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ABSTRACT: Primary aldosteronism is the most common surgically treatable form of hypertension. Surgically amenable forms 
are characterized by lateralized aldosterone overproduction, which may occur along a spectrum ranging from true unilateral 
hypersecretion to asymmetrical bilateral production. Historically attributed to solitary aldosterone-producing adenomas, 
lateralized primary aldosteronism is now recognized to encompass a range of histopathologic lesions, including aldosterone-
producing micronodules, reflecting a continuum from subclinical autonomous secretion to overt primary aldosteronism. This 
review synthesizes recent evidence demonstrating how histopathology, genetics, and cellular mapping can collectively explain 
some of the heterogeneity in surgical outcomes. The Histopathology of Primary Aldosteronism consensus classifies lateralized 
primary aldosteronism into classical (aldosterone-producing adenoma-predominant) and nonclassical (aldosterone-producing 
micronodule-predominant) forms, with the former linked to biochemical remission and the latter associated with persistent 
or recurrent aldosteronism. Somatic driver mutations further correlate with histology and outcomes, while single-cell and 
spatial omics data reveal distinct pathogenic trajectories and metabolic profiles underlying tumor progression. Together, 
these advances offer a more precise, pathophysiology-based framework to improve diagnosis, subtyping, and outcome 
prediction, advancing tailored management for this disease.
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Primary aldosteronism (PA) represents the most com-
mon form of endocrine and surgically curable hyper-
tension.1,2 The resultant aldosterone excess leads to 

sodium retention, potassium excretion and a dispropor-
tionate increase in cardiovascular and renal risk that is 
independent of blood pressure elevation.3,4 Biochemically, 
PA is characterized by inappropriately elevated aldoste-
rone concentrations leading to renal sodium retention, 
volume expansion, and suppression of renin. Despite its 
clinical significance, PA remains greatly underdiagnosed, 
with persistently low screening rates even among high-
risk populations.5,6 Prevalence estimates vary consid-
erably by clinical setting, ranging from ≈5% in primary 
care populations to up to 30% in patients with resistant 
hypertension or those with hypertension and hypokale-
mia, and exceeding 40% in patients with hypertension 
and comorbid atrial fibrillation.7–10 This diagnostic short-
fall is concerning given that PA is a treatable condition 
with targeted, disease-specific therapies available.2,11

PA manifests in both sporadic and familial forms, 
with sporadic disease accounting for the vast majority 

of cases. The most common sporadic subtypes are uni-
lateral aldosterone-producing adenomas (APAs) and 
bilateral aldosterone-producing lesions, an important 
distinction that determines treatment strategy because 
while lateralized disease is amenable to surgical cure, 
bilateral disease typically requires lifelong medical man-
agement.12,13 Somatic mutations in ion channels and 
transporters are now known to underlie most APAs, 
while germline mutations account for several famil-
ial syndromes.14,15 This review will focus on lateralized 
forms of PA.

The development of highly specific monoclonal anti-
bodies against CYP11B2 (aldosterone synthase) has 
transformed our understanding of APA pathophysiol-
ogy.16,17 This tool has enabled precise identification 
and classification of aldosterone-producing lesions, 
guided targeted sampling for somatic mutation analy-
sis and aided integration with tissue-omics approaches 
to refine the cellular and molecular profile of adrenal 
lesions in PA.17–19 Consequently, the systematic analysis 
of resected adrenal glands from patients with lateralized 
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PA, guided by adrenal vein sampling (AVS) and combined 
with next-generation sequencing and multi-omics plat-
forms, has provided unprecedented insight into disease 
pathophysiology.

In this review, we discuss how specific types of  
aldosterone-producing lesions and their associated 
somatic driver mutations correlate with postsurgical out-
comes. Furthermore, we explore how emerging single-
cell and spatial omics technologies offer the potential to 
dissect cellular heterogeneity within resected tissue and 
map molecular profiles onto tissue architecture. The inte-
gration of these approaches may provide deeper mecha-
nistic insight into disease pathogenesis and elucidate the 
biological determinants underlying variable postoperative 
outcomes.

