identification of a 1.5 cm left adrenal mass on computed tomography scanning led
to laparoscopic left adrenalectomy. In the days following the procedure, not only
did his hypertension improve markedly and plasma potassium levels return to nor-
mal, but his irritable mood and episodic rage also resolved without the need for
psychotropic agents.

The above reports prompted us to attempt to quantify QOL in patients with PA
and to assess responses to both surgical and medical treatment modalities.
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Measurement of QOL: The SF36 Survey

Ware and colleagues developed The Medical Outcomes Study Short Form 36
General Health Survey (SF-36) in 1988—1989 [65]. Many researchers have pre-
ferred the use of the SF-36 to measure various aspects of QOL over other instru-
ments because it is comprehensive, short, and relatively easy to score and interpret
[17, 22,27, 60, 63]. Validity and reliability tests from a number of worldwide stud-
ies have indicated that the SF-36 is psychometrically sound [4, 31-33].

The SF-36 is a multipurpose short form instrument [64]. It consists of 36 items
with one item used to measure health transition and the remaining 35 items used to
assess the following eight domains: limitation in physical activities because of
health problems (‘“Physical Functioning”); limitations in social activities because of
physical or emotional problems (“‘Social Functioning”); limitations in usual role
activities because of physical health problems (“Role Physical”); bodily pain
(“Bodily Pain”); general mental health (“Mental Health”); limitations in usual role
activities because of emotional problems (“Role Emotional”); vitality (“Vitality”);
and general health perceptions (“General Health”).

For simplicity in monitoring disease cohorts and comparing with the normative
general population, the above eight domains can be categorized into two summary
measures: the Physical Component Summary (which includes Physical Functioning,
Role Physical, Bodily Pain, and General Health scales) and the Mental Component
Summary (includes Vitality, Social Functioning, Role Emotional, and Mental
Health scales) [64]. Across the eight SF-36 scales, the Australian population norms
are of similar value to those reported for the US and UK populations [54]. Comparing
the data of a study with the national norms provides a way by which disease groups
(such as patients with PA) may be characterized and their response to treatment
assessed from a psychometric point of view.

QOL and Effects of Treatment in PA, as Measured by SF-36

We used the SF-36 form to assess 22 patients with unilateral PA before and after
undergoing unilateral adrenalectomy. For each domain of QOL, the score was lower
for PA patients than that reported for the Australian general population, and signifi-
cantly so for Physical Functioning, Role Physical, General Health, and Vitality.
In this study, QOL was significantly improved to normal levels within 3 months
following unilateral adrenalectomy, with this improvement being maintained at 6
months [61]. A subsequent study in 21 patients with bilateral PA showed that the
baseline scores were again significantly lower than that reported for the Australian
general population, and in the same four domains as for patients with unilateral PA
[1]. There was statistically significant improvement in these four domains of QOL
after 6 months of starting medical treatment of bilateral PA with spironolactone and/
or amiloride. These two studies suggest that treatment of PA has a positive impact
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Fig.13.1 Change in SF-36 scores from baseline at 3 and 6 months following unilateral adrenalectomy
in patients with unilateral primary aldosteronism (checkered bars) or commencement of specific
medical treatment (spironolactone and/or amiloride) in patients with bilateral primary aldosteron-
ism (open bars). *P <0.05 for comparison of mean change in score for surgically versus medically
treated patients

not only on blood pressure and biochemical parameters but also on QOL, further
supporting the value of detecting and specifically treating PA early.

In medically treated patients, there were no significant changes observed in any
domain of QOL 3 months after commencing medical treatment, whereas surgical
treatment of patients with unilateral PA demonstrated significant, early QOL
improvement, with scores in each of the eight domains rising to normal by 3 months
after surgery. Hence, a faster and more profound effect on QOL was observed for
surgical than medical treatment, with the differences in degree of improvement
reaching significance at the 3-month mark for the domains of General Health,
Vitality, Role Emotional, and Mental Health, and continuing out to 6 months for
Vitality (Fig. 13.1).

