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monitoring and sequential measurements of glucose. It is contrain-
dicated in patients with coronary disease, cerebrovascular disease, or 
seizure disorders, which has made the short cosyntropin test the com-
monly accepted first-line test.

Mineralocorticoid production is controlled by the RAA regulatory 
cycle, which is initiated by the release of renin from the juxtaglo-
merular cells in the kidney, resulting in cleavage of angiotensinogen to 
angiotensin I in the liver (Fig. 406-4). Angiotensin-converting enzyme 
(ACE) cleaves angiotensin I to angiotensin II, which binds and activates 
the angiotensin II receptor type 1 (AT1 receptor [AT1R]), resulting 
in increased adrenal aldosterone production and vasoconstriction. 
Aldosterone enhances sodium retention and potassium excretion, and 
increases the arterial perfusion pressure, which in turn regulates renin 
release. Because mineralocorticoid synthesis is primarily under the con-
trol of the RAA system, hypothalamic-pituitary damage does not sig-
nificantly impact the capacity of the adrenal to synthesize aldosterone.

Similar to the HPA axis, the assessment of the RAA system can be 
used for diagnostic purposes. If mineralocorticoid excess is present, 
there is a counter-regulatory downregulation of plasma renin (see 
below for testing). Conversely, in mineralocorticoid deficiency, plasma 
renin is markedly increased. Physiologically, oral or IV sodium loading 
results in suppression of aldosterone, a response that is attenuated or 
absent in patients with autonomous mineralocorticoid excess.

STEROID HORMONE SYNTHESIS, METABOLISM, AND ACTION
ACTH stimulation is required for the initiation of steroidogenesis. 
The ACTH receptor MC2R (melanocortin 2 receptor) interacts with 
the MC2R-accessory protein MRAP, and the complex is transported 
to the adrenocortical cell membrane, where it binds to ACTH (Fig. 
406-5). ACTH stimulation generates cyclic AMP (cAMP), which 
upregulates the protein kinase A (PKA) signaling pathway. Inactive 
PKA is a tetramer of two regulatory and two catalytic subunits that is 
dissociated by cAMP into a dimer of two regulatory subunits bound 
to cAMP and two free and active catalytic subunits. PKA activation 
impacts steroidogenesis in three distinct ways: (1) increases the import 
of cholesterol esters; (2) increases the activity of hormone-sensitive 
lipase, which cleaves cholesterol esters to cholesterol for import into the 
mitochondrion; and (3) increases the availability and phosphorylation 

of CREB (cAMP response element binding), a transcription factor that 
enhances transcription of CYP11A1 and other enzymes required for 
glucocorticoid synthesis.

Adrenal steroidogenesis occurs in a zone-specific fashion, with 
mineralocorticoid synthesis occurring in the outer zona glomerulosa, 
glucocorticoid synthesis in the zona fasciculata, and adrenal andro-
gen synthesis in the inner zona reticularis (Fig. 406-1). All steroido-
genic pathways require cholesterol import into the mitochondrion, 
a process initiated by the action of the steroidogenic acute regulatory 
(StAR) protein, which shuttles cholesterol from the outer to the inner 
mitochondrial membrane. The majority of steroidogenic enzymes are  
cytochrome P450 (CYP) enzymes, which are either located in the mito-
chondrion (side chain cleavage enzyme, CYP11A1; 11β-hydroxylase, 
CYP11B1; aldosterone synthase, CYP11B2) or in the endoplasmic 
reticulum membrane (17α-hydroxylase, CYP17A1; 21-hydroxylase, 
CYP21A2; aromatase, CYP19A1). These enzymes require electron 
donation via specific redox cofactor enzymes, P450 oxidoreductase 
(POR), and adrenodoxin/adrenodoxin reductase (ADX/ADR) for the 
microsomal and mitochondrial CYP enzymes, respectively. In addi-
tion, the short-chain dehydrogenase 3β-hydroxysteroid dehydroge-
nase type 2 (3β-HSD2), also termed Δ4,Δ5 isomerase, plays a major 
role in adrenal steroidogenesis.

The cholesterol side chain cleavage enzyme CYP11A1 generates 
pregnenolone. Glucocorticoid synthesis requires conversion of preg-
nenolone to progesterone by 3β-HSD2, followed by conversion to 
17-hydroxyprogesterone by CYP17A1, further hydroxylation at car-
bon 21 by CYP21A2, and eventually, 11β-hydroxylation by CYP11B1 
to generate active cortisol (Fig. 406-1). Mineralocorticoid synthesis also 
requires progesterone, which is first converted to deoxycorticosterone 
by CYP21A2 and then converted via corticosterone and 18-hydroxy-
corticosterone to aldosterone in three steps catalyzed by CYP11B2. 
For adrenal androgen synthesis, pregnenolone undergoes conversion 
by CYP17A1, which uniquely catalyzes two enzymatic reactions. Via 
its 17α-hydroxylase activity, CYP17A1 converts pregnenolone to 
17-hydroxypregnenolone, followed by generation of the universal sex 
steroid precursor DHEA via CYP17A1 17,20 lyase activity. The major-
ity of DHEA is secreted by the adrenal in the form of its sulfate ester, 
DHEAS, generated by DHEA sulfotransferase (SULT2A1).
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FIGURE 406-4 Regulation of the renin-angiotensin-aldosterone (RAA) system.
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