ADRENAL HISTOPATHOLOGY IN PA: 
SPECTRUM, CLASSIFICATION, AND 
CLINICAL CORRELATIONS
AVS is the standard method for selecting patients with PA 
for unilateral adrenalectomy, based on the lateralization 
index (the ratio of cortisol-corrected aldosterone from the 
dominant to nondominant adrenal vein). High lateraliza-
tion indices (typically >4:1) usually guide the decision for 
surgery.2 The combination of AVS-guided adrenalectomy 
and subsequent morphology and CYP11B2 immunohis-
tochemistry16 has revealed that lateralized PA originates 
from a spectrum of histologically distinct lesions.17,20 This 
pathological diversity underlies the heterogeneous clini-
cal and biochemical features of PA.21–23 The prototypical 
lesion is an APA, which is frequently associated with a 
more florid biochemical phenotype, including more pro-
nounced hypokalemia, elevated aldosterone-to-renin 
ratios, and resistant hypertension.8,21,24–26

Following adrenalectomy for AVS-directed lateral-
ized PA, a minority of patients fail to achieve complete 
biochemical success.12 Analysis of resected adrenal 
glands from these patients with persistent biochemical 
disease (ie, those with absent or partial biochemical suc-
cess) revealed significant pathological differences com-
pared with age- and sex-matched patients who achieved 

remission, including a higher prevalence of adrenal hyper-
plasia (49% versus 21%) and a lower prevalence of APA 
(44% versus 79%).27 They also exhibited lower lateraliza-
tion indices and higher contralateral ratios on presurgical 
AVS. Together, these findings suggest that AVS lateraliza-
tion may not indicate purely unilateral disease but rather 
asymmetrical bilateral aldosterone production, where 1 
gland is dominant despite underlying bilateral pathology. 
Supporting this, a multicenter study of 283 patients who 
underwent adrenalectomy based on strong AVS lateraliza-
tion found that 16% lacked biochemical remission follow-
ing surgery.28 Within this group with persistent PA, 73% 
had multiple CYP11B2-positive adenomas in the resected 
adrenal, compared with only 23% in those who achieved 
biochemical remission. Thus, this histological evidence 
directly links adrenal pathology to biochemical outcomes 
and confirms that AVS cannot definitively exclude con-
tralateral aldosteronism. Beyond these biological factors, 
interpretation of AVS results may also be influenced by 
methodological differences, including between-center 
variability in sampling protocols, the use of ACTH stimula-
tion, and differences in lateralization index thresholds.

To standardize the classification of this variable 
adrenal morphology, the international Histopathology 
of Primary Aldosteronism (HISTALDO) consensus was 
established29 and later endorsed by the WHO Clas-
sification of Adrenal Cortical Tumors30 (Table 1). This 
consensus recommends using CYP11B2 immunohis-
tochemistry to identify aldosterone-producing regions 
and categorize lesions into APAs, aldosterone-producing 
nodules, aldosterone-producing micronodules (APMs), or  
aldosterone-producing diffuse hyperplasia (Figure 1). 
The HISTALDO system distinguishes 2 broad catego-
ries of classical and nonclassical lateralized PA. Classical 
forms feature a solitary APA or dominant aldosterone-
producing nodule and a mixed phenotype where the 
dominant lesion coexists with other aldosterone-pro-
ducing lesions. Nonclassical forms comprise multiple 
aldosterone-producing nodules, APMs, or aldosterone-
producing diffuse hyperplasia, without a single dominant 
nodule.21–23

Application of the HISTALDO criteria in studies of 
consecutively resected adrenals from patients with 
AVS-confirmed lateralized PA has demonstrated clas-
sical histology in 75% to 88% of cases and nonclas-
sical histology in 12% to 25% (cohort sizes: 60–240 
patients). Among classical cases, 41% to 58% displayed 
the mixed phenotype.21–23 Critically, this histopathologic 
classification correlates with preoperative disease sever-
ity and postoperative outcomes. The classical histology is 
associated with a more severe biochemical presentation, 
including higher baseline plasma aldosterone concen-
trations (262 versus 155 pg/mL), higher aldosterone-
to-renin ratios (81 versus 42 [pg/mL]/[mU/L]), lower 
serum potassium, and greater contralateral adrenal sup-
pression on AVS.21 The mixed phenotype demonstrates 

Nonstandard Abbreviations and Acronyms

APA	 aldosterone-producing adenoma
APM	 aldosterone-producing micronodule
AVS	 adrenal vein sampling
CYP11B2	 aldosterone synthase
HISTALDO	 Histopathology of Primary Aldosteronism
mTOR	 mechanistic target of rapamycin
PA	 primary aldosteronism
ZG	 zona glomerulosa
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intermediate biochemical severity between the classical 
and nonclassical groups.22

Regarding postoperative outcomes, a significantly 
higher proportion of patients with classical histology 
achieve complete biochemical success (97% to 98% ver-
sus 67% to 69%, P<0.001) or complete clinical success 
(34% versus 11%, P<0.001) compared with those with 
nonclassical forms.21,23 Patients with classical and mixed 
histology also require fewer postoperative antihypertensive 
medications.22 Multivariable analysis confirmed classical 
histology as an independent predictor of both biochemical 
and clinical remission.23 The inferior biochemical outcomes 
in the nonclassical group correlate with increased aldoste-
rone production from the contralateral adrenal, providing a 
pathophysiological basis for persistent disease.21

