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Glucocorticoid Regulation of Body 
Composition and Metabolism

Alexandria Atuahene Opata, Khadeen C. Cheesman, and Eliza B. Geer

Abstract  Glucocorticoids (GCs) are critical in maintaining energy homeostasis. 
Chronic excessive GC exposure, as seen in Cushing’s syndrome (CS), profoundly 
impacts body composition and metabolism by causing whole-body insulin resis-
tance and abdominal adiposity. Peripheral insulin resistance occurs due to impaired 
insulin signaling and glucose uptake. Excess GCs lead to muscle atrophy which is 
associated with elevated plasma fatty acids and triglycerides, altered hepatic carbo-
hydrate and lipid metabolism, and impaired pancreatic β-cell function. GCs also 
reduce bone density by increasing bone resorption while inhibiting bone forma-
tion, in part by decreasing osteoblast number and function. Lastly, a variety of skin 
manifestations result from GC excess. The current review explores GC regulation 
of body composition and metabolism. While physiological exposure to GCs and a 
dynamic HPA axis that is responsive to metabolic and environmental cues are 
essential for the survival of any organism, chronic exposure to even subtle GC 
excess causes the development of excess abdominal and ectopic adipose tissue, 
dyslipidemia, cardiovascular disease, and ultimately decreased survival.
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�Introduction

Since the discovery of glucocorticoids (GCs) for the treatment of adrenal 
insufficiency over 80 years ago, the phenotypic and metabolic effects of GCs have 
been studied extensively [1]. Excess GC exposure can have a profound impact on 
body composition; this has been demonstrated most dramatically in patients with 
Cushing’s syndrome (CS), an endocrine disorder characterized by chronic endog-
enous or exogenous GC exposure [2]. Although endogenous CS is rare, more 
subtle forms of GC excess are seen in the setting of chronic stress and depression 
due to activation of the hypothalamic-pituitary-adrenal (HPA) axis. “Common” or 
diet-induced obesity has also been suggested to be associated with excess endog-
enous GC exposure due to increased local production of GCs in adipose tissue, 
alterations of cortisol circadian rhythm, and heightened susceptibility of the HPA 
axis to activation [3]. Furthermore, the prevalence of oral GC use in the U.S. has 
been reported to be as high as 3.5 % based on data obtained from the National 
Health and Nutrition Examination Survey (NHANES) from 1999 to 2008 [4]. GC 
overexposure, whether endogenous or exogenous, results in increased visceral and 
trunk subcutaneous fat which in turn is implicated in insulin resistance and devel-
opment of diabetes mellitus [5, 6]. The aim of the present review is to describe the 
mechanisms by which GCs regulate body composition, insulin action, and insulin 
sensitivity (Fig. 1).

�GC Regulation of Adipose Tissue

Globally, the prevalence of obesity has reached epidemic proportions with over one 
billion adults being overweight, and of these, roughly 300 million being obese [7]. 
The rapid rise in obesity and its associated comorbidities pose a major public health 
concern and have made the study of obesity and its adverse metabolic profile 
increasingly important. Research in the past 20 years has led to an understanding 
that adipose tissue is a complex and highly active endocrine organ which contrib-
utes to the regulation of insulin action and with functions that are altered by obesity 
[8]. In addition, individuals who are obese have a higher all-cause mortality [9]. 
Those with GC overexposure have a mortality rate four times higher than the gen-
eral population, primarily due to cardiovascular disease which is in part due to 
GC-induced obesity and insulin resistance [10]. In an effort to better understand the 
effects of GCs on adipose tissue, we will first discuss adipose tissue types with a 
focus on distribution and mass. This will be followed by a review of the common 
phenotypical changes seen in adipose tissue as a result of GC excess and the subse-
quent effects on glucose metabolism.

A.A. Opata et al.
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�Adipose Tissue, Mass and Distribution

Adipose tissue is a complex, multicellular organ that influences the functions of 
other organ systems and includes numerous discrete anatomical depots with vari-
able masses, ranging from 5 to 60 % of total body weight [11]. Subcutaneous 
adipose tissue is responsible for storing over 80 % of total body fat, with the most 
described depots being abdominal, gluteal, and femoral [12]. Visceral adipose tis-
sue refers to adipose tissue surrounding the digestive organs and can be further 
divided into intra-abdominal or retroperitoneal depots. In men, visceral adipose 
tissue typically accounts for 10–20 % of total body fat, whereas in women it is 
about 5–10 % [12]. Smaller depots include epicardial and inter-muscular, which 
may have specialized functions related to their neighboring cells. Adipose tissue 
is composed of adipocytes as well as stromal vascular cells, which include preadi-
pocytes, endothelial cells, pericytes, and immune cells (macrophages, T-cells, 
neutrophils, and lymphocytes) [12–14].

↓Type II fiber mean area

↓Glucose uptake
• ↓GLUT 4
↓Glycogen synthesis
↑Proteolysis
↑Intramyocellular lipid

↑Adipose tissue mass
• Hyperplasia and hypertrophy
↑ Lipolysis 
↑Insulin signaling

↑Gluconeogenesis
• ↑G6P, PEPCK
↓Insulin sensitivity
• ↑PPAR-α
↑Lipogenesis

Glucocorticoids

Skeletal Muscle White Adipose TissueLiver

Hyperglycemia Free FA

Insulin Resistance

Pancreas

β-cell dysfunction
• ↓GLUT2, glucokinase
• ↓glucose phosphorylation
• ↑G6Pase activity

↓Insulin secretion
• ↓DAG/PLC

↓α-adrenergic signaling•

Bone

↑Bone resorption initially
• ↑osteoclastogenesis
↓Bone formation
• ↓ osteoblastogenesis
• ↓ osteoclastogenesis
↓Collagen synthesis

↑ Insulin 
Sensitization

 ↑Insulin 
Resistance

��

Fig. 1  Effects of GCs on body composition and metabolism. GCs promote whole-body insulin 
resistance via visceral adipogenesis, mobilization, and release of free fatty acids into the circula-
tion and development of hepatic steatosis. In addition, hyperglycemia results from β-cell dysfunc-
tion, decreased insulin secretion, and increased gluconeogenesis. In skeletal muscle, GCs cause 
type II fiber atrophy and decreased glucose uptake. Bone loss occurs due to increased bone resorp-
tion followed by decreased formation from reduced osteoblast function and number. DAG, 
Diacylglycerol; PLC, phospholipase C; G6P, glucose-6 phosphatase; PPAR, peroxisome prolifer-
ator-activated receptor
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Further distinction within adipose tissue depends on cell structure, location, 
vascularization, and function [15]. Two types of adipose tissue, present in all mam-
mals, have been identified, white and brown adipose tissue (WAT and BAT). 
Broadly, WAT and BAT are involved in opposing functions: energy storage in WAT 
and energy dissipation in BAT. BAT is present primarily in newborns and its func-
tions include regulation of thermogenesis. However, recent studies have reported 
the presence of BAT in adults, in cervical-supraclavicular, perirenal, and paraver-
tebral regions, but its role in body weight and metabolic function has not yet been 
elucidated and is not the focus of this review [12]. A discussion of the effects of 
GCs on adipose tissue distribution and function will be presented here. Of note, 
any reference to adipose tissue refers to white adipose tissue.

�GC Effects on Adipose Tissue Distribution

Chronic, excessive GC exposure has been shown to increase body fat mass; these 
changes are clearly evident in patients with CS who experience profound increases 
in total and visceral adipose tissue [5, 16]. While some studies have reported that 
peripheral fat stores may be reduced [17, 18], using whole-body MRI, the gold 
standard for assessing body composition, Cushing’s disease (CD) patients had 
more trunk subcutaneous and visceral adipose tissue, but similar masses of total 
and limb subcutaneous adipose tissue, compared to healthy controls [5]. CD 
patients also had an increased ratio of visceral to total fat compared to healthy 
controls [3]. Normalization of cortisol concentrations in patients with CD resulted 
in a significant reduction in trunk, subcutaneous, and visceral adipose tissue [6]. 
Furthermore, the distribution of adipose tissue changed: visceral/total fat and vis-
ceral fat/skeletal muscle ratios decreased, further demonstrating the effects of GCs 
on adipose tissue distribution [6].

�Mechanisms Underlying GC-Mediated Adiposity

The lipolytic effects of GCs have been well-established, yet excess GCs are associ-
ated with increased adiposity [19]. While most obese individuals do not show evi-
dence of elevated morning serum GC levels, considerable evidence suggests that 
tissue GC levels may not adequately reflect plasma levels [20]. Although it is diffi-
cult to measure tissue-specific GCs, adipose tissue is thought to have levels 10–15 
times that of circulating levels [21], possibly due to 11 beta hydroxysteroid deyh-
drogenase type 1 (11BHSD1) activity, which converts inactive cortisone to active 
cortisol, and thus enhances GC action [22]. Not only has visceral fat accumulation 
been associated with upregulation of 11BHSD1 [22] and a higher density of gluco-
corticoid receptors (GR) [23, 24], but both 11BHSD1 and GR levels are higher in 
the visceral compared to subcutaneous adipose tissue depots, suggesting a greater 

A.A. Opata et al.
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susceptibility to GCs [23] and providing a plausible explanation for site-specific 
adiposity [25]. One implication of enhanced GC action may include increased lipo-
protein lipase (LPL) activity in adipose tissue [26]. GCs are thought to increase LPL 
activity via transcriptional or posttranslational modifications [26–28]. Fried et al. 
demonstrated increased LPL activity in omental adipose tissue of obese men and 
women cultured in dexamethasone [28]. The increase in activity was largely 
explained by the ability of dexamethasone to increase LPL expression and allows 
for more fatty acids (FA) being available for storage in this depot [19].

GCs increase adipose tissue mass via hypertrophy and hyperplasia [29]. 
Hypertrophy results from fatty acid synthesis and storage within adipocytes, 
whereas hyperplasia results from differentiation of preadipocytes to mature adipo-
cytes [29]. The latter has been shown to occur in the setting of cortisol and dexa-
methasone exposure [30]. Also, the presence of 11BHSD1 and the resulting increase 
in tissue GCs promotes the differentiation of human adipose stromal cells to mature 
adipocytes, further confirming the adipogenic effects of GCs [29]. Interestingly, if 
adipogenesis were exclusively responsible for increased adiposity, individuals with 
GC excess would have numerous small adipocytes, which is not the case; assess-
ment of adipose morphology in patients with CS reveals enlarged, hypertrophic 
adipocytes [16]. In addition, expansion of the extracellular matrix and stromal vas-
cular cells may be involved in the accumulation of adipose tissue in response to GCs 
[3]. Further study of the effects of chronic GC exposure on adipose tissue morphol-
ogy in humans is needed.

�GC Regulation Of Glucose Metabolism and Insulin Resistance 
in Adipose Tissue

Adipose tissue is a major site for metabolism of GCs. The functions of adipose tissue 
are crucial determinants of whole-body glucose and lipid homeostasis. The importance 
of this is emphasized by the adverse metabolic consequences of both adipose tissue 
excess and deficiency [31]. For example, obesity, particularly in the visceral compart-
ment, is associated with insulin resistance, hyperglycemia, and dyslipidemia [32]. The 
role of GCs in regulating adipose tissue function is complex and depends on the spe-
cies, concentration, specific adipose depot [33], and chronicity of GC exposure.

Human and animal studies have shown that GCs induce pre-adipocyte differen-
tiation and whole-body lipolysis [34–37]. Corticosterone increased pre-adipocyte 
differentiation in 3T3-L1 cells with increased expression of adipose triglyceride 
lipase and hormone-sensitive lipase (HSL) [34]. HSL contributes to the hydrolysis 
of triglycerides (TG) in adipocytes. Similarly, lipolytic hormones increased when 
dexamethasone was added acutely to rat adipocytes [35]. After rats were treated for 
10 days with corticosterone, free FA and glycerol levels were elevated in both fed 
and fasted states [34]. Thus, acute and subacute exposure to GCs increases lipolysis 
in vivo. Increased lipolysis results in elevated circulating free FA levels, which in 
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turn is associated with insulin resistance [35]. Therefore, the diabetogenic effects of 
GCs are not only secondary to enhanced hepatic gluconeogenesis, impaired glucose 
uptake in muscle, and inhibition of insulin secretion, but also to elevated circulating 
free FA which originate from adipose tissue lipolysis [3].

Of note, it has been shown that GCs and insulin work synergistically to activate 
LPL, another lipolytic hormone [26]. Elevated LPL activity and intravascular lipol-
ysis stimulate uptake of FA and glycerol into adipose tissue, leading to expansion 
of adipose tissue mass, as mentioned earlier [17]. This GC-dependent increase in 
LPL activity is thought to be due to increased transcription of LPL mRNA or post-
translational modifications such as inhibiting the degradation of newly synthesized 
LPL [26–28].

Chronic GC exposure leads to adipose tissue expansion which suggests enhanced 
total body lipogenesis despite a possible increase in lipolysis [3]. To our knowledge, 
only two small studies have examined lipolysis in the setting of chronic endogenous 
GC exposure caused by CS [16, 38]. When examined ex vivo, glycerol release was 
reduced in femoral and abdominal adipose tissue from women with active CS, sug-
gesting decreased lipolysis [16]. Conversely, glycerol concentrations were elevated in 
in vivo subcutaneous adipose tissue from patients with CS consistent with increased 
lipolysis [38]. Therefore, GCs possibly regulate factors such as hormone or neuronal 
signals in tissues other than adipose, which indirectly control adipose tissue function-
ality and may override the direct effects of GCs on adipose tissue [3].

Exposure to GCs leads to whole-body insulin resistance; however, the individual 
action in each tissue may vary. In fact, studies have shown that dexamethasone 
enhances insulin signaling and activity in human adipose tissue [39–42]. Forty-
eight-hour dexamethasone pre-treatment led to a dose- and time-dependent increase 
in insulin-stimulated protein kinase B/akt phosphorylation and insulin receptor sub-
strate (IRS)-1 phosphorylation in human adipocytes, but the reverse effect in skel-
etal muscle. These effects were mediated through induction of insulin receptor (IR), 
IRS-1, IRS2, and the p85 regulatory subunit of phosphoinositide-3-3-kinase, which 
led to augmented insulin-mediated activation of akt [40, 41]. Subsequent investiga-
tion showed that both short-term (24 h) and longer-term (7 day) exposure of differ-
entiated human adipocytes ex vivo to dexamethasone increased insulin signaling, 
consistent with increased sensitization, whereas chronic high-dose GC exposure led 
to insulin resistance [42]. This was consistent with an in vivo study which showed 
that overnight administration of hydrocortisone induced systemic insulin resistance, 
but enhanced insulin signaling and uptake in subcutaneous adipose tissue [43]. 
These studies imply that the effect of GCs on insulin action may be tissue-depen-
dent—increasing insulin sensitization in subcutaneous adipose tissue while induc-
ing insulin resistance in muscle.

Lastly, GC treatment was shown to inhibit 5′ adenosine monophosphate-activated 
protein kinase (AMPK) activity in rat visceral, but not subcutaneous adipose tissue 
[44]. AMPK is a key regulatory enzyme of lipid and carbohydrate metabolism as 
well as appetite. This observation is supported by data showing that, compared to 
control patients, patients with CS demonstrated a 70 % lower AMPK activity in 
visceral adipose tissue [45].

A.A. Opata et al.



9

In conclusion, the long-term exposure to elevated GC levels results in adipose 
tissue accumulation and altered distribution. These body composition changes are 
associated with insulin resistance in part via increased lipolysis, enhanced systemic 
elevations in FA and TG, and impaired insulin signaling.

�GC Regulation of Skeletal Muscle

�GC Regulation of Skeletal Muscle Composition

After Dr. Harvey Cushing’s first description of muscle weakness in his case report of 
Minnie G in 1910 [46], it was not until Drs. Muller and Kugelberg’s 1959 case series 
of six patients with CS when GC-induced myopathy was further described [2, 47]. 
Since then, a few clinical studies examining muscle function, histology, and metabo-
lism in patients with CS have provided some framework for understanding the effects 
of GCs on muscle [48, 49]. GC-induced myopathy typically presents as proximal 
weakness, with predominant involvement of the lower extremities, and is seen in 
56–90 % of patients with CS [2, 50]. Patients with CD also have reduced skeletal 
muscle mass compared to weight-matched controls [5], and surprisingly, skeletal 
muscle mass may continue to decrease over time after surgical remission [6]. Effects 
of GCs on muscle may be related to dose, type of GC (when given exogenously), 
duration of exposure, and specific muscle fiber type [48, 49]. In order to better under-
stand the role of GCs in muscle mass and function, a brief review of muscle fibers 
followed by mechanisms underlying GC-mediated myopathy will be discussed.

Muscle fibers are categorized into slow twitch oxidative (Type I), fast twitch 
oxidative (Type IIa), and fast twitch glycolytic fibers (Type IIb); additional fiber 
types (Ic, IIc, IIab, IIac) are based on myosin ATPase histochemical staining [51]. 
Type 1 fibers are characterized by high levels of slow isoform contractile proteins, 
mitochondria, myoglobin and capillary densities, and oxidative capacity. Type IIa 
fibers are defined as having a high oxidative capacity with fast contraction, whereas 
type IIb fibers are described by low volumes of mitochondria, high glycolytic 
enzyme activity, increased rate of contraction, and low fatigue resistance [2].

More than 30 years ago, investigators used myometers and strain gauge tech-
niques to quantitatively assess proximal weakness in patients with GC-induced 
myopathy, in addition to needle biopsy of muscle and 24 h urinary 3-methylhisti-
dine excretion [50]. Fiber atrophy, specifically of type II fibers, is the classic his-
tological abnormality associated with GC-mediated myopathy; interestingly, this 
finding is also present in other endocrinopathies including thyrotoxicosis, myx-
edema, and osteomalacia [2, 52]. Patients with CS have reduced type II fiber mean 
area, myopathic changes (including increased polyphasic muscle potentials on 
EMG), and an elevated 24 h urinary 3-methlyhistidine/creatinine ratio (an assess-
ment of myofibrillar protein breakdown) [50]. Other ultrastructural changes asso-
ciated with CS myopathy include pronounced mitochondrial damage, thickening 
and deep invaginations of the sarcolemmal basement membrane, and thickening 
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of the basement membrane capillaries [53]. Muscle fibers from CS patients also 
demonstrate marked disarray and wide interfibrillar spaces containing large vacu-
oles which represent degenerated mitochondria [53]. Interestingly, Khaleeli et al. 
noted that histological abnormalities were more pronounced in the group of 
patients exposed to exogenous GCs for the treatment of inflammatory conditions 
compared to patients with endogenous CS. This was thought to be secondary to 
the high cumulative exposure of GCs, but alternatively it was also suggested that 
induction of 11BHSD1, which is present in human skeletal muscle, might also be 
increased in inflammatory conditions, as has been demonstrated in adipose tissue 
and bone [54].

�Mechanisms Underlying GC-Mediated Myopathy

GC excess is associated with a decreased rate of protein synthesis and an increased 
rate of whole body proteolysis, even in patients who receive GC treatment for a 
short duration [2]. Skeletal muscle atrophy is a well-described adverse consequence 
of excess GC exposure [5]. Age is thought to impact the severity and mechanism of 
these catabolic effects; studies in rats have shown that GCs caused more severe 
atrophy in older compared to younger rats [55].

The inhibitory effects of GCs on protein synthesis are multifactorial. First, 
GCs inhibit the transportation of amino acids into the muscle [56]. Second, GCs 
inhibit the stimulatory action of insulin, insulin like growth factor-I (IGF-1), and 
amino acids (specifically leucine) on the phosphorylation of eIF4E binding pro-
tein (4E-BP1) and the ribosomal protein S6 kinase 1 (S6K1), two factors that are 
instrumental in the initiation of translation of mRNA responsible for the protein 
synthesis machinery [57]. Finally, GCs may inhibit myogenesis by down-regulat-
ing myogenin, a transcription factor mandatory for the differentiation of satellite 
cells to muscle fibers [58].

The stimulatory effect of GCs on muscle proteolysis is a result of the activation 
of major cellular proteolytic systems, specifically the ubiquitin-proteasome system 
(UPS), the lysosomal system (cathespins), and the calcium-dependent system (cal-
pains) [59]. Thus, there is enhanced degradation of myofibrilliary fibers, which is 
evident by increased 3-methlyhistidine excretion. GCs activate protein degradation 
by stimulating the expression of several components of the UPS, which are either 
directly involved in protein degradation by a proteasome or by conjugation of pro-
tein to ubiquitin marking it for degradation [55].

