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Background: Primary aldosteronism is caused by aldosterone overproduction. While
conventional hematoxylin-eosin staining can demonstrate morphological abnormality, it
cannot provide any functional histopathological information. We aimed to identify the
diagnostic, functional and prognostic value of CYP11B2, CYP11B1, and β-catenin
immunostaining in unilateral hyperaldosteronism.

Method: A total of 134 patients with unilateral hyperaldosteronism were recruited in our
study. The expression of CYP11B2, CYP11B1, and β-catenin was evaluated
semiquantitatively on 134 patients’ sections using immunohistochemistry technology
and the relationship with clinical data was assessed.

Results: Patients were classified into four subtypes based on CYP11B2 staining as below:
(1)118 patients with unilateral single aldosterone-producing adenoma (APA), (2)11 with
unilateral multiple APA, (3)four with aldosterone-producing cell cluster (APCC), and (4)one
with an undefined source. Adjusted CYP11B2 H-score was correlated with serum
aldosterone, aldosterone to renin ratio (ARR), and serum potassium. In the abnormal
β-catenin staining group, hypertension duration, aldosterone, ARR, cortisol, tumor
diameter, tumor area, and CYP11B2 H-score were significantly higher than those of
the wild-type group. Serum potassium level was significantly lower in the abnormal
β-catenin staining group. Age, gender, BMI, family history of hypertension, adjusted
CYP11B2 and CYP11B1 H-scores differed significantly between complete clinical
success and incomplete clinical success groups. Age, gender and family history of
hypertension were independently associated with complete clinical success based on
multivariate logistic regression analysis.

Conclusion: CYP11B2 immunostaining could improve the differential diagnosis of
unilateral hyperaldosteronism. Adjusted CYP11B2 H-score could be used as a
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histopathological marker to reflect the severity of unilateral APA. Dysregulation of Wnt/
β-catenin signaling and impaired β-catenin degradation may provoke the proliferation and
enhance the steroidogenic ability of APA tumor cells, indicating that theWnt pathwaymight
be a potential, actionable, therapeutic target in the treatment of hyperaldosteronism. Age,
sex and family history of hypertension were independent predictors of clinical outcome
after adrenalectomy for unilateral hyperaldosteronism.
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INTRODUCTION

Primary aldosteronism (PA) is a group of disorders caused by an
autonomous overproduction of aldosterone from the adrenal
glands, independent of the renin-angiotensin system
(Stowasser and Gordon, 2016). PA is the most common form
of secondary hypertension, with an estimated prevalence
reaching more than 10% in the hypertensive population (Rossi
et al., 2006) and even approximately 20% in resistant
hypertension patients (Calhoun et al., 2002).

Conventional hematoxylin-eosin (HE) staining performed in
most pathological laboratories provides only morphological
information; however, it is unsuitable for functional
histopathological analyses (Nakamura et al., 2014). For
instance, the differential distinction between an adenoma and
a nodular hyperplasia is unclear on HE staining because many
aldosterone-producing adenomas (APAs) also exhibit
peritumoral zona glomerulosa (ZG) hyperplasia (Ganguly,
1998; Enberg et al., 2004; Boulkroun et al., 2010; Yamazaki
et al., 2017). CYP11B2 and CYP11B1, which catalyze the final
biosynthesis steps of aldosterone and cortisol, respectively, share
a 93% homogeneity at the amino acid sequence level (Gomez-
Sanchez et al., 2014). With the successful development of specific
antibodies against CYP11B2 and CYP11B1 (Gomez-Sanchez
et al., 2014), immunohistochemistry is now a promising
technique for precisely locating the culprit responsible for
aldosterone excess and for broadening our knowledge
regarding the spectrum of PA. Nishimoto et al. (Nishimoto
et al., 2010) have revealed an entity of subcapsular CYP11B2-
expressing cells, termed aldosterone-producing cell cluster
(APCC), which are 200–1,300 μm wide and 100–500 μm deep
and can sustain aldosterone secretion in spite of a suppressed
renin-angiotensin-aldosterone system. Later, Omata et al.
(Omata et al., 2018) demonstrated that bilateral idiopathic
hyperaldosteronism may result from the accumulation and
enlargement of APCCs which harbor somatic aldosterone-
driver gene mutations rather than diffuse aldosterone-
producing ZG hyperplasia. Hence, CYP11B2 immunostaining
can markedly improve the accuracy of PA histopathological
diagnosis.

The Wnt/β-catenin signaling pathway is critical for regulating
the proliferation, differentiation, and tumorigenesis of the
adrenal cortex (El Wakil and Lalli, 2011; Clevers and Nusse,
2012). And several studies have reported mutaion burden of
CTNNB1 gene which encodes β-catenin in APA (Scholl et al.,
2015; Akerstrom et al., 2016). The frequency of somatic CTNNB1

mutation in APA ranges from 2.1 to 5.1% (Scholl et al., 2015;
Akerstrom et al., 2016). Most CTNNB1 mutations affect the
serine/threonine residues in exon 3, which thereby hamper the
proteasomal degradation of β-catenin under resting conditions,
leading to abnormal intracellular accumulation of β-catenin.
Actually, constitutive activation of Wnt/β-catenin signaling is
associated with aldosterone overproduction and treatment of
H295R cell line, which already has an activating mutation of
CTNNB1 endogenously, with siRNA against β-catenin or
β-catenin inhibitor can significantly decrease aldosterone
secretion (Berthon et al., 2014). However, the mechanism
underlying how β-catenin provokes mineralocorticoid
overproduction is undetermined; possible explanations include
the indirect activation of CYP11B2 promoters (Berthon et al.,
2014) or increased expression of LHCGR and GNRHR by
β-catenin in pregnant and postmenopausal patients (Teo et al.,
2015).

Laparoscopic adrenalectomy is the first-line choice for treating
unilateral PA and excess aldosterone secretion can be resolved in
most cases (Stowasser and Gordon, 2016). But not all PA patients
can achieve hypertension cure or remission after the surgery, the
factors that may affect clinical outcome include age, gender,
family history of essential hypertension, hypertension duration,
BMI, antihypertensive drug dosage and so on (Steichen et al.,
2012;Williams et al., 2017). Nevertheless, individual prediction of
the clinical outcome based on the above factors is not completely
accurate, and more predictors based on new emerging technology
need to be identified (Stowasser and Gordon, 2016). To date, the
association between immunostaining features and prognosis of
unilateral PA after surgery still remains an uncharted area and
warrants further investigation.

Therefore, the aim of our current study is to utilize CYP11B2
immunostaining to subtype clinically diagnosed unilateral PA
and explore the functional and prognostic significance of
CYP11B2, CYP11B1 and β-catenin immunostaining.