There are a number of possible explanations for the more rapid and complete
correction of reduced QOL scores seen with surgical compared with medical treat-
ment of PA. Surgically removing the source of aldosterone excess is clearly faster
and might, as well, be more absolute than attempted pharmacological reversal of
excessive mineralocorticoid action. We tried to avoid inadequate dosage of aldoste-
rone antagonist treatment in our study by monitoring renin levels, and these were
not suppressed compared with the surgically treated patients. This would not, how-
ever, rule out the possibility that mineralocorticoid action was incompletely blocked
at sites (including intracerebral) other than the distal renal tubule. We have previ-
ously reported that, whereas the majority of patients with unilateral PA who undergo
unilateral adrenalectomy are cured of hypertension postoperatively without requir-
ing antihypertensive agents become readily controlled with only one drug (mean 0.7
agents), those with bilateral PA, although experiencing a fall in blood pressure, do
not experience a reduction in medication requirements (mean 2.4) by the addition of
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an aldosterone antagonist (when this is included as one drug) [57]. The ongoing
need for medical treatment in the medically treated patients might bring with it
reduced QOL through drug-related sides effects, medication costs, or disappoint-
ment at not being candidates for a surgical, potentially curative procedure which, in
our experience, is the preferred option for the great majority of patients found to
have PA.

More complete and/or rapid responses to surgical treatment have been described
for other measured aldosterone-induced target organ effects. Strauch and colleagues
[59] reported reduced arterial stiffness (measured as carotid-femoral pulse wave
velocity and augmentation index) at approximately 1 year following unilateral adre-
nalectomy in 15 patients with unilateral PA but not after a year of spironolactone
treatment in 14 other subjects with PA treated medically. Catena and coworkers [8]
similarly found surgery (n=24) to be more effective than spironolactone (n=30) in
reducing left ventricular mass (which was greater prior to treatment in the patients
with PA than in matched essential hypertensives) after 1 year, with significant
decreases only seen in the surgically treated group. Although subsequent changes
were greater in the medically treated group so that by the end of the study (mean
follow-up 6.4 years) the overall reduction from baseline was comparable in the two
groups, it is quite possible that the apparent delay in response to medical treatment
could equate to a less effective reduction in overall risk of cardiovascular events.

Possible Mechanisms for Reduced QOL in PA

Mechanisms by which QOL might be reduced in subjects with PA include nonspe-
cific symptoms of hypertension, adverse effects of antihypertensive medications,
and symptoms of aldosterone excess including those due to reduced potassium (palpi-
tations, neuromuscular symptoms, and nocturia) and possibly obstructive sleep apnoea
(reported to be more frequent in PA than in other forms of hypertension [18, 39]).
Correction of these parameters following treatment of PA would at least partly
explain how specific medical or surgical treatment can improve QOL. In addition to
these classic effects, however, aldosterone excess may bring about disturbances in
psychological function (including mood and anxiety disorders) through central
mechanisms. Depression is associated with many symptoms which significantly
affect QOL, including melancholic mood, loss of interest or pleasure, fatigue, sleep
disturbances, and agitation [28]. Increased plasma aldosterone levels have been
reported in patients with depression [13, 37] and there have been several case
reports of PA presenting with depression [2, 25, 30]. Anxiety has a negative impact
on QOL [66], and chronic treatment with aldosterone in rats caused anxiety-like
behavior [20], while administration of eplerenone, a mineralocorticoid receptor
blocker, was observed to exert anxiolytic effects [19]. Pharmacological blockade of
the renin—angiotensin system by angiotensin II receptor blockers (ARB) or angio-
tensin converting enzyme inhibitors (ACEI), with reduction in aldosterone levels
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has been reported to improve mood and have anxiolytic effects in man [16, 44].
Treatment with ARBs in rats also has anxiolytic effects [24, 45, 53] and reduces
plasma aldosterone [38]. Hence, considerable evidence from both clinical and
experimental studies supports relationships between aldosterone and mood disor-
ders with improvement when aldosterone effects are opposed by medications.

