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Abstract

Aldosterone, the major circulating mineralocorticoid, participates in
blood volume and serum potassium homeostasis. Primary aldoster-
onism is a disorder characterised by hypertension and hypokalaemia
due to autonomous aldosterone secretion from the adrenocortical zona
glomerulosa. Improved screening techniques, particularly application
of the plasma aldosterone:plasma renin activity ratio, have led to a
suggestion that primary aldosteronism may be more common than
previously appreciated among adults with hypertension. Glucocorti-
coid-remediable aldosteronism (GRA) was the first described familial
form of hyperaldosteronism. The disorder is characterised by aldoste-
rone secretory function regulated chronically by ACTH. Hence, aldo-
sterone hypersecretion can be suppressed, on a sustained basis, by
exogenous glucocorticoids such as dexamethasone in physiologic
range doses. This autosomal dominant disorder has been shown to be
caused by a hybrid gene mutation formed by a crossover of genetic
material between the ACTH-responsive regulatory portion of the 118-
hydroxylase (CYP11B1) gene and the coding region of the aldoste-
rone synthase (CYP11B2) gene. Familial hyperaldosteronism type I1
(FH-II), so named to distinguish the disorder from GRA or familial
hyperaldosteronism type I (FH-I), is characterised by autosomal domi-
nant inheritance of autonomous aldosterone hypersecretion which is
not suppressible by dexamethasone. Linkage analysis in a single large
kindred, and direct mutation screening, has shown that this disorder is
unrelated to mutations in the genes for aldosterone synthase or the
angiotensin Il receptor. The precise genetic cause of FH-II remains to
be elucidated.
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Aldosterone, the major circulating min-
eralocorticoid, is a steroid hormone produced
exclusively in the zona glomerulosa in a
series of six biosynthetic steps. The product
ofthe CYP11B2 gene is capable of catalysing
the 11B-hydroxylase, 18-hydroxylase and 18-
hydroxydehydrogenase steps in aldosterone

biosynthesis (1,2). The CYP11B2 gene is
located on human chromosome 8q24.3-tel,
in close proximity to the highly homologous
CYP11B1 gene, which codes only for the
11B-hydroxylase enzyme, and catalyses the
final step in cortisol synthesis (3). At the
level of the zona glomerulosa, the major
stimulatory influences are angiotensin Il
and serum potassium concentration (4,5).
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Adrenocorticotropic hormone (ACTH) stim-
ulates aldosterone secretion in an acute and
transient fashion, but ACTH probably does
not play a direct role in the chronic regula-
tion of aldosterone secretion (6,7). The ma-
jor inhibitory influences affecting the zona
glomerulosa are exerted by circulating atrial
natriuretic peptide (8), and locally, by dopa-
mine (9). Aldosterone acts on its target tis-
sues (distal renal tubule, sweat glands, sali-
vary glands, large intestinal epithelium) via
its own specific mineralocorticoid receptors
(10,11). Mineralocorticoid receptors exhibit
equal affinity for aldosterone and gluco-
corticoids (12), but distal renal tubular
receptors are protected from the effects of
cortisol by 11B-hydroxysteroid dehydrogen-
ase, which converts cortisol to inactive cor-
tisone. A number of aldosterone precursors,
including deoxycorticosterone and 18-hy-
droxycorticosterone, have mineralocorticoid
activity, and their hypersecretion in various
pathological states may produce or exacer-
bate features typical of mineralocorticoid
hypertension.