PATIENTS AND METHODS

Patients
We recruited 134 patients referred to the Shanghai Clinical
Centre for Endocrine and Metabolic Diseases in Ruijin
Hospital Affiliated to Shanghai Jiaotong University School of
Medicine from February 2010 to January 2013. The study
protocol was approved by the local ethics committee and
informed consent was obtained from all patients.
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All patients underwent a diagnostic workup that included
measurement of serum ions (Na+, K+, Cl−, P, and Ca2+), serum
cortisol, plasma renin activity (PRA), and serum aldosterone.
Diagnostic workup of PA was confirmed according to the 2008
Endocrine Society Clinical Practice Guideline as previously
described (Funder et al., 2008; Jiang et al., 2015). First,
patients were required to withdraw mineralocorticoid receptor
antagonists and non-potassium sparing diuretics for at least
4 weeks. In addition, β-blockers, angiotensin-converting
enzyme inhibitors, and angiotensin II receptor blockers were
withdrawn for at least 2 weeks. Only non-dihydropyridine
calcium blockers and/or α-receptor blockers were permitted to
control blood pressure. Oral potassium supplementation was
added if serum potassium level was less than 3.5 mmol/L.
Second, aldosterone to renin ratio (ARR) was calculated for
detecting suspicious cases of PA. Patients were kept in an
upright posture for 2 h and then seated for 15 min before
blood samples were collected in the morning. Third, a saline
infusion test was performed in patients with ARR >30 (ng/dl)/
(ng/mL h) as the confirmatory test for PA. Serum aldosterone was
measured in a supine position before and after the infusion of 2L
0.9% NaCl solution from 8:00 am to 12:00 pm. Failure in
suppressing post infusion aldosterone level to 10 ng/dl
confirmed the diagnosis of hyperaldosteronism.

Adrenal computed tomography (CT) and adrenal venous
sampling (AVS) were performed in patients with PA to
differentiate between bilateral and unilateral PA. More details
of AVS are described in the Supplementary Material. Patients
with unilateral aldosterone overproduction underwent
laparoscopic adrenalectomy.

Patients aging from 18 to 70 years old who underwent
confirmation workup of unilateral PA (saline infusion test, CT
scan and AVS) were included in our study. Patients who are
concomitant with other endocrine diseases such as Cushing
syndrome and pheochromocytoma, who have chronic renal
failure, chronic heart failure, liver cirrhosis and have
cardiovascular event attack within 6 months were excluded in
our study. Also, pregnant patients were excluded. 156 patients
were screened in our study. 22 patients were excluded according
to exclusion criteria.

The diagnosis of adenoma and UAH were established
according to the four corners criteria: 1) a biochemical
confirmation of PA; 2) aldosterone secretion is lateralized,
which is validated by AVS; 3)adenoma or nodular hyperplasia
at histopathology; and crucially important, 4) with cure or
improvement in blood pressure, aldosterone, plasma renin
activity, ARR and serum potassium after adrenalectomy
(Stowasser and Gordon, 2016). Pathological diagnosis was
performed by two experienced pathologists. Primary
Aldosteronism Surgical Outcome (PASO) criteria were used
for outcomes and follow-up assessment of adrenalectomy for
unilateral PA (Williams et al., 2017). Complete clinical success
was defined as patients with normalized blood pressure without
any use of antihypertensive medicine. Incomplete clinical success
was defined as patients requiring antihypertensive medicine to
control BP, with partial and absent clinical success defined
according to PASO criteria. Blood pressure, serum ions (Na+,

K+, Cl−, P, and Ca2+), aldosterone and plasma renin activity were
measured as routine.

Laboratory Assays
Laboratory assays were performed as previously described (Jiang
et al., 2015). All tests were performed in a CAP (College of
American Pathologists, No. 7217913)-accredited laboratory.
Serum aldosterone and PRA were measured by
radioimmunoassay following the manufacturer’s instructions
(Beckman Coulter Corp., Brea, CA, United States). Plasma
cortisol was measured on Access Immunoassay Systems
(Beckman Coulter Corp., Brea, CA, United States).

Immunohistochemistry
Immunohistochemistry was performed according to the standard
histopathological protocol described in our previous study (Wu
et al., 2018). Antibodies against CYP11B2 (mouse monoclonal, 1:
200; Merck Millipore, MABS1251, RRID: AB_2650562),
CYP11B1 (rat monoclonal, 1:200; Merck Millipore, MABS502,
RRID: AB_2650563), and β-catenin (rabbit polyclonal, 1:400; Cell
Signaling Technology, Cat #9562, RRID: AB_331,149) were used.
A standard avidin-biotin-peroxidase complex technique was used
to demonstrate the primary antibody binding (Vector pk-7200;
Vector Laboratories, Inc., Burlingame, CA, United States). Here,
an APA was defined as a CYP11B2-positive, well-circumscribed,
round or ovoid-shaped nodular lesion composed of a mixture of
ZG-like and zona fasciculata (ZF)-like cells, often with a fibrous
capsule around it. In contrast, an APCC was defined as a
CYP11B2-positive cell cluster, cuneiform or trapezoid in
shape, and morphologically identical to adjacent ZG cells
without a fibrous capsule. McCarty H-score was used to
evaluate the immunoreactivity semi-quantitatively in our
study, considering both the percentage of positively stained
cells and intensity of their immunopositivity (McCarty et al.,
1985; Nakamura et al., 2014; Ono et al., 2014; Monticone et al.,
2015). More details of assessingMcCarty H-score are described in
the Supplementary Material.

As for β-catenin immunostaining, both the percentage of
immunopositive cells and immunointensity of the stained cells
were also recorded. Patients were categorized into the abnormal
β-catenin staining group for focal cytoplasmic staining (<30% but
strong staining), diffuse cytoplasmic staining (30–70% and at
least distinct staining, >70% regardless of staining intensity), focal
nuclear staining (<5% of nuclei but strong staining), or diffuse
nuclear staining (>5% and at least distinct staining); otherwise,
they were categorized into the wild-type staining group (Wu et al.,
2018).

Statistical Analysis
Continuous variables were expressed as median (interquartile
intervals: 25–75%), while categorical variables were expressed as
frequency and percentage. The Mann-Whitney U test was used
for the comparison of continuous parameters between two
different groups, and the chi-squared test was introduced for
the comparison of categorical variables. Spearman’s rank
correlation was employed to explore the association between
clinical and immunostaining parameters. We performed
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univariate and multivariate logistic regression analyses to
determine the predictors associated with complete clinical
success. All statistical analyses were two-sided and performed
using IBM SPSS Statistics (version 22.0) software. p < 0.05 was
considered significant.

RESULTS

Clinical and Hormonal Data of Patients With
Unilateral PA
Overall 134 patients were enrolled in our study (Table 1). The
median age at presentation was 48 years, with an approximately
78 months median duration of hypertension. The median systolic
blood pressure (SBP) and diastolic blood pressure (DBP) were
165 and 100 mmHg, respectively. The median body mass index
(BMI) was 23.19 kg/m2. Male patients accounted for 42.5% of all
the subjects and 53.7% of the patients had a family history (first-
degree relatives) of hypertension. The median tumor size on CT
scan was 1.5 cm, and the median tumor area was 1.77 cm2.
Additionally, the serum aldosterone concentration (median
44.75 ng/dl, range 28.32–68.27) and ARR (median 468.11,
range 170.90–1929.33) were high and PRA was suppressed
(median 0.10 ng/ml h, range 0.03–0.22). The median value of
serum cortisol among the patients with PAwas 11.49 μg/dl (range
9.08–14.92).

Immunohistopathological Subtyping of
Unilateral PA Using CYP11B2
Immunohistochemistry
HE staining revealed that 77.6% (104/134) of the patients were
diagnosed with adenoma and 22.4% (30/104) with unilateral
adrenal hyperplasia (UAH). Among 104 patients with
adenoma, 91 showed positive CYP11B2 immunostaining in
their tumors; whereas 11 patients showing multiple CYP11B2-

positive immunostaining tumors were considered as multiple
APAs (Figure 1). One patient showed APCC in the ZG with
CYP11B2-negative unilateral adrenocortical adenomas. The
remaining one patient showed neither positive CYP11B2
immunostaining adenoma nor APCC on his section
(Supplementary Figure S1). Among 30 patients with UAH,
27 patients showed one positive CYP11B2 staining nodule;
consequently, their diagnosis was changed to APA. Three
patients showed APCC in their adrenal cortex without
CYP11B2-positive adrenocortical nodules or diffuse CYP11B2-
positive ZG hyperplasia.

