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ABSTRACT 

 

Aldosterone regulation plays a crucial role in 

maintaining intravascular and effective circulating 

volume and potassium homeostasis; however, 

inappropriate regulation of aldosterone results in 

adverse cardiovascular and metabolic 

consequences. Hyperaldosteronism can be seen in a 

broad range of phenotypes. Approaching 

hyperaldosteronism by assessing plasma renin 

activity and hypertensive status is a simple method to 

narrow the potential etiologies. Breakthroughs in 

genetic and histopathological research have resulted 

in a major paradigm shift in understanding the 

causes of primary aldosteronism (PA). Germline and 

somatic mutations in membrane channels, such as 

potassium channels, that maintain the resting 

potential of zona glomerulosa cells have been 

implicated in a large subset of aldosterone producing 

adenomas. Approaching the diagnosis of PA with an 

initial screening test is recommended; an 

aldosterone/renin ratio (ARR)>20-30 ng/dl per 

ng/(ml·h) when the PRA is suppressed is highly 

suggestive of PA. Confirmation of autonomous 

aldosterone excess using recommended suppression 

tests should prompt imaging studies to localize the 

source of aldosterone excess. Adrenal venous 

sampling can be considered in most cases to confirm 

the location as unilateral or bilateral, and prevent 

erroneous diagnoses and treatment plans; however, 

some emerging data suggest that the use AVS may 

not influence outcomes as much as previously 

considered. In cases of unilateral PA, surgical 

treatment typically results in cure of 

hyperaldosteronism, and substantial improvements in 

blood pressure and potassium homeostasis. In cases 

of bilateral disease, and in unilateral disease where 

surgery is not preferred, medical management with 

mineralocorticoid receptor antagonists is usually 

effective.  

 

INTRODUCTION 

 

Aldosterone is the principal mineralocorticoid in man. 

Its classical functions include regulation of 

extracellular volume and electrolyte homeostasis 

through its effects on the renal distal convoluted 

tubule. In this manner, aldosterone activates the 

mineralocorticoid receptor in principle cells of the 

distal nephron, resulting in increased expression of 

luminal epithelial sodium channels (ENaC) (1). 

Sodium is reabsorbed via ENaC resulting in a potent 
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electronegative luminal potential that induces the 

efflux of cations from the principle cell, namely 

potassium and hydrogen ions. Thus, the net effect of 

this classical aldosterone action on the kidney is 

reabsorption of sodium (which ultimately will result in 

water reabsorption and intravascular volume 

expansion) and urinary excretion of potassium and 

hydrogen. 

 

In addition to these classical actions of aldosterone in 

the kidney, the non-classical extra-renal actions of 

aldosterone, particularly on cardiovascular tissues 

such as the endothelium and myocardium, are now 

increasingly recognized in human disease (2,3). 

 

ALDOSTERONE REGULATION AND ACTION 

 

Physiologic Actions of Aldosterone 

 

Aldosterone is synthesized in the zona glomerulosa 

of the adrenal gland. Its production is restricted to 

this layer of the adrenal cortex because of zonal-

specific expression of aldosterone synthase 

(CYP11B2)(4), which is the key enzyme for 

aldosterone biosynthesis (5). Its expression is 

controlled by aldosterone secretagogues. Previous 

Immunohistochemistry studies of the adrenal gland 

reported that in early ages, cells express CYP11B2 in 

a continuous mode, whereas with increasing age, 

expression of CYP11B2 is less continuous, and thus 

in adults, CYP11B2-expressing cells are distributed 

in a diffuse manner in the subcapsular cortex among 

typical zona glomerulosa cells not expressing the 

enzyme; the CYP11B2-expressing area decreases 

with age (5,6). Aldosterone secretion is under the 

control of several factors: angiotensin II, potassium, 

and, to a lesser degree, adrenocorticotropic hormone 

(ACTH), endothelin 1 (ET-1), estrogens, and 

urotensin II (5,7). Its production can be upregulated 

acutely following increased expression and 

phosphorylation of the StAR protein or more 

chronically due to increased expression of CYP11B2 

(5). 

 

The renin-angiotensin system (RAS) is a principal 

regulator of aldosterone production. Renin, an 

enzyme produced in the juxtaglomerular apparatus of 

the kidney, catalyses the conversion of 

angiotensinogen (an inactive precursor peptide) to 

angiotensin I. Angiotensin I undergoes further 

enzymatic conversion by angiotensin-converting 

enzyme (ACE) to produce angiotensin II (AngII). 

AngII acts via the adrenal angiotensin receptor to 

stimulate the release of aldosterone by increasing the 

transcription of aldosterone synthase. 

 

The physiologic role of the RAS is to regulate sodium 

homeostasis and thereby intravascular volume and 

arterial pressure. In normal physiology, renin 

secretion is stimulated by decreased delivery of 

chloride ion to the macula densa of the 

juxtaglomerular apparatus. This is typically the 

consequence of decreased systemic arterial pressure 

resulting in decreased renovascular pressure and 

glomerular filtration. Increased renin activity results in 

activation of the RAS and increased synthesis of 

AngII, an activator of Ca2+ influx and Ca2+/calmodulin-

dependent protein kinases (CaMKs), stimulating 

transcription of CYP11B2 and aldosterone 

biosynthesis (5). AngII has many functions to counter 

the initial hypotensive and hypoperfusion insult: 

 

• AngII acts as a direct arterial vasopressor and 

can induce vasoconstriction to address the 

systemic hypotension 

• AngII stimulates vasopressin (antidiuretic 

hormone) release to induce distal nephron water 

reabsorption and expand intravascular volume 

• AngII acts at the proximal tubule of the 

nephron to maximize proximal sodium (and 

therefore water) reabsorption to expand 

intravascular volume 
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• AngII maximizes renal sodium reabsorption 

by stimulating adrenal aldosterone synthesis; 

aldosterone then acts at the principle cell to 

increase sodium reabsorption as described 

earlier. 

 

The net effect of these actions is a feedback loop 

whereby expansion of intravascular volume 

increases renal perfusion and glomerular filtration 

and decreases renin secretion (Figure 1).   

 

 
Figure 1. Renin-Dependent Aldosteronism. The physiologic relationship between the renin-angiotensin 

system and aldosterone regulation is referred to as “Renin-Dependent Aldosteronism,” also referred to 

as “Secondary Aldosteronism.” Decreased renal-vascular perfusion resulting in decreased glomerular 

filtration is sensed by juxtaglomerular cells. The consequent release of renin activates the renin-

angiotensin system resulting in the synthesis of angiotensin II (AngII). AngII induces systemic 

vasoconstriction, increases proximal tubular sodium reabsorption, and stimulates aldosterone 

secretion. The net effect is increased renal sodium reabsorption and intravascular volume expansion 

which closes the feedback loop and corrects the initial stimulus to raise renin. 

 

Aldosterone secretion can also be directly stimulated 

by high serum potassium, which increases 

transcription of aldosterone synthase in the zona 

glomerulosa. Potassium channels TASK-1, TASK-2, 

and TASK-3, coded by KCNK3, KCNK5, and KCNK9 

genes, the TWIK-related potassium channel 1, and 

the G protein-activated inwardly rectifying potassium 

channel Kir3.4, which is coded by KCNJ5 and 

transports potassium out of the cell, keeping 

adrenocortical cells hyperpolarized under resting 

conditions (5,8).  
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ACTH is another aldosterone secretagogue, although 

its effect is modest and transient; ACTH is a 39-

amino acid peptide, resulting from the cleavage of its 

proopiomelanocortin (POMC) precursor. It is 

produced by the anterior pituitary corticotropes, but, 

to a lesser degree, can be produced in the brain, 

adrenal medulla, skin, and placenta (9). It binds to 

melanocortin type 2 receptor (MC2R), stimulating 

both cortisol and aldosterone secretion (9). However, 

earlier and more recent data have suggested that the 

ACTH effect on aldosterone secretion may be more 

complex and underestimated. It has been reported 

that increasing StAR expression, as well as activation 

of the PKA pathway and calcium/calmodulin-

dependent protein kinase, may lead to increased 

aldosterone secretion (10).  A recent study 

evaluated 61 normotensive and 113 hypertensive 

patients with normal aldosterone suppression in a 

combined fludrocortisone-dexamethasone 

suppression test (dexamethasone was administered 

to eliminate any stimulatory effect of ACTH on 

aldosterone secretion) and normal findings in 

computed tomography. All the patients underwent 

stimulation tests with 0.03 μg ACTH and among 

them, twenty-six individuals also had genetic studies. 

The study found that 27% of the hypertensive group 

exhibited increased aldosterone secretion following 

the test. Sequencing of the KCNJ5 gene revealed that 

2 patients had two different heterozygous germline 

mutations. Interestingly, MR antagonist therapy was 

effective for blood pressure normalization (11). These 

findings led to the hypothesis that glomerulosa cells 

were primed by chronic stress-induced ACTH 

secretion, and, hence, became more sensitive to 

ACTH and/or REN/angiotensin II (11,12). 

 

Pathophysiologic Actions of Aldosterone 

 

Emerging evidence has implicated aldosterone, and 

specifically activation of the mineralocorticoid 

receptor, with cardiovascular and cardiometabolic 

diseases (13,14). The mineralocorticoid receptor is 

classically considered in the context of its expression 

in the distal nephron; however, it is now clear that 

this receptor is also expressed in the vasculature and 

heart and plays an important role in mediating 

cardiovascular pathophysiology. The non-classical 

effects of aldosterone have stemmed from 

dysregulated aldosterone physiology being linked 

with deleterious end-organ effects. Typically, this has 

been evidenced by inappropriately elevated levels of 

aldosterone in the setting of high dietary sodium 

intake (subclinical or clinical primary 

hyperaldosteronism). However, some evidence also 

suggests that inappropriately low levels of 

aldosterone on a restricted sodium diet, or in 

response to angiotensin II, are also associated with 

adverse cardiometabolic consequences (15–17). 

 

Excess or inappropriate aldosterone activity has 

been associated with or shown to cause cardiac 

fibrosis, inflammation, and remodelling (18–20), 

pathologic insulin secretion and/or peripheral 

resistance, as well as the metabolic syndrome 

(17,21,22), kidney injury (23), and increased mortality 

(24). Intervention studies in animals and humans 

have supported these assertions by demonstrating 

the prevention of these deleterious effects with the 

use of mineralocorticoid antagonists (24,25). Taken 

together, this evolving body of evidence points 

towards subclinical aldosterone excess, particularly 

in the milieu of excessive dietary sodium intake, as a 

modifiable cardio-metabolic risk factor. 

 

The mechanisms by which this can occur are many: 

1) an adrenal tumor that autonomously secretes 

aldosterone; 2) unilateral or bilateral hyperplasia of 

the zona glomerulosa that oversecretes aldosterone; 

3) or germline or somatic mutations that induce 

aldosterone hypersecretion that is decoupled from 

AngII signalling. Autonomous aldosterone excess 

results in continuous renal sodium reabsorption, 

intravascular volume expansion, hypertension, and 

renal-vascular hyperperfusion, and consequently 
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suppression of the RAS. Yet despite this physiologic 

suppression of the RAS, aldosterone secretion 

continues unabated, resulting in a vicious cycle of 

hypertension and possibly also hypokalemia (Figure 

2). Patients with PA, when compared with matched 

essential hypertensives, have increased left 

ventricular wall and carotid intima media thickness, 

as well as impaired diastolic and endothelial function 

(14,26,27). A higher incidence of atrial fibrillation, 

often hypokalemia-induced, coronary artery disease, 

and heart failure has been reported (28,29). PA is 

also associated with a higher incidence of negative 

cardiovascular outcomes (myocardial infarction and 

stroke) than essential hypertension with similar 

degree of blood pressure elevation (30–32).  

Therefore, PA is considered to induce increased 

cardiovascular risk independent of blood pressure 

effects alone. The excess cardiovascular events 

associated with hyperaldosteronism were previously 

considered reversible if treatment with 

mineralocorticoid antagonists was administered  in 

time (33,34). However, newer data suggest that PA 

patients treated with MR antagonists had an 

approximately two-fold higher incidence of adverse 

cardiovascular events. Patients with PA also had a 

significantly higher death risk, as well as a higher 

incidence of atrial fibrillation and diabetes mellitus 

than people diagnosed with essential hypertension. 

The adjusted 10-year cumulative incidence difference 

for occurrence of cardiovascular morbidity for 

patients with PA and treatment with MR antagonists 

was reported to be 14.1 (95% CI 10.1-18.0) excess 

events per 100 individuals compared to those with 

essential hypertension (28). 

 

 
Figure 2: Renin-Independent Aldosteronism or Primary Aldosteronism. The pathophysiologic 

relationship between the renin-angiotensin system and aldosterone regulation in Primary 

Aldosteronism is referred to as “Renin-Independent Aldosteronism”. See concept video at: 

https://www.youtube.com/watch?v=db9v9kNIiXU. 

 

CAUSES OF MINERALOCORTICOID EXCESS 

SYNDROME 

 

Mineralocorticoid excess states (Figure 3) comprise a 

group of disorders that can be separated into those 

mediated by the principal mineralocorticoid, 
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aldosterone, and those caused by non-aldosterone 

etiologies (35). 

 

Hyperaldosteronism can result from autonomous 

secretion of aldosterone from one or both adrenal 

glands, which is referred as PA. In this circumstance, 

the plasma renin activity (PRA) is suppressed 

(hyporeninemic hyperaldosteronism or renin-

independent aldosteronism), and the plasma 

aldosterone to renin activity ratio is elevated. In 

secondary hyperaldosteronism, increased activation 

of the RAS is the initiating event, resulting in excess 

aldosterone production (hyperreninemic 

hyperaldosteronism or renin-dependent 

aldosteronism). Therefore, secondary 

hyperaldosteronism can be a normal physiologic 

phenomenon (such as in states of systemic 

hypovolemia or hypoperfusion) or can manifest as a 

pathologic entity when activation of the RAS is 

inappropriate relative to the state of the systemic 

vasculature. The distinction between primary and 

secondary causes of hyperaldosteronism is of 

importance, as the manifestations, as well as the 

subsequent testing and treatment, differ (35).  