Hyperaldosteronism is characterised by
excessive secretion of aldosterone with con-
sequent increased sodium reabsorption and
potassium and hydrogen ion excretion. Clini-
cal features include hypertension, hypoka-
laemia and metabolic alkalosis. Hyperaldos-
teronism may alter glucose metabolism
through altering insulin secretion, an effect
of reduced pancreatic B-cell intracellular
potassium, or altering insulin sensitivity
(13,14). Correspondingly, leptin secretion,
which is responsive to insulin levels, is re-
duced in primary aldosteronism and recov-
ers following curative adrenalectomy (15).
Hence, it is possible that undiagnosed pri-
mary aldosteronism may contribute to the
load of type II diabetes mellitus among hy-
pertensives (16). Improved screening meth-
ods for primary aldosteronism may allow
evaluation of this possibility. In addition,
cardiovascular fibrosis has been related to
aldosterone hypersecretion (17-19).
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Hyperaldosteronism represents a subset
of disorders known as mineralocorticoid
hypertension. These include two causes of
congenital adrenal hyperplasia (11B-hydroxy-
lase deficiency and 170-hydroxylase defi-
ciency), the syndrome of apparent mineralo-
corticoid excess due to 11B-hydroxysteroid
dehydrogenase deficiency, primary gluco-
corticoid resistance, Liddle’s syndrome, and
exogenous sources of mineralocorticoid such
as licorice or drugs such as carbenoxolone.
The features of mineralocorticoid excess are
also often seen in Cushing’s syndrome, par-
ticularly in patients with ectopic ACTH-pro-
ducing tumours. In these cases, it is postu-
lated that excessive glucocorticoid levels
overwhelm the ability of the 11B-hydroxy-
steroid dehydrogenase enzyme to inactivate
cortisol at the kidney mineralocorticoid re-
ceptor level.

Primary aldosteronism

Primary aldosteronism was originally
described by J.W. Conn (20) as a syndrome
of hypertension associated with hypokalae-
mia and postulated hypersecretion of an en-
dogenous mineralocorticoid. Early reported
cases were due to an aldosterone-producing
adrenocortical adenoma (APA), removal of
which led to some of the earliest cures of
hypertension (21).

Earlier reliance on plasma potassium as a
screening test, as advocated by some au-
thorities (22), may have led to under-recog-
nition of the contribution of primary aldos-
teronism to hypertension. An early study
using saline infusion as a screening test for
primary aldosteronism reported a frequency
of 2.2% of primary aldosteronism among
1,036 unselected hypertensives (23), but re-
cent studies using the ratio of plasma aldo-
sterone to plasma renin activity (ARR) con-
centrations in plasma suggested that primary
aldosteronism may account for at least 8.5%
of hypertensives (24,25). The use of laparo-
scopic adrenalectomy has reduced the mor-
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bidity of surgery for APA (26). Primary al-
dosteronism is most frequently diagnosed in
middle-aged adults, is more common in
women, and rare in children.

Diagnosis of primary aldosteronism

The currently advocated diagnostic pro-
cess follows the sequence of screening, con-
firmation of aldosterone secretory autonomy,
differential diagnosis (unilateral surgically
remediable or bilateral source of aldoste-
rone), and exclusion of familial hyperaldos-
teronism type I (27). The validity of screen-
ing for primary aldosteronism with the ARR,
performed under random conditions with
respect to salt intake is now well documented
(28-30). However, there is no consensus
regarding the indications for screening a-
mong hypertensives which takes into ac-
count recent reports of increased prevalence
of primary aldosteronism using the ARR.
The presence of hypertension and hypoka-
laemia predicts primary aldosteronism with
50% accuracy (31), however normokalaemic
hypertensive primary aldosteronism is now
well recognised. Factors which may lead to
misleading ARR tests need to be taken into
account, including diuretics, spironolactone,
B-blockers, dihydropyridine calcium chan-
nel blockers, renal impairment and untreated
hypokalaemia. Several tests have been advo-
cated for confirmation of aldosterone secre-
tory autonomy including the intravenous sa-
line suppression test (23), the oral salt/
fludrocortisone suppression test (25), the
oral salt loading test with measures of 24-h
urine aldosterone excretion (32), or the oral
captopril test (33,34). These tests have not
been rigorously compared. In some cases
with very high ARR tests, confirmation of
aldosterone secretory capacity may not be
necessary.

Differential diagnosis, primarily between
bilateral adrenal hyperplasia (BAH) and
APA, can be achieved with postural testing,
where BAH exhibits a rise in aldosterone

with upright posture indicative of respon-
siveness to angiotensin 11 (35), 18-hydroxy-
corticosterone levels (35,36), adrenal com-
puted tomograms (70% sensitivity for APA,
coexistent incidentalomas may confound this
test) and adrenal venous sampling, which
remains the gold standard test despite some
controversy over technique and interpreta-
tion (37,38). Uncommon forms of primary
aldosteronism include angiotensin Il respon-
sive APA, which show an aldosterone re-
sponse to posture or angiotensin Il infusion,
glucocorticoid-remediable aldosteronism
which can be excluded with specific genetic
testing or a dexamethasone suppression test,
and primary adrenal hyperplasia, where uni-
lateral autonomous aldosterone secretion oc-
curs without a discrete tumour on gland re-
section (38,39).