Therefore, the final diagnosis of these 134 patients with
unilateral PA was classified into four subtypes according to
CYP11B2 immunostaining: 1).118 unilateral single APA, 2).11
patients with unilateral multiple APAs, 3). four patients with
APCC, and 4). one patient with unilateral PA of undefined source
(Table 2).

CYP11B2/1 Immunostaining Score and
Correlation Between CYP11B2/1 Staining
Score and Clinical Characteristics
In the semiquantitative analysis of CYP11B2 immunostaining,
illustration of various intensities of CYP11B2 staining in
unilateral APA specimens is demonstrated in Supplementary
Figure S2. Tumor area was calculated according to the diameter
of the adrenocortical tumor on CT with the assumption that the
tumor was approximately spherical in shape. As both tumor area
and steroidogenic enzyme immunoreactivity are determinants of
the overall tumor steroid hormone production, we investigated
the functional significance of CYP11B2 by multiplying the
H-score of the steroidogenic enzyme by tumor area and
correlated the product with clinical parameters of the 118
unilateral single APA patients. The H-score of CYP11B2
adjusted for tumor area was positively correlated with serum
aldosterone (r � 0.399, p � 0.000) and ARR (r � 0.301, p � 0.001),
and inversely correlated with serum potassium (r � −0.236, p �
0.010). The CYP11B2 immunoreactivity adjusted for tumor area
was not correlated with serum cortisol (r � 0.158, p � 0.097) or
PRA (r � −0.168, p � 0.073; Table 3).

On the other hand, the correlation between CYP11B1 staining
and clinical parameters revealed that the adjusted
CYP11B1 H-score was positively correlated with serum
cortisol (r � 0.434, p � 0.000), serum aldosterone (r � 0.308,
p � 0.001), and ARR (r � 0.302, p � 0.001), and inversely
correlated with PRA (r � −0.201, p � 0.031). The CYP11B1
immunoscore adjusted for tumor area was not correlated with
serum potassium (r � −0.079, p � 0.398; Table 3).

β-catenin Immunostaining and the
Difference in Clinical Characteristics
Between Wild-type and Abnormal β-catenin
Staining Groups
Wild-type staining of β-catenin was observed in 64.4% (76/118)
of patients with APA and the remaining 35.6% (42/118) showed
abnormal β-catenin staining (Supplementary Table S1). We

TABLE 1 | Clinical characteristics of the study population.

All patients (n = 134)

Age (years) 48 (40, 55)
Male (%) 42.5
Duration of hypertension (months) 78 (36, 120)
Family history of hypertension (%) 53.7
SBP (mmHg) 165 (150, 180)
DBP (mmHg) 100 (95, 110)
BMI (kg/m2) 23.19 (21.22, 25.51)
Aldosterone (ng/dl) 44.75 (28.32, 68.27)
Renin activity (ng/ml·h) 0.10 (0.03, 0.22)
ARR 468.11 (170.90, 1929.33)
Serum potassium (mmol/L) 2.47 (2.10, 2.86)
Prevalence of Hypokalemia (%) 97.0
Serum cortisol (µg/dl) 11.49 (9.08, 14.92)
Tumor diameter (cm) 1.50 (1.10, 2.00)
Tumor area (cm2) 1.77 (0.95, 3.14)

Data are expressed as median with interquartile range or proportion of patients (%).
Hypokalemia is defined as spontaneous serum potassium concentration <3.5 mmol/L.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body
mass index; ARR, aldosterone to renin ratio.
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further compared the preoperative clinical and endocrinological
parameters of the patients between the wild-type staining and
abnormal staining groups (Supplementary Table S1).
Preoperative serum aldosterone (p � 0.004), ARR (p � 0.029),
serum cortisol (p � 0.000), duration of hypertension (p � 0.019),
tumor diameter (p � 0.000), and tumor area (p � 0.000) were
significantly higher in the abnormal staining group than that in

the wild-type group. Serum potassium level (p � 0.032) was
significantly lower in the abnormal staining group than that in
the wild-type staining group. However, there were no significant
differences in SBP (p � 0.505), DBP (p � 0.504), age (p � 0.146),
sex (p � 0.471), family history of hypertension (p � 0.763), BMI
(p � 0.800), and PRA (p � 0.208) between these two groups. As for
the immunoreactivity score, the CYP11B2 score (p � 0.000) was

FIGURE 1 | Representative illustration of different subtypes of unilateral primary aldosteronism. (A,E,I) Hematoxylin-eosin staining. (B,F,J) Immunostaining for
CYP11B2. (C,G,K) Immunostaining for CYP11B1. (D,H,L) Immunostaining for β-catenin. Scale bars, 5 mm (A–H) and 50 μm (I–L). (A–D) Representative illustration of
aldosterone-producing adenoma (APA). (E–H) Representative illustration of multiple APA. (I–L) Representative illustration of an aldosterone-producing cell cluster
(APCC) whose site is indicated by a black arrow in (B).

TABLE 2 | Subtype classification based on CYP11B2 immunostaining result of unilateral primary aldosteronism.

Hematoxylin-eosin staining n CYP11B2 immunostaining result Subtype classification

adenoma 91 Single CYP11B2-positive adenoma Single APA
adenoma 11 Multiple CYP11B2-positive adenomas Multiple APAs
adenoma 1 CYP11B2 negative in adenoma, APCC in cortex APCC
adenoma 1 CYP11B2 negative in whole section Untargetable culprit
UAH 27 Single CYP11B2-positive nodule Single APA
UAH 3 CYP11B2 negative in nodular hyperplasia, APCC in cortex APCC

UAH, unilateral adrenal hyperplasia; n, number of patients; APCC, aldosterone-producing cell cluster; APA, aldosterone-producing adenoma.
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significantly higher in the abnormal staining group than that in
the wild-type staining group, whereas the CYP11B1 score was
similar (p � 0.262) between these two groups (Figure 2).

Comparison Between and Predictive
Factors Associated With Different Clinical
Outcome Groups
Ninety-six of 118 APA patients were successfully followed up to
assess the outcome after adrenalectomy for unilateral primary
aldosteronism and they were categorized into complete and
incomplete clinical success groups as described in the Methods
section. Clinical characteristics and immunostaining features of the
two groups are compared in Table 4. Gender and family history of
hypertension differed significantly between the two groups. In the
complete clinical success group, the age (p < 0.05), BMI (p < 0.05),
adjusted CYP11B2 H-score (p < 0.05) and adjusted
CYP11B1 H-score (p < 0.05) were significantly lower than those
in the incomplete clinical success group. There were no significant
differences in the duration of hypertension (p� 0.30), SBP (p� 0.07),
DBP (p � 0.25), serum aldosterone (p � 0.83), PRA (p � 0.49), ARR
(p � 0.58), serum potassium (p � 0.41), serum cortisol (p � 0.07),
tumor diameter (p � 0.21), tumor area (p � 0.21) and β-catenin
staining status (p � 0.64) between the two groups. Unadjusted and
adjusted logistic regression analyses were used to identify factors
associated with different clinical outcomes (Supplementary Table
S2). The unadjusted logistic regression analysis showed that age, sex,
BMI and family history of hypertension were associated with
complete clinical success, but adjusted CYP11B2 H-score and
adjusted CYP11B1 H-score were not. Finally, we identified three
independent predictive factors associated with complete clinical
success using an adjusted analysis: age, sex and family history of
hypertension, while BMI, adjusted CYP11B2 H-score and adjusted
CYP11B1 H-score were not independently associated with complete
clinical success (Supplementary Table S2).

