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Introduction

Endocrine forms of secondary hypertension (HTN) have traditionally included 
syndromes of mineralocorticoid excess with primary aldosteronism (PA) repre-
senting the most common etiology, followed by Cushing’s syndrome (CS), and 
pheochromocytoma. Besides these conditions of hormonal excess, there are also 
other rare conditions such as congenital adrenal hyperplasia (11β-hydroxylase, 
17α-hydroxylase deficiency), apparent mineralocorticoid excess, Geller syndrome 
(mineralocorticoid receptor (MR) activation), Liddle syndrome, pseudohypoaldo-
steronism type 2, and Chrousos syndrome that can cause HTN [1–4] (see Fig. 16.1).

When considering the current obesity epidemic, with its many hormonal de-
rangements (e.g., deficiencies of testosterone, vitamin D, growth hormone), the 
hitherto estimated prevalence rates of approximately 10 % for endocrine HTN are 
likely to be an underestimate. Potential nonadrenal causes of endocrine HTN in-
clude excess production of growth hormone (acromegaly), thyroid hormone, and 
parathyroid hormone, as well as insulin resistance, hypothyroidism, and overstimu-
lation of central MRs [1, 5–40]. These “nontraditional” forms of endocrine HTN 
will not be discussed in detail in this chapter.

Cutoffs of systolic and diastolic blood pressure (BP) for defining HTN along 
with reference ranges for hormonal assays among various patient populations are 
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all important to consider when applying existing or emerging data to clinical pa-
tient scenarios. HTN guidelines by various societies have been recently revisited 
[41–46]. The American Society of Hypertension/International Society of Hyper-
tension (ASH/ISH) guidelines reaffirm the traditional threshold of 140/90 mmHg 
as a cutoff for defining an elevated BP and state that individuals with a BP of 
140–159/90–99 mmHg and no other risk factors are considered at low risk. On 
the other hand, the Joint National Committee (JNC 8) suggests a systolic blood 
pressure (SBP) of 150 mmHg as a worrisome threshold, especially for those 80 
years and older. For the diastolic BP goal, both the ASH/ISH and JNC 8 guidelines 
view 90 mmHg as the cutoff; the exception are diabetic hypertensives for whom the 
cutoff is 85 mmHg. From epidemiologic studies and drug trials, there appears no 
sound evidence to continue recommending a BP of 140/90 mmHg as the cutoff to 
initiate antihypertensive treatment; moreover, any increased benefit from additional 
antihypertensive medications can be nonexistent or negligible, particularly in the 
face of increased likelihood of adverse effects.

Fig. 16.1  Inherited endocrine condition related to mineralocorticoid excess. The picture shows 
the molecular pathways involved in dysregulation of NaCl homeostasis located in the distalrenal 
tubules. AME apparent mineralocorticoid excess; GRA glucocorticoid-remediable aldosteronism; 
PHA2 pseudohypoaldosteronism type 2; MR mineralocorticoid receptor; WNK with-no-lysine ( K) 
kinase 1,4; ROMK renal outer medullary potassium channel; ENaC epithelial sodium channel; 
KLHL3 kelch-like 3; CUL3 cullin 3; Sgk1 serum glucocorticoid kinase 1; Nedd4–2 ubiquitin-
protein ligase; deubiquitylating enzyme Usp2–45; 14–3-3 proteins; NHERF2 Na+/H+ exchange 
regulating factor 2; PDK1, 2 phosphoinositide-dependent kinases 1 and 2; + activation; − inhibi-
tion. (Reprinted from Melcescu and Koch [1])
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Nevertheless, both the JNC 8 panel and ASH/ISH group recommended a treat-
ment threshold of 140/90 mmHg for adults with diabetes or chronic kidney disease 
(CKD), based on expert opinion due to lack of randomized controlled evidence. For 
initial HTN therapy, a thiazide-type diuretic or calcium channel blocker was recom-
mended, and in nonblack patients, the use of an angiotensin-converting-enzyme 
(ACE) inhibitor or angiotensin receptor blocker (ARB). The latter recommendation 
is based on the large-scale ALLHAT (antihypertensive and lipid-lowering treatment 
to prevent heart attack trial). In the era of patient-centered medicine, it is important 
to remain flexible with these guidelines and use them on an individualized basis. 
Hopefully, future data (2018 and later) from more randomized trials such as the 
systolic blood pressure intervention trial (SPRINT) will clarify whether a BP of less 
than 140 mmHg or less than 120 mmHg is more beneficial for nondiabetic adults 
of age 50 years and older.

Case Finding and Screening

Resistant HTN represents an important case finding feature for endocrine HTN that 
is often associated with obesity, sleep apnea, and reduced renal function among 
other conditions. With the current obesity epidemic, approaching an endocrine as-
sessment of HTN can be difficult [47]. There are many (neuro)endocrine alterations 
in obese patients with and without sleep apnea, including an increase in leptin, cor-
tisol, insulin, and aldosterone levels and a decrease in growth hormone, prolactin, 
and testosterone [48]. Among National Health and Nutrition Examination Survey 
(NHANES) participants with CKD, only 37 % had a BP < 130/80 mmHg, leaving 
63 % with a BP higher than 130/80 mmHg. In ALLHAT, 34 % of patients taking at 
least two antihypertensive drugs continued to have uncontrolled HTN after 5 years 
of follow-up [49]. For patients with truly resistant HTN, the new recommenda-
tions include withdrawing medications that do not lower BP, and consideration of a 
mineralocorticoid antagonist, amiloride, or doxazosin as alternatives. Furthermore, 
renal denervation or baroreceptor stimulation should be considered if optimal drug 
therapy is deemed ineffective. These invasive approaches should be reserved for 
patients with clinic values > 160 mmHg SBP or > 110 mmHg and with BP elevation 
confirmed by ambulatory BP monitoring. In treating resistant hypertensive patients, 
renal nerve ablation is associated with a decrease in plasma noradrenaline but not 
in renin [50].

Of note, the exact prevalence of resistant HTN in patients with CKD remains 
unknown, but may reach to 30 % of all patients with uncontrolled HTN in the USA 
[51, 52]. Large-scale population-based studies such as the US NHANES suggest 
that 12 % cases of HTN are resistant to pharmacological therapy [53]. Importantly, 
apparent treatment resistance is often related to poor adherence to antihypertensive 
therapy, which is reflected by findings that about 40 % of patients with newly diag-
nosed HTN discontinue their treatment during the first year [52]. In all patients with 
an albumin excretion rate of > 30 mg/24 h, the use of an ACE inhibitor or ARB is 
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recommended [54]. A recent review of the evidence on the role of dietary salt and 
potassium intake in cardiovascular health and disease revealed that modest salt re-
striction while increasing potassium intake serves as a strategy to prevent or control 
HTN and decrease cardiovascular morbidity and mortality [55].

CKD affects approximately 15 % of the adult population, and intensive BP low-
ering apparently can protect against kidney failure events in patients with CKD, es-
pecially among those with proteinuria [56]. A systematic review and meta-analysis 
suggest that a 10 mmHg reduction in SBP might result in an overall reduction of 
22 % in the risk of kidney failure [56].

One important question in this regard is when to screen for secondary causes 
of HTN, including endocrine HTN. HTN in young patients and refractory HTN 
(characterized by poorly controlled BP on > 3 antihypertensive drugs) should alert 
the physician to screen for secondary causes. The clinician should carefully screen 
for cardinal signs and symptoms of CS, hyper- or hypothyroidism, acromegaly, or 
pheochromocytoma. The importance of endocrine-mediated HTN resides in the fact 
that, in most cases, the cause is clear and can be traced to the actions of a hormone, 
often produced in excess by a tumor such as an aldosteronoma in a patient with 
HTN due to PA. More importantly, once the diagnosis is made, a disease-specific 
targeted antihypertensive therapy can be implemented, and in some cases, surgical 
intervention may result in complete cure, obviating the need for lifelong antihyper-
tensive treatment.

Clinical Diagnosis of Endocrine Hypertension

A detailed medical history and review of systems should be obtained. The onset 
of HTN and the response to previous antihypertensive treatment should be deter-
mined. Consideration should be given to compliance to prescribed antihypertensive 
regimen. A history of target organ damage (i.e., retinopathy, nephropathy, claudica-
tion, heart disease, abdominal or carotid artery disease) and the overall cardiovas-
cular risk status should also be explored in detail.

As in other causes of HTN, the clinician should question the patient about di-
etary habits (salt intake, etc.); weight fluctuations (recording exact dry weights, 
etc., in patients with chronic renal disease); and use of over-the-counter drugs and 
health supplements, including teas and herbal preparations, recreational drugs, and 
oral contraceptives. Moreover, a detailed family history may provide valuable in-
sights into familial forms of endocrine HTN. The review of systems should include 
disease-specific questions. Most patients with HTN due to pheochromocytoma are 
also symptomatic. Symptoms may include headaches, palpitations, anxiety-like at-
tacks, and profuse sweating, similar to symptoms of hyperthyroidism. Pheochro-
mocytoma, CS, and other endocrine conditions may represent secondary causes of 
diabetes mellitus [57].