The clinical impact of nonclassical histology extends 
beyond short-term outcome assessment. Long-term 
follow-up demonstrates a risk of biochemical recurrence 
after initial remission. While 93% of patients achieved 
biochemical success at 12 months, 23% developed 
recurrent PA at a median follow-up of 89 months. Recur-
rence was far more common in patients with nonclassical 
histology (60% versus 14% in classical cases), sug-
gesting progressive disease in the contralateral gland.31 
Although recurrence may be more common in lateralized 
PA without a discrete APA, adrenalectomy frequently still 
provides meaningful clinical improvement in blood pres-
sure and medication burden. Table 2 summarizes studies 
linking histopathology to postsurgical outcomes based 
on international consensus criteria.12,29

One study proposed refining the HISTALDO system 
by incorporating the B2 ratio (the size ratio of the largest 
to second-largest CYP11B2-positive nodule) to improve 

diagnostic accuracy.40 Using the original HISTALDO criteria, 
this study classified 73% of lateralized PA cases (55 of 75) 
as nonclassical- a proportion notably higher than the 12% 
to 25% reported in other cohorts.21–23 Applying the B2 ratio 
reclassified 29 nonclassical cases as classical, yielding a 
revised distribution of 65% classical and 35% nonclassical. 
The authors suggest such quantitative metrics may reduce 
overestimation of nonclassical cases. However, the sub-
stantial initial discrepancy likely reflects interobserver vari-
ability or cohort-specific differences, including differences 
in diagnostic criteria for surgical candidates, underscoring 
the need for replication in multicenter cohorts.

GENETIC BASIS OF ALDOSTERONE-
PRODUCING LESIONS: DRIVER 
MUTATIONS AND CLINICAL IMPLICATIONS
The histopathologic spectrum of APAs is underpinned 
by a diverse but a generally mechanistically convergent 
genetic landscape. Somatic driver mutations can be iden-
tified in over 90% of APAs, with most leading to sustained 
intracellular calcium (Ca2+) signaling, which constitutively 
induces aldosterone synthase gene (CYP11B2) expres-
sion. The somatic drivers, their mechanisms, and some 
clinicopathological correlates are summarized in Table 3.

The most common drivers are mutations in genes 
encoding ion channels and pumps that disrupt cellular 
Ca2+ homeostasis through pathological membrane depo-
larization, directly increased Ca2+ entry, or impaired Ca2+ 
export.41,51,62 KCNJ5 mutations are the most prevalent 
and are typified by larger adenomas comprised mainly 
of clear (zona fasciculata-like) cells and more pro-
nounced hyperaldosteronism.50,68 In contrast, mutations 
in CACNA1D and ATP1A1 are more frequently linked to 
smaller adenomas composed mostly of eosinophilic (ZG-
like) cells.52,69 ATP2B3-mutated APAs are also smaller 
but display an overlapping clear cell morphology with 
KCNJ5-mutated tumors.70 This mutational landscape 
has direct implications for clinical outcomes (Table 2). 
KCNJ5 mutations are reported to predict higher rates of 
postsurgical clinical remission,31,34–39 whereas CACNA1D 
mutations are linked to lower remission rates.31,38 This 
difference may reflect the bilateral disease continuum, 
with additional aldosterone-producing lesions often 
present in the contralateral adrenal. Consistent with this 
continuum, CACNA1D mutations are preferentially asso-
ciated with APMs,20,71 which frequently occur as bilateral 
lesions.72 Consequently, aldosterone production may per-
sist after unilateral adrenalectomy. In contrast, KCNJ5 
mutations are predominantly associated with APAs,51 
which are generally linked to more favorable surgical out-
comes.21,31,34–39 These genotype-histopathology relation-
ships may also reflect distinct developmental pathways 
of aldosterone-producing lesions, as discussed in later 
sections.

Table 1.  HISTALDO Morphology Definitions

Histopathologic 
entity Definition

Aldosterone-producing 
adenoma (APA)

A CYP11B2-positive, solitary, and well- 
circumscribed neoplasm (≥10 mm diameter) 
composed of clear or compact eosinophilic cells 
or both cell types

Aldosterone-producing 
nodule (APN)

A CYP11B2-positive lesion visible on standard 
H&E staining with a diameter <10 mm

Aldosterone-producing 
micronodule (APM)

A subcapsular CYP11B2-positive lesion with a 
diameter <10 mm composed of zona glomerulosa 
cells that are morphologically similar to adjacent 
cells on H&E stain. Often shows a gradient of 
CYP11B2 immunostaining decreasing in intensity 
from the outer to the inner part of the lesion

Aldosterone-producing 
diffuse hyperplasia 
(APDH)

A CYP11B2-positive lesion characterized by a 
broad and uninterrupted zone of glomerulosa 
cells, with positive immunostaining present in 
more than half of this cellular population