Other factors that have been implicated in the development of GC-mediated 
myopathy include altered production of growth factors that locally control muscle 
development, specifically IGF-1. GCs inhibit IGF-1 production in muscle [60]. 
IGF-1 stimulates muscle mass by increasing protein synthesis and myogenesis 
while decreasing proteolysis and apoptosis [61, 62], linking decreased IGF-1 
expression to GC-induced muscle atrophy [55]. Recent studies have shown that 
IGF-1 down-regulates the lysosomal, proteosomal, and calpain-dependent proteo-

A.A. Opata et al.
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lytic systems [63–65], suppresses muscle cell atrophy caused by GCs [66], and 
interestingly prevents GC-induced muscle atrophy as evidenced by systemic 
administration or local overexpression of IGF-1 in rat skeletal muscle [67].

GCs also stimulate the production of myostatin (Mstn), a member of the trans-
forming growth factor-beta family, and a potent inhibitor of muscle growth which 
down-regulates the proliferation and differentiation of satellite cells and protein 
synthesis [68]. In vitro data show that Mstn contributes to muscle cell atrophy by 
reversing the IGF-1/PI3K/Akt hypertrophy pathway; this finding was further 
solidified by a murine model that revealed that targeted disruption of Mstn gene 
expression in mice led to significant increases in skeletal muscle mass due to 
fiber hyperplasia and/or hypertrophy [55, 69, 70]. Interestingly, in humans, loss 
of function mutations of Mstn cause muscle hypertrophy, a rare condition char-
acterized by reduced body fat and increased muscle size [71]. Furthermore, 
transgenic mice over-expressing Mstn in skeletal muscle have muscle atrophy 
[72, 73], and rats that were treated with dexamethasone in an effort to induce 
muscle atrophy were found to have significantly increased levels of Mstn mRNA 
expression and protein concentrations [74]. Further, in contrast to wild-type 
mice, Mstn knockout mice did not develop reduced muscle mass or fiber cross-
sectional area after treatment with GCs [75]. Thus, increased muscle Mstn has 
been implicated as a key player in GC-induced muscle atrophy.

�GC Regulation of Glucose Metabolism and Insulin Resistance 
in Skeletal Muscle

Skeletal muscle is the largest source of glycogen storage in the human body and 
accounts for 80 % of insulin-mediated, postprandial glucose uptake [76, 77]. GCs 
inhibit glucose uptake and utilization largely through antagonizing the actions of 
insulin in skeletal muscle. GCs also alter lipid and protein metabolism within skel-
etal muscle which leads to reduced insulin sensitivity [78–80].

One of the mechanisms by which GCs impede glucose uptake is by inhibiting 
insulin-stimulated translocation of the glucose transporter GLUT 4 to the plasma 
membrane, as demonstrated in mice treated with dexamethasone [81, 82]. GCs 
have also been shown to interfere with the insulin signaling cascade in skeletal 
muscle both in vitro and in vivo [83–86]. Insulin binds to the cell-surface IR, a 
tyrosine kinase that autophosphorylates and phosphorylates the IRS. Tyrosine-
phosphorylated IRS associates with IR and activates downstream signaling [87]. 
Dexamethasone-treated mice have decreased expression and activity of tyrosine 
phosphorylated IR and IRS-1 [83]. The activity of phosphatidylinositol 3-kinase 
(PI3-K) and protein kinase B (PKB)/Akt, key signaling molecules that act down-
stream, is also reduced after GC exposure [83, 84, 86, 88]. Furthermore, GCs 
decrease glycogen synthesis and promote insulin resistance by suppressing glycogen 
synthase-3 phosphorylation [88]. A randomized cross-over study to determine the 
effect of 6 days of prednisone in 7 young healthy volunteers showed that although 
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insulin infusion increased glucose uptake in both groups, uptake was 65 % lower in 
the prednisone-treated group versus the placebo group [89].

GCs also reduce insulin sensitivity, and subsequently glucose uptake, in skeletal 
muscle through effects on lipid metabolism. Elevated GCs stimulate adipose tissue 
lipolysis, which results in increased circulating levels of FA and TG [90, 91]. This 
enhances the accumulation of intramyocellular lipids (droplets of TG in skeletal 
muscle fibers) such as fatty acyl CoA and diacylglycerol (DAG), which are strongly 
correlated with reduced glucose uptake and insulin resistance [92, 93]. It has been 
shown, using magnetic resonance spectroscopy, that intramyocellular lipids decrease 
insulin signaling by activation of a serine/threonine kinase cascade involving pro-
tein kinase C, IKK-B and c-Jun amino-terminal kinases (JNKs). Phosphorylation of 
these serine sites leads to formation of proteins that are unable to activate PI3-K, 
which results in decreased glucose transport as discussed earlier [80].

Inter-muscular adipose tissue is another recently recognized ectopic adipose 
depot that is located beneath the muscle fascia but between the muscle groups (i.e. 
fat “marbling” within the muscle). It has been associated with development of insu-
lin resistance [94], but was not found to be different in patients with CD vs. weight 
matched controls as measured by whole-body MRI [5].

As discussed above, enhanced protein breakdown and consequently elevated circu-
lating amino acids (AA) have been reported after short-term high-dose GC treatment 
[95]. Elevated AA can impede insulin signaling by inhibiting insulin-stimulated IRS 
phosphorylation and activation of P13-K in cultured hepatoma cells and myocytes 
[96], leading to reduced glucose uptake and glycogen synthesis [78, 79]. Hence, the 
combined effects of reduced total muscle area and increased circulating AA lead to 
decreased insulin-mediated glucose uptake after prolonged GC exposure.

�GC Effects on Liver

Excess GC exposure can increase glucose production and promote insulin resistance 
through regulation of carbohydrate and lipid metabolism in the liver. Several mecha-
nisms have implicated GCs in the stimulation of hepatic lipogenesis and insulin 
resistance both directly and indirectly. Similar to skeletal muscle, excess GCs disrupt 
the insulin signaling cascade in hepatic tissue [84, 97, 98]. Dexamethasone-treated 
rats have reduced IR binding in hepatocytes [97] and down-regulation of the IR [98]. 
Additionally, livers of rats treated with dexamethasone exhibit decreased tyrosine 
phosphorylation of the IR and IRS-1 [84].

GCs also increase endogenous glucose production (EGP) by the liver [99, 100]. In 
the basal state, this is driven by increased gluconeogenesis via various mechanisms. 
First, GCs induce rate-limiting enzymes for gluconeogenesis such as phosphoenol-
pyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6P) [99, 100]. 
PEPCK is required to generate glucose-6-phosphate, whereas G6P cleaves the phos-
phate allowing for glucose release into the circulation. The PEPCK gene contains GC 
response elements in its promoter region and plays a crucial role in GC-induced 
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hyperglycemia. Of note, GC-mediated expression of gluconeogenic enzymes, such as 
PEPCK, is dependent on the cholesterol-sensing liver X receptors (LXRa and LXRb), 
which influence the recruitment of GR to gluconeogenic promoters. Mice lacking 
LXRb, but not LXRa, were resistant to dexamethasone-induced hyperglycemia, 
hyperinsulinemia, and hepatic steatosis [101]. Second, since GCs promote muscle 
wasting, lipolysis, and breakdown of protein and fat stores, the availability of sub-
strates, such as alanine and glycerol, is increased, for gluconeogenesis in the liver 
[102–104]. Third, hepatic activation of the nuclear receptor peroxisome proliferator-
activated receptor (PPAR-α) is associated with GC-induced hepatic insulin resistance 
and hyperglycemia. One study showed that PPAR-α knockout mice treated with 
dexamethasone did not develop hyperglycemia or hyperinsulinemia, concluding that 
PPAR-α expression is necessary for GC-induced increases in EGP [105]. Other 
mechanisms for enhanced EGP include increased metabolite transport across the 
mitochondrial membrane and potentiation of the effects of other gluco-regulatory 
hormones such as glucagon and epinephrine [103]. GCs also affect hepatic glucose 
metabolism by directly antagonizing the actions of insulin. For example, ceramides 
which are lipid-derived signaling molecules mediate GC-induced hepatic insulin 
resistance by blocking Akt phosphorylation and activation [106].

In addition to altering hepatic carbohydrate metabolism, GCs play an important 
role in hepatic lipid metabolism. Intrahepatic lipids are associated with insulin resis-
tance and obesity and represent an important marker of cardiovascular risk, potentially 
even more so than visceral fat [107]. GC treatment leads to accumulation of intrahe-
patic lipids through various mechanisms including lipolysis of visceral adipose tissue, 
which leads to increased TG synthesis and delivery of free FA to the liver [108]. This 
leads to systemic hyperinsulinemia and hyperglycemia which drives de novo hepatic 
lipogenesis [109]. The critical role of GCs in hepatic lipid metabolism is demonstrated 
by improvement in hepatic steatosis and normalization of hepatic TG concentration in 
a fatty liver mouse model after liver-specific disruption of GR action [110].

GCs also enhance insulin-stimulated hepatic lipogenesis through upregulation of 
acetyl-CoA carboxylase and fatty acid synthase and increased very low-density 
lipoprotein (VLDL) production, resulting in increased TG levels, via inhibition of 
hepatic lipolysis [3, 111]. One small study reported enhanced VLDL secretion by 
the liver in patients with CD, which normalized after reduction of cortisol levels 
[91], and increased VLDL in healthy patients treated with prednisone [112], 
although these results have not been replicated.

Clinical data implicating GCs in the pathogenesis of hepatic steatosis are limited. 
Obese patients with nonalcoholic hepatic steatosis, measured via ultrasonography, 
had higher post-dexamethasone-suppressed cortisol values and insulin resistance 
compared to patients without steatosis [113]. Additionally, altered cortisol metabo-
lism has been reported in patients with hepatic steatosis [32, 114], which suggests a 
relationship between hepatic fat and altered cortisol sensitivity and regulation in the 
general population [3]. Although hepatic steatosis is a known sequelae of prolonged 
GC exposure, only one study has investigated this in CD patients and reported a 
prevalence of 20 % [115]. The prevalence of hepatic steatosis in the asymptomatic 
general population varies widely, with results ranging from 2.8 to 24 % [116–119], 
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and as high as 33.6 % in one study [120]. A few case reports have additionally linked 
the effect of excess GCs to fatty liver [121, 122]. As previously noted, H-magnetic 
resonance spectroscopy, the gold standard for determining hepatic lipid content, has 
never been investigated in humans exposed to excess GCs [3]. Therefore, although 
data suggest a link between chronic GC exposure and development and progression 
of hepatic steatosis, this topic warrants further investigation in clinical studies.

�GC Regulation of the Pancreas/β-Cell

The pancreas plays a vital role in glucose metabolism and is the major sensor of cir-
culating glucose. β-cells respond to increasing plasma glucose by secreting insulin in 
order to maintain euglycemia. The effects of GCs on β-cell function and insulin secre-
tion are complex and depend on the duration, dosage, and type of GC exposure.

Glucose uptake and its oxidation in β-cell mitochondria lead to a cascade of events 
including elevated adenosine triphosphate (ATP)/adenosine monosphosphate (ADP) 
ratio, influx of calcium, and activation of signaling pathways including protein kinase 
A (PKA) and protein kinase C (PKC) which stimulate insulin secretion [123]. GCs 
impair β-cell glucose metabolism by reducing the levels of GLUT2 and glucokinase 
(GK), therefore reducing glucose uptake and phosphorylation and downstream events 
[124, 125]. GCs also amplify glucose cycling by enhancing G6P activity [103, 126].

In vitro studies have shown that corticosterone inhibits the release of insulin in 
rodent islets following acute (within minutes) exposure [127, 128]. On the other 
hand, this rapid inhibitory effect is not seen in vitro with dexamethasone, a synthetic 
GC [129]. Only after a three-hour incubation period, isolated rat islet cells demon-
strated up to 75 % reduced glucose-induced insulin secretion. These events were 
mediated through impaired activation of the DAG-phospholipase C (PLC)/protein 
kinase C signaling system. Additionally, dexamethasone reduced cyclic adenosine 
monophosphate (cAMP) levels, leading to reduced PKA activity and hence reduced 
insulin secretion [129]. GCs have also been shown to inhibit insulin secretion via 
upregulation of voltage gated K+ channel activity, thereby leading to decreased 
calcium transport [130, 131].

In humans, GCs may also inhibit insulin secretion after acute exposure. A single dose 
of prednisolone administered to healthy subjects resulted in reduced insulin secretion 
during a meal with reduced insulinogenic index (ratio between change in insulinemia 
and change in glycemia) [132]. Another study showed that one dose of dexamethasone 
administered during an oral glucose tolerance test caused impaired glucose clearance, 
but had no effect on insulin sensitivity [133]. It should be noted, however, that this acute 
inhibitory effect has not always been noted, with another study showing a rise in circu-
lating insulin after acute administration of intravenous hydrocortisone [134].

Both in vitro and in vivo experiments suggest that this rapid inhibitory effect 
on insulin secretion may be due to increased sympathetic drive via activation of 
α-adrenergic signaling [135, 136]. For example, when hydrocortisone was 
administered to Swiss-Webster mice, the glucose-stimulated insulin levels were 
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suppressed in both fed and fasted mice compared to mice not given hydrocorti-
cone [135]. However, if the mice were given chlorisondamine or phentolamine 
(non-selective α-adrenergic antagonists) prior, this resulted in higher insulin lev-
els in response to the hydrocortisone-induced hyperglycemia [135].

Longer exposure (2–15 days) to dexamethasone or prednisolone in healthy subjects 
can lead to hyperinsulinemia with increased C-peptide and decreased insulin sensitiv-
ity [132, 133, 137]. In these studies, healthy subjects were able to compensate for the 
GC-induced insulin resistance, resulting in euglycemia or only modest increases in 
fasting hyperglycemia. Other studies have shown that this hyperinsulinemic state after 
prolonged GC treatment is mediated by augmented β-cell function and mass, which 
counteracts the insulin resistance caused by GCs [138, 139]. However, normoglyce-
mic subjects with reduced insulin sensitivity, first degree relatives of patient with Type 
2 diabetes mellitus, obese, and other susceptible subjects may not be able to compen-
sate [140–142]. In these settings, β-cell function does not correspond to the insulin 
demand and the imbalance of glucose homeostasis is more pronounced, resulting in 
hyperglycemia. These studies reinforce the concept that individual background is a 
critical factor when predicting the effects of GC exposure.

�GC Regulation of Bone

GCs have a significant effect on bone physiology, and long-term exposure of the 
skeleton to GCs can result in osteoporosis and increased risk for fractures [2, 143]. 
Thus, the prevalence of osteoporosis in patients with CS is very high: approximately 
55 % of women with CS have osteoporosis [144], and 19–50 % develop fractures, 
most commonly vertebral and rib fractures [2, 145–147]. Although bone mineral 
density may be decreased throughout the skeleton in CS patients, bone loss is most 
significant in areas rich in trabecular bone [146, 147]. First, the bone remodeling 
process and key cells will be briefly discussed, followed by a review of the mecha-
nisms of bone loss secondary to GCs.

�Bone Remodeling

Bone is dynamic tissue that is constantly undergoing catabolism (bone resorption) and 
anabolism (bone formation). Bone remodeling is the coupled process of bone break-
down followed by new bone formation; it occurs in bone multicellular units (BMU) 
consisting of osteoclasts, osteoblasts, and surrounding tissue, and is regulated by bio-
chemical and mechanical factors [148, 149]. Bone remodeling involves three consecu-
tive phases: resorption, reversal, and formation. Resorption begins with the migration 
of mononuclear preosteoclasts to the surface of bone. Then under the influence of 
cytokines, hormones, physical, and chemical stimuli, preosteoclasts mature into osteo-
clasts, which are multinucleated cells which are able to decalcify bone by creating 
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resorption pits [148, 149]. After osteoclastic resorption is complete, mononuclear cells 
appear on the bone surface in preparation for bone formation and to provide the neces-
sary signals for osteoblast differentiation and migration. The formation phase consists 
of osteoblasts which cover the resorbed bone with osteoid, a compound that becomes 
bone once calcified. These phases vary in length of time, with resorption lasting about 
two weeks, reversal continuing up to 5 weeks, and a timeframe up to 4 months for the 
completion of formation [148]. Typically, bone formation and resorption occur in con-
cert, but in conditions where bone resorption predominates or bone formation is com-
promised osteoporosis occurs [143].

Osteoblasts are specialized bone-forming cells with several important roles in 
bone remodeling which include expression of osteoclastogenic factors, production 
of bone matrix proteins, and bone mineralization [150]. Osteoclast maturation or 
osteoclastogenesis is regulated by various stimuli; one in particular is receptor acti-
vator of nuclear factor KB ligand (RANKL). RANKL is a transmembrane glyco-
protein expressed on the surface of osteoblasts/stromal cells in the bone, and its 
expression leads to increased osteoclast maturation and activity, as well as sup-
pressed apoptosis [149]. Interestingly, knockout mice lacking RANKL completely 
lack osteoclasts and the ability to resorb bone [151]. Additional factors stimulating 
osteoclastogenesis include sustained hyperparathyroidism, decreased sex steroids, 
and an increase in inflammatory cytokines [149]. Balancing the effects of RANKL, 
osteoblasts secrete a decoy receptor, osteoprotegerin (OPG), or osteoclast inhibitory 
factor (OCIF), which binds to RANKL preventing its interaction with RANK, sub-
sequently leading to decreased osteoclast maturation and survival.

�Mechanisms Underlying GC-Induced Osteoporosis

It is well-established that excess GCs reduce bone formation [152–164], which is 
the predominant mechanism of GC-induced osteoporosis, whereas studies on the 
effects on bone resorption have been conflicting [153–155, 157–160, 164]. One 
reason for these contradictory results is that many studies included patients with 
GC excess secondary to exogenous GC treatment for various disorders that impact 
bone turnover and mass independently [152, 159, 165–171]. Also, previous stud-
ies have included both eugonadal and hypogonadal patients, thus introducing 
another confounding factor in GC regulation of bone turnover and mass [172, 
173]. Lastly, bone resorption has been studied with nonspecific markers, such as 
urinary hydroxyproline and serum type I cross-linked C telopeptide [155, 157, 
160, 162, 163, 172, 174]. Despite these limitations, GCs do appear to increase 
resorption in concert with limiting formation, as evidenced by a study of 18 eugo-
nadal female CS patients who were compared to eugonadal healthy controls. This 
study demonstrated decreased osteoblastic function, increased bone resorption, 
and reduced bone mineral density (BMD) at the forearm, femur, and spine in CS 
patients versus healthy controls [164].
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An increase in bone resorption is likely responsible for the initial bone loss observed 
following GC exposure [143]. Previous studies proposed that this was caused by sec-
ondary hyperparathyroidism [152, 154–157, 159, 175–178]. GCs are known to decrease 
calcium absorption in the gastrointestinal system and increase urinary excretion of cal-
cium, resulting in elevated PTH levels [156]. Chiodini et al. identified secondary hyper-
parathyroidism, indicated by high PTH levels in the presence of normal plasma calcium 
levels, in a series of eugonadal CS patients, but noted no correlation between bone 
resorption markers and PTH levels [164]. The specific finding of trabecular bone loss 
in the setting of hyperparathyroidism, an entity known to typically affect cortical bone 
[179], further points to direct GC effects as the central cause of bone loss in patients 
with CS, and not secondary hyperparathyroidism [164]. Furthermore, patients exposed 
to GCs develop bone disease essentially characterized by decreased bone remodeling, 
whereas this is increased in patients with hyperparathyroidism [143].

Another mechanism contributing to increased bone resorption in patients with 
CS is decreased gonadotropin production. In estrogen deficiency, T-cell tumor 
necrosis factor (TNF-α) increases, stimulating bone resorption [156]. However, it is 
unclear whether TNF-α is elevated specifically in GC-induced hypogonadism [180]. 
As a final point, GC-induced bone resorption may involve RANK-L and OPG [143, 
181, 182]; GCs increase RANK-L, while decreasing OPG expression, resulting in 
enhanced osteoclastogenesis and bone resorption [143]. The abovementioned fac-
tors are thought to contribute to the initial bone loss seen in GC-induced osteoporo-
sis. Eventually, bone remodeling will be decreased because of the inhibitory effects 
of GCs on osteoblastogenesis resulting in reduced osteoblasts number and function, 
which subsequently leads to reduced signals for osteoclastogenesis and increased 
osteoclast apoptosis [143, 183].

Along with the effects on bone resorption, GCs stimulate collagenases, or matrix 
metalloproteinases (MMPs), by osteoblasts, which lead to matrix breakdown [156]. 
Specifically, osteoblasts exposed to GCs have increased collagenase 3 expression 
[143]. Of the three collagenases which have been described, collagenase 1 and 3 are 
responsible for the breakdown of type I collagen fibrils, the major component of the 
bone matrix [143]. Collagenase inhibition decreases bone resorption, as demon-
strated by mice with mutations of the collagenase 3 cleavage site in type I collagen 
that fail to resorb bone after exposure to PTH [143]. GC exposure also results in 
decreased degradation of collagenases, and when combined with an increased col-
lagenase level, contributes to type I collagen breakdown.

