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Abstract 
Introduction: Hypertension is one of the most common clinical features of patients with overt and subclinical hypercortisolism. Although 
previous studies have shown the coexistence of autonomous cortisol and aldosterone secretion, it is unclear whether aldosterone plays a 
role in hypertension among patients with hypercortisolism. Therefore, we examined the associations of plasma aldosterone concentrations 
(PACs) with hypertension among patients with overt and subclinical hypercortisolism.
Methods: This single-center retrospective cohort study included patients with adrenal tumor and serum cortisol levels after 1-mg 
dexamethasone suppression test >1.8 µg/dL (50 nmol/L). Using multivariable regression models adjusting for baseline characteristics, we 
investigated the association of PACs with systolic blood pressure and postoperative improvement of hypertension after the adrenalectomy.
Results: Among 89 patients enrolled in this study (median age, 51 years), 21 showed clinical signs of Cushing syndrome (overt hypercortisolism) 
and 68 did not show clinical presentations (subclinical hypercortisolism). We found that higher PACs were significantly associated with elevated 
systolic blood pressure among patients with subclinical hypercortisolism (adjusted difference [95% CI] = +0.59 [0.19-0.99], P= 0.008) but not 
among those with overt hypercortisolism. Among 33 patients with subclinical hypercortisolism and hypertension who underwent 
adrenalectomy, the postoperative improvement of hypertension was significantly associated with higher PACs at baseline (adjusted risk 
difference [95% CI] = +1.45% [0.35-2.55], P= 0.01).
Conclusion: These findings indicate that aldosterone may contribute to hypertension among patients with subclinical hypercortisolism. Further 
multi-institutional and population-based studies are required to validate our findings and examine the clinical effectiveness of the intervention 
targeting aldosterone for such patients.
Key Words: subclinical hypercortisolism, aldosterone, hypertension, adrenalectomy
Abbreviations: ARR, aldosterone-to-renin ratio; BMI, body mass index; DST, dexamethasone suppression test; F, serum cortisol level; HPA, 
hypothalamus-pituitary-adrenal; PAC, plasma aldosterone concentration; PRA, plasma renin activity. 

Cortisol production in the adrenal gland is regulated by the 
hypothalamus-pituitary-adrenal (HPA) axis. Subclinical hy
percortisolism is a status characterized by the alteration of 
HPA axis secretion without typical signs or symptoms of overt 
hypercortisolism (eg, moon face, truncal obesity, easy bruis
ing, thin extremities, proximal myopathy, cutaneous purple 
striae) [1, 2]. Although overt hypercortisolism can be detected 
by its clinical presentations or severe complications, it is some
times challenging for clinicians to appropriately diagnose sub
clinical hypercortisolism because of the absence of such 
clinical presentations [2]. The 1-mg overnight dexamethasone 
suppression test (1-mg DST) measures the response of the ad
renal glands to ACTH through the HPA axis and therefore has 
been widely used for screening and diagnosis of subclinical hy
percortisolism [1, 3]. The European Society of Endocrinology 
Guideline has defined a partial suppression of the HPA 
axis (ie, serum cortisol levels after 1-mg DST [F-DST] > 

1.8 µg/dL [50 nmol/L]) without clinical signs of overt cortisol 
hypersecretion as “possible autonomous cortisol secretion” 
and recommended screening these patients for metabolic dis
orders including hypertension and type 2 diabetes mellitus to 
offer appropriate treatment of these comorbidities [4].

Hypertension is one of the most common and distinguish
ing clinical features in patients with subclinical hypercortiso
lism [2] as well as overt hypercortisolism [5]. Although 
hypertension can be triggered by excess cortisol levels [5, 6], 
it is still unclear whether even slightly elevated cortisol levels 
among individuals with subclinical hypercortisolism contrib
ute to the occurrence of hypertension. This raises another po
tential mechanism to cause hypertension such as the 
coexistence of hyperaldosteronism (ie, excess aldosterone 
that is an essential steroid hormone for sodium reabsorption, 
water retention, and blood pressure control) [7]. Previous 
studies have reported that 10% to 20% of primary 
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aldosteronism is accompanied by cortisol-producing aden
oma [8-10], and autonomous cortisol secretion was decreased 
after the resection of the aldosterone-producing adenoma (a 
subtype of primary aldosteronism) [11]. Furthermore, a previ
ous mass spectrometry-based analysis revealed that cortisol 
secretion was frequently found in patients with primary aldos
teronism [12]. Although these studies have examined cortisol 
biosynthesis in primary aldosteronism [13], evidence about 
whether aldosterone plays a role in the occurrence of hyper
tension among people with subclinical hypercortisolism is 
limited.