Standardized histopathologic classification of aldosterone-producing lesions 
adapted from the HISTALDO consensus.29 Definitions are based on lesion size, 
morphological characteristics on hematoxylin and eosin (H&E) staining, and 
CYP11B2 (aldosterone synthase) immunohistochemistry using a monoclonal 
CYP11B2 antibody.16. HISTALDO indicates Histopathology of Primary Aldoste-
ronism.
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A growing list of rarer variants in other genes, such 
as CACNA1H, CLCN2, MCOLN3, and SLC30A1,56,59,61,64 
further reinforces dysregulated ion handling and sus-
tained intracellular Ca2+ increase as the dominant 
final common pathway for aldosterone hypersecre-
tion. However, not all PA driver mutations function 
through altered ion conductance. Somatic APA muta-
tions in CTNNB1 activate Wnt/β-catenin signaling and 
likely drive adrenocortical proliferation.73,74 Of interest, 
GNA11/GNAQ mutations seem clinically silent in isola-
tion but can synergistically increase aldosterone secre-
tion when they cooccur with mutations in CTNNB1.65 
Rare mutations in CADM1 propose a novel paradigm of 
disrupted intercellular communication within the adre-
nal cortex, attenuating the physiological suppression of 
CYP11B2.67

The spectrum of aldosteronism extends beyond 
overt clinical PA, suggesting a population-wide con-
tinuum. Approximately 14% of normotensive individuals 

with low renin demonstrate autonomous aldosterone 
secretion fulfilling diagnostic criteria for PA, indicating 
a background of renin-independent aldosteronism.75 
This phenomenon is age-dependent, with aging associ-
ated with progressive accumulation of APMs, a decline 
in CYP11B2 expression in the zona glomerulosa (ZG), 
and a pattern of autonomous aldosteronism character-
ized by inappropriately elevated aldosterone-to-renin 
ratios despite sodium loading and blunted aldosterone 
responses to sodium restriction.76

APMs seem to represent an important histological 
intermediate within this continuum. They are wide-
spread in normal adrenal glands, and around one-third 
harbor somatic mutations in known aldosterone-driver 
genes, usually in CACNA1D.20,71 Metabolic profiling 
of PA adrenal sections without an APA but with mul-
tiple APMs (nonclassical forms) revealed distinct APM 
subgroups, one of which, minor in number, displayed 
a metabolic phenotype converging with that of APAs, 

Figure 1. Histopathologic spectrum of aldosterone-producing lesions in primary aldosteronism (PA).
Representative adrenal tissue sections from patients operated for lateralized PA, illustrating the morphological diversity of aldosterone-
producing lesions according to Histopathology of Primary Aldosteronism (HISTALDO) criteria.29 Each lesion type is shown with paired 
hematoxylin and eosin (H&E) staining and CYP11B2 (aldosterone synthase) immunohistochemistry. A, Aldosterone-producing adenoma (APA). 
B, Aldosterone-producing nodule (APN). C, Aldosterone-producing micronodules (APMs). D, Aldosterone-producing diffuse hyperplasia 
(APDH). The classical histopathology of lateralized PA is represented in A and B, whereas C and D demonstrate the nonclassical pattern. Refer 
to Table 1 for morphology definitions. High-magnification insets are also shown. Scale bars, 2 mm (lower left), 100 µm (lower right).



Review




1238    May 2026� Hypertension. 2026;83:e26225. DOI: 10.1161/HYPERTENSIONAHA.126.26225

Pang et al Molecular Profiling of Primary Aldosteronism

supporting a model of progression from microscopic 
lesions to macroscopic adenomas.77 Further, the evolu-
tion from an APM background to bilateral disease is 
suggested by findings from unilateral adrenalectomy in 
bilateral PA, in which APMs in the resected gland are 
significantly more numerous and larger than in normo-
tensive controls.72 Furthermore, most of these lesions 
carried CACNA1D aldosterone-driver mutations (58%), 
suggesting that bilateral disease may arise from mul-
tiple mutated APMs. The genetic overlap between 
APMs and APAs underlines the continuum concept. 
This is further reinforced by a genome-wide associa-
tion study, which identified common susceptibility loci 
shared between lateralized and bilateral forms of PA, 
underscoring a shared polygenic basis.78

Collectively, these findings support a spectrum model 
wherein PA results from varying degrees of clonal expan-
sion of adrenocortical cells harboring somatic mutations 
in PA driver genes. The nodular remodeling from preva-
lent APMs to clinical APA, illustrated in Figure 2, is thus 
a manifestation of a broader continuum. This continuum 
ranges from age-related autonomous aldosteronism in 
normotensive individuals to overt lateralized or bilateral 
PA. These genotype-driven clonal expansions give rise to 
distinct cellular trajectories and molecular profiles, which 
can now be dissected using advanced single-cell and 
spatial omics technologies.

