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Primary aldosteronism (PA) is the most common cause of secondary hypertension, and is associated with an increased incidence of
cardiovascular events. PA itself is clinically classified into the following two types: unilateral PA, mostly composed of aldosterone-
producing adenoma (APA); and bilateral hyperaldosteronism, consisting of multiple aldosterone-producing micronodules (APMs)
and aldosterone-producing diffuse hyperplasia. Histopathologically, those disorders above are all composed of compact and clear
cells. The cellular morphology in the above-mentioned aldosterone-producing disorders has been recently reported to be closely cor-
related with patterns of somatic mutations of ion channels including KCNJ5, CACNAID, ATP1A1, ATP2B3, and others. In addition,
in non-pathological adrenal glands, APMs are frequently detected regardless of the status of the renin-angiotensin-aldosterone sys-
tem (RAAS). Aldosterone-producing nodules have been also proposed as non-neoplastic nodules that can be identified by hematox-
ylin and eosin staining. These non-neoplastic CYP11B2-positive nodules could represent possible precursors of APAs possibly due
to the presence of somatic mutations. On the other hand, aging itself also plays a pivotal role in the development of aldosterone-pro-
ducing lesions. For instance, the number of APMs was also reported to increase with aging. Therefore, recent studies indicated the
novel classification of PA into normotensive PA (RAAS-independent APM) and clinically overt PA.
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INTRODUCTION

Primary aldosteronism (PA) accounts for 5% to 10% of hyper-
tensive patients, usually accompanied with increased cardiovas-
cular events including stroke, ventricular hypertrophy, fibrosis,
vascular remodeling, and others [1-4]. PA is mainly classified

into neoplastic and non-neoplastic lesions based on the biologi-
cal characteristics of lesions responsible for aldosterone excess.
However, the histopathological identification of these lesions by
hematoxylin and eosin (H&E) staining (morphology) is well
known to be extremely difficult even when differentiating be-
tween neoplasms and non-neoplastic nodules. Due to the devel-
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opment of cytochrome P450 family 11 subfamily B member 2
(CYP11B2) immunohistochemistry, rather unexpected patterns
of CYP11B2 have been revealed [5]. In contrast to the diffuse
CYP11B2-positive cells in ZG, CYP11B2-positive and cyto-
chrome P450 family 11 subfamily B member 1 (CYP11B1)-
and cytochrome P450 family 17 subfamily A member 1
(CYP17A1)-negative adrenocortical cells were identified as
clusters of CYP11B2-positive cells in the subcapsular areas pre-
viously termed as aldosterone-producing cluster cells (APCCs).
Various nomenclature systems for the histopathological classifi-
cation of aldosterone-producing lesions have been proposed at
this juncture, but the international consensus of PA histopathol-
ogy was very recently published, and the terms were re-defined
and integrated [6].

PA is clinically classified into two subtypes, unilateral hyper-
aldosteronism (UHA) and bilateral hyperaldosteronism (BHA),
according to the results of adrenal vein sampling [7,8]. In addi-
tion, UHA is histologically classified into aldosterone-produc-
ing adenoma (APA) and aldosterone-producing micronodules
(APMs) using CYP11B2 immunohistochemistry [6,9]. BHA in-
cludes multiple APMs and aldosterone-producing diffuse hy-
perplasia (APDH) and occasionally bilateral APAs [6,10].
Those non-neoplastic nodules involved in aldosterone overpro-
duction were also recently reported to harbor APA-driver so-
matic mutations of various ion channels including potassium in-
wardly rectifying channel subfamily J member 5 (KCNJ5), cal-
cium voltage-gated channel subunit alphal D (CACNAID),
ATPase Na'/K" transporting subunit alpha 1 (4TP1A41), and
ATPase plasma membrane Ca*" transporting 3 (A7P2B3), which
indicated that APM could represent the precursor lesion of APA
[11,12]. In addition, the number of APMs was significantly pos-
itively correlated with aging of the subjects, although serum al-
dosterone level usually declines with aging [11,13]. Therefore,
we herein review recent developments regarding the pathogene-
sis of PA and its association with aging and histopathological
features of the lesions.