To address this knowledge gap, we performed a cohort 
study examining the association between aldosterone and 
hypertension among patients with adrenal tumor and F-DST 
>1.8 µg/dL, stratified by whether patients had clinical signs 
of Cushing syndrome or not. We first analyzed the cross- 
sectional association between aldosterone and blood pressure 
at baseline. Then, we analyzed the longitudinal association be
tween aldosterone at baseline and the improvement rate of 
hypertension after the adrenalectomy. Last, to further clarify 
the role of aldosterone in the regulation of blood pressure in 
subclinical hypercortisolism, we described the difference in al
dosterone response to ACTH after the adrenalectomy accord
ing to the postoperative improvement of hypertension.

Materials and Methods
Data Sources and Study Participants
A retrospective cohort study was designed to assess the clinical 
characteristics (focusing on aldosterone) among patients with 
hypercortisolism at the Yokohama Rosai Hospital from 2008 
to 2017. We enrolled 89 patients with adrenal tumor and 
F-DST > 1.8 µg/dL (50 nmol/L) [3, 4, 14]. We then catego
rized them into 2 groups: (1) overt hypercortisolism (F-DST 
> 5.0 µg/dL [138 nmol/L]) and having clinical signs of 
Cushing syndrome (moon face, central obesity, dorsocervical 
fat pad [buffalo hump], purple striae, thin skin, easy bruising, 
and proximal myopathy] [15]) and (2) subclinical hypercortis
olism (not having such clinical signs). All patients with overt 
hypercortisolism in this study showed F-DST > 5.0 µg/dL 
(138 nmol/L). The study was approved by the research ethics 
committee of the Yokohama Rosai Hospital, and all partici
pants provided written informed consent.

Measurements
Demographic characteristics were self-reported, and body 
mass index (BMI) was calculated using measured weight and 
height. Systolic blood pressure was measured in the sitting pos
ition using a standard upper arm blood pressure monitor after 
a 5-minute rest in a quiet place [16]. The mean of 2 measure
ments was recorded. If the measurement was done only once 
on a given occasion, the level obtained was recorded. When 
the patients were already taking antihypertensives at enroll
ment, they were asked to report their blood pressure levels at 
the diagnosis of hypertension (ie, systolic blood pressure be
fore starting antihypertensives). Blood samples were collected 
at 8:00 AM after the patient had rested in the supine position for 
30 minutes. We measured F (µg/dL, × 27.6 for nmol/L) and 
ACTH (pg/mL, × 0.220 for pmol/L) using chemiluminescent 
enzyme immunoassay and electrochemiluminescent immuno
assay, respectively. Plasma aldosterone concentrations 
(PACs; ng/dL, × 27.7 for pmol/L) and plasma renin activities 

(PRAs; ng/mL/h) were measured using radioimmunoassay. 
Any antihypertensive drugs were replaced with calcium chan
nel antagonists (including dihydropyridine calcium channel 
antagonists) and/or α blocker several weeks before the meas
urement of PACs and PRAs according to the clinical guideline 
of the Japan Endocrine Society [17]. We also measured urine 
aldosterone (µg/day × 2.77 for nmol/d) and urine cortisol 
(µg/day, × 2.76 for nmol/d) using radioimmunoassay. The tu
mor size was estimated using contrast-enhanced thin-section 
computed tomography scans of the adrenal glands.

To evaluate whether the patients had autonomous cortisol 
secretion, we performed 1-mg DST, in which dexamethasone 
(1 mg) was administered at 11:00 PM, and blood samples were 
drawn at 8:00 AM the following morning. F and ACTH were 
measured in 1-mg DST.

