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Abstract

The CYP11B2 enzyme is the terminal enzyme in the biosynthesis of aldosterone.
Immunohistochemistry using antibodies against CYP11B2 defines cells of the adrenal ZG that
synthesize aldosterone. CYP11B2 expression is normally stimulated by angiotensin 11, but
becomes autonomous in primary hyperaldosteronism, in most cases driven by recently discovered
somatic mutations of ion channels or pumps. Cells expressing CYP11B2 in young normal humans
form a continuous band beneath the adrenal capsule; in older individuals they form discrete
clusters, aldosterone-producing cell clusters (APCC), surrounded by non-aldosterone producing
cells in the outer layer of the adrenal gland.

Aldosterone-producing adenomas may exhibit a uniform or heterogeneous expression of
CYP11B2. APCC frequently persist in the adrenal with an aldosterone-producing adenoma
suggesting autonomous CYP11B2 expression in these cells as well. This was confirmed by finding
known mutations that drive aldosterone production in adenomas in the APCC of clinically normal
people. Unilateral aldosteronism may also be due to multiple CYP11B2-expressing nodules of
various sizes or a continuous band of hyperplastic ZG cells expressing CYP11B2. Use of
CYP11B2 antibodies to identify areas for sequencing has greatly facilitated the detection of
aldosterone-driving mutations.
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Introduction:

The human adrenal cortex is composed of 3 different areas or zones. The zona glomerulosa
(ZG) is the outer-most, composed of a thin layer of cells below the capsule that synthesize
aldosterone. Immediately below is the wider zona fasciculata (ZF) where cortisol is
synthesized, and next, adjacent to the adrenal medulla, is the zona reticularis where adrenal
androgens are produced. Many of the enzymes and factors responsible for the synthesis and
regulation of aldosterone and cortisol are common to both the ZG and ZF including the side-
chain cleavage enzyme (CYP11A1) located in the mitochondria which converts cholesterol
to pregnenolone [1]. The transfer of cholesterol into the mitochondria is mediated by the
StAR protein that is common to all zones of the adrenal cortex, but differentially regulated
[2]. Pregnenolone then leaves the mitochondria to be converted in the endoplasmic reticulum
by the 3phydroxysteroid dehydrogenase 2 (HSD3B?2) to progesterone [1]. In the zonas
fasciculata and reticularis, most of the pregnenolone is first acted upon the by 17a.-
hydroxylase (CYP17AL) to form 17a-hydroxypregnenolone, which is then converted by
HSD3B2 to 17a-hydroxyprogesterone. CYP17A1 is not expressed in the ZG. Progesterone
and 17a-hydroxyprogesterone are then acted upon within the endoplasmic reticulum by 21-
hydroxylase (CYP21A2) to form 11-deoxycorticosterone (DOC) and 11-deoxycortisol
respectively [1]. These substrates then move to the mitochondria where zona-specific
cytochrome P450 11B-hydroxylases (CYP11B) convert the substrates to specific final
products, cortisol in the ZF and aldosterone in the ZG. The CYP11B1 (11p-hydroxylase)
hydroxylates 11-deoxycortisol once to cortisol in the ZF in the human. The CYP11B2
(aldosterone synthase) is a partial processing enzyme that initially hydroxylates DOC at the
11-B position to form corticosterone, followed by hydroxylation at the 18-position to 18-
hydroxycorticosterone, formation of an ephemeral germinal diol requiring molecular oxygen
that spontaneously dehydrates to generate aldosterone [1]. As CYP11B2 is required for the
synthesis of aldosterone in the human, it serves as a marker of the ZG. CYP11B1 and
CYP17AL1 define the ZF [1]. As elaborated upon below, CYP17A1 defines the ZF in species
that do not have CYP11B2.

Aldosterone acts by binding the mineralocorticoid receptor (MR) in aldosterone target cells.
MR activation in transport epithelial cells including those of the kidney, colon and salivary
glands modulates the reabsorption of sodium and water and the excretion of potassium [3].
In non-epithelial aldosterone target cells including fibrocytes and vascular smooth muscle
cells, the MR has trophic functions. MR in non-aldosterone target cells, notably those in the
brain, are normally activated by cortisol and corticosterone, as these steroids have the same
affinity for the receptor and are more abundant than aldosterone [4]. Aldosterone is regulated
primarily by the renin-angiotensin system [5]. Dysregulation of aldosterone synthesis
resulting in excessive production of aldosterone and suppression of the renin-angiotensin
system is defined as primary aldosteronism. Primary aldosteronism is characterized by
hypertension and is the most common form of secondary hypertension. It is also frequently
associated with hypokalemic alkalosis and a marked increase in cardiovascular,
cerebrovascular and renal damage [6,7].