Patients with CS often complain of weight gain, insomnia, depression, easy 
bruising, and fatigue. Acne and hirsutism (in women) can also be observed. The 
challenge these days is to recognize patients with evolving CS among the many 
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obese and often poorly controlled diabetic individuals. Primary hyperaldosteron-
ism is manifested by mild to severe HTN [58–60]. Hypokalemia can be present but 
it is not a universal finding, and there is normokalemic PA. Polyuria, myopathy, 
myoglobinuric acute renal failure, and cardiac dysrhythmias may occur in cases 
of severe hypokalemia [61]. Hypokalemia is associated with kidney function im-
pairment in patients with PA [62, 63], because chronic hypokalemia could induce 
chronic renal failure through characteristic tubulointerstitial damage consisting of 
vacuolization of epithelial tubular cells and interstitial fibrosis [64]. In the study of 
Takanobu and colleagues [65], however, preoperative serum potassium levels did 
not differ significantly among untreated PA patients. This result suggests that excre-
tion of potassium could have already declined in patients with progressive renal 
damage, such as epidermal growth factor receptor (eGFR) < 60 mL/min/1.73 m2.

Many adrenal tumors are today being discovered incidentally during imaging 
procedures. The challenge for health-care providers is to identify those lesions that 
may be potentially harmful by either excessive hormone secretion, compressive 
effects on other structures adjacent to the adrenal glands, or spreading metasta-
ses. When caring for a patient with impaired renal function and an incidentally 
discovered adrenal tumor, screening for excessive hormone secretion from the tu-
mor may be challenging, as many of our contemporary hormonal cutoff values, 
including stimulation and suppression tests, are based on patient populations with 
normal renal function. (Fig. 16.2) In both patient groups, those with and those with-
out normal renal function, the transition from normal to subclinical and to finally 
full-blown clinical hormonal oversecretion often is difficult to recognize. When 
evaluating a patient with impaired renal function and an adrenal incidentaloma, one 
should attend to unexplained hypokalemia, typical cushingoid features, signs of 

Fig. 16.2  Testing algorithm for endocrine hypertension. (Reprinted with permission from the App 
“Endocrine hypertension,” June 2014, by Melcescu and Koch, of www.endotext.org, the FREE 
online comprehensive, authoritative, constantly updated web-based Endocrinology Textbook)
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hyperandrogenism, spells including headaches, palpitations, sweats, severe or re-
fractory HTN, and familial syndromes that are associated with adrenal tumors (e.g., 
von Hippel–Lindau (VHL) syndrome, multiple endocrine neoplasias).

In patients with a positive screening test, subsequent confirmation by various 
testing modalities is necessary. The most used investigations are listed in Table 16.1.

Primary Aldosteronism

PA has first been described in a Polish patient with HTN and hypokalemia who 
experienced normotension and normokalemia after removal of an adrenocortical 
adenoma [66]. In patients with HTN and adrenal incidentaloma, the median 
prevalence of PA is estimated to be 2 %. In patients with resistant HTN, the 
estimated prevalence of PA is between 17 and 23 % [67]. After applying the 
aldosterone-to-renin ratio (ARR) not only to hypokalemic but also normokalemic 
hypertensives, the diagnosis of PA increased up to 15-fold [68].

Table 16.1  Tests for diagnosing the most prevalent forms of endocrine hypertension
Cushing’s syndrome
1 mg dexamethasone suppression test
Midnight salivary cortisol, diurnal rhythm
ACTH-dependent (5–10 %; ACTH   > 20 ng/l)
High-dose DST or CRH test
If positive, then pituitary MRI and/or BIPSS
If negative, then chest/abd MRI and/or somatostatin scan
ACTH-independent (90–95 %; ACTH   < 10 ng/l)
Adrenal CT or MRI
Hyperaldosteronism
Plasma aldosterone and direct renin
Salt suppression test
Positive if aldosterone excretion  > 12–14 µg/day while urine Na   > 200 mEq/day
Adrenal CT or MRI
Adrenal vein sampling
Pheochromocytoma
Plasma-free and/or urine-fractionated metanephrines
Anatomic imaging (CT/MRI):
a. abd/pelvis if negative then
b. chest/head and neck
Functional imaging:
[123/131]Iodine-MIBG
Specific PET ([18F]FDA, [18F]FDOPA)
Nonspecific PET ([18F]FDG)
Genetic testing

ACTH adrenocorticotropic hormone, DST dexamethasone suppression test, CRH corticotropin-releas-
ing hormone, MRI magnetic resonance imaging, BIPSS bilateral inferior petrosal sinus sampling, 
CT computed tomography, MIBG metaiodobenzyl-guanidine, PET positron emission tomography, 
FDA fluorodopamine, FDOPA fluorodihydroxyphenylalanine, FDG fluorodeoxyglucose
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The ARR, commonly used to screen for PA, has also been viewed as an index 
for salt sensitivity and recently has been linked to the development of CKD in a 
longitudinal, observational study of 698 Japanese individuals. The mean follow-
up in that study was 9 years, and those people with a higher ARR more frequently 
developed CKD [69]. In the German Diabetes and Dialysis Study, including 1255 
diabetic hemodialysis patients, the combined presence of high plasma aldosterone 
> 200 pg/ml and high serum cortisol > 21 mcg/dl increased the risk of sudden car-
diac death as well as all-cause mortality compared to patients with an aldosterone 
level less than 15 pg/ml and a cortisol value less than 16.8 mcg/dl [70].

Although PA has long been viewed as a relatively benign form of HTN [71, 72], 
recent studies suggest that long-term exposure to high aldosterone levels might lead 
to cardiovascular and renal structural damage that seems to occur independent of 
the BP level [73, 74]. Furthermore, significant histological damage to the kidney 
was noted in PA patients [63, 75].

Animal Studies

Animal studies support the role of aldosterone in the progression of renal vascular 
disease [76–79]. In desoxycorticosterone acetate (DOCA)-salt rats, micropuncture 
studies have demonstrated glomerular hyperfiltration, reflecting increased glomerular 
blood flow consequent upon vasodilation of both afferent and efferent arterioles, and 
ascribed to volume expansion [80]. This renal vasodilation may be in large part via a 
direct mineralocorticoid effect on the vessel wall [81] and is in sharp contrast to the 
vasoconstrictor response to increased renal perfusion pressure in essential HTN. Stud-
ies in dogs indicate that an increase in renal artery pressure, which raises glomerular 
filtration rate and fractional sodium excretion, is essential in allowing the kidneys to 
escape from the chronic sodium-retaining action of aldosterone and to achieve sodium 
balance and a stable level of arterial pressure without severe volume expansion and 
ascites [82]. Preclinical studies in animal models clearly show that inappropriate aldo-
sterone levels for sodium status can produce extensive renal damage [83].

Clinical Trials

Although preclinical studies indicate that aldosterone per se might cause important 
renal damage [76, 78], the clinical evidence supporting a direct role of this hormone 
as a potential contributor to renal dysfunction is limited.

Cross-sectional studies on renal function in PA have shown a high degree of 
variability in the prevalence of clinically relevant renal damage [84–86]. In fact, the 
majority of initial reports indicated that PA is less likely to cause overt renal damage 
[71, 72, 87, 88].
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Two recent studies, a short-term [89] and a long-term follow-up [90], demon-
strated that the renal dysfunction of PA is closely related with the hemodynamic 
adaptation of the kidney to the effect of aldosterone excess. In particular, the long-
term follow-up study has shown that the condition is characterized by partially re-
versible renal dysfunction, in that glomerular hyperfiltration is corrected and uri-
nary albumin excretion significantly reduced after either surgical or medical treat-
ment of PA [89]. In agreement with the findings of studies that were conducted in 
more experimental settings [80–82], longitudinal studies consistently demonstrate 
that the hallmark of renal dysfunction in PA is reversible glomerular hyperfiltration 
that contributes to increase urinary albumin losses.

In a short-term study of adrenal adenoma patients after adrenalectomy, the evi-
dence favors a major hemodynamic driver for the increased albuminuria of PA [89]. 
Patients with proteinuria have lower preoperative serum potassium levels than those 
without proteinuria [91].

This contrasts with the partial response in terms of BP and albuminuria seen in 
patients with higher pretreatment plasma renin levels, a possible marker for more 
severe renal structural damage [89].

Patients with an aldosteronoma are heterogeneous concerning mechanisms for 
impaired eGFR: those whose eGFR improved after adrenalectomy had lower pre-
operative plasma renin than those with decreased eGFR after the operation. In those 
patients with decreased eGFR after removal of the aldosteronoma, preoperative 
plasma renin was higher and not completely suppressed by the elevated aldosterone. 
This suggests the coexistence of a high aldosterone state due to the adenoma and 
an additional nonsuppressible renin state from other causes such as essential HTN. 
This nonsuppressible renin state would result in additional kidney damage that can-
not be reversed by adrenalectomy [91, 92].