How may aldosterone exert such central effects to bring about these psycho-
logical disturbances? Aldosterone can stimulate activation of pro-inflammatory
cytokines [14, 55]. Continuous intravenous infusion over 24 h of human tumor
necrosis factor-a, a cytokine, was reported to induce depressive symptoms such as
fatigue, malaise, lethargy, and irritability in human subjects [52]. Therapeutic
administration of the cytokine interferon-a (IFN-a) for clinical treatment of malig-
nant melanoma has been found to cause depression [7] but we are unaware of any
studies examining effects of aldosterone excess on IFN-a levels. IFN-a-induced
depression is responsive to treatment with standard antidepressants [7, 40].
Depressed patients have been found to have higher levels of pro-inflammatory
cytokines [40]. Aldosterone also causes salt and water retention and salt-sensitive
individuals have been shown to complain from increased levels of irritability,
higher levels of anxiety, and lower levels of anger control [5, 12]. Aldosterone may
also have direct central nervous system (CNS) actions. Injection of mineralocorti-
coid receptor antagonists into the brains of rats has been shown to induce anxio-
lytic effects [3, 26, 49]. However, consideration of direct CNS effects of aldosterone
needs to be taken in the context of its very high reflection coefficient at the blood
brain barrier and the very limited CNS expression of 11-beta hydroxysteroid dehy-
drogenase type II which, in other tissues where it is more abundant, serves to
“protect” the mineralocorticoid receptor from binding by cortisol by converting
this hormone into cortisone [15].

Conclusions

In conclusion, PA is associated with a variety of mood disorders, QOL scores appear
to be lower in PA patients than reported for the general population, and both medical
and surgical treatment are associated with a positive effect on mood and QOL.
These findings support the view that early detection of PA is crucial, not only
because treatment minimizes the cardiovascular and renal complications of long-
term exposure to aldosterone excess and brings about marked improvement in
hypertension control, but because it also improves QOL. Importantly, patients with
unilateral PA treated surgically show a faster and more complete recovery of QOL
than those with bilateral PA treated medically. That being the case, where a surgical
option is desired by the patient, detection of PA should be followed by careful
attempts at differentiating subtypes of PA so that optimal treatment options can be
offered.
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Chapter 14
Medical Treatment of Primary Aldosteronism

Yoshiyu Takeda, Masashi Demura, and Takashi Yoneda

Abstract Primary aldosteronism (PA) is an important cause of secondary hypertension,
and therefore, efficient diagnostic procedures and effective treatment are of increasing
importance due to the severe cardiovascular and renal complications associated with
disorder. Eplerenone, a specific mineralocorticoid receptor antagonist and spironolac-
tone are effective drugs for improving blood pressure and cardiovascular and renal inju-
ries in patients with idiopathic hyperaldosteronism (IHA) or aldosterone-producing
adenoma (APA). No significant differences in prognosis have been reported between
medical treatment and adrenalectomy in patients with APA. The remission rate of PA is
5-8 % with spironolactone or eplerenone, which represents a beneficial effect of medi-
cal treatment. The cause of remission of PA remains unknown, although it is possible
that epigenetic control of the CYPI11/B2 gene may be responsible. As the prevalence of
subclinical PA is approximately 10 % in pre-hypertensive patients, there is a need to
determine effective treatment for subclinical PA.

Keywords Primary aldosteronism ¢ Aldosterone-producing adenoma ¢ Idiopathic
hyperaldosteronism ¢ Eplerenone ¢ Spironolactone ¢ Remission ° Epigenetics
* CYPIIB2

Introduction

Until the 1990s the primary aldosteronism (PA) syndrome was characterized by
hypertension with excessive production of aldosterone, potassium loss, and sup-
pression of the renin—angiotensin system. In those days, clinicians did not consider
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a diagnosis of PA unless the patient presented with spontaneous hypokalemia. The
reported prevalence rate of the disorder was therefore less than 1 %. During the past
two decades it has become increasingly recognized that PA is more common in
patients with secondary hypertension with an estimated prevalence of 5-15 % in all
hypertensive patients. Aldosterone excess has adverse cardiovascular and renal con-
sequences not only in patients with hypertension but also in those with diabetes mel-
litus or chronic renal disease [18]. We have reported previously that PA patients have
a higher incidence of cardiovascular complications than age- and sex-matched
patients with essential hypertension [17]. Numerous studies have also shown that PA
is common in patients with resistant hypertension with a prevalence of approximately
20 %, and is associated with a significant increase in risk for end-organ damage and
cardiovascular events compared with more easily controlled hypertension [23].
Patients with a documented aldosterone-producing adenoma (APA) or unilateral
adrenal hyperplasia are often treated with unilateral laparoscopic adrenalectomy.
Although surgical removal of APA improves hypertension by up to 30-50 % [16],
there are no data to show adrenalectomy is superior to the medical treatment.
Spironolactone and eplerenone, which both antagonize the mineralocorticoid
receptor (MR) directly, are the most appropriate choice of therapeutic agents in
these patients. Spironolactone has been used widely for the treatment of PA, but its
use is limited by adverse effects such as gynecomastia, mastodynia, menstrual
abnormalities, and impotence due to its agonist activity of the androgen receptor.
Eplerenone is a specific MR antagonist and possesses very few side effects.