The effects of GCs on osteoblasts are complex and depend upon the stage of 
osteoblast growth and differentiation. GCs decrease the number of osteoblasts by 
decreasing cell replication, preventing differentiation of cells into mature osteoblasts 
[184] and enhancing mature osteoblast cell death [143]. Furthermore, GCs alter the 
function of osteoblasts; there is an associated decrease in type I collagen synthesis, 
which is likely secondary to transcriptional and posttranscriptional mechanisms 
[143] and leads to a decrease in available bone matrix for mineralization. CS patients 
are noted to have reduced serum levels of alkaline phosphatase and osteocalcin, 
which further demonstrates the inhibitory effect of GCs on osteoblastic function and 
parallels the changes seen by bone histomorphometry [143].
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�GC Effects on Skin

A variety of skin manifestations are seen in patients with CS, including violaceous 
striae, acne, hirsutism, acanthosis nigricans, superficial fungal infections, thinning 
skin, and easy bruisability [185]. GCs enhance the metabolism of proteinaceous 
tissues such as collagen, resulting in skin atrophy and fragility, and leading to striae 
and bruising [186]. Striae are dermal scars resulting from tears in the dermis that 
can occur with, but are not limited to, hypercortisolism [185]. GCs affect collagen 
formation in the dermis, and the cell type most likely to be affected is the skin fibro-
blast, which is responsible for collagen production and tissue repair [2]. Other skin 
features may depend upon the etiology of CS. In CD, elevated ACTH levels lead to 
increased adrenal androgens, which may cause hirsutism, male pattern alopecia, 
and acne in women [186]. In ectopic ACTH syndrome, excessive circulating ACTH 
and POMC precursors can result in skin hyper pigmentation; in vitro, ACTH and 
Melanocyte-stimulating hormone (MSH) are similarly potent stimulators of mela-
nogenesis [187] through binding to the human melanocortin-1 receptor [188, 189].

One study that investigated the frequency and course of remission of skin mani-
festations in children and adolescents with CD treated with transsphenoidal surgery 
found variability in skin presentation. Pre-operative dermatologic findings included 
purple striae (77 %), hirsutism (64 %), acne (58 %), acanthosis nigricans (28 %), 
ecchymoses (28 %), hyperpigmentation (17 %), and fungal infections (11 %) [185], 
but no correlation was found between circulating GC levels and severity of skin 
findings. The frequency of all signs decreased significantly within the first 3 months 
postoperatively, and by one year, all of the skin findings had progressively disap-
peared, with the exception of striae, which were lighter in color [185]. The persis-
tence of striae for over 1 year after CD remission highlights the significant effects 
of GCs on skin structure and physiology.

�Conclusion

This review highlights the critical role of GCs in regulating body composition and 
metabolism. Chronic exposure to even subtle GC excess results in the development of 
excess abdominal and ectopic adipose tissue, myopathy, hepatic steatosis, impaired 
β-cell function, and insulin resistance. Prevalent forms of GC excess include exogenous 
exposure, as GCs are widely used in the treatment of autoimmune and rheumatologic 
diseases, and chronic stress with resultant activation of the HPA axis. In many instances, 
the extent of these effects depends on the chronicity, dose, and type of GC exposure. 
Even common obesity and the metabolic syndrome have been proposed as models of 
excess endogenous GCs, due to enhanced HPA axis activation, altered metabolism, and/
or a flattened cortisol circadian rhythm. Further knowledge of the underpinnings GC 
effects on adipose tissue and metabolism could provide rationale for new GC therapeu-
tic agents with reduced adverse (e.g. diabetogenic and adipogenic) effects.
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Glucocorticoid Regulation of Neurocognitive 
and Neuropsychiatric Function

Alberto M. Pereira and Onno C. Meijer

Abstract  The evolutionary conserved control of behaviour by glucocorticoids 
translates into a key role for glucocorticoids in the control of neuropsychological 
functioning. In accordance, both animal and human models of uncontrolled expo-
sure to glucocorticoids show impaired stress responsiveness, cognitive dysfunc-
tion, and a broad spectrum of neuropsychiatric disorders, ranging from severe 
depression and anxiety disorders to acute psychosis and delirium. Importantly, 
exogenous glucocorticoid administration can induce the same phenotype, proving 
the causal role of glucocorticoids per se on neurocognitive and neuropsychiatric 
functioning. Recent findings now indicate that these effects may be long-lasting 
and even may not be completely reversible because cognitive dysfunction and 
maladaptive personality traits persist in patients long-term after successful correc-
tion of glucocorticoid excess in the presence of altered coping strategies and 
affected illness perceptions. This implies that long-term care for both patients 
with pituitary and adrenal disorders and patients using glucocorticoids should 
incorporate self-management interventions that help to improve quality of life

Keywords  Glucocorticoids • Brain • Cortisol • Adrenal Insufficiency • Cushing’s 
syndrome • Animal models • Neurocognitive function • Neuropsychiatric function  
• Coping strategies • Illness perceptions • Quality of life

�Introduction: Regulation of the Stress Response  
(From an Evolutionary Perspective)

Evolution has provided us with powerful tools to ensure survival, and an adequate 
response to a stressor in this respect is fundamental. A normal stress response is a 
prerequisite for a normal behavioural and metabolic adaptation to the stressor. When 
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an individual is exposed to a stressor, the response is characterized by stimulation of 
the sympathetic nervous system (leading to catecholamine release) and activation of 
the hypothalamus–pituitary–adrenal (HPA) axis. Cortisol, or corticosterone in the 
rodent, is the main mediator of the adrenocortical stress response that ultimately 
serves only one purpose: to induce the required behavioural and metabolic adapta-
tions enabling the individual to adequately cope with the stressor. Thus, activation of 
the HPA axis, and consequently, increased cortisol secretion is fundamental for 
modelling the stress response [1]. Corticotrophin releasing hormone (CRH), secreted 
from parvocellular neurons of the paraventricular nucleus (PVN) in the hypothala-
mus, stimulates the pituitary to release adrenocorticotropin (ACTH) after cleavage 
from the pro-opiomelanocortin precursor. Subsequently, activation of ACTH recep-
tors in the adrenal cortex leads to the synthesis and secretion of glucocorticoids.

The regulation of stress-induced HPA activation occurs by so-called negative 
glucocorticoid feedback at the level of the anterior pituitary and hypothalamus. In 
clinical endocrinology, this negative feedback action exerted at the pituitary by syn-
thetic glucocorticoids is exploited in the diagnostic workup and subsequent treat-
ment of primary and secondary adrenal insufficiency. However, this clinical model 
of the HPA axis actually is a truncated model from a biological perspective, because 
higher centres, including brain stem catecholamines, modulate CRH production by 
the hypothalamus and limbic brain structures such as the amygdala [2]. This activa-
tion is of paramount importance in the responses to psychological stressors, which 
trigger emotional arousal and require cognitive operations for coping and storing 
the experience in the memory for future use. Glucocorticoids exert a strong feed-
back and feedforward action on these limbic forebrain areas [3]. Two nuclear recep-
tor types mediate this action exerted by these steroids: the mineralocorticoid (MR) 
and the glucocorticoid receptor (GR) [1].

In addition to the well-known genomic actions of glucocorticoids, recent evi-
dence suggests that rapid, non-genomic effects of glucocorticoids are mediated 
via lower affinity MR and GR variants localized in the cell membrane [4, 5]. 
This so-called fast negative-feedback control of glucocorticoid action appears to 
be mediated by another pleiotropic physiological system: the endocannabinoid 
system. Endocannabinoids play a pivotal role in the control of glucocorticoid 
action, via modulation of the excitatory action of glutamate on CRH neurons in 
the PVN [6]. Glutamate activation is a crucial step in the activation of the HPA 
axis and the inhibition of glutamate release appears to be specifically mediated 
by cannabinoids in the hypothalamic PVN.

Dysregulation of the activity of the HPA axis occurs when the glucocorticoid 
response is either inadequate, or too extreme and prolonged. This aberrant gluco-
corticoid response to stressors can have deleterious consequences for the organism. 
The inability to effectively terminate the stress response may lead to continued 
hypersecretion of glucocorticoids, which eventually leads to wear and tear of tissues 
and organs with an increased risk for metabolic and cardiovascular diseases, com-
promised immune responses, and psychopathology. Alternatively, an inadequate 
cortisol response is unable to restrain the initial stress reactions, as is the case for 
instance in inflammatory disorders and autoimmune diseases.
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�The Regulation of Emotion and Cognition by the HPA Axis 
(For Coping and Storing Experience in the Memory 
for Future use)

As stated in the introduction, the action of cortisol in the central nervous system 
is mediated by two steroid receptors, the mineralocorticoid (MR) and glucocorti-
coid receptor (GR). An appropriate balance of MR and GR activation is key for 
optimal control of emotion and cognition that is regulated by the limbic system. 
In accordance, MR and GR expression is high, especially in the hippocampus, 
amygdala, and prefrontal cortex [7, 8]. Basal levels of cortisol via MR stimulate 
neuronal excitation and determine the initial defence against the stressor, a finding 
that translates to vulnerability and resilience to psychiatric disease [9]. In con-
trast, stress-induced activation of GR coordinates the recovery, processing of 
information, and storage of the experience in the memory through reduction of 
neuronal excitation. In a general sense, these effects on excitability affect the 
overall activity of brain regions and circuits in ways that bias emotional and 
behavioural responses towards survival (e.g. by increasing likelihood of habitual 
rather than goal-directed responses [10]).

MR and GR activation depends foremost on binding of cortisol. High-affinity 
MRs are already occupied by low, basal levels of hormone, whereas GR affinity is 
such that substantial activation takes place during the circadian peak and after stress. 
Thus, mildly elevated trough levels may bias receptor activation towards the MR 
[11]. Intracellular prereceptor metabolism and differential tissue access are two 
other factors that determine cortisol levels ‘seen’ by the receptors [12, 13].

Next to hormone levels, absolute and relative MR/GR activation depends on 
expression and posttranslational modifications. Expression can vary as a conse-
quence of genetic variation [14], early life programming effects [15], and regulation 
during adult life (see below). Because MRs can be considered tonically activated 
even at relatively low levels of cortisol, it has been argued that regulation of receptor 
amount is an important level of regulation. However, receptor regulation of expres-
sion is also a relevant variable for GR, for example, in view of its homologous 
down-regulation upon chronic hormone exposure [16].

The MR- and GR-dependent effects are not autonomous, but occur in conjunc-
tion with central stress-responsive transmitters such as noradrenalin, corticotrophin-
releasing hormone (CRH), and urocortins. A prime example is the interaction 
between noradrenalin and glucocorticoid hormones in the amygdala and hippocam-
pus that underlies stress-induced facilitation of memory consolidation [17]. The 
effects of cortisol interact with those of other neurotransmitters in two ways.

First, because cortisol affects neuronal excitability rather than neuronal firing per 
se [18], the effects are permissive: they bias how the brain responds depends on the 
current state of activity and demands on the system. For example, neuropsychiatric 
symptoms that can be induced by cortisol and its synthetic homologues include 
psychosis [19]. It can be expected that this particular vulnerability is highest in 
subjects that—in absence of any psychopathology—have high basal activity of 
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dopaminergic signalling, or other pathways that can be causal to psychotic states. 
Permissive effects imply that ‘moving parts’ of the circuit are affected most strongly. 
A hypothesis that is testable is that this vulnerability becomes manifest in an inter-
action between high cortisol and variation in psychosis-related genes.

A second context-dependence lies in effects of neurotransmitters on functionality 
of the MR and GR. Animal studies have shown that activation of brain-derived neu-
rotropic factor (BDNF) increases the phosphorylation of the GR in the hypothalamus. 
This in turn potentiates many effects of GR on gene expression [20]. Likewise, a prior 
history of stressful circumstances led to a dramatic change in the genes that were 
regulated in the rat hippocampus upon treatment with a single dose of corticosterone. 
Genome-wide analysis revealed that corticosterone could regulate the expression of 
around 600 genes in the hippocampus both in naïve and in chronically stressed rats. 
Strikingly, only 50 % of these genes were common to both groups. This implies that 
previous, recent history substantially remodels—via unknown mechanisms—the way 
in which the neuronal circuits respond to glucocorticoid exposure [21].

�Animal Models of HPA Axis Disturbances

Animal studies have been indispensable to gain insight in the many effects of corti-
costeroids and their underlying mechanisms [22]. Of note, the sole glucocorticoid 
in rodents is corticosterone, which does differ from cortisol in some aspects, most 
notably in relation to transport into tissues [12]. Such species differences become 
even more pronounced when studying cortisol in the context of stress-related brain 
circuitry, as readouts of psychological state are necessarily indirect in rodents. A 
prime example has been the Porsolt forced swim test, in which active swimming/
struggling is compared to passive floating. This behaviour is surely strongly depen-
dent on glucocorticoids, but the interpretation of these effects has been given very 
differently, either as inducing a depression-like state or rather as adaptive memory 
processes [23].

Nevertheless, animal models do give insights on the brain effects of glucocorti-
coids per se and on their roles as mediators of the consequences of physical and 
psychological stress. Classic models of glucocorticoid exposure include treatment 
via implanted pellets and drinking water. Such studies—in absence of stressors—
have revealed many principles of feedback regulation [24] and genomic targets 
predominantly in the hippocampus. Many of these targets are evolutionary con-
served [25]. Such studies have also shown the consequences of chronic hypercor-
tisolemia for the morphology of neurons and size of brain areas. Earlier studies 
revealed the vulnerability of the hippocampus to glucocorticoid exposure, includ-
ing shrinking of dendrites of the principal cells in the CA3 area and effects on 
adult neurogenesis in the dentate gyrus.

Of note, it is not only the overall amount of cortisol that is important, but also the 
pattern of exposure over the day—as is clear from the imperfections of current 
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replacement therapies. An elegant approach to studying the importance of circadian 
variation has been to treat animals with low, constant levels of corticosterone, which 
leads to suppression of the endogenous secretion at the time of circadian peak. This 
regimen ensures flattened diurnal rhythms in absence of hypercorticism [26]. It has 
been useful to study both negative feedback and corticosterone effects on hippo-
campal gene expression [11, 16]. Also, the importance of the ultradian rhythm of 
glucocorticoid rhythms was revealed in rats, showing marked effects on behavioural 
and endocrine stress responsiveness that correlated with changes in neuronal activa-
tion in the amygdala . Twelve hours of constant low, rather than absence of a corti-
costerone rhythm led to a blunted neuronal response to an acute stressor stressor, in 
conjunction with a blunted ACTH response to the stressor. In this setting, also the 
timing of the stressor relative to the phase of ultradian peaks was of consequence, 
suggesting rapid feedback effects from these one-hour corticosterone peaks [27].

A last approach to study the effects of glucocorticoids on the brain makes use of 
the fact that dexamethasone strongly suppresses ACTH secretion at the level of the 
pituitary, but at low doses do not penetrate into the brain [28, 29]. In this way, a state 
of selective central hypocorticism can be created [30]. This approach was used to 
demonstrate the importance of glucocorticoid rhythmicity for the plasticity of den-
dritic spines—the contact points for synaptic contacts that form the structural basis 
for plasticity of the brain. Circadian glucocorticoid peaks allowed the formation of 
dendritic spine, while troughs were required for stabilizing newly formed spines, 
which are important for long-term memory retention [31].

The role of MR and GR in individual cell types of the brain has also been 
approached using transgenic methodologies, using either advanced transgenic mice 
[32] or local manipulation of expression in adult mice [33, 34].

There is a plethora of models for glucocorticoids as mediators of the effects of 
stress. Steroids in general can have either long-term programming effects, or more 
adaptive activational effects. In line, there are models that focus on early life stress-
ors, stressors during adolescence, and stressors during adult life. The latter have a 
logical extension to any animal model for disease that is available.

Early life experience—even in utero—can have major consequences for the 
development of emotional reactivity in later life [35]. Consequences of early life 
stress often include the development of anxiety and reprogramming of the HPA axis 
[36, 37]. This type of programming was recognized in animal studies as early as the 
1950s [38]. Many types of early life stressors have been used, ranging from 24 h 
separation between mother and pup to creating ‘disorganized mothers’ by limiting 
the amount of bedding material that is available to the dam [39]. The direct contri-
bution of glucocorticoids in the development of later life changes has mainly been 
studied in the prenatal models, also in relationship to the barrier function of the 
placenta for maternal cortisol [40].

The effects of stress-induced corticosterone have also been extensively stud-
ied using rodent models. The different types of stressors differ in physical and 
psychological components, intensity, duration, predictability, and controllability. 
Much is known on the role of glucocorticoids in models for single traumatic 
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events, based on fear-conditioning paradigms [41]. However, many clinical issues 
involve more chronic exposure to stress and cortisol. The often-used stressor of 
repeated restraint can lead to substantial habituation of at least the HPA-axis 
response [42], and while this is accompanied by strong changes in the brain reac-
tivity [21], it does not model chronically elevated cortisol. Therefore, many 
recent studies have taken to the non-habituating models of chronic unpredictable 
stress [43]. Certainly, many effects observed in these models depend on elevation 
of glucocorticoid levels [44].

However, even if stress and glucocorticoids predispose to disease, a stress-
model per se may not suffice to study particular pathologies. In this respect, there 
is more direct information in combining existing disease models and treatment 
with MR and GR agonists or antagonists. A case in point is a recent impressive 
study where the GR antagonist mifepristone was efficacious both in a rat model of 
alcohol abuse and in a group of addicted human subjects [45]. In particular, such 
studies using receptor antagonists (or cortisol-lowering agents [46]) point to 
involvement of cortisol in pathogenic processes, even in situations without an 
obvious or dominant stress-related component.

�Human Models for the Effects of Glucocorticoids 
on Neuropsychological Function

�Cushing’s Syndrome

Cushing’s syndrome is a rare endocrine disorder characterized by long-term expo-
sure to elevated endogenous glucocorticoid levels. Cushing’s syndrome is caused 
by either an ACTH secreting pituitary adenoma (70 % of cases), ectopic ACTH 
secretion (mostly bronchial carcinoids), or by autonomous cortisol hyper-secretion 
secondary to an adrenal adenoma/carcinoma, or adrenal hyperplasia. Cushing’s 
syndrome can also be induced by long-term administration of supraphysiological 
doses of synthetic corticosteroids, as is prescribed in clinical practice for a variety 
of inflammatory conditions and autoimmune diseases. This so-called exogenous 
Cushing’s syndrome is highly prevalent and insufficiently recognized in routine 
clinical practice, especially in the milder cases.

In accordance with the earlier described biological effects of glucocorticoids, the 
vast majority of patients with Cushing’s syndrome have both physical and psycho-
logical morbidity [47]. In patients with active or uncontrolled disease, neurocogni-
tive function (that includes cognition, mood, and personality) is affected, and 
psychopathology is also often observed. In active Cushing’s syndrome, the fre-
quency of psychiatric symptoms was reported starting in the early 1980s, demon-
strating that symptoms like irritability, depressed mood, and anxiety were present in 
the majority of the patients [48]. In accordance, depression was present in more than 
50 % of patients in a large cohort of patients with Cushing’s disease reported by 
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Sonino and colleagues, and was significantly associated with older age, female sex, 
higher pretreatment urinary cortisol levels, a more severe clinical condition, and no 
pituitary adenoma on pituitary imaging [49]. Intriguingly, an increased overall psy-
chiatric disability score was associated with increased cortisol secretion. In addition, 
patients with active Cushing’s syndrome report cognitive impairments, like memory 
problems and lack of concentration [50, 51]. Thus, the most common comorbid 
disorder is major depression, and a severe clinical presentation of Cushing’s often 
also includes depression (though to a lesser extent mania and anxiety disorders have 
also been reported). These observations are in line with the pivotal evolutionary role 
ascribed to cortisol in the control of mood and behaviour. Because limbic structures 
like the hippocampus and the prefrontal cortex are rich in glucocorticoid-receptors, 
these clinical observations suggest that these structures are particularly vulnerable to 
the cortisol excess as is present in Cushing’s syndrome.

The limited numbers of patients who have been reported after treatment indicate 
that a significant improvement occurs within the first year after treatment [52, 53]. 
In addition, reduction of glucocorticoid synthesis or action, either with metyrapone, 
ketoconazole, or mifepristone, rather than treatment with antidepressant drugs, is 
generally successful in relieving depressive symptoms, as well as other disabling 
symptoms [54, 55]. Thus, following successful correction of hypercortisolism, both 
physical and psychiatric signs and symptoms improve substantially. In the long-
term, however, it now becomes evident from an accumulating number of studies 
that patients do not completely return to their premorbid level of functioning. These 
studies demonstrated residual physical and psychopathological morbidity despite 
long-term biochemical remission [56–59]. In addition, patients with long-term 
remission of CD reported persistent impairments in cognitive functioning [58, 60] 
and a reduced quality of life [61]. To which extent psychopathology still affects 
general well-being after long-term cure of CS is still, however, not clear.