Correct interpretation of renal function in patients can be difficult using con-
ventional eGFR before surgery, because in patients at an early stage, subtle kidney 
impairment might be masked by the glomerular hyperfiltration peculiar to PA pre-
operatively [93]. Recent studies have shown that many PA patients show a signifi-
cant decline in eGFR within 6 months of follow-up without any further decrease or 
increase later on, because the glomerular hyperfiltration state has disappeared after 
treatment [62].

The occurrence of hypoaldosteronism after unilateral adrenalectomy can be a 
potential risk factor for postoperative development of CKD, because low aldoste-
rone with improving HTN might decrease growth factor receptor (GFR) and lead to 
renal impairment [94].

Cardiac and Renal Outcomes

Excessive production of aldosterone in PA patients has been noted to lead to a high-
er frequency of cardiovascular events, as compared with patients suffering from es-
sential HTN [95]. Furthermore, CKD itself has been suggested to show a significant 
association with risks of death, cardiovascular events, and hospitalization [96].



19316 Endocrine Hypertension and Chronic Kidney Disease

Patients with aldosteronoma and left ventricular hypertrophy had lower eGFR 
compared to those without left ventricular hypertrophy [91]. The dysfunction of 
both heart and kidneys may be more closely related to other mechanisms, such 
as generalized endothelial dysfunction and increased oxidative stress [97, 98]. Re-
nal damage might be underestimated in PA patients preoperatively. In the study 
of Takanobu, all patients with manifested CKD showed a preoperative eGFR of 
60–89 mL/min/1.73 m2. Patients with preoperative eGFR of 90 mL/min/1.73 m2 did 
not progress to an eGFR of 60 mL/min/1.73 m2 because of higher baseline eGFR.

Utsumi et al. [99] found that the previous presence of dyslipidemia is an inde-
pendent predictor for the postoperative development of CKD. Additional factors, 
such as older age, lower diastolic BP, and lower estimated GFR, also influence 
the development of CKD. In particular, aging is closely associated with declining 
renal function [100, 101]. Furthermore, older age might affect lower diastolic BP in 
patients with manifested CKD, as a result of the fall in diastolic BP after approxi-
mately 50 years of age [102].

Diagnosis

The ARR is useful to screen for PA in patients in whom there is an expected high 
prevalence of PA. Such patient groups are those with resistant HTN, HTN and ad-
renal incidentaloma, HTN grade 2 or 3, HTN and spontaneous or diuretic-induced 
hypokalemia, HTN and a family history or early-onset HTN or cerebrovascular 
accident younger than age 40, and all hypertensive first-degree relatives of patients 
with PA [67]. As there is no general consensus on the ARR cutoff, sensitivity and 
specificity vary widely. The ARR has good within-patient reproducibility and an ac-
curacy of 80 % for identifying patients with an aldosterone-secreting adenoma [68].

Antihypertensive drugs are the most confounding factor affecting the measure-
ment of aldosterone and renin. Especially, MR antagonists, such as spironolactone, 
eplerenone, and canrenone, should be discontinued 4–6 weeks prior to screening 
for PA and prior to adrenal vein sampling (AVS), because these agents can lead to 
an increase in renin secretion and subsequently aldosterone secretion from the unaf-
fected side (if only one adrenal gland was oversecreting aldosterone). Only half of 
the patients (PA or essential HTN) can be studied drug-free or on medication with 
minimal influence on the ARR, with approximately 20 % of patients switching an-
tihypertensive drugs experiencing an increase in BP and several patients suffering 
serious adverse events requiring hospitalization [103].

In 27 uremic patients on a chronic dialysis program, there was no correlation 
between BP and renin. After dialysis, renin activity rose significantly [104]. In 
such patients on chronic hemodialysis, the renin–angiotensin system apparently 
still functions regarding circulatory homeostasis with challenges by volume loss 
or loading, as demonstrated with 1.5–2 l of intravenous saline infusion that result-
ed in an increase in plasma volume by 0.4 l and BP by 10–15 mmHg, but in a 
decrease in plasma renin activity (PRA) by 40 % [105]. In hyperkalemic patients 
with chronic renal failure and mild azotemia, PRA and aldosterone levels usually 
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are lower compared to patients with normokalemia [106]. In some patients with 
PA and end-stage renal disease (ESRD), aldosterone excess exists for many years, 
if hypokalemia is “masked” by normokalemia in the setting of chronic renal fail-
ure which may become unmasked after hemodialysis when hypokalemia due to 
PA can develop [107]. When interpreting the ARR, one should consider the spe-
cific patient population, as elderly and/or black patients often have low PRA values 
which can result in high ARR while plasma aldosterone levels are rather low. Also, 
black individuals are more sensitive to aldosterone regarding BP elevation than 
white people [108]. Most individuals with a plasma aldosterone concentration less 
than 9 ng/dl have normal suppression after administration of fludrocortisone [109]. 
When assessing the ARR, direct active renin is rarely measured and standardized/
compared to the traditional plasma renin activity [110, 111]. Before measuring the 
ARR, certain factors should be considered, as mentioned in the Endocrine Society 
Practice guidelines [67]. Such factors include to correct hypokalemia, to collect 
blood midmorning, avoiding stasis and hemolysis, maintaining the sample at room 
temperature and not on ice, separating plasma from cells within 30 min of collec-
tion, considering age, the levels of potassium and creatinine, the intake of estrogen-
containing medications, as estrogens can increase angiotensinogen synthesis by the 
liver, and considering other medications that can affect the ARR. Among drugs that 
have minimal effects on plasma aldosterone levels are the ones listed in Fig. 16.3.

It is recommended to withdraw these medications at least 4 weeks before screen-
ing: spironolactone, eplerenone, amiloride, triamterene, potassium-wasting diuret-
ics, licorice-containing products. This clearly may represent a challenge in patients 
with chronic renal failure and HTN.

After screening for PA with the ARR, patients should typically undergo a con-
firmatory test for which various procedures exist, including oral sodium loading, 
saline infusion, fludrocortisone suppression, and a captopril challenge. Depending 
on the degree of chronic renal failure and HTN, such tests may not be safe to be 
performed in an individual patient. This becomes especially an issue when consid-
ering the lack of data in such patient groups. In patients without PA and normal or 
only slightly impaired renal function, plasma aldosterone usually suppresses to less 
than 6 ng/dl after 2 l of intravenous saline infusion. Assessing urinary aldosterone 
levels is also an option in patients with normal renal function who are suspected to 

Fig. 16.3  Medications that have minimal effects on plasma aldosterone levels and can be used to 
control hypertension during case finding and confirmatory testing for PA. (Reprinted from Funder 
et al. [67], with permission from The Endocrine Society)
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have PA [67]. After oral sodium loading, the urinary aldosterone should be less than 
10 mcg/day.

Imaging can be performed by computed tomography (CT) or magnetic reso-
nance imaging (MRI). A typical aldosteronoma is shown in Fig. 16.4.

AVS should be performed in patients with PA who are considered for adrenal-
ectomy, unless they are younger than 40 years with marked PA and have a clear 
unilateral adrenal adenoma, have an unacceptable high risk of adrenal surgery, are 
suspected to have adrenal cancer, or are proven to have familial hyperaldosteronism 
type 1 (glucocorticoid (GC) remediable) or type 3 (often due to germline mutations 
in the KCNJ5 potassium channel gene and treated with bilateral adrenalectomy). 

Fig. 16.4  Computed tomography scan of the adrenal glands. Left upper: without contrast, all 
other images with contrast, right lower image: coronary section. The white arrow points to the 
right adrenal adenoma in between the adrenal limbs. (Reprinted with permission from Chap. 26 
“Overview of Endocrine hypertension,” December 2009, by Koch CA, Wofford MA, Ayala AR, 
Pacak K, of www.endotext.org, the FREE online comprehensive, authoritative, constantly updated 
web-based Endocrinology Textbook)
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MR antagonists or amiloride should be discontinued 4–6 weeks before AVS, and 
AVS should best be performed in the morning, if cosyntropin stimulation is not used 
[112]. The selectivity index cutoff value (difference between affected and unaffect-
ed sides) should be greater than 2.0 under unstimulated conditions and greater than 
3.0 during cosyntropin stimulation. In patients with PA and CKD stage III, stage IV, 
and stage V, AVS could be performed safely with acute kidney injury occurring in 
two patients [113] (see Fig. 16.5).

Genetic Aspects of Primary Aldosteronism

Deciphering the human genome has helped identify several disease-causing genes, 
including some being involved in PA, i.e., in the K-channel gene KCNJ5, encoding 
Kir3.4, a member of the inwardly rectifying K+ channel family [114]. The pres-
ence of these mutations in the KCNJ5 gene alter the K+ conductance/selectivity of 
this channel and consequently increase the Na+ conductivity (influx) with a further 
impact on voltage-gated calcium channels, leading to cellular proliferation in the 
adrenal cortex [115]. The recurrent somatic mutations (G151R, L168R) in the adre-
nal potassium channel KCNJ5 have been related to benign aldosterone-producing 
adenomas (APAs) with initial estimates, reporting almost half of APAs being asso-
ciated with these mutations [115–118]. Subjects with the KCNJ5 G151E mutation 
have no features of APAs and hyperplasia, a different clinical course (not progres-
sive), and excellent control of BP with spironolactone.