GENETIC ALTERATIONS ASSOCIATED
WITH PRIMARY ALDOSTERONISM

PA is caused by autonomous aldosterone production due to either
hyperplasia or nodules. This aldosterone overproduction was
demonstrated to be caused by genetic mutations encoding for
various ion channels such as KCNJ5, CACNAID, ATP1AI, and
ATP2B3 [14-17]. All of those genes above are well known to
regulate intracellular ionic homeostasis and cell membrane po-
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tential, resulting in increased intracellular calcium levels and
subsequently promoting aldosterone biosynthesis [14-17]. In
addition, rare PA cases were reported to harbor somatic muta-
tions of catenin beta 1 (CTNNBI) and chloride voltage-gated
channel 2 (CLCN2) encoding for -catenin and the chloride
channel CIC-2 [18,19].

KCNJ5 mutation is the most frequent somatic mutation re-
ported in APA, although its prevalence differs among ethnicities
[14,20]. KCNJ5 encodes inward rectifier K* channel 4, and its
mutations cause increased Na” permeability, subsequently re-
sulting in a sustained depolarization of the cell membrane [14].
Aldosterone biosynthesis could also be promoted by increased
cytosolic calcium levels through activated calcium channels by
increased intracellular K concentrations [21].

CACNAID encodes L-type calcium channel a-subunit CaV1.3,
which regulates intracellular calcium homeostasis [22]. Mutation
of CaV1.3 also stimulated an influx of Ca*', resulting in autono-
mous aldosterone production [16]. Mutations of ATP1AI, en-
coding al subunit of the Na"/K"-ATPase, facilitated an influx of
calcium by altering sodium and potassium homeostasis [15].
Mutation of ATP2B3 directly influenced the calcium pump
PMCA3, increasing cytosolic calcium levels [23]. Both muta-
tions could result in aldosterone overproduction by increasing
intracellular calcium levels.

Wnht is secreted protein, which regulates growth and stem cell
renewal, and its signaling pathway has been well known to be
activated in APAs [18]. The Wnt signaling pathway could acti-
vate B-catenin, which subsequently promotes the cell prolifera-
tion. In addition, mutations of the CTNNB! gene coding for
[-catenin were recently reported in APAs [18]. CTNNBI muta-
tions were also reported to lead to constitutive activation of
[-catenin protein eventually resulting in tumorigenesis, and this
mutation is not only restricted to APAs but has also been identi-
fied in cortisol-producing adenomas (CPAs) and adrenocortical
carcinomas [24].

A germline calcium voltage-gated channel subunit alphal H
(CACNAIH) mutation was reported to encode an abnormal
voltage-dependent T-type channel CaV3.2, which could induce
early-onset hyperaldosteronism and hypertension, although rare
[25]. A mutation of CACNAIH is well known to be the main
cause of familial hyperaldosteronism (FH) type IV [26]. FH is
frequently caused by germline mutations of ion channels such
as KCNJ5, CACNAID, and CACNAIH and further classified
into types I-IV according to its clinical and biochemical fea-
tures [16,26-28]. FH-I is also characterized by glucocorticoid-
remediable aldosteronism caused by crossover of both CY-
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P11B2 and CYP1IB1 genes, resulting in ectopic expression of
CYP11B2 [29,30]. The etiology of FH-II, however, has re-
mained unknown, although its possible association with germ-
line CLCN2 mutations was previously proposed [31]. CLCN2
mutations induced a loss of the voltagegating of the channel,
leading to increased chloride influx, which subsequently result-
ed in cell membrane depolarization [32]. Intracellular calcium
levels were eventually increased by depolarization of the cell
membrane, as discussed above. On the other hand, FH-III is
characterized by development of massive BHA as a result of
germline mutations of KCNJ5 [14]. FH-1V is characterized by
germline mutations of CACNAID and CACNAIH [16,25,26].

THE GENETIC SPECTRUM OF THE
HISTOLOGICAL SUBTYPES OF PA

Aldosterone-producing adenoma

In APAs, somatic mutations were detected at 88% to 90% of pa-
tients. Among those, KCN.J5 is the most frequent genotype re-
gardless of ethnicity. However, 38% of Caucasian patients were
reported to harbor KCNJ5 mutations [22,33,34], but a preva-
lence of 70% was reported among Japanese patients [35]. CAC-
NAI1D mutations are the next frequent genotype following
KCNJ5 mutations, and 9.3% of European and 2.5% of Japanese
APA patients were reported to harbor this somatic mutation in
the tumor tissue [22,35]. Mutations of ATP141, ATP2B3, and
CTNNBI were rare, constituting approximately less than 5% of
APAs regardless of ethnicity [18,22,35].

