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Abstract

The hypothalamic-pituitary-adrenal (HPA) axis is a classic neuroendocrine system. One of the
best ways to understand the HPA axis is to appreciate its dynamics in the variety of diseases and
syndromes that affect it. Excess glucocorticoid activity can be due to endogenous cortisol
overproduction (spontaneous Cushing’s syndrome) or exogenous glucocorticoid therapy
(iatrogenic Cushing’s syndrome). Endogenous Cushing’s syndrome can be subdivided into
ACTH-dependent and ACTH-independent, the latter of which is usually due to autonomous
adrenal overproduction. The former can be due to a pituitary corticotroph tumor (usually benign)
or ectopic ACTH production from tumors outside the pituitary; both of these tumor types
overexpress the proopiomelanocortin gene. The converse of Cushing’s syndrome is the lack of
normal cortisol secretion and is usually due to adrenal destruction (primary adrenal insufficiency)
or hypopituitarism (secondary adrenal insufficiency). Secondary adrenal insufficiency can also
result from a rapid discontinuation of long-term, pharmacological glucocorticoid therapy because
of HPA axis suppression and adrenal atrophy. Finally, mutations in the steroidogenic enzymes of
the adrenal cortex can lead to congenital adrenal hyperplasia and an increase in precursor steroids,
particularly androgens. When present in utero, this can lead to masculinization of a female fetus.
An understanding of the dynamics of the HPA axis is necessary to master the diagnosis and
differential diagnosis of pituitary-adrenal diseases. Furthermore, understanding the
pathophysiology of the HPA axis gives great insight into its normal control.

Introduction—Normal Physiology

Cortisol, the principal glucocorticoid produced by the human adrenal cortex, is integral in
the control of most physiological systems. Excess endogenous cortisol or the overuse of
exogenous glucocorticoids—Cushing’s syndrome—has wide-ranging and devastating
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effects on most organ systems, whereas deficiency of cortisol secretion—adrenal
insufficiency—can be fatal if untreated. Finally, defects in the steroidogenic pathway
leading to congenital adrenal hyperplasia during fetal life can result in dramatic effects on
development. Most previous reviews of adrenal disorders have been tailored to a primarily
clinical audience, with a few exceptions (92,214). Although there are other disorders of the
control of adrenocortical function, this review will focus on these three as a vehicle to
understand the physiology and pathophysiology of adrenocortical control.

There are several reviews in this section of Comprehensive Physiology that focus on all
aspects of normal function of the adrenal cortex and the hypothalamic-pituitary adrenal
(HPA) axis. In this article, we will briefly review normal control where appropriate because
this information is necessary for understanding the pathophysiology of the HPA axis.

The control of cortisol secretion is one of the classic examples of a hypothalamic-pituitary-
target gland axis (Fig. 1). Basal and stress-inputs to the hypothalamic parvocellular nuclei
lead to an increase in the neurocrine factor corticotrophin-releasing hormone (CRH) release
into the hypophysical-portal veins. From the point of view of patho-physiology, the most
important basal input to CRH secretion is from the circadian rhythm generator in the
hypothalamic suprachiasmatic nucleus (117, 214, 225). In individuals with established
nocturnal sleep and daytime wakefulness, circulating cortisol concentrations peak between
0600 and 0900 h and have a nadir between 2300 and 0100 h. From a metabolic point of
view, the increase in cortisol that starts at about 0400 h helps to maintain plasma glucose
(via increases in hepatic gluconeogenesis) until awakening when the overnight fast can be
broken (143). Interestingly, there is also a cortisol awakening response. Although its precise
function is unclear, it may correlate with general stress reactivity (41, 42).

CRH acutely stimulates the corticotrophs of the anterior pituitary to increase the release of
already stored adrenocorticotrophic hormone (ACTH) into the pituitary venous effluent that,
through the inferior petrosal sinuses, drains into the internal jugular veins. CRH also
stimulates the synthesis of new ACTH by activating gene transcription for the precursor
molecule proopiomelanocortin (POMC) and its post-translational processing to ACTH and
other byproducts (see Fig. 10). ACTH stimulates the release of cortisol by binding to the
melanocyte type-2 receptor (MC2R) on the cells of the zona fasciculata and zona reticularis
in the adrenal cortex (44). This is via a G-protein coupled receptor leading to increases in
intracellular cAMP (second messenger) and the liberation of steroidogenic acute regulatory
(StAR) protein, which mediates translocation of cholesterol to the inner mitochondrial
membrane—the rate limiting step of steroidogenesis (87, 142, 244). After cholesterol makes
contact with the first steroidogenic enzyme in the inner mitochondrial membrane—side
chain cleavage (P450scc)—and is converted to pregnenolone, the remainder of
steroidogenesis occurs in an obligatory fashion with cortisol as the main final product. The
steroidogenic pathway will be discussed in more detail in the section on congenital adrenal
hyperplasia.

Once cortisol is released into the blood, it can circulate in the free form (~5-6% of the total
plasma cortisol), or bound primarily to two proteins. Like all steroids, it can significantly
bind to the low affinity-high capacity protein albumin when cortisol secretion rate is high. It
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also has a specific carrier—corticosteroid binding globulin (CBG; transcortin)—that is
produced by the liver (144,196). This high affinity-low capacity protein is more important at
physiological cortisol secretion rates. CBG production can be modulated; in particular,
estrogen increases hepatic CBG production, which can confound some of the screening tests
described below (171,204). It is the free cortisol in the plasma that can diffuse into the cells
of the target organs to exert the biological effects of cortisol shown in Figure 1.

The metabolic clearance of plasma cortisol is a complex process beyond the scope of this
clinical review. Briefly, cortisol is conjugated to glucuronide in the liver, and then excreted
in the urine (83). However, the inactivation and generation of cortisol in target tissues is an
important physiological process described below.

The mechanism of action of cortisol, like other steroid hormones, involves an intracellular
receptor and changes in gene transcription and translation (223). The two main receptors of
interest are cytoplasmic, and are the glucocorticoid receptor (GR) and mineralocorticoid
receptor (MR) (17, 100). At first glance, it would seem that all of the effects in Table 1
should be accounted for by binding of cortisol to the GR. However, although not well
appreciated, cortisol has significant affinity for MR. How, then, can aldosterone, the primary
adrenocortical mineralocorticoid, control sodium reabsorption and potassium secretion in
the distal nephron, since the free cortisol concentration in plasma is higher than free
aldosterone (85, 86)? It turns out that the MRs in the distal tubules of the kidney are
protected from the action of cortisol by the enzyme 11-beta-hydroxysteroid dehydrogenase
type 2 (11BHSD2), which converts the active cortisol into inactive cortisone (63, 85, 86,
243). At physiological concentrations, the direct effect of cortisol on sodium and potassium
balance is minimal compared to aldosterone. However, in Cushing’s syndrome, when
cortisol secretion is increased, the ability of 11BHSD2 to inactivate cortisol is overwhelmed
and cortisol binding to MR leads to significant mineralocorticoid effects (e.g., sodium
reabsorption and hypertension) shown in Table 1. Interestingly, plasma cortisone can be
reactivated to cortisol by the enzyme 11-beta-hydroxysteroid dehydrogenase type 1
(11BHSD1) found in abundance in the liver (258).

The final and probably most important component of the HPA axis necessary to understand
the diagnosis, differential diagnosis, and treatment of adrenal disorders is glucocorticoid
negative feedback (130,214). Negative feedback control is a fundamental process in
homeostasis—the foundation of physiology. Cortisol can inhibit POMC transcription and
ACTH secretion directly and also can indirectly inhibit ACTH secretion by decreasing CRH
secretion (117, 130, 152, 214). Glucocorticoids inhibit pituitary POMC expression through
binding of GR to a negative promoter on the POMC gene, and also through the action of a
variety of transcription factors (124, 227). This negative feedback can be exerted quickly
(so-called fast feedback) as well as the better appreciated delayed feedback that takes at least
30 min to 2 h to be expressed (46, 130). It is delayed feedback that is exploited in clinical
suppression tests of HPA axis function.

One other physiological phenomenon necessary to understand Cushing’s syndrome, certain
forms of adrenal insufficiency, exogenous glucocorticoid therapy, and congenital adrenal
hyperplasia is adrenal growth. Like other anterior pituitary hormones, ACTH has potent
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influences on the growth of its target gland. Simply, ACTH excess leads to adrenocortical
hyperplasia whereas ACTH deficiency leads to adrenocortical atrophy. This fact becomes
extremely important when weaning patients from long-term glucocorticoid therapy and
during recovery from surgery to correct endogenous cortisol excess. When discontinuing
exogenous steroid therapy, the HPA axis needs a considerable amount of time to recover—
ACTH must increase sufficiently for an adequate amount of time to induce the restoration of
adrenocortical volume (93,119). The approach to weaning a patient from exogenous steroid
therapy requires a thorough understanding of the normal function of the HPA axis and is
described later in this review (111, 221).

Cushing’s Syndrome

Definitions

Cushing’s syndrome is generally defined as a state of glucocorticoid excess. It can be caused
by endogenous production of cortisol from the adrenal gland (regardless of the reason) or by
synthetic glucocorticoids administered therapeutically for any number of diseases.
Endogenous Cushing’s syndrome is a relatively unusual disorder, although it is now clear
that its incidence and prevalence is higher than previously thought (99, 254). This is
primarily due to the development of simple screening tests that have dramatically improved
the detection of the disorder. Appreciation of these screening tests relies on understanding
normal physiological function (Fig. 1).

There are two general causes of endogenous hypercortisolism—ACTH-dependent Cushing’s
syndrome and ACTH-independent Cushing’s syndrome (77-81, 168). ACTH-dependent
adrenal hyperfunction can be caused by excess ACTH secretion by pituitary corticotroph
tumors (Cushing’s disease) or ectopic ACTH production, usually from neuroendocrine
tumors (114). Endogenous ACTH-independent Cushing’s syndrome is caused by
autonomous adrenal overproduction of cortisol, usually due to a benign, solitary
adrenocortical adenoma (188).

There are several other more unusual causes of adrenal Cushing’s syndrome such as adrenal
carcinoma and a variety of adrenal hyperplastic syndromes (28). Exogenous glucocorticoid
therapy can be classified as “ACTH-independent” since, from a physiological point of view,
it is similar to the adrenal gland producing cortisol autonomously (without ACTH
stimulation).

Glucocorticoids are potent anti-inflammatory and immunosuppressive drugs (239), so are
used to treat a wide spectrum of diseases. For the most part, the signs and symptoms of
exogenous glucocorticoid excess are the same as endogenous hypercortisolism (111). There
may be exceptions, particularly since increases in adrenal androgens can occur with
endogenous Cushing’s syndrome (19, 62). Furthermore, there may be the effects of synthetic
glucocorticoids that are different from endogenous cortisol, particularly in the central
nervous system (160, 279).
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Clinical Features of Cushing’s Syndrome

In keeping with the pleiotropic actions of cortisol, the clinical spectrum of Cushing’s
syndrome is broad, and establishing a diagnosis based on clinical presentation alone can
often be difficult as none of the signs and symptoms are pathognomonic of the syndrome.
Table 1 summarizes the varied clinical features of Cushing’s syndrome.

Weight gain is one of the most common clinical findings, and clearly requires overeating—
cortisol induces hyperphagia (Table 1) (251). However, obesity is not specific to Cushing’s
syndrome and has significant clinical overlap in those with and without the syndrome (18).
Some of the signs that more reliably distinguish Cushing’s syndrome from obesity include
proximal muscle weakness, easy bruising, and violaceous striae greater than 1 cm in width
(175). Growth retardation along with progressive weight gain is a hallmark of Cushing’s
syndrome in children (95). Glucocorticoids act directly on long bones in children to arrest
the development of the epiphyseal cartilage. Furthermore, suppression of growth hormone
secretion and action leads to blunted somatic growth (Fig. 2) (139, 245).

Excess glucocorticoids have a catabolic effect on skeletal muscle with increased activity of
myofibrillar proteinases and reduced uptake and conversion of amino acids into proteins.
This negative nitrogen balance is associated with increased protein wasting, type Il muscle
fiber atrophy, and significant muscle weakness with predominant involvement of the
muscles of the pelvic girdle (157, 219). Similar catabolic effects also occur in the epidermis
and underlying connective tissue. This thinning of the skin leads to the development of
violaceous striae, easy bruisability, and a plethoric appearance of the face.

Decreased bone mineral density, osteoporosis and related fragility fractures have been
reported in 60% and 80% of patients with glucocorticoid excess. The pathogenesis of this
bone loss is multifactorial. GRs are present on both osteoblasts and osteoclasts. Excess
glucocorticoids impair osteoblastic differentiation and increase apoptosis of both osteoblasts
and osteoclasts (273). Increased production of the receptor activator of NF-kappa beta ligand
(RANKL), which increases osteoclastogenesis, and decreases osteoprotegrin, a decoy
receptor for RANKL that acts to decrease osteoclast differentiation, together lead to
increased osteoclastic bone resorption (108). Hypercortisolism suppresses gonadotropin and
growth hormone concentration (Fig. 2), further contributing to decreased bone mass.
Decreased intestinal and tubular reabsorption of calcium and related normocalcemic
hypercalciuria has been reported in up to 85% of patients with Cushing’s syndrome (67).
However, its significance in the development of glucocorticoid-induced bone loss is not
completely clear. Recently, higher levels of sclerostin, an extra-cellular antagonist of the
Wingless/B-catenin (Wnt) signaling pathway, were noted in patients with Cushing’s
syndrome compared to healthy individuals (22). However contradictory results were found
in another study (266). Therefore, the role of sclerostin in the pathogenesis of bone loss in
Cushing’s syndrome needs further study.