Fig. 16.5  Algorithm for the detection, confirmation, subtype testing, and treatment of PA. 
(Reprinted from Funder et al. [67], with permission from The Endocrine Society)
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We now know of familial aldosteronism type 1, type 2, and type 3, although 
the precise molecular pathogenesis of aldosteronomas still needs to be elucidated 
[119–122]. FH−1 is caused by adrenocorticotropic hormone (ACTH)-dependent 
aldosterone secretion, GC remediable, and therefore treated with dexamethasone 
and/or MR antagonists, whereas FH−2 is non-GC remediable and indistinguishable 
from sporadic PA. FH−3 is resistant to pharmacotherapy and therefore treated with 
bilateral adrenalectomy. Given the heterogeneity of tumors not only between but 
also within one individual, it may be more prudent to analyze family members with 
a known gene defect and identical tumors in a whole genome- and exome-wide se-
quencing project for targeted genes known to be involved in cell growth regulation. 
Some of these patients with familial aldosteronism (overall less than 5 % of patients 
with PA) may require bilateral adrenalectomy to control their HTN which can occur 
at young age (sometimes in childhood). Exome sequencing of aldosterone-secret-
ing adenomas has revealed somatic hotspot mutations in the ATP1A1 (encoding an 
Na(+)/K(+)ATPase alpha subunit) and ATP2B3 (encoding a Ca(2+)ATPase) genes 
[123, 124] in a small subset of tumors. Similarly, somatic mutations in CACNA1D, 
encoding a voltage-gated calcium channel, potentially causing increased calcium 
influx with subsequent aldosterone production and cell proliferation in adrenal 
glomerulosa cells, have been identified in less than 10 % of aldosteronomas [125].

Therapy

Prevention of Kidney Damage by Treating  
Primary Aldosteronism

Appropriate management of this endocrine condition results in effective prevention 
of cardiovascular and renal damage with evidence that applies to both surgical and 
medical treatment [126–128].

Adrenalectomy

Unilateral adrenalectomy can lead to a decrease in GFR as a release from the hyper-
filtration state, which has to be considered a specific functional response to treat-
ment in PA [62]. Adrenalectomy itself does not worsen kidney function, but shows 
the masked renal damage in PA patients postoperatively.

In animal models, MR blockade by eplerenone prevents the development of 
the glomerular, interstitial, and renal vascular damage caused by inappropriate 
mineralocorticoid-salt excess status [129, 130]. Clinically, Epstein and 
colleagues [131] showed MR blockade to be superior to ACE inhibition in lowering 
levels of proteinuria, with the combination better than either alone. In ESRD patients 
on hemodialysis, small pilot studies have shown that spironolactone therapy did not 
result in higher hyperkalemia rates [132].
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The Endocrine Society Practice guidelines recommend medical management 
with a MR antagonist for patients who do not undergo adrenalectomy [67]. Spirono-
lactone is a nonselective MR antagonist with an incidence of gynecomastia of ap-
proximately 7 % for doses at 50 mg/day and of more than 50 % for doses higher than 
150 mg/day. Matsuda and colleagues [133] found that fecal potassium excretion in 
an anuric patient with PA and hypokalemia decreased while serum potassium in-
creased after administration of spironolactone 50 mg/day. Eplerenone is a selective 
MR antagonist with 60 % of the potency of spironolactone and a shorter half-life but 
similar antihypertensive efficacy [134]. Amiloride has also antihypertensive effects 
in patients with PA and can be used in combination with other antihypertensives to 
achieve BP control. Patients with unilateral aldosteronomas should be offered uni-
lateral laparoscopic adrenalectomy, as their HTN is cured in around 50 % of cases 
with many others experiencing reduction of BP values and subsequently the number 
of antihypertensive medications and costs [68].

Cushing’s Syndrome

Introduction

Most cases of CS are caused by exogenous GCs. Endogenous overproduction of 
GCs by the adrenal cortex can be the result of an ACTH-secreting pituitary tumor 
(approximately 80 % of cases of endogenous CS), ACTH- or corticotropin-releas-
ing hormone (CRH)-secreting nonpituitary neuroendocrine tumor (approximately 
10 % of cases of endogeneous CS), or ACTH-independent adrenal tumor [135].

HTN is a common complication of CS. HTN has a prevalence of approximately 
55–80 % in adult Cushing’s patients and 50 % in children and adolescents [136–
138]. GCs have a myriad of actions on multiple organ systems. GC-induced HTN 
results from many interacting pathophysiological pathways, which ultimately lead 
to an increased cardiac output (CO), total peripheral resistance (TPR) and renal 
vascular resistance (RVR) [136]. GCs may also influence vascular tone, BP, and 
electrolyte homeostasis through their mineralocorticoid activity. Indeed, free corti-
sol binds not only to glucocorticoid receptors (GRs) but also to MRs, and its activ-
ity at the tissue level is mediated by the microsomal enzyme 11-β-hydroxysteroid 
dehydrogenase (11β-HSD).

The renin–angiotensin–aldosterone system is also stimulated by GCs through 
increased hepatic synthesis of angiotensinogen and increased angiotensin II recep-
tor type 1 concentrations in peripheral tissues [139, 140]. Nonetheless, patients with 
endogenous CS have normal or suppressed PRA [141, 142].

In patients on hemodialysis, the cortisol-to-cortisone ratio is increased due to 
reduced activity of 11-β-hydroxysteroid dehydrogenase [143]. Renal 11β-HSD2 
expression is reduced in patients with impaired renal function, potentially causing 
the MR be occupied by GCs such as cortisol which may contribute to increased 
sodium retention in such patients [144]. Therefore, some investigators suggest 
making the analysis of urinary 5α-tetrahydrocortisol, 5β-tetrahydrocortisol, and 
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tetrahydrocortisone part of the routine workup of patients with CKD and HTN 
[145]. Hypokalemia in obese anuric patients on chronic hemodialysis can point 
to CS from an adrenal tumor [146]. In this context, one should also consider the 
rare occurrence of apparent mineralocorticoid excess syndrome in which affect-
ed patients homozygous for missense mutations in the HSD11B2 gene, encoding 
11β-HSD, have an increased ratio of urine-free cortisol to cortisone, often requiring 
treatment with potassium supplements and spironolactone [147].

GCs are associated with occlusive vascular disease in humans, which occurs 
through a myriad of effects on vascular smooth muscle, endothelial cells, myocar-
dium and macrophages, as well as their link with obesity, HTN, dyslipidemia, and 
insulin resistance.

HTN is caused by GC-induced insulin resistance [148, 149], increased vascular 
resistance [150, 151], and sodium retention. Malignant HTN, a potentially fatal dis-
order if left untreated, accompanied by Cushing’s disease has been rarely reported 
[152, 153].

Changes in Glomerular Function

In patients with adrenal insufficiency, sodium and mineralocorticoid replacement 
and volume expansion were insufficient to correct the fall in renal blood flow and 
GFR [154, 155]. This result reflects the essential role of cortisol in the maintenance 
of normal renal blood flow and GFR [156].

Short-term administration of ACTH or GCs increases GFR in humans, rats, 
sheep, and dogs [157–159].

As most GCs exhibit some mineralocorticoid effects, it has been suggested that 
plasma volume expansion due to sodium retention might lead to an increased GFR. 
However, GFR remained elevated in studies using GCs almost completely devoid 
of mineralocorticoid activity as well as in animal experiments with low or zero so-
dium intake. Thus, the GC-induced rise in GFR was not solely volume dependent 
[158, 160, 161].

Studies examining GC effects on glomerular vasculature are conflicting. In dogs, 
rats, and sheep, GCs increase renal blood flow, but this outcome is not always the 
case in humans [159, 161–163].

Although acute effects of synthetic or endogenous GCs increase the GFR in 
laboratory animals, dogs, and humans, long-term effects of CS in humans may de-
crease GFR as shown in the study by Haentjens and coworkers [164]. Most of the 
patients included in the latter study had been cured of CS, and had a decreased GFR 
compared to matched controls. Interestingly, the strongest predictor of GFR was 
duration of active disease and 4 of 18 Cushing’s patients were identified with CKD. 
Permanent alterations of vessel remodeling due to the chronic endogenous state of 
excess cortisol may have contributed to a lower GFR in these patients [164]. Two 
other studies demonstrated a lower creatinine clearance in Cushing’s patients with 
active and cured disease compared with controls [165, 166].

Serum creatinine is often used as an indirect measurement of GFR. Because mus-
cle mass is the main source of serum creatinine and urinary creatinine elimination 
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is constant over time, diseases affecting muscle mass influence the serum creatinine 
level [167, 168]. Both muscular atrophy and truncal obesity are features of CS in 
humans and dogs, and they have been shown to result in a decreased creatinine 
production rate that may be compensated by muscular hypertrophy associated with 
obesity [169]. In people with CS, both increased and reference range serum cre-
atinine levels have been reported [164, 166, 169]. Patients receiving prednisone 
showed a rise in plasma creatinine and urinary creatinine excretion, which was 
probably due a catabolic effect [170]. Serum creatinine in dogs with CS was usually 
within or lower than the reference range [171, 172].