Aldosterone-producing non-neoplastic nodules
Non-neoplastic nodules in non-pathological adrenal glands
These non-neoplastic nodules were reported to harbor somatic
mutations like those of APAs [10,11,36,37]. We previously re-
ported somatic mutations in 21 of 61 nodules (34%) from nor-
mally-functioning adrenal glands with normotension [11].
Among 21 mutated nodules, 14 harbored CACNA 1D mutations;
three had ATP2B3 mutations, two had ATP1AI mutations, and
two had both CACNA 1D and ATP2B3 mutations. Eight of 23
nodules (35%) were also reported to harbor somatic mutations
(six CACANID and two ATP1A1) in normal adrenal glands [37].
In addition, another study reported somatic mutations of KCNJ5
in five APMs in adjacent non-pathological adrenal glands [34].

Non-neoplastic nodules in pathological adrenal glands
harboring PA
Non-neoplastic CYP11B2 positive nodules in BHA also fre-
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quently harbor somatic mutations of the genes above. We previ-
ously reported that 58% of 99 nodules in clinically diagnosed
BHA cases harbored CACNA 1D mutations and 1% had a
KCNJ5 mutation [9]. We also revealed in another study that
65% had CACNA 1D mutations, 8% KCNJ5 mutations, and 4%
both ATP1AI and ATP2B3 mutations among a total of 21 nod-
ules identified in the adrenal glands of BHA patients [10]. Of
particular interest, no somatic mutations of any of the genes
above were detected in the CYP11B2 positive non-nodular hy-
perplastic zona glomerulosa cells in APDH [10]. These results
indicated that there were substantial differences in the etiology
and pathogenesis of autonomous aldosterone production be-
tween hyperplastic zona glomerulosa cells exhibiting nodular
and non-nodular growth, but further investigations are warrant-
ed to clarify the details.

HISTOPATHOLOGY AND CELLULAR
MORPHOLOGY OF PA

Adrenocortical cells are basically classified into compact and
clear cells, also termed ZG/ZF-like cells from the standpoint of
histology [38-41]. Compact cells have a high nuclear to cyto-
plasm ratio with an eosinophilic lipid-poor cytoplasm contain-
ing relatively abundant cell organelles, including mitochondria.
On the other hand, clear cells have a low nuclear to cytoplasm
ratio with a lipid-rich cytoplasm containing numerous lipid
droplets. However, the correlation between these morphological
features and functional aspects has remained rather unexplored.
Recent developments regarding the relationship between these
morphological features and functional findings of PA lesions are
summarized in Figs. 1, 2.

Aldosterone-producing adenomas

APAs are solitary neoplasms usually measuring more than 10
mm in their greatest dimension and histologically composed of
both compact and clear cells with immense intratumoral hetero-
geneity in their morphological features. The definition of APAs
should be based upon both clinical information and histopatho-
logical features, including CYP11B2-positive immunoreactivity
[6]. We previously reported that KCNJ5 mutated APAs mostly
consisted of clear cells [38]. CYP11B2 immunoreactivity was
significantly positively correlated with clear phenotype of tumor
cells, especially in KCNJ5 mutated APAs [38]. KNCJ5-mutated
APAs were also significantly larger than wild-type (WT) ones,
consistent with results that KCNJ5-mutated APAs were pre-
dominantly composed of more abundant clear tumor cells. We
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Fig. 1. Histopathological entities of aldosterone-producing lesions. Aldosterone-producing lesions are initially classified into neoplastic (mi-
croaldosterone-producing adenoma [microAPA] and APA) and non-neoplastic lesions (aldosterone-producing micronodule [APM], previ-
ously termed as aldosterone-producing cluster cell [APCC] and aldosterone-producing nodule [APN]). APMs could physiologically exist in
the normal adrenal gland and pathologically in bilateral hyperaldosteronism. Both APMs and APNs are considered to harbor both compact
and clear cells with polarity of cytochrome P450 family 11 subfamily B member 2 (CYP11B2) expression pattern and no cortisol-synthesiz-
ing capability. APMs frequently harbor predominant calcium voltage-gated channel subunit alphal D (CACNA 1D) mutations. APA, includ-
ing microAPA, has frequent potassium inwardly rectifying channel subfamily J member 5 (KCNJ5) mutations and consists of predominant
clear cells. Both autonomous aldosterone and cortisol overproduction are more pronounced in KCNJ5-mutated APAs. ATP2B3, ATPase
plasma membrane Ca** transporting 3; ATP1A1, ATPase Na'/K" transporting subunit alpha 1; CTNNBI, catenin beta 1; CLCNZ2, chloride

voltage-gated channel 2; WT, wild-type.