CELLULAR AND MOLECULAR LANDSCAPE 
OF ALDOSTERONE-PRODUCING LESIONS
The histopathologic and genetic diversity of PA stems 
from cellular reprogramming and remodeling within the 
adrenal cortex. Single-cell combined with spatial omics 
approaches help delineate this complexity by linking 
molecular profiles directly to tissue morphology. Cortical 
homeostasis relies on the centripetal migration of cells 
from the outer cortex inward, accompanied by differen-
tiation and lineage conversion.79,80 A recent study has 
established a high-resolution molecular reference map of 
normal adrenal homeostasis.81 This details the signaling 
basis of the centripetal model, tracing cellular progres-
sion from the outer capsule through the ZG, fasciculata 
and reticularis at single-cell resolution and defining the 
conserved signaling pathways, including Wnt/β-catenin, 
sonic hedgehog, and fibroblast growth factor, that drive 
this zonation.

Single-cell transcriptomic studies indicate that APMs 
originate from ZG cells, a process potentially initiated by 
stress-response factors like NR4A2 (nuclear receptor 
subfamily 4A2).82,83 APMs harbor somatic driver muta-
tions (primarily in CACNA1D) also found in APAs, pro-
viding a direct molecular link between these lesions.71 A 
key genetic divergence, however, is the notable rarity of 
KCNJ5 mutations in APMs,20,71 despite KCNJ5 being the 

Table 2.  Histopathology and Genotype Predictors of Biochemical or Clinical Outcomes After Adrenalectomy

Predictors Surgical outcome Correlation References

Histopathology Biochemical outcome Total cohort Classical histopathology Nonclassical histopathology

Complete success (biochemical 
remission)

90.8% (118/130) 97.0% (98/101) 69.0% (20/29) 23

79.1% (72/91) 86.3% (63/73) 50.0% (9/18) 32

90.7% (49/54) 97.6% (41/42) 66.7% (8/12) 21

64.7% (22/34) 81.8% (18/22) 33.3% (4/12) 29

Clinical outcome Total cohort Classical histopathology Nonclassical histopathology

Complete success (hypertension 
remission)

29.1% (37/127) 34.3% (34/99) 10.7% (3/28) 23

55.0% (55/100)* 62.1% (41/66) 41.2% (14/34) 33

KCNJ5 mutation Clinical outcome Total cohort KCNJ5 mutation Nonmutated KCNJ5

Complete success (hypertension 
remission)

55.3% (198/358)* 67.0% (126/188) 42.4% (72/170) 34

56.0% (187/334) 65.5% (150/229) 35.2% (37/105) 35

62.9% (73/116) 65.1% (69/106) 40.0% (4/10) 36

34.2% (26/76) 57.6% (19/33) 16.3% (7/43) 37

37.9% (22/58) 77.8% (14/18) 20.0% (8/40) 38

33.3% (15/45) 55.6% (10/18) 18.5% (5/27) 31

35.7% (10/28) 80.0% (8/10) 11.1% (2/18) 39

CACNA1D mutation Clinical outcome Total cohort CACNA1D mutation Nonmutated CACNA1D

Partial + absent success  
(persistent hypertension)

62.1% (36/58) 84.2% (16/19) 51.3% (20/39) 38

66.7% (30/45) 100% (7/7) 60.5% (23/38) 31

Summary of studies reporting significant associations between adrenal histopathology or APA-KCNJ5 or CACNA1D-mutation status and outcomes after adrenalec-
tomy for lateralized PA. Outcomes were assessed in accordance with the PASO (Primary Aldosteronism Surgical Outcome) consensus12 and are shown as proportions 
of patients (%) with absolute numbers in parenthesis. Complete biochemical success is defined as normalization of aldosterone and renin parameters and correction of 
hypokalemia (if present presurgery); complete clinical success is defined as normalization of blood pressure without antihypertensive therapy. Classical and nonclassical 
histopathology were assessed using HISTALDO criteria (refer to Table 1 and Figure 1).29

*Outcome assessment at > 12 mo.
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Table 3.  Somatic Mutations in Aldosterone-Producing Adenomas

Target gene
Protein 
abbreviation

Protein full 
name Function Mechanism/effect of mutation Prevalence Comments

Ion channels

 � KCNJ5 GIRK4
(or Kir3.4)

Potassium 
inwardly rectify-
ing channel 
subfamily J 
member 5

Maintains resting membrane 
potential through selective 
potassium efflux and G-protein-
mediated signaling regulation

Impairs potassium selectivity, allowing 
aberrant Na+ influx, causing membrane 
depolarization and subsequent voltage-
gated Ca2+ channel activation41