Effects of Glucocorticoids on Fetal Renal Development

GCs have a direct effect on growth and differentiation of a wide range of fetal tis-
sues, especially close to term [173]. In addition, GCs can program tissues in utero 
and mediate effects of environmental or nutritional challenges during pregnancy, 
which leads to long-term consequences in later life [174, 175]. Administration of 
GCs affects renal function. In the fetal kidney, GCs stimulate angiotensin II, vaso-
pressin, ACTH, and leptin receptor function, as well as metabolic enzymes, epithe-
lial Na+ channels, Na+/K+ ATPase and Na+/H+ ion transporters and aquaporins [176, 
177]. Several studies have shown that the main effect of prenatal GCs was a reduced 
number of nephrons, which was commonly associated with the development of 
HTN in later life [178, 179].

Effects of Glucocorticoids on Renal Function

Proteinuria

Urinary albumin is increased in humans, dogs, and rats treated with GCs as well as 
canine Cushing’s patients [180–183]. Reports on proteinuria in people with natu-
rally occurring CS are very rare, but one study described increased urinary albu-
min excretion in more than 80 % of patients before treatment, which was almost 
completely resolved after successful therapy [184]. This finding was corroborated 
in a second report, which mainly involved cured subjects without an increase in 
microalbuminuria [164]. In general, renal proteinuria may be caused by increased 
glomerular filtration resulting from higher intraglomerular pressure, damage to the 
glomerular barrier, or decreased tubular reabsorption [185].

Chronic Kidney Disease

Excess GCs have many detrimental effects on kidney function, but whether people 
or dogs with CS are at risk for developing CKD is an essential issue that warrants 
further investigation.
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In humans, the combination of Cushing’s disease and renal failure is considered 
to be very rare [186, 187]. However, one case-control study reported a decreased 
GFR in a group Cushing’s patients mainly with cured disease; 4 out of 18 patients 
had CKD, which was defined as a GFR < 60 mL/min/1.73 m2. The authors conclud-
ed that follow-up of renal function after treatment for CS was important because a 
decreased GFR may have implications for medication dosages [164].

Creatinine clearance was also lower in patients with active and cured CS com-
pared with controls in two other studies, although these differences were not statis-
tically significant [165, 166]. In addition, a highly significant correlation between 
endogenous GC production and the progression rate of chronic renal failure has 
been described [188].

Nephrolithiasis

Compared to the general population of industrialized countries, nephrolithiasis is 
remarkably common in human Cushing’s patients. Indeed, studies have shown that 
there is a prevalence of approximately 50 % in patients with active disease and 
17–27.3 % in cured patients [164, 166]. Importantly, subjects who have been cured 
of Cushing’s disease for a long time still maintain a higher risk for the development 
of kidney stones compared with controls, which is also associated with a persistence 
of metabolic syndrome and HTN, despite the normalization of cortisol levels. Hy-
percalciuria, hypocitraturia, and increased urinary excretion of phosphorus, oxalate, 
potassium, and cystine, mainly systemic HTN and excess urinary excretion of uric 
acid, seem to play a crucial role in kidney stone formation in patients with Cush-
ing’s disease [166].

In CS, systemic HTN, which leads to an increased capillary hydrostatic pres-
sure, and additional hemodynamic effects, which cause hyperfiltration, may even-
tually result in proteinuria and glomerulosclerosis. Glomerulosclerosis has been 
documented in humans and dogs with CS and in dogs treated with prednisone [183, 
189–192].

Diagnosis

One of the largest challenges remains to timely identify patients with CS. In the cur-
rent society of obese individuals, one may have to consider establishing new refer-
ence ranges for various hormones. For instance, norm values for urinary-free corti-
sol adapted to obese children may help avoid unnecessary dexamethasone suppres-
sion or other testing for possible CS [193]. This may even be difficult in full-blown 
CS, as the sensitivity and specificity of clinical signs and symptoms of CS vary 
widely. For instance, the occurrence of ecchymoses may have a specificity of 94 % 
for CS, while its sensitivity varies between 60 and 68 %. Stretch marks wider than 
1 cm and of purple color have a sensitivity of 50–64 % and a specificity of 78 %. 
Increased fatigue and weight gain have a sensitivity of nearly 100 % but are not 
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very specific [194]. This poses the question who should be screened for CS. First, 
patients with signs that are most suggestive of hypercortisolism, including wide 
(> 1 cm) purple striae, excessive bruising, proximal muscle weakness, abnormal fat 
distribution (temporal fossae and supraclavicular), and failure of linear growth with 
continued weight gain in children. Second, anyone with unusual features for their 
age group, including HTN and/or nontraumatic fractures in young individuals, or 
anyone with multiple clinical features that are progressive over time. The Endocrine 
Society has published guidelines on this topic in 2008 and the algorithm is shown 
in Fig. 16.6 [195].

Biochemical assessment for CS in patients with chronic renal impairment is dif-
ficult. Obviously, assessing 24-h urinary-free cortisol excretion largely depends on 
how precisely an individual patient collects urine and on her/his renal function. 
Plasma binding protein concentrations and dexamethasone clearance can be signifi-
cantly altered with decreased renal function [143, 196, 197]. Recent studies have 

Fig. 16.6  Cushing’s syndrome algorithm. (Reprinted from Nieman et al. [195], with permission 
from The Endocrine Society)
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shown a disrupted circadian cortisol rhythm in patients with ESRD, whereas previ-
ous studies showed normal rhythms [197–200]. C-reactive protein is increased in 
patients with ESRD [201]. Some authors report that patients with chronic renal 
failure generally have normal plasma levels of cortisol, depending on the assay 
used [202, 203], whereas ACTH levels may be increased [204]. Spuriously, low 
urinary-free cortisol levels can occur in patients with a GFR less than 30 ml/min 
[205]. Ovine CRH may not appropriately stimulate ACTH and cortisol in patients 
with chronic renal failure except for those on continuous ambulatory peritoneal 
dialysis [206]. The oral absorption of dexamethasone can be altered (reduced) in 
some patients, but the metabolism of dexamethasone usually is normal in chronic 
renal failure. Normal suppression of cortisol after 1 mg of overnight dexamethasone 
is uncommon [207]. The use of the dexamethasone suppression test in the diagnosis 
of CS has recently been critically reviewed [208]. Even if plasma dexamethasone 
levels are measured, the interpretation of what a normal cortisol suppression is for 
each individual patient assessed for possible CS remains challenging, as there are 
patients with Cushing’s disease with slightly or moderately elevated basal plasma 
cortisol levels and post dexamethasone plasma cortisol levels that are interpreted as 
normal [209]. In addition, there are many medications that can alter the metabolism 
of dexamethasone. Recently, topiramate, a frequently used contemporary medica-
tion, has been reported to cause a false positive overnight 1-mg dexamethasone 
suppression test [210].

Alternatively, salivary cortisol has been regarded as a reliable parameter for the 
diagnosis of severe hypercortisolism, even in women during pregnancy or taking 
oral contraceptive pills [211]. Obtaining two samples improves the diagnostic ac-
curacy of measuring late-night salivary cortisol for CS [212]. A study of 16 patients 
on daytime chronic hemodialysis and controls showed that ESRD subjects have 
increased late-night plasma and salivary cortisol and plasma ACTH levels, with 
late-night salivary cortisol being a reliable index of plasma cortisol in ESRD pa-
tients [213]. In that study, the authors suggest that ESRD may represent a state of 
ACTH-dependent hypercortisolism but not CS per se, similar to previous studies 
in poorly controlled diabetics [214]. Raff and Trivedi [213] measured late-night 
salivary cortisol levels as high as 15 nmol/l in ESRD patients (reference range, 
< 4 nmol/l or 145 ng/dl, ref. [195]) and concluded that a “normal” late-night salivary 
cortisol value rules out CS in patients with ESRD.

Interestingly, ACTH-stimulated salivary cortisol represents an accurate biomark-
er for the diagnosis of adrenal insufficiency in hypotensive patients with ESRD, 
whereas neither basal salivary nor serum cortisol do [215].