The causes of primary aldosteronism include aldosterone-producing adenomas and bilateral
ZG hyperplasia, and less commonly, unilateral ZG hyperplasia and adrenal carcinomas [8].
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Primary aldosteronism presents as a sporadic or familial syndrome. The description of
somatic mutations of the potassium channel KCNJ5 in about a third of patients with
aldosterone-producing adenomas by the Lifton laboratory opened a new era of research and
significantly increased our understanding of the regulation of aldosterone synthesis and
causes of primary aldosteronism [9]. Subsequent studies by other groups using similar
exome sequencing methods led to the discovery of mutations of the a-subunit of the sodium
potassium ATPase (ATP1AI), the calcium ATPase (ATP2B3), the calcium channels
CACNA1D and CACNA1H, the chloride channel CLCNZ, and B-catenin that also allowed
the autonomous production of aldosterone by adrenal glomerulosa cells [10-16]. These
mutations directly or indirectly increase intracellular calcium concentrations, leading to
increased expression and activity of the CYP11B2 enzyme and excessive aldosterone
biosynthesis. How these mutations promote cell proliferation is still unclear [17].

Adrenal cortex immunohistochemistry:

Primary aldosteronism was described shortly after aldosterone was isolated by extraction
and purification from beef adrenals and its structure elucidated [18,19]. The first
demonstration that aldosterone was formed in the ZG was in the rat, in part because its
adrenal is easily decapsulated, resulting in a capsule comprising the ZG with a relatively
small contamination of ZF cells, and the core comprising the ZF and adrenal medulla.
Incubation demonstrated that aldosterone was produced only in the capsule; corticosterone
was formed the core containing ZF [20]. Similarly, incubation of thin slices from the adrenal
capsules of other species including bovines and humans demonstrated aldosterone synthesis
occurs in a few layers of subcapsular cells.

Two different steroid 11p-hydroxylases were demonstrated in the rat adrenal using an anti-
bovine 11p-hydroxylase antibody. The 11p-hydroxylase with a molecular mass of 49.5 kDa
was shown to be expressed in the ZG and to convert DOC into corticosterone, 18-
hydroxycorticosterone and aldosterone. The 51.5 kDa 11B-hydroxylase could only
hydroxylate DOC in the 11-p position to produce corticosterone and in the 18-position to
18-hydroxydeoxycorticosterone [21,22]. Adrenals of some species including cattle and pigs
only have one CYP11B enzyme, but aldosterone is only produced in the ZG and cortisol in
the ZF [23-25]. The mechanism of this functional specificity is yet an unclear.

After the two rat 11p-hydroxylases were cloned, specific polyclonal [26] and monoclonal
[27] antibodies were developed for the rat Cypl1bl and Cypl1b2 enzymes. Double
immunostaining demonstrated a layer between the CYP11B2 in the ZG and the CYP11B1 in
the ZF that did not express either antibody, thus was called the undifferentiated zone (uD)
[28]. The Cyp11lbl and Cypl11b2 in the rat are expressed in mutually exclusive areas as
shown in Fig 1A, B and C from adrenals of rats given a low sodium, normal sodium and a
high sodium diet.

Immunohistochemistry of normal human adrenals.

CYP11B1 and CYP11B2 were cloned from human adrenals [29,30] and the enzymes
purified from human adrenals in 1991 [31]. They are highly homologous at the cDNA (95%)
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and the protein (93%) levels. Polyclonal antibodies were designed [31] to recognize an area
where they differed using the peptides AA 80-RYNLGGPRMVC-90 and 80-
RYDLGGAGMVC-90 for CYP11B2 and CYP11B1, respectively. However these antibodies
did not detect the two enzymes by immunohistochemistry until the development of the
antigen retrieval techniques for paraffin embedded samples, resulting in the first
visualization of the two enzymes by immunohistochemistry in the human adrenal [32].
Unfortunately, availability of these antibodies was limited. As the generation of polyclonal
antibodies against the human CYP11B1&z2 in rabbits by our group did not generate suitable
antibodies, monoclonal antibodies were generated [33]. Five different peptides of 10-18
amino acids from areas of CYP11B1 in which 2-3 amino acids were different from the
analogous area of CYP11B2 were synthesized commercially and conjugated to an
immunogenic protein for the immunization of 4-8 rats. Ten to 60 positive clones by ELISA
were obtained from each immunization; only 2 clones (clones 2 and 7) out of 30 from an rat
immunized with peptide 81-YDLGGAGMVC-90 detected a single band with a recombinant
EGFP-CYP11B1 protein by western blot and provided specific staining of ZF cells by
immunohistochemistry [33]. A similar strategy was used to immunize mice against
CYP11B2 epitopes. Many positive clones were obtained by ELISA for each peptide, but
only one peptide, conjugate 41-MPQHPGNRWLRL-52 +C, elicited antibodies that detected
a single band by western blot analysis of a recombinant EGFP-CYP11B2 protein and
provided specific immunoreactivity by immunohistochemistry [33]. Two clones (13 and 17)
differing only by their titer, were obtained that detect the identical single band on western
blot and immunostaining. Another research group also described a similar CYP11B2
monoclonal antibody produced against a peptide of the same sequence [34,35].