*34–73%31,42–46 More frequent 
in women, 
in younger 
individuals, 
and in larger 
tumors47–50

 � CACNA1D CaV1.3 Calcium chan-
nel, voltage-
dependent, L 
type, alpha 1D 
subunit

Mediates voltage-dependent 
Ca2+ influx in response to mem-
brane depolarization, regulating 
cellular excitability and hormone 
secretion

Increases Ca2+ influx through enhanced 
channel activity, sustaining membrane 
depolarization and triggering autono-
mous aldosterone production51,52

*8–42%31,42–46 More frequent 
in men and 
in smaller 
tumors49,52

 � CACNA1H CaV3.2 Calcium 
voltage-gated 
channel subunit
alpha-1 H

Regulates low-voltage-activated 
(T-type) Ca2+ currents control-
ling membrane potential and 
cellular excitability

(1) loss of normal membrane potential 
regulation, (2) increased basal Ca2+ 
influx, and (3) altered sensitivity to extra-
cellular K+ and Na+ concentrations53–55

3 of 75 
APAs56

2 men,
1 woman

 � CLCN2 ClC-2 Chloride 
voltage-gated 
channel 2

Maintains cellular chloride 
homeostasis and regulates mem-
brane potential through voltage-
dependent Cl− conductance

Promotes membrane depolarization 
through increased Cl− efflux, disrupting 
the normal hyperpolarized state57,58

1 of 8059 and
2 of 115 
APAs60

1 man,
1 woman60

 � MCOLN3 TRPML3 Mucolipin tran-
sient receptor 
potential cation 
channel 3

Regulates endolysosomal Ca2+ 
release and intracellular cation 
homeostasis

Produces constitutively active Ca2+- 
and Na+-permeable channels, causing 
dysregulated calcium signaling through 
direct influx or indirect mechanisms61

4 of 408 
APAs61

4 men,
0 women

Ion transporters

 � ATP1A1 Na+/K+-
ATPase α1

Sodium/
potassium-
transporting 
ATPase subunit 
alpha-1

Maintains electrochemical gra-
dients by actively transporting 
3 Na+ out and 2 K+ into cells, 
establishing resting membrane 
potential

Reduces Na+ and K+ binding affinity, 
impairing pump function and causing 
membrane depolarization due to dis-
rupted ion gradients52,62

*5–27%31,42–46 More frequent 
in men and 
in smaller 
tumors52,62

 � ATP2B3 PMCA3 Plasma mem-
brane calcium-
transporting 
ATPase 3

Actively exports Ca2+ from cyto-
plasm to maintain low intracel-
lular Ca2+ concentrations and 
cellular calcium homeostasis

(1) reduced Ca2+ export due to impaired 
pump function, and (2) increased Ca2+ 
influx via depolarization-activated chan-
nels and potential Ca2+ leak through the 
mutated pump62,63

*4–11%31,42–46 More frequent 
in men, in 
older indi-
viduals and 
in smaller 
tumors62

 � SLC30A1 ZnT1 Zinc transporter 
1 (solute carrier 
family 30 mem-
ber 1)

Exports zinc from cytoplasm to 
extracellular space, maintaining 
intracellular zinc homeostasis 
and protecting cells from zinc 
toxicity

Generates pathological Na+ influx 
through aberrant Na+ current, causing 
depolarization of resting membrane 
potential and subsequent activation of 
voltage-gated Ca2+ channels64

1.0–1.9%
(5 cases iden-
tified)64

5 men,
0 women

G-protein signaling

 � GNAQ/ 
GNA11

Gαq/Gα11 Guanine 
nucleotide-
binding protein 
G(q) subunit 
alpha/G (11) 
subunit alpha

Mediates signal transduction 
from G-protein-coupled recep-
tors to activate phospholipase 
C, leading to intracellular Ca2+ 
mobilization and regulation of 
cellular responses

Solitary GNA11 mutations are clinically 
silent; pathogenic aldosterone hyperse-
cretion requires co-occurring CTNNB1 
mutation. Double CTNNB1+GNA11 muta-
tions synergistically increase aldosterone 
secretion beyond either mutation alone65

Coexists 
with 16 of 
27 CTNNB1-
mutated 
APAs65

1 prepubes-
cent man,
15 women

Cell adhesion and proliferation

 � CTNNB1 β-catenin Catenin beta 1 Functions as structural compo-
nent of adherens junctions and 
key transcriptional co-activator in 
Wnt signaling pathway, regulating 
cell proliferation and differentiation

Constitutive activation of Wnt/β-catenin 
signaling, primarily driving adrenocorti-
cal cell proliferation and tumor forma-
tion66

5.1 %
(10 of 198 
APAs)66

4 men,
6 women

 � CADM1 SYNCAM/
IGSF4A

Cell adhesion
molecule 1

Mediates cell-cell adhesion, 
synaptic organization, and tumor 
suppression through homophilic 
and heterophilic interactions at 
intercellular gap junctions