Psychiatric disturbances are present in up to 85% patients with Cushing’s syndrome.
Depression and irritability are the most common manifestations (51-86%); others include
emotional lability, mania, paranoia, acute psychosis, anxiety, and panic attacks (61, 105,
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241). Glucocorticoids mediate their effects on brain via both GR and MR. GRs are
distributed widely in the central nervous system while MRs are expressed highly in the
limbic brain areas such as the hippocampus. MRs in the brain have greater affinity for
glucocorticoids than GRs and are almost completely occupied at basal corticosteroid levels.
On the other hand, GRs are activated when cortisol levels are higher, as at the peak of the
circadian rhythm, during stress and in Cushing’s syndrome (49). Differences in
neuropsychiatric effects between endogenous and exogenous glucocorticoids could be due,
at least in part, to the fact that most exogenous glucocorticoids do not bind appreciably to
MR in the brain.

Hypercortisolemia is associated with a decrease in apparent brain volume, particularly the
hippocampus, and related impairment in learning, cognition and short-term memory (27,
240). The mechanism underlying structural atrophy is not fully understood but is thought to
include reversible atrophy of the dendritic processes, inhibition of neurogenesis, and
increased susceptibility to cell injury and death due to increased levels of excitatory amino
acid neurotransmitters such as glutamate (160).

Chronic glucocorticoid excess is associated with dyslipidemia and glucose intolerance.
Increased hepatic gluconeogenesis, peripheral insulin resistance, and direct suppression of
insulin release together contribute to the development of impaired glucose tolerance in 30%
and 60% of patients and overt diabetes in 20% and 50% of patients (200). This reported
incidence is likely an underestimate as many patients with normal fasting glucose may have
underlying glucose intolerance and not all patients undergo glucose tolerance tests.
Dyslipidemia observed in patients with Cushing’s syndrome is similar to the metabolic
syndrome with an increase in very low density lipoprotein (VLDL) and low density
lipoprotein (LDL) and a decrease in high density lipoprotein levels. This is thought to be
related to the direct and indirect effect of cortisol to increase lipolysis, VLDL synthesis,
fatty accumulation in the liver, and peripheral insulin resistance (14).

In addition to dyslipidemia and glucose intolerance, hypertension (related to upregulation of
the renin-angiotensin system and the mineralocorticoid effects of cortisol described earlier)
(232) and a hypercoagulable state [related to increased synthesis of clotting factors like
fibrinogen as well as plasminogen activator inhibitor type-1, an inhibitor of the fibrinolytic
system (265)] lead to an additional increase in cardiovascular risk that may not return to
baseline even after remission of hypercortisolemia.

Screening tests for endogenous hypercortisolism

As outlined above, Cushing’s syndrome is a relatively unusual disease. However, aspects of
the Cushingoid phenotype are very common, so it is vital that a robust screening test be used
to identify the rare patients with true Cushing’s syndrome from the large number of patients
with the clinical features shown in Table 1. The screening test cannot be too complicated or
costly or it will not be practical. However, it has to have acceptable sensitivity and
specificity to avoid false negative and false positive results leading to missed diagnosis or
excessive unnecessary follow-up testing. The three tests outlined below exploit our
knowledge of the normal control of the HPA axis and, hence, its pathophysiology. The first
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step, of course, is to take an extensive drug history to make sure the patient is not using any
form of exogenous glucocorticoid therapy (described below).

Late-night cortisol measurement—Figure 1 demonstrates that the circadian rhythm of
the HPA axis is a fundamental characteristic such that cortisol peaks upon awakening in the
morning and is at its nadir between 2300 and 0100 h (136, 214). It was hypothesized that
one of the first derangements that occurs in Cushing’s syndrome regardless of the cause is
the failure to achieve a normal late-night circadian nadir (53). In mild ACTH-independent
(adrenal) Cushing’s syndrome, the abnormal steroidogenic tissue in the adrenal is secreting
cortisol autonomously, so that cortisol secretion is disconnected from the CNS circadian
rhythm generator (35,138). The same logic follows with ectopic ACTH secretion. ACTH-
secreting pituitary adenomas are still “connected” to the portal vein CRH concentration and
often express the CRH receptor (96). However, these corticotroph adenomas are more active
and less sensitive to glucocorticoid negative feedback (214). Therefore, although they can
exhibit a circadian rhythm, the nadir in cortisol secretion that normally occurs between 2300
and 0100 h is usually not fully achieved (89, 264).

The abnormal circadian cortisol rhythmicity was first exploited by Newell-Price et al. in a
comprehensive way; unstressed blood samples at midnight demonstrated that patients with
Cushing’s syndrome had increased cortisol compared to controls (170). This was confirmed
in a larger cohort by Papanicolaou et al. (192). The practical problem that this blood
sampling imposed, however, was the requirement that the late-night blood sample be drawn
under unstressed conditions. The patient had to have a blood-drawing catheter placed many
hours before sampling, or (in the Newell-Price study) be sleeping when the sample was
drawn after admission to an inpatient unit (170). This highlights the physiological principle
that any assessment of the HPA axis has to take into account the level of ambient stress in
environment of the patient or subject. Although the late-night serum cortisol test performs
extremely well, unstressed late-night blood sampling is not practical for endocrinologists to
execute routinely and, therefore, is not a practical screening test. For this reason, the test that
has become widely accepted is using late-night (bedtime) salivary cortisol (LNSC) as a
surrogate for serum free cortisol—the biologically active endpoint of the HPA axis.

Salivary steroid concentrations are in equilibrium with the concentration of free steroids in
plasma. Salivary cortisol concentration has been used to assess HPA axis function for
several decades. An early study demonstrated the potential for subjects and patients to
sample saliva at bedtime (2300-2400 h) at home in a presumably low stress environment
(127). Many subsequent studies in a large number of patients have demonstrated that
measurement of late night salivary cortisol concentration performs well as a surrogate for
plasma free cortisol (32, 33, 203, 208-212, 216, 218, 262). The high sensitivity, specificity,
and simplicity of this test has led to it becoming widely available and utilized throughout the
world (55, 210, 211).

There are four major potential problems with the assessment of salivary cortisol. One is
compliance of the patient in terms of when the saliva sample is obtained. It has been shown
that compliance with proper sample timing can be problematic and it is vital that the patient
and clinician be carefully educated about this (30, 103). In fact, since salivary cortisol is
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extensively used in human stress research, this is an experimental as well as a clinical
problem.

A second problem is that the normal circadian variation in cortisol can be disrupted in
individuals with altered sleep patterns, such as shift workers (272). In this setting, it is
difficult to predict the time of the nadir value, and that value may be abnormally increased.

A third problem is the possible effects of stress or excitement to increase serum and hence
salivary cortisol. This was shown in a study of 15 healthy subjects who provided a saliva
sample 1 h after watching a football game; one individual had an abnormal level, suggesting
that individuals should be cautioned to avoid exciting experiences in the evening of the test
(216).

The final potential problem is the possibility of contamination of the saliva sample. When
salivary cortisol (or for that matter serum cortisol) is assayed by immunoassay, certain
synthetic steroids can cross-react in the assay and falsely increase the result. The more
common problem, however, is contamination of the saliva sample with widely available
nonprescription topical hydrocortisone (authentic cortisol) anti-itch creams and ointments.
This will falsely increase salivary cortisol whether measured by immunoassay or the more
specific liquid chromatograph tandem mass spectrometry (LCMSMS) methodology
(211,212,218). Since plasma cortisol can be converted to cortisone by 11BHSD2 as
described above and since the salivary gland expresses 11BHSD2, transfer of cortisone from
plasma or its local production in the salivary gland normally results in a ratio of cortisol to
cortisone in saliva that is significantly less than 1 (195, 218). Since contamination of the
saliva with topical cortisol does not result in an increase in salivary cortisone, it has been
shown that measurement of a greatly increased ratio of cortisol to cortisone and a lack of
increase in the absolute concentration of cortisone in saliva established that a false positive
result is due to contamination (218). Therefore, although we usually first analyze all saliva
samples with a cortisol immunoassay because of its better diagnostic performance (211,
212), if the result is very high and/or out of proportion to the clinical findings, the sample is
reanalyzed for cortisol and cortisone by LCMSMS (Fig. 3). Finally, many clinicians
advocate using a confirmatory screening test (described below) before referring a patient for
differential diagnosis (32).

It also is theoretically possible that leakage of blood carrying cortisol bound to CBG into
saliva due to bad dental health could be a problem. Interestingly, this has not shown to be
the case for salivary cortisol (133).

Urine free cortisol—Cortisol is excreted in the urine in the free form and conjugated to,
for example, glucuronides (83). The physiological theory of the measurement of urine free
cortisol (UFC) in a 24 h urinary collection is that it will represent an integration of the
activity of the HPA axis over that time. This test has been used for decades. Although its
sensitivity and specificity are adequate, it does not perform well in the milder forms of
Cushing’s syndrome, particularly when LCMSMS is used for measurement (4,132). In
comparison to earlier studies, this likely reflects the fact that immunoassays often had cross-
reactivity with noncortisol glucocorticoids that are also produced in excess in Cushing’s
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syndrome. With the newer structurally based assays, this cross-reactivity is not present, and
the “UFC” value is less. There are several factors and drugs that can falsely increase UFC,
even when measured by LCMSMS or HPLC (73, 161, 175). As shown in Figure 3, UFC can
be useful in the confirmation of the diagnosis of Cushing’s syndrome by increased LNSC,
before proceeding with differential diagnosis.

Low-dose dexamethasone suppression test—As described above, one of the
hallmarks of the normal HPA axis is cortisol negative feedback inhibition of CRH and
ACTH secretion. Dexamethasone, a potent GR agonist with a long half-life, has been used
for 50 years to test negative feedback sensitivity. In regards to Cushing’s disease (pituitary
ACTH-secreting adenomas), the theory is that corticotroph cells in an adenoma have
decreased feedback sensitivity, because they can maintain ACTH hypersecretion in the face
of increased endogenous cortisol (70, 151). Thus, if just the right concentration of plasma
dexamethasone were achieved, normal corticotrophs will fully suppress ACTH, and
therefore, cortisol secretion, whereas patients with corticotroph adenomas will not (177).
Since ectopic ACTH-secreting neuroendocrine tumors were never normal corticotrophs,
they should not be inhibited by dexamethasone. Finally, as adrenal adenomas are not
dependent on ACTH, a GR agonist would not suppress their cortisol secretion. The low-dose
dexam-ethasone suppression test (DST) is often abnormal in patients with adrenal
incidentalomas (adrenal masses incidentally discovered during abdominal imaging for other
reasons) who have minimal signs and symptoms of Cushing’s syndrome (174). Additional
abnormal screening tests are needed before a diagnosis of Cushing’s syndrome can be
established (125).

There are two forms of the low-dose oral dexamethasone suppression test currently in use
that exploit these physiological concepts (82, 175). One is the 1 mg overnight test (0DST) in
which dexamethasone is given at 2300 h and a serum or plasma cortisol is measured at 0800
h the next morning. The other is the 2 day 2-mg low-dose DST (LDDST) in which divided
doses are given over several days, and serum or plasma cortisol is measured six hours after
the last dose.

Although the theory of the low-dose dexamethasone suppression test is appealing, it has
several theoretical and empirical problems that require an understanding of normal HPA
axis physiology to appreciate.

a. The test assumes that dexamethasone absorption, volume of distribution, and
metabolism is similar in all patients—a “one size [dose] fits all” approach. This is
obviously not a defendable assumption since gastrointestinal function, body weight
and composition (and hence blood volume and volume of distribution), and hepatic
and renal function (that affect metabolism) can vary dramatically. To counteract
this problem, several approaches have been used. Different doses of
dexamethasone have been advocated (112), but, in practice, most clinicians still use
the 1 mg oDST (175). In addition, some advocate measuring plasma
dexamethasone levels in all subjects in the morning cortisol blood sample to verify
adequate glucocorticoid negative feedback (172). Measurement of serum
dexamethasone is not a standard test in many laboratories, acceptable ranges of
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plasma dexamethasone have not been validated, and it adds to the expense of the
low-dose DST. If dexamethasone levels in the blood are found to be inadequate,
then a positive test (i.e., failure to suppress) would have to be repeated with a
higher dose of dexamethasone. One study suggested that patients taking multiple
medications are more likely to have a clinically inappropriate response to the oDST
(263). Dexamethasone levels were not measured, but the implication is that other
medications influenced its metabolism.

b. The test assumes that all corticotroph adenomas have significantly decreased
sensitivity to dexamethasone (glucocorticoid negative feedback agonist). This has
been proven incorrect since up to 7% of corticotroph adenomas suppress cortisol
with the low-dose DST (82).

c. The test assumes that all ectopic ACTH-secreting tumors are insensitive to
dexamethasone. This has been proven incorrect since some of these neuroendocrine
tumors do express the GR and dexamethasone inhibits their ACTH secretion (114).

d. The test assumes that cortisol-secreting adenomas cannot be inhibited by
dexamethasone since they are not ACTH-dependent. Although this assumption is
probably the safest in this list of drawbacks, the adrenal cortex does express the
GR, and it is at least theoretically possible that dexamethasone could directly alter
cortisol secretion from adrenal tumors (150, 226).

These issues cause a significant number of false negative and false positive results with the
low-dose dexamethasone suppression test (18,82). Despite this, it is still a useful test as long
as the clinician is aware of the caveats outlined above.