The total or partial adrenalectomy was performed in all 
cases with overt hypercortisolism. For patients with subclin
ical hypercortisolism, the adrenalectomy was recommended 
to those who showed F-DST > 5.0 µg/dL (138 nmol/L) accom
panying metabolic disorders [3]. It was also recommended to 
those who were expected to improve their clinical symptoms 
and/or metabolic disorders by the tumor resection, which in
cluded patients with hypertension possibly resulting from au
tonomous aldosterone secretion as well as autonomous 
cortisol secretion from the adrenal gland. The adrenalectomy 
was conducted when patients agreed with the treatment plan 
through informed consent. To evaluate whether patients had 
autonomous aldosterone secretion, we used the screening cri
terion of primary aldosteronism (ie, PAC/PRA ratio; 
aldosterone-to-renin ratio [ARR] > 20), followed by the con
firmatory tests of primary aldosteronism that included the sa
line infusion test, captopril challenge, and/or furosemide 
stimulation test [17].

For patients who were considered to receive a benefit by the 
adrenalectomy and who agreed with the examination, we per
formed the segment-selective adrenal venous sampling to as
sess the laterality of hyperaldosteronism [18-20]. First, blood 
samples were collected from the bilateral central adrenal veins 
before ACTH stimulation. Then, we collected samples from 
the superior, lateral, and inferior tributaries of the right central 
adrenal vein and the superior and lateral tributaries of the left 
central adrenal vein after ACTH stimulation. Aldosterone ex
cess (ie, hyperaldosteronism) was considered when the effluent 
aldosterone concentrations were > 250 ng/dL before ACTH 
stimulation and 1400 ng/dL after ACTH stimulation, respect
ively [18-20]. We used the absolute value instead of the lateral
ization index because individuals included in our study had 
elevated cortisol concentrations given the inclusion criteria 
(ie, F-DST >1.8 µg/dL [50 nmol/L]). For 9 patients with 
subclinical hypercortisolism who showed bilateral adrenal 
nodules, the side of adrenalectomy was determined by the nod
ule size and the results of adrenal venous sampling (ie, lateral
ity of hyperaldosteronism). The adrenalectomy was conducted 
when patients agreed with the treatment plan through in
formed consent. Immunohistochemical evaluation of aldoster
one synthase cytochrome P450 (CYP11B2) was conducted for 
some resected nodules.

To evaluate the postoperative cortisol responsiveness to 
ACTH, we performed an ACTH stimulation test a year after 
the adrenalectomy, in which blood samples were collected 
and PAC and F were measured 30 and 60 minutes after 
ACTH administration. Postoperative improvement of hyper
tension was defined as blood pressure <140/90 mmHg 
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without antihypertensives or the reduction of the number of 
antihypertensives to maintain blood pressure <140/ 
90 mmHg after the adrenalectomy.

Statistical Analyses
We describe the demographic characteristics and endocrine 
parameters at baseline comparing patients with overt hyper
cortisolism and those with subclinical hypercortisolism using 
the Fisher exact test for categorical variables and 
Mann-Whitney U test for continuous variables. Second, for 
each group, we investigated the association between the base
line characteristics and systolic blood pressure using ordinary 
least-squares regression models. The model included age, sex, 
BMI, serum potassium levels, estimated glomerular filtration 
rate, tumor size, and F and PAC at 8:00 AM. Third, we esti
mated the risk difference and 95% CI of the improvement 
rate of hypertension after the adrenalectomy according to 
these baseline characteristics (including systolic blood pres
sure) using a modified least-squares regression model with a 
Huber-White robust standard error [21]. Last, to evaluate 
whether the improvement of hypertension is related to post
operative cortisol and aldosterone secretion, we compared 
PAC and F responsiveness to ACTH from peripheral blood 
samples between patients who improved hypertension and 
those who did not using the Mann-Whitney U test. The longi
tudinal and postoperative analyses were performed among pa
tients with subclinical hypercortisolism because only 2 cases 
with overt hypercortisolism failed to show the improvement 
of hypertension after the adrenalectomy.

To assess the robustness of our findings, we conducted the 
following 2 sensitivity analyses. First, we replaced F at 8:00 
AM with F after DST in our regression models. Second, we es
timated the risk difference of the improvement rate of hyper
tension after the adrenalectomy according to the 
postoperative F and PAC levels after ACTH stimulation, ad
justing for the baseline characteristics included in our main 
model.