Inhibition of gap junction communication 
between zona glomerulosa cells, thereby 
disrupting the physiological suppression 
of CYP11B2 gene expression and caus-
ing aldosterone hypersecretion67

0.5–1.0%
(6 cases iden-
tified)67

4 men, 2 
women

Somatic mutations identified in aldosterone-producing adenomas (APAs), grouped by functional category. Sex distribution and tumor size associations are noted 
where reported. Rare mutations in CACNA1H, CLCN2, MCOLN3, SLC30A1, and CADM1 have been identified in small numbers of cases as indicated. CTNNB1 muta-
tions frequently cooccur with GNA11 mutations, which are not pathogenic in isolation but synergistically enhance aldosterone secretion when coexisting with CTNNB1 
pathogenic variants.

*Indicates prevalence ranges derived from multiple studies that used CYP11B2-guided next-generation sequencing.
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most frequently mutated gene in APAs.50 These obser-
vations suggest that KCNJ5-mutant APAs arise through 
a distinct pathogenic pathway, potentially from a differ-
ent cellular lineage or precursor. Convergent histopatho-
logic, genetic, and spatial-omics observations support a 
model in which APAs arise through distinct developmen-
tal trajectories. Recent integrated single-cell and spatial 
transcriptomic analyses further suggest 2 biologically 
feasible trajectories of APA development that correlate 
with KCNJ5 genotype status.84 One trajectory involves a 
direct progression from ZG cells to APA, observed exclu-
sively in KCNJ5-mutant tumors. The other is a stepwise 
progression from ZG cells to APM and then to APA, which 
is present in APAs with or without a KCNJ5 mutation.

These alternative trajectories help reconcile the 
mutation spectrum observed across adrenal lesions. 
CACNA1D mutations are frequently detected in APMs, 
whereas KCNJ5 mutations are rarely observed in these 
lesions, suggesting that KCNJ5-mutant APAs predomi-
nantly arise through the direct ZG-to-APA pathway and 
bypass the APM stage. By contrast, KCNJ5–wild-type 
tumors seem more dependent on the APM precursor 
pool.84

An explanation for this divergence is that the APM 
stage may represent a metabolic bottleneck dur-
ing APA progression. In the stepwise pathway, clonal 
expansion of mutated ZG cells leads to APM formation, 
where cells may experience metabolic and oxidative 

stress associated with sustained steroidogenic activ-
ity. KCNJ5-mutated cells seem better adapted to this 
stress. Spatial metabolomic analyses demonstrate 
enrichment of antioxidant metabolites and a shift 
from glycolysis toward the pentose phosphate path-
way, generating NADPH required for redox buffering, 
while immunohistochemistry for malondialdehyde (a 
marker of oxidative lipid damage) shows lower levels in 
KCNJ5-mutant APAs compared with KCNJ5–wild-type 
tumors.19,85 These observations suggest that KCNJ5-
mutant cells may more readily bypass the APM stage, 
whereas KCNJ5 wild-type APAs seem to develop pre-
dominantly through progression from APM intermedi-
ates (Figure 3).

Within APAs, cellular reprogramming gener-
ates spatially segregated functional states, including  
aldosterone-producing, cortisol-producing and prolifera-
tive stromal-like cells.86 Transcriptional profiling further 
identifies 2 major CYP11B2-positive transcriptional sig-
natures: a ZG-like profile and a fasciculata/reticularis-
like profile, the latter enriched in KCNJ5-mutant APAs.19 
The tumor microenvironment is also actively remod-
eled, featuring an immunosuppressive landscape with 
specific immune infiltration, angiogenic activation and  
fibroblast-driven stromal reorganization mediated in part 
by Hedgehog and Wnt signaling.84,87 Clinically, intratu-
moral cortisol synthesis in KCNJ5-mutant APAs corre-
lates with systemic hypercortisolemia and an increased 

Figure 2. Model of the histopathologic evolution from physiological zona glomerulosa (ZG) to aldosterone-producing 
adenoma.
This schematic integrates morphological, molecular and functional observations to illustrate how aldosterone-producing adenomas (APAs) may 
represent the end stage of a multistep pathogenic process. The leftmost stage represents the physiological ZG in young adrenal glands, where 
CYP11B2 (aldosterone synthase) expression is continuous and aldosterone production remains under renin-angiotensin-aldosterone system 
control. With aging, CYP11B2 expression becomes discontinuous, giving rise to small foci of CYP11B2-positive cells termed aldosterone-
producing micronodules (APMs), many of which do not harbor known aldosterone-driver mutations. Somatic mutations in aldosterone-driver genes 
may arise in individual ZG cells, and clonal expansion of mutated cells may contribute to the growth of some APMs and increasing autonomy of 
aldosterone production. In bilateral primary aldosteronism (PA), APMs are typically more numerous and larger than in normal adrenals. Further 
expansion may lead to the formation of larger aldosterone-producing nodules (APNs) and, in some cases, to an APA. Multiple APMs and APNs 
may coexist within the same gland without forming a dominant nodule, reflecting the nonclassical histopathologic patterns observed in some 
patients with PA. Created in BioRender. Pang, Y. (2026) https://app.biorender.com/illustrations/69733e2408e00e7ba2255df5.