Normal adrenal cortex.

ZG and ZF cells are morphologically different when stained by hematoxylin-eosin. ZG cells
are smaller, more compact with a smaller cytoplasmic to nuclear ratio, and are located next
to the capsule. ZF cells are larger with proportionately more cytoplasm with many lipid
droplets giving them a foamy or clear appearance. Staining with the CYP11B2 antibodies
reveals a different pattern in young vs. older humans. In young individuals, usually below
the age of 12 years, CYP11B2 expressing cells occur throughout the ZG very much like
CYP11B2 positive cells in the rat adrenal [36—38]. Young human adrenals also have an
unstained area between the CYP11B2 and CYP11B1 staining resembling the
undifferentiated zone described in rats (Fig 1D) [36,38]. In older individuals, CYP11B2
immunoreactivity occurs in clusters of cells adjacent to the adrenal capsule surrounded by
cells with no CYP11B2 staining named aldosterone-producing cell clusters (APCC)
[33,35,38]. APCC exhibit strong uniform immunoreactivity for CYP11B2 and are 0.2-1.5
mm in width and 0.1-0.5 mm in depth measured as distance perpendicular to the capsule.
Some APCC appear circular; others are more amorphous, probably depending on their size
and the histological section of the adrenal, with apparent transition to ZF-type cells (FiglE
& F). Other investigators using /n situ hybridization for CYP11B2 have named the APCC
“foci” and “mega-foci” [39]. One or more APCC are seen in each adrenal section with the
numbers increasing with age, until 70, when the number of APCC decreases [36-38,40-42].
A reasonable hypothesis is that years of chronically high salt intake induces clones of cells

Horm Metab Res. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gomez-Sanchez et al.

Page 5

resistant to suppression by salt sufficiency and the RAAS. The age of appearance of APCC
correlates with the increased incidence of hypertension in which aldosterone may have a role
[38,42]. The decrease in the number of APCC described in adrenals of individuals older than
70 years might represent a survival advantage for those with fewer APCC, rather than a
decrease of APCC with age [35].

CYP11B1 staining of adult human adrenals shows areas in which the ZF extends up to the
capsule in contrast to the adrenals of young humans or rats on a standard laboratory diet
[33]. Whether this is due to the chronic suppression of the renin-angiotensin-aldosterone
system (RAAS) and/or chronic stimulation of the Hypothalamic-Pituitary Axis is
speculation.

Adrenal immunohistochemistry in Primary Aldosteronism.

The most significant advance for aldosterone-producing adenomas was the use of exon
sequencing leading to the description of somatic mutations of the inward rectifying
potassium channel GIRK4 coded by KCNJ5 gene in about 30% of adenomas in the initial
study [9]. The description of mutations of the sodium-potassium ATPase (ATP1AI), calcium
ATPase (ATP2B3), slow calcium channel (CACNA1D), t-type calcium channel
(CACNA1H), chloride channel (CLCNZ2) and p-catenin soon followed [10,11,13,15,16,43].
Early studies of adenomas recognized by H&E staining found that 50-70% of patients
exhibited one of these mutations and that the relative incidence the types of mutations
differed in patients of European or East Asian origin [44]. Recent studies using CYP11B2
immunohistochemistry to select areas for mutation analysis demonstrate that about 90% of
aldosterone-producing adenomas have a known aldosterone-driving mutation and confirm
that the incidence of the various types of mutations differ between races and sexes [45,46].
However, the functional significance of all the new mutations have not been studied and is
likely that some do not result in gain-of-function [47].

Visual characterization of adenomas from patients suggested that tumors with KCNJ5
mutations were larger than other aldosterone-producing adenomas and had lipid-laden ZF-
like cells [48]. Subsequent digital microscopic analysis of these adenomas demonstrated that
they comprised almost 60% ZF-like clear cells with the rest being compact ZG-like cells
[49]. Immunohistochemistry demonstrated that some tumors with KCAJ5 mutations
comprise cells expressing only CYP11B2 with those co-expressing CYP11B2 and 17a-
hydroxylase and, less frequently, cells co-expressing CYP11B2, 17a-hydroxylase and
CYP11B1 [49-51]. The co-expression of these enzymes explains the marked increase in the
hybrid steroids 18-hydroxycortisol and 18-oxocortisol that distinguish patients with KCNJ5
mutations from those with other mutations [52,53]. Adenomas with the A7P2B3 mutations
also comprise almost equal numbers of clear and compact cells [49]. Adenomas with the
ATP1A1, and CACNAID mutations are more histologically heterogeneous [49]. Patients
with ATP1A1, ATPZ2B3and CACNAID mutations have clearly elevated plasma aldosterone
concentrations, but no increase in the hybrid steroids [52]. It is puzzling that while adenomas
with mutations of KCNJ5 tend to be larger, expression of the KCAJ5 mutations in the
adrenal cortical carcinoma HAC15 cell and other cells inhibits proliferation [17,54].
Immunostaining for KCNJ5 in adenomas with KCNJ5 mutations is weaker than that in
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aldosterone-producing adenomas with other mutations [54], suggesting that a low expression
of the constitutively leaky KCNJ5 channel is more compatible with an increase in
proliferation.