DISCUSSION

Herein, our study firstly evaluated the association between
steroidogenic enzyme immunoreactivity, β-catenin
immunostaining status, clinical parameters and outcome in
patients with unilateral PA. Differential diagnosis between
unilateral APA and UAH can sometimes be puzzling and
difficult when using the traditional HE staining technique,
because the ZG of the peritumoral tissue adjacent to APA can
sometimes display different levels of hyperplasia, and HE staining

cannot identify the precise lesion that is responsible for
aldosterone overproduction (Ganguly, 1998; Enberg et al.,
2004; Boulkroun et al., 2010; Nakamura et al., 2014; Yamazaki
et al., 2017). In situ hybridization of CYP11B2 has been used to
identify aldosterone-producing cells; however, this technique
cannot be performed at a large-scale as it is time-consuming
and difficult to implement. Using a specific monoclonal antibody
for CYP11B2, immunohistochemistry staining of steroidogenic
enzyme can be an advantageous tool to precisely localize the cells
producing aldosterone and markedly improve the diagnostic
accuracy as it is faster, more convenient and less expensive
than in situ hybridization (Nanba et al., 2013; Gomez-Sanchez
et al., 2014). Here, 30 patients were initially diagnosed with UAH
based on HE staining, and then 27 of them were re-diagnosed
with APA after CYP11B2 immunostaining, as positive nodular
staining was observed. Moreover, we found more than one APAs
on the tissue sections of 11 patients via CYP11B2
immunostaining, many of which were undetectable under CT
examination. Yamazaki et al. (Yamazaki et al., 2017) classified
CT-negative PA into two subtypes based on CYP11B2
immunostaining: multiple adrenocortical micronodules and
diffuse hyperplasia. They also reported that the ZG of adjacent
adrenals near micronodules often demonstrated various degrees
of paradoxical hyperplasia, which is histopathologically
considered hyperplasia but is negative for CYP11B2 staining.
Although all patients in our study showed positive CT findings,
our result is consistent with that of Yamazaki et al. Paradoxical
hyperplasia of ZG cells was also observed in our study.
Interestingly, neither diffuse CYP11B2-positive hyperplasia of
ZG cells nor positive nodular staining was observed in the
remaining three UAH patients; but several APCCs within the
adrenal cortex were observed on their sections. Nishimoto et al.
(Nishimoto et al., 2010) firstly identified a novel cell cluster
positive for CYP11B2 immunostaining, which they termed as
APCC. Several studies (Nishimoto et al., 2010; Nanba et al., 2017;
Omata et al., 2017; Omata et al., 2018) have demonstrated that
APCCs frequently harbor aldosterone-driver somatic mutations
mostly in the CACNA1D gene, and can autonomously secrete
mineralocorticoid independent of the renin-angiotensin system
under normal and pathological conditions. Omata et al. (Omata
et al., 2018) elucidated that idiopathic hyperaldosteronism (IHA)
may result from the accumulation and enlargement of APCCs
instead of hyperplasia of ZG cells. Moreover, Nanba et al. (Nanba
et al., 2013) observed APCCs in unilateral PA patients with
ipsilateral adrenocortical tumor negative for CYP11B2
staining. According to these findings, we hypothesized that
APCCs may be the source of aldosterone excess in certain

TABLE 3 | Results of Spearman’s correlation test between immunohistochemical staining scores and clinical parameters.

Aldosterone PRA ARR Potassium Cortisol

Adjusted CYP11B2 score r 0.399 −0.168 0.301 −0.236 0.158
P 0.000 0.073 0.001 0.010 0.097

Adjusted CYP11B1 score r 0.308 −0.201 0.302 −0.079 0.434
P 0.001 0.031 0.001 0.398 0.000

Abbreviations: r, Spearman correlation coefficient; PRA, plasma renin activity; ARR, aldosterone to renin ratio.
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patients with unilateral PA rather than diffuse hyperplasia of
aldosterone-producing ZG cells or adenomas. Additionally, one
patient in our study had a CYP11B2-negative adrenocortical

tumor and one APCC on his section, indicating that APCC
rather than the adrenocortical tumor found by CT may be
responsible for the aldosterone overproduction. Thus, our

FIGURE 2 | Comparison of clinical characteristics between wild-type staining and abnormal staining groups of β-catenin in patients. (A) CYP11B2 H-score of the
abnormal staining group is significantly higher than that of the wild-type staining group. (B) Tumor area of the abnormal staining group is significantly higher than that of
the wild-type staining group. (C) Serum aldosterone of the abnormal staining group is significantly higher than that of the wild-type staining group. (D) Serum cortisol of
the abnormal staining group is significantly higher than that of the wild-type staining group. (E) ARR of the abnormal staining group is significantly higher than that of
the wild-type staining group. (F) Serum potassium of the abnormal staining group is significantly lower than that of the wild-type staining group. Bars in the figure
represent the median of each group data. *p < 0.05, **p < 0.01, ***p < 0.001.
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findings, in accordance with other studies, indicated that
CYP11B2 staining can more precisely pinpoint the culprit
responsible for aldosterone overproduction compared to
traditional HE staining and effectively differentiate between
different subtypes of unilateral PA. Further, APCC may play a
crucial role not only in normal blood pressure maintenance
(Nanba et al., 2017; Omata et al., 2017) but also in both
unilateral and bilateral, CT-negative and CT-positive
hyperaldosteronism (Nanba et al., 2013; Yamazaki et al., 2017;
Omata et al., 2018).

Immunoreactivity was assessed using the McCarty H-score,
which is now considered the best available approach for semi-
quantitatively evaluating the immunoreactivity of steroidogenic
enzymes in an objective manner in a specific tumor sample
(McCarty et al., 1985). In our study, the CYP11B2 H-score
correlated with serum aldosterone and serum potassium, but
not with PRA, ARR, or serum cortisol. Meanwhile, the
CYP11B1 H-score correlated with serum cortisol, but not with
serum aldosterone, PRA, or ARR (data not shown). Several
studies (Nanba et al., 2013; Nakamura et al., 2014; Ono et al.,
2014) have shown that steroidogenic enzyme H-score level alone
does not necessarily represent the overall steroid hormone
production capacity of an adrenocortical tumor because it only
represents the hormone production ability of the tumor per unit
area and per cell, and there may be several other factors such as
tumor area and upstream steroidogenic enzymes of CYP11B2/1
that may also play a role in hormone production. Therefore, the
functional significance of CYP11B2/1 immunostaining was
investigated by correlating the H-score adjusted for tumor area
with the endocrine data. Through this adjustion, the adjusted
CYP11B2 score was correlated with serum aldosterone, ARR, and
serum potassium, and the adjusted CYP11B1 score was correlated
with serum 8:00 am cortisol, serum aldosterone, ARR, and PRA.
These correlationships provide further evidence that adjusted

H-score can be used as a new marker to reflect clinical
manifestations and severity of unilateral PA.