Pharmacology of Eplerenone

Eplerenone exerts the selective aldosterone blockade that is specific for the MR.
Its chemical structure differs from that of the non-selective aldosterone antagonist, spi-
ronolactone, in that the 17 thioacetyl group is replaced by a carbomethoxy group. For
example, in rats the ICs, of eplerenone for the aldosterone receptor is 360 nmol/L,
whereas the ICs, values for the androgen, progesterone, and estrogen receptors is
>10,000 nmol/L. Eplerenone is cleared primarily via metabolism by CYP4503A4 to
inactive metabolites, and has an elimination half-life of 4-6 h. Studies in humans have
shown that eplerenone is 50-75 % as potent as spironolactone [2].

Aldosterone Blockade Therapy in Patients
with Primary Aldosteronism

IHA is the most common subtype of PA accounting for 40-60 % of cases, and
should therefore be treated medically. In addition to their use in IHA, spironolac-
tone and eplerenone are administered to patients with bilateral APA and APA in
whom surgical excision of the adrenal is not possible. Spironolactone has been used
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successfully for more than four decades as either as monotherapy or in combination
with other antihypertensive drugs. In recent years, lower doses of spironolactone
(25-50 mg/day) have been shown to reduce the need for antihypertensive drugs, and
achieved normal blood pressure levels nearly one-half of treated patients. As men-
tioned previously, the major side effect of spironolactone in males is gynecomastia.
In patients with a glomerular filtration rate <60 mL/min, spironolactone should be
used with caution due to the risk of hyperkalemia. Potassium levels often respond
quickly to spironolactone therapy, whereas reduction in blood pressure is seen after
a few weeks [13].

Eplerenone is approved for the treatment of essential hypertension in the USA
and Japan, but not in Europe. There is only limited data on the effects of eplerenone
in patients with PA. We treated 33 patients with IHA (who were diagnosed finally
by AVS and CT) with either spironolactone (25-50 mg/day) (n=18) or eplerenone
(50-100 mg/day) (n=15) for 36 weeks. Systolic (SBP) and diastolic blood pressure
(DBP) decreased significantly in both groups (p<0.05): eplerenone 156+ 14 to
12810 mmHg (SBP) and 98 +9 to 77+9 mmHg (DBP). Spironolactone was asso-
ciated with significant increases in serum potassium from 3.4 +0.3to 4.1 0.3 mEq/L
(p<0.05). Treatment with eplerenone has been reported to cause identical eleva-
tions [20]. Karagiannis et al. [14] showed that after 16 weeks of treatment, the per-
centage of patients with BP <140/90 mmHg was 76.5 % with spironolactone therapy
and 82.4 % with eplerenone treatment. Systolic BP decreased more rapidly with
eplerenone and serum potassium levels were normalized (>3.5 mmol/L) in all
patients. Treatment with eplerenone also reduced the frequency of sex-hormone-related
adverse effects compared with spironolactone. In that report, two patients who
received spironolactone developed painful bilateral gynecomastia that resolved
completely when they were switched to eplerenone. No cases of gynecomastia were
observed in patients treated with eplerenone. Parthasarathy et al. [15] showed that
DBP was lower with eplerenone (100 mg/day) than with spironolactone (75 mg/
day) in treatment of PA, and that spironolactone caused development of male gyne-
comastia and female mastodynia. Hyperkalemia occurred in one eplerenone patient
and seven spironolactone patients. Fourkiotis et al. [10] reported that medical thera-
pies with spironolactone or eplerenone were as effective as adrenalectomy on renal
function and blood pressure control.