 

 
Figure 3. The Approach to Mineralocorticoid Excess Syndromes. See concept video  at 

https://www.youtube.com/watch?v=db9v9kNIiXU. Evaluation of renin as suppressed or unsuppressed 

is often the first algorithmic step to determine whether the underlying pathophysiology is renin or 

AngII-dependent versus renin or AngII-independent. Renin-independent states (low renin) can be 

further characterized as having a relatively high aldosterone (primary aldosteronism) or a suppressed 

aldosterone (pseudo primary aldosteronism). High renin states represent secondary aldosteronism 

and may present with hypertension or normotension, depending on the nature of disease. 
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CAUSES OF MINERALOCORTICOID EXCESS 

WITH LOW PLASMA RENIN ACTIVITY 

 

Primary Aldosteronism 

 

The five established morphological subtypes of PA 

include: aldosterone-producing adenoma (APA), 

bilateral adrenal hyperplasia (BAH), unilateral 

adrenal hyperplasia (UAH), glucocorticoid-

remediable aldosteronism (GRA), and, rarely, 

adrenocortical carcinoma. A potential sixth subtype 

may involve a morphologically normal adrenal gland 

(without any tumor or hyperplasia) that harbors 

clusters of increased expression of aldosterone 

synthase: the aldosterone producing cell cluster 

(36,37). Recent advances in genetics and clinical 

research have dramatically enhanced our 

understanding of the pathogenesis of these subtypes 

and have raised the question of whether these 

entities are part of a larger spectrum of disorders that 

share genetic underpinnings (5,6). 

 

APA/BAH/UAH 

 

It is currently estimated that APA or UAH account for 

30-40% of PA cases, whereas BAH accounts for the 

remaining 60% (38–40). Definitive diagnosis of the 

cause of PA can be a challenge in individual patients; 

however, making the correct diagnosis is of utmost 

importance, since the treatment for each underlying 

etiology may be different. APAs are often small 

tumors, usually less than 2 cm in diameter. 

Histopathology of APA reveals hybrid cells which 

have histological features of both zona glomerulosa 

and zona fasciculata cells. Unilateral adrenal 

hyperplasia (UAH), sometimes referred to as primary 

adrenal hyperplasia, shares many biochemical 

features with APA. This diagnosis is often made 

based on evidence of unilateral production of 

aldosterone in the absence of a discrete radiographic 

mass. Similar to APA, the hypertension and 

biochemical abnormalities with UAH may be cured or 

substantially ameliorated with unilateral 

adrenalectomy (40,41). BAH probably represents a 

spectrum of disorders (42,43). The extent of 

hyperaldosteronism is often milder in BAH compared 

to APA, and consequently the severity of 

hypertension, hypokalemia and suppression of PRA 

is often less. Adrenal carcinomas are a rare cause of 

primary aldosteronism. At the time of diagnosis, 

adrenal carcinomas are generally large (>4 cm) and 

may be producing one or multiple adrenal cortical 

hormones, including cortisol, aldosterone, and 

adrenal androgens. 

 

EPIDEMIOLOGY OF ALDOSTERONE EXCESS 

 

Epidemiology of Primary Aldosteronism 

 

In 1954, Conn first reported the clinical syndrome of 

hypertension, hypokalemia, and metabolic alkalosis 

resulting from autonomous production of aldosterone 

due to an adrenal adenoma – a syndrome that 

continues to bear his name. Previous studies 

reported a prevalence of primary aldosteronism (PA) 

of 1-2 %, even in patients with adrenal incidentaloma 

and hypertension (44). Since that time, numerous 

studies have investigated the prevalence of primary 

aldosteronism (PA) and reported rates ranging up to 

20%,  pending on the cut-offs of screening and 

diagnostic tests used (45–49). Disparity in these 

percentages is probably due to the use of different 

laboratory screening techniques, different definitions 

of a positive screening study indicative of PA, study 

design, and varying population ethnicity, and 

sampling source (21,42,43,50–52). Initial studies 
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primarily diagnosed patients with PA if they had both 

hypertension and spontaneous (not diuretic-induced) 

hypokalemia. More recent reports, however, describe 

hypokalemic PA in only the minority of PA cases 

(<40%) (53), and describe an intermediate phenotype 

of normotensive PA with milder manifestations than 

the classic hypertensive PA (45,47,50–52,54–56). 

Many (up to 63%) of patients with PA may be 

normokalemic (30,44). A recent study suggested that 

PA was diagnosed in 12% of normotensive and 

normokalemic   people   with   adrenal   

incidentalomas (12,56). 

 

In patients with resistant hypertension, the addition of 

a mineralocorticoid antagonist has been associated 

with substantial efficacy in blood pressure lowering, 

suggesting that subclinical hyperaldosteronism may 

be more prevalent than recognized, within a range 17 

and 23 % (44,57,58). In a study involving 1616 

patients with resistant hypertension, 21% (338 pts) 

had an ARR of > 65 with concomitant plasma 

aldosterone concentrations of > 416 pmol/L (15 ng) 

(59). After salt suppression testing, only 11% (182 

pts) of these patients had primary aldosteronism (59). 

Low renin hypertension is not always easy to 

differentiate from PA (60). Another study reported 

that 56% of 553 patients with primary aldosteronism 

had hypokalemia and 16% had cardio-and 

cerebrovascular comorbidities (30). A recent study 

investigated 327 people with hypertension and 90 

control normotensive subjects with normal adrenal 

imaging. Serum aldosterone, active renin levels, 

aldosterone/active renin ratio were measured before 

and after a combined sodium chloride, 

fludrocortisone and dexamethasone suppression test 

(FDST). Post-FDST values were compared to cut-

offs obtained from controls. Combined results of 

post-FDST aldosterone levels and ARR, revealed 

that 28·7% of the hypertensive patients had PA (61). 

 

Screening for primary aldosteronism is generally 

recommended for patients with drug resistant 

hypertension, people with diuretic-induced or 

spontaneous hypokalemia, those with hypertension 

and a family history of early-onset hypertension or 

cerebrovascular accident at a young age, and those 

with hypertension and an adrenal incidentaloma 

(35,62,63).  

 

Genetic Insights into the Causes of Primary 

Aldosteronism 

 

Recent advances in the genetics of PA have 

provided novel insights into the pathogenesis of 

unilateral forms of PA. Familial types of the disease 

have been described. 

 

FAMILIAL HYPERALDOSTERONISM TYPE I (FH-I) 

OR GLUCOCORTICOID-REMEDIABLE 

ALDOSTERONISM (GRA) 

 

GRA (also known as familial hyperaldosteronism type 

I) is an autosomal dominant disorder characterized 

by a chimeric duplication, whereby the 5’-promotor 

region of the 11β-hydroxylase gene (regulated by 

ACTH) is fused to the coding sequences of the 

aldosterone synthase gene in a recombination event 

(gene defect in CYP11B1/CYPB2 -coding for 11beta-

hydroxylase/aldosterone synthase). The result is that 

the aldosterone synthase gene (CYP11B2) is under 

the control of the promoter for the CYP11B1 gene, 

typically responsible for cortisol production under the 

regulation of ACTH. Aldosterone synthesis is 

therefore abnormally and solely regulated by ACTH 

(64,65). It leads to an ectopic expression of 

aldosterone synthase activity in the cortisol-

producing zona fasciculata, making mineralocorticoid 

production regulated by corticotropin (49,66). The 

hybrid gene has been identified on chromosome 8. 

Under normal conditions, aldosterone secretion is 

mainly stimulated by hyperkalemia and angiotensin 

II. An increase of serum potassium of 0.1 mmol/L 

increases aldosterone by 35%. In familial 

hyperaldosteronism type 1 or glucocorticoid-
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remediable aldosteronism, urinary hybrid steroids 18-

oxocortisol and 18-hydroxycortisol are approximately 

20-fold higher than in sporadic aldosteronomas. 

Intracranial aneurysms and hemorrhagic stroke are 

clinical features frequently associated with familial 

hyperaldosteronism type 1 (67). The diagnosis is 

made by documenting dexamethasone suppression 

of serum aldosterone using the Liddle’s Test 

(dexamethasone 0.5 mg q 6h for 48h should reduce 

plasma aldosterone to nearly undetectable levels 

(below 4 ng/dl) or by genetic testing (Southern Blot or 

PCR) (68)(35). 

 

FAMILIAL HYPERALDOSTERONISM TYPE II (FH-II) 

 

It consists of a familial disease without unique 

phenotypic features or known genetic 

underpinnings), caused by mutations in the inwardly 

rectifying chloride channel CLCN2 (69) (70).  

 

FH-III 

 

FH-III (71) was associated with germline mutations 

in KCNJ5, a gene that encodes the inwardly-

rectifying potassium channel GIRK4 (72) leading to 

an increase in aldosterone synthase expression and 

production of aldosterone (67). This type is 

characterized by severe childhood-onset 

hypertension, hypokalemia, remarkably high 

aldosterone-to-renin ratio, with marked adrenal 

enlargement and diffuse hyperplasia of the zona 

fasciculata. 

 

This discovery set off international research efforts to 

investigate the role of potassium channel mutations 

in PA. Although the prevalence of KCNJ5 germline 

mutations is considered to be extremely low (73–75), 

investigators have now reported the presence 

of KCNJ5 somatic mutations in 30-50% of patients 

with APA’s that were previously classified as 

sporadic (73,75–82). Hence, the discovery of a rare 

familial form of PA has resulted in the understanding 

that somatic potassium channel mutations may be a 

highly prevalent cause of PA. In general, from the 

reports to date, somatic mutations in KCNJ5 appear 

to be associated with female gender, younger age, 

and higher aldosterone levels; however, these 

descriptions may reflect a significant sample 

selection bias. 

 

Normally, adrenal zona glomerulosa cells maintain a 

hyperpolarized resting membrane potential that is 

largely regulated by potassium current. 

Depolarization of the cell (either by angiotensin II or 

hyperkalemia mediated inhibition of the potassium 

current) results in the opening of voltage-gated 

calcium channels, increased intracellular calcium 

signaling, and stimulation of aldosterone synthase. A 

gain-of-function mutation in GIRK4 results in sodium 

influx, cell depolarization, and increased aldosterone 

synthesis (83,84) (Figure 4-6). In this manner, 

mutations in channels that regulate the resting 

potential of zona glomerulosa cells have been 

implicated in the development of hyperaldosteronism. 

How these mutations may result in proliferation and 

adenoma production is not well understood. This 

understanding provoked further international 

collaborative research, especially among European 

research teams, to investigate the role of other cell 

membrane channels involved in maintaining zona 

glomerulosa cell resting potentials. This research has 

resulted in the discovery of somatic mutations in the 

sodium-potassium-ATPase, calcium-ATPase, and 

voltage-gated calcium channel all in the zona 

glomerulosa cell membrane in the pathogenesis of 

PA (70,85).  
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Figure 4. Adrenal zona glomerulosa cell membrane potential and KCNJ5 mutations. Normal resting 

equilibrium. The normal resting potential of zona glomerulsa cells is hyperpolarized thereby preventing 

calcium influx by inhibiting voltage-gated calcium channels. 

 

 
Figure 5. Adrenal zona glomerulosa cell membrane potential and KCNJ5 mutations. Normal 

aldosterone stimulation. Activation of the angiotensin receptor (ATR1) by angiotensin II (ANG II) or 

extracellular hyperkalemia results in depolarization of the cell and resultant calcium influx via activated 
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voltage-gated calcium channels. Calcium influx activates signaling to increase expression of 

aldosterone synthase and ultimately aldosterone production. 

 

 
Figure 6. Adrenal zona glomerulosa cell membrane potential and KCNJ5 mutations. KCNJ5 mutations. 

Mutations in KCNJ5 result in permeability to Na+, resultant depolarization and calcium influx via 

voltage-gated calcium channels. Similarly, mutant Na+/K+ ATPase and Ca++ ATPase result in cell 

membrane depolarization and calcium influx. 

 

FAMILIAL HYPERALDOSTEREONISM TYPE IV (FH 

IV) 

 

Familial aldosteronism type IV results from germline 

mutations in the T-type calcium channel subunit gene 

CACNA1H (86). Germline mutations in CACNA1D 

(encoding a subunit of L-type voltage-gated calcium 

channel CaV1.3) are found in patients with primary 

aldosteronism sometimes associated with seizures, 

and other neurological abnormalities (87). 

 

With continued collaborative research, it is expected 

the number of mutated gene products regulating the 

resting potential of zona glomerulosa cells implicated 

in the pathogenesis of PA will grow. Whether the 

identification of these mutations will translate to 

treatment modalities remains to be seen. 

 

Insights into the Syndrome of Subclinical Primary 

Aldosteronism  

 

The histopathological discovery of aldosterone-

producing cell clusters (APCCs), CYP11B2 

expressing area and/or areas of abnormal foci of 

CYP11B2-expressing cells (6), sparked another leap 

in the understanding of PA pathogenesis (36,37). 

APCCs have now been identified in more than 50% 

of otherwise morphologically normal adrenal glands 

and are found with higher prevalence in older 

individuals (6). Recent studies reported decreased 

normal zona glomerulosa CYP11B2 expression and 

increased APCC expression with advancing age (6). 

Further, APCCs harbor somatic mutations known to 

increase autonomous aldosterone secretion in APAs 
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(37). Although studies of APCCs to date lack 

biochemical or clinical correlates to confirm that this 

histopathological phenotype of aldosterone synthase 

overexpression induces renin-independent 

aldosteronism, they raised speculation that the APCC 

may represent a precursor for development of APA 

or BAH. For example, APCCs exist even in adrenal 

tissue adjacent to an aldosterone-producing 

adenoma (36), suggesting that APCCs have non-

suppressible aldosterone synthase activity. Several 

clinical studies to date have shown mild or 

“subclinical” renin-independent aldosteronism in 

normotensives and early stage hypertensives, and 

that this phenotype increases the risk for 

cardiometabolic disease (17,47,88–90); however, 

none of these clinical studies had histopathological 

evidence to link APCC’s with the clinical phenotype. 

Therefore, future studies that integrate APCC 

histopathology with biochemical testing and incident 

clinical outcomes are needed to better characterize 

whether APCCs may represent the initial 

pathogenesis of PA (Figure 7). 

 

 
Figure 7. Phenotype and clinical manifestations of Primary aldosteronism (PA) varies. Current clinical practice 

guidelines recommend screening for primary aldosteronism using in Grade III or resistant hypertension. The 

patients with overt primary aldosteronism have the highest risk for incident cardiovascular disease. In milder 

forms of autonomous aldosterone secretion with biochemically confirmed primary aldosteronism, where arterial 

pressure may be normal- high normal or with grade I-II hypertension, populations for whom primary 

aldosteronism screening is not routinely recommended, have unrecognized, yet biochemically overt primary 

aldosteronism. In cases of subclinical primary aldosteronism, renin-independent aldosterone secretion can be 

seen among healthy normotensive populations with no obvious clinical syndrome of MR overactivation is 

apparent, but subtle biochemical evidence of renin-independent aldosteronism (plasma renin activity suppressed 

and inappropriately “normal” or high aldosterone levels). These people may be at higher risk for developing 

hypertension. Recent hypothesis suggests that the newly described non-neoplastic foci of CYP11B2-expressing 

cells called aldosterone-producing cell clusters (APCC) may represent a precursor to APAs or bilateral adrenal 

hyperplasia (BAH) (Vaidya et al., 2018) 
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Congenital Adrenal Hyperplasia 

 

Another mineralocorticoid-excess state with low 

plasma renin activity is congenital adrenal 

hyperplasia (CAH). The most common cause of CAH 

is 21-hydroxylase deficiency, which can result in 

variable insufficiencies of cortisol and aldosterone. 