APA is a heterogenous lesion composed of cells originating
from different adrenocortical zones. Both ZF-like cells (cells with
large, vacuolated, lipid-laden cytoplasm and central, round nuclei
similar to that of ZF) and ZG-like cells (cells with relatively small,
lipid-poor cytoplasm and a higher nuclear to cytoplasmic ratio
similar to that of ZG) are observed in the majority of APAs
(Enberg et al., 2004; Nakamura et al., 2014; Gioco et al., 2015;
Fallo et al., 2017). Our results were consistent with the
histopathological findings and provide further
immunohistochemical evidence on this perspective.
Functionally, CYP11B2 is restricted in ZG, catalysing the final
steps of mineralocortical biosynthesis, and CYP11B1 is restricted
in ZF and zona reticularis (ZR), catalysing the final step of
glucocorticoid formation (Stowasser and Gordon, 2016). Our
results suggest that APA can simultaneously produce cortisol in
patients with PA, which may lead to clinical or subclinical
manifestation of Cushing syndrome (Goupil et al., 2015;
Stowasser and Gordon, 2016; Fallo et al., 2017). A positive
correlationship between the adjusted CYP11B1 score and
serum cortisol was revealed in our study, which emphasized
the importance of careful monitoring of the hypothalamic-
pituitary-adrenal axis before and after surgery in patients with
unilateral PA.

Interestingly, the adjusted CYP11B1 score not only correlated
with serum cortisol, but also with serum aldosterone, ARR, and
PRA. This correlation raised a question on the role of the
CYP11B1 enzyme in the biosynthesis of aldosterone. We
suggest that both CYP11B1 and CYP11B2 can convert
deoxycorticosterone to corticosterone via 11β-hydroxylase, and
corticosterone is the precursor of aldosterone. Although
CYP11B2 is the only enzyme that can convert corticosterone
to aldosterone, CYP11B1 may still contribute to aldosterone

TABLE 4 | Comparison of clinical characteristics and immunohistochemical parameters between different clinical outcome groups in APA patients.

Complete clinical success (n = 51) Incomplete clinical success (n = 45) P

Age (years) 46 (35, 54) 51 (42, 56) <0.05
Male (%) 33.3 60.0 <0.01
Duration of hypertension (months) 84 (24, 120) 96 (48, 132) 0.30
Family history of hypertension (%) 39.2 77.8 <0.001
SBP (mmHg) 160 (150, 180) 173 (150, 195) 0.07
DBP (mmHg) 100 (90, 110) 100 (100, 115) 0.25
BMI (kg/m2) 22.86 (20.20, 24.89) 23.44 (22.23, 26.64) <0.05
Aldosterone (ng/dl) 43.02 (28.63, 73.91) 50.37 (26.16, 71.13) 0.83
Renin activity (ng/ml·h) 0.08 (0.03, 0.21) 0.11 (0.03, 0.28) 0.49
ARR 659.27 (169.90, 2,358.00) 328.24 (153.74, 2,283.51) 0.58
Serum potassium (mmol/L) 2.40 (2.10, 2.70) 2.50 (2.10, 2.96) 0.41
Prevalence of Hypokalemia (%) 98.0 95.6 0.16
Serum cortisol (µg/dl) 10.97 (8.06, 13.69) 12.24 (10.42, 16.12) 0.07
Tumor diameter (cm) 1.50 (1.00, 2.00) 1.60 (1.25, 2.22) 0.21
Tumor area (cm2) 1.77 (0.79, 3.14) 2.01 (1.23, 3.87) 0.21
Adjusted CYP11B2 score 95.18 (39.16, 251.11) 186.40 (80.58, 415.28) <0.05
Adjusted CYP11B1 score 128.59 (58.56, 232.48) 173.22 (113.70, 329.29) <0.05
β-catenin wild-type staining (%) 64.7 60.0 0.64

Data are expressed as median with interquartile range or proportion of patients (%).
Hypokalemia is defined as spontaneous serumpotassium concentration <3.5 mmol/L. Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, bodymass index;
ARR, aldosterone to renin ratio.
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overproduction via synthesizing enough precursor, i.e.
corticosterone, as a substrate for the biological activity of
CYP11B2 (Nakamura et al., 2014; Ono et al., 2014).

The Wnt/β-catenin signaling pathway plays a pivotal role in
the regulation of proliferation, differentiation, and function of the
normal adrenal cortex and adrenocortical tumorigenesis (El
Wakil and Lalli, 2011; Clevers and Nusse, 2012). Aberrant
cytoplasmic and nuclear accumulation of β-catenin reflects the
constitutive activation of this pathway (Tissier et al., 2005). The
prevalence of abnormal β-catenin staining in our study was
35.6%, similar to that reported by Tissier et al. (Tissier et al.,
2005). Further, we observed that the abnormal staining group
secreted more aldosterone and cortisol than the wild-type
staining group. Our results showed that the tumor area and
CYP11B2 H-score were significantly higher in the abnormal
staining group than those in the wild-type group. Several
factors such as McCarty H-score and tumor area are involved
in the overall steroid hormone generation of adrenocortical
adenoma as described above. General steroid hormone
production of APA simultaneously increases as tumor area
becomes larger. Besides, higher CYP11B2 H-score implies that
constitutive β-catenin activation increases the aldosterone
synthesis capacity of APA per unit area and per cell. Studies
have revealed that β-catenin can modulate the membrane
potential and intracellular ion homoeostasis in different cell
types through interacting with ion channels and transporters
(Lesage et al., 2004; Wilmes et al., 2012; Zhao et al., 2014). Hence,
we hypothesized that an aberrant cytoplasmic accumulation of
β-catenin may depolarize the membrane potential and increase
the cytosolic Ca2+ concentration of APA cells, thereby enhancing
the steroidogenic ability. However, this hypothesis needs deeper
exploration. Therefore, both the higher CYP11B2 H-score and
tumor area effect synergistically give rise to higher serum
aldosterone concentration in the abnormal staining group,
whereas the higher serum cortisol in the abnormal staining
group could mainly result from the tumor area effect rather
than the similar CYP11B1 H-score compared with the wild-type
group. Nevertheless, the underlying mechanism of why aberrant
activation of the Wnt/β-catenin signaling pathway selectively
enhances CYP11B2 expression rather than CYP11B1 in
patients with APA warrants further investigation.

Laparoscopic adrenalectomy is now considered the standard
approach in the treatment of unilateral PA as it is minimally
invasive and can normalize aldosterone secretion, decrease blood
pressure, and reduce antihypertensive medication dosage
(Funder et al., 2008; Stowasser and Gordon, 2016). However,
normotension without antihypertensive drug usage cannot
always be achieved after adrenalectomy for unilateral PA.
Complete clinical success was achieved in 37% of patients in
the PASO study (ranging from 17 to 62% between different
centers) (Williams et al., 2017). In the current study, complete
clinical success was attained in 53.1% patients, similar with the
PASO study. Laparoscopic adrenalectomy can confer a decrease
in SBP about 25–40 mmHg and a reduction in the number of
antihypertensive medications prescribed about 1–2 drug classes
averagely (Steichen et al., 2012; Williams et al., 2017). Clinical
characteristics predicting hypertension cure include sex, age,