Familial forms of hyperaldosteronism
include familial hyperaldosteronism type I
(FH-I) (glucocorticoid-remediable aldoster-
onism) and familial hyperaldosteronism type
11 (FH-II). Hyperaldosteronism has also been
seen in multiple endocrine neoplasia type 1
(MEN-I) (40).

Familial hyperaldosteronism type |

In 1966, the first familial cases of hyper-
tension due to a dexamethasone suppress-
ible form of hyperaldosteronism were re-
ported (41). This autosomal dominant dis-
ease is known as glucocorticoid-remediable
aldosteronism (GRA) or recently, FH-I. GRA
is characterised by bilateral adrenal hyper-
plasia, or rarely, adrenal adenoma (42). GRA
accounts for approximately 1% of cases of
primary hyperaldosteronism.

The genetic locus for this disorder was
recently established by genetic linkage anal-
ysis and the causative mutation subsequently
identified (43). The defect involves a cross-
over of genetic material between the closely
related highly homologous genes that code
for the enzyme 11B-hydroxylase (CYP11B1)
(which catalyses the last step in cortisol bio-
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synthesis) and the gene for aldosterone syn-
thesis (CYP11B2). Fusion ofa portion of the
regulatory region of CYP11B1, the ACTH-
responsive promoter, with the coding region
of the CYP11B2 gene allows aldosterone
synthesis to be strongly directed by ACTH,
resulting in pathologically high levels of al-
dosterone and extreme suppressibility of al-
dosterone to exogenous glucocorticoid ad-
ministration.

Elucidation of this mutation readily ex-
plained the cardinal pathophysiological fea-
tures of the disorder. The synthesis of “hy-
brid” steroids, 18-oxocortisol and 18-hy-
droxycorticosterone, requires the action of
17a-hydroxylase on aldosterone, an enzyme
expressed only in the zona fasciculata, sug-
gesting that aldosterone is synthesised in the
zona fasciculata in this disorder (44). Higher
blood pressure in the offspring of affected
mothers rather than affected fathers has been
attributed to the effects of high maternal
aldosterone on the fetus rather than imprint-
ing (45,46). Importantly, not all individuals
with the GRA mutation have hypertension,
and ongoing studies of the physiologic and
genetic bases of their counterbalancing hy-
potensive systems are in progress (47). The
lack of hypokalaemia in many subjects with
GRA has been related to a blunted aldoste-
rone response to potassium, which may re-
duce the severity of hyperaldosteronism (48).
Availability of a genetic test for GRA has
allowed exploration of the phenotype, such
as demonstration of the association of intra-
cranial aneurysm and haemorrhagic stroke
with GRA (49).

Familial hyperaldosteronism type Il

Familial hyperaldosteronism type Il as a
distinct entity was recognised by R.D. Gor-
don (25,50), although other isolated familial
cases of non-dexamethasone suppressible
hyperaldosteronism have also been reported
(51,52). In addition, the author is aware of
several other families with non-dexametha-
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sone suppressible familial hyperaldoster-
onism, from a variety of other countries.
After the initial serendipitous discovery of
two cases in a single family, subsequent
cases have been identified by application of
the ARR screening test followed by confir-
matory testing, and surgery if indicated. To
date, 17 families (44 individuals) with FH-II
have been identified by the Gordon group
(50). All families are of Caucasian descent,
from a variety of European backgrounds.
There has been no clinical or biochemical
evidence of multiple endocrine neoplasia
type I in the affected families. Families with
APA alone, BAH or both entities repre-
sented in one family have been detected. The
age range at diagnosis was 14-72 years.