An emerging topic of interest in this respect is the relation between glucocorti-
coid excess and changes in brain structure and function, and consequently, its 
relation with neuropsychological dysfunction.

The first observations in the human indicating that long-term exposure to 
elevated glucocorticoids may affect the brain were reported by Lupien and col-
leagues [62]. In that particular study, exposure to prolonged elevated cortisol 
levels in aged humans led to reduced hippocampal volumes as well as memory 
deficits (when compared to controls with normal cortisol levels). In later studies, 
however (in healthy young men), a larger hippocampal volume got associated 
with a greater cortisol response both in a social stress test (Trier social stress 
test) and in the cortisol awakening response, questioning the relevance of the 
former finding in aged individuals for younger individuals [63]. Many psychiat-
ric diseases, like major depressive and bipolar disorder, have been linked to 
alterations in the HPA axis [64, 65], and GC receptor polymorphisms that alter 
glucocorticoid sensitivity have been associated with depression (reviewed in 
[66]). In addition, other studies in patients with psychiatric diseases indicate that 
limbic structure volumes, like the hippocampus and the amygdala, are smaller 
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[67, 68], though these changes may also be associated with brain aging and 
interact with the progression of the disorder [69].

The effects of Cushing’s syndrome on the brain, reflecting long-term excessive 
overexposure to endogenous cortisol, were recently reported in a systematic review 
[52]. This review systematically evaluated all studies in patients with active and 
remitted Cushing’s disease or syndrome using MRI (n = 19). These studies demon-
strated that structural abnormalities in the grey matter were present in patients with 
active disease, which were characterized by smaller hippocampal volumes, enlarged 
ventricles, and cerebral atrophy (see also: [70]). In addition, functional changes 
occurred, characterized by alterations in neurochemical concentrations and func-
tional activity. Intriguingly, the reversibility of structural and neurochemical altera-
tions after correction of cortisol excess was incomplete, even when patients were 
evaluated after long-term remission. The structural alterations after long-term 
remission included smaller grey matter volumes of the anterior cingulate cortex, 
greater grey matter volume of the left posterior lobe of the cerebellum [71], and 
widespread reductions in white matter integrity [72, 73]. Long-lasting functional 
alterations included increased resting state functional connectivity between the lim-
bic network and the subgenual subregion of the anterior cingulate cortex [74] and 
altered neural processing of emotional faces [75]. Some findings as obtained using 
MRI were related to the severity of the cortisol excess, and others also to neuropsy-
chological functioning (as reflected by mood, cognition, and emotional functioning) 
and quality of life. This points towards persistent changes in brain function after 
previous exposure to hypercortisolism.

�Adrenal Insufficiency

Adrenal insufficiency per se, by definition, will result in impaired stress respon-
siveness. In the human, this is best exemplified by the clinical application of the 
insulin tolerance test that is considered the golden standard for the diagnosis of 
adrenal insufficiency. The test is based upon induction of the stress response by 
insulin-induced hypoglycaemia, which from an evolutionary perspective is one of 
the most potent physiological stressors because it is potentially lethal. In accor-
dance, the response to severe hypoglycaemia is characterized both by a sympa-
thetic noradrenergic response (tachycardia, agitation, sweating, etc.) and 
stimulation of cortisol secretion through activation of the HPA axis. Patients with 
adrenal insufficiency (regardless the cause) are not able to secrete sufficient corti-
sol after hypoglycaemia (and fail this test). The subsequent metabolic and behav-
ioural adaptations orchestrated by cortisol via the mineralo- and glucocorticoid 
receptor are not or insufficiently induced. Thus, by definition, these patients 
exhibit impaired stress responsiveness, and in accordance, even patients with 
adrenal insufficiency that were on stable hydrocortisone replacement reported 
impairments in quality of life [76–78].
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Cognitive function in patients with adrenal insufficiency on hydrocortisone 
replacement has been reported only in seven studies involving a total of 195 patients 
[79–85]. These studies indicate that mild cognitive deficits may persist, especially 
in memory and executive functioning tasks. Intriguingly, patients performed better 
on concentration and attentional tasks when compared with controls [83], and cog-
nitive function was neither affected by the dose used (high vs. low daily dose) [85], 
nor by postponement of the first daily dose by a few hours [83].

Besides cognition, neurocognitive functioning also includes mood and person-
ality. Adrenal insufficiency may present solely with psychiatric manifestations 
[86, 87] and epidemiological studies indicate that patients with adrenal insuffi-
ciency may be at increased risk of developing severe affective disorders. When 
hospitalized patients with Addison’s disease were compared to hospitalized 
patients with osteoarthritis, the former had a more than two times greater rate of 
affective disorders and 1.7 times greater rate of depressive disorders [88]. In the 
Leiden cohort, we observed more psychosocial morbidity (irritability and somatic 
arousal) in the presence of impairments in quality of life when patients with adre-
nal insufficiency were compared with controls. Patients and controls did not dif-
fer regarding maladaptive personality traits; however, the daily hydrocortisone 
dose proved to be strongly associated both with the prevalence of maladaptive 
personality traits and with depression [78].

�Patients Using Glucocorticoids

Glucocorticoids are frequently prescribed for various conditions like chronic 
obstructive pulmonary diseases and autoimmune diseases to inhibit the inflamma-
tory response. Soon after their introduction in the 1950s, the first cases were 
reported on severe neuropsychiatric manifestations after the initiation of gluco-
corticoid therapy [89, 90]. In agreement with the studies in endogenous CS 
reported by Sonino and colleagues, more than 50 % of patients exposed to gluco-
corticoids for more than 3 months developed neuropsychiatric symptoms/mani-
festations [91]. A recent review beautifully summarized the topic of the adverse 
neuropsychological consequences of glucocorticoid therapy [19]. The acute and 
long-term effects on both mood and cognition have been studied in prospective 
studies, and the severe neuropsychiatric effects in case studies and with the use of 
epidemiological databases [92]. The observed rates and spectrum of manifesta-
tions of depression, anxiety disorders, and cognitive dysfunction are similar to 
those as observed in endogenous Cushing’ syndrome and exemplifies that gluco-
corticoids can induce the same neuropsychological phenotype (in pre-disposed 
individuals). The most prominent risk factors identified were gender (male 
patients being more prone to develop mania and delirium, and female patients 
being more prone for depression), a past history for psychiatric disorders, and the 
initial daily glucocorticoid dose (in general above 40  mg of prednisone daily 
equivalent). Finally, withdrawal from long-term glucocorticoid therapy also 
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increases the risk for severe psychiatric manifestations. Again, a past history of 
psychiatric disease and also the use of long-acting glucocorticoids (especially 
dexamethasone) increased the risk for depression and delirium following 
discontinuation of glucocorticoid therapy [93].

�Summary and Conclusions

Glucocorticoids play a key role in the control of neuropsychological functioning, 
which is exemplified by the evolutionary conserved control of behaviour in the ‘fight 
or flight response’. In accordance, both animal and human models of uncontrolled 
(and therefore abnormal) exposure to glucocorticoids show impaired stress respon-
siveness, cognitive dysfunction, and a broad spectrum of neuropsychiatric disorders, 
ranging from severe depression and anxiety disorders to acute psychosis and delir-
ium (for a summary, see Table 1). The fact that the same phenotype can be induced 
by exogenous glucocorticoid administration proves the causal role of glucocorti-
coids per se on neurocognitive and neuropsychiatric functioning. Finally, it now 
becomes clear that these effects may be long-lasting and even may not be completely 
reversible because cognitive dysfunction and maladaptive personality traits persist 
in the presence of altered coping strategies and affected illness perceptions despite 
long-term optimal treatment. This implies that long-term care for both patients with 
pituitary and adrenal disorders and patients using glucocorticoids should incorporate 
self-management interventions that help to improve quality of life.

References

	 1.	de Kloet ER, Joels M, Holsboer F. Stress and the brain: from adaptation to disease. Nat Rev 
Neurosci. 2005;6(6):463–75.

	 2.	McCall JG, et  al. CRH engagement of the locus coeruleus noradrenergic system mediates 
stress-induced anxiety. Neuron. 2015;87(3):605–20.

	 3.	Laugero KD, et  al. Corticosterone infused intracerebroventricularly inhibits energy storage 
and stimulates the hypothalamo-pituitary axis in adrenalectomized rats drinking sucrose. 
Endocrinology. 2002;143(12):4552–62.

	 4.	 Jiang CL, Liu L, Tasker JG. Why do we need nongenomic glucocorticoid mechanisms? Front 
Neuroendocrinol. 2014;35(1):72–5.

	 5.	Karst H, et al. Mineralocorticoid receptors are indispensable for nongenomic modulation of 
hippocampal glutamate transmission by corticosterone. Proc Natl Acad Sci U S A. 
2005;102(52):19204–7.

	 6.	Evanson NK, et al. Fast feedback inhibition of the HPA axis by glucocorticoids is mediated by 
endocannabinoid signaling. Endocrinology. 2010;151(10):4811–9.

	 7.	Datson NA, et al. Identification of corticosteroid-responsive genes in rat hippocampus using 
serial analysis of gene expression. Eur J Neurosci. 2001;14(4):675–89.

	 8.	de Kloet ER, et al. Brain mineralocorticoid receptors and centrally regulated functions. Kidney 
Int. 2000;57(4):1329–36.

	 9.	Klok MD, et  al. A common and functional mineralocorticoid receptor haplotype enhances 
optimism and protects against depression in females. Transl Psychiatry. 2011;1(12), e62.

Glucocorticoid Regulation of Neurocognitive and Neuropsychiatric Function



38

	10.	Sousa N, Almeida OF.  Disconnection and reconnection: the morphological basis of (mal)
adaptation to stress. Trends Neurosci. 2012;35(12):742–51.

	11.	Meijer OC, Van Oosten RV, De Kloet ER. Elevated basal trough levels of corticosterone sup-
press hippocampal 5-hydroxytryptamine(1A) receptor expression in adrenally intact rats: 
implication for the pathogenesis of depression. Neuroscience. 1997;80(2):419–26.

	12.	Karssen AM, et al. Multidrug resistance P-glycoprotein hampers the access of cortisol but not 
of corticosterone to mouse and human brain. Endocrinology. 2001;142(6):2686–94.

	13.	Wyrwoll CS, Holmes MC, Seckl JR. 11β-hydroxysteroid dehydrogenases and the brain: from 
zero to hero, a decade of progress. Front Neuroendocrinol. 2011;32(3):265–86.

	14.	van Leeuwen N, et al. Human mineralocorticoid receptor (MR) gene haplotypes modulate MR 
expression and transactivation: implication for the stress response. Psychoneuroendocrinology. 
2011;36(5):699–709.

	15.	Turecki G, Meaney MJ. Effects of the social environment and stress on glucocorticoid receptor 
gene methylation: a systematic review. Biol Psychiatry. 2016;79(2):87–96.

	16.	Sarabdjitsingh RA, et al. Disrupted corticosterone pulsatile patterns attenuate responsiveness 
to glucocorticoid signaling in rat brain. Endocrinology. 2010;151(3):1177–86.

	17.	Roozendaal B, McGaugh JL. Memory modulation. Behav Neurosci. 2011;125(6):797–824.
	18.	Joels M, Sarabdjitsingh RA, Karst H. Unraveling the time domains of corticosteroid hormone 

influences on brain activity: rapid, slow, and chronic modes. Pharmacol Rev. 2012;64(4):901–38.
	19.	Judd LL, et al. Adverse consequences of glucocorticoid medication: psychological, cognitive, 

and behavioral effects. Am J Psychiatry. 2014;171(10):1045–51.
	20.	Lambert WM, et al. Brain-derived neurotrophic factor signaling rewrites the glucocorticoid tran-

scriptome via glucocorticoid receptor phosphorylation. Mol Cell Biol. 2013;33(18):3700–14.
	21.	Datson NA, et al. Previous history of chronic stress changes the transcriptional response to 

glucocorticoid challenge in the dentate gyrus region of the male rat hippocampus. 
Endocrinology. 2013;154(9):3261–72.

	22.	de Kloet ER, et al. Glucocorticoid signaling and stress-related limbic susceptibility pathway: 
about receptors, transcription machinery and microRNA. Brain Res. 2009;1293:129–41.

	23.	Molendijk ML, de Kloet ER.  Immobility in the forced swim test is adaptive and does not 
reflect depression. Psychoneuroendocrinology. 2015;623:89–91.

	24.	Dallman MF, et al. Regulation of ACTH secretion: variations on a theme of B. Recent Prog 
Horm Res. 1987;43:113–73.

	25.	Datson NA, et al. Specific regulatory motifs predict glucocorticoid responsiveness of hippo-
campal gene expression. Endocrinology. 2011;152(10):3749–57.

	26.	Akana SF, et  al. Feedback sensitivity of the rat hypothalamo-pituitary-adrenal axis and its 
capacity to adjust to exogenous corticosterone. Endocrinology. 1992;131(2):585–94.

	27.	Sarabdjitsingh RA, et al. Stress responsiveness varies over the ultradian glucocorticoid cycle 
in a brain-region-specific manner. Endocrinology. 2010;151(11):5369–79.

	28.	De Kloet R, Wallach G, McEwen BS. Differences in corticosterone and dexamethasone bind-
ing to rat brain and pituitary. Endocrinology. 1975;96(3):598–609.

	29.	Meijer OC, et al. Penetration of dexamethasone into brain glucocorticoid targets is enhanced 
in mdr1A P-glycoprotein knockout mice. Endocrinology. 1998;139(4):1789–93.

	30.	Karssen AM, et al. Low doses of dexamethasone can produce a hypocorticosteroid state in the 
brain. Endocrinology. 2005;146(12):5587–95.

	31.	Liston C, et al. Circadian glucocorticoid oscillations promote learning-dependent synapse for-
mation and maintenance. Nat Neurosci. 2013;16(6):698–705.

	32.	Ambroggi F, et al. Stress and addiction: glucocorticoid receptor in dopaminoceptive neurons 
facilitates cocaine seeking. Nat Neurosci. 2009;12(3):247–9.

	33.	Fitzsimons CP, et al. Knockdown of the glucocorticoid receptor alters functional integration of 
newborn neurons in the adult hippocampus and impairs fear-motivated behavior. Mol 
Psychiatry. 2013;18(9):993–1005.

	34.	Kolber BJ, et  al. Central amygdala glucocorticoid receptor action promotes fear-associated 
CRH activation and conditioning. Proc Natl Acad Sci U S A. 2008;105(33):12004–9.

A.M. Pereira and O.C. Meijer



39

	35.	Bock J, et  al. Stress in utero: prenatal programming of brain plasticity and cognition. Biol 
Psychiatry. 2015;78(5):315–26.

	36.	Klengel T, Binder EB. Epigenetics of stress-related psychiatric disorders and gene × environ-
ment interactions. Neuron. 2015;86(6):1343–57.

	37.	Schmidt MV, Wang XD, Meijer OC. Early life stress paradigms in rodents: potential animal 
models of depression? Psychopharmacology (Berl). 2011;214(1):131–40.

	38.	Levine S.  Infantile experience and resistance to physiological stress. Science. 
1957;126(3270):405.

	39.	Molet J, et  al. Naturalistic rodent models of chronic early-life stress. Dev Psychobiol. 
2014;56(8):1675–88.

	40.	Chapman K, Holmes M, Seckl J.  11β-hydroxysteroid dehydrogenases: intracellular gate-
keepers of tissue glucocorticoid action. Physiol Rev. 2013;93(3):1139–206.

	41.	Kaouane N, et  al. Glucocorticoids can induce PTSD-like memory impairments in mice. 
Science. 2012;335(6075):1510–3.

	42.	Grissom N, Bhatnagar S. Habituation to repeated stress: get used to it. Neurobiol Learn Mem. 
2009;92(2):215–24.

	43.	Willner P, et al. Reduction of sucrose preference by chronic unpredictable mild stress, and its 
restoration by a tricyclic antidepressant. Psychopharmacology (Berl). 1987;93(3):358–64.

	44.	Joels M, et al. Chronic stress: implications for neuronal morphology, function and neurogen-
esis. Front Neuroendocrinol. 2007;28(2-3):72–96.

	45.	Vendruscolo LF, et  al. Glucocorticoid receptor antagonism decreases alcohol seeking in 
alcohol-dependent individuals. J Clin Invest. 2015;125(8):3193–7.

	46.	Sooy K, et al. Cognitive and disease-modifying effects of 11β-hydroxysteroid dehydrogenase 
type 1 inhibition in male Tg2576 mice, a model of Alzheimer’s disease. Endocrinology. 
2015;156(12):4592–603.

	47.	Newell-Price J, et al. Cushing’s syndrome. Lancet. 2006;367(9522):1605–17.
	48.	Starkman MN, Schteingart DE. Neuropsychiatric manifestations of patients with Cushing’s 

syndrome. Relationship to cortisol and adrenocorticotropic hormone levels. Arch Intern Med. 
1981;141(2):215–9.

	49.	Sonino N, et al. Clinical correlates of major depression in Cushing’s disease. Psychopathology. 
1998;31(6):302–6.

	50.	Starkman MN, et al. Elevated cortisol levels in Cushing’s disease are associated with cognitive 
decrements. Psychosom Med. 2001;63(6):985–93.

	51.	Webb SM, et al. Evaluation of health-related quality of life in patients with Cushing’s syn-
drome with a new questionnaire. Eur J Endocrinol. 2008;158(5):623–30.

	52.	Andela CD, et  al. Mechanisms in endocrinology: Cushing’s syndrome causes irreversible 
effects on the human brain: a systematic review of structural and functional magnetic reso-
nance imaging studies. Eur J Endocrinol. 2015;173(1):R1–14.

	53.	Hook JN, et al. Patterns of cognitive change over time and relationship to age following suc-
cessful treatment of Cushing’s disease. J Int Neuropsychol Soc. 2007;13(1):21–9.

	54.	Jeffcoate WJ, et al. Psychiatric manifestations of Cushing’s syndrome: response to lowering of 
plasma cortisol. Q J Med. 1979;48(191):465–72.

	55.	Sonino N, Fava GA. Psychiatric disorders associated with Cushing’s syndrome. Epidemiology, 
pathophysiology and treatment. CNS Drugs. 2001;15(5):361–73.

	56.	Dorn LD, et al. The longitudinal course of psychopathology in Cushing’s syndrome after cor-
rection of hypercortisolism. J Clin Endocrinol Metab. 1997;82(3):912–9.

	57.	Milian M, et  al. Similar psychopathological profiles in female and male Cushing’s disease 
patients after treatment but differences in the pathogenesis of symptoms. Neuroendocrinology. 
2014;100(1):9–16.

	58.	Resmini E, et al. Verbal and visual memory performance and hippocampal volumes, measured 
by 3-Tesla magnetic resonance imaging, in patients with Cushing’s syndrome. J  Clin 
Endocrinol Metab. 2012;97(2):663–71.

	59.	Tiemensma J, et al. Increased prevalence of psychopathology and maladaptive personality traits 
after long-term cure of Cushing’s disease. J Clin Endocrinol Metab. 2010;95(10):E129–41.

Glucocorticoid Regulation of Neurocognitive and Neuropsychiatric Function



40

	60.	Tiemensma J, et al. Subtle cognitive impairments in patients with long-term cure of Cushing’s 
disease. J Clin Endocrinol Metab. 2010;95(6):2699–714.

	61.	van Aken MO, et al. Quality of life in patients after long-term biochemical cure of Cushing’s 
disease. J Clin Endocrinol Metab. 2005;90(6):3279–86.

	62.	Lupien SJ, et al. Cortisol levels during human aging predict hippocampal atrophy and memory 
deficits. Nat Neurosci. 1998;1(1):69–73.

	63.	Pruessner M, et al. The associations among hippocampal volume, cortisol reactivity, and mem-
ory performance in healthy young men. Psychiatry Res. 2007;155(1):1–10.

	64.	Antonijevic IA.  Depressive disorders—is it time to endorse different pathophysiologies? 
Psychoneuroendocrinology. 2006;31(1):1–15.

	65.	Belvederi Murri M, et  al. The HPA axis in bipolar disorder: systematic review and meta-
analysis. Psychoneuroendocrinology. 2016;63:327–42.

	66.	Spijker AT, van Rossum EF.  Glucocorticoid receptor polymorphisms in major depression. 
Focus on glucocorticoid sensitivity and neurocognitive functioning. Ann N Y Acad Sci. 
2009;1179:199–215.

	67.	Harrisberger F, et al. BDNF Val66Met polymorphism and hippocampal volume in neuropsychiat-
ric disorders: a systematic review and meta-analysis. Neurosci Biobehav Rev. 2015;55:107–18.