Recent studies have suggested that aldosterone and MR may be involved in
adipocyte biology, given the high binding affinity of these receptors for both miner-
alocorticoids and glucocorticoids. There is also evidence a study by Caprio et al. [4]
that aldosterone promotes maturation of pre-adipocytes to adipocytes cells in a
time-, dose-, and MR-dependent manner. Fallo et al. [8] also reported the prevalence
of metabolic syndrome was higher in primary aldosteronism than in essential hyper-
tension. Distribution of single components of the metabolic syndrome other than
hypertension showed a higher prevalence of hyperglycemia in primary aldosteron-
ism than in essential hypertension. There is only limited data on the effects of MR
antagonists in patients with PA. We found no beneficial effects of spironolactone or
eplerenone on glucose and lipids levels in patients with PA, although MR antago-
nists significantly decreased abdominal visceral adipose tissue area measured by CT
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and Fat Scan software (93.3+45.9 cm? vs 88.2+47.8 cm?, p<0.05) independent of
body weight. The pleiotropic effects of MR antagonists in PA therefore need to be
investigated in greater detail.

Catena et al. [5] reported that the long-term cardiac effects of adrenalectomy and
mineralocorticoid antagonists were similar in patients with PA. We also observed
elevated PRA and PAC in patients with IHA treated with spironolactone or eplere-
none. Increased activity of the renin—angiotensin—aldosterone system in the circula-
tion or tissues causes cardiovascular and renal injuries independently of increases
in blood pressure [19]. Several non-genomic effects of aldosterone cannot be pre-
vented by MR antagonists and therefore the differences in long-term effects of aldo-
sterone blockade and adrenalectomy need to be studied further.

Calcium channel blockers (CCBs) may reduce aldosterone secretion and BP in
patients with PA by blocking the influx of calcium into adrenal glomerulosa cells
[1]. Several CCBs possess mineralocorticoid receptor antagonistic effects in vitro
[7] and there is evidence ACEIs and ARBs also have a moderate BP-lowering effect
in patients with IHA [11]. These agents may therefore be useful in combination
with aldosterone blockers.

Aldosterone synthase inhibitors may be beneficial in the treatment of PA.
Calhoun et al. [3] reported that LCI699, a novel inhibitor of aldosterone synthase
lowered BP in hypertensive patients to the same extent as eplerenone. Its effects
may differ from those of other MR antagonists, as they also inhibit any extra-adrenal
synthesis of aldosterone and do not activate the renin—angiotensin system. Additional
research to evaluate the use of aldosterone synthase inhibition in PA is therefore
necessary.

Remission of PA After Long-Term Treatment
with MR Antagonist

Treatment with potassium canrenoate or spironolctone is known to produce remis-
sion of IHA. The prevalence of remission with spironolactone treatment was
reported to be 5.4 % [9]. We have reported previously a case of unilateral PA with
spontaneous remission and reduction of cardiac hypertrophy after long-term spi-
ronolactone therapy [22]. However, there is no report of the remission of PA using
eplerenone. We treated 45 patients of PA with eplerenone for 3.1 years and achieved
partial remission in 4 patients (8 %). The causes of sporadic IHA have yet to be
determined. Several factors have been implicated such as genetic predisposition
leading to increased sensitivity to angiotensin II or potassium chloride, production
of stimulating factors, and direct inhibition of spironolactone in aldosterone synthe-
sis [21]. DNA methylation at the 5'-cytosine of CpG dinucleotides is a major
epigenetic modification in eukaryotic genomes and is related to the pathophysiol-
ogy of tumorigenesis, hypertension and diabetes mellitus. Ad1/CRE and Ad5 contain
CpG dinucleotides, which are target sites for DNA methylation, leading to the hypo-
thesis that CpG dinucleotide methylation may regulate CYP/I/B2 gene expression.
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We have reported that there is a relationship between the methylation status of the
CYP11B2 prompter region and aldosterone synthesis [6]. Long-term treatment with
MR antagonists may therefore influence methylation status and normalize the aldo-
sterone synthase activity.