The FH-II phenotype is clinically indis-
tinguishable from a large control group of
cases of sporadic primary aldosteronism with
respect to age of onset, gender, frequency of
hypokalaemia, aldosterone and plasma renin
activity levels, and relative frequency of APA
and idiopathic hyperaldosteronism (50). In
contrast to FH-I, for which genetic testing is
available and autosomal dominant inherit-
ance is well established, the mode of inherit-
ance of FH-II remains speculative. How-
ever, in the large kindred reported elsewhere,
vertical transmission suggests autosomal
dominant inheritance. This is also the case in
six other FH-II families. In the largest FH-I1
kindred reported, X-linked inheritance can-
not be excluded on segregation analysis, al-
though linkage analysis involving microsat-
ellites on the X-chromosome have been nega-
tive.

Our genetic studies of FH-II have fo-
cussed on a single large kindred with seven
family members who suffer from hyperal-
dosteronism. Hyperaldosteronism has been
demonstrated by the use of the ARR in all
cases, and fludrocortisone suppression test-
ing in six of the seven affected individuals.
The five hypertensive subjects with primary
aldosteronism had adrenal venous sampling
results indicative of bilateral adrenal autono-
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mous aldosterone production. Hence, adrena-
lectomy was not justified and tumour tissue
was not available from this family. For ge-
netic linkage analysis purposes, those with
positive ARR tests and nonsuppression of
aldosterone levels on fludrocortisone sup-
pression testing were classified as affected,
hypertensive individuals with normal ARR
or those younger than 20 were classified a
“query” affected, and normotensive indi-
viduals with normal ARR and age greater
than 20 were classified as unaffected (50).

A number of candidate genes were stud-
ied in terms of physiologically based hy-
potheses regarding the possible aetiology of
FH-II. These hypotheses included the possi-
bility of activating mutations of the angio-
tensin Il type 1 (AT1) receptor gene and the
CYP11B2 “aldosterone synthase” gene. We
excluded involvement of the AT1 receptor
gene in FH-II by means of genetic linkage
analysis using a dinucleotide (CA) repeat
polymorphism contained in a 0.9-kb EcoRI
fragment approximately 15 kb downstream
from the 5' end of the AT1 gene coding
sequence (53).

Although the hybrid gene mutation which
causes FH-I had tested negative by PCR
(54), and/or Southern blot technique in all
cases, an activating mutation of CYP11B2,
different from the hybrid gene mutation seen
in FH-I, could cause FH-II (55). Accurate
chromosomal localisation of the CYP11B2
gene was achieved by radiation hybrid map-
ping and fluorescent in situ hybridisation
(3). We then excluded involvement of the
CYP11B2 gene in the FH-II phenotype of
the single large kindred using a poly-A re-
peat marker within the 5' region of the
CYP11B2 gene and nine other markers in an
80-cm region extending from 8q21-8qtel (50).
The LOD (logarithm of the odds) score for

the CYP11B2 intragenic marker was -12.6 at
a recombination distance (2) of 0.

A number of other candidate genes were
excluded from segregation with the FH-II
phenotype in this family, including the MEN-
I locus at chromosome 11q13. Although loss
of heterozygosity at the 11q13 chromosomal
locus has been described in APA, including
those from FH-II patients, loss of heterozy-
gosity at this locus is a frequent finding in
sporadic endocrine tumours. Currently, a
genome-wide search is near completion
where the genetic locus for FH-II should be
identified. Elucidation of the causative gene
in FH-II may have implications for both
sporadic primary aldosteronism and hyper-
tension in general.

Conclusions

Familial primary aldosteronism has of-
fered opportunities to understand the genetic
mechanisms underlying at least a subset of
primary aldosteronism. This may be of im-
portance in sporadic primary aldosteronism,
which is being recognised with increasing
frequency due to the application of plasma
ARR testing in normokalaemic hyperten-
sives. The advent of laparoscopic adrenalec-
tomy has reduced the morbidity of surgical
treatment of primary aldosteronism. The
unremarkable clinical features of FH-II so
far ascertained relative to sporadic primary
aldosteronism, suggest that biochemical
screening of family members of primary al-
dosteronism patients should be employed
more widely. With increasing recognition, a
need to optimise diagnostic strategies will
become evident. The place of screening for
primary aldosteronism among hypertensives
has not yet received critical cost-benefit a-
nalysis.
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