	68.	Malykhin NV, Coupland NJ.  Hippocampal neuroplasticity in major depressive disorder. 
Neuroscience. 2015;309:200–13.

	69.	Alves GS, et  al. Structural neuroimaging findings in major depressive disorder throughout 
aging: a critical systematic review of prospective studies. CNS Neurol Disord Drug Targets. 
2014;13(10):1846–59.

	70.	Burkhardt T, et al. Hippocampal and cerebellar atrophy in patients with Cushing’s disease. 
Neurosurg Focus. 2015;39(5), E5.

	71.	Andela CD, et al. Smaller grey matter volumes in the anterior cingulate cortex and greater 
cerebellar volumes in patients with long-term remission of Cushing’s disease: a case-control 
study. Eur J Endocrinol. 2013;169(6):811–9.

	72.	Pires P, et al. White matter alterations in the brains of patients with active, remitted, and cured 
cushing syndrome: a DTI study. AJNR Am J Neuroradiol. 2015;36(6):1043–8.

	73.	van der Werff SJ, et al. Widespread reductions of white matter integrity in patients with long-
term remission of Cushing’s disease. Neuroimage Clin. 2014;46:59–67.

	74.	van der Werff SJ, et al. Resting-state functional connectivity in patients with long-term remis-
sion of Cushing’s disease. Neuropsychopharmacology. 2015;40(8):1888–98.

	75.	Bas-Hoogendam JM, et al. Altered neural processing of emotional faces in remitted Cushing’s 
disease. Psychoneuroendocrinology. 2015;59:134–46.

	76.	Aulinas A, Webb SM. Health-related quality of life in primary and secondary adrenal insuffi-
ciency. Expert Rev Pharmacoecon Outcomes Res. 2014;14(6):873–88.

	77.	Bancos I, et  al. Diagnosis and management of adrenal insufficiency. Lancet Diabetes 
Endocrinol. 2015;3(3):216–26.

	78.	Tiemensma J, et al. Psychological morbidity and impaired quality of life in patients with stable 
treatment for primary adrenal insufficiency: cross-sectional study and review of the literature. 
Eur J Endocrinol. 2014;171(2):171–82.

	79.	Harbeck B, Kropp P, Monig H. Effects of short-term nocturnal cortisol replacement on cogni-
tive function and quality of life in patients with primary or secondary adrenal insufficiency: a 
pilot study. Appl Psychophysiol Biofeedback. 2009;34(2):113–9.

	80.	Henry M, Thomas KG, Ross IL. Episodic memory impairment in Addison’s disease: results 
from a telephonic cognitive assessment. Metab Brain Dis. 2014;29(2):421–30.

	81.	Klement J, et al. Effects of glucose infusion on neuroendocrine and cognitive parameters in 
Addison disease. Metabolism. 2009;58(12):1825–31.

	82.	Schultebraucks K, et  al. Cognitive function in patients with primary adrenal insufficiency 
(Addison’s disease) and the role of mineralocorticoid receptors. Psychoneuroendocrinology. 
2015;55:1–7.

	83.	Tiemensma J, et al. Mild cognitive deficits in patients on stable treatment for primary adrenal 
insufficiency. Psychoneuroendocrinology. 2015;61:46.

A.M. Pereira and O.C. Meijer



41

	84.	Tytherleigh MY, Vedhara K, Lightman SL.  Mineralocorticoid and glucocorticoid receptors 
and their differential effects on memory performance in people with Addison’s disease. 
Psychoneuroendocrinology. 2004;29(6):712–23.

	85.	Werumeus Buning J, et al. The effects of two different doses of hydrocortisone on cognition in 
patients with secondary adrenal insufficiency—results from a randomized controlled trial. 
Psychoneuroendocrinology. 2015;55:36–47.

	86.	Anglin RE, Rosebush PI, Mazurek MF. The neuropsychiatric profile of Addison’s disease: 
revisiting a forgotten phenomenon. J Neuropsychiatry Clin Neurosci. 2006;18(4):450–9.

	87.	Pavlovic A. Sivakumar V. Hypoadrenalism presenting as a range of mental disorders. BMJ 
Case Rep. 2011. pii: bcr0920103305. doi:10.1136/bcr.09.2010.3305.

	88.	Thomsen AF, et al. The risk of affective disorders in patients with adrenocortical insufficiency. 
Psychoneuroendocrinology. 2006;31(5):614–22.

	89.	Manzini B. Psychotic reactions during prednisone therapy. Riv Sper Freniatr Med Leg Alien 
Ment. 1958;82(2):417–29.

	90.	Piguet B.  Study of attacks of tetany and psychological disorders appearing during adrenal 
cortex hormone therapy: attacks of tetany and grave psychoses initiated by substitution of 
delta-cortisone for hydrocortisone and subsequently by ACTH. Rev Rhum Mal Osteoartic. 
1958;25(12):814–28.

	91.	Fardet L, et  al. Corticosteroid-induced clinical adverse events: frequency, risk factors and 
patient’s opinion. Br J Dermatol. 2007;157(1):142–8.

	92.	Fardet L, Petersen I, Nazareth I. Suicidal behavior and severe neuropsychiatric disorders fol-
lowing glucocorticoid therapy in primary care. Am J Psychiatry. 2012;169(5):491–7.

	93.	Fardet L, et al. Severe neuropsychiatric outcomes following discontinuation of long-term glu-
cocorticoid therapy: a cohort study. J Clin Psychiatry. 2013;74(4):e281–6.

Glucocorticoid Regulation of Neurocognitive and Neuropsychiatric Function

10.1136/bcr.09.2010.3305


43© Springer International Publishing Switzerland 2017 
E.B. Geer (ed.), The Hypothalamic-Pituitary-Adrenal Axis in Health  
and Disease, DOI 10.1007/978-3-319-45950-9_3

Glucocorticoids: Inflammation and Immunity

Maria G. Petrillo, Carl D. Bortner, and John A. Cidlowski

Abstract  Glucocorticoids are universally prescribed as the drug of choice for 
the treatment of inflammatory and autoimmune disorders. These stress hormones 
act through their cognate glucocorticoid receptor to regulate transcription of vari-
ous target genes. The mechanisms of glucocorticoid action are often cell type 
dependent and involve the regulation of thousands of genes. Glucocorticoids 
have a tremendous impact on the immune system during inflammation including 
effects on the plasticity, survival, and function of immune cells. This chapter 
highlights the dynamic effects of glucocorticoids in regards to both physiological 
and pathological conditions during inflammation. We address issues involving 
classical and alternative mechanisms of glucocorticoid inhibition, the effect on 
innate and adaptive immunity, glucocorticoid tissue-specific actions, and their 
role in target immune cells.

Keywords  Glucocorticoid • Steroids • Stress hormones • Inflammation • Gene 
expression • Transrepression • Transactivation • Innate immunity • Adaptive immu-
nity • Resistance

�Introduction

Glucocorticoids are primary stress hormones that function throughout the body to 
regulate a diverse array of physiological systems. Glucocorticoids (GCs) derived their 
name from early observations of their effect in regulating glucose metabolism [1, 2]. 
Currently, the actions of this class of steroids extend beyond the mobilization of 
amino acids and gluconeogenesis and are known to play important roles in the con-
trol/regulation of various biological processes. In fact, glucocorticoids are required 
for life, as the absence of these stress hormones results in death prior to or at the time 
of birth. Glucocorticoids influence a number of physiological systems including the 
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immune system [3] where in addition to exerting both pro- and anti-inflammatory 
actions, this stress hormone has a potent role in development and homeostasis of T 
lymphocytes [4]. Additionally, these stress hormones impact development [5], where 
glucocorticoids are known to play a key role in the maturation of the fetal lung [6]. 
Furthermore, glucocorticoids have a role in the brain where they have been shown to 
regulate arousal and cognitive functions controlled by the hippocampus, amygdala, 
and the frontal lobes of the brain [7]. The pleiotropic actions of glucocorticoids occur 
through binding to its cognate receptor, the glucocorticoid receptor (GR), which is 
expressed in nearly every cell in the body. Glucocorticoids act through its receptor to 
regulate transcription of various target genes, however as will be discussed later, non-
genomic effects have also been described.

Human GR protein is encoded by the NR3C1 gene located in chromosome 5 
(5q31) and is a member of the nuclear receptor superfamily of ligand-dependent 
transcription factors [8]. Like other steroid receptors, GR is modular in structure 
containing an N-terminal regulatory domain (NTD), a central DNA-binding 
domain (DBD), a hinge region, and a C-terminal ligand-binding domain (LBD) [9]. 
In the absence of hormone, GR resides in the cytoplasm in a complex with other 
proteins including heat shock protein 90, heat shock protein 70, and FKBP52, the 
latter being an immunophilin molecule involved in protein folding and trafficking. 
Upon ligand binding, GR is released from its cytoplasmic complex and translocates 
into the nucleus where it interacts with specific targeting sequences termed 
glucocorticoid-response elements (GREs) to regulate thousands of genes. The 
nature of the GR-occupied GRE results in either induction or repression of target 
gene expression. Additionally, GR can undergo a conformational change upon 
binding to the GRE that leads to the recruitment of cofactors and/or coregulators to 
modulate, and thereby alter the transcriptional rates of target genes [10]. Along 
with the nature of the GRE and the recruitment of cofactors and/or coregulators, 
several other factors can also influence GRs ability to regulate gene transcription 
including chromatin structure, epigenetic regulators, and its physical interaction 
with other transcription factors such as nuclear factor kappa B (NF-kB) and activa-
tor protein 1 (AP-1).

GR, while derived from a single gene, has multiple functionally distinct isoforms 
due to alternative splicing and translational initiation mechanisms [11]. Alternative 
splicing accounts for 2 discrete receptor isoforms (GRα and GRβ) that differ at their 
carboxyl termini, while alternative translation initiation results in 8 additional 
receptor subtypes, each with a progressively shorter NTD. GRα has been the pri-
mary and most extensively studied glucocorticoid receptor, as the GRβ splice vari-
ant does not bind GCs [12]. However, expression of GRβ has been associated with 
glucocorticoid resistance and tissue specificity, as GRβ has been shown to antago-
nize the activity of GRα [13, 14]. In contrast to GRβ, the 8 unique translational 
isoforms of GRα have similar binding affinities for glucocorticoids and can interact 
with GREs. Similar to GRβ, the expression of these various translational GRα iso-
forms varies widely across tissues. Thus, the existence of numerous GR isoforms is 
thought to be a major factor contributing to the diverse array of tissue-specific 
actions of glucocorticoids in the body.

M.G. Petrillo et al.
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Glucocorticoids are also known to have potent immunosuppressive and anti-
inflammatory actions, thus being vital in the treatment of autoimmune and inflam-
matory diseases and are one of the most widely prescribed drugs in the world. In 
this review, we will focus on the how glucocorticoids modulate and interact with the 
immune system, along with its effect on combating inflammation. Additionally, we 
will discuss how glucocorticoids affect the response and behavior of different 
immune cells in the management of inflammatory diseases.

�Inflammation as a Natural Host Defense Mechanism 
and Glucocorticoid Regulation

Inflammation is an innate defensive mechanism that protects us from damaging 
stimuli such as pathogens and harmful irritants. Inflammation is a complex bio-
logical process that initially involves increased blood flow and movement of 
immune cells, especially granulocytes and macrophages along with other molecu-
lar mediators, from the blood to the site of injury. This acute response sets the 
stage for the healing process by combating the initial source of inflammation 
through the removal of necrotic cells and damaged tissue in a coordinated response 
involving both the immune and vascular systems. As the inflammation process 
continues, a shift in the type of cells present at the site of injury results in the repair 
or healing of the tissue.

Classic signs of inflammation include pain, redness, swelling, warmth, and loss 
of function or immobility at the site of damage. Additionally, inflammation may 
result in more global symptoms such as fever, chills, fatigue, and general stiffness. 
Pain expressly plays an important role in the ability of glucocorticoids to regulate 
inflammation. Cytokines and inflammatory mediators released into the blood from 
the damage site activate peripheral pain receptors. Pain signals sent to the brain 
result in the activation of the hypothalamic–pituitary–adrenal (HPA) axis which, in 
turn, induces glucocorticoid secretion. GCs inhibit the synthesis of cytokines and 
inflammatory mediators to counter the extent of the inflammation. Despite the ini-
tial unfavorable effects of this condition, inflammation is extremely important and 
beneficial to human health as infections and wounds, or any damage tissue, would 
not heal without this homeostatic response.

As with all physiological responses in the body, inflammation needs to be regu-
lated especially in conjunction with other host defense systems. Too little inflamma-
tion can result in progressive and detrimental tissue destruction, while excessive 
inflammation can lead to a host of diseases including allergies, autoimmune disor-
ders, chronic inflammatory diseases, and even cancer. Glucocorticoids regulate and 
reduce the inflammatory response by entering cells and suppressing the transcription 
of proteins that promote inflammation. In the absence of glucocorticoids, persistent 
inflammation can lead to dysregulation of converging pro- and anti-inflammatory 
factors at the site of injury resulting in abnormalities and pathogenesis [15].

Glucocorticoids: Inflammation and Immunity
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Since glucocorticoids are known to be essential for the regulation of the inflammatory 
response, they also act to reduce the extent of an overactive immune system. Thus, 
glucocorticoids are among the most widely prescribed drugs for the treatment of 
asthma, allergies, and autoimmune diseases. This class of steroid hormones initiates 
a multitude of diverse signaling pathways that hold inflammation in check and 
counter a rampant immune system, limiting the excessive damage that can occur to 
the host cells and surrounding tissue [16]. A major barrier in employing glucocorti-
coid therapy in the clinic has been our lack of understanding of the molecular mech-
anisms that resolves inflammation. At one level, the mechanism of glucocorticoid 
action in counteracting inflammation may appear simplistic as this class of drug 
(GC) acting on its receptor (GR) modulates gene transcription to inhibit the extent 
of inflammation. However, the heterogeneity of glucocorticoid receptor isoforms 
and the cell-type specific biological responses suggest that GR’s ability to prevent 
inflammation is not a simple endeavor but a complex series of events. Thus, there 
are many ways glucocorticoids exert their anti-inflammatory effects.

�Classical Mechanisms of Glucocorticoid Inhibition 
of Inflammation

Glucocorticoids utilize a variety of processes simultaneously to control inflamma-
tion; from the activation of anti-inflammatory genes, to suppressing proinflamma-
tory cytokines and chemokines, to moderating key proinflammatory regulators such 
as NF-kB and AP-1. Several fundamental mechanisms have been elucidated for 
these actions of GR. First, direct binding of GR to GREs in DNA can enhance the 
transcription of anti-inflammatory genes (transactivation). Glucocorticoid-induced 
transactivation of genes such as IL-10, IL-1 receptor antagonist, and mitogen-
activated protein kinase phosphatase-1 (MKP-1) is known to increase gene expres-
sion and thus protein expression of these anti-inflammatory molecules [17, 18]. 
Second, direct binding of GR to negative GREs (nGRE) in DNA can suppress tran-
scription (transrepression) of various proinflammatory cytokines and modulators 
such as iNOS, COX-2, IL-1β, and TNF [17, 18]. Finally, GR binding directly to 
transcription factors like the p65 subunit of NF-kB or AP-1 can prevent downstream 
transcription of proinflammatory mediators to control the extent of inflammation 
[19]. This latter mechanism of transcriptional repression, known as tethering, where 
GR does not directly bind DNA response sequences, has been shown to be key in 
GRs ability to regulate inflammation [20–22]. Additionally, cross-talk between GR 
and other transcription factors can occur through the binding to composite or over-
lapping response elements [23]. Interestingly, while the repression of NF-kB by GR 
has long been considered a crucial determinant in reducing the expression of spe-
cific proinflammatory targets, a recent study by Altonsy et al. showed the coopera-
tive association between the GR and NF-kB enhanced the expression of TNFAIP3, 
a potent anti-inflammatory gene and inhibitor of NF-kB, suggesting a greater com-
plexity in the cross-talk of these two molecules [24].
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GR binding directly to either GREs or nGREs that initiate or suppress gene 
expression of anti- or pro-inflammatory genes, respectively, is not the only mecha-
nism to consider in GRs ability to control inflammation. While it has been suggested 
that the number of GREs present play a role in the activation or suppression of gene 
transcription, it has become increasingly clear that their proximity to the TATA box 
also is an important factor [25]. Additionally, the recruitment of various coactivators 
such as TIF2 and SRC-1, corepressors such as NCoR and SMRT, along with various 
other comodulators can interact with the GR-DNA complex enabling an additional 
level of transcriptional regulation in GR’s ability to control inflammation [26, 27]. 
GR may regulate inflammation by reducing mRNA half-life through the GC respon-
sive gene tristetraprolin (TTP) [28, 29]. GR can also be phosphorylated by various 
kinases that can affect its stability, its DNA binding capacity, its ability to translo-
cate to the nucleus, and its interactions with other transcription factors and/or 
molecular chaperones [30]. Thus, the simple concept of one drug (GC) working on 
its receptor (GR) has evolved to comprise numerous multifaceted mechanisms to 
control and regulate inflammation.

Furthermore, glucocorticoids have been shown to regulate inflammation in the 
absence of DNA binding or interactions with other transcription factors. Nongenomic 
GC–GR interactions were shown to account for the cardioprotective effect of an 
acute high dose of corticosteroids resulting in the nontranscriptional activation of 
endothelial nitric oxide synthase (eNOS) [31]. eNOS has been shown to play an 
important role during inflammation in regulating the expression of proinflammatory 
molecules such as NF-kB and cyclooxygenase-2 (Cox-2) [32, 33]. Additionally, 
nongenomic GC–GR mechanisms involving the activation/inhibition of various sig-
naling pathways, including the p42 MAPK and MAPK ERK1/2 pathways, and the 
activation of proteins with SH3 domains such as Src and Ras that in turn activate the 
aforementioned kinase pathways, have been shown to occur [34]. Finally, a mecha-
nism of GC anti-inflammatory action still in its infancy involves posttranscriptional 
gene regulation via RNA-binding proteins and microRNAs [35]. Interestingly, the 
role of these posttranscriptional gene regulation actions is thought not to function 
specifically in turning on or off genes, but to act more as a rheostat in controlling the 
appropriate amplitude and duration of the response [36].

As the modulation of gene transcription is the major consequence of glucocorti-
coid activity, the changes in gene transcription that occur directly via activation/
repression of GC target genes, or through tethering to another transcription factor, 
are the most well studied means in controlling inflammation. However, GR can also 
modulate gene transcription indirectly through the consequences of the activation of 
the initial target gene. A classic example of this mode of GR regulation involves the 
glucocorticoid-induced leucine zipper (GlLZ) gene. GILZ encodes for a potent anti-
inflammatory protein with immunosuppressive and cell survival-promoting effects. 
GILZ was initially identified as a molecule that protected lymphocytes from TCR/
CD3-activated cell death [37]. However, subsequently it was shown that GILZ itself 
did not directly protect lymphocytes from death, but inhibited the ability of the T 
cell receptor to induce interleukin-2/interleukin-2 receptor expression and NF-kB 
activity [38]. Specifically, it was shown that GILZ inhibited NF-kB nuclear translocation 

Glucocorticoids: Inflammation and Immunity



48

and DNA binding via direct protein-to-protein interaction of GILZ with NF-kB. Since 
these initial observations, GILZ has been shown to be a multifunctional protein that 
can inhibit key immune cell signaling pathways. Recently, GILZ was shown to 
regulate Th17 responses and to restrain IL-17-mediated skin inflammation [39]. 
While the anti-inflammatory and immune-modulatory effects of GILZ have been 
widely described [40, 41], the induction of this protein has also been associated with 
provoking apoptosis. GILZ expression in human neutrophils promoted apoptosis 
through the down-regulation of the myeloid leukemia cell differentiation protein 
Mcl-1, an antiapoptotic protein of the Bcl-2 family [42].

�Alternative Mechanisms of Glucocorticoid Inhibition 
of Inflammation

The ability of glucocorticoids to regulate and control inflammation goes beyond 
simply regulating gene transcription of pro- and anti-inflammatory genes. 
Recently, a unique mechanism of action for anti-inflammatory effects of GCs was 
reported during the early phase of acute lung injury (ALI) [43]. These authors 
showed that glucocorticoids attenuate inflammation associated with ALI via up-
regulation of the SphK1 gene in macrophages. The up-regulation of sphingosine 
kinase 1 in the lung resulted in the synthesis of sphingosine 1 (S1P) that in turn 
binds to the S1P receptor type 1 (S1PR1) and triggers the Rho family-dependent 
reorganization of the cytoskeleton leading to enhanced barrier function of the 
endothelium. The protection afforded by glucocorticoids to enhance the barrier 
function through this mechanism prevents vascular leakage and the massive infil-
tration of immune cells into the lung as a way of controlling inflammation.