Should Subclinical PA Be Treated?

We have reported previously that the prevalence of primary aldosteronism is at least
6.8 % in prehypertensive patients and 3.3 % in stage 1 hypertensive patients.
Hypertension was staged according to the JNC 7: prehypertension, 120-139/80—
89 mmHg and stage 1 hypertension, 140-159/90-99 mmHg [12]. Normotensive
individuals that are at increased risk for primary aldosteronism should be screened
for subclinical forms of the disease in order to initiate early diagnosis and treatment
and prevent the cardiovascular events associated with hyperaldosteronism. Future
studies should address whether hypertension develops later or the blood pressure
remains at normotensive levels. These adverse effects of hyperaldosteronemia
should be investigated in normotensive patients with PA. Comparative trials are also
needed on therapeutic interventions aimed at preventing cardiovascular complica-
tions in these patients.

Conclusion

Medical treatment with spironolactone or eplerenone improves not only blood
pressure but also the cardiovascular and renal complications of PA. Spironolactone
has a higher incidence of side effects than eplerenone, but is the less expensive of
the two drugs. No significant differences in prognosis between medical treatment
and adrenalectomy have been noted in patients with APA. The remission rate of PA
during treatment with spironolactone or eplerenone is between 5 and 8 %. This
represents an additional beneficial effect of MR antagonists.
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Chapter 15
Surgical Treatment of Unilateral Excessive
Aldosterone Production

Peter Stalberg and Per Hellman

Abstract Adrenal surgery today is safe and if performed laparoscopically or
retroperitoneoscopically comparably easy for the patient with short hospital stays.
Larger lesions suspected for being malignant should preferably be operated with an
open technique. The outcome is usually excellent, with no needs for potassium
replacement and reduction in the number of hypertensive drugs, as well as usual
normalization of blood pressure. Also cases with nodular hyperplasia may be
operated if lateralization of aldosterone excess is found.

Keywords Surgery ¢ Laparoscopy ¢ Retroperitoneoscopy ¢ Outcome

In this chapter, surgery and surgical outcomes are purely discussed in the setting of
aldosterone producing lesions. Regardless of the cause of unilateral excessive aldo-
sterone production, the treatment of choice is unilateral adrenalectomy. The diagno-
sis of unilateral disease should be confirmed with adrenal venous sampling (AVS).
The patient should be made normokalemic before any surgical intervention to
reduce surgical risks. The optimal surgical approach is laparoscopic adrenalectomy.
There are a vast number of studies describing the advantages of laparoscopic sur-
gery over open adrenalectomy. These advantages include less blood loss, shorter
operating time, less need of analgesics, earlier recovery, and, of course, smaller
wound with less hernia complications [1-5].

Laparoscopic surgery was introduced in 1992, and today most published series
of adrenalectomy for excessive aldosterone production are done by either of the
laparoscopic techniques described (see below). The exception is pure excessive
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aldosterone production from an adrenocortical cancer (ACC) (extremely rare,
accounts for <1 % of all ACC) since the evidence points out that for oncological
reasons all ACCs should probably be performed using an open approach [6].

There are basically two techniques for laparoscopic adrenalectomy, the lateral
transabdominal approach and the posterior retroperitoneal approach. These can be
performed by traditional techniques or using a robotic approach; however, the surgi-
cal dissection is basically the same in both approaches.

Adrenalectomy with the Laparoscopic Transabdominal
Approach

Surgical Techniques and Postoperative Care

Advantages of this approach include a familiar anatomy and the ability to perform
a general abdominal exploration. The patient is placed in the lateral decubitus posi-
tion, which provides the best exposure to the adrenals since gravity helps retraction
of the liver on the right and the pancreas and spleen on the left. On the right, retrac-
tion and dissection of the liver to get medial rotation is necessary to expose the
adrenal and the inferior caval vein (IVC). The adrenal vein and any accessory veins
are usually drained into the IVC and can be cautiously dealt with using any of the
modern instruments such as the LigaSure (Covidien) or Harmonic scalpel (Johnson
& Johnson). For unusually large veins clips can be necessary. On the left, dissection
in the plane between the spleen/tail of pancreas and the retroperitoneum creates a
situation sometimes denoted as an open book, where gravity retracts the spleen/
pancreas medially. On the left side the adrenal vein drains into the renal vein and
can be dealt with in a similar fashion as on the right side. Caution should be taken
to not divide any suprarenal artery, which may lead to devascularization of the upper
pole of the kidney. On the left side an inferior phrenic vein can be seen medial to the
adrenal, and may be sharing the same drainage as the adrenal vein. This vein can be
safely divided if necessary.