Many adrenals harboring a CYP11B2-expressing adenoma frequently also have APCC or
micronodules in surrounding areas (Fig 1G) [55]. Adrenals of adult humans with normal
adrenal function have a significant number of APCC (~30%) with aldosterone-driving
somatic mutations, the most common being mutations of the CACNA1D gene, followed by
the ATP1A1 and ATP2B3, but almost never the KCNJ5 gene [37,40]. Patients with classical
aldosterone-producing adenomas with additional APCC are likely to have similar mutations
in their APCC as do normal individuals [56]. Aldosterone synthesis driving mutations in
APCC might explain why in a significant number of patients with a clear lateralization index
value indicating a unilateral aldosterone producing adenoma, aldosterone production by the
contralateral adrenal, rather than suppressed, is very often much higher than peripheral
values. This is difficult to ascertain because almost all studies publish values from the
contralateral adrenal expressed as a ratio of aldosterone/cortisol; a few exceptions provide
both ratios and absolute numbers [57]. The contralateral glands are not usually available for
studies, so whether they harbor APCC with aldosterone-driving mutations has not been
confirmed, but it is likely considering the high incidence of mutations in normal adrenals
[37] and in bilateral adrenal micronodular hyperplasis [58]. In addition, in many patients
there is a lack of suppression of aldosterone from the contralateral adrenal [56,57] even
when the lateralization index is clearly high and within the arbitrary definition of
unilaterality. Patients with contralateral suppression have higher incidence of hyperkalemia
[59] and cure after unilateral adrenalectomy [60].

Image negative hyperaldosteronism:

Between 30-70% of patients with hyperaldosteronism have bilateral ZG hyperplasia or
idiopathic hyperaldosteronism as diagnosed by adrenal vein sampling [6,8,61,62]. This
disorder is primarily treated medically, but some patients have an adrenalectomy to reduce
the aldosterone burden or, most often, because adrenal vein sampling was not performed and
surgery based on CT imaging revealed a non-functional tumor [63]. Histopathological and
CYP11B2 immunohistochemistry of adrenals with bilateral or unilateral glomerulosa
hyperplasia differentiate 2 general patterns, those with multiple adrenocortical
micronodules, most of which have aldosterone-producing somatic mutations (Fig 1H), or
with diffuse hyperplasia (Fig 11) [58,61]. The diffuse hyperplasia pattern of bilateral
idiopathic hyperaldosteronism is present in about 27% of cases, but the molecular genetics
remain unknown [64]. The pattern of staining for the CYP11B2 in patients with diffuse
hyperplasia is very similar to the adrenals of very young normal individuals. The excessive
production of aldosterone in adrenals with diffuse bilateral hyperplasia must be due to the
continuous stimulation of aldosterone production and cell proliferation by an unknown
stimulator or to an unknown aldosterone-driving somatic mutation occurring very early in
development before migration from the adrenogonadal primordium. The latter possibility is
supported by a case of bilateral aldosteronism in which an identical somatic KCNJ5
mutation occurred in both adrenals with multiple micronodules, suggesting that the mutation
occurred early in development [65].
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summary, adrenal immunohistochemistry with the monoclonal antibody against the
man CYP11B2 detects cells capable of synthesizing aldosterone, thus distinguishes non-

functional nodules and adenomas co-existing with those that express the CYP11B2 and
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Figure 1:
Immunohistochemistry (IHC) of the rCyp11b1 and rCyp11b2 in rat adrenals from animals

fed a A: low, B: normal and a C: high sodium diet. The two monoclonal antibodies were
mixed for the IHC. UD represents the undifferentiated zone between the zonas glomerulosa
and fasciculata. D: Adrenal gland from a normal child stained with the hCYP11B2 antibody.
E and F: Different morphology of two aldosterone-producing cell clusters (APCC) from
normal adrenals from two adult humans. G: IHC of an adrenal with an aldosterone-
producing adenoma and squares around 3 different APCC. H: Adrenal from a patient with
bilateral idiopathic hyperaldosteronism showing several micronodules. I: Adrenal from a
patient with idiopathic hyperaldosteronism with diffuse hyperplasia.
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