Interestingly, another recent study linked the action of glucocorticoids to the circa-
dian clock to control time-of-day variations and magnitude of pulmonary inflamma-
tion [44]. In this study, the authors observed that pulmonary antibacterial responses of 
neutrophil recruitment via the chemokine and glucocorticoid responsive gene CXCL5 
were modulated by a circadian clock mechanism within epithelial club (Clara) cells 
[45]. Intriguingly, adrenalectomy blocked this circadian neutrophil recruitment and 
rhythmic inflammatory responses afforded by CXCL5 upon intraperitoneal injection 
of LPS. Therefore, this study suggests that the therapeutic effects of glucocorticoids 
can depend on the local circadian circuit regulation of GR function.

Glucocorticoids have also been shown to suppress overactive inflammatory responses 
by induction of negative feedback regulators such as the interleukin-1 receptor-associ-
ated kinase M (IRAK-M; also known as IRAK3). IRAK-M is known to be a critical 
negative feedback regulator of Toll-like receptor/Interleukin (IL)-1 receptor (TLR/
IL-1R) superfamily of signaling molecules that trigger increased expression of multiple 
inflammatory genes [46]. Miyata et al. have shown that glucocorticoids suppress bacte-
ria-induced inflammation by directly binding to and up-regulating IRAK-M in airway 
macrophages and epithelial cells [47]. Additionally, these authors show that IRAK-M 
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depletion results in the enhanced expression of proinflammatory mediators. Thus, 
glucocorticoids can suppress an overactive inflammatory response via negative feedback 
to tightly control the inflammatory response and maintain homeostasis.

�Overview of Glucocorticoids and the Immune System

The first medical use of glucocorticoids some 60 years ago was for the treatment of 
rheumatoid arthritis [48, 49]. Since then, glucocorticoids have remained the most com-
monly used anti-inflammatory and immunomodulatory agents. Their therapeutic activ-
ity is substantial in a wide spectrum of diseases, including acute and chronic 
inflammations, autoimmune disorders, organ transplantations, and the treatment of 
hematologic cancers [50]. Over the years, numerous publications have focused on glu-
cocorticoids effects on the immune system, and much has been discovered about the 
molecular mechanism by which GCs act. As in other cells, GR is able to regulate gene 
expression both positively and negatively in immune cells [9, 18] and can control the 
inflammatory processes either by a direct binding with glucocorticoid-responsive 
sequences expressed in the promoters of target genes, or by binding other crucial tran-
scription factors, thus inhibiting the propagation of proinflammatory signals [51]. 
Furthermore, recent studies have described discrepancies between the immunosuppres-
sive and immunostimulatory effects of glucocorticoids [52, 53].

As described earlier, the inflammatory response is the first protective host 
response elicited by an injury prompting mobilization of the immune system. The 
inflammatory recruitment of immune cells neutralizes injurious stimuli and restores 
the function and structure of damaged tissues [54]. The initial manifestation is the 
release of intracellular contents after cellular necrosis within the inflammatory site 
that induces the activation of innate immune components. Through invariant pattern-
recognition receptors (PRRs), innate immunity is promptly activated upon detection 
of conserved structures known as pathogen-associated molecular patterns (PAMPs) 
or damage-associated molecular patterns (DAMPs) [55]. Mast cells and resident 
macrophages exert different effector functions, one of which is the increased pro-
duction of proinflammatory molecules such as interleukin-1 and TNF-α, free radi-
cals, histamine, nitric oxide, prostaglandins, and leukotrienes. This increase in 
proinflammatory molecules results in vasodilatation, capillary permeability, growth 
of new blood vessels, and leukocyte migration into the inflamed region. The ability 
of these cells to generate a chemotactic gradient to recruit cells into the injured tis-
sue is rapid; thus, granulocytes and monocyte migrate from blood into tissue within 
minutes of injury. Among granulocytes, neutrophils are the most important cells at 
this first stage because of their capacity to destroy invading microorganisms through 
phagocytosis and microbicidal activity. Pathogenic antigens are engulfed by resi-
dent dendritic cells that rapidly differentiate, migrate to lymph nodes, and present 
antigens to T and B lymphocytes, thus priming and propagating the adaptive 
immune components including cell-mediated immunity, cytokine production, 
antigen-specific antibody production, and immunological memory [56].
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The resolution of acute inflammation is a dynamic, limited, and finely regulated 
process that depends upon the crosstalk between innate and adaptive compart-
ments that restore homeostasis after the elimination of harmful agent. An exces-
sive immune response that continues to counteract the persistence of the injurious 
stimulus triggers a domino effect that leads to chronic inflammation. For this pur-
pose, in the management of numerous mechanisms that control the development 
and maintenance of inflammation and autoimmune diseases, glucocorticoids have 
been the most potent drugs of choice, affecting nearly every cell of the immune 
system, depending on their state of differentiation or activation [57, 58].

�Glucocorticoid Effects on Innate Immunity

The innate immune system is the first line of defense that acts rapidly after encoun-
tering noxious agents without the reliance on antibody or other acquired responses. 
For this reason, the effects of glucocorticoids on innate immune cells must be 
immediate (in terms of minutes) thus contributing to the resolution of inflammation. 
Among innate immune cells, glucocorticoids strongly influence the plasticity, sur-
vival, and function of monocytes and macrophages according to the plasma GC 
concentration and the state of cell activation [59]. To enhance the clearance of 
pathogens, dead cells, and toxins, low GC concentrations enhance antigen uptake, 
scavenger function, and phagocytosis. For this purpose, the induction of the opso-
nins MFG-E8, Mertk and protein S [60, 61], the up-regulation of mannose receptor 
MR/CD206 [62], the scavenger receptor CD163 [63], and the increase of IFN-γ-
induced FcR [64] have been observed. Glucocorticoids target macrophages to 
ensure survival in response to LPS-induced sepsis and to suppress inflammation 
associated with contact allergy [65, 66]. These results suggest that low concentra-
tions of glucocorticoids have an immune-stimulatory effect on macrophage func-
tion in the presence of inflammatory stimuli, whereas high concentrations of this 
stress hormone exert inhibitory functions on macrophages. High dose actions abro-
gate the production of proinflammatory mediators as numerous cytokines are down-
regulated, the secretion of many chemokines is inhibited, the expression of adhesion 
molecules such as beta-2 integrin is reduced, and antigen presentation and expres-
sion of HLA molecules are decreased by GCs [53, 59, 67].

Consistent with the immunomodulatory properties, some studies have shown 
that steroid hormones induce highly phagocytic monocyte-derived macrophages. 
Glucocorticoid exposure functions to reprogram monocyte differentiation through 
changes in intracellular components that regulate cytoskeletal reorganization 
following adhesion. The enhanced phagocytic activity and increased expression of 
the anti-inflammatory cytokine IL-10 observed in these cells support the hypothesis 
that glucocorticoids do not cause a global suppression of macrophages effectors, but 
result in the differentiation of a specific anti-inflammatory phenotype which seems 
to be actively involved in the resolution of inflammatory conditions [68–70].
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Furthermore, glucocorticoids exert many of their anti-inflammatory effects 
through the regulation of granulocyte trafficking. GCs can induce apoptosis and 
degranulation of basophils and eosinophils. However, at the same time GCs promote 
the survival and expansion of neutrophils increasing the release of bone marrow 
precursors [71–75]. In the presence of glucocorticoids, the flow and movement of 
granulocytes appear tightly regulated to that of monocytes. In an inflammatory sce-
nario, endothelial cells increase the expression of adhesion molecules that bind to 
their cognate receptor on granulocytes thus allowing cellular transmigration into 
inflammatory sites. To reduce cellular infiltration, GCs promote shedding of 
L-selectin and E-selectin from neutrophils [76], suppress the synthesis of many che-
mokines including IL-8, Mip-1β, Mip-3β, Mcp-2, Mcp-3, Mcp-4, RANTES, TARC, 
and eotaxin, and increase IL-1RII expression, a decoy receptor which limit the del-
eterious effects of IL-1 [77].

Natural or synthetic glucocorticoids can also alter natural killer (NK) cell activ-
ity. Acting as regulatory cells, this homogenous population of innate lymphocytes 
interacts with various components of the immune system suppressing the immune 
response [78]. Nevertheless, glucocorticoid treatment is able to reduce NK cell 
cytolytic activity by the reduction of histone promoter acetylation for perforin and 
granzyme B. In contrast, glucocorticoids increase histone acetylation in regulatory 
regions for INF-γ and IL-6. The increase in histone acetylation is associated with 
increased proinflammatory cytokine mRNA and protein production upon cellular 
stimulation and epigenetic modifications [79]. These immunologic effects demon-
strate how glucocorticoids epigenetically reduce NK cell cytolytic activity, while at 
the same time prime NK cells for proinflammatory cytokine production that can act 
as a powerful tool in cancer immunotherapy [80].

�Coupling Innate to Adaptive Immunity

While innate immunity provides the first line of defense against pathogens, adap-
tive immunity, also known as acquired immunity, is also involved during inflam-
mation. Adaptive immunity creates immunological memory after an initial exposure 
to antigen, resulting in an enhanced antigen-specific response upon subsequent 
exposure. It is now appreciated that the innate immune response shapes the acquired 
immune response. The link between the innate and adaptive components involves 
soluble cytokines and chemokines, and cellular interactions between antigen-spe-
cific lymphocytes and antigen-bearing dendritic cells (DCs). In response to a pleth-
ora of stimuli, DCs change from immature cells specialized for antigen capture, 
processing, and presentation, into mature cells that migrate to draining lymph 
nodes to interact with naive T cell. On this basis, it is evident that innate immune 
receptors on DCs play a pivotal role in determining the type of adaptive immune 
response triggered.

Impairment of DC maturation and function is one of the immunosuppressive 
effects of glucocorticoids [81]. Synthetic GC treatment interferes with the lifecycle 
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of DCs both in  vitro and in  vivo [82]. After in  vitro maturation with LPS and 
CD40L, DCs treated with the synthetic glucocorticoid methylprednisolone exhibit 
enhanced antigen uptake, but down-regulated expression of CD80, CD86, and 
CD54, and decreased production of TNF-α, IL-6, and IL-12, thus inhibiting the 
induction of primary T cell responses. Similar results were observed when TNF-α 
was used to activate DCs [83]. In this study, a different synthetic glucocorticoid 
dexamethasone, inhibited DC expression of MHC I and II, costimulatory mole-
cules (including B7.1 and B7.2), and the ICAM-1/LFA-1 complex, thus promoting 
the formation of tolerogenic DCs [82, 84–86]. Tolerogenic DCs are able to drive 
uncommitted T cells toward the Treg subtype [87] and promote the conversion of 
CD4+ T cells into IL-10 producing type 1 Tregs (Tr1) [88–90]. Moreover, tolero-
genic DCs inhibit the proliferation of allospecific T cells [91, 92], preventing acute 
graft rejection in mice [93], decreasing the number of IFN-γ producing CD4+ T 
cells, and promoting NK cell function toward an alternative activated phenotype 
unable to secrete IFN-γ [94].

Besides their capacity to modulate and induce effector T cell responses, tolero-
genic DCs are defined based on the expression of various surface markers such as 
Ig-like transcript (ILT) molecules [95], transcriptional regulators like glucocorticoid-
induced leucine zipper (GILZ) [40, 96, 97], and enzymes such as retinaldehyde 
dehydrogenase (RALDH) [98] or NO synthetase-2 (NOS-2) [99], all contributing to 
their functional properties. Additionally, dendritic cells can also facilitate commu-
nication between the immune system and the endocrine system. A recent study 
described a novel DC population in the pituitary gland that produces cytokines, 
controls LPS-dependent ACTH secretion, and expresses factors for glucocorticoid 
release [100]. These data suggest that pituitary DCs relay an immune challenge 
(such as LPS) to the HPA axis by secreting proinflammatory cytokines, which stim-
ulates the anterior pituitary gland to release ACTH.  Therefore, DCs are distin-
guished not only by their role in linking the innate and adaptive immune responses 
but also in directing communication between the immune and endocrine systems.

�Glucocorticoid Effects on Adaptive Immunity

Autoimmune diseases are associated with the generation of an adaptive immune 
response mounted against self-antigens. During development, most lymphocytes 
bearing high affinity receptors for self-antigens are deleted, but not all self-reac-
tive lymphocytes are eliminated. The activity of self-reactive lymphocytes is regu-
lated by peripheral tolerance, an active immunosuppressive process that involves 
clonal anergy and clonal suppression. A failure in peripheral tolerance allows the 
activation of self-reactive T or B cell clones, thus eliciting (or inducing) cell-
mediated or humoral responses against self-antigen. As potent immunosuppres-
sors, synthetic GCs are extensively used for the treatment of various autoimmune 
and chronic inflammatory conditions [101]. GCs target several aspects of adaptive 
immunity, including thymocyte maturation, as well as T and B cell proliferation, 
survival, and differentiation.
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�Glucocorticoids and Thymocyte Development

The thymus is the key organ for T cell maturation, and glucocorticoids play an 
important role in thymocyte selection and survival. The selection process drives 
immature CD4-CD8− “double negative” thymocytes to CD4+CD8+TCRlow “double 
positive” thymocytes, which represent about 80 % of the cells in the thymus. At this 
stage double positive thymocytes are extremely sensitive to glucocorticoid-induced 
apoptosis, but escape apoptosis when both TCR and GR signal simultaneously, 
according to the “mutual antagonism” model [102]. Thymocytes that are unable to 
process a functional TCR undergo GC-induced apoptosis, since the TCR signal can-
not counteract GR signaling, while only thymocytes expressing a TCR with high 
affinity for self-peptides undergo negative selection due to the inability of GR signal-
ing to overcome the strong TCR-dependent signal. Finally, only those thymocytes 
exerting a moderate avidity for self-antigens will survive, suggesting interplay 
between TCR and GC signals. The grade of affinity between TCR and self-peptides is 
crucial for the survival of a mature T cell repertoire expressing either the CD4 or CD8 
receptor.

A number of in vitro experiments implicate glucocorticoids in regulating T cell 
number, survival, and TCR repertoire, although the in vivo evidence is still contra-
dictory regarding the correlation between GR expression and thymocyte sensitivity 
to glucocorticoid-induced death. Adrenalectomy induces thymic hypertrophy 
[103], mice overexpressing GR in T cells exhibit a reduced number of double posi-
tive thymocytes, despite the fact that these cells express lower level of GR com-
pared to thymocytes in other developmental stages. In GILZ-overexpressing 
transgenic mice, CD4+CD8+ thymocyte number is significantly decreased and 
ex  vivo thymocyte apoptosis is increased [104]. In contrast, intrathymic T cell 
development and selection proceed normally in mice expressing antisense GR in 
the thymus and in fetal mice from GR-KO mice [105, 106]. However, these studies 
suggest the molecular and cellular mechanisms that regulate thymocyte maturation 
need further investigation.

Moreover, corticosterone synthesis has been suggested to occur in the thymus and 
there is debate about how locally produced GCs may regulate thymocyte develop-
ment as well as may affect the initiation of age-associated thymic involution [107].

�Glucocorticoid Function in T Cells

Although immature T cells are extremely sensitive to undergoing apoptosis, cell 
death can also occur in mature T cells either by a glucocorticoid-directed action, or 
by the involvement of factors that mediate activation-induced cell death, i.e. inhibit-
ing IL-2-mediated activation. According to the activation state and the timing of 
hormone exposure, T cells can be sensitive or resistant to glucocorticoid-induce cell 
death. Moreover, mature T cells are susceptible to mutual antagonism between GR 
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and TCR. Mice lacking GR in T cells (GRLckCre) or carrying a point mutation which 
inhibits GR dimerization and DNA binding (GRdim) demonstrate that inhibition of 
activation-induced cell death depends on direct binding of the GR to two nGREs in 
the CD95 (APO-1/Fas) ligand promoter [108]. In contrast, overexpression of the 
SWI3-related gene (SRG3) protein in peripheral T cells renders them sensitive to 
GC-induced apoptosis through the GR–SRG3 complex formation, suggesting that 
SRG3 may play a critical role in controlling GC-mediated apoptosis of developing 
thymocytes. Studies have also shown that a dominant negative SRG3 decreases GC 
sensitivity in thymoma cells. In addition, mice overexpressing the SRG3 protein 
appear to be more susceptible to stress-induced deletion of peripheral T cells than 
WT mice, which may result in an immunosuppressive condition [109].

In addition inducing apoptosis, glucocorticoids also affect T cell polarization. 
Since endogenous or exogenous glucocorticoids attenuate IL-12 synthesis, T cell 
response is shifted from the Th1 to Th2 phenotype [110]. GCs inhibit both T-bet 
and GATA-3 transcriptional activity through two different mechanisms. T-bet 
does not only function as an activator of IFN-γ expression, but also interacts with 
the GATA-3 transcription factor, inhibiting Th2 cytokine gene expression. 
Consistent with these results, GCs inhibit both Th1 and Th2 master regulator 
factors, however long-term treatment favors Th2 expansion [111]. In addition, 
glucocorticoids induce T polarization toward Th2 phenotype through an increase 
of Itk expression, a Tec kinase inducing T helper 2 differentiation via negative 
regulation of T-bet [112, 113].

The effects of GCs on a third subset of IL-17-producing effector T helper cells, 
called Th17 cells, are still a matter of debate. Dexamethasone inhibits anti-CD3/
anti-CD28-stimulated IFN-γ, IL-4, IL-17A, IL-17F, and IL-22 in various cell clones 
[114]. Interestingly, IL-17A and IL-17F, but not IL-22, lead to resistance of 
GC-induced apoptosis in in  vitro-differentiated Th17 cells despite immunocyto-
chemistry confirming glucocorticoid receptor translocation to the nucleus following 
treatment [114]. Mice lacking GILZ exhibit severe inflammation and a proinflam-
matory cytokine expression pattern in the imiquimod model of psoriasis, and DCs 
lacking GILZ produced greater IL-1, IL-23, and IL-6  in response to imiquimod 
stimulation in vitro [39]. These studies assessing glucocorticoid-dependent inhibi-
tion of IL-17 synthesis are in stark contrast with other studies describing Th17 sen-
sitivity upon GC administration [115–117].

While the role of GC and Th17 is controversial, how glucocorticoids affect Treg 
function is much clearer. Both in humans and mice, treatment with dexamethasone 
increases the frequency of Treg cells, suggesting GC-mediated immune suppression 
is achieved, in part by enhancing Treg cell number or activity [118, 119] and by 
promoting the development of IL-10-producing T cells, an inducible peripheral 
Treg subpopulation [120]. There are several mechanisms that have been proposed to 
explain GC-mediated increase in Treg frequency. First, dexamethasone inhibits 
IL-2-mediated activation of T effector cells, increasing the proportion of Treg cells 
[118]; moreover, Treg cells were relatively more resistant to Dex-induced cell death 
and they were further protected by IL-2 [121]. Second, glucocorticoids synergize 
with TGF-β in FoxP3 induction [122, 123].
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�Glucocorticoid Function in B Cells

Circulating B lymphocytes are reduced by GC treatment, however not to the same 
extent as T cells [124]. This results from a reduction in splenic and lymph node B 
cell numbers. Furthermore, in vivo administration of dexamethasone to adrenal-
ectomized mice reduced B cell numbers in both the spleen and bone marrow 
[125]. Studies on human leukemic lymphoblasts have shown that glucocorticoids 
have preferential apoptotic effects in certain lymphoid cell populations including 
B cell lymphomas [126]. B-lymphoblastic leukemia/lymphoma has been charac-
terized in having increased expression of Bcl-2 resulting in resistance to 
glucocorticoid-induced apoptosis. Additionally, it was shown that deletion of 
GILZ in murine B lymphocytes leads to an accumulation of B cells in the bone 
marrow, blood, and lymphoid tissues due to impaired glucocorticoid-induced 
apoptosis. Since GILZ inhibits NF-kB in B cells, increased nuclear translocation 
of p65 has been shown in GILZ-deficient cells resulting in an increase in Bcl-2 
gene transcription [127].

Regarding the humoral immune response, glucocorticoids increase IgE synthe-
sis, which is driven by the synergistic effects of hormones and IL-4 [128]. 
GC-induced increases in IgE synthesis support why systemic administration of 
corticosteroids does not interfere in skin prick tests to common allergens [128]. In 
vivo studies using mice deficient for either CD40L or CD40 lack serum IgE and 
fail to undergo isotype switching after immunization with T cell-dependent anti-
gens [129, 130]. In addition, patients with X-linked hyper-IgM syndrome are defi-
cient in CD40L and have low serum levels of IgG, IgA, and IgE due to impaired 
isotype switching [131]. To explain this effect of glucocorticoids, many studies 
suggest that glucocorticoid- and IL-4-induced IgE production is dependent on 
CD40L increased transcription and, thereby expression [132]. In vitro experiments 
demonstrated that agonist antibodies against CD40 mimic CD40L-dependent trig-
gering of IL-4-driven isotype switching to IgE [132], while soluble CD40 inhibits 
IL-4 dependent IgE synthesis [133]. These results suggest that a rise in IgE produc-
tion associated with glucocorticoid treatment is not clinically detrimental but pres-
ents additional immunomodulatory effects of corticosteroids on the T cell response.