We also conducted several additional analyses. First, to in
vestigate the relationship of change in PAC after adrenalec
tomy with the improvement rate of hypertension, we 
included decrease in PAC between before and after adrenalec
tomy instead of PAC at baseline in the model. Second, to as
sess the relationship between aldosterone and hypertension 
among patients with subclinical hypercortisolism without pri
mary aldosteronism, we reran the analyses excluding patients 
who met the diagnostic criteria of primary aldosteronism. 
Third, to understand the overall association, we reran the ana
lyses using all samples as a single group to assess the relation
ship among people with overall (ie, overt and subclinical) 
hypercortisolism. Last, we compared PAC and F responsive
ness with ACTH during adrenal venous sampling between pa
tients with and without postoperative improvement of 
hypertension. All statistical analyses were performed using 
Stata, version 15.

Results
Among the 89 enrolled patients, 21 showed clinical signs of 
overt Cushing syndrome and 68 did not. The flow of the study 
population is shown in Fig. 1. Among 21 patients with overt 
hypercortisolism, 19 patients had hypertension. All patients 
underwent adrenalectomy, and 16 patients showed improved 

hypertension levels after the surgery (1 patient was referred to 
another hospital; therefore, no information is available). 
Among 68 patients with subclinical hypercortisolism, 63 
had hypertension. After the evaluation of autonomous aldos
terone secretion as well as autonomous cortisol secretion, of 
33 patients who underwent adrenalectomy, 23 (70%) showed 
improved hypertension levels after the adrenalectomy (10 pa
tients in the surgery group decided not to undergo adrenalec
tomy). Patients with subclinical hypercortisolism who 
underwent adrenalectomy showed lower PRA and higher 
ARR than those without adrenalectomy (Supplementary 
Table S1) [22].

Demographic Characteristics and Endocrine 
Parameters Among Patients With Overt and 
Subclinical Hypercortisolism
The median age (interquartile range) was 51 years (46, 62 
years), and 72% were female. Patients with overt hypercortis
olism were relatively younger and showed a higher estimated 
glomerular filtration rate and larger tumor size compared with 
patients with subclinical hypercortisolism (Table 1). Other 
demographic characteristics were similar between these 
groups. Patients with overt hypercortisolism showed higher 
F with undetected low ACTH, higher F after DST, and higher 
urine cortisol levels compared with those with subclinical hy
percortisolism who instead showed higher PAC and ARR. 
Among patients with subclinical hypercortisolism, 9/68 
(13.2%) showed undetectable ACTH levels and 25/68 
(36%) were positive for PA screening criterion (ie, ARR > 
20) followed by at least 1 positive confirmatory test. Based 
on the results of adrenal venous sampling of these cases, 9 
showed aldosterone excess in the right nodules, 6 showed al
dosterone excess in the left nodules, and 7 showed aldosterone 
excess on both sides, respectively (3 cases did not show aldos
terone excess on both sides). Immunohistochemical evalu
ation of CYP11B2 was examined for 6 resected adrenal 
glands, and all of them showed positive expression.

Association of Demographic Characteristics and 
Endocrine Parameters With Systolic Blood Pressure
Among patients with overt hypercortisolism, we did not find a 
significant association of demographic characteristics and 
endocrine parameters with systolic blood pressure (Table 2). 
However, among patients with subclinical hypercortisolism, 
we found that higher PACs at 8:00 AM were significantly asso
ciated with systolic blood pressure (adjusted coefficient [95% 
CI] = +0.59 [0.19-0.99], P = 0.008). The results did not 
change when we used F after DST instead of F at 8:00 AM 

(Supplementary Table S2) [22].

Association of Demographic Characteristics and 
Endocrine Parameters With Hypertension 
Improvement After the Adrenalectomy Among 
Patients With Subclinical Hypercortisolism
Among 33 patients with subclinical hypercortisolism and 
hypertension who underwent the adrenalectomy, we found 
that age and higher PAC were significantly associated with a 
higher improvement rate of hypertension after the adrenalec
tomy (age, adjusted risk difference [95% CI] = +2.36% 
[1.08-3.64], P = 0.001; PAC, adjusted risk difference [95% 
CI] = +1.45% [0.35-2.55], P = 0.01; Table 3). The results 
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did not change when we used F after DST instead of F at 8:00 
AM (Supplementary Table S3) [22]. Patients with improved 
hypertension after the surgery showed significantly lower 
PACs 60 minutes after a postoperative ACTH stimulation 
test than those without the improvement of hypertension 
(P = 0.05), although F and PAC/F ratio were not significantly 
different between these 2 groups (Table 4). The association 
between lower PACs after postoperative ACTH stimulation 
and higher improvement rate of hypertension was also found 
in the multivariable regression analysis adjusting for baseline 
characteristics (adjusted risk difference [95% CI] = −1.08% 
[−1.92 to −0.25], P = 0.01; Supplementary Table S4) [22].