Genetic Aspects of Cushing’s Syndrome

We here will not review the molecular pathogenesis of ACTH-secreting pituitary 
tumors, ectopic ACTH-secreting neuroendocrine tumors, or adrenal tumors. How-
ever, a few statements based on more recent findings should be made. In general, 
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the molecular pathogenesis of ACTH-independent macronodular adrenal hyper-
plasia and sporadic cortisol-secreting adenomas has recently been elucidated. 
Exome sequencing or tumor–normal pairs revealed gain of function mutations in 
the CTNNB1 (β-catenin) or GNAS (Galphas) genes or somatic mutations in the 
PRKACA (protein kinase A catalytic subunit) gene with protein kinase activity 
inducing cortisol production and cell proliferation of affected adrenal cells [216]. 
Germline duplications of the PRKACA gene result in bilateral adrenal hyperplasia, 
whereas somatic mutations in this gene cause unilateral cortisol-producing adrenal 
adenomas [217]. A subset of ACTH-independent macronodular adrenal hyperpla-
sia contains inactivating mutations in armadillo repeat containing 5 (ARMC5), a 
putative tumor-suppressor gene [218]. Regarding ACTH in the pituitary, most of 
such tumors occur sporadically with altered gene expression, somatic mutations in 
various genes, epigenetic changes, and abnormal microRNAs. Their pathogenesis 
remains largely unknown [219]. Whole exome sequencing of pituitary adenomas 
reveals different oncogenic mutations in each individual tumor, making it prob-
able that there is no common oncogenic denominator but an abnormal stem cell 
that leads to abnormal localized proliferation. Nevertheless, there are familial pi-
tuitary tumor syndromes, including multiple endocrine neoplasia type 1, Carney 
complex, familial isolated pituitary adenomas, and others. The pathogenesis of ec-
topic ACTH-secreting neuroendocrine tumors is largely unknown, although some 
familial syndromes in which an ACTH-secreting neuroendocrine tumor is part of 
helped elucidate the biology of these neoplasms. For instance, neuroendocrine tu-
mors of the pancreas in patients with VHL syndrome usually are nonfunctional 
but can secrete ACTH [220]. VHL syndrome is caused by germline mutations in 
the VHL gene and subsequent molecular events [221]. Neuroendocrine tumors of 
the thyroid usually are medullary thyroid cancer and often are caused by germline 
mutations in the rearranged during transfection (RET) proto-oncogene [222]. Many 
other organs can harbor ACTH-secreting neuroendocrine tumors, and for each or-
gan, for instance, the prostate, pancreas, adrenal medulla/pheochromocytoma, one 
would have to consider the respective pathogenesis [223–225].

Therapy

In patients with a cortisol-producing adrenal tumor, laparoscopic adrenalectomy 
should be performed to normalize cortisol production. If bilateral adrenalectomy 
is necessary, proper adrenal hormone replacement should be commenced. For in-
stance, most individuals can be managed by taking oral hydrocortisone, 10 mg in 
the morning and 5–10 mg late afternoon, in addition to fludrocortisone 50–100 mcg/
day [226]. Adrenal function should be assessed in patients with ESRD in order to 
unmask adrenal insufficient states [227].

In patients with an ACTH-secreting pituitary tumor, transsphenoidal or transcra-
nial surgical removal should be performed, if possible. Postsurgically, transient or 
permanent adrenal insufficiency can occur and should be handled, as aforementioned. 
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Long-term follow-up is necessary even in patients with initial and long-term remis-
sion [228]. In patients with nonpituitary ACTH-dependent CS, ideally the primary 
neuroendocrine tumor should be found and removed, although surgical resection 
of metastases might result in short-term remission of CS [60]. For patients who are 
not or poor surgical candidates, medical therapy of hypercortisolism should be initi-
ated. Depending on country-specific regulations and availability of drugs, one can 
choose among the following arsenal with each one to be revisited for mild or more 
impaired renal and/or liver function with respective dose adjustments: metyrapone, 
ketoconazole, mifepristone RU486, cabergoline, pasireotide, octreotide, etomidate, 
and mitotane [195, 229–232].

Pheochromocytoma

Pheochromocytoma is a neuroendocrine tumor that arises from the adrenal gland, 
while paraganglioma originates from sympathetic or parasympathetic paraganglia. 
Pheochromocytoma and sympathetic paraganglioma can produce, store, metabo-
lize, and secrete catecholamines and metanephrines (MNs). Parasympathetic head 
and neck paraganglioma are typically biochemically silent [233, 234]. With an an-
nual incidence of around 2–8 cases per million people, pheochromocytoma is a less 
common cause of endocrine HTN than PA [235].

Clinical Symptoms and Signs

Among 2585 hypertensive patients, headaches, palpitations, and sweating attacks 
were most frequently associated with pheochromocytoma [236]. However, only 
6.5 % of these 2585 patients reported all three symptoms which then had a speci-
ficity of 93.8 %, a sensitivity of 90.9 %, and an exclusion value of 99.9 % for the 
diagnosis of pheochromocytoma. In the absence of this classic triad, the probability 
of pheochromocytoma has been viewed as inferior to 1 in 1000. In a recent Ger-
man cohort of 201 pheochromocytoma patients, less than 10 % had this classic triad 
and most tumors had been detected incidentally, underscoring that certain imaging 
features combined with biochemical analyses are important in establishing the di-
agnosis of pheochromocytoma/paraganglioma [237]. Performing a biopsy of pheo-
chromocytomas and paragangliomas without prior biochemical testing can lead to 
serious complications, including hemorrhage, pain, severe HTN, difficult surgical 
resection, and others [238].

Patients with pheochromocytoma have a higher rate of cardiovascular events 
than patients with essential HTN, most likely related to prolonged exposure to hy-
percatecholaminemia [239]. Although HTN is the most common clinical finding in 
patients with pheochromocytoma, it may not be uniformly present in all patients. 
In a study conducted at Mayo Clinic on 76 patients with pheochromocytoma, 20 % 
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of the patients with paroxysmal HTN and 30 % with persistent HTN had fasting 
hyperglycemia [240]. Insulin sensitivity often improves after removal of pheochro-
mocytoma [241]. In children, HTN due to pheochromocytoma tends to be more 
severe and refractory than in adults [242]. The patients presenting with pheochro-
mocytoma crisis may have extremely varied manifestations, ranging from severe 
HTN to circulatory failure and shock [243].

Case finding strategies may include considering possible pheochromocytoma/
paraganglioma in patients with:

• Resistant HTN
• Familial syndrome that predisposes to pheochromocytoma
• Family history of pheochromocytoma
• Incidentally discovered adrenal mass
• Hyperadrenergic spells
• HTN and diabetes
• Onset of HTN at young age (< 20 years)
• Pressor response during anesthesia, surgery, or angiography
• History of gastric stromal tumor or pulmonary chondroma
• Idiopathic dilated cardiomyopathy

Physical exam findings can be associated with a genetic pheochromocytoma/para-
ganglioma syndrome and may include retinal angiomas (VHL syndrome), mar-
fanoid body habitus, café au lait spots (neurofibromatosis type 1), axillary freckling, 
mucsoal neuromas on eyelids/tongue (multiple endocrine neoplasia type 2), thyroid 
mass (MEN2), and others [234, 244, 245].

CKD has been described as a complication of pheochromocytoma. In particular, 
in patients with episodes of paroxysmal HTN, suggestive of pheochromocytoma, 
persistent HTN could have contributed to the development of chronic renal insuf-
ficiency [246, 247]. 

In severe cases of glomerulonephropathy in rats, associated with disturbed calci-
um/phosphorous homeostasis, there might be chronic stimulation of the chromaffin 
cells toward proliferation, which may eventually lead to hyperplasia and neoplasia. 
A study from 1999 in rats showed a positive correlation between the severity of 
chronic progressive glomerulonephropathy and the incidence of adrenal pheochro-
mocytoma. In particular, the incidence of adrenal pheochromocytoma was consis-
tently higher in animals with more severe glomerulonephropathy [248].

If a pheochromocytoma is located at the renal hilum, it can cause renovascular 
HTN via several mechanisms. Besides producing catecholamines, this topography 
can cause transient or fixed renal artery stenosis with subsequent HTN.

Mechanisms of renal artery stenosis secondary to pheochromocytoma include 
direct compression of the tumor on the renal artery or its branches, fibromuscular 
dysplasia, and fibrous bands emanating from the tumor [249, 250]. Although ex-
trinsic pressure on the renal artery is the most common, long-term pressure causes 
myointimal proliferation needing reconstruction. The attenuation in the caliber of 
the renal artery may not necessarily be caused by mechanical causes but can be 
caused by catecholamine- induced vasospasm. Catecholamine-induced vasospasm 
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is generally termed pseudostenosis because it is a pharmacologically reversible 
cause of renal artery stenosis [251]. It is most likely a result of local seepage of 
vasoactive amines from an adjacent pheochromocytoma into the renal hilum.

Indeed, stenosis of the renal artery and concomitant pheochromocytoma, al-
though a seemingly rare combination, has been reported in more than 25 publica-
tions. In a large survey of world literature, over 100 cases have been reported, of 
which only about 14 % occurred in children [252, 253].