family history of hypertension, hypertension duration, BMI,
estimated glomerular filtration rate, evidence of
arteriolosclerosis and so on (Steichen et al., 2012; Stowasser
and Gordon, 2016; Williams et al., 2017). Using the
multivariate logistic regression model, our results proposed
that sex, age and family history of hypertension were
independently associated with clinical outcome. Patients who
were younger, female and without a family history of
hypertension had a higher likelihood of being cured of
hypertension after adrenalectomy. Although the adjusted
CYP11B2 and CYP11B1 H-scores were not independent
predictors associated with clinical success based on
multivariate analysis in our study, our results demonstrated
that the adjusted H-scores in the complete success group were
significantly lower than those in the incomplete success group,
indicating that patients with lower immunostaining scores might
benefit more from surgery for unilateral PA. It is reported that
hyperaldosteronism patients have an increased rate of
cardiovascular events than matched essential hypertension
patients, showing that aldosterone per se can cause target
organ damage independent from its hypertensive effect
(Mulatero et al., 2013). The pathogenetic role of aldosterone
excess include chronic inflammation, fibrosis, endothelial
dysfunction, glucose and lipid metabolism disorder (Kozakova
et al., 2003; Fallo et al., 2007; Staermose et al., 2009; Tsuchiya
et al., 2009). Through these machanisms, aldosterone
oversecretion can result in irreversible vascular and renal
damage. Several studies have demonstrated media-to-lumen
ratio of small arteries and estimated glomerular filtration rate
are independently associated with the outcome following
adrenalectomy for unilateral PA (Rossi et al., 2008; Group
et al., 2009). As mentioned above, the adjusted H-scores are
positively correlated with serum aldosterone. We postulate that
patients with higher scores may develop more deleterious
vascular remodeling and more impaired renal function due to
the persistent secondary hypertension and thereby decrease the
likelihood of complete clinical success (Rossi et al., 2008; Group
et al., 2009). The main limitaion of our study is that the sample
size is not large enough, which maybe undermines the statistical
validity of multivariate analysis. Larger studies are needed to
identify the association between immunohistochemical features
and clinical outcome after adrenalectomy for unilateral PA.

In conclusion, CYP11B2 immunohistochemical staining is a
useful histopathological tool for precisely locating the cells
responsible for aldosterone production, and assists in the
differential diagnosis and subtyping of unilateral PA. In a small
portion of patients with unilateral PA, increased autonomous
aldosterone production is not caused by the CT-detectable
adenomas but might be driven by subcapsular APCCs. Adjusted
CYP11B2 and CYP11B1 H-scores are correlated with serum
aldosterone and other endocrine parameters in patients with
APA. The aberrant constitutive activation of β-catenin can
provoke the proliferation activity and enhance the steroidogenic
ability of tumor cells, which suggests that a Wnt pathway inhibitor
may be a potential, actionable therapeutic option for the treatment
of hyperaldosteronism. Being younger, female and without a family
history of hypertension predicts a better outcome after
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adrenalectomy in primary aldosteronism patients. However, further
studies are required to elucidate the prognostic significance of
immunostaining on surgical outcome of unilateral PA.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The ethics committee of Ruijin Hospital, Shanghai
Jiaotong University School ofMedicine. The patients/participants
provided their written informed consent to participate in this
study.

AUTHOR CONTRIBUTIONS

All authors contributed to the study conception and design.
Material preparation, data collection, and analysis were
performed by YJ, LS, and JX. The first draft of the manuscript
was written by YJ and LS, and all authors commented on previous
versions of the manuscript. All authors have read and approved
the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (81800683, 81902717), Shanghai Key
Project of Precise Diagnosis and Treatment of Difficult
Diseases (SHDC2020CR 2002A), Shanghai Key Support
Project of Clinical Research (SHDC2020CR6015), Shanghai
Health and Medical Development Foundation (805344),
Training Program of the Excellent Young Talents of the
Shanghai Municipal Health System (2017YQ005), Shanghai
Municipal Health Commission (201740040, 201840049) and
Shanghai Sailing Program (19YF1429300, 19YF1429400).

ACKNOWLEDGMENTS

We thank Yu Zhu, MD, Department of Urinary Surgery; Fukang
Sun, MD, Department of Urinary Surgery; and ZhiyuanWu,MD,
Department of Radiology for their generous help in the diagnosis
and treatment of patients with primary aldosteronism during our
research.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.751770/
full#supplementary-material

REFERENCES

Åkerström, T., Maharjan, R., SvenWillenberg, H., Cupisti, K., Ip, J., Moser, A., et al.
(2016). Activating Mutations in CTNNB1 in Aldosterone Producing
Adenomas. Sci. Rep. 6, 19546. doi:10.1038/srep19546

Berthon, A., Drelon, C., Ragazzon, B., Boulkroun, S., Tissier, F., Amar, L., et al.
(2014). WNT/β-catenin Signalling Is Activated in Aldosterone-Producing
Adenomas and Controls Aldosterone Production. Hum. Mol. Genet. 23 (4),
889–905. doi:10.1093/hmg/ddt484

Boulkroun, S., Samson-Couterie, B., Dzib, J.-F. G., Lefebvre, H., Louiset, E., Amar,
L., et al. (2010). Adrenal Cortex Remodeling and Functional Zona Glomerulosa
Hyperplasia in Primary Aldosteronism. Hypertension 56 (5), 885–892.
doi:10.1161/hypertensionaha.110.158543

Calhoun, D. A., Nishizaka, M. K., Zaman,M. A., Thakkar, R. B., andWeissmann, P.
(2002). Hyperaldosteronism Among Black and white Subjects with Resistant
Hypertension. Hypertension 40 (6), 892–896. doi:10.1161/
01.hyp.0000040261.30455.b6

Clevers, H., and Nusse, R. (2012). Wnt/β-Catenin Signaling and Disease. Cell 149
(6), 1192–1205. doi:10.1016/j.cell.2012.05.012

El Wakil, A., and Lalli, E. (2011). The Wnt/beta-Catenin Pathway in
Adrenocortical Development and Cancer. Mol. Cell Endocrinol. 332 (1-2),
32–37. doi:10.1016/j.mce.2010.11.014

Enberg, U., Volpe, C., Hoog, A., Wedell, A., Farnebo, L., Thoren, M., et al. (2004).
Postoperative Differentiation between Unilateral Adrenal Adenoma and
Bilateral Adrenal Hyperplasia in Primary Aldosteronism by mRNA
Expression of the Gene CYP11B2. Eur. J. Endocrinol. 151 (1), 73–85.
doi:10.1530/eje.0.1510073

Fallo, F., Castellano, I., Gomez-Sanchez, C. E., Rhayem, Y., Pilon, C., Vicennati, V.,
et al. (2017). Histopathological and Genetic Characterization of Aldosterone-
Producing Adenomas with Concurrent Subclinical Cortisol Hypersecretion: a
Case Series. Endocrine 58 (3), 503–512. doi:10.1007/s12020-017-1295-4

Fallo, F., Dellamea, P., Sonino, N., Bertello, C., Ermani, M., Vettor, R., et al. (2007).
Adiponectin and Insulin Sensitivity in Primary Aldosteronism. Am.
J. Hypertens. 20 (8), 855–861. doi:10.1016/j.amjhyper.2007.03.012

Funder, J. W., Carey, R. M., Fardella, C., Gomez-Sanchez, C. E., Mantero, F.,
Stowasser, M., et al. (2008). Case Detection, Diagnosis, and Treatment of
Patients with Primary Aldosteronism: An Endocrine Society Clinical Practice
Guideline. J. Clin. Endocrinol. Metab. 93 (9), 3266–3281. doi:10.1210/jc.2008-
0104

Ganguly, A. (1998). Primary Aldosteronism. N. Engl. J. Med. 339 (25), 1828–1834.
doi:10.1056/NEJM199812173392507