Stimulation tests—The desmopressin (DDAVP) test may be useful to distinguish patients
with Cushing’s disease from those without pathologic hypercortisolism (98, 253). The basic
theory of using DDAVP stimulation testing is that corticotroph tumors will still express the
vasopressin V1b receptor and will hyper-respond to provocative stimulation despite ambient
hypercortisolemic negative feedback (13). Although this test is usually not required, it may
help to resolve the diagnosis in patients without definitive screening test results (256).

Combined testing—The general concept of combined testing (whether simultaneous or
sequential) is that the drawbacks of one test will be overcome by the strengths of another,
particular if they interrogate different aspects of the HPA axis control system. The combined
LDDST-0CRH test operates on the assumption that corticotroph adenomas will still respond
to CRH when suppressed with lower doses of dexamethasone, whereas normal corticotrophs
will not (280). Although this test is expensive and difficult to execute properly, it can be
useful, although there are significant caveats. In particular, it seems to be very sensitive to
confounding by concomitant medications that alter the metabolism of dexamethasone (175,
263). Another combined approach is the oDST and LNSC test. Since the oDST interrogates
glucocorticoid negative feedback sensitivity and the LNSC interrogates abnormalities in the
HPA axis circadian rhythm (two different pathophysiological features of Cushing’s disease),
combining them can improve the sensitivity and specificity of either test (20, 37, 38).
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A final comment on the diagnosis of Cushing’s syndrome—It should be evident
from the previous discussion that knowledge of normal physiological processes is vital in
the appropriate choice and interpretation of screening tests for endogenous Cushing’s
syndrome. A special mention should be made concerning the diagnosis of an enigmatic
subtype of this already protean syndrome—cyclical Cushing’s syndrome. This is
characterized by waxing and waning of cortisol secretion that can be unpredictable in terms
of rhythm. Obviously, if hypercortisolism is not present during clinical screening, the tests
will be negative for Cushing’s syndrome despite the fact that the patient is affected. One
approach that may work is waiting for the symptoms to increase or return, and then use one
of the screening tests listed above. Multiple LNSC measurements over an extended period
have been used to identify patients with cyclical Cushing’s syndrome (5, 164).

Differentiation of ACTH-dependent and ACTH-independent Cushing’s syndrome

Once the diagnosis of endogenous glucocorticoid excess (Cushing’s syndrome) is
established, the first step in the differential diagnostic algorithm is usually distinguishing
ACTH-dependent (Cushing’s disease or ectopic ACTH) and ACTH-independent (adrenal)
Cushing’s syndrome (Fig. 4).

Plasma ACTH measurements—As shown in Figure 4, the measurement of plasma
ACTH is critical in the differentiation of ACTH-independent and ACTH-dependent
Cushing’s syndrome. The original clinical plasma ACTH measurements were by
radioimmunoassay, with all of its inherent problems. In particular, its lack of sensitivity at
the critical ACTH concentrations of <20 pg/mL was a problem as was its cross-reactivity
with other POMC posttranslational products (74, 88, 146, 213). The two-site immunometric
assay has overcome most of these problems with the added benefit of avoiding the need for
radioactive tracers. The physiological theory behind the usefulness of measuring plasma
ACTH to differentiate ACTH-dependent and independent Cushing’s syndrome is somewhat
obvious. However, its explanation helps to illuminate some subtleties of the physiological
control of the HPA axis.

Figure 5 shows plasma ACTH values in the three subtypes of Cushing’s syndrome. When
measured at the circadian peak (around 0800 h), it is common to find a plasma ACTH
concentration within the reference range in patients with Cushing’s disease (ACTH-
secreting pituitary corticotroph adenoma). Although there is significant overlap between the
two forms of ACTH-dependent Cushing’s syndrome (Cushing’s disease and ectopic
ACTH), extraordinarily high plasma ACTH levels (=500 pg/mL) are usually only found in
ectopic ACTH. Finally, plasma ACTH is usually suppressed in ACTH-independent
Cushing’s syndrome (adrenal tumor) due to cortisol negative feedback suppression of the
normal pituitary corticotrophs.

How can plasma ACTH be in the reference range in Cushing’s disease if this is an ACTH-
dependent form of hypercortisolemia? This is a common source of confusion and highlights
an important physiological concept that requires an understanding of the normal feedback
control of ACTH that can be difficult for the novice to appreciate. Remember that cortisol
excess normally suppresses ACTH secretion via negative feedback (Fig. 1) as in patients
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with adrenal tumors shown in Figure 5. The recognition that plasma ACTH is not
suppressed below the reference range in patients with Cushing’s disease (Fig. 5)
demonstrates that that it is /nappropriately normal and that tumoral ACTH excess is the
cause of the hypercortisolism. If anterior pituitary corticotroph function were normal,
negative feedback would have fully suppressed ACTH secretion as in the patients with
ACTH-independent Cushing’s syndrome (adrenal tumor in Fig. 5).

As with all laboratory tests, the plasma ACTH immunometric assay is not infallible. There is
significant variability between immunometric assay methods particularly around and below
the critical lower end of the reference range shown in Figure 5 (250). Furthermore, there is
the rare patient, particularly with ectopic ACTH, who makes biologically active fragments
of POMC that are not detected in the highly specific ACTH immunometric assay (74,215)
Additionally, some patients with ACTH-independent (adrenal) causes of Cushing’s
syndrome have mild hypercortisolism that is not sufficient to fully suppress ACTH levels
(115, 169). Despite rare misleading results, the ACTH immunometric assay has
revolutionized the diagnostic strategy for the evaluation of Cushing’s syndrome.

Other tests to distinguish ACTH-dependent and ACTH-independent Cushing’s
syndrome—For the vast majority of patients, the measurement of plasma ACTH as shown
in the algorithm in Figure 4 is sufficient to distinguish the ACTH-dependent vs. independent
causes of the adrenal hypersecretion of cortisol. Occasionally, there is a patient with mild
Cushing’s disease or mild adrenal Cushing’s syndrome whose plasma ACTH concentration
is not definitive in establishing the diagnosis (168). From a physiological point of view, the
best test to evaluate these patients is the oCRH stimulation test (or perhaps the desmopressin
stimulation test) (106, 129). The physiological concept is that abnormal corticotrophs in
mild Cushing’s disease will still respond to stimulation by exogenous 0CRH (and perhaps
desmopressin), whereas the normal corticotrophs will be somewhat suppressed from mild
cortisol excess due to a small adrenal tumor and, therefore, will not respond to provocative
stimulation.

Treatment of ACTH-independent (adrenal) Cushing’s syndrome—Once an
adrenal tumor has been localized by abdominal CT (Fig. 4), the optimal therapy is surgical
removal (281). As described for discontinuation of glucocorticoid therapy in exogenous
Cushing’s later in this review, postsurgical secondary adrenal insufficiency will ensue due to
long-term suppression of the HPA axis and glucocorticoid therapy must be given.

A brief description of approaches to the differential diagnosis of Cushing’s syndrome and
subsequent treatment

From a physiological point of view, it would seem fairly simple to distinguish patients with
pituitary tumors (Cushing’s disease) from those with ectopic ACTH-secreting tumors using
medical imaging techniques. If the patient has a known nonpituitary neoplasm with the
potential to secrete ACTH (e.g., small cell lung cancer), it is likely that the neoplasm is the
source of ACTH. However, most patients with ACTH-dependent Cushing’s syndrome have
an occult (i.e., hidden) tumor. Pituitary adenomas can be very small and be missed by even
the most advanced magnetic resonance scanning techniques described below (123,194,278).

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Raff et al.

Page 13

Furthermore, ectopic ACTH-secreting neuroendocrine tumors (e.g., bronchial carcinoids)
can be small (<1 cm) and difficult to identify in imaging studies. Therefore, the differential
diagnosis (i.e., localization) of ACTH-secreting tumors is one of the most challenging
problems in clinical endocrinology (3, 77-80, 114). Table 2 shows the different approaches
that have been used. The goal here is not to delve into a long exposition on the clinical
subtleties of this testing, which is usually reserved for highly experienced clinical
endocrinologists. The purpose is to use this list to explore the physiology and
pathophysiology of the HPA axis.

Imaging—Despite the fact that the pituitary MRI is normal in up to 50% of patients with
Cushing’s disease, it should be obtained in all patients with ACTH-dependent Cushing’s
syndrome. Corticotroph adenomas are hypodense on T1 SE weighted MRI and usually do
not enhance after gadopentate dimeglumine (Gd-DPTA) contrast administration. Use of
newer MRI techniques like the spoiled gradient recalled acquisition in a steady state
improves tumor detection from 49% to 80% (194). However, incidental pituitary lesions up
to 6 mm in size are detected in 10% of individuals without identifiable pituitary disease,
limiting the ability of MRI to distinguish between a pituitary and ectopic source of ACTH
(102). Despite this limitation, the presence of a larger mass (>6-10 mm) strongly suggests
Cushing’s disease and may obviate the need for invasive testing.

Identifying the source of ACTH in ectopic Cushing’s syndrome can be challenging. Nuclear
imaging studies along with CT and MRI of the chest, abdomen, and neck facilitate
localization and are described in more detail later in this review.

Inferior petrosal sinus sampling for ACTH with provocative stimulation and
subsequent surgical therapy—This technique represents a major advance in the
differentiation of ACTH-secreting pituitary tumors (usually small adenomas) and occult
ectopic ACTH-secreting tumors (59,76,185). The physiological principle behind inferior
petrosal sinus sampling (IPSS) is intuitive and illustrates classic physiological concepts (Fig.
6). If the pituitary is the primary source of ACTH excess, the concentration of ACTH in the
pituitary venous effluent should be higher than in the peripheral circulation (P) (such as the
inferior vena cava). Because of the ambient cortisol excess, the normal corticotrophs will be
suppressed. Furthermore, oCRH is injected to stimulate the corticotroph tumor to secrete
even more ACTH to maximize the gradient between the petrosal sinuses and a peripheral
(e.g., inferior vena cava) sample. If the primary source of ACTH is ectopic, the ambient
hypercortisolism will suppress pituitary corticotroph function so that, even under the rare
circumstance in which the ectopic tumor is stimulated by oCRH, there will not be a
significant gradient between the petrosal sinuses and the vena cava (Fig. 6).

There are a few other subtleties of petrosal sinus sampling that are worth briefly mentioning.
Even the most experienced neurosurgeon occasionally cannot find the ACTH-secreting
microadenoma during exploration of the pituitary (6, 149, 202). Based on a small group of
patients, it was proposed that a dominant IPS ACTH to nondominant IPS ACTH ratio >1.4
might suggest that the tumor is on the dominant side of the pituitary (right vs. left) (184).
However, in a larger study from the same group, this strategy correctly predicted the side of
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the tumor in only 69% of 501 patients (278). Thus, while this approach can be helpful, it is
not good enough to reliably depend on.

Furthermore, the pituitary circulation can occasionally have anomalous venous drainage
and/or anatomic deviations from normal (57,249) that lead to false negative IPSS results.
Potential false negative results can be identified by peak dominant IPSS ACTH values <300
to 400 pg/mL, probably reflecting such anatomic deviation in drainage (278). Additionally,
measuring prolactin in the IPS samples can verify the fidelity of the catheterization and
venous drainage (75,233). Because prolactin has a very high pituitary secretion rate, it can
be a marker for proper venous drainage and catheterization.

This discussion brings up another extremely important question with a physiological
message. Once the source of the ACTH-secreting tumor is localized, the optimal treatment is
surgical removal. If the IPS:P ratio is >3 after administration of o0CRH, a neurosurgeon
specializing in pituitary surgery attempts to remove the adenoma while leaving the
remainder of the pituitary intact. Although it is beyond the scope of this article to describe
how clinicians localize ectopic tumors, surgical removal is the optimal treatment.

So what happens to the patient once the ACTH-secreting tumor is removed, regardless of its
location? Remember that the normal pituitary corticotrophs have been functionally
suppressed because of cortisol negative feedback. It may take months for the corticotrophs
to return to normal function. If the ACTH-secreting tumor is successfully removed, ACTH
secretion will dramatically decrease because the remaining normal corticotrophs in the
pituitary remain suppressed for some time. As a result, the adrenal gland will be almost
immediately deprived of corticotrophic stimulation, and the cortisol levels will plummet to
lethally low levels (postsurgical secondary adrenal insufficiency described below). This
illustrates again how knowledge of normal physiology informs clinical medicine. These
patients must be treated with exogenous glucocorticoid therapy until the suppressed pituitary
corticotrophs recover. There is no clear consensus among endocrinologists on the exact
dosing and management of glucocorticoid therapy after surgical cure. Our practice has been
to initiate replacement glucocorticoids based on body surface area (10-12 mg/m?) and
decrease the dose according to postoperative weight loss and recovery of the hypothalamic-
pituitary-adrenal axis as ascertained by a 250 ug ACTH stimulation test (described later in
this review) performed every 3 months. Other clinicians have used an empiric weekly or
monthly tapering regimen with an ACTH stimulation test performed every 6 months (148).
There is no clear evidence whether one approach is superior to the other with respect to
recovery time and patient tolerability. Although in most cases the hypothalamic-pituitary-
adrenal axis recovers during the first year after surgery, occasionally exogenous
glucocorticoid support may be required for up to 3 years (148). The same can be said for
weaning patients from long-term glucocorticoid therapy (described later in this review) or
after removal of adrenal tumors secreting cortisol (54, 93).