Diagnostic Difficulties in Patients with Pheochromocytoma 
and Renal Dysfunction

As a chameleon, pheochromocytoma can be disguised in various forms of clinical 
presentation with or without impaired renal function [235]. Besides searching for 
signs and symptoms typical for pheochromocytoma, other steps are critical in estab-
lishing the diagnosis. Among these, biochemical analyses are of utmost importance. 
Of course, the interpretation of biochemical results depends on the assay analysis 
used, for instance, whether liquid chromatography/mass spectroscopy or LC-MS/
MS has been utilized. Recent Endocrine Society guidelines suggest measurement 
of plasma free or urinary fractionated MNs [244]. The role of catecholamines had 
decreased because of episodic secretion. On the other hand, pheochromocytoma/
paragangliomas with less differentiated features such as those seen in the succinate 
dehydrogenase (SDHx) mutation-related syndromes possess less advanced enzy-
matic machinery. This results in a mostly dopaminergic secretory profile, which 
can be detected by assessing either dopamine or methoxytyramine levels. Methoxy-
tyramine is a dopamine metabolite. Measuring plasma-free (in particular deconju-
gated) MNs may be compromised by increased sympathetic outflow or dependence 
of catecholamine metabolite levels on clearance by the kidneys [254, 255]. These 
problems are particularly acute in ESRD, when patients are functionally anephric 
and on dialysis and may have several-fold elevations of plasma norepinephrine and 
dopamine concentrations without having a pheochromocytoma [256–260]. In such 
patients with renal failure, there are at least twofold higher plasma concentrations 
of catecholamines and free MNs [261–263]. Of note, there are several medications 
that may cause falsely elevated tests results for plasma and urinary MNs, as shown 
in Fig. 16.7.

We propose a flow chart as shown in Fig. 16.8 for diagnosing pheochromocy-
toma/paraganglioma.

VHL syndrome is one example where there is a high risk of both pheochro-
mocytoma and kidney cancer, and where the former tumor may often need to be 
considered in the setting of mildly to severely impaired renal function [264, 265]. In 
screening such patients for pheochromocytoma, one third may not have any symp-
toms, normal BP, and normal catecholamine testing [266].

In hemodialysis patients, few reports of pheochromocytoma exist in the lit-
erature [267–269]. Clinical signs may be neglected because HTN, headache, and 
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palpitations occur frequently in these patients. Normal values of plasma catechol-
amines in hemodialysis patients may be similar or slightly elevated as compared 
to patients with normal renal function [270]. Plasma noradrenaline levels are ex-
tremely high in some of these patients [268]. In fact, it has been proposed that in a 
patient on long-term hemodialysis, a plasma noradrenaline concentration of greater 
than a threefold elevation compared with normal controls should raise the suspicion 
of pheochromocytoma. Measurement of urinary excretion rates of noradrenaline 
and MN has been advocated by some authors as the best criterion for the diagno-
sis [271]. HTN due to pheochromocytoma can be masked by excessive reduction 
of intravascular volume by preoperative hemodialysis. In a hemodialyzed patient 
harboring pheochromocytoma who undergoes a surgical procedure unrelated to ad-
renalectomy, preoperative alpha-adrenergic blockade and subsequent intravascular 
volume expansion by increasing dry weight is required to avoid severe intraopera-
tive hypotension. It is well known that many patients on long-term hemodialysis 
treatment suffer from hypotension. Daul et al. [272] reported that increased plasma 
noradrenaline levels with longer duration of hemodialysis may induce alpha-adre-
noceptor downregulation, and the resulting reduction in alpha-adrenoceptor respon-
siveness to adrenergic stimuli might be an important cause of arterial hypotension 
in patients on long-term hemodialysis treatment.

Fig. 16.7  Major medications that may cause falsely elevated test results for plasma and urinary 
metanephrines. (Reprinted from Lenders et al. [244], with permission from The Endocrine Society)
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Patients with renal failure (with and without dialysis) may have up to twofold 
higher plasma concentrations of catecholamines and free MNs, and more than 12-
fold higher plasma concentrations of deconjugated MNs than comparison groups 
consisting of patients with VHL syndrome, essential HTN, and normotensive vol-
unteers [261]. For instance, the 95 % confidence intervals for free normetanephrines 
(NMNs) in patients on dialysis, with renal insufficiency, essential HTN, normoten-
sive volunteers, and VHL syndrome had been 26–410 pg/ml, 29–307 pg/ml, 24–148 
pg/ml, 18–119 pg/ml, and 26–137 pg/ml, respectively. In addition, one may have to 
consider adjustment of urinary and/or plasma MN reference ranges for patients after 
uni- and bilateral adrenalectomy [273]. In the latter study, concentrations of NMN 
were increased after uni- and bilateral adrenalectomy, whereas levels of MN were 
decreased. Follow-up for these biochemical parameters usually is recommended 
2–3 months postoperatively, annually during the first 5 years, and thereafter every 
2 years, as tumor recurrence rates are reported in up to 16 % of patients within 10 

Fig. 16.8  Diagnosing pheochromocytoma/paraganglioma flowchart. (Reprinted with permission 
from Chap. 7 “Testing for Endocrine hypertension,” June 2012, by Melcescu and Koch, of www.
endotext.org, the FREE online comprehensive, authoritative, constantly updated web-based Endo-
crinology Textbook)
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years postsurgically, but even after 15 years [274–276]. Although generally corti-
cal-sparing adrenalectomy has been performed in pheochromocytoma/paraganglio
ma patients, microscopic intermingling of adrenomedullary cells with the adrenal 
cortex can become ground for tumor recurrence, especially in patients with heredi-
tary pheochromocytoma/paraganglioma syndromes [244, 277] (see Fig. 16.9).

In addition to plasma-free MNs, plasma methoxytyramine has recently been pro-
posed as a novel biomarker for metastatic pheochromocytoma and paragangliomas 
(PPGLs) that together with succinate dehydrogenase subunit B (SDHB) gene muta-
tion status, tumor size, and location provide useful information to assess the likeli-
hood of malignancy and manage affected patients if measured supine under fasting 
conditions [278, 279].

Plasma chromogranin A has clinical utility in the diagnosis of SDHx-related 
paragangliomas and adrenal pheochromocytomas [280, 281]. However, the circula-
tory clearance of chromogranin A depends on renal elimination, so that serum levels 
of chromogranin A in patients with renal failure are increased well into the range 
usually observed in patients with pheochromocytoma [282, 283]. Plasma levels of 
vanillylmandelic acid (VMA), a catecholamine metabolite more commonly mea-
sured in urine, are increased about 15-fold in patients with renal failure compared 
to those with normal kidney function [284].

Imaging features of pheochromocytoma on conventional MRI and CT can assist 
in the diagnosis. Most pheochromocytomas are heterogeneous. High T2 signal in-
tensity on MRI is found in approximately one third of solid tumors. Most pheochro-
mocytomas are less enhancing than the spleen on CT and MRI scans [285]. CT and 
MRI have high sensitivity (90–100 %) and specificity (70–90 %) for the anatomical 
localization of pheochromocytoma. Radionuclide imaging modalities such as me-
taiodobenzyl-guanidine (MIBG) scintigraphy, positron emission tomography, and 
single photon emission CT are useful in assessing functionality of these tumors and 
in localizing metastatic or multifocal disease [286]. The Endocrine Society guide-
lines propose the following decisional algorithm for functional imaging in patients 
with proven pheochromocytoma/paraganglioma (see Fig. 16.10).

Fig. 16.9  Koch unpublished observation in a patient with MEN2-related bilateral pheochromocy-
tomas and unilateral tumor recurrence 11 years after bilateral adrenalectomy. (Reprinted with per-
mission from Chap. 26 “Overview of Endocrine hypertension,” December 2009, by Koch CA, of 
www.endotext.org, the FREE online comprehensive, authoritative, constantly updated webertens 
Endocrinology Textbook)
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Genetic Aspects of Pheochromocytoma/Paraganglioma

The molecular pathogenesis of pheochromocytoma/paraganglioma has greatly been 
elucidated over the last 20 years [234, 245, 287–291]. We now know that at least 
one third of all patients with paragangliomas/pheochromocytomas have disease-
causing germline mutations. Therefore, genetic testing is recommended for all pa-
tients presenting with pheochromocytoma/paraganglioma [244, 245]. Identifying 
the molecular cause to an individual patient’s pheochromocytoma/paraganglioma 
assists in predicting future tumor risk and risk of malignancy not only for such a 
patient but also for the patient’s family members, especially for hereditary tumor 
syndromes with autosomal dominant transmission. Germline mutations associated 
with pheochromocytoma/paraganglioma known to date include at least 14 differ-
ent susceptibility genes: VHL at chromosomal location 3p25, SDHA at 5q15, en-
coding SDHx subunit A, SDHB at 1p36.1, SDHC at 1q23.3, SDHD at 11q23.1, 
SDH5/SDHAF2 at 11q12.2, the neurofibromatosis gene NF1 at 17q11.2, the RET 

Fig. 16.10  Decisional algorithm for functional imaging in patients with proven pheochromocy-
toma/paraganglioma. Asteriks indicate when treatment with radiolabeled somatostatin analogs is 
considered; dagger symbols indicate when treatment with 131I-MIBG is considered. (Reprinted 
from Lenders et al. [244], with permission from The Endocrine Society)
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proto-oncogene at 10q11.2, TMEM127 at 2q11.2, MAX at 14q23, and more recently 
the genes IDH1, FH at 1q43, HIF2 A at 2p21, EGLN1/PHD2 at 1q42.2, and KIF1B 
at 1p36.22. Current knowledge estimates the risk for metastatic pheochromocyto-
ma/paraganglioma to be highest for patients with germline mutations in the SDHB 
gene (approximately 40 %). It is recommended to perform a thorough physical ex-
amination and history, including a three-generation family history of each patient, 
presenting with pheochromocytoma/paraganglioma, acknowledging that to date 
there is no consensus to guide genetic testing in such patients, mainly due to lack of 
long-term studies validating one particular approach in surveillance and/or therapy. 
Immunohistochemical analysis (negative results suggest presence of a mutation in 
one of the SDHx genes) of SDHB of pheochromocytoma/paraganglioma (or other 
tumors) in order to identify patients who are germline carriers of SDHB, SDHC, 
or SDHD mutations may represent a cost-effective screen, especially considering 
the high risk of metastatic disease in SDHB carriers [292]. One important point 
to consider in that regard and annual or biannual imaging surveillance, especially 
with scans from the skull base to the pelvis in individuals with germline mutations 
in SDHx, TMEM127, MAX, PHD2, HIF2A, is the cumulative amount of radiation 
exposure and risks of cancer development from that analogous to the benefits and 
potential harms of mammography screening programs [293, 294]. The Endocrine 
Society guidelines propose this decisional algorithm for genetic testing in patients 
with proven pheochromocytoma/paraganglioma (see Fig. 16.11).