Adrenalectomy with the Laparoscopic Retroperitoneal
Approach

This technique was described in 1995 [7] and has been refined ever since by a
number of authors [8—10]. The patient is placed in a prone, jack-knife position
with a 90° angle at the hip joints and the knees. This opens up the space between
the inferior costal margin and the iliac crest (Fig. 15.1). The retroperitoneum is
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Fig. 15.1 Port placement in a retroperitoneoscopic adrenalectomy. The retroperitoneum is entered
below the 12th rib

then entered in this space. Compared to the transabdominal approach, a higher
pressure of 25-30 mmHg is used for insufflation. Identification of the kidney
surface and the paraspinous muscles are crucial for anatomical orientation.
On the right side the posterior surface of the liver is visible through the perito-
neum. Traction of the kidney and careful dissection along the IVC will expose the
adrenal vein. The left side traction of the kidney and having the superior attach-
ments of the periadrenal fat in place help in dissection of the adrenal vein and
inferior phrenic vein.

Advantages with this approach include less postoperative pain, no bowel
paralysis, and avoidance of adhesions from previous abdominal surgery.

Disadvantages may be the limitations in creating enough space in the morbidly
obese patients (BMI>45) and CO, retention in patients with severe COPD.

Complications

Complications are uncommon and occur in less than 1 % of patients, and if present
include postoperative bleeding, port-site infection, incisional hernia, and pneumo-
thorax. Approximately 8 % of patients will experience hypoesthesia and/or abdomi-
nal wall laxity; however, these are usually temporary findings.
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Postoperative Care (Correction of Potassium
and Hypertensives)

Postoperative care is routine, with pain control and early ambulation. General diet
should be routine immediately postoperatively as tolerated for both approaches.
Patients undergoing the posterior approach may generally be discharged earlier than
patients undergoing the lateral approach.

Spironolactone should be discontinued and potassium levels checked the
morning after surgery. As a rule of thumb, if the patient is on high doses of potas-
sium preoperatively, half of this dose can be administered the day after surgery.
In the outpatient setting blood pressure (BP) and potassium levels are checked.
Potassium levels need to be monitored closely the first week and doses adjusted
accordingly. Most patients can discontinue their potassium supplementation within
the first week. BP needs monitoring on a weekly basis with special attention to
hypotensive symptoms and medications adjusted accordingly.

Postoperative QOutcomes

Histopathology Related to Outcomes

Several reports have shown that in supposedly unilateral adenomas (APAs) there is
often a presence of hyperplasia and/or nodular hyperplasia on histopathologic
examination of the specimen (Figs. 15.2 and 15.3) [11-13].

In a recent series by Weisbrod et al. [14], 95 patients underwent adrenalectomy
for unilateral overproduction of aldosterone based on AVS. Of these, 66 patients
had an aldosterone-producing cortical adenoma, and 14 patients demonstrated an
aldosterone-producing adenoma with diffuse adrenal hyperplasia. Histopathology
of the remaining 15 patients showed diffuse cortical hyperplasia without evidence
of a cortical adenoma. For these 15 patients, the diagnosis manifested as multinodu-
lar hyperplasia in 10 patients and non-nodular hyperplasia in 5 patients. Interestingly,
there was no significant difference between these groups in terms of age at diagno-
sis, gender distribution, BMI, duration of hypertension, number of preoperative
antihypertensive medications, or preoperative aldosterone or renin level.
Additionally, there was no significant difference in the clinical and laboratory
features associated with patient outcome by histologic groups. This report is highly
relevant in the discussion of whom to offer surgical intervention in primary aldoste-
ronism (Fig. 15.4).
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Fig. 15.2 Hematoxylin—Eosin staining of an adrenocortical hyperplasia

Fig. 15.3 Hematoxylin—Eosin staining of an adrenocortical adenoma
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Fig. 15.4 Typical aldosterone-producing adenoma (single arrow), diameter 10 mm, in an
otherwise normal-appearing adrenal gland (double arrow)

Potassium Requirements

Following adrenalectomy, normalization of potassium levels is achieved in close to
100 % of patients [11, 12, 15].