�Glucocorticoid Therapy and Resistance During Inflammation

The advantages of GC therapy in controlling and regulating inflammation are many, 
however due to the numerous signaling pathways glucocorticoids activate, conse-
quences of this class of corticosteroids can also result in harmful side effects. 
GC-related side effects include musculoskeletal complications such as osteoporo-
sis, hypertension, rapid weight gain, diabetes, glaucoma, peptic ulcer disease, and 
decelerated wound healing [134, 135]. Additionally, an increased risk of infection 
can occur resulting from a compromised immune system [136].
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The successful resolution of acute inflammation afforded by glucocorticoids 
occurs by the delicate balance of pro- and anti-inflammatory molecules. However, 
long-term glucocorticoid therapy for the treatment of chronic inflammation typically 
results in reduced anti-inflammatory effects. These diminished effects can occur 
through a variety of ways including down-regulation of the GR itself [137, 138], 
defective GR binding and translocation (exemplified by GRdim) [139, 140], GR nitro-
sylation by nitric oxide (NO) donors [141], and/or increased expression of GRβ which 
competes with GRα for binding to GREs [142]. Recently, it was shown that hypoxia 
attenuates the anti-inflammatory effects of GCs by down-regulating GR along with 
inhibiting nuclear translocation [143]. Genetic factors may also contribute to GC 
resistance [144], such as the occurrence of polymorphisms in GR that may occur 
within families. A recent study by Mohamed et al. suggested a marked association of 
the glucocorticoid receptor 646 C>G polymorphism in resistance to GCs, resulting in 
severe bronchial asthma [145]. Finally, causative factors for glucocorticoid resistance 
go beyond defects in GR and include cigarette smoke, where in asthmatic patients 
who smoke, diminished anti-inflammatory actions in response to glucocorticoids 
were observed [146], viral infections where a study showed that rhinovirus infection 
can reduce GR nuclear translocation and GC function [147], and hypoxia observed at 
the site of inflammation that can impair GR transactivation [148].

Despite the well-known adverse side effects of prolonged GC treatment and the 
occurrence of GC resistance associated with long-term usage of glucocorticoids, 
these stress hormones remain the most effective treatment and commonly prescribed 
medication for controlling inflammation. The beneficial effects of GCs in treating 
anti-inflammatory and immunosuppressive disorders such as rheumatic diseases, 
allergy, asthma, and sepsis still outweigh their unfavorable consequences. Further 
research into the practice of GC therapy for combating inflammation to minimize 
harmful side effects and reduce the resistance associated with chronic treatment will 
be required to fully understand the pharmacological characteristics and biological 
actions of these stress hormones.
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Cushing’s Syndrome
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Abstract  Recent advances in whole genome/exome sequencing have greatly 
accelerated our understanding of the molecular mechanisms of tumorigenesis in 
adrenocortical tumors and hyperplasia. Maintenance of hypercortisolism in primary 
adrenal Cushing’s syndrome despite the suppression of ACTH secretion by the pitu-
itary results from germline or somatic mutations in a variety of genes as well as 
from aberrant expression and function of several hormone receptors. This review 
focuses on novel genetic alterations involved in the cAMP signaling pathway or in 
armadillo proteins such as ARMC5 and β-catenin as well as on autocrine/paracrine 
regulatory secretory loops responsible for the abnormal adrenal steroidogenesis in 
primary adrenal causes of Cushing’s syndrome.

Keywords  Cushing’s syndrome • Adrenal steroidogenesis • Aberrant hormone 
receptors • Autocrine/paracrine regulation • ARMC5 • PRKACA • PRKAR1A • 
β-catenin gene mutations

�Introduction

Cushing’s syndrome (CS) comprises all causes of hypercortisolism that are associated 
with symptoms and signs of prolonged exposure to inappropriately elevated free 
cortisol concentrations activating glucocorticoid (GC) and mineralocorticoid recep-
tors expressed in most tissues [1]. The median age of diagnosis of endogenous CS 
is 41.4 years with a female-to-male ratio of 3:1. The incidence of this rare condition 
is estimated to be about 0.2–5.0 per million persons per year [2, 3]. Patients with CS 
have a higher risk of mortality compared to the general population particularly if 
left untreated, mainly from cardiovascular, venous thrombo-embolic, and infectious 
causes [4–6]. Exogenous administration of supraphysiological doses of GC to treat 
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various inflammatory or oncologic conditions is the most frequent cause of CS. 
Endogenous etiologies are less frequent and are divided into corticotropin-dependent 
and corticotropin-independent causes [1]. Primary adrenal causes account for 
20–30 % of overt endogenous hypercortisolism and include unilateral adrenal ade-
nomas (10–20 %), carcinomas (5–7 %), or rarely bilateral adrenal hyperplasias 
(BAH) (<2 %). BAH is classified in two subtypes: macronodular (nodules >1 cm) 
and micronodular (nodules <1 cm) [7]. Macronodular disease, which was previ-
ously known as ACTH-independent macronodular adrenal hyperplasia was renamed 
as primary bilateral macronodular adrenal hyperplasia (BMAH) after the descrip-
tion of cortisol regulation by intraadrenal paracrine ACTH production in macronod-
ular adrenals [8, 9]. Micronodular subtype includes the pigmented form of primary 
pigmented nodular adrenocortical disease (PPNAD) and the nonpigmented form of 
micronodular adrenocortical disease (MAD) [1, 10]. PPNAD presents either as 
isolated disease or as part of Carney complex (CNC).

In a patient with suspected CS, it is important to exclude a pseudo-Cushing’s 
state, which is defined by the presence of clinical features of CS with some bio-
chemical evidence of hypercortisolism. It could result from alcohol abuse, depres-
sion, or obesity. Its main feature resides in the disappearance of the Cushingoid state 
with the resolution of the underlying cause [1]. Manifestations of GC excess could 
be permanent or cyclical with mild-insidious or rapid-severe onset; they range from 
classic features as centripetal obesity, moon plethoric face, hirsutism, proximal 
myopathy, and easy bruising to more subtle features sometimes difficult to uncover, 
yet with major consequences on metabolism, bone, skin, eye, cardiovascular, neu-
ropsychiatric, inflammatory, and reproductive systems [1]. Subclinical CS, which is 
most often discovered during evaluation of a unilateral or bilateral adrenal inciden-
talomas, refers to the presence of mild hypercortisolism (abnormal suppression to 
dexamethasone) in a patient who does not display overt signs of CS; “dysregulated 
hypercortisolism” seems to be more appropriate in describing this entity because 
patients with subclinical CS could present with nonspecific features of CS such as 
weight gain, hypertension, diabetes, or osteopenia, with considerable impact on 
their morbidity and mortality [11].

�Normal Physiology of the Hypothalamic–Pituitary–Adrenal 
Axis

CRH, first identified in 1981 [12] is secreted into the hypophyseal portal blood, 
where it binds to specific type I CRH receptors on anterior pituitary corticotrophs to 
stimulate pro-opiomelanocortin (POMC) gene transcription through a process that 
includes activation of adenylate cyclase [13]. POMC, the precursor of ACTH, is a 
241-amino-acid synthesized within the anterior pituitary. POMC is cleaved in a tis-
sue-specific fashion to yield the secretion of β-lipoprotein (β-LPH) and pro-ACTH, 
the latter being further cleaved to an amino-terminal peptide, joining peptide, and 
ACTH itself in pituitary corticotroph cells [14–16]. The enzymes which specifically 
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participate in the proteolysis of polypeptide hormone precursors have been identified 
as a superfamily of homologous subtilisin-like enzymes, called prohormone conver-
tases and include PC1 (also called PC3) and PC2 [17, 18]. Although CRH is the 
principal stimulator for ACTH secretion, arginin-vasopressin (AVP) is able to poten-
tiate CRH-mediated secretion by acting through the V1B receptor to activate protein 
kinase C [19]. Other factors such as stress, food ingestion, and circadian rhythm can 
modulate POMC secretion in addition to angiotensin II, cholecystokinin, atrial natri-
uretic factor, and vasoactive peptides [20]. ACTH is a 39-amino-acid peptide and its 
first 24 amino acids are common to all species. Pituitary control on adrenocortical 
function was described in the 1920s, but it was not until ACTH was isolated from 
sheep that it was shown to stimulate adrenal GC biosynthesis and secretion [21]. The 
precursor of γ-melanocyte stimulating hormone (pro-γ-MSH) is cleaved by a serine 
protease, which is expressed in the outer adrenal cortex and it is thought to mediate 
the trophic action of “ACTH” on the adrenal cortex [22]. The adult pyramidal-shaped 
adrenal gland weighs approximately 4 g; it is located on the posteromedial surface of 
the kidney. Cortisol secreting cells in the zona fasciculata (ZF), which comprises 
75 % of the cortex are large and lipid laden and form radial cords within the fibrovas-
cular radial network; in contrast, the small aldosterone-secreting cells are clustered 
in spherical nests under the adrenal capsule and the irregular androgen-secreting 
cells containing fewer lipid droplets and localized on the inner portion of the adrenal 
cortex. Adrenal cell renewal is thought to occur through the amplification, centripetal 
migration, and differentiation of initially undifferentiated subcapsular mesenchymal 
progenitor cells [23]. Cellular proliferation from a progenitor population occurs in a 
zone lying between the ZG and ZF; then cells migrate to ZF where they will undergo 
differentiation. Adrenal steroidogenesis from the common cholesterol precursor 
occurs in a specific “zonal” manner and involves the synchronized action of several 
cytochromes P450, which are classified according to cellular localization into mito-
chondrial (type I) and micrososomal (type II) segments [24, 25]. ACTH can result in 
reversible changes in adrenal cortex with glomerulosa cells adopting a fasciculate 
phenotype, whereas fasciculate cells adopt a reticularis phenotype. An important 
aspect of CRH and ACTH secretion is the classic endocrine negative feedback 
control exerted by cortisol. It is principally mediated via the GC receptor which 
inhibits POMC gene transcription in the anterior pituitary [26, 27] as well as CRH/
AVP mRNA synthesis in the hypothalamus [28, 29]. The synthesis and release of 
annexin 1 (formerly known as lipocortin 1), from the folliculo-stellate cells of the 
anterior pituitary gland is induced by the binding of GC to its receptor; it partici-
pates in the negative feedback of GC on ACTH and CRH release which is particu-
larly pertinent for the early onset actions of steroids that are mediated via a 
nongenomic mechanism [30].

The different diagnostic and therapeutic strategies to identify the etiologies of 
CS are beyond the scope of this review and are found elsewhere [1, 31]. A giant step 
forward to uncover the pathogenesis of adrenocortical tumors was made possible in 
recent years by major advances in genetic technologies. In this section, we will 
review the progress in molecular mechanisms regulating steroidogenesis in CS, 
despite suppression of ACTH, which includes germline or somatic mutations in a 
variety of genes as well as aberrant protein expression and function [1] (Table 1).
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�Genetic Alterations Leading to Abnormal Steroidogenesis

�Role of cAMP/PKA Signaling Pathway in Adrenal 
Steroidogenesis and Proliferation

In primary adrenal causes of CS, the production of corticotropin-releasing hormone 
(CRH) in hypothalamus and of adrenocorticotropin (ACTH) by the corticotroph 
cells is suppressed by excess secretion of cortisol. The binding of ACTH to its 

Table 1  Molecular mechanisms implicated in adrenal Cushing’s syndrome

Adrenocortical 
adenoma

Micronodular disease
Macronodular 
disease

MASPPNAD/iMAD/CNC BMAH

A. Genetic alterations

1. cAMP/
PKA 
signaling 
pathway

– – MC2Ra (missense) –

GNASa – GNASa GNASa 
(postzygotic)

PRKAR1Ab (allelic 
losses)

PRKAR1Ab (LOH) – –

PRKACAa (missense 
or insertion)

PRKACAc PRKACAc –

PDE8Bb PDE8Bb PDE8Bb –

PDE11Ab PDE11Ab –

2. Armadillo 
proteins

– – ARMC5b(LOH, 
nonsense or 
missense)

–

CTNNB1a AXIN2a CTNNB1a – –

3. Other – – MEN1b, FAPb, 
FHb, EDNRA, 
DOTL1, HDAC9, 
PRUNE2

–

B. Abnormal protein expression

GPCR – GPCR
ACTH
Serotonin, 
vasopressin

–

PRKAR1A – PRKAR1A –

– PRKACA – –

– Glucocorticoid 
receptor

– –

– Estrogen receptor – –

The most frequent mechanisms are highlighted in bold
PPNAD = primary pigmented nodular adrenocortical disease, iMAD = isolated micronodular 
adrenocortical disease, CNC = Carney Complex, BMAH = bilateral macronodular adrenal 
hyperplasia, MAS = McCune–Albright syndrome
aActivating mutation
bInactivating mutation
cGene duplication (complex genomic rearrangements resulting in copy number gain leading either 
to micronodular or macronodular hyperplasia depending on the extent of gene amplification)
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specific melanocortin type 2 receptor (MC2R) regulates cortisol secretion; MC2R is 
a seven transmembrane domain receptor that belongs to the family of G-protein-
coupled hormone receptor (GPCR) [32, 33]; it is expressed on zona fasciculata cells 
that interacts with MC2R-associated proteins [34] and induces the dissociation of 
Gs-α subunit, which generates cAMP from ATP by activation of adenylate cyclase 
(AC) [35]. The second messenger cAMP and its effector protein kinase A (PKA) are 
key regulators of adrenocortical cells. PKA is a prototypical serine/threonine kinase 
consisting of a dimer of two regulatory (with four known isoforms RIα, RIβ, RIIα, 
RIIβ) and two catalytic subunits (with four isoforms Cα, Cβ, Cγ, Prk) [36]. They con-
stitute a tetramer in its inactive holoenzyme form [37] where two cAMP molecules 
are needed to bind to specific domains of the R subunits of PKA thereby dissociating 
the tetramer and releasing the C subunit (PRKACA) from its inactivating regulatory 
subunits; activated PRKACA phosphorylates different intracellular targets, including 
the transcription factor c-AMP-responsive element-binding protein (CREB). The lat-
ter activates the transcription of cAMP-responsive element containing genes in the 
nucleus including cholesterol transporters and steroidogenic enzymes, which stimu-
lates acutely cortisol synthesis and chronically cellular proliferation [38, 39]. 
Specific phosphodiesterases (PDEs) are responsible of the degradation of the intracel-
lular cAMP in order for the two R and C subunits of PKA to be reassembled to return 
to their inactive state [10] (Fig. 1a). Therefore, the cAMP signaling pathway appears 
to play a fundamental role in regulation of metabolism, cell replication, differentia-
tion, and apoptosis in adrenal tissues; this implies that any defect in this pathway lead-
ing to its constitutive activation would be expected to result in cell proliferation and 
excess hormone production [40] (Table 1).

�MC2R Mutations

MC2R mutations are extremely rare causes of adrenal hyperplasia or tumor formation 
[41, 42]. In only two patients with BMAH, constitutive activation of the MC2R with 
consequent enhanced basal receptor activity resulted either from impaired desensiti-
zation of a C-terminal MC2R mutation (F278C) [43] or from synergistic interaction 
between two naturally occurring missense mutations in the same allele of the MC2R: 
substitution of Cys 21 by Arg (C21R) and of Ser 247 by Gly (S247G) [44].

�Gs-α Subunit Mutations

Activating mutations of the Gs-α subunit of heterotrimeric G protein also termed 
gsp mutations (GNAS) were the first identified in primary adrenal CS [45, 46]. It 
occurred in a mosaic pattern in some fetal adrenal cells during early embryogenesis 
resulting in the local constitutive activation of the cAMP pathway. This mutation 
was identified initially in the McCune–Albright Syndrome (MAS) where a minority 
of patients develops nodular adrenal hyperplasia and CS among other more 
common manifestations such as café au lait spots and bone fibrous dysplasia or 
other endocrine tumors causing ovarian precocious puberty, acromegaly, or 
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hyperthyroidism [45, 47]. In MAS patients with CS, GNAS mutations are found in 
the cortisol-secreting nodules, whereas the internodular adrenal cortex which is not 
affected by the mutation becomes atrophic as ACTH becomes suppressed. Isolated 
somatic GNAS mutations can also occur in 5–17 % of cortisol-secreting adenomas 

Fig. 1  (a) Schematic representation of the cAMP signaling pathway involved in the control of 
cortisol secretion in primary adrenal Cushing’s syndrome. The binding of corticotropin (ACTH) to 
the melanocortin type 2 receptor (MC2R) leads to dissociation of Gs-α subunit and activation of 
adenylate cyclase (AC) generating cAMP from ATP. The binding of cAMP to specific domains of 
the regulatory subunits of protein kinase A (R1 α) dissociates the tetramer thereby releasing the 
catalytic subunit (C α), which phosphorylates different intracellular targets, including the tran-
scription factor CREB; the latter activates the transcription of cAMP-responsive element-
containing genes in the nucleus including cholesterol transporters and steroidogenic enzymes. 
Specific phosphodiesterases (PDEs) are responsible of the degradation of the intracellular cAMP 
in order for the two R1 α and C α subunits of PKA to be reassembled to return to their inactive 
state. Genetic defect in this pathway leading to its constitutive activation can underlie tumor devel-
opment and excess hormone production. (b) Bilateral macronodular adrenal hyperplasia cells can 
express several functional aberrant G protein-coupled hormone receptors (GPCR). Activation of 
these receptors by their natural ligands induces the activation of intracellular cascade similar to the 
one activated normally by the binding of ACTH to MC2R thereby stimulating the release of both 
cortisol and locally produced ACTH which also triggers cortisol production through autocrine and 
paracrine mechanisms involving the MC2R. (c) Armadillo repeat-containing 5 (ARMC5), a new 
indirect or direct regulator of steroidogenesis and apoptosis. ARMC5 inactivating mutations 
induce a decreased steroidogenic capacity and a protection against cell death
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[48–50] and in rare cases of BMAH [51, 52] without any other manifestations of MAS. 
This suggests that the somatic mutation in MAS occurs at an early stage of 
embryogenesis in cells which are precursors of several tissues. In isolated BMAH, 
the somatic mutation probably occurs in mosaic pattern in more differentiated adre-
nocortical progenitor cells only which will migrate to generate bilateral macronodu-
lar adrenal glands; a somatic GNAS mutation giving rise to a unilateral adenoma 
occurs later in life in a single committed zona fasciculata cell.