However, much rarer forms of CAH, for example, 

11β-hydroxylase deficiency and 17α-hydroxylase 

deficiency can result in monogenic hypertension due 

to hypermineralocorticoidism, caused by elevated 

deoxycortisol and deoxycorticosterone levels, and 

resultant excessive mineralocorticoid receptor 

activation (91,92) (Figure 3). 

 

Apparent Mineralocorticoid Excess (AME) and 

Liddle’s syndrome 

 

AME results from abnormal activation of the Type I 

mineralocorticoid receptor in the kidney by cortisol, 

secondary to an acquired (licorice ingestion or 

chewing tobacco) or congenital deficiency of the 

renal isoform of the type II isoenzyme of the 

corticosteroid 11-beta-dehydrogenase. This 

isoenzyme converts cortisol to the inactive cortisone 

in the renal distal convoluted tubule  (91,93). 

However, in case of this isoenzyme’s deficiency, the 

type I mineralocorticoid receptor is no longer 

‘protected’ from activation by cortisol and responds to 

it as if it were aldosterone. 

 

Mutations in 11β-hydroxysteroid dehydrogenase type 

2 gene (HSD11B2) is a rare autosomal recessive 

disorder that is the main cause of AME, which is a 

form of low renin hypertension (94). The most 

common clinical manifestations are cardiovascular 

complications, severe hypertension, left ventricular 

hypertrophy, hypertensive retinopathy and 

nephrocalcinosis associated with hypokalemia. Death 

caused by cardiac arrest in adolescence has been 

reported (94). 

 

In Liddle’s syndrome, constitutive activation of the 

renal epithelial sodium channel (ENaC) results from 

activating mutations in the ENaC gene. In both AME 

and Liddle’s syndromes, the intrinsic renal 

abnormalities described lead to unregulated and 

excessive sodium reabsorption, and therefore a 

biochemical phenotype of suppressed PRA, 

hypokalemia, and undetectable levels of plasma 

aldosterone (93). 

 

CLINICAL FEATURES OF 

HYPERALDOSTERONISM 

 

The clinical features of hyperaldosteronism are non-

specific and variable, often resulting in or associated 

with hypertension. It is more important to distinguish 

whether the hyperaldosteronism is primary or 

secondary, as this pathophysiologic designation 

dictates the likely clinical syndrome (Table 1). Renal 

potassium wasting can result in hypokalemia. The 

phenotype depends largely on the underlying cause 

and the degree of the aldosterone excess, as well as 

the presence of other co-morbidities. The classic 

features of moderate-to-severe hypertension, 

hypokalemia, and metabolic alkalosis are highly 

suggestive of mineralocorticoid excess (usually 

primary aldosteronism). In the majority of cases, 

however, only subtle clues of hyperaldosteronism 

exist, such as the recent onset of refractory 

hypertension (defined as refractory to treatment with 

three classes of antihypertensives, including a 

diuretic) (43). Hypertension is common among 

patients with PA. Hypertension results from 

inappropriately high aldosterone secretion because 
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of plasma volume expansion and increased 

peripheral vascular resistance. Hypertension may be 

severe or refractory to standard antihypertensive 

therapies. However, some patients are normotensive 

or have minimal blood pressure elevations and, as a 

result, severe hypertension is not a sine qua non for 

this diagnosis (17,47,55,88,95). 

 

Spontaneous hypokalemia in any patient with or 

without concurrent hypertension warrants 

consideration of hyperaldosteronism as the etiology. 

Additionally, patients that develop severe 

hypokalemia after institution of a potassium-wasting 

diuretic (such as hydrochlorothiazide or furosemide) 

should be investigated. It should be noted that in the 

majority of cases of PA serum potassium levels are 

normal (43,54). 

 

PA results in extracellular volume expansion 

secondary to excess sodium reabsorption. However, 

after the retention of several liters of isotonic saline, 

an escape from the renal sodium-retaining actions of 

aldosterone occurs in part due to the increased 

secretion of atrial natriuretic peptide. Therefore, 

peripheral edema is rarely a feature of PA if cardiac 

and renal functions are normal. 

 

Metabolic alkalosis occurs secondary to renal distal 

tubule urinary hydrogen ion secretion. It is usually 

mild, causing no significant sequelae, and may go 

unnoticed. Hypomagnesemia and mild hypernatremia 

(likely secondary to resetting of the osmostat) can 

also be observed. 

Rarely, patients experience neuromuscular 

symptoms, including paresthesias or weakness, due 

to the electrolyte disturbances caused by the 

hyperaldosteronism. Nephrogenic diabetes insipidus, 

caused by renal tubule antidiuretic hormone 

resistance due to the hypokalemia, can cause 

nocturia and mild polyuria and polydipsia. Atrial 

fibrillation and cardiac arrhythmias may occur and 

can be life threatening. 

 

Table 1. CLINICAL MANIFESTATIONS OF PRIMARY ALDOSTERONISM 

Classic Manifestations 

• Hypertension   18-25%  

• Resistant Hypertension   8% 

• Hypokalemia  (9 to 37%) 

• Hypervolemia 

• Metabolic alkalosis 

Other Manifestations 

Secondary to hypertension 

• Headaches    female (57-59%)  male (42-43%) 

• Retinopathy (rare) 

• Due to hypokalemia 

• Neuromuscular symptoms (cramps, paresthesias, weakness) 

• Nephrogenic diabetes insipidus 

• Cardiac arrhythmia (incl. atrial fibrillation) 

• Glucose intolerance / impaired insulin secretion 
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Secondary to direct actions of aldosterone on the cardiovascular system 

• Cardiac Hypertrophy/Fibrosis 

• Vascular smooth muscle hypertrophy 

Secondary to a reset osmostat 

Mild hypernatremia 

 

DIAGNOSIS OF HYPERALDOSTERONISM 

 

Secondary causes of hypertension (including 

hyperaldosteronism) should be considered initially in 

all hypertensive individuals. A thorough medical 

history and physical examination can greatly assist 

the clinician in deciding which patients should be 

further evaluated and what tests should be 

performed. Although the sensitivity of testing for 

hyperaldosteronism increases when limited to 

patients with moderate-to-severe hypertension, many 

patients with hyperaldosteronism have mild to 

moderate hypertension. The recent onset of 

refractory or accelerated hypertension, especially in a 

patient known to be previously normotensive, can be 

a valuable clinical clue. Therefore, the clinician must 

remain vigilant to the possibility of 

hyperaldosteronism, especially in the appropriate 

clinical setting. 

 

Who to Screen for PA 

 

The Endocrine Society has published clinical practice 

guidelines for the diagnosis and treatment of patients 

with PA (34). The task force recommends screening 

the following subtypes of patients deemed to be at 

high-risk for PA: 

 

1. Patients with sustained blood pressure 

>150/100 mmHg on three or more measurements 

on different days. 

2. Patients with hypertension resistant to three 

or more anti-hypertensive medications or patients 

requiring four or more anti-hypertensive 

medications to attain blood pressure control. 

3. Patients with hypertension and sleep apnea. 

4. Patients with hypertension associated with 

either spontaneous or diuretic-induced 

hypokalemia. 

5. Patients with hypertension and an incidentally 

discovered adrenal adenoma. 

6. Patients with hypertension with a family 

history of early-onset hypertension or 

cerebrovascular accident at age less than 40 

years. 

7. All hypertensive first-degree relatives of 

patients with PA, although there is insufficient 

data from prospective studies to support this 

recommendation. 

 

GRA should be considered in patients with early-

onset hypertension (<20yr) in the setting of a 

suppressed PRA. A family history of PA or early 

cerebral hemorrhage (<40yr) should also raise 

suspicion for GRA. Screening of GRA kindreds has 

revealed that most affected individuals are not 

hypokalemic (43,96). 

 

How to Screen for PA 

 

Evaluation for PA begins with hormonal screening, 

specifically determination of plasma aldosterone 

concentration (PAC) and plasma renin activity (PRA) 

with validated, sensitive assays, for calculation of a 

plasma aldosterone to renin ratio (ARR). The use of 

automated direct renin concentration (DRC) rather 
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than PRA is increasing as automated DRC assays 

are becoming more available. In most studies, given 

that serum aldosterone is expressed ng/dL and 

plasma renin activity (PRA) in ng/mL per hour, an 

ARR > 20 is considered suspicious for PA (95% 

sensitivity and 75% specificity). When aldosterone is 

measured in pmol/L, ARR greater than 900 is 

consistent with primary aldosteronism. An ARR >30, 

especially in the setting of a PAC > 15 ng/dL (555 

pmol/L), has been shown to be 90% sensitive and 

91% specific for the diagnosis of PA (29,43,97), 

whereas a ratio of >50 is virtually diagnostic of PA 

(97). The cut-off for ARR differs when using the DRC 

instead of PRA and differs further when employing SI 

units rather than conventional units 

(45). Interpretation of the ARR should be made after 

confirming that renin is suppressed in the setting of 

inappropriately high endogenous aldosterone 

production. The absence of renin suppression should 

raise suspicion for secondary aldosteronism and/or 

the use of medications that raise renin 

(mineralocorticoid receptor antagonists, renin 

inhibitors, renin-angiotensin-aldosterone system 

inhibitors, ENaC inhibitors, other diuretics that induce 

volume contraction). 

 

To optimize the initial screening evaluation for PA, 

several aspects of the testing conditions must be 

considered (98). To begin with, the ARR is most 

sensitive when collected in the morning, after 

patients have been ambulatory for 2 hours, and have 

been seated for 5-15 minutes prior to blood drawing 

(43). Hypokalemia should also ideally be corrected 

prior to screening as it directly inhibits aldosterone 

secretion. Furthermore, drugs that alter aldosterone 

or renin secretion can result in false positive or false 

negative results. Beta-adrenergic blockers and 

central alpha agonists lower PRA secretion and often 

produce a false positive ARR in patients with 

essential hypertension. Diuretics, ACE-inhibitors 

(ACEI) and angiotensin receptor blockers (ARB) can 

increase PRA and result in false negative screening 

results. However, if the ARR while on any medication 

is high, with frankly elevated PAC and suppressed 

PRA, the likelihood of primary aldosteronism remains 

remarkably high. The mineralocorticoid receptor 

antagonists spironolactone and eplerenone, as well 

as renin inhibitors, can cause false negative ARR by 

virtue of raising the PRA. If a PRA is suppressed 

while on a mineralocorticoid receptor antagonist, the 

ARR may still be interpretable; however, in the 

context of an unsuppressed PRA, mineralocorticoid 

receptor antagonists should be discontinued for 

weeks-to-months until the PRA is suppressed, before 

the ARR is informative. 

 

Understanding the impact of various medications on 

the ARR helps in the interpretation of results. When 

possible, it is ideal to withdraw the antihypertensive 

agents described above that affect the ARR 2-4 

weeks prior to screening for PA; spironolactone and 

eplerenone, because of longer effect duration, should 

be stopped at least 4-6 weeks prior to testing. 

However, withdrawal of anti-hypertensives may not 

be feasible in patients with moderate to severe 

hypertension. Medications with neutral effects on the 

ARR, such as non-dihydropyridine calcium channel 

blockers, hydralazine, or alpha-blockers, can be used 

instead to control arterial pressure during the 

screening evaluation. 

 

In addition to the ARR, new studies have implicated 

other biomarkers that may have a high sensitivity for 

screening PA. Titers of angiotensin II type I receptor 

autoantibodies are elevated in PA, and have been 

shown to exhibit discriminatory capability in 

distinguishing patients with APA, BAH, essential 

hypertension, and normotension (99). Additionally, 

emerging evidence has implicated a complex cross-

talk between adrenal hormones and parathyroid 

hormone regulation (100,101); parathyroid hormone 
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levels may be able to distinguish those with PA from 

an APA (102). 

 

Confirming the Diagnosis 

 

In patients with a positive ARR, subsequent 

confirmation or exclusion of autonomous aldosterone 

secretion is necessary. Methods to demonstrate 

autonomy of aldosterone production focus on 

volume-expanding maneuvers. Options for volume 

expansion include oral sodium loading and 

intravenous saline infusion. Other confirmatory 

testing can be done by fludrocortisone suppression 

and captopril challenge (45). Combined 

fludrocortisone and dexamethasone suppression test 

and overnight diagnostic test using pharmaceutical 

RAAS (renin-angiotensin-aldosterone system) 

blockade with dexamethasone, captopril and 

valsartan (captopril was administered for inhibition of 

ACE activity, valsartan to counteract the remaining 

angiotensin activity and dexamethasone for 

suppression of the ACTH effect on aldosterone 

secretion) have also been suggested 

(103,104) (Table 2). 

 

When prescribing the oral sodium loading test to 

confirm PA, patients should be instructed to consume 

a high sodium (200 mmol/day) diet for 4 days. This is 

best accomplished by adding 4 bouillon packets per 

day to a regular diet (each packet contains 1100 mg, 

or 48 mmol, of sodium). Sodium chloride tablets can 

also be used, though in our experience these may be 

poorly tolerated due to gastrointestinal upset. On the 

fourth day of high dietary sodium intake, a 24-hour 

urine collection for urinary aldosterone (or 

aldosterone excretion rate), creatinine, and sodium is 

collected. Oral salt loading should result in extra- and 

intra-vascular volume expansion and RAS 

suppression in normal individuals. Aldosterone 

excretion greater than 10-12 mcg/24h (ref. range <10 

mcg/24h) in the presence of a urinary sodium 

excretion greater than 200 mmol/24 hours confirms 

the diagnosis of PA (45). The advantage of oral 

sodium loading is that it is easier for both the patient 

and clinician, as it can be performed on an outpatient 

basis without using hospital resources. However, this 

should not be performed on patients with severe 

uncontrolled blood pressure or moderate to severe, 

untreated hypokalemia. Blood pressure and 

potassium levels should be monitored during the 

testing, as hypertension and hypokalemia can be 

further precipitated or exacerbated with dietary 

sodium loading(43,105). 

 

For the saline suppression test, 2 liters of isotonic 

saline are infused (500ml/h) over 4 hours. This test 

should not be performed in patients with 

compromised cardiac function due to the risk of 

pulmonary edema. Intravascular volume expansion 

should suppress the RAS. In normal subjects, PAC 

decreases below 5 ng/dL at the end of the saline 

infusion; levels greater than 10 ng/dL are considered 

diagnostic of autonomous aldosterone production. 