https://app.biorender.com/illustrations/69733e2408e00e7ba2255df5
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risk of vertebral fractures.86 Furthermore, the cortex adja-
cent to APAs harbors CYP11B2 expression-negative, 
APA-like regions, indicating the presence of precursor 
states, with molecular changes in this peritumoral region 
potentially mediated by factors such as the AP-1 tran-
scription factors FOS (fos proto-oncogene, AP-1 tran-
scription factor subunit) and JUN (jun proto-oncogene, 
AP-1 transcription factor subunit).19,88

These genotype-driven programs manifest as diver-
gent molecular and metabolic profiles. KCNJ5-mutant 
APAs exhibit a metabolic state that favors growth and 
steroidogenic capacity, characterized by upregulated 
lipogenesis, oxidative phosphorylation, and mTOR (mech-
anistic target of rapamycin) signaling.19,82,87 Furthermore, 
histopathologic subtypes of PA also correlate with dis-
tinct metabolic profiles, including specific fatty acid 
alterations.89 Conversely, non-KCNJ5–mutated APAs 
accumulate metabolites associated with oxidative stress 
and cell death, aligning with their mandatory progres-
sion through an APM precursor state.19,84 This metabolic 

divergence is spatially resolved; high-resolution mass 
spectrometry imaging confirms distinct tumor metabo-
lomes, with KCNJ5-mutant APAs displaying unique sig-
natures in purine and steroidogenic pathways.90

The integration of these multi-omics data sets is now 
translating molecular maps into functional insights and 
practical tools. Computational analyses have identified 
novel regulatory nodes within APA tumors. For instance, 
ATP2A3 is a positive regulator of CYP11B2 expression 
and aldosterone secretion, while EGR1 functions within 
an oxidative stress–steroidogenesis axis, suppressing 
both processes.85,91 These analyses have also identified 
specific markers with diagnostic utility, such as ABCC3 
(ATP-binding cassette C3), a novel marker of CYP11B2-
negative ZG cells, providing a histopathologic tool to 
distinguish normal adrenal zonation from aldosterone-
producing lesions.92

In conclusion, spatial and single-cell omics define PA 
as a disease of divergent cellular trajectories. The dichot-
omy between KCNJ5-mutant and APM-driven pathways 

Figure 3. Distinct developmental trajectories and redox environments of KCNJ5-wild-type and KCNJ5-mutated aldosterone-
producing adenomas.
Schematic model of genotype-specific developmental trajectories of aldosterone-producing adenomas (APAs) according to KCNJ5 genotype 
status. Spatial transcriptomic and spatial metabolomic profiling identified distinct redox environments in APAs according to KCNJ5 genotype. 
KCNJ5-wild-type APAs are associated with a pro-oxidant state, whereas KCNJ5-mutant tumors exhibit reduced oxidative stress. Pseudotime 
analysis of integrated scRNA-seq and spatial transcriptomics data suggests that this reduced oxidative environment is progressively 
established during the development of KCNJ5-mutant tumors. Trajectory inference further indicates that KCNJ5–wild-type APAs follow a 
single developmental route requiring progression from zona glomerulosa (ZG) cells through an aldosterone-producing micronodule (APM) 
intermediate (green arrows). In this model, direct ZG-to-APA transition is not observed. Conversely, KCNJ5-mutant APAs may arise either 
through a direct ZG→APA pathway or via the stepwise ZG→APM→APA route (yellow arrows). These differences may reflect distinct cellular 
responses to oxidative stress, whereby the APM stage represents a metabolic bottleneck in APA development that KCNJ5-mutant cells may 
more readily bypass. Consistent with this model, CACNA1D mutations are frequently detected in APMs, whereas KCNJ5 mutations are rarely 
observed in these lesions. Created in BioRender. Sun, Z. (2026) https://app.biorender.com/illustrations/697f3d177e6ee3749c1b94e5.

https://app.biorender.com/illustrations/697f3d177e6ee3749c1b94e5
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can help explain the clinical and molecular heterogene-
ity of aldosterone-producing lesions. This detailed map 
of adrenal reprogramming is an important step toward 
a precise, molecularly informed understanding of the 
disease.
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