Gioco, F., Seccia, T. M., Gomez-Sanchez, E. P., Rossi, G. P., and Gomez-Sanchez, C.
E. (2015). Adrenal Histopathology in Primary Aldosteronism. Hypertension 66
(4), 724–730. doi:10.1161/HYPERTENSIONAHA.115.05873

Gomez-Sanchez, C. E., Qi, X., Velarde-Miranda, C., Plonczynski, M. W., Parker, C.
R., Rainey, W., et al. (2014). Development of Monoclonal Antibodies against
Human CYP11B1 and CYP11B2. Mol. Cell Endocrinol. 383 (1-2), 111–117.
doi:10.1016/j.mce.2013.11.022

Goupil, R., Wolley, M., Ahmed, A. H., Gordon, R. D., and Stowasser, M. (2015).
Does Concomitant Autonomous Adrenal Cortisol Overproduction Have the
Potential to Confound the Interpretation of Adrenal Venous Sampling in
Primary Aldosteronism? Clin. Endocrinol. 83 (4), 456–461. doi:10.1111/
cen.12750

Jiang, Y., Zhang, C., Wang, W., Su, T., Zhou, W., Jiang, L., et al. (2015). Diagnostic
Value of ACTH Stimulation Test in Determining the Subtypes of Primary
Aldosteronism. J. Clin. Endocrinol. Metab. 100 (5), 1837–1844. doi:10.1210/
jc.2014-3551

Kozak̀ova,̀ M., Buralli, S., Palombo, C., Bernini, G., Moretti, A., Favilla, S., et al.
(2003). Myocardial Ultrasonic Backscatter in Hypertension. Hypertension 41
(2), 230–236. doi:10.1161/01.hyp.0000052542.68896.2b

Lesage, F., Hibino, H., and Hudspeth, A. J. (2004). Association of -catenin with the
-subunit of Neuronal Large-Conductance Ca2+-Activated K+ Channels. Proc.
Natl. Acad. Sci. 101 (2), 671–675. doi:10.1073/pnas.0307681100

Frontiers in Molecular Biosciences | www.frontiersin.org September 2021 | Volume 8 | Article 75177010

Sun et al. Hyperaldosteronism Immunohistochemistry Analysis

https://www.frontiersin.org/articles/10.3389/fmolb.2021.751770/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.751770/full#supplementary-material
https://doi.org/10.1038/srep19546
https://doi.org/10.1093/hmg/ddt484
https://doi.org/10.1161/hypertensionaha.110.158543
https://doi.org/10.1161/01.hyp.0000040261.30455.b6
https://doi.org/10.1161/01.hyp.0000040261.30455.b6
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.mce.2010.11.014
https://doi.org/10.1530/eje.0.1510073
https://doi.org/10.1007/s12020-017-1295-4
https://doi.org/10.1016/j.amjhyper.2007.03.012
https://doi.org/10.1210/jc.2008-0104
https://doi.org/10.1210/jc.2008-0104
https://doi.org/10.1056/NEJM199812173392507
https://doi.org/10.1161/HYPERTENSIONAHA.115.05873
https://doi.org/10.1016/j.mce.2013.11.022
https://doi.org/10.1111/cen.12750
https://doi.org/10.1111/cen.12750
https://doi.org/10.1210/jc.2014-3551
https://doi.org/10.1210/jc.2014-3551
https://doi.org/10.1161/01.hyp.0000052542.68896.2b
https://doi.org/10.1073/pnas.0307681100
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


McCarty, K. S., Jr., Miller, L. S., Cox, E. B., Konrath, J., and McCarty-Sr, K. S.
(1985). Estrogen Receptor Analyses. Correlation of Biochemical and
Immunohistochemical Methods Using Monoclonal Antireceptor Antibodies.
Arch. Pathol. Lab. Med. 109 (8), 716–721.

Monticone, S., Castellano, I., Versace, K., Lucatello, B., Veglio, F., Gomez-Sanchez,
C. E., et al. (2015). Immunohistochemical, Genetic and Clinical
Characterization of Sporadic Aldosterone-Producing Adenomas. Mol. Cell
Endocrinol. 411 (1-2), 146–154. doi:10.1016/j.mce.2015.04.022

Mulatero, P., Monticone, S., Bertello, C., Viola, A., Tizzani, D., Iannaccone, A., et al.
(2013). Long-term Cardio- and Cerebrovascular Events in Patients with
Primary Aldosteronism. J. Clin. Endocrinol. Metab. 98 (12), 4826–4833.
doi:10.1210/jc.2013-2805

Nakamura, Y., Maekawa, T., Felizola, S. J. A., Satoh, F., Qi, X., Velarde-Miranda, C.,
et al. (2014). Adrenal CYP11B1/2 Expression in Primary Aldosteronism:
Immunohistochemical Analysis Using Novel Monoclonal Antibodies. Mol.
Cell Endocrinol. 392 (1-2), 73–79. doi:10.1016/j.mce.2014.05.002

Nanba, K., Tsuiki, M., Sawai, K., Mukai, K., Nishimoto, K., Usui, T., et al. (2013).
Histopathological Diagnosis of Primary Aldosteronism Using CYP11B2
Immunohistochemistry. J. Clin. Endocrinol. Metab. 98 (4), 1567–1574.
doi:10.1210/jc.2012-3726

Nanba, K., Vaidya, A., Williams, G. H., Zheng, I., Else, T., and Rainey, W. E. (2017).
Age-Related Autonomous Aldosteronism. Circulation 136 (4), 347–355.
doi:10.1161/circulationaha.117.028201

Nishimoto, K., Nakagawa, K., Li, D., Kosaka, T., Oya, M., Mikami, S., et al. (2010).
Adrenocortical Zonation in Humans under normal and Pathological Conditions.
J. Clin. Endocrinol. Metab. 95 (5), 2296–2305. doi:10.1210/jc.2009-2010

Omata, K., Anand, S. K., Hovelson, D. H., Liu, C.-J., Yamazaki, Y., Nakamura, Y.,
et al. (2017). Aldosterone-Producing Cell Clusters Frequently Harbor Somatic
Mutations and Accumulate with Age in Normal Adrenals. J. Endocr. Soc. 1 (7),
787–799. doi:10.1210/js.2017-00134

Omata, K., Satoh, F., Morimoto, R., Ito, S., Yamazaki, Y., Nakamura, Y., et al.
(2018). Cellular and Genetic Causes of Idiopathic Hyperaldosteronism.
Hypertension 72 (4), 874–880. doi:10.1161/HYPERTENSIONAHA.118.11086

Ono, Y., Nakamura, Y., Maekawa, T., Felizola, S. J. A., Morimoto, R., Iwakura, Y.,
et al. (2014). Different Expression of 11β-Hydroxylase and Aldosterone
Synthase between Aldosterone-Producing Microadenomas and
Macroadenomas. Hypertension 64 (2), 438–444. doi:10.1161/
HYPERTENSIONAHA.113.02944

Rossi, G. P., Bernini, G., Caliumi, C., Desideri, G., Fabris, B., Ferri, C., et al. (2006).
A Prospective Study of the Prevalence of Primary Aldosteronism in 1,125
Hypertensive Patients. J. Am. Coll. Cardiol. 48 (11), 2293–2300. doi:10.1016/
j.jacc.2006.07.059