Values between 6 and 10 ng/dL are considered 

indeterminate (105,106).

 

 

Table 2. Tests to Confirm Primary Hyperaldosteronism 

Confirmation Method Protocol Interpretation of Results 

Oral Salt Suppression ·Increase sodium intake 

for 3-4 days via 

· PA confirmed: if 24h urinary aldosterone excretion 

>12 mcg in setting of 24h sodium balance >200 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 18 

Test supplemental tablets or 

dietary sodium to >200 

mmol/day 

· Monitor blood pressure 

· Provide potassium 

supplementation to 

ensure normal serum 

levels 

· Measure 24h urinary 

aldosterone excretion and 

urinary sodium on 3rd or 

4th day 

mmol 

· PA unlikely: if 24h urinary aldosterone excretion 

<10mcg   

Intravenous Saline 

Infusion Test 

· Infusion of 2L of normal 

saline after patient lies 

supine for 1 hour. 

· Infuse 2L of normal 

saline over 4 hours (500 

mL/h) 

· Monitor blood pressure, 

heart rate, potassium 

· Measure plasma renin 

and serum aldosterone at 

time=0h and time=4h 

· PA confirmed: 4h aldosterone level > 10 ng/dL 

· PA unlikely: 4h aldosterone level < 5 ng/dL 

  

Captopril Challenge Test · Administer 25-50mg of 

captopril in the seated 

position 

· Measure renin and 

aldosterone at time=0h 

and again at time=2h 

· Monitor blood pressure 

· PA confirmed: serum aldosterone high and renin 

suppressed* 

· PA unlikely: renin elevated, and aldosterone 

suppressed* 

  

*varying interpretations without specific validated 

cut-offs 

Fludrocortisone 

Suppression Test 

· Administer 0.1 mg 

fludrocortisone q6h for 4 

days 

· Supplement 75-100 

· PA confirmed: Seated serum aldosterone > 6 ng/dL 

on day 4 with PRA< 1ng/mL/h 

· PA unlikely: suppressed aldosterone < 6 ng/dL 
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mmol of NaCl daily to 

ensure a urinary sodium 

excretion rate of 3 

mmol/kg/body weight 

· Monitor blood pressure 

· Provide potassium 

supplementation to 

ensure normal serum 

levels 

· Measure plasma renin 

and serum aldosterone in 

the morning of day 4 

while seated 

Fludrocortisone- 

dexamethasone 

suppression test   

Fludrocortisone- 

dexamethasone 

suppression test  (FDST) 

(61) Administration of 

sodium chloride (2 g  3 

times daily with food) plus 

oral fludrocortisone (0.1 

mg every 6 h for 4 days) 

along with potassium 

gluconate (4.68 g three 

times daily) to maintain  

serum potassium within 

the normal  range (3.5–

5.5 mEql/l). At midnight   

on the 4th day 2 mg of 

dexamethasone are 

added (2 h after 

dinner)(12) 

· PA confirmed: Upright plasma aldosterone >   82 

pmol/l and ARR > 26 on day 5 at 0830 h 

(Simultaneous cortisol measurements (< 54 nmol/l) 

are required to confirm patients’ compliance) 

Recumbent post-low dose 

dexamethasone 

suppression (LDDST)-

saline infusion test 

Dexamethasone 

administration 2 mg/day 

(0.5 mg/6 h) for 2 

consecutive days. 

Maintain recumbent 

position early in the 

morning of the 3rd day 

· PA confirmed: Post-infusion plasma aldosterone 

<68 pmol/l and ARR < 10 pmol/mU  
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(0830 h) and during  the 

i.v. infusion of 2 l 0.9% 

normal saline over 4 h. 

Sampling for renin, 

aldosterone, cortisol and 

potassium  drawn before 

initiation of infusion and    

after 4 h with continuous 

monitoring  of BP and 

heart rate    (12) 

Captopril-valsartan -

dexamethasone test 

(103) 

Day 1 at midnight, at least 

2h after the last meal: 

2mg dexamethasone, 

50mg captopril, and 

320mg valsartan.  

Day 2 morning: extra 

dose of 50mg captopril 

was given 1h before 

blood sampling, which 

was performed between 

08:30 and 09:00 (cortisol, 

ALD, REN, ACTH, and 

potassium levels). All 

blood samples were 

drawn with the 

participants remaining 

seated in a non-stressful 

environment for at least 

30 min. 

· PA confirmed: Cutoff values of 0.3ng/dL/μU/mL 

(9pmol/IU) for ARR and 3.1ng/dL (85pmol/L) for 

aldosterone respectively 

 

Identifying the Cause and Source of PA 

 

Once the biochemical diagnosis of primary 

hyperaldosteronism has been confirmed, further 

testing is required to determine the etiology and 

identify the source of excessive aldosterone 

production. Distinguishing between APA, BAH, and 

less common forms of PA, such as GRA, is 

important. Unilateral adrenalectomy cures 

hypertension in 30-70% of patients with APA or UAH, 

and invariably reverses hypokalemia (38,107). In 

contrast, bilateral adrenalectomy in BAH cures 

hypertension in only <20% of patients (41,108). 

Hence, the treatment of choice is surgical in APA or 

UAH, and medical therapy is generally favored in 

BAH and GRA.  
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Biochemical characteristics can assist with the 

diagnosis of the various causes of PA. Age (<50 

years old), severe hypokalemia (<3.0 mmol/L), high 

plasma aldosterone concentrations (> 25 ng/dl), and 

high urinary aldosterone excretion (>30 ug/24hr) 

favors the diagnosis of APA versus BAH. The 

presence of a classical unilateral Conn’s adenoma in 

addition to a serum potassium < 3.5 mmol/L or 

estimated glomerular filtration rate > 100 mL/min/1.73 

m2 is nearly 100% specific for an APA. However, 

while sensitive or specific, these clinical tools lack 

validation in large cohorts, and therefore cannot be 

relied upon as a means to determine the underlying 

etiology in individual patients (40,43,97). 

 

Patients with PA should undergo radiographic 

evaluation of the adrenal glands to localize the 

source and define the anatomy for potential surgical 

approaches. Computed tomography (CT) scanning 

with thin-slice (3mm) spiral technique is the best 

radiographic procedure to visualize the adrenal 

glands and serves primarily to exclude large masses 

that may represent adrenocortical carcinoma, which 

are usually more than 4 cm in size. Observation of a 

solitary hypodense adrenal nodule, usually < 2 cm in 

size, supports the diagnosis of APA. Adrenal 

adenomas typically are lipid-rich on CT scan (<10 

HU) and have a greater than 50% washout of 

contrast after 10-15 minutes. However, even when 

biochemical features suggestive of APA are present, 

only one-third to one-half of patients have positive CT 

findings for a solitary adenoma (109,110). It is also 

not uncommon for both adrenal glands to be 

anatomically abnormal in patients with primary 

aldosteronism. Furthermore, it is emphasized that a 

radiographic abnormality does not correlate with a 

functional equivalent. Non-functioning adrenal 

‘incidentalomas’ are not rare, especially in patients 

above the age of 40; these are radiographically 

indistinguishable from APA and can co-exist with an 

APA in the ipsilateral or contralateral adrenal gland. 

Recent studies suggest that Aldosterone-producing 

adenomas as well as non-functioning tumors are 

more likely to develop on the left side in patients with 

PA (111). However, data suggest that adrenal 

anatomy determined by CT scanning may wrongly 

predict etiology as well as lateralization of the 

aldosterone source in a significant proportion of 

patients (63,109). 

 

Adrenal vein sampling (AVS) is a localization 

technique that is considered to be the ‘gold standard’ 

for distinguishing unilateral versus bilateral disease in 

PA. AVS involves sampling from the right and left 

adrenal veins, as well as from the inferior vena cava 

(IVC), for measurement of aldosterone and cortisol 

concentrations. Many favor performing AVS with 

adrenocorticotropin (ACTH) stimulation, which can be 

administered continuously or as a bolus, and may 

minimize stress-induced fluctuations in aldosterone 

secretion during the procedure as well as maximize 

aldosterone secretion from an APA (13,43,54,112). 

However, other studies indicate that ACTH does not 

significantly improve the diagnostic accuracy of the 

procedure, in part because it may increase secretion 

from the contralateral side more than from the APA 

itself and, therefore, blunts lateralization 

(13,113,114). It has been recently suggested that the 

use of cosyntropin stimulation can be justified only for 

centers with low experience to perform bilaterally 

simultaneous catheterization. In contrast, more 

experienced centers performing AVS should perform  

catherization studies to avoid the confounding effect 

that cosyntropin may have on lateralization (114). 

 

Multiple variables derived from AVS can be used to 

determine lateralization of aldosterone 

hypersecretion (115). Cortisol-corrected aldosterone 

ratios (A/C ratio) are determined by dividing the 

aldosterone concentrations from each location 

sampled by the cortisol concentration in the same 

location to correct for dilutional effects. Recent 
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observational studies have also demonstrated that 

perhaps the most sensitive way to confirm 

contralateral suppression is when the ratio of the 

basal aldosterone concentration from the 

contralateral adrenal vein to the basal aldosterone 

concentration in the peripheral vein is less than 1.5 

(13). 

 

Using this approach, AVS has been reported to have 

a sensitivity of 95% and a specificity of 100% to 

detect unilateral disease (63). Adrenal vein sampling 

may not be necessary in patients with a high 

probability of APA by biochemical criteria, and a 

>1cm unilateral adrenal nodule with an anatomically 

normal contralateral gland if they are less than 40 

years old (43,63). In all cases, if adrenal vein 

sampling is performed, it should be done by an 

experienced angiographer to increase the likelihood 

of a successful procedure (63). 

There is a compelling argument against using 

adrenal venous sampling. Long considered the gold 

standard for localization and recommended by most 

experts and expert societies, adrenal venous 

sampling had never been tested in a randomized 

controlled trial until 2016. The “SPARTACUS” study 

was the first large randomized controlled trial to 

evaluate whether the use of adrenal venous 

sampling, when compared to decision making using 

the results of cross-sectional imaging, could influence 

clinical outcomes one year later (116). The study 

revealed no significant differences in 

antihypertensive medication needs or clinical 

manifestations for patients after 1 year of follow-up 

(116). Although medical therapy with an MR 

antagonist is the recommendation of choice for BAH, 

longitudinal and prospective studies dictating the 

optimal goals and targets to efficiently reduce 

cardiometabolic risk for these patients is lacking (45). 

Thus, this challenge to the long recommended liberal 

use of adrenal venous sampling suggests that 

empiric treatment with surgery or medication based 

on CT or MRI findings may yield an efficacious and 

cost-effective result (117,118). Several studies have 

debated the need for AVS or not and still no 

consensus has been obtained (119–122). 

 

TREATMENT OF PRIMARY ALDOSTERONISM  

 

Treatment for PA depends on the underlying etiology. 

The goals for optimal treatment are reduction of the 

adverse cardiovascular effects of chronic aldosterone 

excess, such as increased left ventricular mass 

increases/ stroke/ myocardial infarction/ heart failure 

and atrial fibrillation, normalization of the serum 

potassium and normalization of blood pressure, 

which often may persist after correction of the 

hyperaldosteronism. 

 

Surgery is most often the treatment of choice for 

APA, and is often performed with laparoscopic 

techniques (anterior or posterior approaches) (123), 

which reduce patient recovery time and hospital cost. 

A newer treatment approach, and potential 

alternative to surgical resection, is radiofrequency 

ablation of a unilateral APA. Advances in imaging 

localization and radiofrequency techniques have 

demonstrated safe and effective ablations of APAs 

with long-term outcomes (with regard to blood 

pressure, potassium, and number of 

antihypertensives used) that are no different from 

surgical resection of APAs, but with arguably shorter 

hospital lengths of stay (124,125). However, several 

adverse effects have been reported, including 

hypertensive episodes, abdominal pain, hematuria, 

pancreatitis, pneumothorax, adrenal abscess 

formation, etc.(126–128). A clear advantage of 

radiofrequency ablation is the option to avoid surgery 

and instead pursue imaging guided needle 

placement and ablation; however, one clear 

disadvantage is the inability to obtain histopathology 

since the procedure destroys pathological tissue in 

situ. Resection or ablation of an APA may cure or 
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ameliorate hypertension, and invariably reverses 

hypokalemia. Unilateral adrenalectomy cures 

hypertension in 30-70% of patients with APA or UAH 

(39,108). Data suggests that resolution of 

hypertension after adrenalectomy for PA is less likely 

if there is family history of hypertension and use of 

two or more antihypertensive agents pre-operatively 

(21,41,107). Caution should be exercised in the 

perioperative and postoperative management of APA 

patients. Pre-operatively, hypertension and 

hypokalemia should be well controlled, which may 

require the addition of a mineralocorticoid receptor 

antagonist (45). Post-operatively, suppression of 

aldosterone secretion in the contralateral adrenal 

gland is expected and may result in a transient 

hyporeninemic hypoaldosteronism state. As a result, 

some patients exhibit post-operative salt wasting, 

mild hyperkalemia, and are at increased risk of 

dehydration and orthostatic hypotension if sodium 

restricted. Potassium and mineralocorticoid receptor 

antagonists should be withdrawn after surgery. PAC 

can be measured post-operatively as an indication of 

surgical response, however, re-equilibration of PRA 

post-operatively can take several weeks to months. 

Blood pressure tends to show maximal improvement 

1-6 months post-operatively. For patients who are not 

operative candidates, or choose not to undergo 

surgery, medical management of hyperaldosteronism 

should be pursued (47), as described below for BAH. 

 

BAH is best treated medically with the use of a 

mineralocorticoid receptor (MR) antagonist. However, 

it should be noted that in situations of grossly 

asymmetric BAH (where AVS indicates that one 

adrenal gland is clearly producing the vast majority of 

aldosterone), unilateral adrenalectomy can be 

considered to ‘debulk’ the major contributor to 

aldosterone excess if it may improve the patient’s 

quality of life or overall well-being. Although medical 

therapy with an MR antagonist is the 

recommendation of choice for BAH, longitudinal and 

prospective studies dictating the optimal goals and 

targets to efficiently reduce cardiometabolic risk for 

these patients is lacking (45). When medical therapy 

is pursued in the vast majority of BAH cases, the 

available options are the mineralocorticoid receptor 

antagonists eplerenone or spironolactone, which 

prevent aldosterone from activating the MR, resulting 

sequentially in sodium loss, a decrease in plasma 

volume, and an elevation in PRA (129). 