also compared ultrastructural features between KCNJ5-mutated
and WT APAs in order to further explore the details of endo-
crine features between compact and clear cell tumor cells [38].
In WT APAs, a rather low intracellular density of lipid droplets
and smaller but more mitochondria were identified by electron
microscopic evaluations. In contrast, relatively larger mitochon-
dria with a small number and higher density of lipid droplets
were detected in KCNJ5-mutated APAs [38]. This implied that
hormonal reactivity in clear cells of KCNJ5-mutated APAs was
higher than that of WT ones. We also demonstrated in another
study that both ATP1A1- and CACNA1D-mutated APAs har-
bored a higher ratio of compact tumor cells than clear ones [42].
ATP2B3-mutated APAs were predominantly composed of clear
tumor cells, as in KCNJ5-mutated APAs [42]. In addition, CY-
P17A1 immunoreactivity was more abundant in KCNJ5-mutat-
ed APAs, which indicated that KCNJ5-mutated APAs were
more active in their hormonal activities synthesizing both aldo-
sterone and cortisol [42]. However, it is also true that intratu-
moral heterogeneity of compact and clear tumor cells within the
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same adrenocortical cells harboring the same genotypes has re-
mained unexplored. mRNA expression levels of both CYP17A1
and CYP11B1 were also reported to be significantly higher in
compact tumor cells than in clear ones, whereas that of CY-
P11B2 tended to be higher in clear tumor cells regardless of
genotype [43]. This is consistent with results of our previous
study that the immunoreactivity of CYP11B1 and CYP17A1
was significantly higher in compact tumor cells of CPAs [39].
Therefore, the hybrid steroidogenesis or simultaneous biosyn-
thesis of both glucocorticoids and mineralocorticoids in the
same tumor cells of APAs represented the zonation-deviated
phenotype and compact or ZG-like cells had higher cortisol-
producing ability, whereas clear or ZF-like cells harbored higher
aldosterone-producing ability.

Aldosterone-producing non-neoplastic nodules (APMs and APNs)
Based on the statement of international consensus on PA histo-
pathology, aldosterone-producing non-neoplastic nodules are
further classified into APMs and aldosterone-producing nodules
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Fig. 2. Representative microscopic images of H&E, cytochrome P450 family 11 subfamily B member 2 (CYP11B2) immunohistochemistry
(IHC), and cytochrome P450 family 17 subfamily A member 1 (CYP17A1) IHC. (A) Aldosterone-producing micronodules, previously
termed aldosterone-producing cluster cells. (B) Aldosterone-producing diffuse hyperplasia. (C) Aldosterone-producing adenoma.
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(APNs) according to whether the nodule is visible (detected) by
H&E section (APN was defined as visible nodules) or not, al-
though both types preserve the polarity of zonation, including
the gradient of the pattern of CYP11B2 immunoreactivity from
the outer to inner part [6]. The previously proposed classifica-
tions of “APCC” and/or “micronodule” have been reported to
be difficult to distinguish from each other by histopathological
findings including CYP11B2 immunohistochemistry alone, and
required relevant clinical information such as the presence or
absence of hypertension and/or PA. However, the recently pro-
posed international consensus has made it possible to distin-
guish those non-neoplastic nodules (APM and APN) by histo-
pathological findings alone even without patients’ clinical infor-
mation. However, we should note that the threshold between
APM and APN remains unclear and further discussion is defini-
tively warranted to clearly distinguish these entities from each
other. A further improved classification, combined with the clin-
ical information listed above, should clarify the difference be-
tween the “physiological” and “pathological” status of those al-
dosterone-producing adrenocortical non-neoplastic lesions.