Hypertension

Published reports describing outcomes of patients undergoing adrenalectomy for
presumed single adenomas (open or laparoscopic) for hyperaldosteronism show
cure rates between 30 and 60 % [11, 12, 16-20]. A study by Meyer et al. on open
adrenalectomy with a long mean follow-up duration of 86 months showed a cure
rate of 33 % [20]. In terms of studies on laparoscopic adrenalectomy alone, a large
series by Meria et al. with 212 cases showed a cure rate of 58 % after a mean follow-
up of 44 months, with the remainder having improved BP control [21].

A significant proportion of patients show improved hypertension control but not
cure when defined as normotension and without needing any medication. In pub-
lished series improved BP control can be achieved in >90 % of patients, including
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the patients cured from disease [11, 12, 16-20]. We believe this represents an
important favorable outcome for patients as a result of decrease in circulating aldo-
sterone concentrations. We consider the important end-points in the management of
hyperaldosteronism to be BP parameters and normalization of blood aldosterone
levels. High aldosterone level itself has a vascular remodelling effect independent of
hypertension and may impair both cardiac and renal functions [22, 23].

As mentioned, similar results as for APAs, have been shown for lateralized dis-
ease (using AVS) for hyperplasia and nodular disease as well [14]. Walz and col-
leagues have shown similar results as the present NIH series [19]. When investigating
a Norwegian population, tumors with a KCNJ5 mutation was related to better post-
operative BP control [24].

The cause of hypertension at postoperative follow-up is not known. With multi-
variable analysis, different studies have found independent negative predictors of
outcome in terms of age and gland size [12]. Other researchers have also found age
to be a predictor of persistent hypertension postoperatively [16, 17, 25]. A compo-
nent of this may be because of essential hypertension, which is more common with
advancing age, and the hypertension that remains may simply be a reflection of
this. Indeed, Sawka et al. found that persistence of hypertension after adrenalec-
tomy was associated independently with a presence of family history [26]. The
vascular remodelling effects of prolonged untreated hypertension and hyperaldo-
steronism have also been suggested as a possible cause [18, 20, 27]. Fukudome
et al. have found that recurrent hypertension in patients (16 of 34 patients initially
cured of hypertension) after a mean follow-up period of 12.2 years was related only
to serum creatinine and not family history, age, or known duration of hypertension
[28]. Regarding gland size as a prognostic indicator in different series, it may be
that this difference in size reflects a greater degree of underlying cortical hyperpla-
sia which has not been detected in histological assessment. If this is the case, then
the partial cure often seen in these patients may reflect an element of background
hyperplasia but with a dominant presenting nodule that, when removed, gives ame-
lioration of hypertension. In a study by Pang et al., all patients had a definite diag-
nosis of either hyperplasia or adenoma made by the pathologist, a closer examination
of pathology reports showed that a significant proportion had an adenoma on a
background of hyperplasia (15/52, 29 %) or hyperplasia with discrete nodules/
micronodules (3/8, 38 %). The presence of these multiple space-occupying lesions
in addition to the main APA was also noted in 27 % (17/63) of adrenal specimens
by Ishidoya et al. [12, 13].

Conclusion

Lateralized hyperaldosteronism on the basis of AVS offers patients a significant
chance of cure or better BP control by having an adrenalectomy performed on the
lateralized side. This should be done by laparoscopy performed by a surgeon famil-
iar with any of the two dominating techniques. The results are encouraging,
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potassium replenishments can be ceased in nearly 100 % of cases, 30-50 % of
patients are cured from disease, and the remaining 50-70 % of patients will have
improved BP control. On the basis of available data as of today, partial adrenalec-
tomy cannot generally be recommended for APAs since there is often a background
of nodular or diffuse hyperplasia on closer examination.
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