Spironolactone doses required are usually between 

50 mg and 400 mg per day, usually administered 

once daily. The dose can be up-titrated every two 

weeks, until serum potassium values of 4.5 mEq/L 

are achieved. Studies have reported reductions in 

mean systolic and diastolic blood pressure of 25% 

and 22%, respectively (130,131). However, while it is 

effective for controlling blood pressure and 

hypokalemia, the use of spironolactone is limited by 

side effects. Gynecomastia and erectile dysfunction 

often occur during long-term treatment in males due 

to the anti-androgenic actions of spironolactone 

(132). The incidence of gynecomastia in males after 

6 months of use at a dose of > 150 mg/d was as high 

as 52% (133). In women, spironolactone may lead to 

menstrual dysfunction, primarily intermenstrual 

bleeding. Fatigue and gastrointestinal intolerance are 

other common side effects. Eplerenone, which has 

similar antagonistic actions at the type I renal MR, 

has no anti-androgen activity since it does not bind to 

androgen or progesterone receptors, and therefore 

has fewer side effects. It is felt to have 60% of the 

MR antagonist potency of spironolactone (43). 

Eplerenone has a short half-life and is more effective 

if given twice daily. Its starting dose is 25 mg, twice 

daily. In order to achieve a sufficient response in PA, 

doses higher than 100 mg/day are often needed 

(134,135). A targeted mid- to high-normal serum 

potassium concentration without the aid of potassium 

supplements may suggest sufficient mineralocorticoid 

receptor blockade. A monitoring of plasma renin 

activity with an optimal value higher than 1 
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ng/mL/hour, has also been suggested to significantly 

reduce risk of major cardiometabolic events and 

mortality (28). Several studies reported that PA 

patients treated with high doses of MR antagonists, 

whose renin activity was increased, had significantly 

less risk for major cardiovascular events (atrial 

fibrillation, incident diabetes, myocardial infarction, 

heart failure hospitalization, or stroke and incident 

mortality). Importantly, the excess risk for these 

cardiovascular events, as well as death and atrial 

fibrillation was reduced, compared with primary 

aldosteronism patients treated with lower doses of 

MR antagonists, whose renin activity remained 

suppressed/undetectable. In these patients. An 

approximately three-fold excess risk for 

cardiovascular events and atrial fibrillation and a 63% 

higher risk for death were reported, when compared 

with age-matched patients diagnosed with essential 

hypertension (28,29,136). However, optimization with 

high dosage of MR antagonists may  not be ideal in 

cases of glomerular filtration rate decline, when there 

is an increased risk of hyperkalemia with MR 

antagonist treatment (29). 

 

When blood pressure is not controlled with 

spironolactone/eplerenone, or side-effects limit 

tolerability, the addition of other antihypertensive 

therapies may be required. Potassium-sparing 

diuretics, such as the ENaC inhibitors triamterene or 

amiloride, have been used, although they are usually 

not as effective as spironolactone (137). The 

dihydropyridine calcium channel antagonists have 

also been shown to effectively reduce blood 

pressure. Dietary sodium restriction (< 100 

mmol/day), regular aerobic exercise, and 

maintenance of ideal body weight contribute to the 

success of pharmacologic treatment for hypertension 

in BAH (29). Novel treatment-agents, such as 

finerenone, a dihydropyridine‐based nonsteroidal MR 

antagonist, are under evaluation for the treatment of 

PA. This newer MR antagonist has shown in 

preclinical studies, as well as in a phase I clinical 

trial, a beneficial and antifibrotic effect on cardiac 

and/or vascular activity, along with minimal side-

effects regarding renal function and renal sodium and 

potassium homeostasis (138,139). 

 

Glucocorticoid-remediable aldosteronism (GRA) can 

be successfully treated with low doses of 

glucocorticoids such as dexamethasone (96). By 

inhibiting ACTH release, the abnormal production of 

aldosterone can be suppressed. The lowest dose of 

glucocorticoid that can normalize blood pressure and 

potassium levels should serve to minimize side 

effects. PRA and PAC can be measured to assess 

treatment effectiveness and prevent overtreatment. 

The MR antagonists eplerenone and spironolactone 

are alternative treatments of hypertension in GRA 

(140). 

 

CAUSES OF MINERALOCORTICOID EXCESS 

WITH HIGH PLASMA RENIN ACTIVITY 

(SECONDARY ALDOSTERONISM) 

 

Secondary aldosteronism is the result of the 

hypersecretion of aldosterone because of increased 

activation of the renin-angiotensin system (RAS). The 

subgroups are best understood by contrasting the 

etiologies that usually produce hypertension from 

those that do not (Figure 3). 

 

Usually Normo- or Hypotensive  

 

The most common causes of secondary 

aldosteronism are medical illnesses that result from a 

reduction in perceived or effective circulating blood 

volume, such as congestive heart failure and 

nephrotic syndrome. Importantly, treatment and 

correction of the underlying medical illness and 

volume expansion results in reversal of the activated 

RAS. Secondary aldosteronism in a normotensive 

patient should also raise consideration for 
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Gittleman’s and Barter’s syndrome (see Figure 3 and 

further discussion in Hypertension section). 

 

Diuretic use can also cause secondary 

aldosteronism. The findings can mimic those seen in 

renovascular hypertension, especially in a 

hypertensive patient. With chronic diuretic use, 

moderate to severe extracellular and intravascular 

volume depletion results in renal hypoperfusion, 

increased release of renin, and subsequently 

excessive aldosterone production. In rare occasions, 

surreptitious use of diuretics can produce misleading 

biochemical findings. A high degree of suspicion 

should be present in the appropriate setting, such as 

unexplained hypokalemia in a medical or 

paramedical worker or an individual attempting to 

lose weight using pharmacologic methods. 

 

Usually Hypertensive 

 

It is important to distinguish renal 

vascular disease from renal vascular hypertension. 

While a large proportion of the adult population may 

have renal vascular disease (defined as a 50% or 

greater decrease in renal artery luminal diameter), 

only a small portion of these patients experience 

critical and clinically relevant renal hypoperfusion and 

ischemia (141). Therefore, documentation of 

both structural and functional abnormalities is 

required before therapeutic intervention in such 

patients. 

 

Renovascular hypertension is defined as 

hypertension associated with either unilateral or 

bilateral ischemia of the renal parenchyma. There are 

numerous causes of this disorder. Atherosclerosis of 

the renal arteries is the most common, accounting for 

90% of cases. Fibromuscular dysplasia accounts for 

less than 10% of cases (141). In these disorders, 

decreased renal perfusion causes tissue hypoxia and 

decreased perfusion pressure, thereby stimulating 

renin release from the juxtaglomerular cells, resulting 

in secondary aldosterone secretion. Coarctation of 

the aorta can produce a similar pathophysiology due 

to renal hypoperfusion. 

 

Although renal vascular hypertension can affect 

patients of all ages, it is commonly seen in older 

adults (>50 years) due to the increased prevalence of 

atherosclerosis in this population. When found in 

patients younger than 50 years of age, renal vascular 

hypertension is more common in women, usually as 

a result of fibromuscular dysplasia of one of both of 

the renal arteries (141,142). 

 

In very rare cases, juxtaglomerular cell tumors of the 

kidney that hypersecrete renin have been described 

(143). Such patients often have severe hypertension, 

accompanied by marked elevation of renin and 

aldosterone levels, hypokalemia, and a mass lesion 

in the kidney. Confirmation includes documentation 

of unilateral renin secretion in the absence of renal 

artery stenosis. While rare, such cases are important 

to diagnose, as surgical removal of the tumor can be 

curative. 

 

CLINICAL MANIFESTATIONS OF SECONDARY 

ALDOSTERONISM 

 

Secondary causes of hyperaldosteronism have broad 

phenotypic variation and cannot be stereotyped by 

classical manifestations.  

 

DIAGNOSIS OF SECONDARY ALDOSTERONISM 

 

When there is clinical suspicion for renovascular 

hypertension, and initial screening has revealed a 

normal or elevated PRA, further testing for 

renovascular hypertension should be considered. 

Clinical features that should raise suspicion for 

renovascular hypertension include abrupt-onset 

hypertension, unexplained acute or progressive renal 
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dysfunction, renal dysfunction induced by renin-

angiotensin-aldosterone system inhibitors, 

asymmetric renal dimensions, or suspicion of 

fibromuscular disease in a young patient. Importantly 

screening is only recommended if intervention will be 

pursued if a significant lesion is detected (142,144). 

 

The diagnosis of renovascular hypertension requires 

two criteria: 1) the identification of a significant 

arterial obstruction (structural abnormality), and 2) 

evidence of excess renin secretion by the affected 

kidney (functional abnormality) (145). Structural 

abnormalities can be detected by a variety of imaging 

techniques. The gold standard is renal arteriography, 

but computed tomography (CT) scanning, duplex 

Doppler ultrasonography, and magnetic resonance 

angiography are reasonable non-invasive 

alternatives (142,144–146). Despite the multiple 

screening options, there is currently no single test 

that if negative completely excludes a stenotic lesion 

in the real arteries. Choosing among the various 

options is largely dependent on degree of clinical 

suspicion, availability of the technology, cost of the 

examination, and physician experience in performing 

and interpreting the results. The presence of renal 

insufficiency is an important consideration in 

determining the most appropriate diagnostic 

approach. 

 

Evaluating the functional significance of a stenotic 

lesion in the renal arteries can be accomplished by 

captopril renography. For this procedure, 25-50 mg of 

captopril is administered one hour before a 

radioisotope is injected. Under normal conditions, 

administration of an ACE inhibitor reduces 

angiotensin II-mediated vasoconstriction and leads to 

relaxation of the efferent arteriole and an increase in 

glomerular filtration rate (GFR). This response is 

attenuated if the afferent blood flow is fixed by the 

presence of a stenotic lesion, and thus the difference 

between radioisotope excretion between the two 

kidneys is enhanced. Delayed excretion on the 

affected relative to the unaffected side provides 

functional evidence of renal artery narrowing (147). 

Although the captopril renogram is not recommended 

as a screening test for renal artery stenosis because 

of variable sensitivity and specificity depending on 

the populations studied (144), it is a tool for 

assessing the clinical significance of a stenotic 

lesion, and has high positive and negative predictive 

values for beneficial revascularization results (144). 

 

TREATMENT OF SECONDARY ALDOSTERONISM 

 

Renal artery stenosis is managed through medical 

therapy alone or combined with revascularization. 

The goal of treatment is blood pressure control, as 

well as prevention of decline in renal function and 

secondary cardiovascular disease (144,146). For 

renal artery fibromuscular dysplasia, primary 

angioplasty is the recommended endovascular 

procedure. In the case of atherosclerotic 

renovascular disease, angioplasty with stent 

placement is preferred over angioplasty alone, 

because data suggest improved outcomes in ostial 

renovascular stenosis. However, it must be noted 

that there is a paucity of level 1 data from 

randomized control trials demonstrating that 

revascularization has survival advantage in 

atherosclerotic renovascular disease (148). In all 

cases, an experienced interventional angiographer 

should perform angioplasty. Surgery for repair of 

renal vascular hypertension is reserved for patients 

with prior unsuccessful angioplasties. 

 

Aggressive medical therapy should also be instituted 

and may be sufficient in many patients with 

atherosclerotic renovascular hypertension. Given the 

central role of the RAS in the pathophysiology of the 

disease, ACE inhibitors and ARB are the agents of 

choice for medical management and have anti-

hypertensive as well as reno-protective effects. 
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Caution must be taken, however, as initiation of 

either agent can rarely be associated with 

precipitation of acute renal failure, particularly in 

patients who have critical, bilateral renal artery 

stenosis. As a corollary, acute deterioration of renal 

function after initiation of these medications in 

patients with hypertension should prompt clinicians to 

consider the diagnosis of bilateral renal artery 

stenosis (141,144). 

 

REFERENCES 
 

1.  Soundararajan R, Pearce D, Ziera T. The role of the ENaC-

regulatory complex in aldosterone-mediated sodium transport. Mol. 

Cell. Endocrinol. 2012;350(2):242–247. 

2.  Funder JW, Pearce PT, Smith R, Smith AI. Mineralocorticoid 

action: Target tissue specificity is enzyme, not receptor, mediated. 

Science (80-. ). 1988;242(4878):583–585. 

3.  Stowasser M. New perspectives on the role of aldosterone 

excess in cardiovascular disease. Clin. Exp. Pharmacol. Physiol. 

2001;28(10):783–791. 

4.  Nishimoto K, Koga M, Seki T, Oki K, Gomez-Sanchez EP, 

Gomez-Sanchez CE, Naruse M, Sakaguchi T, Morita S, Kosaka T, Oya M, 

Ogishima T, Yasuda M, Suematsu M, Kabe Y, Omura M, Nishikawa T, 

Mukai K. Immunohistochemistry of aldosterone synthase leads the 

way to the pathogenesis of primary aldosteronism. Mol. Cell. 

Endocrinol. 2017;441:124–133. 

5.  Seccia TM, Caroccia B, Gomez-Sanchez EP, Gomez-Sanchez 

CE, Rossi GP. The Biology of Normal Zona Glomerulosa and 

Aldosterone-Producing Adenoma: Pathological Implications. Endocr. 

Rev. 2018;39(6):1029–1056. 

6.  Nanba K, Vaidya A, Williams GH, Zheng I, Else T, Rainey WE. 

Age-related autonomous aldosteronism. Circulation 2017;136(4):347–

355. 

7.  Hattangady NG, Olala LO, Bollag WB, Rainey WE. Acute and 

chronic regulation of aldosterone production. Mol. Cell. Endocrinol. 

2012;350(2):151–162. 

8.  Oki K, Plonczynski MW, Lam ML, Gomez-Sanchez EP, Gomez-

Sanchez CE. The potassium channel, Kir3.4 participates in angiotensin 

II-stimulated aldosterone production by a human adrenocortical cell 

line. Endocrinology 2012;153(9):4328–4335. 

9.  El Ghorayeb N, Bourdeau I, Lacroix A. Role of ACTH and 

Other Hormones in the Regulation of Aldosterone Production in 

Primary Aldosteronism. Front. Endocrinol. (Lausanne). 2016;7. 

doi:10.3389/fendo.2016.00072. 

10.  Gallo-Payet N. Adrenal and extra-adrenal functions of ACTH. 

J. Mol. Endocrinol. 2016;56(4):T135–T156. 

11.  Markou A, Sertedaki A, Kaltsas G, Androulakis II, Marakaki C, 

Pappa T, Gouli A, Papanastasiou L, Fountoulakis S, Zacharoulis A, 

Karavidas A, Ragkou D, Charmandari E, Chrousos GP, Piaditis GP. 

Stress-induced aldosterone hyper-secretion in a substantial subset of 

patients with essential hypertension. J. Clin. Endocrinol. Metab. 

2015;100(8):2857–2864. 