Additional Analyses
Decreased PAC between before and after adrenalectomy was 
significantly associated with hypertension improvement 
(Supplementary Table S5) [22]. When we restricted samples to 
those without primary aldosteronism, PACs at baseline tended 
to be associated with systolic blood pressure but the 95% CI in
cluded the null (Supplementary Table S6) [22]. Decreased PAC 
after adrenalectomy was associated with hypertension improve
ment after the adrenalectomy, whereas PAC at baseline was not 
associated with that outcome (Supplementary Table S7) [22]. 
When we analyzed the entire sample (ie, both overt and subclin
ical hypercortisolism), PAC at baseline was associated with 
systolic blood pressure at baseline (Supplementary Table S8) 
[22] and hypertension improvement after the adrenalectomy 
(Supplementary Table S9) [22]. We also found the higher me
dian value of PAC response to ACTH during adrenal venous 

sampling at the remained (ie, not resected by the adrenalectomy) 
side of adrenal gland among patients whose hypertension did 
not improve compared with those whose hypertension im
proved after the surgery, but the difference was not statistically 
significant (Supplementary Table S10) [22].

Discussion
In this retrospective cohort study, we found that higher aldos
terone levels were associated with higher systolic blood pres
sure among patients with possible autonomous cortisol 
secretion and without clinical signs of overt Cushing syn
drome (ie, subclinical hypercortisolism). In this group, higher 
aldosterone before the adrenalectomy was associated with the 
postoperative improvement of hypertension. Moreover, we 
found that patients with postoperative improvement of hyper
tension showed lower aldosterone response to ACTH after the 
adrenalectomy compared with those without the improve
ment of hypertension. Decrease in PACs after the adrenalec
tomy was associated with improved hypertension even 
among patients with subclinical hypercortisolism who did 
not have primary aldosteronism at baseline, whereas baseline 
PAC was not associated with that outcome. We found no 
evidence that aldosterone is associated with systolic blood 
pressure among patients with overt hypercortisolism. These 
findings indicate that elevated aldosterone may contribute 
to the presence of hypertension and its improvement rate 
after the adrenalectomy for patients with subclinical 
hypercortisolism.

Figure 1. Enrollment and follow-up of the study population after the adrenalectomy. aThe prevalence of patients with overt hypercortisolism and 
hypertension among this study population may be higher than in the general population and therefore needs to be carefully interpreted given that the 
study institute is one of the largest centers for adrenal diseases in Japan. bAll patients in this category showed autonomous cortisol secretion (ie, serum 
cortisol levels >5.0 µg/dL [138 nmol/L] after a 1-mg dexamethasone suppression test). cOne case underwent adrenalectomy at another hospital and 
therefore no information was available after the adrenalectomy. dThe adrenalectomy was performed for 33 patients who were expected to improve their 
clinical symptoms and/or metabolic disorders, including hypertension. This assessment was mainly based on autonomous cortisol secretion evaluated by 
a 1-mg dexamethasone suppression test, complicated metabolic disorders, and autonomous aldosterone secretion evaluated by adrenal venous 
sampling for patients who were positive for the screening and confirmatory tests of primary aldosteronism. Details in the assessment can be found in the 
Methods section or elsewhere [18-20].
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To the best of our knowledge, this is one of the first studies 
to assess the potential role of aldosterone in hypertension 
among patients with overt and subclinical hypercortisolism, 
during both pre- and postoperative phases. Since aldosterone- 
and cortisol-producing adenoma was reported in 1979 
[23, 24], several studies have assessed the cortisol production 
in aldosterone-producing adenoma clinically and histologi
cally [8-10, 25] and showed the correlation between the de
gree of glucocorticoid excess levels and metabolic markers 
including BMI, waist circumference, blood pressure, insulin 
resistance, and high-density lipoprotein [12]. Prior research 
suggested that aldosterone-producing adenoma might pro
duce cortisol as well as aldosterone even when serum cortisol 
levels after DST is less than 1.8 µg/dL (50 nmol/L) [11]. 
Although these studies have focused on cortisol synthesis 
among patients with aldosterone-producing adenoma, little 
is known about aldosterone synthesis among patients with 
cortisol-producing adenoma. Given that patients with 
hypercortisolism tend to have therapy-resistant hypertension 
and electrolyte disorders [8], our findings may generate the 
hypothesis that aldosterone contributes to the incidence and 
severity of hypertension in patients with possible autonomous 
cortisol secretion; this warrants further investigation.