Therapy

After diagnosing and localizing pheochromocytoma/paraganglioma, perioperative 
considerations should be made, including genetic aspects. For instance, a patient 
may have a 2 cm large adrenal pheochromocytoma and an additional paraganglio-
ma located at the L1 spine area. This likely would make an open surgical approach 
necessary instead of a laparoscopic (adrenocortical function preserving) adrenalec-
tomy. Generally, for large pheochromocytomas or retroperitoneal paragangliomas, 
an open total adrenalectomy/paraganglioma resection is recommended, whereas 
small, presumably benign tumors can be endoscopically removed (to preserve adre-
nocortical function if it is an adrenal pheochromocytoma). For head and neck para-
gangliomas, one can take a wait and see approach in elderly patients with slowly 
growing tumors or hereditary multiple very small (< 1 cm) tumors [295]. Radiation 
therapy can be utilized in elderly patients with inoperable paragangliomas, tumors 
with extensive skull/intracranial involvement, jugular tumors, recurrent tumors, or 
contralateral paragangliomas. Small (> 1 cm), unilateral, malignant, functioning, 
and tympanic paragangliomas should primarily be removed surgically. Preopera-
tively, an alpha-1 blocker should be used for at least 7 days prior to the scheduled 
procedure to control HTN, heart rate, and volume. Options include competitive 
alpha-1 antagonists such as doxazosin (half-life 22 h, dosing: start 2 mg/day up 
to 32 mg/day) and terazosin (half-life 12 h) or the noncompetitive, nonselective 
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alpha-1/2 antagonist phenoxybenzamine (half-life > 24 h, dosing: start 10 mg twice 
daily, up to 1 mg/kg/day), all of which may cause tachycardia, orthostatic hypoten-
sion, nasal stiffness, as side effects. All agents are titrated based on BP response. 
Depending on the individual “baseline” BP, the target BP varies, but generally, 
should be less than 130/80 mmHg while seated without causing significant ortho-
static hypotension and greater than 90 mmHg systolic while standing, considering 
that patients with renal impairment have significant volume changes, especially 
when undergoing dialysis. This will limit the usual recommendation to administer 
a high salt diet 3 days prior to tumor removal, in order to restore diminished blood 
volume and reduce the risk of postsurgical hypotension from diffuse vasodilation. 
For developing tachycardia preoperatively, first volume status should be assessed 
and then the administration of a beta blocker considered (propranolol 20 mg three 
times daily up to 40 mg three times daily; atenolol 25 –50 mg/day). Patients with 
uncontrolled HTN may need metyrosine (250 mg/8 h, up to 2 g/day) which inhibits 

Fig. 16.11  Decisional algorithm for genetic testing in patients with proven pheochromocytoma/
paraganglioma. (Reprinted from Lenders et al. [244], with permission from The Endocrine Society)
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tyrosine hydroxylase, the rate-limiting step in catecholamine synthesis. Usually, the 
last dose of phenoxybenzamine or other alpha blocker (and metyrosine, if needed) 
are given at midnight before surgery. As mentioned above, postsurgically, glucose 
and BP should be monitored, as removal of the tumor causing catecholamine excess 
might now lead to hypoglycemia and hypotension, especially if vasoconstriction 
cannot yet ensue because of ongoing blockade of adrenergic receptors [244].

Surveillance should be performed by annual biochemical testing and period im-
aging studies in selected cases. Estimated recurrence rates for VHL patients are 
10–15 % over 10 years and the cumulative recurrence rate for MEN2 patients is 
38.5 % at 10 years after adrenal-sparing surgery [244].

Malignant pheochromocytomas/paragangliomas are difficult to treat with the 
first option being surgical debulking next to radiation and chemotherapy [296–299].

Pheochromocytoma Crisis

A pheochromocytoma/paraganglioma can present as hypertensive crisis, although 
one has to distinguish hypertensive urgency (BP > 180/110 mmHg + symptoms 
such as headache) from emergency (BP > 220/140 mmHg + acute target organ 
damage, i.e., heart failure, acute myocardial infarction, aortic aneurysm, stroke, 
encephalopathy). This distinction is often difficult, and many patients with chronic 
renal failure have BPs that are elevated in the range of such a crisis but without 
having any symptoms. Typically, patients on hemodialysis experience higher 
BP on nondialysis days than during dialysis, because of blood volume changes. 
Useful medications for hypertensive emergencies, including those caused by 
pheochromocytoma/paraganglioma, include sodium nitroprusside, a nonselective 
arterial and venous vasodilator that acts within 30 s and should be utilized as 
first line medication to control intraoperative crisis; nicardipine, an intravenous 
dihydropyridine calcium channel blocker that can prevent catecholamine-induced 
coronary vasospasm; phentolamine, an intravenous nonselective alpha adrenergic 
receptor antagonist which is given as bolus of 5–15 mg and then infused; and esmo-
lol, a short acting beta-1 adrenergic antagonist administered as an infusion.

Conclusion

In patients with chronic renal impairment, a single cause of endocrine HTN is dif-
ficult to diagnose and treat, as such patients often have multiple hormonal imbal-
ances simultaneously and varying degrees of renal dysfunction, depending on the 
glomerular filtration rates. Many of these patients have HTN which, in some cases, 
is aggravated and/or caused by PA, the most common form of endocrine HTN. 
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Screening for PA includes watching for unusual hypokalemia or normokalemia in 
patients with chronic renal impairment, measuring plasma aldosterone and direct 
renin or PRA concentrations, followed by confirmatory testing, including saline 
loading, if possible in the respective renal patient. Imaging studies including adre-
nal CT or MRI may detect incidentalomas, necessitating AVS for definitive diag-
nosis of aldosterone excess from one or both adrenal glands. Reducing aldosterone 
excess will reduce the BP in many of these patients. In nonsurgical candidates, min-
eralocorticoid antagonists such as spironolactone can be utilized if careful attention 
is directed at the individual patient’s potassium levels.

Diagnosing GC excess in patients with chronic kidney dysfunction can also 
represent challenges, as reference ranges for many tests typically used in the 
diagnosis are not (well) established and many clinical symptoms and signs are 
not very sensitive or specific. Obviously, the use of 24-h urinary-free cortisol 
excretion is limited with impaired renal function. Interpreting salivary cortisol 
levels or dexamethasone suppression test results in these patients also is chal-
lenging. Nevertheless, a “normal” late-night salivary cortisol level or early 
morning serum cortisol concentrations after 1 mg of dexamethasone at mid-
night rules out CS in patients with ESRD.

Pheochromocytoma or paraganglioma are rare neuroendocrine tumors that 
can cause resistant HTN. Often, these tumors are found incidentally in patients 
with chronic renal impairment. A high index of suspicion should exist for pa-
tients with a familial syndrome that predisposes to pheochromocytoma, a fam-
ily history of pheochromocytoma, onset of HTN at young age, pressor response 
during anesthesia, surgery, or angiography, idiopathic dilated cardiomyopathy, 
hyperadrenergic spells, and HTN and diabetes mellitus (many people suffer 
from that). Although biochemical assessment is hindered by impaired renal 
function (different reference ranges), plasma-free MNs and methoxytyramine 
are helpful in diagnosing pheochromocytoma/paraganglioma. Conventional 
imaging can be performed with CT and/or MRI (cave: nephrogenic systemic 
fibrosis) to localize the tumor which should then be surgically removed after 
treating the respective patient at least for 1 week with an alpha-1 blocker to 
achieve a BP of less than 130/80 mmHg seated without orthostatic hypoten-
sion. Tumor manipulation can induce a hypertensive crisis which is treated 
according to the hypertensive urgency/ emergency protocol, utilizing sodium 
nitroprusside, nicardipine, phentolamine, and other antihypertensive drugs. Af-
ter pheochromocytoma/paraganglioma removal, hypoglycemia and hypoten-
sion may occur. Therefore, careful postoperative monitoring of glucose values, 
BP, and volume status is necessary.
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