High-dose dexamethasone suppression test—The physiological concept behind
this test is that since ACTH-secreting pituitary tumors arise clonally from normal

corticotrophs, they still may express the GR. On the other hand, ectopic ACTH-secreting
tumors were never normal corticotrophs and should theoretically not be inhibited by GR
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agonist (i.e., dexamethasone). If sufficient GR agonist is given, it is conceivable that
pituitary tumors will suppress and ectopic tumors will not. Unfortunately, these theoretical
assumptions are not accurate.

As shown in Table 3 (logistic models 5 and 6), the diagnostic accuracy of the high-dose
dexamethasone suppression test (HDDST) is poor (<80%) and is currently not
recommended unless IPSS is not available (16). This is particularly so since (a) about 90%
of patients with ACTH-dependent Cushing’s syndrome will have a pituitary cause and (b)
routine clinical characteristics are actually more predictive so that HDDST does not improve
on that accuracy (logistic models 1 and 2 compared to 3 and 4 in Table 3). One would be
better off just sending all patients to pituitary surgery with the small chance that an
unnecessary surgery would be performed on a patient with ectopic ACTH secretion. Like
with most tests of endocrine function, there are certain practicalities such as the inability to
perform IPSS that may result in use of combinations of several other tests such as peripheral
CRH stimulation testing, pituitary MRI, and the HDDST (169).

Clinical characteristics—It is clear from Figure 5 that many patients with ectopic ACTH
have extremely high plasma ACTH levels that lead to prodigious hypercortisolism. These
tumors tend to be unregulated and insensitive to glucocorticoid negative feedback such that
ACTH, and hence cortisol secretion is unrestrained (77). As stated above, there is too much
overlap between Cushing’s disease and ectopic ACTH to depend solely on plasma ACTH to
differentiate the two, and clinical characteristics can be very revealing in the differential
diagnosis of ACTH-dependent Cushing’s syndrome (Table 3) (114, 116).

This provides us with a great opportunity to review the physiological and pathophysiological
effects of cortisol excess that can be helpful in differentiating Cushing’s disease from
ectopic ACTH secretion (Table 3). Moreover, Cushing’s disease is much more common in
women than men whereas there does not appear to be a gender difference in ectopic ACTH.
While not all ectopic ACTH patients are older, the presence of Cushing’s syndrome after the
reproductive years should prompt its consideration. As described earlier in this review,
hypokalemia is primarily due to the ability of very high levels of cortisol to overwhelm the
protective effects of 11BHSD2, bind to the MR in the distal nephron, and so increase
potassium excretion (260). As mentioned already, very high plasma ACTH (Fig. 5), and
therefore, high urinary free cortisol excretion rate, is also more common in patients with
ectopic ACTH. Therefore, an older male patient with a rapid onset of symptoms,
hypokalemia, and very high urinary cortisol excretion is more likely to have tumoral ectopic
ACTH secretion compared to a younger woman with a more insidious onset, milder
symptoms, normokalemia, and slightly elevated cortisol excretion.

Localization of ectopic ACTH-secreting tumors and subsequent treatment

We have already described how inferior petrosal sinus sampling and pituitary imaging can
localize pituitary tumors. By contrast, selective venous sampling of every organ as a
potential source of ACTH to look for occult ACTH-secreting ectopic tumors is not feasible.
This gives us a chance to review a classic physiological concept—the Fick principle—that
states that blood flow is proportional to the difference in concentration of a substance in the
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arterial and venous blood of an individual organ. Restated, for the same secretion rate of a
substance (like ACTH), the A-V concentration difference will be smaller in organs with
higher blood flows and very high in small organs with small blood flow as a percentage of
the cardiac output (131). This is one reason why inferior petrosal sinus sampling works well
in localizing ACTH-secreting tumors to the pituitary (60,76,113,185). Pituitary blood flow is
a very small percentage of the cerebral blood flow, which, by the Fick principle, will lead to
a large pituitary A-V concentration difference in ACTH when the pituitary is the source of
virtually all of the circulating ACTH. With admixture of other cephalic venous drainage
mixing with petrosal sinus effluent in the jugular vein, the gradient of ACTH in the jugular
vein compared to the inferior vena cava is considerably less and not nearly as reliable as
samples taken closer to the pituitary venous outflow (113).

Anatomical (CT and MRI) and functional (somatostatin scintigraphy and PET scans)
imaging studies form the basis of localization of the source of ACTH in ectopic Cushing’s
syndrome. Most of these tumors are intrathoracic (70-85%) and therefore it is logical that
initial imaging studies should focus on the thorax with additional studies performed as
needed. Given the small size of these tumors, as many as 50% of them may remain
undetected on conventional CT and MRI scans. Improved imaging techniques including
thinner (1 to 2 mm) sections on CT scan, and 3 Tesla MRI may improve tumor detection but
can lead to false positive results (282). Functional imaging studies rely on specific
physiological properties of these neuroendocrine tumor cells and can help improve accuracy
when used along with anatomical studies. Many of the neuroendocrine tumors express
somatostatin (sst) receptors on their cell surface and may be identified via somatostatin
receptor scintigraphy. The ability of scintigraphy to localize these tumors depends on the
type (sst 1-5) and degree of sst receptor expression, size of the tumor and the dose (6-18
mCi pentetreotide) of the radio-pharmaceutical (137, 145). /n vitro studies have shown that
glucocorticoids selectively downregulate ssty, and to a lesser degree ssts, receptor
expression in human neuroendocrine cells (47, 193). This phenomenon was recently
described in vivo as well in two patients with ACTH-secreting pulmonary carcinoids where
mifepristone treatment was followed by a change in the octreotide scan status and correct
tumor localization suggesting an effect of elevated functional glucocorticoid levels on
tumoral sst2 receptor expression (48). This effect of antiglucocorticoid or cortisol lowering
therapy on tumoral sst receptor expression and in improving the diagnostic ability of the
octreotide scan to detect these tumors needs to be further tested in larger studies.

Studies have also shown that many neuroendocrine tumors take up and decarboxylate L-3,4
dihydroxyphenylalanine and (11C) 5-hydroxytryptamine (5-HT), allowing for visualization
via PET scans (128, 186, 282). Given that most occult tumors are slow-growing and have
low metabolic activity, fluorodeoxyglucose-PET scan has limited utility in tumor
localization and is mainly useful in defining the extent of metastatic disease (189).

Because no single imaging modality identifies all tumors, correlation of different imaging
studies is needed for optimal diagnostic accuracy (282). In our experience, non-IPSS venous
sampling does not provide any additional information than that obtained by imaging studies
and is not necessary in the evaluation of ectopic Cushing’s syndrome (58, 114). We
therefore recommend that the initial evaluation of a patient with occult Cushing’s syndrome
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should include thin-slice thoracic CT and MRI along with standard dose (6mCi)
pentetreotide scintigraphy. This is based on the fact that intrathoracic tumors are the most
likely cause of ectopic ACTH secretion.

Once the ectopic source of ACTH is discovered, surgical removal is the optimal treatment,
following the same logic as for pituitary corticotroph tumors described above. Postoperative
glucocorticoid administration is required as in Cushing’s disease because the pituitary
corticotrophs have been suppressed by the prodigious hypercortisolism from ectopic ACTH
(217). Recovery of the HPA axis and weaning from glucocorticoid therapy again follows the
same physiological concepts as described above for recovery of pituitary surgery for
Cushing’s disease and from weaning patients with exogenous Cushing’s syndrome
described below.

Ectopic CRH

As shown in Figure 1, the hypothalamic neurohormone CRH is the main stimulator of
pituitary ACTH secretion in healthy individuals. The actual amount of CRH released into
the portal blood per unit time (secretion rate) is small because portal blood flow is very
small percentage of cerebral blood flow. Again, by the Fick principle, the concentration of
CRH in the portal vein bathing the anterior pituitary will be inversely proportional to the
blood flow assuming a constant secretion rate of CRH from hypothalamic nerves
terminating in the median eminence. Therefore, the CRH in the systemic circulation does
not reflect hypothalamic activity and is essentially background noise compared to the high
concentration of CRH in portal blood derived from the paraventricular nucleus. It is
theoretically possible that an ectopic tumor can release CRH in sufficient quantities to
stimulate the pituitary corticotrophs, thereby causing a biochemical and clinical scenario
similar to Cushing’s disease. Although this has been reported, it is extremely rare (231).

Medical treatment of endogenous Cushing’s syndrome

Optimal treatment of endogenous Cushing’s syndrome, regardless of the cause, is surgical
resection of the source of glucocorticoid excess (pituitary adenoma, nonpituitary tumor
secreting ACTH, or adrenal pathology) as described above. Medical control of
hypercortisolemia may be needed when a source cannot be found, while awaiting surgery,
when surgery is contraindicated or unsuccessful and while awaiting the effect of radiation
treatment. Medical agents to control hyper-cortisolemia include compounds that inhibit
steroidogenesis (ketoconazole, metyrapone, mitotane, and etomidate), modulate ACTH
release (somatostatin and dopamine agonists) or block glucocorticoid action at its receptor
(mifepristone) (69).

The steroidogenesis inhibitors ketoconazole and metyrapone have a rapid onset of action.
Ketoconazole inhibits the first step in cortisol biosynthesis (side-chain cleavage) and to a
lesser degree 11-beta-hydroxylase and 17,20 desmolase (64,236). It is usually the first-line
agent for medical control of hypercortisolism but its use may be limited by gastrointestinal
side-effects, hepatocellular dysfunction, and gynecomastia and decreased libido in men
(140). It requires an acidic environment for maximal absorption and therefore cannot be
used in combination with proton pump inhibitors.
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Metyrapone inhibits 11-beta-hydroxylase and has been used as monotherapy in ectopic
ACTH secretion and as adjunctive therapy with radiation therapy in Cushing’s disease
(187). As a result of inhibition of 11-beta-hydroxylase, increased deoxycorticosterone
(DOC) levels can lead to salt retention but rarely hypertension, and increased adrenal
androgens can lead to new or worsening hirsutism and acne in women.

Mitotane has a slow onset but long-lasting action and works both as an adrenal
steroidogenesis inhibitor and an adrenolytic agent (21). It is teratogenic, not well-tolerated
and is primarily used in the treatment of adrenocortical carcinoma.

The parenteral agent etomidate is a substituted imidazole anesthetic agent that inhibits 11-
beta-hydroxylase. It can be used for rapid control of hypercortisolemia in hospitalized
patients and is the only available agent that can be used in patients who are unable to take
medication by mouth (201).

One of the main concerns with all medical agents is overtreatment that can lead to adrenal
insufficiency. This leads to two strategies: the first is to block cortisol production to achieve
normal levels. The second is to block cortisol secretion completely and give back
replacement glucocorticoid. Regardless of the choice, all patients receiving such treatment
should be educated in the use of glucocorticoids in emergency.

Corticotroph adenomas can express somatostatin (sst5 and sst2) and dopamine (D2)
receptors. Pituitary-directed therapy with pasireotide (a somatostatin analogue) and
cabergoline (a dopamine agonist) has recently been shown to be successful in 20% to 40%
of patients with Cushing’s disease (43, 90, 199). Pasireotide is more effective when the UFC
is less than twice the upper limit of normal and has been associated with glucose intolerance
in 73% of patients.

Mifepristone (RU486), a GR antagonist and antiprogestin, has been approved in the United
States for control of hyperglycemia secondary to hypercortisolism in patients with Cushing’s
syndrome who failed surgery or are not surgical candidates. It can be rapidly effective for
some acute complications of Cushing’s syndrome, in particular cortisol-induced psychosis
(36). Of note, cortisol levels remain unchanged or may increase during mifepristone
treatment and therefore hormonal measurements cannot be used to guide medical therapy or
to diagnose adrenal insufficiency.

Combination therapy with different agents may be needed to achieve normal plasma cortisol
levels in patients with moderate to severe hypercortisolism and can help minimize drug-
related adverse events if lower combined doses are effective. Overall, medical treatment of
hypercortisolemia should be tailored to each individual patient according to patient
characteristics, potential side-effects, and other pharmacological properties of the drugs (69).

Exogenous (iatrogenic, factitious) Cushing’s syndrome

Patients treated with supraphysiological doses of glucocorticoids for any number of
autoimmune and inflammatory diseases can exhibit the signs and symptoms of endogenous
Cushing’s syndrome (111). The pathophysiological difference is obvious—they will have
suppressed hypothalamic and pituitary function due to glucocorticoid negative feedback and
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adrenal atrophy as a result. The assumption when performing all of the screening tests for
Cushing’s syndrome described above is that the patient does not have exogenous Cushing’s
syndrome. It is usually from oral glucocorticoid therapy, but can even result from high-dose
inhaled or topical corticos-teroid therapy and can be exacerbated by drugs that interfere with
hepatic corticosteroid metabolism (79, 207). The process of weaning these patients from
glucocorticoid therapy is described in the section on adrenal insufficiency.

Adrenal Insufficiency

Definitions

The physiological definition of adrenal insufficiency is the inadequate secretion of cortisol
from the adrenal gland regardless of the cause (Fig. 7). In primary adrenal insufficiency, the
essential pathophysiological problem started with a malfunction of the adrenal cortex (235).
In secondary adrenal insufficiency, the essential problem started with decreased ACTH
stimulation of the adrenal cortex. However, due to prolonged deprivation of the adrenal
cortex of corticotrophic stimulation, the adrenal cortices atrophy. This distinction is often
confusing to students and appreciation of this is absolutely critical to understanding the
physiology and pathophysiology of the HPA axis.