There are several mechanisms by which cortisol excess leads 
to hypertension, such as regulating endothelial nitric oxide syn
thase expression modulated by 11β-hydroxysteroid dehydro
genases [26], activating the mineralocorticoid receptor [27] 
and upregulating vascular endothelin-1 [28]. Moreover, hyper
cortisolism impairs the production of endothelial vasodilators, 
including prostacyclin, prostaglandins, and kallikreins [29]. 
Despite these potential mechanisms, the direct effect of cortisol 
may not be sufficient to explain hypertension in patients with 
hypercortisolism, particularly subclinical hypercortisolism, 
and the presence of cortisol and aldosterone coproducing aden
oma indicates another potential pathway to induce hyperten
sion through aldosterone excess. Aldosterone is a steroid 
hormone not only promoting sodium reabsorption and volume 
expansion but also activating the mineralocorticoid receptor in 
the kidney and nonepithelial tissues (eg, adipose tissue, heart, 

Table 2. Cross-sectional association of demographic characteristics and endocrine parameters with systolic blood pressure among patients 
with overt and subclinical hypercortisolism

Outcome Systolic blood pressure at baseline

Groups Patients with overt hypercortisolism Patients with subclinical hypercortisolism

Parameters Adjusted coefficient (95% CI) P Adjusted coefficient (95% CI) P

Age, y +1.73 (0.17-3.30) 0.03 +0.49 (−0.13 to 1.10) 0.12

Female −7.48 (−76.75 to 61.79) 0.81 +15.38 (−0.83 to 31.59) 0.06

Body mass index +5.47 (−2.4 to 13.33) 0.15 +1.07 (−0.49 to 2.63) 0.17

Serum potassium +11.29 (−23.42 to 45.99) 0.48 −9.61 (−26.38 to 7.15) 0.26

eGFR −0.12 (−1.00 to 0.77) 0.77 −0.44 (−0.89 to 0.01) 0.06

Tumor size −2.39 (−6.92 to 2.14) 0.26 +0.40 (−0.46 to 1.26) 0.35

F, 8:00 AM
a,b +1.96 (−1.27 to 5.18) 0.20 +1.26 (−1.00 to 3.52) 0.27

PAC, 8:00 AM
a −2.86 (−7.38 to 1.66) 0.18 +0.59 (0.19-0.99) 0.008

Abbreviations: DST, 1-mg dexamethasone suppression test; eGFR, estimated glomerular filtration rate; F, serum cortisol; PRA, plasma renin activity; PAC, 
plasma aldosterone concentration. 
aACTH and PRA were not included in the main model because they have strong correlation with F and PAC, respectively (ie, multicollinearity). The results did 
not change when additionally adjusting for ACTH and PRA. 
bThe results did not change when we replaced F at 8:00 AM with F after DST (Supplementary Table S2).