12.  Piaditis G, Markou A, Papanastasiou L, Androulakis II, Kaltsas 

G. Progress in aldosteronism: A review of the prevalence of primary 

aldosteronism in pre-hypertension and hypertension. Eur. J. 

Endocrinol. 2015;172(5):R191–R203. 

13.  El Ghorayeb N, Mazzuco TL, Bourdeau I, Mailhot JP, Zhu PS, 

Thérasse E, Lacroix A. Basal and post-ACTH aldosterone and its ratios 

are useful during adrenal vein sampling in primary aldosteronism. J. 

Clin. Endocrinol. Metab. 2016;101(4):1826–1835. 

14.  Rossi G, Boscaro M, Ronconi V, Funder JW. Aldosterone as a 

cardiovascular risk factor. Trends Endocrinol. Metab. 2005;16(3):104–

7. 

15.  Redgrave J, Rabinowe S, Hollenberg NK, Williams GH. 

Correction of abnormal renal blood flow response to angiotensin II by 

converting enzyme inhibition in essential hypertensives. J. Clin. Invest. 

1985;75(4):1285–1290. 

16.  Shoback DM, Williams GH, Moore TJ, Dluhy RG, Podolsky S, 

Hollenberg NK. Defect in the sodium-modulated tissue responsiveness 

to angiotensin II in essential hypertension. J. Clin. Invest. 

1983;72(6):2115–2124. 

17.  Vaidya A, Underwood PC, Hopkins PN, Jeunemaitre X, Ferri C, 

Williams GH, Adler GK. Abnormal aldosterone physiology and 

cardiometabolic risk factors. Hypertension 2013;61(4):886–893. 

18.  Weber KT, Brilla CG. Pathological hypertrophy and cardiac 

interstitium: Fibrosis and renin-angiotensin-aldosterone system. 

Circulation 1991;83(6):1849–1865. 

19.  Weber KT. Aldosterone in congestive heart failure. N. Engl. J. 

Med. 2001;345(23):1689–1697. 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 28 

20.  Rao AD, Shah R V., Garg R, Abbasi SA, Neilan TG, Perlstein TS, 

Di Carli MF, Jerosch-Herold M, Kwong RY, Adler GK. Aldosterone and 

myocardial extracellular matrix expansion in type 2 diabetes mellitus. 

In: American Journal of Cardiology.Vol 112.; 2013:73–78. 

21.  Anderson GH, Blakeman N, Streeten DHP. The effect of age 

on prevalence of secondary forms of hypertension in 4429 

consecutively referred patients. J. Hypertens. 1994;12(5):609–615. 

22.  Musani SK, Vasan RS, Bidulescu A, Liu J, Xanthakis V, Sims M, 

Gawalapu RK, Samdarshi TE, Steffes M, Taylor HA, Fox ER. Aldosterone, 

c-reactive protein, and plasma b-type natriuretic peptide are 

associated with the development of metabolic syndrome and 

longitudinal changes in metabolic syndrome components : Findings 

from the jackson heart study. Diabetes Care 2013;36(10):3084–3092. 

23.  Brown NJ. Contribution of aldosterone to cardiovascular and 

renal inflammation and fibrosis. Nat. Rev. Nephrol. 2013;9(8):459–469. 

24.  Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, 

Palensky J, Wittes J. The effect of spironolactone on morbidity and 

mortality in patients with severe heart failure. N. Engl. J. Med. 

1999;341(10):709–717. 

25.  Brilla CG, Matsubara LS, Weber KT. Antifibrotic effects of 

spironolactone in preventing myocardial fibrosis in systemic arterial 

hypertension. Am. J. Cardiol. 1993;71(3). doi:10.1016/0002-

9149(93)90239-9. 

26.  Bernini G, Galetta F, Franzoni F, Bardini M, Taurino C, 

Bernardini M, Ghiadoni L, Bernini M, Santoro G, Salvetti A. Arterial 

stiffness, intima-media thickness and carotid artery fibrosis in patients 

with primary aldosteronism. J. Hypertens. 2008;26(12):2399–2405. 

27.  Tsuchiya K, Yoshimoto T, Hirata Y. Endothelial dysfunction is 

related to aldosterone excess and raised blood pressure. Endocr. J. 

2009;56(4):553–9. 

28.  Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya A. 

Cardiometabolic outcomes and mortality in medically treated primary 

aldosteronism: a retrospective cohort study. Lancet Diabetes 

Endocrinol. 2018;6(1):51–59. 

29.  Hundemer GL, Vaidya A. Primary Aldosteronism Diagnosis 

and Management: A Clinical Approach. Endocrinol. Metab. Clin. North 

Am. 2019;48(4):681–700. 

30.  Born-Frontsberg E, Reincke M, Rump LC, Hahner S, Diederich 

S, Lorenz R, Allolio B, Seufert J, Schirpenbach C, Beuschlein F, 

Bidlingmaier M, Endres S, Quinkler M, Participants of the German 

Conn’s Registry. Cardiovascular and cerebrovascular comorbidities of 

hypokalemic and normokalemic primary aldosteronism: results of the 

German Conn’s Registry. J. Clin. Endocrinol. Metab. 2009;94(4):1125–

30. 

31.  Milliez P, Girerd X, Plouin PF, Blacher J, Safar ME, Mourad JJ. 

Evidence for an increased rate of cardiovascular events in patients with 

primary aldosteronism. J. Am. Coll. Cardiol. 2005;45(8):1243–1248. 

32.  Savard S, Amar L, Plouin P-F, Steichen O. Cardiovascular 

complications associated with primary aldosteronism: a controlled 

cross-sectional study. Hypertens. (Dallas, Tex.  1979) 2013;62(2):331–6. 

33.  Catena C, Colussi GL, Nadalini E, Chiuch A, Baroselli S, 

Lapenna R, Sechi LA. Cardiovascular outcomes in patients with primary 

aldosteronism after treatment. Arch. Intern. Med. 2008;168(1):80–85. 

34.  Rossi GP, Cesari M, Cuspidi C, Maiolino G, Cicala MV, Bisogni 

V, Mantero F, Pessina AC. Long-term control of arterial hypertension 

and regression of left ventricular hypertrophy with treatment of 

primary aldosteronism. Hypertens. (Dallas, Tex.  1979) 2013;62(1):62–

9. 

35.  Koch CA, Papadopoulou-Marketou N, Chrousos GP. Overview 

of Endocrine Hypertension. 2000;(6):1–34. 

36.  Nishimoto K, Nakagawa K, Li D, Kosaka T, Oya M, Mikami S, 

Shibata H, Itoh H, Mitani F, Yamazaki T, Ogishima T, Suematsu M, 

Mukai K. Adrenocortical zonation in humans under normal and 

pathological conditions. J. Clin. Endocrinol. Metab. 2010;95(5):2296–

305. 

37.  Nishimoto K, Tomlins SA, Kuick R, Cani AK, Giordano TJ, 

Hovelson DH, Liu C-J, Sanjanwala AR, Edwards MA, Gomez-Sanchez CE, 

Nanba K, Rainey WE. Aldosterone-stimulating somatic gene mutations 

are common in normal adrenal glands. Proc. Natl. Acad. Sci. U. S. A. 

2015;112(33):E4591-9. 

38.  Kaplan NM. The current epidemic of primary aldosteronism: 

causes and consequences. J. Hypertens. 2004;22(5):863–9. 

39.  Stewart PM, Edwards CRW. The cortisol-cortisone shuttle 

and hypertension. J. Steroid Biochem. Mol. Biol. 1991;40(4–6):501–

509. 

40.  Stowasser M. Update in primary aldosteronism. J. Clin. 

Endocrinol. Metab. 2009;94(10):3623–3630. 

41.  Meyer A, Brabant G, Behrend M. Long-term follow-up after 

adrenalectomy for primary aldosteronism. World J. Surg. 

2005;29(2):155–9. 

42.  Gordon RD, Klemm SA, Tunny TJ, Stowasser M. Primary 

aldosteronism: hypertension with a genetic basis. Lancet (London, 

England) 1992;340(8812):159–61. 

43.  Funder JW, Carey RM, Fardella C, Gomez-Sanchez CE, 

Mantero F, Stowasser M, Young WF, Montori VM, Edwards H. Case 

detection, diagnosis, and treatment of patients with primary 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 29 

aldosteronism: An endocrine society clinical practice guideline. J. Clin. 

Endocrinol. Metab. 2008;93(9):3266–3281. 

44.  Streeten DHP, Tomycz N, Anderson GH. Reliability of 

screening methods for the diagnosis of primary aldosteronism. Am. J. 

Med. 1979;67(3):403–413. 

45.  Funder JW, Carey RM, Mantero F, Murad MH, Reincke M, 

Shibata H, Stowasser M, Young WF. The Management of Primary 

Aldosteronism: Case Detection, Diagnosis, and Treatment: An 

Endocrine Society Clinical Practice Guideline. J. Clin. Endocrinol. Metab. 

2016;101(5):1889–916. 

46.  Mosso L, Carvajal C, González A, Barraza A, Avila F, Montero 

J, Huete A, Gederlini A, Fardella CE. Primary aldosteronism and 

hypertensive disease. Hypertens. (Dallas, Tex.  1979) 2003;42(2):161–

5. 

47.  Baudrand R, Guarda FJ, Torrey J, Williams G, Vaidya A. 

Dietary Sodium Restriction Increases the Risk of Misinterpreting Mild 

Cases of Primary Aldosteronism. J. Clin. Endocrinol. Metab. 

2016;101(11):3989–3996. 

48.  Gouli A, Kaltsas G, Tzonou A, Markou A, Androulakis II, 

Ragkou D, Vamvakidis K, Zografos G, Kontogeorgos G, Chrousos GP, 

Piaditis G. High prevalence of autonomous aldosterone secretion 

among patients with essential hypertension. Eur. J. Clin. Invest. 

2011;41(11):1227–1236. 

49.  Fardella CE, Mosso L, Gómez-Sánchez C, Cortés P, Soto J, 

Gómez L, Pinto M, Huete A, Oestreicher E, Foradori A, Montero J.  

Primary Hyperaldosteronism in Essential Hypertensives: Prevalence, 

Biochemical Profile, and Molecular Biology 1 . J. Clin. Endocrinol. 

Metab. 2000;85(5):1863–1867. 

50.  Lim PO, Rodgers P, Cardale K, Watson AD, MacDonald TM. 

Potentially high prevalence of primary aldosteronism in a primary-care 

population. Lancet 1999;353(9146):40. 

51.  Rossi GP, Bernini G, Caliumi C, Desideri G, Fabris B, Ferri C, 

Ganzaroli C, Giacchetti G, Letizia C, Maccario M, Mallamaci F, Mannelli 

M, Mattarello M-J, Moretti A, Palumbo G, Parenti G, Porteri E, 

Semplicini A, Rizzoni D, Rossi E, Boscaro M, Pessina AC, Mantero F, 

PAPY Study Investigators. A prospective study of the prevalence of 

primary aldosteronism in 1,125 hypertensive patients. J. Am. Coll. 

Cardiol. 2006;48(11):2293–300. 

52.  YOUNG WF, HOGAN MJ, KLEE GG, GRANT CS, van HEERDEN 

JA. Primary Aldosteronism: Diagnosis and Treatment. Mayo Clin. Proc. 

1990;65(1):96–110. 

53.  Koch CA, Chrousos GP. Endocrine hypertension : underlying 

mechanisms and therapy. Humana Press; 2013. 

54.  Mulatero P, Stowasser M, Loh KC, Fardella CE, Gordon RD, 

Mosso L, Gomez-Sanchez CE, Veglio F, Young WF. Increased diagnosis 

of primary aldosteronism, including surgically correctable forms, in 

centers from five continents. J. Clin. Endocrinol. Metab. 

2004;89(3):1045–1050. 

55.  Markou A, Pappa T, Kaltsas G, Gouli A, Mitsakis K, Tsounas P, 

Prevoli A, Tsiavos V, Papanastasiou L, Zografos G, Chrousos GP, Piaditis 

GP. Evidence of primary aldosteronism in a predominantly female 

cohort of normotensive individuals: a very high odds ratio for 

progression into arterial hypertension. J. Clin. Endocrinol. Metab. 

2013;98(4):1409–16. 

56.  Pappa T, Papanastasiou L, Kaltsas G, Markou A, Tsounas P, 

Androulakis I, Tsiavos V, Zografos G, Vamvakidis K, Samara C, Piaditis G. 

Pattern of adrenal hormonal secretion in patients with adrenal 

adenomas: The relevance of aldosterone in arterial hypertension. J. 

Clin. Endocrinol. Metab. 2012;97(4). doi:10.1210/jc.2011-2874. 

57.  Calhoun DA. Use of Aldosterone Antagonists in Resistant 

Hypertension. Prog. Cardiovasc. Dis. 2006;48(6):387–396. 

58.  Calhoun DA, White WB. Effectiveness of the selective 

aldosterone blocker, eplerenone, in patients with resistant 

hypertension. J. Am. Soc. Hypertens. 2008;2(6):462–8. 

59.  Douma S, Petidis K, Doumas M, Papaefthimiou P, 

Triantafyllou A, Kartali N, Papadopoulos N, Vogiatzis K, Zamboulis C. 

Prevalence of primary hyperaldosteronism in resistant hypertension: a 

retrospective observational study. Lancet (London, England) 

2008;371(9628):1921–6. 

60.  Ulick S, Blumenfeld JD, Atlas SA, Wang JZ, Vaughan ED. The 

unique steroidogenesis of the aldosteronoma in the differential 

diagnosis of primary aldosteronism. J. Clin. Endocrinol. Metab. 

1993;76(4):873–8. 

61.  Papanastasiou L, Markou A, Pappa T, Gouli A, Tsounas P, 

Fountoulakis S, Kounadi T, Tsiama V, Dasou A, Gryparis A, Samara C, 

Zografos G, Kaltsas G, Chrousos G, Piaditis G. Primary aldosteronism in 

hypertensive patients: Clinical implications and target therapy. Eur. J. 

Clin. Invest. 2014;44(8):697–706. 