Primary adrenal insufficiency—Although this is popularly known as “Addison’s
disease,” in actuality that is not a generic term for adrenal insufficiency. A “disease” usually
has only one cause, and there are many causes of primary adrenal insufficiency (Table 4).
When Thomas Addison first described this disorder in the 19 century, the most common
cause was destruction of the adrenal cortex due to tuberculosis (26,52). In the 215t century in
the developed parts of the world, autoimmune destruction of the adrenal cortex is more
common, although tuberculosis still exists and can still cause primary adrenal insufficiency
(65, 135). Either way, the term Addison’s disease is usually reserved for irreversible
destruction of the adrenal cortex (like an infection or autoimmune cause). For example,
although surgical removal of both adrenal glands will clearly lead to the same symptoms and
pathophysiology, that is usually not called Addison’s disease. We have even heard the term
Addison’s disease completely misused to describe secondary adrenal insufficiency.

Regardless of the cause, primary adrenal insufficiency leads to a failure to produce adequate
amounts of cortisol and has an extremely high morbidity and mortality if left untreated. Also
lost is the secretion of adrenal androgens (e.g., DHEA) and mineralocorticoids (aldosterone).
Because the adrenal androgens are of low potency, their loss is usually not a major concern.
However, the loss of aldosterone secretion does have significant pathophysiological
consequences.

Secondary (and tertiary) adrenal insufficiency—As its name implies, secondary
adrenal insufficiency is defined as low cortisol secretion due to a loss of normal ACTH input
to the adrenal cortex. For the purposes of this review, this is associated with a decrease in
function of all of the hormone-producing cells of the anterior pituitary (hypopituitarism or
panhypopituitarism) or rarely is due to isolated ACTH deficiency (Table 4). As stated above,
deficiency in ACTH for long periods of time results in adrenocortical atrophy. However, it
is extremely important to point out that it is typically only the loss of ACTH-dependent
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adrenocortical function (cortisol and androgens). The zona glomerulosa—the source of
aldosterone—is usually not affected in secondary adrenal insufficiency because the renin-
angiotensin system remains intact (180). Therefore, although cortisol does have some
mineralocorticoid action when it is in excess, adequate aldosterone secretion in secondary
adrenal insufficiency is often able to maintain normal sodium and potassium balance,
obviating the need for mineralocorticoid replacement therapy (discussed below).

Tertiary adrenal insufficiency can be caused by any process that involves the hypothalamus
and interferes with CRH secretion. The most common causes are abrupt cessation of high-
dose glucocorticoid therapy or cure of Cushing’s syndrome. High levels of glucocorticoids
(endogenous or exogenous) decrease hypothalamic CRH synthesis and secretion and also
block the trophic and ACTH-secretagogue actions of CRH on anterior pituitary cells. This
leads to decrease in size, and eventually, number of corticotroph cells (198). The CRH
stimulation test can be used to differentiate between secondary and tertiary forms of adrenal
insufficiency, although there is overlap in the responses (97, 180, 229). In both conditions,
the cortisol levels are low at baseline and after CRH administration. There is little or no
ACTH response to CRH in secondary adrenal insufficiency while in the tertiary form, there
is a delayed and exaggerated increase in ACTH after CRH with a subnormal plasma cortisol
response (228, 229). The clinical presentation and treatment of tertiary adrenal insufficiency
is similar to secondary adrenal insufficiency and a formal distinction between the two forms
is not needed for clinical management.

Clinical features of adrenal insufficiency

The clinical features of adrenal insufficiency depend on the extent of loss of adrenal
function and whether mineralocorticoid production is preserved (Table 5). The onset is often
gradual and the condition may remain undiagnosed until an illness or stress precipitates an
adrenal crisis.

The most common symptoms in any cause of adrenal insufficiency are related to
glucocorticoid insufficiency and include general malaise, weakness, fatigue, anorexia,
weight loss, nausea, vomiting, abdominal pain, or diarrhea that alternates with constipation.
Hyponatremia is observed in 85% to 90% of patients and is related to both mineralocorticoid
deficiency and increased vasopressin action due to cortisol deficiency, as cortisol directly
inhibits neurohypophysial vasopressin secretion (179, 191, 205, 206). Hypoglycemia occurs
more commonly in infants and children with primary adrenal insufficiency, in isolated
ACTH deficiency, and in patients with type 1 diabetes mellitus who develop adrenal
insufficiency (31, 141). It may occur rarely in other adults, usually in the setting of infection,
fever or alcohol intake.

Additional clinical features found in primary adrenal insufficiency reflect mineralocorticoid
deficiency and hypovolemia, and include postural dizziness, hypotension/orthostasis,
dehydration, and hyperkalemia. Salt craving, sometimes with massive ingestion of salt or
salty food items like pickle juice and beef jerky, is a distinctive feature of primary adrenal
insufficiency related to aldosterone deficiency.
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Hyperpigmentation is a distinctive feature of chronic primary adrenal insufficiency and is
present in nearly all patients. This results from an increased production of pro-
opiomelanocortin, a pro-hormone which is then cleaved into ACTH and melanocyte-
stimulating hormone (MSH) during posttranslational processing (see Fig. 10). /n vitro,
ACTH and alpha-MSH have been noted to be equally potent stimulators of melanogenesis
(261). These melanocortins act in a paracrine/autocrine manner and regulate melanogenesis
by binding to the human melanocortin-1 receptor (121, 248). Although the relative etiologic
roles of ACTH and MSH in hyperpigmentation in primary adrenal insufficiency have not
been well studied, it is likely to be a combination of increases in both plasma ACTH and
MSH (1,252). Incidentally, hyper-pigmentation is usually not observed in ACTH-dependent
Cushing’s syndrome unless plasma ACTH concentrations are extremely high, as can occur
in ectopic ACTH syndrome (Fig. 5). In both primary adrenal insufficiency and Cushing’s
syndrome, the resulting hyperpigmentation is more prominent in areas exposed to light
(face, neck, and dorsal surface of hands), areas exposed to friction (elbows, knees, knuckles,
and waist), and palmar creases. Buccal, nipple, vaginal, and anal mucosal pigmentation may
also be seen. Scars acquired during the period of untreated adrenal insufficiency become
permanently pigmented and nails may shows bands of hyper-pigmentation.

The clinical features of secondary or tertiary adrenal insufficiency are similar to those of
primary adrenal insufficiency with a few exceptions. Hyperpigmentation is not present, as
ACTH levels are not increased. Hyperkalemia and dehydration do not occur and
hypotension is less prominent because the renin-angiotensin-aldosterone system is intact.
However, glucocorticoids do potentiate the effects of catecholamines on the vasculature, so
that some patients with secondary adrenal insufficiency may have relative hypotension (8).

Hyponatremia and water retention can occur related to an inappropriate secretion or action
of vasopressin due to cortisol deficiency (179). Clinical manifestations of a pituitary or
hypothalamic lesion, such as deficiency of other pituitary hormones, headaches or visual
deficits may be present.

Screening tests for adrenal insufficiency

As experienced teachers, we have found that this is one of the most difficult concepts for
students and trainees to understand. The devastating consequences of missing the diagnosis
are so great that one needs only a small index of suspicion to look for this disorder. The
screening test has to be relatively easy to execute and have a very low false negative rate.
Once again, understanding the physiology of the adrenal cortex is of immense help in
understanding the approach outlined before.

Unlike cortisol excess that can be detected using a late-night serum or saliva sample, it is
very difficult to assess the lack of cortisol secretion in ambulatory patients. That is, one
could hypothesize that, from a physiological point of view, if cortisol is increased at night in
patients with Cushing’s syndrome, plasma or salivary cortisol should be low in the morning
in patients with adrenal insufficiency. Unfortunately, the variability in morning cortisol
levels in healthy subjects makes measuring basal plasma or salivary cortisol levels in the
morning suboptimal for the detection of adrenal insufficiency (97,101,210). Therefore, it is
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routine to use the synthetic ACTH (1-24) (cosyntropin, synacthen) stimulation test to
evaluate patients for cortisol deficiency.

The ACTH stimulation test—Although there are a variety of clinical protocols for the
ACTH stimulation test, we will describe the simplest as they all illustrate the important
pathophysiological principles. The test is usually performed in the morning (around 0800 h)
at the circadian peak of the HPA axis. The injection of ACTH (1-24) is used to evaluate the
integrity of cortisol secretory capacity.

Standard Dose: The simplest test is (a) draw a baseline sample for cortisol (and sometimes
aldosterone and ACTH), (b) give a bolus injection of 250 ug of ACTH (1-24), and then (c)
draw a blood sample for cortisol (and sometimes aldosterone) 30 min later (51). Some
advocate also drawing a sample at 60 min after ACTH (1-24) injection (237). Regardless,
an inadequate cortisol response to this pharmacological dose of ACTH (1-24) is prima facie
evidence that the maximal cortisol secretory capacity of the adrenal cortex is diminished.
Interestingly, this does not detect subtle abnormalities and a large volume of the adrenal
cortex has to be lost before the test is reliably subnormal (173). A measurement of the
aldosterone response to ACTH is helpful to document miner-alocorticoid deficiency
(51,110). Finally, we usually measure plasma ACTH in the basal (preinjection) sample to
differentiate primary and secondary adrenal insufficiency (see below). Although it would
seem more logical to measure the cortisol response to ACTH (1-24) first, and then baseline
plasma ACTH only if the cortisol response is abnormal, it is usually more convenient for the
patient to do this testing at one visit.

The logic behind the ACTH stimulation test in primary adrenal insufficiency is intuitively
obvious. However, why would the adrenal response to ACTH (1-24) be decreased in
secondary adrenal insufficiency? Because, as described above, deprivation of the adrenal
cortex of endogenous ACTH stimulation leads to adrenocortical atrophy such that, when
stimulated with a pharmacological dose of ACTH (1-24), the response will be subnormal.
Therefore, the ACTH stimulation test is useful for screening for both primary and
established secondary adrenal insufficiency. The test may not be abnormal in early
secondary adrenal insufficiency because it takes time for the adrenal to atrophy and lose
sensitivity to a pharmacological dose of ACTH (45, 97, 107).

There are generally accepted cut-offs for an adequate peak serum cortisol response to the
high dose of ACTH that rules out adrenal insufficiency—most advocate 18 pg/dL (500
nmol/L) (97). As described below, there are a variety of factors (such as CBG concentration)
that can confound these cutoffs, not to mention variations in assay performance. Therefore,
there is an art to interpreting these tests particularly when the cortisol response is at or near
the cut-off to make the diagnosis of adrenal insufficiency, and the clinical scenario must
always be considered.

Low-dose: The standard 250 ug dose of ACTH (1-24) is clearly pharmacological and
increases plasma ACTH to levels not usually achieved from endogenous pituitary secretion,
even in many patients with primary adrenal insufficiency (94, 159, 215). Because of this, it
was thought that this huge dose of ACTH might lead to falsely normal testing in patients

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Raff et al.

Page 23

with more subtle losses of adrenal function. For that reason, a bolus low dose (1-2 ug) test
was developed (9, 50, 259). From a physiological point of view, the lower dose of ACTH
makes sense because plasma ACTH concentration would be increased to more physiological
levels and on the steepest part of the ACTH-cortisol dose-response curve. However, there
are issues with this test that have rendered it diagnostically suboptimal. First, the standard
250 pg vial of ACTH (1-24) has to be diluted in an extremely accurate way, because a £5%
difference in the concentration of ACTH (1-24) injected will lead to a large enough
difference in plasma ACTH on the steepest part of the ACTH-cortisol dose response curve
to lead to an unacceptable variability of the cortisol response (181). Second, we have
observed that the aldosterone response to low-dose testing is not reliable. Third, the injection
technique can greatly influence the plasma ACTH levels achieved and hence add to the
variability of the cortisol response (165,270). Fourthly, the ACTH injection is given as a
bolus. For the high dose test, this is not an issue since plasma ACTH is increased to
pharmacological levels and remains so for a long time after injection (178, 215). However,
for the low dose test, a bolus injection leads to a very variable concentration of plasma
ACTH in the critical portion of the ACTH-cortisol dose-response curve. In fact, from a
physiological point of view, the best test would be a continuous infusion of a low-dose of
ACTH to achieve steady state plasma ACTH concentrations (178, 222). However, this is
logistically difficult for clinicians to execute and is rarely done. Finally, because the
concentration of plasma ACTH achieved is optimally in the middle of the ACTH-cortisol
dose response curve, any change in the Km (shifting in the dose-response curve to the left or
right) will clearly confound the results. For these and other reasons, the low-dose ACTH
stimulation test has not achieved its goal of minimizing false-negative responses and has,
rather, increased the number of falsely low (abnormal) results (false positives) (84, 247).

Insulin-induced hypoglycemia (insulin tolerance test)—This method to evaluate
the integrity of the HPA axis, although not practical, is an excellent way to summarize the
physiology of the HPA axis (Fig. 8). The general concept is that insulin injection in a fasting
patient with normal insulin sensitivity will lead to significant hypoglycemia (271). This is a
classic stress that leads to a dramatic increase in plasma ACTH and serum cortisol in healthy
subjects. In patients with a loss of adrenocortical function (for whatever reason), the cortisol
response will be inadequate (56). Notice in Figure 8 that in hypopituitarism (secondary
adrenal insufficiency), there still can be a small, measurable ACTH response because the
few remaining normal corticotrophs are highly active due to decreased cortisol negative
feedback. Also notice that there is a significant, albeit subnormal, cortisol response in
secondary adrenal insufficiency, presumably because the adrenal gland in this patient is very
sensitive to small changes in ACTH. The insulin tolerance test (ITT) is particularly useful
for interrogating the integrity the hypothalamic-pituitary unit since hypoglycemia leads to an
increase in hypothalamic CRH and pituitary ACTH release. Although many acknowledge
the ITT as the “gold standard” test for secondary adrenal insufficiency, it is a dangerous test
with significant risk of neuroglycopenia (109, 120). For that reason, it is not typically
performed by most clinical facilities.