Table 1. Demographic characteristics and endocrine parameters of 
patients with overt and subclinical hypercortisolism

Patients’  
characteristicsa

Patients with 
overt  
hypercortisolism  
(N = 21)

Patients with  
subclinical 
hypercortisolism  
(N = 68)

P

Age, y 46 [38-52] 54 [47-63] 0.002

Female, n (%) 18 (85.7) 46 (67.7) 0.11

Body mass index, kg/m2 23.4 [20.6-26.2] 23.1 [21.7-25.1] 0.94

Systolic blood pressure, 
mm Hg

156 [140-182] 162 [151-191] 0.29

Diastolic blood 
pressure, mm Hg

98 [92-110] 100 [90-110] 0.73

Serum potassium, mEq/ 
Lb

3.9 [3.5-4.0] 3.8 [3.6-4.0] 0.98

eGFR, mL/min/1.73 m2 86.7 [77.3-123.0] 82.1 [69.8-87.7] 0.02

Tumor size by CT scan, 
mm

28 [25-30] 22 [17-26] 0.001

ACTH, 8:00 AM − c 6.6 [2.4-11.8] —

F, 8:00 AM 16.6 [12.5-18.8] 9.5 [7.7-12.0] <0.001

PRA, 8:00 AM 0.7 [0.4-1.3] 0.5 [0.2-1.0] 0.10

PAC, 8:00 AM 8.3 [7.2-9.8] 9.2 [7.2-16.2] 0.09

ARR, 8:00 AM 10.0 [6.4-16.7] 21.0 [9.8-46.5] 0.02

F after DST 16.5 [14.4-18.7] 5.1 [3.2-7.5] <0.001

Urine cortisol 220.0 
[105.0-368.0]

49.5 [37.4-78.5] <0.001

Urine aldosterone 5.7 [3.9-10.1] 7.2 [4.8-13.1] 0.16

Conversion to SI units: ACTH, pg/mL × 0.220 for pmol; F, µg/dL × 27.6 for 
nmol/L; PAC, ng/dL × 27.7 for pmol/L; urine aldosterone, μg/day × 2.77 for 
nmol/d; Urine cortisol, μg/day × 2.76 for nmol/d. 
Abbreviations: ARR, aldosterone-to-renin ratio; CRH, 
corticotropin-releasing hormone; CT, thin-section computed tomography; 
DST, 1-mg dexamethasone suppression test; eGFR, estimated glomerular 
filtration rate; F, serum cortisol; PRA, plasma renin activity; PAC, plasma 
aldosterone concentration. 
aData are presented as median (interquartile range) or count (proportions) 
unless otherwise indicated. 
bSerum potassium levels were controlled using potassium supplement/tablets 
at enrollment. 
cUndetected in all cases.
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endothelial cells, and vascular smooth muscle cells) [30]. It also 
induces oxidative stress, inflammation, fibrosis, vascular tone, 
and endothelial dysfunction [31]; therefore, aldosterone excess 
could induce hypertension even when it is slightly elevated [32]. 
A recent multiethnic study showed that aldosterone levels with
in the reference range were associated with subclinical athero
sclerosis partially mediated through elevated blood pressure 
[33]. These mechanisms support our results indicating the 
potential contribution of aldosterone to hypertension among 
patients with subclinical hypercortisolism.

This study had several limitations. First, we did not have in
formation on the duration of cortisol excess and therefore the 
estimated effect of cortisol on hypertension in our study might 
have been underestimated. The duration of exposure to mild 
hypercortisolism may be one of the important drivers of car
diovascular and metabolic disorders including irreversible 
vasculature remodeling in patients with subclinical hypercor
tisolism [2]. Second, we did not have the genetic information 
of adrenal tumors including aldosterone-producing adenoma. 
Given the heterogeneity of aldosterone responsiveness to 
ACTH [34] and postoperative hypertension resolution rate 
across genetic mutations (eg, KCNJ5, ATP1A1, ATP2B3, 
CACNA1D, CTNNB1) [35], such information might affect 
our findings. Third, because of the nature of an observational 
study, we cannot rule out the unmeasured confounding. 
Fourth, because aldosterone and cortisol levels were measured 
at a single point, we may have a risk of mismeasurement. 
Moreover, when evaluating aldosterone levels, we used dihy
dropyridine calcium channel blockers to control hypertension 
based on the clinical guideline of primary aldosteronism in 
Japan; this might lower serum aldosterone levels. Fifth, be
cause the present study was conducted at a single center, selec
tion bias is inevitable [13]. Given that primary aldosteronism 
—one of the major causes of secondary hypertension—has 
still been underdiagnosed, partially because of insufficient 

recognition of clinical guidelines [36], our findings may indicate 
the importance of considering aldosterone when evaluating pa
tients with subclinical hypercortisolism accompanied by hyper
tension. However, we need to carefully interpret the observed 
“prevalence” in this study because individuals potentially hav
ing subclinical hypercortisolism were likely to come to our hos
pital, which specializes the adrenal disorders, and thus the 
numbers do not reflect the prevalence in general population. 
The small number of resected adrenal glands with the evaluation 
of CYP11B2 expression in this study cohort also limits the 
prevalence estimation of primary aldosteronism. Finally, as we 
only followed up 1 year after the adrenalectomy, we could 
not evaluate the long-term resolution rate of hypertension. To 
overcome these limitations and generalize our findings, future 
molecular studies and multicenter longitudinal studies with suf
ficient individual datasets and longer follow-up are required.