Rossi, G. P., Bolognesi, M., Rizzoni, D., Seccia, T. M., Piva, A., Porteri, E., et al.
(2008). Vascular Remodeling and Duration of Hypertension Predict Outcome
of Adrenalectomy in Primary Aldosteronism Patients. Hypertension 51 (5),
1366–1371. doi:10.1161/HYPERTENSIONAHA.108.111369

Scholl, U. I., Healy, J. M., Thiel, A., Fonseca, A. L., Brown, T. C., Kunstman, J. W.,
et al. (2015). Novel Somatic Mutations in Primary Hyperaldosteronism Are
Related to the Clinical, Radiological and Pathological Phenotype. Clin.
Endocrinol. 83 (6), 779–789. doi:10.1111/cen.12873

Staermose, S., Marwick, T. H., Gordon, R. D., Cowley, D., Dowling, A., and
Stowasser, M. (2009). Elevated Serum Interleukin 6 Levels in Normotensive
Individuals with Familial Hyperaldosteronism Type 1. Hypertension 53 (4),
e31–32. doi:10.1161/HYPERTENSIONAHA.108.128512

Steichen, O., Zinzindohoué, F., Plouin, P.-F., and Amar, L. (2012). Outcomes of
Adrenalectomy in Patients with Unilateral Primary Aldosteronism: a Review.
Horm. Metab. Res. 44 (3), 221–227. doi:10.1055/s-0031-1299681

Stowasser, M., and Gordon, R. D. (2016). Primary Aldosteronism: Changing
Definitions and New Concepts of Physiology and Pathophysiology Both
inside and outside the Kidney. Physiol. Rev. 96 (4), 1327–1384. doi:10.1152/
physrev.00026.2015

Teo, A. E. D., Garg, S., Haris Shaikh, L., Zhou, J., Karet Frankl, F. E., Gurnell, M.,
et al. (2015). Pregnancy, Primary Aldosteronism, and
AdrenalCTNNB1Mutations. N. Engl. J. Med. 373 (15), 1429–1436.
doi:10.1056/NEJMoa1504869

Tissier, F., Cavard, C., Groussin, L., Perlemoine, K., Fumey, G., Hagneré, A.-M.,
et al. (2005). Mutations of β-Catenin in Adrenocortical Tumors: Activation of
the Wnt Signaling Pathway Is a Frequent Event in Both Benign and Malignant
Adrenocortical Tumors. Cancer Res. 65 (17), 7622–7627. doi:10.1158/0008-
5472.CAN-05-0593

Tsuchiya, K., Yoshimoto, T., and Hirata, Y. (2009). Endothelial Dysfunction Is
Related to Aldosterone Excess and Raised Blood Pressure. Endocr. J. 56 (4),
553–559. doi:10.1507/endocrj.k09e-014

Williams, T. A., Lenders, J. W. M., Mulatero, P., Burrello, J., Rottenkolber, M.,
Adolf, C., et al. (2017). Outcomes after Adrenalectomy for Unilateral Primary
Aldosteronism: an International Consensus on Outcome Measures and
Analysis of Remission Rates in an International Cohort. Lancet Diabetes
Endocrinol. 5 (9), 689–699. doi:10.1016/S2213-8587(17)30135-3

Wilmes, J., Haddad-Tóvolli, R., Alesutan, I., Munoz, C., Sopjani, M., Pelzl, L., et al.
(2012). Regulation of KCNQ1/KCNE1 by β-catenin. Mol. Membr. Biol. 29 (3-
4), 87–94. doi:10.3109/09687688.2012.678017

Wu, L., Xie, J., Jiang, L., Su, T., Ye, L., Zhou, W., et al. (2018). Feminizing
Adrenocortical Carcinoma: The Source of Estrogen Production and the Role of
Adrenal-Gonadal Dedifferentiation. J. Clin. Endocrinol. Metab. 103 (10),
3706–3713. doi:10.1210/jc.2018-00689

Wu, V.-C., Chueh, S.-C., Chang, H.-W., Lin, L.-Y., Liu, K.-L., Lin, Y.-H., et al.
(2009). Association of Kidney Function with Residual Hypertension after
Treatment of Aldosterone-Producing Adenoma. Am. J. Kidney Dis. 54 (4),
665–673. doi:10.1053/j.ajkd.2009.06.014

Yamazaki, Y., Nakamura, Y., Omata, K., Ise, K., Tezuka, Y., Ono, Y., et al. (2017).
Histopathological Classification of Cross-Sectional Image Negative
Hyperaldosteronism. J. Clin. Endocrinol. Metab. 102 (4), 2016–2986.
doi:10.1210/jc.2016-2986

Zhao, C., Zhang, J., Li, K., Yang, J., Yu, H., Duan, S., et al. (2014). β-Catenin
Regulates Membrane Potential in Muscle Cells by Regulating the α2 Subunit of
Na,K-ATPase. Eur. J. Neurosci. 40 (1), 2216–2224. doi:10.1111/ejn.12564

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sun, Jiang, Xie, Zhu, Wu, Zhong, Zhou, Su and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org September 2021 | Volume 8 | Article 75177011

Sun et al. Hyperaldosteronism Immunohistochemistry Analysis

https://doi.org/10.1016/j.mce.2015.04.022
https://doi.org/10.1210/jc.2013-2805
https://doi.org/10.1016/j.mce.2014.05.002
https://doi.org/10.1210/jc.2012-3726
https://doi.org/10.1161/circulationaha.117.028201
https://doi.org/10.1210/jc.2009-2010
https://doi.org/10.1210/js.2017-00134
https://doi.org/10.1161/HYPERTENSIONAHA.118.11086
https://doi.org/10.1161/HYPERTENSIONAHA.113.02944
https://doi.org/10.1161/HYPERTENSIONAHA.113.02944
https://doi.org/10.1016/j.jacc.2006.07.059
https://doi.org/10.1016/j.jacc.2006.07.059
https://doi.org/10.1161/HYPERTENSIONAHA.108.111369
https://doi.org/10.1111/cen.12873
https://doi.org/10.1161/HYPERTENSIONAHA.108.128512
https://doi.org/10.1055/s-0031-1299681
https://doi.org/10.1152/physrev.00026.2015
https://doi.org/10.1152/physrev.00026.2015
https://doi.org/10.1056/NEJMoa1504869
https://doi.org/10.1158/0008-5472.CAN-05-0593
https://doi.org/10.1158/0008-5472.CAN-05-0593
https://doi.org/10.1507/endocrj.k09e-014
https://doi.org/10.1016/S2213-8587(17)30135-3
https://doi.org/10.3109/09687688.2012.678017
https://doi.org/10.1210/jc.2018-00689
https://doi.org/10.1053/j.ajkd.2009.06.014
https://doi.org/10.1210/jc.2016-2986
https://doi.org/10.1111/ejn.12564
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Immunohistochemical Analysis of CYP11B2, CYP11B1 and β-catenin Helps Subtyping and Relates With Clinical Characteristics of ...
	Introduction
	Patients and Methods
	Patients
	Laboratory Assays
	Immunohistochemistry
	Statistical Analysis

	Results
	Clinical and Hormonal Data of Patients With Unilateral PA
	Immunohistopathological Subtyping of Unilateral PA Using CYP11B2 Immunohistochemistry
	CYP11B2/1 Immunostaining Score and Correlation Between CYP11B2/1 Staining Score and Clinical Characteristics
	β-catenin Immunostaining and the Difference in Clinical Characteristics Between Wild-type and Abnormal β-catenin Staining G ...
	Comparison Between and Predictive Factors Associated With Different Clinical Outcome Groups

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


