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proteins (HSP) from the receptor and subsequent dimerization (Fig.
406-6). Cortisol-bound GR dimers translocate to the nucleus and activate glucocorticoid response elements (GRE) in the DNA sequence,
thereby enhancing transcription of glucocorticoid-regulated genes
(GR transactivation). However, cortisol-bound GR can also form heterodimers with transcription factors such as AP-1 or NF-κB, resulting
in transrepression of proinflammatory genes, a mechanism of major
importance for the anti-inflammatory action of glucocorticoids. It
is important to note that corticosterone also exerts glucocorticoid
activity, albeit much weaker than cortisol itself. However, in rodents,
corticosterone is the major glucocorticoid, and in patients with
17-hydroxylase deficiency, lack of cortisol can be compensated for by
higher concentrations of corticosterone that accumulates as a consequence of the enzymatic block.
Cortisol is inactivated to cortisone by the microsomal enzyme
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) (Fig. 406-7),
mainly in the kidney, but also in the colon, salivary glands, and other
target tissues. Cortisol and aldosterone bind the mineralocorticoid
receptor (MR) with equal affinity; however, cortisol circulates in the
bloodstream at about a thousandfold higher concentration. Thus,
only rapid inactivation of cortisol to cortisone by 11β-HSD2 prevents
MR activation by excess cortisol, thereby acting as a tissue-specific
modulator of the MR pathway. In addition to cortisol and aldosterone,
deoxycorticosterone (DOC) (Fig. 406-1) also exerts mineralocorticoid
activity. DOC accumulation due to 11β-hydroxylase deficiency or due
to tumor-related excess production can result in mineralocorticoid
excess.
Aldosterone synthesis in the adrenal zona glomerulosa cells is
driven by the enzyme aldosterone synthase (CYP11B2). The binding of
angiotensin II to the AT1 receptor causes glomerulosa cell membrane
depolarization by increasing intracellular sodium through inhibition
of sodium potassium (Na+/K+) ATPase enzymes as well as potassium
channels. This drives an increase in intracellular calcium by opening
of voltage-dependent calcium channels or inhibition of calcium (Ca2+)
ATPase enzymes. Consequently, the calcium signaling pathway is triggered, resulting in upregulation of CYP11B2 transcription (Fig. 406-8).

HPIM19_Part16_p2251-p2534.indd 2313

Analogous to cortisol action via the GR, aldosterone (or cortisol)
binding to the MR in the kidney tubule cell dissociates the HSP–receptor
complex, allowing homodimerization of the MR, and translocation
of the hormone-bound MR dimer to the nucleus (Fig. 406-7). The
activated MR enhances transcription of the epithelial sodium channel
(ENaC) and serum glucocorticoid-inducible kinase 1 (SGK-1). In the
cytosol, interaction of ENaC with Nedd4 prevents cell surface expression of ENaC. However, SGK-1 phosphorylates serine residues within
the Nedd4 protein, reduces the interaction between Nedd4 and ENaC,
and consequently, enhances the trafficking of ENaC to the cell surface,
where it mediates sodium retention.
CUSHING’S SYNDROME
(See also Chap. 403) Cushing’s syndrome reflects a constellation of
clinical features that result from chronic exposure to excess glucocorticoids of any etiology. The disorder can be ACTH-dependent (e.g.,
pituitary corticotrope adenoma, ectopic secretion of ACTH by nonpituitary tumor) or ACTH-independent (e.g., adrenocortical adenoma,
adrenocortical carcinoma, nodular adrenal hyperplasia), as well as
iatrogenic (e.g., administration of exogenous glucocorticoids to treat
various inflammatory conditions). The term Cushing’s disease refers
specifically to Cushing’s syndrome caused by a pituitary corticotrope
adenoma.
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Figure 406-7 Prereceptor inactivation of cortisol and mineralocorticoid receptor action. ENaC, epithelial sodium channel; HRE, hormone
response element; NADH, nicotinamide adenine dinucleotide; SGK-1, serum glucocorticoid-inducible kinase-1.

Epidemiology Cushing’s syndrome is generally considered a rare
disease. It occurs with an incidence of 1–2 per 100,000 population per
year. However, it is debated whether mild cortisol excess may be more
prevalent among patients with several features of Cushing’s such as
centripetal obesity, type 2 diabetes, and osteoporotic vertebral fractures, recognizing that these are relatively nonspecific and common
in the population.
In the overwhelming majority of patients, Cushing’s syndrome is
caused by an ACTH-producing corticotrope adenoma of the pituitary (Table 406-1), as initially described by Harvey Cushing in 1912.
Cushing’s disease more frequently affects women, with the exception
of prepubertal cases, where it is more common in boys. By contrast,
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