CRH testing—This was described earlier in this review. The physiological concept is
simple and straightforward—patients with secondary adrenal insufficiency will have
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diminished pituitary corticotroph function and will have a diminished response to injection
of synthetic ovine CRH (229). Because of the expense of ovine CRH and the overlap in
responses between the groups, this test is usually only performed if measuring the plasma
ACTH concentration and the cortisol response during ACTH stimulation test do not provide
definitive results (173). It is also important to point out that human CRH is used outside the
United States, and that oCRH seems to be more potent at least due to its longer half-life and
different pharmacokinetics (176, 230).

Differentiation of endogenous primary and secondary adrenal insufficiency

Although this has been alluded to in the previous section, it is a good place to review this
from a physiological point of view. Remember that in classic primary adrenal insufficiency
(destruction of the adrenal cortex), all adrenocortical function is lost including cortisol,
aldosterone, and androgens, whereas in secondary adrenal insufficiency, aldosterone
secretion is often intact due to the control of the zona glomerulosa by the renin-angiotensin
system. From symptoms alone (see Table 5), one might expect the water and electrolyte
disturbances to be less severe in secondary adrenal insufficiency (180). As a result, patients
with secondary adrenal insufficiency can have a more insidious presentation.

In most patients, measurement of plasma ACTH concentration in the morning is sufficient to
differentiate primary and secondary adrenal insufficiency (Fig. 9). Because of the loss of
glucocorticoid negative feedback and the presence of normal pituitary function, patients
with primary adrenal insufficiency have increased plasma ACTH concentration, sometimes
to extremely high levels (Fig. 9). This again illustrates an interesting aspect of ACTH
biochemistry as described previously. Because ACTH (1-39) contains within it the sequence
for alpha-melanocyte stimulating hormone (aMSH) (Fig. 10), very high levels of ACTH (1-
39) and increases in MSH itself in patients with primary adrenal insufficiency can lead to
hyperpigmentation (Table 5) (1, 66, 252, 261).

Notice in Figure 9 that plasma ACTH concentration can be within the reference range in
patients with secondary adrenal insufficiency. This is the other side of the same coin
described earlier as to why plasma ACTH can be in the reference range in patients with
ACTH-dependent Cushing’s syndrome (Fig. 5). If the patient has clinically significant loss
of adrenal function due to a lack of normal ACTH input, how can plasma ACTH be within
the reference range? The logic is as before. If pituitary function were normal, the plasma
ACTH concentration would be greatly increased as in primary adrenal insufficiency. Thus,
plasma ACTH can be “inappropriately normal” or “inappropriately not increased” in
secondary adrenal insufficiency (97). The plasma ACTH levels, although in the reference
range, are not sufficient to restore adrenocortical size and function. This is a very common
general finding in patients with hypopituitarism: LH and FSH can be in the reference range
in hypogonadotropic (secondary) hypogonadism and TSH can be in the reference range in
secondary hypothyroidism (197, 234). This is an extremely difficult concept for trainees to
appreciate, but it makes perfect sense from a physiological point of view.

Occasionally, the plasma ACTH concentrations and cortisol response to ACTH (1-24) are
not definitive. In that case, as described above, an o0CRH test, metyrapone stimulation test,
or an ITT may be helpful. Metyrapone inhibits 11-beta-hydroxylase in the steroidogenic

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Raff et al.

Page 25

pathway (see Fig. 12), which decreases cortisol secretion and increases 11-deoxycortisol, the
precursor to cortisol in the steroidogenic pathway. Traditionally, one could evaluate the loss
of cortisol negative feedback by measuring the magnitude of the increase in plasma ACTH
and/or 11-deoxycortisol (the substrate for 11-beta-hydroxylase) (24, 72). However, at
present it is cumbersome to obtain metyrapone in the United States, so that this test is only
rarely done.

Treatment of adrenal insufficiency

The general approach to the treatment of adrenal insufficiency, regardless of the cause, is to
replace the missing cortisol in as physiological a pattern as possible. Because cortisol is
normally secreted in a circadian rhythm, it is most common to give cortisol (hydrocortisone)
by mouth in a circadian pattern. For example, patients can take 10 mg of hydrocortisone on
awakening and then 5 mg in the afternoon (166). The obvious problem with this is that
cortisol normally starts to increase well before awakening (e.g., at 0400 h), and most
patients do not want to wake up that early to take their morning dose. As a result, a time-
release hydrocortisone capsule has been developed that can be taken at bedtime and starts to
release hydrocortisone a few hours before awakening (268). This preparation is currently
available in Europe as Plenadren®. Another preparation, Chronocort®, is in clinical trials in
the United States. The increased cost of these preparations will probably slow their
widespread use.

Some advocate the use of other synthetic forms of glucocorticoids such as prednisone or
dexamethasone. Because these drugs have long half-lives, it is difficult to achieve a
physiological and circadian replacement regimen and this can lead to overreplacement (68,
246). An additional drawback with dexamethasone is that the standard dose formulations in
the pharmacopeia do not allow for fine-tuning.

It is often necessary to replace endogenous aldosterone in primary adrenal insufficiency.
Aldosterone pills are not available; rather, the mineralocorticoid agonist 9-afluorocortisol
(fludrocortisone) is used (255). Patients with secondary adrenal insufficiency usually do not
require mineralocorticoid replacement (again, because the renin-angiotensin-aldosterone
system is intact).

Monitoring patients with adrenal insufficiency for under-or overreplacement of
glucocorticoid (and fludrocortisone, if given) is critical and requires an appreciation of
physiological control. The goal of treatment in adrenal insufficiency is to use the lowest
glucocorticoid dose possible that relieves symptoms while avoiding glucocorticoid excess.
The choice of replacement dose is somewhat of an art and empirical, and often requires
adjustment based as a variety of factors including body weight (154). As with all oral drugs,
initial doses are predicated on normal gastrointestinal absorption. The replacement dose may
need to be increased if the patient has gastrointestinal disease or surgery resulting in
malabsorption (154, 257).

The dose can be adjusted if there are persistent signs and symptoms of glucocorticoid
deficiency while monitoring for weight gain, facial plethora, and other signs of
glucocorticoid excess. Long-acting glucocorticoids, like prednisone or dex-amethasone, are
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more likely to be associated with increased bone loss and are not the preferred agents for
glucocorticoid replacement (68). Increasing the glucocorticoid dose in an attempt to
normalize ACTH levels in patients with primary adrenal insufficiency can lead to
overtreatment and is not recommended. ACTH levels remain elevated in patients with
primary adrenal insufficiency; the underlying reason is not clear but may represent the
nonphysiologic nature of the replacement administration schedule. Realizing the importance
of a proper circadian rhythm of cortisol to restore physiological function, some physicians
advocate the use of normative cortisol day curves to assess the adequacy of glucocorticoid
dosing (154). However, clinical assessment usually works equally well (12) and timed
serum cortisol measurements are not needed for routine monitoring in the majority of
patients.

The adequacy of mineralocorticoid replacement can be assessed by monitoring of blood
pressure and electrolytes. Postural dizziness, salt craving, orthostatic hypotension,
hyponatremia, and hyperkalemia reflect underreplacement. Tiredness and lassitude, without
clear-cut hypotension, also may reflect underreplacement, and the adequacy of
mineralocorticoid dosage should be assessed before increasing the glucocorticoid dose.
Measurement of plasma renin activity also can be useful, especially in newly diagnosed
patients until they are on a stable dose of fludrocortisone, with the goal to keep levels in the
upper normal range (182, 183). It is important to note that mineralocorticoid replacement
may need to be increased in hot weather due to increased salt loss in perspiration, especially
in patients who are exposed to ambient temperatures (10). This should be accompanied by
liberal salt intake, especially when the patient is exercising. Hypertension, edema, and
hypokalemia may be signs of mineralocorticoid overreplacement. If hypertension develops,
the fludrocortisone dose can be decreased gradually with close monitoring of electrolytes,
but it can never be completely stopped.

latrogenic adrenal insufficiency

This is an extremely common and dangerous phenomenon that illustrates an extremely
important physiological concept that was mentioned at the beginning of this review. When a
patient with long-standing adrenal Cushing’s syndrome is treated by removal of the adrenal
gland containing the tumor, the contralateral adrenal gland is atrophic due to long-standing
suppression of pituitary ACTH secretion by the endogenous hypercortisolism (negative
feedback). The same is true for patients receiving exogenous glucocorticoid therapy (Fig. 9).
Although the patient may be Cushingoid during pharmacological glucocorticoid therapy,
secondary adrenal insufficiency will rapidly ensue if the glucocorticoid therapy is abruptly
stopped. This is due to the long-term suppression of the endogenous HPA axis. Patients
receiving glucocorticoid therapy for extended periods of time are counseled extensively on
this fact. As a result, patients have to be slowly weaned from chronic glucocorticoid therapy
(1112, 221).

Figure 11 shows an example of a profile of plasma ACTH and cortisol during weaning from
glucocorticoid therapy. Notice first that both plasma ACTH and cortisol are suppressed
when weaning starts. As the dose of glucocorticoid therapy is tapered, the hypothalamic-
pituitary unit starts to recover. As a result, plasma ACTH begins to increase and starts the
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process of “waking up” the atrophied adrenal cortex. As plasma ACTH continues to
increase, adrenal function starts to recover leading to an increase in plasma cortisol. Notice
that plasma ACTH overshoots the reference range which leads to a complete recovery of the
axis, in this case in about a year after starting the weaning process. The duration of this
process is very variable, but probably correlates to the dose and the amount of time the
patient had received glucocorticoid therapy (93, 119, 147). There are many practical aspects
of this process that are not relevant for this article focusing on physiological mechanisms.

Glucocorticoid resistance

Syndromes of glucocorticoid resistance are rare and can present a diagnostic challenge to
clinicians (40). They illustrate the importance of understanding the physiology of cortisol
negative feedback in clinical medicine. These disorders usually present with high circulating
cortisol and inappropriately normal or increased ACTH levels because the hypothalamus
and pituitary corticotrophs “sense” glucocorticoid negative feedback through the same
steroid hormone receptors as those that respond to cortisol in peripheral tissue (see Fig. 1).
Therefore, biochemically, patients with glucocorticoid resistance need to be distinguished
from Cushing’s syndrome. Resistance to glucocorticoids can be categorized depending on
the location of resistance (generalized, peripheral, or localized). A complete review of this
topic is beyond the scope of this article. Here we briefly review the alterations in normal
endocrine physiology seen in generalized glucocorticoid resistance.

Generalized glucocorticoid resistance is a familial GR-mediated disorder and is
characterized by hypercortisolism in the absence of Cushingoid features (39,269). Mutations
in the alpha form of the GR are the most common cause of this disorder and lead to
abnormal binding of cortisol to the receptor or abnormal binding of the hormone-receptor
complex to DNA, with subsequent decreased effect compared to that of a normal GR. As a
result, circulating cortisol levels are less able to suppress ACTH and CRH production,
causing partial resistance of the hypothalamus and pituitary to negative feedback. In
response, the HPA axis is reset at a higher ACTH set point to achieve normal negative
feedback. The subsequent increase in ACTH leads to increased production of DOC, cortisol,
and adrenal androgens. The peripheral tissues are relatively resistant to cortisol as well such
that Cushingoid features do not develop despite elevated cortisol levels. In contrast,
sensitivity to mineralocorticoids and androgens is preserved. At high concentrations, DOC
and cortisol can activate the MR in the renal distal tubule (as described earlier in this
review). These patients, therefore, can present with signs and symptoms of
mineralocorticoid (hypertension and hypokalemia). Because of adrenal androgen excess,
hirsutism, acne and menstrual irregularity in women can be present (156). However, the
clinical features can be quite variable.

In addition to the absence of a Cushingoid phenotype, preserved diurnal variation in cortisol
levels, an increase in cortisol following hypoglycemic stress and a family history of
hypercortisolism can help distinguish glucocorticoid resistance from Cushing’s syndrome.
Evaluation of linear growth in children also can help make this distinction. Accelerated
growth with advanced bone age (due to androgen excess) is suggestive of glucocorticoid
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resistance while growth retardation along with weight gain is indicative of Cushing’s
syndrome (95, 155).

Treatment is reserved for patients with clinically significant disease and includes the use of
long-acting glucocorticoids, and antagonists to androgens and/or mineralocorticoids.
Patients with mild resistance and minimal symptoms only need intermittent monitoring to
ensure that they remain clinically unaffected (267).

Congenital Adrenal Hyperplasia

As the name implies, this syndrome is usually discovered at birth and is characterized by a
hyperplastic adrenal cortex. The etiology of this fascinating disorder is a very enlightening
way to teach about the steroidogenic pathway, glucocorticoid negative feedback, and control
of adrenal growth, as well as to describe the overall effects of steroid hormones in fetal
development. Although congenital adrenal hyperplasia (CAH) can express itself in
adolescence or adulthood—so-called “nonclassic” CAH, this section will focus on /n utero
(fetal) expression that is apparent at delivery of the affected newborn (classic CAH). The
sine qua non of this disorder is the decreased functional expression of a critical component
of adrenocortical steroidogenic pathway usually due to a partially inactivating mutation of a
critical steroidogenic enzyme (162). To understand this, we must first describe the
physiology of the normal steroidogenic pathway (Fig. 12).