62.  Liu C, Kraja AT, Smith JA, Brody JA, Franceschini N, Bis JC, 

Rice K, Morrison AC, Lu Y, Weiss S, Guo X, Palmas W, Martin LW, Chen 

Y-DI, Surendran P, Drenos F, Cook JP, Auer PL, Chu AY, Giri A, Zhao W, 

Jakobsdottir J, Lin L-A, Stafford JM, Amin N, Mei H, Yao J, Voorman A, 

CHD Exome+ Consortium, ExomeBP Consortium, GoT2DGenes 

Consortium, T2D-GENES Consortium, Larson MG, Grove ML, Smith A V, 

Hwang S-J, Chen H, Huan T, Kosova G, Stitziel NO, Kathiresan S, Samani 

N, Schunkert H, Deloukas P, Myocardial Infarction Genetics and 

CARDIoGRAM Exome Consortia, Li M, Fuchsberger C, Pattaro C, Gorski 

M, CKDGen Consortium, Kooperberg C, Papanicolaou GJ, Rossouw JE, 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 30 

Faul JD, Kardia SLR, Bouchard C, Raffel LJ, Uitterlinden AG, Franco OH, 

Vasan RS, O’Donnell CJ, Taylor KD, Liu K, Bottinger EP, Gottesman O, 

Daw EW, Giulianini F, Ganesh S, Salfati E, Harris TB, Launer LJ, Dörr M, 

Felix SB, Rettig R, Völzke H, Kim E, Lee W-J, Lee I-T, Sheu WH-H, Tsosie 

KS, Edwards DRV, Liu Y, Correa A, Weir DR, Völker U, Ridker PM, 

Boerwinkle E, Gudnason V, Reiner AP, van Duijn CM, Borecki IB, 

Edwards TL, Chakravarti A, Rotter JI, Psaty BM, Loos RJF, Fornage M, 

Ehret GB, Newton-Cheh C, Levy D, Chasman DI. Meta-analysis 

identifies common and rare variants influencing blood pressure and 

overlapping with metabolic trait loci. Nat. Genet. 2016;48(10):1162–

70. 

63.  Young WF, Stanson AW, Thompson GB, Grant CS, Farley DR, 

Van Heerden JA. Role for adrenal venous sampling in primary 

aldosteronism. Surgery 2004;136(6):1227–1235. 

64.  Lifton RP, Dluhy RG, Powers M, Rich GM, Cook S, Ulick S, 

Lalouel JM. A chimaeric 11 beta-hydroxylase/aldosterone synthase 

gene causes glucocorticoid-remediable aldosteronism and human 

hypertension. Nature 1992;355(6357):262–5. 

65.  Lifton RP, Dluhy RG, Powers M, Ulick S, Lalouel JM. The 

molecular basis of glucocorticoid-remediable aldosteronism, a 

Mendelian cause of human hypertension. Trans. Assoc. Am. Physicians 

1992;105:64–71. 

66.  Charmandari E, Sertedaki A, Kino T, Merakou C, Hoffman DA, 

Hatch MM, Hurt DE, Lin L, Xekouki P, Stratakis CA, Chrousos GP. A 

novel point mutation in the KCNJ5 gene causing primary 

hyperaldosteronism and early-onset autosomal dominant 

hypertension. J. Clin. Endocrinol. Metab. 2012;97(8):E1532-9. 

67.  Asbach E, Williams TA, Reincke M. Recent Developments in 

Primary Aldosteronism. Exp. Clin. Endocrinol. Diabetes 

2016;124(6):335–41. 

68.  Weinberger MH, Fineberg NS. The diagnosis of primary 

aldosteronism and separation of two major subtypes. Arch. Intern. 

Med. 1993;153(18):2125–9. 

69.  Lafferty AR, Torpy DJ, Stowasser M, Taymans SE, Lin JP, 

Huggard P, Gordon RD, Stratakis CA. A novel genetic locus for low renin 

hypertension: familial hyperaldosteronism type II maps to 

chromosome 7 (7p22). J. Med. Genet. 2000;37(11):831–5. 

70.  Vaidya A, Hamrahian AH, Auchus RJ. Genetics of primary 

aldosteronism. Endocr. Pract. 2015;21(4):400–5. 

71.  Geller DS, Zhang J, Wisgerhof M V, Shackleton C, Kashgarian 

M, Lifton RP. A novel form of human mendelian hypertension featuring 

nonglucocorticoid-remediable aldosteronism. J. Clin. Endocrinol. 

Metab. 2008;93(8):3117–23. 

72.  Choi M, Scholl UI, Yue P, Björklund P, Zhao B, Nelson-

Williams C, Ji W, Cho Y, Patel A, Men CJ, Lolis E, Wisgerhof M V., Geller 

DS, Mane S, Hellman P, Westin G, Åkerström G, Wang W, Carling T, 

Lifton RP. K+ channel mutations in adrenal aldosterone-producing 

adenomas and hereditary hypertension. Science (80-. ). 

2011;331(6018):768–772. 

73.  Mulatero P, Tauber P, Zennaro M-C, Monticone S, Lang K, 

Beuschlein F, Fischer E, Tizzani D, Pallauf A, Viola A, Amar L, Williams 

TA, Strom TM, Graf E, Bandulik S, Penton D, Plouin P-F, Warth R, Allolio 

B, Jeunemaitre X, Veglio F, Reincke M. KCNJ5 mutations in European 

families with nonglucocorticoid remediable familial 

hyperaldosteronism. Hypertens. (Dallas, Tex.  1979) 2012;59(2):235–

40. 

74.  Scholl UI, Nelson-Williams C, Yue P, Grekin R, Wyatt RJ, Dillon 

MJ, Couch R, Hammer LK, Harley FL, Farhi A, Wang WH, Lifton RP. 

Hypertension with or without adrenal hyperplasia due to different 

inherited mutations in the potassium channel KCNJ5. Proc. Natl. Acad. 

Sci. U. S. A. 2012;109(7):2533–2538. 

75.  Charmandari E, Sertedaki A, Kino T, Merakou C, Hoffman DA, 

Hatch MM, Hurt DE, Lin L, Xekouki P, Stratakis CA, Chrousos GP. A 

novel point mutation in the KCNJ5 gene causing primary 

hyperaldosteronism and early-onset autosomal dominant 

hypertension. J. Clin. Endocrinol. Metab. 2012;97(8):E1532-9. 

76.  Mulatero P, Monticone S, Rainey WE, Veglio F, Williams TA. 

Role of KCNJ5 in familial and sporadic primary aldosteronism. Nat. Rev. 

Endocrinol. 2013;9(2):104–12. 

77.  Boulkroun S, Beuschlein F, Rossi GP, Golib-Dzib JF, Fischer E, 

Amar L, Mulatero P, Samson-Couterie B, Hahner S, Quinkler M, Fallo F, 

Letizia C, Allolio B, Ceolotto G, Cicala MV, Lang K, Lefebvre H, Lenzini L, 

Maniero C, Monticone S, Perrocheau M, Pilon C, Plouin PF, Rayes N, 

Seccia TM, Veglio F, Williams TA, Zinnamosca L, Mantero F, Benecke A, 

Jeunemaitre X, Reincke M, Zennaro MC. Prevalence, clinical, and 

molecular correlates of KCNJ5 mutations in primary aldosteronism. 

Hypertension 2012;59(3):592–598. 

78.  Azizan EAB, Murthy M, Stowasser M, Gordon R, Kowalski B, 

Xu S, Brown MJ, O’Shaughnessy KM. Somatic mutations affecting the 

selectivity filter of KCNJ5 are frequent in 2 large unselected collections 

of adrenal aldosteronomas. Hypertens. (Dallas, Tex.  1979) 

2012;59(3):587–91. 

79.  Åkerström T, Crona J, Delgado Verdugo A, Starker LF, Cupisti 

K, Willenberg HS, Knoefel WT, Saeger W, Feller A, Ip J, Soon P, Anlauf 

M, Alesina PF, Schmid KW, Decaussin M, Levillain P, Wängberg B, Peix 

J-L, Robinson B, Zedenius J, Bäckdahl M, Caramuta S, Iwen KA, Botling 

J, Stålberg P, Kraimps J-L, Dralle H, Hellman P, Sidhu S, Westin G, 

Lehnert H, Walz MK, Åkerström G, Carling T, Choi M, Lifton RP, 

Björklund P. Comprehensive re-sequencing of adrenal aldosterone 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 31 

producing lesions reveal three somatic mutations near the KCNJ5 

potassium channel selectivity filter. PLoS One 2012;7(7):e41926. 

80.  Monticone S, Hattangady NG, Nishimoto K, Mantero F, Rubin 

B, Cicala MV, Pezzani R, Auchus RJ, Ghayee HK, Shibata H, Kurihara I, 

Williams TA, Giri JG, Bollag RJ, Edwards MA, Isales CM, Rainey WE. 

Effect of KCNJ5 mutations on gene expression in aldosterone-

producing adenomas and adrenocortical cells. J. Clin. Endocrinol. 

Metab. 2012;97(8):E1567-72. 

81.  Taguchi R, Yamada M, Nakajima Y, Satoh T, Hashimoto K, 

Shibusawa N, Ozawa A, Okada S, Rokutanda N, Takata D, Koibuchi Y, 

Horiguchi J, Oyama T, Takeyoshi I, Mori M. Expression and mutations 

of KCNJ5 mRNA in Japanese patients with aldosterone-producing 

adenomas. J. Clin. Endocrinol. Metab. 2012;97(4):1311–1319. 

82.  Nicolaides NC, Roberts ML, Kino T, Braatvedt G, Hurt DE, 

Katsantoni E, Sertedaki A, Chrousos GP, Charmandari E. A novel point 

mutation of the human glucocorticoid receptor gene causes primary 

generalized glucocorticoid resistance through impaired interaction 

with the LXXLL motif of the p160 coactivators: Dissociation of the 

transactivating and transreppressive activities. J. Clin. Endocrinol. 

Metab. 2014;99(5). doi:10.1210/jc.2013-3005. 

83.  Stowasser M. Primary aldosteronism and potassium channel 

mutations. Curr. Opin. Endocrinol. Diabetes. Obes. 2013;20(3):170–9. 

84.  Scholl UI, Lifton RP. New insights into aldosterone-producing 

adenomas and hereditary aldosteronism:  mutations in the K+ channel 

KCNJ5. Curr. Opin. Nephrol. Hypertens. 2013;22(2):141–7. 

85.  Beuschlein F. Regulation of aldosterone secretion: from 

physiology to disease. Eur. J. Endocrinol. 2013;168(6):R85-93. 

86.  Wulczyn K, Perez-Reyes E, Nussbaum RL, Park M. Primary 

aldosteronism associated with a germline variant in CACNA1H. BMJ 

Case Rep. 2019;12(5). doi:10.1136/bcr-2018-229031. 

87.  Seidel E, Schewe J, Scholl UI. Genetic causes of primary 

aldosteronism. Exp. Mol. Med. 2019;51(11). doi:10.1038/s12276-019-

0337-9. 

88.  Brown JM, Underwood PC, Ferri C, Hopkins PN, Williams GH, 

Adler GK, Vaidya A. Aldosterone dysregulation with aging predicts 

renal vascular function and cardiovascular risk. Hypertens. (Dallas, Tex.  

1979) 2014;63(6):1205–11. 

89.  Bentley-Lewis R, Adler GK, Perlstein T, Seely EW, Hopkins PN, 

Williams GH, Garg R. Body mass index predicts aldosterone production 

in normotensive adults on a high-salt diet. J. Clin. Endocrinol. Metab. 

2007;92(11):4472–4475. 

90.  Vasan RS, Evans JC, Larson MG, Wilson PWF, Meigs JB, Rifai 

N, Benjamin EJ, Levy D. Serum aldosterone and the incidence of 

hypertension in nonhypertensive persons. N. Engl. J. Med. 

2004;351(1):33-41+111. 

91.  New MI. Hypertension in congenital adrenal hyperplasia and 

apparent mineralocorticoid excess. In: Annals of the New York 

Academy of Sciences.Vol 970. New York Academy of Sciences; 

2002:145–154. 

92.  Raina R, Krishnappa V, Das A, Amin H, Radhakrishnan Y, Nair 

NR, Kusumi K. Overview of monogenic or Mendelian forms of 

hypertension. Front. Pediatr. 2019;7(JULY). 

doi:10.3389/fped.2019.00263. 

93.  Quinkler M, Stewart PM. Hypertension and the cortisol-

cortisone shuttle. J. Clin. Endocrinol. Metab. 2003;88(6):2384–92. 

94.  Yau M, Haider S, Khattab A, Ling C, Mathew M, Zaidi S, Bloch 

M, Patel M, Ewert S, Abdullah W, Toygar A, Mudryi V, Al Badi M, 

Alzubdi M, Wilson RC, Al Azkawi HS, Nur Ozdemir H, Abu-Amer W, 

Hertecant J, Razzaghy-Azar M, Funder JW, Al Senani A, Sun L, Kim SM, 

Yuen T, Zaidi M, New MI. Clinical, genetic, and structural basis of 

apparent mineralocorticoid excess due to 11β-hydroxysteroid 

dehydrogenase type 2 deficiency. Proc. Natl. Acad. Sci. U. S. A. 

2017;114(52):E11248–E11256. 

95.  Kono T, Ikeda F, Oseko F, Imura H, Tanimura H. 

Normotensive primary aldosteronism: report of a case. J. Clin. 

Endocrinol. Metab. 1981;52(5):1009–13. 

96.  Dluhy RG, Lifton RP. Glucocorticoid-Remediable 

Aldosteronism. J. Clin. Endocrinol. Metab. 1999;84(12):4341–4344. 

97.  Young WF. Primary aldosteronism: Renaissance of a 

syndrome. Clin. Endocrinol. (Oxf). 2007;66(5):607–618. 

98.  Tomaschitz A, Pilz S. Aldosterone to renin ratio--a reliable 

screening tool for primary aldosteronism? Horm. Metab. Res. 

2010;42(6):382–91. 

99.  Rossitto G, Regolisti G, Rossi E, Negro A, Nicoli D, Casali B, 

Toniato A, Caroccia B, Seccia TM, Walther T, Rossi GP. Elevation of 

angiotensin-II type-1-receptor autoantibodies titer in primary 

aldosteronism as a result of aldosterone-producing adenoma. 

Hypertens. (Dallas, Tex.  1979) 2013;61(2):526–33. 

100.  Brown JM, Williams JS, Luther JM, Garg R, Garza AE, Pojoga 

LH, Ruan DT, Williams GH, Adler GK, Vaidya A. Human interventions to 

characterize novel relationships between the renin-angiotensin-

aldosterone system and parathyroid hormone. Hypertens. (Dallas, Tex.  

1979) 2014;63(2):273–80. 

101.  Tomaschitz A, Ritz E, Pieske B, Rus-Machan J, Kienreich K, 

Verheyen N, Gaksch M, Grübler M, Fahrleitner-Pammer A, Mrak P, 

Toplak H, Kraigher-Krainer E, März W, Pilz S. Aldosterone and 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 32 

parathyroid hormone interactions as mediators of metabolic and 

cardiovascular disease. Metabolism. 2014;63(1):20–31. 

102.  Rossi GP, Ragazzo F, Seccia TM, Maniero C, Barisa M, Calò LA, 

Frigo AC, Fassina A, Pessina AC. Hyperparathyroidism can be useful in 

the identification of primary aldosteronism due to aldosterone-

producing adenoma. Hypertension 2012;60(2):431–436. 