In the normal adrenal gland, CYP11B2 is intensely immuno-
localized in the subcapsular area and its immunoreactivity grad-
ually decreases [9,44]. This polarization of aldosterone produc-
tion detected in normal adrenal glands is maintained in APMs
but lost in APAs possible due to the nature of their neoplastic
transformation [10,44]. This could contribute to the differential
diagnosis of neoplasms versus non-neoplastic nodules in the re-
sected adrenal glands of PA patients. Neither CYP11B1 nor
CYP17A1 was expressed, indicating the preservation of devel-
opment of adrenocortical differentiation. APMs are present not
only in the physiologically normal adrenal gland, but of particu-
lar interest also in adjacent non-neoplastic adrenal glands with
suppression of the renin-angiotensin-aldosterone system
(RAAS) of PA patients [5,45]. In addition, APMs in normal ad-
renal glands also harbored APA-driver somatic mutations as de-
scribed above, implying their association with APAs.

APMs or APNs could be detected in BHA cases with multiple
numbers and in unilateral PA. In our previous study, 32 nodules
were examined in clinically identified BHA cases [10]. Eigh-
teen nodules were composed predominantly of clear cells, 13 of
compact cells, and one did not have the information available
[10]. The ratio of clear and compact cells was significantly low-
er in APMs than that in APAs. This is possibly due to the genetic
effects on cellular morphology, as KCNJ5 mutations are closely
associated with the development of clear cell morphology in au-
tonomous aldosterone-producing adrenocortical lesions and

Copyright © 2021 Korean Endocrine Society

CACNA 1D mutations are closely associated with that of com-
pact cells as described above. In clinical practice, the best prac-
tical approach to differentiate between APA and non-neoplastic
nodule is based on their diameters because of the reasons above,
but CYP11B2 immunohistochemistry could also contribute to
this differentiation in routine clinical settings.

POTENTIAL ASSOCIATION OF APM AND
APA

APMs have been reported to harbor APA-driver mutations and
APMs have been proposed as potential precursors in the devel-
opment of APA, in addition to the fact that non-neoplastic CY-
P11B2-positive nodules in adrenal glands in PA patients could
be developed from physiological ones, acquiring the ability of
excessive autonomous aldosterone production in patients with
BHAs due to the predominant genotype of CACNAID in both
entities and the presence of similar histological features [10,12].

In general, some tumors are considered to originate from stem
cells with increased ability of self-renewal following oncogene
activation. These stem cells in adrenal glands are considered re-
sponsible for continuous replenishment of steroidogenic cells in
order to compensate for the cell death required to maintain nor-
mal adrenal size and function [46]. Adrenal stem/precursor cells
have been detected in both APAs and adjacent ZG cells with
weak sonic hedgehog signaling molecule (SHH) expression,
which is one of the precursor markers and activated B-catenin
indicating their origin from adrenocortical stem cells [46]. ZG
cells not only produce aldosterone but also have a relatively
high capacity of cellular renewal, and this renewal process fol-
lows a centripetal migration: from ZG to ZF [47,48]. In addi-
tion, CYP11B2-positive ZG cells can be also differentiated into
ZF and CYP11B2 and CYPI11BI double-positive cells present
at the ZG-ZF boundary, although extremely rare, resembling the
hybrid steroidogenesis in APA cells [48]. In addition, melano-
cortin 2 receptor (MC2R) expression was detected in APMs, in-
dicating that these cells could potentially differentiate into ZF
cells through the protein kinase A signaling pathway [48].
MC2R was also reported to regulate SHH signaling, which fur-
ther demonstrated its potential differentiation ability [48]. Col-
lectively, these findings above all indicate that APMs in normal
adrenal glands could possibly differentiate into ZF-like cells and
play important roles in development of APAs. However, at this
juncture, the transition from APMs to APAs remains unestab-
lished.
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Fig. 3. Development of aldosterone-producing lesions along with aging. Aldosterone-producing micronodule (APM) develops from adrenal
precursor cells or progenitor ZG cells. Along with aging, APM contributing to normal renin-angiotensin-aldosterone system (RAAS) has the
potential of developing to APM that is independent of RAAS and accounts for normotensive primary aldosteronism (PA). APM may contin-
ue to develop with aging, which clinically accounts for many cases of PA, but its association with APA remains unclear. In addition, aging
could play a pivotal role in the formation of aldosterone-producing micronodules.