Steroidogenic pathway

Steroidogenesis in the adrenal cortex (as well as the gonads) starts with cholesterol
translocation from the cytoplasm to the inner membrane of the mitochondria where the first
steroidogenic enzyme is located. The presence of cytoplasmic StAR protein is necessary for
this rate-limiting process (122, 142, 244). Thereafter, steroidogenesis proceeds in an
unregulated way—the amount of each steroid product produced is determined primarily by
the amount of steroidogenic enzyme activity present. The mineralocorticoid pathway
producing aldosterone occurs in the zona glomerulosa and is regulated primarily by
angiotensin Il and potassium and, acutely, by ACTH (2, 277).

The glucocorticoid (cortisol), mineralocorticoid (aldosterone), and adrenal androgen
synthetic pathways are the focus of the pathophysiology of CAH. ACTH binds to its
receptor, the MC2R, which is a G-protein coupled receptor that increases adenylyl cyclase
activity and cytoplasmic cAMP concentration (see Fig. 1). Increased cAMP then leads to an
activation of StAR protein and an increase in cholesterol transport into the mitochondria.
The sequential steps thereafter leading to cortisol, aldosterone, DHEA, and androstenedione
are shown in Figure 12. The adrenal reticularis zone is also capable of producing small
amounts of estrogens and testosterone (104).

General physiological concept of cah

The overall scheme explaining CAH from a physiological point of view is shown in Figure
13. Assume that a fetus with an XX genotype (female) has a partial mutation in, for
example, P450c21 shown in Figure 12. It is important to emphasize that this cannot be a
completely inactivating mutation or no cortisol would be produced, which would be lethal.
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However, if, for example, a mutated P450c21 enzyme retained 10% of its normal activity,
adequate cortisol for survival could be produced if the substrate for P450c21 (17-a-OH-
progesterone) were increased tenfold and the number of steroidogenic cells (i.e., adrenal
volume) were increased dramatically. This is exactly what happens in the fetus with CAH.

The inadequate cortisol production in the fetus provides subnormal negative feedback
inhibition of the fetal hypothalamus and pituitary. This leads to an increase in fetal plasma
ACTH in an attempt to normalize fetal cortisol (Fig. 1). The increase in fetal plasma ACTH
increases StAR-mediated cholesterol transport into the mitochondria to acutely increase
steroidogenesis in the fetal adrenal gland. In the long term, the increased ACTH leads to
hyperplasia of the fetal adrenal cortex with a dramatic increase in size of the fetal adrenal
gland. A consequence of this increased activity in the early steroidogenic pathway is an
increase in the production of precursors for adrenal androgens (e.g., 17-a-OH-progesterone)
upstream from the enzyme deficiency. This will lead to steroid precursor “spill-over” into
the androgen pathway resulting in enormous increases in, for example, DHEA. Whereas
DHEA is a relatively weak androgen under usual circumstances, the enormous increase in
DHEA in an XX fetus can lead to virilization of the highly steroid sensitive genitalia during
fetal development. As a result, an XX-fetus can be born with ambiguous genitalia—that is, it
is unclear to the observer whether the newborn is a phenotypic girl or boy. If this occurs in a
normally virilized XY fetus, it is typically not apparent at birth because the normal fetal
testes produce testosterone, which is a much more potent androgen than DHEA. However,
CAH can lead to the adrenogenital syndrome in boys in childhood; they are overly virilized
due to adrenal androgens because testosterone secretion is typically low in boys from
infancy until puberty (275).

All of the components of the steroidogenic pathway shown in Figure 12 have been shown to
have inactivating mutations (162), although mutations in P450c21 are the most common by
far. Important for this discussion is the notion that the symptoms, steroid profile, and
treatment protocol can vary depending on which enzyme is mutated, and the residual
amount of cortisol and aldosterone produced. This is an elegant example of how
understanding the physiology and biochemistry of adrenal steroidogenesis informs the
clinical diagnosis and treatment of diseases resulting from relatively common mutations.

Brief comment about treatment of the affected fetus in utero

If a woman has already given birth to an infant with CAH and, therefore, is known to carry
one of the mutations described below, or if there is a pertinent family history, or the parents
are known to be gene carriers, it is possible to make a diagnosis /n utero as well as treat the
fetus via the mother. The clinical details of this are not relevant to this article, but a general
statement reveals the importance of understanding normal physiology to appreciate the
clinical consequences of this disorder. In general, the fetal genotype (XX vs. XY) and
presence of a mutation can be evaluated in the fetus by chorionic villus sampling (29, 220).
If an XX fetus is discovered to carry one of the mutations described below, the overall goal
is to reduce fetal ACTH secretion thus preventing adrenal hyperplasia, androgen excess, and
virilization, while supplying adequate glucocorticoid activity to the developing fetus. The
simplest treatment in this scenario is administration of low-doses of oral dexamethasone—
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the glucocorticoid agonist—to the pregnant woman (167, 238). The dexamethasone crosses
the placenta from the maternal circulation into the fetal circulation and suppresses fetal
ACTH secretion by negative feedback. Furthermore, dexamethasone (as opposed to
hydrocortisone) is used because it is not metabolized by 11BHSD2 which is highly
expressed in the placenta (23). In women with a history of previously giving birth to a CAH
infant, glucocorticoid therapy may be started as soon as pregnancy is discovered to prevent
abnormal genital development early in gestation. The dexamethasone is then discontinued if
the genetic testing reveals a male, or an unaffected female. There may be some subtle long-
term negative effects on the adult who was treated as a fetus, and there is a risk of causing
Cushing’s syndrome in the mother. As a result, the strategy is controversial and a recent
guideline suggested that this be provided only within the context of an IRB-reviewed
clinical trial (163, 167, 190, 238).

Subtypes of congenital adrenal hyperplasia (Table 6)

As described above, virtually any catalytic component in the steroidogenic pathway may
decrease its expression due to a mutation, and lead to CAH. Also as stated above, the most
common by far is an inactivating mutation in P450c21 (21-hydroxylase deficiency). One can
anticipate from Figure 12 that this will lead to a deficiency in the synthesis of cortisol and
aldosterone leading to (a) increased ACTH (due to loss of cortisol negative feedback) and
adrenocortical hyperplasia and (b) hyponatremia and hyperkalemia (due to a loss of
aldosterone action at the distal nephron) and resultant hyperreninemia. The spillover to the
androgen pathway can lead to ambiguous genitalia in XX newborns and postnatal
virilization in both genders. Postnatal treatment, not surprisingly, is administration of
glucocorticoid and mineralocorticoid replacement, the former resulting in suppression of
ACTH and preventing androgen excess. Surgical treatment of the ambiguous genitalia is
often required.

A brief comment on the diagnostic testing of 21-hydroxylase deficiency does help explain
the basic physiology. In most cases, measuring an increased baseline 17-
hydroxyprogestosterone (substrate for 21-hydroxylase enzyme; Fig. 12) is sufficient to make
the diagnosis (238). Occasionally, ACTH stimulation is necessary to amplify the analysis of
the steroidogenic intermediates shown in Figure 12. Genotyping is usually performed only
in patients in whom the diagnosis is equivocal or if the patient will be referred for genetic
counseling (238).

An inactivating mutation in P450c11 (118-hydroxylase deficiency) often leads to
hypertension due to increased precursors (synthesized in the zona fasciculata) with
mineralocorticoid activity (e.g., 11-deoxycorticosterone) (274). Because the synthesis of
aldosterone in the zona glomerulosa is catalyzed by a different isoform (CYP11B2), the
ability to synthesize aldosterone is theoretically normal. However, the long-term suppression
of renin secretion from the kidney due to the presence of increased mineralocorticoids from
the zona fasciculata may result in hyponatremia when glucocorticoid replacement is given,
leading to the need for mineralocorticoid administration. The hyperandrogenemia and
ambiguous genitalia follows the same logic as 21-hydroxylase deficiency.

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Raff et al.

Page 31

A mutation in 38-HSD which encodes a noncytochrome P450 enzyme—33-hydroxysteroid
dehydrogenase—Ileads to decreased production of cortisol, aldosterone, androgens and
estrogens (283). Cortisol deficiency leads to increased ACTH secretion and accumulation of
various steroid precursors (17-alpha-hydroxypregnenolone, DHEA, and DHEA sulfate).
Most patients present as neonates or in early infancy with symptoms of glucocorticoid and
mineralocorticoid deficiency. Female infants may have mild virilization of their external
genitalia due to high DHEA levels (158). Males present with varying degrees of failure of
normal genital development ranging from hypospadias to male pseudohermaphroditism
(224). Treatment involves replacing all deficient hormones.

A mutation in P450c17 leads to 17-hydroxylase/17,20 lyase deficiency (25, 91). Decreases
in cortisol production due to 17-hydroxylase deficiency lead to increased ACTH secretion
and accumulation of the 11-deoxysteroids including corticosterone, 11-deoxycorticosterone
and 18-hydroxy-deoxycorticosterone. Impairment of 17,20 lyase activity leads to complete
androgen and estrogen deficiency. These patients, therefore, present usually at the time of
expected puberty with hypertension, hypokalemia and hypogonadism. Glucocorticoid
deficiency may or may not be present depending on the degree of cortisol secretory defect.
Female patients present with amenorrhea and absence of secondary sexual characteristics.
Male patients usually have complete male pseudohermaphroditism and are often raised as
girls with the disorder being recognized only when evaluation is sought for lack of pubertal
development. Therapy is based on glucocorticoid replacement at doses sufficient to decrease
ACTH production and normalize 11-deoxycorticosterone levels while avoiding
glucocorticoid excess.

Finally, there are truly rare forms of CAH due to mutations in StAR (126) and POR (P450
oxoreductase) that are too unusual to discuss in this article focusing on physiological
mechanisms.

Conclusion

Understanding clinical disorders requires a thorough understanding of basic physiology; this
is particularly true in endocrinology. For the most part, most disorders of the hypothalamic-
pituitary-adrenal axis can be explained by the understanding of negative feedback—one of
the fundamental processes in homeostasis. The persistently increased secretion of cortisol
from the adrenal gland demonstrates resistance to suppression of ACTH secretion by
negative feedback, autonomous, non-ACTH-dependent production of cortisol from the
adrenal gland, or resistance to the action of cortisol. Understanding negative feedback also
explains the development of secondary adrenal insufficiency after removal of the source of
excess ACTH or cortisol as well as the recovery of the HPA axis from exogenous
glucocorticoid therapy. The signs and symptoms of Cushing’s syndrome, adrenal
insufficiency, and glucocorticoid resistance require an understanding of the normal effects
of cortisol via the activation of the glucocorticoid and mineralocorticoid receptors, and the
effects of adrenal androgens via activation of the androgen receptors. Finally, the effects of
enzyme mutations in the steroidogenic pathway elegantly illustrate the feedback control of
the HPA axis, ACTH-mediated adrenocortical growth, and the effects of androgen excess on
the development of the genitalia in the fetus.
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Figure 1.
The hypothalamic-pituitary-adrenal axis. Inputs from the hypothalamic circadian rhythm

generator in the suprachiasmatic nucleus (SCN) and neural stress pathways in the central
nervous system (CNS) control the activity of the corticotrophin-releasing hormone (CRH)
neuronal cell bodies in the paraventricular nucleus. These neurons are also capable of
synthesizing arginine vasopressin (AVP), which can augment the pituitary response to CRH.
CRH (and AVP) are released into the portal circulation in capillaries in the median
eminence and drain onto the anterior pituitary where they stimulate the pituitary
corticotrophs to release adrenocorticotropic hormone (ACTH). ACTH stimulates the zona
fasciculata (ZF) and zona reticularis (ZR) via the MC2R (melanocortin 2 receptor, also
known as the ACTH receptor). This G-protein coupled receptor increases intracellular
cAMP release, which activates StAR-mediated cholesterol transport into the mitochondria
(the rate-limiting step of steroidogenesis). Once cholesterol reaches the inner mitochondrial
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(Mito) membrane, it is acted on by the first steroidogenic enzyme, and then by subsequent
sequential enzymes in the smooth endoplasmic reticulum (SER) and Mito with cortisol as an
end product (see Fig. 12). Cortisol is released into the plasma compartment where it binds
reversibly to corticosteroid-binding globulin (CBG; also known as cortisol-binding
globulin). As CBG-bound plasma cortisol enters the capillaries in target tissue, it dissociates
from CBG and diffuses into the target cell. In the pituitary and hypothalamus, negative
feedback inhibition is exerted with the binding of cortisol to glucocorticoid (GR) and
mineralocorticoid (MR) receptors.
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The mechanisms of glucocorticoid (GC)-induced decreases in growth in children and
suppression of growth hormone (GH) in adults. GHRH is growth-hormone release hormone,
IGF1 is insulin-like growth factor 1; GnRH is gonadotropin-releasing hormone, LH is
luteinizing hormone, and FSH is follicle-stimulating hormone. Adapted from (7) with kind
permission from WB Saunders through the Copyright Clearance Center.
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Figure 3.
The use of late-night salivary cortisol (LNSC) for screening patients with suspected

Cushing’s syndrome. Note that because Cushing’s syndrome is relatively rare and its
phenotype very common, most patients screened will have normal LNSCs and Cushing’s
syndrome will be ruled out. Conversely, most patients with true Cushing’s syndrome will
have consistently increased LNSCs. Even so, the diagnosis is usually confirmed with urine
free cortisol (UFC) measurements and/or the overnight low-dose dexamethasone
suppression test (0DST). Occasionally, the LNSCs are discordant as shown or the samples
are suspicious for contamination with over-the-counter hydrocortisone creams. In that case,
measurement of cortisol and cortisone by liquid chromatography/tandem mass spectrometry
(LC-MS/MS) will resolve the problem. Adapted from (211) with kind permission from
Springer.
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Figure 4.
The physiological basis for the approach to the differential diagnosis of Cushing’s

syndrome. CT is computed tomography radiography and MRI is magnetic resonance
imaging. Once the diagnosis is established (see Fig. 3), measurement of a suppressed plasma
level of adrenocorticotropic hormone (ACTH) identifies ACTH-independent (adrenal)
Cushing’s syndrome. *Adrenal computed tomography (CT) is then performed, and a more
detailed analysis is needed to differentiate among the subtypes of adrenal Cushing’s
syndrome. The most challenging problem is the differential diagnosis of ACTH-dependent
Cushing’s syndrome. The high-dose dexamethasone suppression test is no longer
recommended. If the results of magnetic resonance imaging (MRI) of the pituitary show a
mass > 6 mm, referral to a neurosurgeon is appropriate. If not, bilateral inferior petrosal
sinus sampling with administration of corticotropin-releasing hormone (CRH) is performed.
This method reliably distinguishes pituitary Cushing’s disease from occult ectopic ACTH
syndrome. For a more thorough discussion, see text. From (214) with kind permission of the
Annals of Internal Medicine/American College of Physicians.