In conclusion, plasma aldosterone concentrations were as
sociated with systolic blood pressure and improvement rate 
of hypertension after the adrenalectomy among patients 
with subclinical hypercortisolism—possible autonomous cor
tisol secretion without clinical signs of overt Cushing syn
drome. Our findings underscore the importance of 
considering aldosterone when patients have an adrenal tumor 
with possible autonomous cortisol secretion complicated with 
hypertension. Future molecular and epidemiological studies 
are warranted to identify the potential role of aldosterone in 
hypertension among patients with subclinical hypercortiso
lism, clarify how often these patients also have primary aldos
teronism, and examine the clinical effectiveness of the 
intervention targeting aldosterone for such patients.
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Table 4. Aldosterone and cortisol response to ACTH a year after the 
adrenalectomy according to hypertension improvement status 
among patients with subclinical hypercortisolisma

Outcome: hypertension 
improvement status after 
the adrenalectomy

Improvement 
(+) (N = 23)

Improvement 
(−) (N = 10)

Parameters Median [IQR] Median [IQR] P

PAC 60 min after ACTH 
stimulation

13.6 [10.0-16.7] 15.5 [13.7-43.1] 0.05b

F 60 min after ACTH 
stimulation

16.9 [13.7-20.6] 18.5 [13.5-24.7] 0.61

PAC/F ratio 60 min after 
ACTH stimulation

0.70 [0.52-1.39] 1.27 [0.50-5.44] 0.26

Conversion to SI units: F, µg/dL × 27.6 for nmol/L; PAC, ng/dL × 27.7 for 
pmol/L. 
Abbreviations: F, serum cortisol; PAC, plasma aldosterone concentration. 
aAnalysis was not performed for patients with overt hypercortisolism because 
only 2/18 cases failed to show improved hypertension after the adrenalectomy. 
bThe association was also observed after adjusting for baseline characteristics 
(eg, age, sex, body mass index, systolic blood pressure, serum potassium, 
estimated glomerular filtration rate, tumor size) and F 60 min after ACTH 
stimulation a year after the adrenalectomy (Supplementary Table S4).

Table 3. Longitudinal association of demographic characteristics and 
endocrine parameters with hypertension improvement after the 
adrenalectomy among patients with subclinical hypercortisolisma

Outcome Hypertension improvement after the 
adrenalectomy

Parameters Adjusted risk difference (95% CI) P

Age +2.36% (1.08-3.64) 0.001

Sex (female) −11.32% (−61.37 to 38.73) 0.64

Body mass index −5.08% (−10.29 to 0.13) 0.06

Systolic blood pressure −0.67% (−1.77 to 0.43) 0.22

Serum potassium −0.06% (−31.84 to 31.71) 1.00

eGFR +0.53% (−0.36 to 1.42) 0.23

Tumor size +0.79% (−1.35 to 2.93) 0.45

F, 8:00 AM
b,c −2.81% (−7.43 to 1.81) 0.22

PAC, 8:00 AM
b +1.45% (0.35-2.55) 0.01

Abbreviations: eGFR, estimated glomerular filtration rate; F, serum cortisol; 
PRA, plasma renin activity; PAC, plasma aldosterone concentration. 
aAnalysis was not performed for patients with overt hypercortisolism 
because only 2/18 cases failed to show improved hypertension after the 
adrenalectomy. 
bACTH and PRA were not included in the main model because they have 
strong correlation with F and PAC, respectively (ie, multicollinearity). The 
results did not change when additionally adjusting for ACTH and PRA. 
cThe results did not change when we replaced F at 8:00 AM with F after DST 
(Supplementary Table S3).
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