SUBCLINICAL OR NORMOTENSIVE PA

The diagnosis of overt PA is generally based upon the value of
the aldosterone-to-renin ratio in severe or resistant hypertension.
Overt PA is mostly composed of APA and BHA and it is clini-
cally not difficult to differentiate between these two entities.
However, it is also true that some individuals have normoten-
sion and normal electrolyte values accompanied by suppressed
plasma renin activity with normal or slightly elevated plasma
aldosterone levels [49]. These subjects demonstrated a tendency
for renin-independent aldosteronism, which could place them at
a higher risk of developing clinically meaningful hypertension
[49]. Therefore, we tentatively termed this condition as subclini-
cal PA [49]. One of the potentially frequent causes of subclinical
PA is considered the presence of APMs in the normal adrenal
cortex [11,37]. APMs frequently harbor APA-driver somatic
mutations and the number of mutated APMs was found to in-
crease with aging [11,37]. We also demonstrated the presence of
APMs in normal adrenal gland adjacent to APAs with autono-
mous aldosterone production [37]. These findings above all in-
dicate that the development of APMs in the normal adrenal
glands is indeed independent of the status of RAAS in subjects
(Fig. 3). This formation of RAAS-independent APMs and APA
or APN is therefore reasonably postulated to result from aging,
but further investigations are warranted for clarification.

AGING AND ALDOSTERONE

Aging is a natural process characterized by a progressive loss of
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physiological function, which is especially marked in the endo-
crine system. Many earlier studies demonstrated an age-depen-
dent decline in the activity of the RAAS in normal human sub-
jects regardless the status of sodium repletion [50,51]. This de-
cline in the RAAS with increased aging is generally considered
to result from decreased plasma renin activity [52]. One possi-
ble effect of this phenomenon may be the deterioration of renal
function with aging [53]. In addition, the response of aldoste-
rone to angiotensin II (ANGII) was more sensitive in younger
adult rats, but decreased in older ones [54]. This was further
confirmed in human female subjects, but of particular interest,
not in males [55]. The progressive decrement of plasma renin
activity despite unchanged plasma and urinary aldosterone lev-
els was reported in elderly subjects without concomitant evi-
dence of PA in the supine position [56]. Physiological RAAS-
independent autonomous aldosterone production was proposed
to develop possibly due to changes of ZG with aging [56].

The age-dependent decline of aldosterone levels is not only
due to decreased renin or ANGII levels, but also due to age-as-
sociated structural changes. For instance, the ZG becomes atro-
phic in older people compared with young adults [57,58]. The
number of APMs in the normal ZG was also reported to in-
crease during aging [11,56]. However, with the increased num-
ber of APMs, the total CYP11B2-expressing area in APMs was
significantly negatively correlated with aging [56]. Based on
those results, RAAS-independent development of APMs with
aging leads to more autonomous aldosterone production, but
less physiological aldosterone production [56]. In addition, ad-
renocortical nodule formation is well known to increase with

Copyright © 2021 Korean Endocrine Society
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aging by classical autopsy studies [57]. Moreover, the ZG cells
lost in elderly people were replaced by abundant progenitor
cells, which implied the potential differentiation to APMs or
APA [58]. Collectively, aging is a risk factor in the transforma-
tion of “physiological” to “pathological” adrenocortical nodules
and possibly to APAs, which all could contribute to autonomous
aldosterone production. This autonomous aldosterone produc-
tion leads to a potentially high risk of incident hypertension in
elder people.

CONCLUSIONS

Aldosterone-producing disorders are the major cause of PA or
normotensive PA with autonomous aldosterone secretion. These
disorders frequently harbor somatic mutations in ion channels
or pumps including KCNJ5, CACNAID, ATP1A1, and ATP2B3.
Somatic mutations may induce a secondary differentiation of
adrenocortical cells into compact or clear cells. All of these con-
tribute to normotensive PA and overt PA depending on the sub-
type of the disorder (APMs, APNs, and APAs). The formation
of these disorders remains unclear, but may possibly be due to
somatic mutations or aging, which converts physiological adre-
nocortical morphology to pathological disorders. In addition,
these disorders in elder people secrete RAAS-independent aldo-
sterone, which accounts for the high risk of incident hyperten-
sion or other cardiovascular events.
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