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnuely Joyny vd-HIN

Raff et al. Page 52

10,000
5000 1
. 2000 |
E 1000 -
g 500 1
T~ 200
(Z) 100+
@ 50 1
% 20 |
o 10
s- i
2 |
1 ; : .
Cushing’s Ectopic Adrenal
disease ACTH tumor
syndrome
Figure 5.

Plasma ACTH concentrations in patients with established ACTH-dependent Cushing’s
syndrome (Cushing’s disease [pituitary corticotroph adenomas] and ectopic ACTH) and
ACTH-independent Cushing’s syndrome (Adrenal tumor). Note that plasma ACTH is often
within the reference range (blue shading) in Cushing’s disease and that, on average, patients
with ectopic ACTH have very high plasma ACTH. To convert to pmol/L, multiply pg/mL
by 0.2202.
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Summary of inferior petrosal sinus (IPS) sampling in the differential diagnosis of ACTH-
dependent Cushing’s syndrome. IPS:P is the ratio of plasma ACTH concentration between
an inferior petrosal sinus sample and a sample from a peripheral vein (usually the inferior
vena cava) drawn simultaneously. Adapted from (77) with permission from John Wiley and

Sons.
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Figure 7.
Adrenal insufficiency. In primary adrenal insufficiency, the adrenal cortex is typically

destroyed (indicated by an X). This relieves the hypothalamus of cortisol negative feedback
such that, presumably, corticotrophin-release hormone (CRH) is increased, although
sampling portal vein blood is not possible in humans. The loss of negative feedback at the
pituitary leads to a large increase in plasma ACTH. In secondary adrenal insufficiency,
adequate ACTH secretion is lost (indicated by an X) resulting in suboptimal plasma ACTH
and adrenal atrophy.
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Figure 8.
Typical plasma glucose, ACTH, and cortisol response to insulin-induced hypoglycemia in a

healthy subject and a patient with secondary adrenal insufficiency (hypopituitarism). Notice
there is a small increase in ACTH and cortisol in this patient with secondary adrenal
insufficiency indicating there are still a few remaining functioning pituitary corticotrophs.
To convert glucose to mmol/L, multiply mg/100 ml by 0.056; to convert ACTH to pmol/L,
multiply pg/mL by 0.2202. To convert cortisol to nmol/L, multiply pg/dL by 27.59.
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Figure 9.
Plasma ACTH in patients with untreated primary and secondary adrenal insufficiency, and

in patients on chronic pharmacological glucocorticoid therapy. Notice that plasma ACTH is
often within the reference range (blue shading) in patients with secondary adrenal
insufficiency. To convert to pmol/L, multiply pg/mL by 0.2202.
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The large protein proopiomelanocortin (POMC) is produced by transcription and translation
of the POMC gene. Adrenocorticotropic hormone is then produced by posttranslational
processing. Note that other products of POMC can be produced (for example, beta and
gamma-lipotropic hormone [LPH], N-terminal POMC fragment [N-POC], and melanocyte-
stimulating hormone [M]). Also notice that ACTH contains the sequence of MSH within it.
Ectopic ACTH-secreting tumors can perform the same processing but often produce large
amounts of precursors (particularly pro-ACTH). From (214) with kind permission of the

Annals of Internal Medicine/American College of Physicians.
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Figure 11.

Pattern of the recovery of ACTH from the pituitary and cortisol from the adrenal after
discontinuation of chronic pharmacological glucocorticoid therapy. From (71) with kind
permission of McGraw Hill.

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Raff et al.

Page 59

Cholesterol
(cytoplasm)

Cholesterol
(mitochondria)

P450scc
(170-hydroxylase) (17,20-lyase)
170H- .
Pregnenolone 450017 pregnenolone P450c17 DHEA 17B HSD Androstenediol DHT
[3p-HsD] 3p-HSD | 3p-HSD | 3p-HSD
(170-hydroxylase) (17,20 Iyase
P 4 P450017 170H- P450017 17| HSD Testosterone
ageyeone 4'_> progestemne androstenedwne |
[Pasoc21] p450021 P450ar0| wprsol | P450aro [@
Deoxycorticosterone Deoxycornsol Estrone EStfad|0|
(DOC)
Pas0c11 [P4soct1]
Corticosterone Cortisol
P450aldo | (18-hydroxylase)
18-OH-
corticosterone
P450aldo | (18-dehydrogenase)
Aldosterone
Figure 12.

The normal human steroidogenic pathway. Under normal conditions, the human adrenal
cortex produces only small amounts of estrone, estradiol, testosterone, and adrenostenediol.
The main adrenal secretory products are aldosterone (produced in the zona glomerulosa),
and cortisol, dehydroepiandrosterone (DHEA), and androstenedione (produced in the zonae
fasciculata and reticularis). StAR, steroidogenic acute regulatory protein; P450scc, side-
chain cleavage, HSD, hydroxysteroid dehydrogenase; P450c17, 17-hydroxylase; POR, P450
oxoreductase; P450c21, 21-hydroxylase; P450c11, 11-hydroxylase; P450aro, aromatase; 5a-
red, 5-alpha-reductase; DHT, dihydrotestosterone. Reproduced from (118) with kind
permission from Elsevier.
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Figure 13.
Mechanism of virilization in female fetuses with congenital adrenal hyperplasia. An enzyme

defect (usually partial; in this case to P450c21) in the steroidogenic pathway leads to
decreased production of cortisol and a shift of precursors into the adrenal androgen pathway.
Because cortisol negative feedback is decreased, ACTH release from the fetal pituitary
gland increases. Although cortisol can eventually be normalized, it is at the expense of
ACTH-stimulated adrenal hypertrophy and excess fetal adrenal androgen production.
Adapted from (276) with kind permission from McGraw-Hill.
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Table 1

Clinical Features of Cushing’s Syndrome (% Prevalence) and Their Physiological Causes

Clinical feature

Physiological basis of effect?

General

Obesity 90%
Hypertension 85%

Skin

Plethora 70%

Hirsutism 75%

Striae 50%

Acne 35%

Bruising 35%
Musculoskeletal
Osteopenia 80%
Weakness 65%
Neuropsychiatric 85%
Emotional lability
Euphoria

Depression

Psychosis

Gonadal dysfunction
Menstrual disorders 70%
Impotence, decreased libido 85%
Metabolic

Glucose intolerance 75%
Diabetes 20%
Hyperlipidemia 70%
Polyuria 30%

Kidney stones 50%

Pediatric?
Growth retardation (83%)

Hyperphagia; insulin resistance

Sodium retention (via MR)

Thinning of skin (connective tissue)
Androgen excess

Thinning of skin (connective tissue)
Androgen and glucocorticoid excess

Thinning of skin (connective tissue)

Increase in bone resorption

Catabolic effect on muscle

CNS effects

Cortisol excess

Cortisol excess

Cortisol excess

Cortisol excess

Inhibition of gonadotroph function
Inhibition of GnRH, LH, and FSH release
Inhibition of GnRH, LH, and FSH release

Insulin resistance

Insulin resistance

Increased lipolysis, hepatic steatosis, insulin resistance
Increased GFR; suppression of AVP

urine: 1 calcium, uric acid, oxalate, | citrate

Inhibition of GH secretion (see Fig. 2)

a . L
Effect of cortisol unless otherwise indicated.

bMany of the findings listed above are also found in children.

Adapted from (14,34,67,153).
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Table 2

Methods that Have Been Used to Differentiate Cushing’s Disease (Pituitary Tumor) from Occult Ectopic
ACTH

. Imaging

- Pituitary MRI (see Fig. 4)

—  Scintigraphy4

~  PET scanning?

- Nonpituitary imaging (e.g., chest/abdominal CT/MRI)4
. Invasive: Inferior petrosal sinus sampling for ACTH with oCRH

. administration

. ACTH and cortisol response to CRH or desmopressin (DDAVP)

High dose dexamethasone suppression testing (HDDST)b

. Clinical characteristics (e.g., hypokalemia, extreme hypercortisolemia, rapid onset, and presence of high concentrations of POMC
precursors)

a . . -
In actuality, these are usually only performed to look for an ectopic tumor (after a pituitary tumor has been ruled out).

bFor the most part, HDDST has been supplanted by the tests listed above it.
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Logistic Regression Modeling of Probability of Cushing’s Disease Based on Pathophysiological Findings,

Other Variables, and the High-Dose Dexamethasone Suppression Test (HDDST)

Specificity  Diagnostic accuracy

Model no.  Variables Sensitivity

1 Age, sex, duration, hypokalemia, urinary free cortisol, plasma ACTH, 100
suppression by <50%%

2 Age, sex, duration, hypokalemia, urinary free cortisol, plasma ACTH, % 98
suppression

3 Age, sex, duration, hypokalemia, urine free cortisol, plasma ACTH 98

4 Duration, hypokalemia, plasma ACTH 98

5 Suppression by =50%7 9

6 % Suppressionb 93

80

80

78
67
67

27

96

94

93
91
7

7

aSuppression of cortisol after HDDST;

b . . : -
Suppression of cortisol (after HDDST) as a continuous variable.

Adapted from (16).
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Table 4
Causes of Adrenal Insufficiency
Primary Adrenal Insufficiency
. Autoimmune
. Infection (e.g., tuberculosis, fungal infections, and HIV)

. Tumors metastatic to the adrenal glands.

. Infiltration (e.g., hemochromatosis)

. Adrenal hemorrhage

. Congenital adrenal hypoplasia (e.g., DAX1 and SF1 mutations)

. ACTH resistance syndromes (e.g., mutation in the ACTH receptor [MC2R])

. Surgical (e.g., bilateral adrenalectomy for adrenal cancer)

Secondary Adrenal Insufficiency

. Discontinuation of chronic pharmacological glucocorticoid therapy (adrenal atrophy)

. Hypopituitarism (inadequate ACTH secretion)

. After removal of an ACTH-secreting tumor or cortisol-secreting adrenal tumor (suppression of the hypothalamus and normal

corticotrophs)

. Pituitary apoplexy

. Postpartum pituitary apoplexy (Sheehan’s syndrome)

. Granulomatous disease (e.g., sarcoid)

. Tumors invading the pituitary fossa

. Isolated ACTH deficiency (e.g., POMC processing defect)

Adapted from (242).
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Clinical Features of Adrenal Insufficiency
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Type of adrenal insufficiency  Clinical features

Frequency

Primary

Secondary or tertiary

Both

Hyperpigmentation

Dehydration, salt craving

Hyperkalemia

Adrenal calcification

Vitiligo

Signs of other pituitary hormone deficiencies
Delayed puberty

Headaches, visual field deficits

Gastrointestinal symptoms (nausea, vomiting, abdominal pain, and diarrhea alternating with
constipation)

Hyponatremia

Hypoglycemia (more common in secondary Al)
Orthostatic hypotension

Anorexia, weight loss

Fatigue, generalized malaise

Amenorrhea

Decreased libido, loss of axillary, or pubic hair in women
Depression

Auricular cartilage calcification

Normocytic anemia

Eosinophilia

Hypercalcemia

92%-100%
12%-20%
64%

8%-20%

56%-92%

88%

56%-90%
73%-100%
95%-100%
25%

20%-40%
5%
13%-40%
17%

5%

Table created from information compiled from (15,65,180).
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Congenital Adrenal Hyperplasia

Table 6

Page 66

Disorder

Affected gene and

Signs and symptoms

chromosome
21-Hydroxylase deficiency (classic) CYP21 Glucocorticoid deficiency
6p21.3 Mineralocorticoid deficiency (salt-wasting)
Adrenal androgen excess (Ambiguous genitalia in females;
Postnatal virilization in males)
11-Beta-hydroxylase deficiency CYP11B1 Hypertension
8024.3 Glucocorticoid deficiency
Mineralocorticoid deficiency (salt-wasting)
Adrenal androgen excess (ambiguous genitalia in females;
Postnatal virilization in males and females)
3-Beta-hydroxysteroid dehydrogenase deficiency HSD3B2 Adrenal androgen excess (ambiguous genitalia)
(classic) 1p13.1 Disordered puberty (precocious adrenarche)
Cortisol deficiency (with adequate corticosterone)
17-Alpha-hydroxylase CYP17 Ambiguous genitalia in males
17-20 Lyase deficiency 10024.3 Sexual infantilism

Hypertension

Cortisol deficiency

Adapted from (11,134).
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