103.  Tsiavos V, Markou A, Papanastasiou L, Kounadi T, 

Androulakis II, Voulgaris N, Zachaki A, Kassi E, Kaltsas G, Chrousos GP, 

Piaditis GP. A new highly sensitive and specific overnight combined 

screening and diagnostic test for primary aldosteronism. Eur. J. 

Endocrinol. 2016;175(1):21–8. 

104.  Markou A, Pappa T, Kaltsas G, Gouli A, Mitsakis K, Tsounas P, 

Prevoli A, Tsiavos V, Papanastasiou L, Zografos G, Chrousos GP, Piaditis 

GP. Evidence of primary aldosteronism in a predominantly female 

cohort of normotensive individuals: A very high odds ratio for 

progression into arterial hypertension. J. Clin. Endocrinol. Metab. 

2013;98(4):1409–1416. 

105.  Giacchetti G, Ronconi V, Lucarelli G, Boscaro M, Mantero F. 

Analysis of screening and confirmatory tests in the diagnosis of primary 

aldosteronism: Need for a standardized protocol. J. Hypertens. 

2006;24(4):737–745. 

106.  Rossi GP, Belfiore A, Bernini G, Desideri G, Fabris B, Ferri C, 

Giacchetti G, Letizia C, Maccario M, Mallamaci F, Mannelli M, 

Montemurro D, Palumbo G, Rizzoni D, Rossi E, Semplicini A, Agabiti-

Rosei E, Pessina AC, Mantero F, PAPY Study Investigators. Prospective 

evaluation of the saline infusion test for excluding primary 

aldosteronism due to aldosterone-producing adenoma. J. Hypertens. 

2007;25(7):1433–42. 

107.  Celen O, O’Brien MJ, Melby JC, Beazley RM. Factors 

influencing outcome of surgery for primary aldosteronism. Arch. Surg. 

1996;131(6):646–650. 

108.  Blumenfeld JD, Sealey JE, Schlussel Y, Vaughan ED, Sos TA, 

Atlas SA, Muller FB, Acevedo R, Ulick S, Laragh JH. Diagnosis and 

treatment of primary hyperaldosteronism. Ann. Intern. Med. 

1994;121(11):877–885. 

109.  Kempers MJE, Lenders JWM, Van Outheusden L, Van Der 

Wilt GJ, Kool LJS, Hermus ARMM, Deinum J. Systematic review: 

Diagnostic procedures to differentiate unilateral from bilateral adrenal 

abnormality in primary aldosteronism. Ann. Intern. Med. 

2009;151(5):329–337. 

110.  Nwariaku FE, Miller BS, Auchus R, Holt S, Watumull L, 

Dolmatch B, Nesbitt S, Vongpatanasin W, Victor R, Wians F, Livingston 

E, Snyder WH. Primary hyperaldosteronism: effect of adrenal vein 

sampling on surgical outcome. Arch. Surg. 2006;141(5):497–502; 

discussion 502-3. 

111.  Wada N, Shibayama Y, Yoneda T, Katabami T, Kurihara I, 

Tsuiki M, Ichijo T, Ogawa Y, Kawashima J, Sone M, Yoshimoto T, 

Matsuda Y, Fujita M, Kobayashi H, Tamura K, Kamemura K, Otsuki M, 

Okamura S, Naruse M. Lateralizing Asymmetry of Adrenal Imaging and 

Adrenal Vein Sampling in Patients With Primary Aldosteronism. J. 

Endocr. Soc. 2019;3(7):1393–1402. 

112.  Sechi LA, Fabio A Di, Bazzocchi M, Uzzau A, Catena C. 

Intrarenal hemodynamics in primary aldosteronism before and after 

treatment. J. Clin. Endocrinol. Metab. 2009;94(4):1191–1197. 

113.  Rossi GP, Ganzaroli C, Miotto D, De Toni R, Palumbo G, 

Feltrin G Pietro, Mantero F, Pessina AC. Dynamic testing with high-

dose adrenocorticotrophic hormone does not improve lateralization of 

aldosterone oversecretion in primary aldosteronism patients. J. 

Hypertens. 2006;24(2):371–9. 

114.  Deinum J, Groenewoud H, van der Wilt GJ, Lenzini L, Rossi 

GP. Adrenal venous sampling: cosyntropin stimulation or not? Eur. J. 

Endocrinol. 2019;181(3):D15–D26. 

115.  Sacks BA, Brook OR, Brennan IM. Adrenal venous sampling: 

promises and pitfalls. Curr. Opin. Endocrinol. Diabetes. Obes. 

2013;20(3):180–5. 

116.  Dekkers T, Prejbisz A, Kool LJS, Groenewoud HJMM, Velema 

M, Spiering W, Kołodziejczyk-Kruk S, Arntz M, Kądziela J, Langenhuijsen 

JF, Kerstens MN, van den Meiracker AH, van den Born BJ, Sweep FCGJ, 

Hermus ARMM, Januszewicz A, Ligthart-Naber AF, Makai P, van der 

Wilt GJ, Lenders JWM, Deinum J. Adrenal vein sampling versus CT scan 

to determine treatment in primary aldosteronism: an outcome-based 

randomised diagnostic trial. Lancet Diabetes Endocrinol. 

2016;4(9):739–746. 

117.  Velema M, Dekkers T, Hermus A, Timmers H, Lenders J, 

Groenewoud H, Schultze Kool L, Langenhuijsen J, Prejbisz A, van der 

Wilt GJ, Deinum J. Quality of Life in Primary Aldosteronism: A 

Comparative Effectiveness Study of Adrenalectomy and Medical 

Treatment. J. Clin. Endocrinol. Metab. 2018;103(1):16–24. 

118.  Gordon RD. Primary aldosteronism. J. Endocrinol. Invest. 

1995;18(7):495–511. 

119.  Monticone S, Tetti M, Burrello J, Buffolo F, De Giovanni R, 

Veglio F, Williams TA, Mulatero P. Familial hyperaldosteronism type III. 

J. Hum. Hypertens. 2017;31(12):776–781. 

120.  Rossi GP. Update in adrenal venous sampling for primary 

aldosteronism. Curr. Opin. Endocrinol. Diabetes Obes. 2018;25(3):160–

171. 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 33 

121.  Zhu L, Zhang Y, Zhang H, Zhou W, Shen Z, Zheng F, Tang X, 

Tao B, Zhang J, Lu X, Xu J, Chu S, Zhu D, Gao P, Wang JG. Comparison 

between adrenal venous sampling and computed tomography in the 

diagnosis of primary aldosteronism and in the guidance of 

adrenalectomy. Med. (United States) 2016;95(39). 

doi:10.1097/MD.0000000000004986. 

122.  Williams TA, Burrello J, Sechi LA, Fardella CE, Matrozova J, 

Adolf C, Baudrand R, Bernardi S, Beuschlein F, Catena C, Doumas M, 

Fallo F, Giacchetti G, Heinrich DA, Saint-Hilary G, Jansen PM, 

Januszewicz A, Kocjan T, Nishikawa T, Quinkler M, Satoh F, Umakoshi 

H, Widimský J, Hahner S, Douma S, Stowasser M, Mulatero P, Reincke 

M. Computed tomography and adrenal venous sampling in the 

diagnosis of unilateral primary aldosteronism. Hypertension 

2018;72(3):641–649. 

123.  Nehs MA, Ruan DT. Minimally invasive adrenal surgery: an 

update. Curr. Opin. Endocrinol. Diabetes. Obes. 2011;18(3):193–7. 

124.  Sarwar A, Brook OR, Vaidya A, Sacks AC, Sacks BA, Goldberg 

SN, Ahmed M, Faintuch S. Clinical Outcomes following Percutaneous 

Radiofrequency Ablation of Unilateral Aldosterone-Producing 

Adenoma: Comparison with Adrenalectomy. J. Vasc. Interv. Radiol. 

2016;27(7):961–967. 

125.  Liu SYW, Chu CCM, Tsui TKC, Wong SKH, Kong APS, Chiu PWY, 

Chow FCC, Ng EKW. Aldosterone-producing adenoma in primary 

aldosteronism: CT-guided radiofrequency ablation-long-term results 

and recurrence rate. Radiology 2016;281(2):625–634. 

126.  Yang MH, Tyan YS, Huang YH, Wang SC, Chen SL. Comparison 

of radiofrequency ablation versus laparoscopic adrenalectomy for 

benign aldosterone-producing adenoma. Radiol. Medica 

2016;121(10):811–819. 

127.  Chini EN, Brown MJ, Farrell MA, Charboneau JW. 

Hypertensive crisis in a patient undergoing percutaneous 

radiofrequency ablation of an adrenal mass under general anesthesia. 

Anesth. Analg. 2004;99(6):1867–9, table of contents. 

128.  Keeling AN, Sabharwal T, Allen MJ, Hegarty NJ, Adam A. 

Hypertensive Crisis during Radiofrequency Ablation of the Adrenal 

Gland. J. Vasc. Interv. Radiol. 2009;20(7):990–991. 

129.  Lim PO, Young WF, MacDonald TM. A review of the medical 

treatment of primary aldosteronism. J. Hypertens. 2001;19(3):353–

361. 

130.  Brown JJ, Davies DL, Ferriss JB, Fraser R, Haywood E, Lever 

AF, Robertson JIS, Haywood E, Brown JJ, Davies DL. Comparison of 

Surgery and Prolonged Spironolactone Therapy in Patients with 

Hypertension, Aldosterone Excess, and Low Plasma Renin. Br. Med. J. 

1972;2(5816):729–734. 

131.  Crane MG, Harris JJ. Effect of spironolactone in hypertensive 

patients. Am. J. Med. Sci. 1970;260(6):311–30. 

132.  Karagiannis A, Tziomalos K, Papageorgiou A, Kakafika AI, 

Pagourelias ED, Anagnostis P, Athyros VG, Mikhailidis DP. 

Spironolactone versus eplerenone for the treatment of idiopathic 

hyperaldosteronism. Expert Opin. Pharmacother. 2008;9(4):509–515. 

133.  Jeunemaitre X, Chatellier G, Kreft-Jais C, Charru A, Devries C, 

Plouin PF, Corvol P, Menard J. Efficacy and tolerance of spironolactone 

in essential hypertension. Am. J. Cardiol. 1987;60(10):820–825. 

134.  Parthasarathy HK, Ménard J, White WB, Young WF, Williams 

GH, Williams B, Ruilope LM, McInnes GT, Connell JM, MacDonald TM. 

A double-blind, randomized study comparing the antihypertensive 

effect of eplerenone and spironolactone in patients with hypertension 

and evidence of primary aldosteronism. J. Hypertens. 2011;29(5):980–

990. 

135.  Tam TSC, Wu MH, Masson SC, Tsang MP, Stabler SN, Kinkade 

A, Tung A, Tejani AM. Eplerenone for hypertension. Cochrane Database 

Syst. Rev. 2017;2017(2). doi:10.1002/14651858.CD008996.pub2. 

136.  Hundemer GL. Primary Aldosteronism: Cardiovascular 

Outcomes Pre- and Post-treatment. Curr. Cardiol. Rep. 2019;21(9). 

doi:10.1007/s11886-019-1185-x. 

137.  Griffing GT, Cole AG, Aurecchia SA, Sindler BH, Komanicky P, 

Melby JC. Amiloride in primary hyperaldosteronism. Clin. Pharmacol. 

Ther. 1982;31(1):56–61. 

138.  Bramlage P, Swift SL, Thoenes M, Minguet J, Ferrero C, 

Schmieder RE. Non-steroidal mineralocorticoid receptor antagonism 

for the treatment of cardiovascular and renal disease. Eur. J. Heart Fail. 

2016;18(1):28–37. 

139.  Grune J, Beyhoff N, Smeir E, Chudek R, Blumrich A, Ban Z, 

Brix S, Betz IR, Schupp M, Foryst-Ludwig A, Klopfleisch R, Stawowy P, 

Houtman R, Kolkhof P, Kintscher U. Selective mineralocorticoid 

receptor cofactor modulation as molecular basis for finerenone’s 

antifbrotic activity. Hypertension 2018;71(4):599–608. 

140.  McMahon GT, Dluhy RG. Glucocorticoid-Remediable 

Aldosteronism. Cardiol. Rev. 2004;12(1):44–48. 

141.  Safian RD, Textor SC. Renal-artery stenosis. N. Engl. J. Med. 

2001;344(6):431–442. 

142.  Safian RD. Atherosclerotic Renal Artery Stenosis. Curr. Treat. 

Options Cardiovasc. Med. 2003;5(2):91–101. 

143.  Conn JW, Cohen EL, Lucas CP, McDonald WJ, Mayor GH, 

Blough WM, Eveland WC, Bookstein JJ, Lapides J. Primary reninism. 

Hypertension, hyperreninemia, and secondary aldosteronism due to 

http://www.endotext.org/


 
 

 

 

www.EndoText.org  

 34 

renin-producing juxtaglomerular cell tumors. Arch. Intern. Med. 

1972;130(5):682–96. 

144.  Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager MA, 

Halperin JL, Hiratzka LF, Murphy WRC, Olin JW, Puschett JB, Rosenfield 

KA, Sacks D, Stanley JC, Taylor LM, White CJ, White J, White RA, 

Antman EM, Smith SC, Adams CD, Anderson JL, Faxon DP, Fuster V, 

Gibbons RJ, Hunt SA, Jacobs AK, Nishimura R, Ornato JP, Page RL, 

Riegel B. ACC/AHA 2005 practice guidelines for the management of 

patients with peripheral arterial disease (Lower extremity, renal, 

mesenteric, and abdominal aortic). Circulation 2006;113(11):e463–

e654. 

145.  Sfakianakis GN, Bourgoignie JJ, Georgiou M, Guerra JJ. 

Diagnosis of renovascular hypertension with ACE inhibition 

scintigraphy. Radiol. Clin. North Am. 1993;31(4):831–48. 

146.  Nally J V, Olin JW, Lammert GK. Advances in noninvasive 

screening for renovascular disease. Cleve. Clin. J. Med. 

1994;61(5):328–36. 

147.  Setaro JF, Saddler MC, Chen CC, Hoffer PB, Roer DA, 

Markowitz DM, Meier GH, Gusberg RJ, Black HR. Simplified captopril 

renography in diagnosis and treatment of renal artery stenosis. 

Hypertens. (Dallas, Tex.  1979) 1991;18(3):289–98. 

148.  Edwards MS, Corriere MA. Contemporary management of 

atherosclerotic renovascular disease. J. Vasc. Surg. 2009;50(5):1197–

1210. 

 

 

http://www.endotext.org/