�PRKAR1A Mutations

PRKAR1A is an adrenocortical tumor suppressor gene according to in  vitro and 
transgenic mouse studies. Its inactivation leads to ACTH-independent cortisol 
secretion [36, 53]. Constitutive PKA activation due to PRKAR1A mutations results 
either from reduced expression of the RIα subunits or from impaired binding to C 
subunits [54]. Loss of RIα is sufficient to induce autonomous adrenal hyperactivity 
and bilateral hyperplasia and was demonstrated for the first time in vivo in an adre-
nal cortex-specific PRKAR1A KO mouse model referred to as AdKO.  Pituitary-
independent CS with increased PKA activity developed in AdKO mice with 
evidence of deregulated adrenocortical cells differentiation, increased proliferation, 
and resistance to apoptosis. Moreover, RIα loss led to regression of adult cortex and 
emergence of a new cell population with fetal characteristics [53]. In vitro and 
in  vivo models of PPNAD (AdKO mice) showed that PKA signaling increased 
mTOR complex 1, leading to increased cell survival and possibly tumor formation 
[55]. Tumor-specific loss of heterozygosity (LOH) involving the 17q22-24 chromo-
somal region harboring PRKAR1A and inactivating mutations of PRKAR1A are 
responsible for CS in isolated or familial PPNAD and CNC [54, 56–58]. They are 
found in more than 60 % of patients with CNC and in up to 80 % of CNC patients 
who develop CS from PPNAD [57, 59]. Furthermore, somatic allelic losses of 
the17q22–24 region and inactivating mutations in PRKAR1A were identified in 23 
and 20 % of adrenocortical tumors, respectively [60]. Although, PRKAR1A muta-
tions are not found in BMAH, somatic losses of the 17q22–24 region and PKA 
subunit and enzymatic activity changes show that PKA signaling is altered in 
BMAH similarly to what is found in adrenal tumors with 17q losses or PRKAR1A 
mutations [61]. CS presenting in persons younger than 30 years of age with bilat-
eral, small (usually 2–4 mm in diameter), black-pigmented adrenal nodules are all 
characteristics of PPNAD. A distinctive feature of PPNAD compared to BMAH is 
the presence of atrophy in the internodular adrenal tissue. CNC is a familial autoso-
mal variant that includes PPNAD among other tumors such atrial myxomas, periph-
eral nerve tumors, breast/testicular tumors, and GH-secreting pituitary tumors along 
with skin manifestations [62]. Patients with CS due to PRKAR1A mutations tend to 
have a lower BMI with evidence of increased PKA signaling in periadrenal adipose 
tissue, which is in concordance with the role of PKA enzyme in the regulation of 
adiposity and fat distribution [63].
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�PRKACA Mutations

The most frequent mechanism of adrenal CS secondary to unilateral adrenal adenoma 
involves somatic mutations in the gene encoding the catalytic subunit of PKA 
(PRKACA). They occur in patients diagnosed with CS at a younger age (45.3 ± 13.5 
vs. 52.5 ± 11.9 years) [49] with a female predominance [64]. The first two mutations 
identified in a cohort of ten cortisol-producing adrenal adenomas were shown to 
inhibit the binding of the R subunit making the Cα subunit constitutively active [65]. 
A combination of biochemical and optical assays, including fluorescence resonance 
energy transfer in living cells showed that neither mutant can form a stable PKA 
complex, due to the location of the mutations at the interface between the catalytic 
and the regulatory subunits [66]. The most common mutation p.Leu206Arg was 
present in 37 % of these adrenal tumors [65]. It consists of substitution of a small 
hydrophobic leucine with a large positively charge hydrophilic arginine at position 
206. It is located in the active cleft of the C subunit and it inactivates the site where 
the regulatory subunit RIIβ binds leading to cAMP-independent PKA activation. 
The second mutation (Leu199_Cys200insTrp) entails the insertion of a tryptophan 
residue between the amino acid 199 and 200 and was present in one case only. Later, 
two novel mutations were identified in a study of 22 adrenal adenomas with CS with 
p.Cys200_Gly201insVal and p.Ser213Arg + p.Leu212_Lys214insIle-Ile-Leu-Arg 
being found in three and one adenomas, respectively. They indirectly interfere with 
the formation of a stable PKA holoenzyme by impairing the association between C 
and R subunits [67]. Other groups confirmed the presence of these mutations 
in unilateral adrenal adenomas with overt hypercortisolism at a rate of 23–65 % 
[48, 49, 64, 67, 68]. However, they are seldom present in adenomas with mild cor-
tisol secretion, which might justify why subclinical CS rarely becomes overt CS 
[65, 67, 68]. These observations suggest that subclinical CS has a different genetic 
etiology than overt CS rather than being a part of the same pathophysiological spec-
trum [69]. In contrast to somatic mutations causing cortisol-secreting adenomas, 
germline complex genomic rearrangements in the chromosome 19p13.2p13.12 
locus, resulting in copy number gains that includes PRKACA gene rarely lead either 
to micronodular or macronodular hyperplasia depending on the extent of gene 
amplification [65, 70, 71]. Finally, Bimpaki et al. demonstrated that adrenal adeno-
mas of patients with CS could have functional abnormalities of cAMP signaling, 
independently of their GNAS, PRKAR1A, PDE11A, and PDE8B mutation status 
most probably due to epigenetic events or other gene defects [72].

�PDE Mutations

PDE play a role in the hydrolysis of cAMP. There are two types of PDE8 enzymes 
coded by two distinct genes, PDE8A and PDE8B, which are highly expressed in 
steroidogenic tissues such as the adrenal, ovaries, and the testis as well as in the 
pituitary, thyroid, and pancreas [73, 74]. Genetic ablation of PDE8B in mouse mod-
els or long-term pharmacological inhibition of PDE8s in adrenocortical cell lines 
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was shown to increase the expression of steroidogenic enzymes such as StAR and 
p450scc (CYP11A); furthermore, they potentiated ACTH stimulation of steroido-
genesis by increasing cAMP-dependent PKA activity [75]. A PDE8B missense 
mutation (p.H305P) was described in a young girl with isolated micronodular adre-
nocortical disease (iMAD), which is a nonpigmented micronodular hyperplasia 
without PRKAR1A [76]. HEK293 cells transfected with the PDE8B mutant gene 
exhibited higher cAMP levels than with wild-type PDE8B, indicating an impaired 
ability of the mutant protein to degrade cAMP [76]. Other inactivating mutations in 
phosphodiesterase 11A isoform 4 gene (PDE11A) and 8B (PDE8B) have been also 
described in adrenal adenomas, carcinomas, and BMAH [1, 50, 72, 75, 77–79].

�Role of Armadillo Proteins in Adrenal Tumorigenesis

Armadillo Proteins form a large family of proteins that are characterized by the pres-
ence of tandem repeats of a 42 amino acid motif with each single ARM-repeat unit 
consisting of 3 α-helices [80]. The most well-known protein of this family is 
β-catenin, which is crucial in the regulation of development and adult tissue homeo-
stasis through its two independent functions, acting in cellular adhesion in addition 
to being a transcriptional coactivator (Fig. 2b). Deregulation in the Wnt⁄ β-catenin 
signaling pathway is involved in the pathogenesis of adrenocortical adenomas and 
carcinomas (Fig. 2c). Armadillo repeat containing five (ARMC5) is a novel Armadillo 
(ARM)-repeat-containing gene and encodes a protein of 935 amino acids; its peptide 
sequence reveals two distinctive domains: ARM domain in the N-terminal and a 
BTB/POZ in the C-terminal (Bric-a-Brac, Tramtrack, Broad-complex/Pox virus, and 
Zinc finger) [81]. ARMC5 mutations were recently identified to be related to primary 
bilateral macronodular adrenal hyperplasia [80] (Fig. 1c).

�β-Catenin Mutations

Regulatory mechanisms of cortisol production in adrenocortical carcinomas remain 
not fully elucidated. Decreased activity of steroidogenic enzymes translates into 
elevated urinary metabolites of several androgens or glucocorticoid precursors [82]. 
However, the Wnt⁄β-catenin signaling pathway appears to play a key role in the 
pathogenesis of both adrenal adenomas and carcinomas. β-catenin forms a complex 
with other proteins (adenomatous polyposis coli and axin, which facilitates its phos-
phorylation, making it available for degradation in the absence of Wnt signaling 
[83] (Fig. 2a). Adrenocortical carcinomas can harbor among other mutations in con-
served serine/threonine phosphorylation sites at the amino terminus of β-catenin 
that block its phosphorylation within the destruction complex, thereby preventing 
its ubiquitinylation and proteasomal degradation; consequently, it accumulates in the 
nucleus and forms active transcription factor complexes with T cell factor/lymphoid 
enhancer factor proteins [83] (Fig. 2c, Table 1). Although CTNNB1 mutations are 
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mainly observed in larger and nonsecreting adrenocortical adenomas, suggesting 
that the Wnt/β-catenin pathway activation is associated with the development of less 
differentiated tumors, Bonnet et al. described β-catenin mutations in 6 and 8 out of 
19 and 46 subclinical and overt cortisol-producing tumors, respectively [84]. 
Recently, Goh et  al. identified β-catenin (CTNNB1) mutations as responsible for 
16 % of the cortisol-secreting adenomas [49]; they were also noted by other groups 
in some cases of adrenal adenomas with CS or SCS [64, 85, 86]. Somatic β-catenin 
mutations were also found in 2 out of 18 patients with PPNAD (11 %). In both 
cases, the mutations occurred in relatively larger adenomas that had formed in the 
background of PPNAD [87] (Table 1). Somatic CTNNB1 mutations may explain 
only about 50 % of β-catenin accumulation observed in adrenocortical tumors, indi-
cating that other components of the Wnt pathway may be involved; in fact, genetic 
alterations of the negative regulator of Wnt signaling, “AXIN2 gene” were identified 
in adrenocortical adenomas and carcinomas yet at a low prevalence, 7 and 17 %, 
respectively [88] (Fig. 2c, Table 1).

Fig. 2  (a) Schematic representation of deregulation in the Wnt⁄β-catenin signaling pathway 
involved in the pathogenesis of adrenocortical adenomas and carcinomas. In the absence of a Wnt 
signal, β-catenin is captured by adenomatous polyposis coli (APC) and axin within the destruction 
complex, facilitating its phosphorylation by casein kinases 1 α (CK1 α) and glycogen synthase 
kinase-3 β (GSK3β) through the ubiquitin pathway involving interactions with β-transducin repeat-
containing protein (β-TrCP). (b) The presence of Wnt ligand inhibits the destruction complex 
activity. Therefore, β-catenin is accumulated in the cytoplasm; it may migrate to the nucleus where 
it activates the transcription of target genes, upon its activation. (c) β-catenin mutations block its 
phosphorylation within the destruction complex preventing its ubiquitinylation and proteasomal 
degradation; consequently, β-catenin accumulates in the nucleus and forms active transcription 
factor complexes with T cell factor/lymphoid enhancer factor proteins (TCF/LEF)
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�ARMC5 Mutations

Inactivating germline mutations in ARMC5 gene were first described in apparently 
sporadic cases of BMAH [89] (Table  1). The bilateral nature of macronodular 
hyperplasia as well as its long and insidious onset motivated the search for a genetic 
predisposition that could result in earlier diagnosis and better management to avoid 
bilateral adrenalectomy. Single-nucleotide polymorphism arrays, microsatellite 
markers, whole-genome and Sanger sequencing were applied to genotype leucocyte 
and tumor DNA obtained from patients with BMAH. The search for the responsible 
genes was conducted in apparently sporadic and familial cases [89–94]. The initial 
germline mutation in the ARMC5 gene, located at 16p11.2 was detected in 18 out of 
33 apparently sporadic tumors 55 % of cases of BMAH with Cushing’s syndrome 
[89]. Further studies in sporadic cases found that the prevalence of germline ARMC5 
mutations was closer to 25 % [90, 92, 93]. Inactivation of ARMC5 is biallelic, one 
mutated allele being germline and the second allele being a somatic secondary event 
that occurs in a macronodule; these findings are consistent with its role as a poten-
tial tumor suppressor gene according to Knudson’s 2-hits model [89, 92]. Correa 
et  al. demonstrated that ARMC5 has an extensive genetic variance by Sanger 
sequencing 20 different adrenal nodules in the same patient with BMAH [95]. They 
found the same germline mutation in the 20 nodules (p.Trp476* sequence change) 
but uncovered 16 other mutation variants in 16 of the nodules. This suggests that the 
germline mutation is responsible for the diffuse hyperplasia but second somatic hits 
are required to enhance adrenal macronodular formation [89, 95]. In the first large 
BMAH family studied, a heterozygous germline variant in the ARMC5 gene 
(p.Leu365Pro) was identified in all 16 affected Brazilian family members as well as 
other mutations in two of three other families [92]. Interestingly, only two mutation 
carriers had overt CS and the majority had subclinical disease and one carrier had 
no manifestations despite being 72 year old. In addition, in one-third of the affected 
individuals only unilateral adrenal lesion was present as progression of the full-
blown disease, needing many years and requiring the occurrence of additional 
somatic mutations in several macronodules. This raises the question of the preva-
lence of ARMC5 mutation in apparently unilateral incidentalomas in the general 
population. Other families with BMAH have also been identified with ARMC5 
mutations or alterations [91, 94, 96, 97]. A germline deletion rather than mutation 
of ARMC5 was reported in a family presenting with vasopressin-responsive SCS 
and BMAH [96]. By applying droplet digital polymerase chain reaction, the mother 
and her son had germline deletion in exon 1–5 of ARMC5 gene locus. Furthermore, 
Sanger sequencing of DNA from the right and left adrenal nodules as well as 
peripheral blood of the son revealed the presence of another germline, missense 
mutation in ARMC5 exon 3 (p.P347S) [96].

The presence of ARMC5 mutation in patients with BMAH and aberrant GPCR 
has been reported, but the relationship has not been well established yet. The most 
frequent aberrant responses were to upright posture, isoproterenol, vasopressin, 
and metoclopramide tests [89, 90, 97]. In contrast, none of the patients with food-
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dependent CS carried ARMC5 mutations [89, 90]. ARMC5 inactivation decreases 
steroidogenesis, and its overexpression alters cell survival, which could argue why 
relatively inefficient cortisol overproduction is seen despite massive adrenal 
enlargement [7, 8, 98]. Despite this, the index cases operated for Cushing’s syn-
drome and carrying ARMC5 mutations carriers presented more severe CS than 
cases operated for Cushing’s syndrome without ARMC5 mutation; carrier patients 
had a more severe clinical phenotype and biochemical profile as well as larger 
adrenals on imaging with a higher number of nodules [90, 93]. ARMC5 mutations 
appear to be the most frequent genetic alteration in BMAH with 61 different muta-
tions, 27 germinal and 30 somatic, found all along the protein in different domains. 
Thus, genetic counseling and screening for these mutations are highly encouraged 
in family members of patients with BMAH even without the evidence of a clinical 
disease [8, 81, 92]. As ARMC5 appears to be a tumor suppressor gene and is widely 
expressed in many tissues other than the adrenal, it was of interest to examine 
whether mutation carriers could develop other tumors. In a few families with 
BMAH, the occurrence of intracranial meningiomas was described and a somatic 
ARMC5 mutation was found in a meningioma of a patient with familial BMAH 
with a germline ARMC5 mutation suggesting the possibility of a new multiple 
neoplasia syndrome [94]. Finally, ARMC5 mutations have been identified in pri-
mary hyperaldosteronism where 6 patients of 56 (10.7 %, all Afro-Americans) had 
germline mutations in the ARMC5 gene; among these 6 patients, 2 suffered from 
BMAH [99].

�Other Genetic Defects Associated with Abnormal 
Steroidogenesis

Several other gene mutations have been reported in patients with CS mainly pre-
senting with BMAH including the multiple endocrine neoplasia type 1 (MEN1), 
familial adenomatous polyposis (APC), type A endothelin receptor (EDNRA) [52, 
98, 100, 101]. Furthermore, somatic mutations other than ARMC5 have also been 
found in patients with BMAH such as the DOT1L (DOT1-like histone H3K79 meth-
yltransferase) and HDAC9 (histone deacetylase 9) genes; these two nuclear proteins 
are involved in the transcriptional regulation; however, their mutations were found 
at a much lower frequency than ARMC5 [64] (Table 1).

In a Carney Complex patient without Cushing’s syndrome but with skin pigmen-
tation, acromegaly and myxomas, gene triplication of chromosome 1p31.1, includ-
ing PRKACB, which codes for the catalytic subunit beta (Cβ) resulted in increased 
PKA activity. It is likely that whereas the loss of RIα leads to the full Carney com-
plex phenotype, the gain of function in Cα leads to adrenal adenomas and Cushing’s 
syndrome, while in this case, amplification of Cβ resulted in certain nonadrenal 
manifestations of CNC [102].
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�Major Molecular Mechanisms Involved in Adrenal  
CS Other than Genetic Mutations

Independently of circulating ACTH, many bioactive signals released in the vicinity 
of adrenocortical cells by chromaffin cells, neurons, cells of the immune system, 
adipocytes, and endothelial cells can influence the secretory activity of the normal 
adrenal cortex [103, 104]. In contrast to the mechanisms that mainly lead to consti-
tutive activation of the cAMP system or deregulation in the Wnt⁄β-catenin signaling 
pathway, abnormal regulation of steroidogenesis can result from the aberrant adre-
nal expression of several hormone receptors, particularly GPCR [105–108] and 
from aberrant autocrine/paracrine loops [9] (Fig. 1). These concepts offer the pos-
sibility of targeted therapy using specific receptor-targeted peptide antagonists 
[108]. These mechanisms are implicated in the pathogenesis of adrenal CS (Table 1) 
as well as in other endocrine tumors such as primary hyperaldosteronism and pitu-
itary tumors; yet they are the most frequently described mechanism of regulation of 
hypercortisolism in BMAH [108]. Despite being a rare disease representing less 
than 1 % of all causes of CS [1], the prevalence of incidentally discovered BMAH 
due to extensive development and use of abdominal imaging has markedly increased 
[109]. It is diagnosed in the fifth and sixth decades and occurs more frequently in 
women [7]. The adrenal glands are hypertrophied with a mass reaching 10–100 
times the normal weight of an adrenal gland [110]; however, most of the patients 
have subclinical hypercortisolism [98]. This discrepancy might be explained by the 
unequal distribution of steroidogenic enzymes among the different adrenocortical 
cell types leading to inefficient steroidogenesis [110, 111] as well as to decreased 
expression of steroidogenic enzymes [89, 112].

�Aberrant Expression and Function of GPCR

The expression of ectopic receptors that are not expressed at significant levels in 
normal zona fasciculata cells and the increased expression or coupling to steroido-
genesis of eutopic receptors can lead to abnormal cortisol production by mimicking 
the cellular events that are triggered normally by MC2R [7] (Fig.  1b). There are 
ectopic receptors such as those for glucose-dependent insulinotropic peptide (GIPR), 
β-adrenergic receptors (β-AR), vasopressin AVP (V2-V3 R), serotonin (5-HT7R), glu-
cagon (GCGR), and angiotensin II (AT1R). Among eutopic receptors are those for 
vasopressin (V1R), luteinizing hormone/human chorionic gonadotropin (LHCGR), 
or serotonin (5-HT4R) [108]. Five systematic studies have screened for aberrant 
expression of GPCR in overt and SCS; they demonstrated abnormal expression of 
more than one type of GPCR with 80 % showing aberrant cortisol responses to at 
least one stimulus. Multiple responses within individual patients occurred with up 
to four stimuli in 50 % of the patients; AVP and 5-HTR4 agonists were the most 
prevalent hormonal stimuli triggering aberrant responses in vivo [52, 113–116]. 
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The percentage of aberrant responses in patients with unilateral adenoma and mild 
CS or SCS was similar to those in BMAH patients [114]. However, it was less fre-
quent in patients with unilateral adenomas and overt CS [113] most probably due to 
higher prevalence of PRKACA mutations in these patients [65].

�Food-Dependent CS

Initially described by Hamet et al. in a case of unilateral adenoma and CS [117], 
food-dependent CS was identified to be GIP dependent by two different groups in 
cases of BMAH [118, 119]. To date, more than 30 cases of ectopic GIPR expression 
were published, being the most extensively studied GPCR in BMAH and unilateral 
adenomas, though it is not the most prevalent [107]. The transfection of bovine adre-
nal cells with the GIPR and its injection under the renal capsule in mice led to the 
development of hyperplastic adrenals and hypercortisolism which supports the role 
of the GIPR in steroidogenesis and cell proliferation [120]. Low fasting plasma cor-
tisol levels in the morning due to suppressed pituitary ACTH, which increases fol-
lowing meals and its physiological elevation of GIP, is the hallmark of GIP-dependent 
CS. Since other aberrant GPCR can be expressed with GIPR in the same tissue such 
as LHCGR and 5-HT4R, fasting cortisol levels may not always be suppressed [121–
123]. Short-term control of hypercortisolism in BMAH patients with aberrant expres-
sion of GIPR was achieved by octreotide or pasireotide presumably because GIP 
suppression escapes as downregulation of somatostatin receptors in K cells occurs 
during chronic administration of the long-acting agonists [124, 125]. In vitro, ACTH-
receptor antagonists were able to significantly inhibit cortisol secretion in perifused 
GIP-dependent BMAH tissues because GIP stimulated ACTH secretion and this 
effect was reduced by blocking ACTH binding to its own receptor [9].

�Posture-Dependent CS

Upright posture induces abnormal steroidogenesis in BMAH with aberrant expres-
sion of either β-adrenergic receptors (β-AR), vasopressin AVP (V2–V3-vasopressin 
receptor), or angiotensin II (AT1R). Further, in vivo testing with β-agonists, vaso-
pressin, and angiotensin II can identify each of these aberrant receptors, respec-
tively [107]. Administration of antagonists of V1aR, AT1R, or β-AR was effective 
in reducing cortisol levels in patients with posture-related CS [126–129] [130]. 
Posture and specifically AVP were the most prevalent hormonal stimulus triggering 
aberrant responses in vivo [108].

�LH/hCG-Dependent CS

Cases of transient CS during sequential pregnancies with spontaneous resolu-
tion following delivery were reported, while persistent CS occurred only after 
menopause, as a consequence of aberrant adrenal expression of LH/hCGR; 
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coexpression of LH/CGR with GIPR and 5-HT4R was found in some patients 
[121–123, 131, 132]. Some cases of CS outside of pregnancy were also found 
with aberrant cortisol response to injection of GnRH and hCG [123, 133]. A 
heterozygous mutation of Gsα at codon 201 was found in addition to the aber-
rant LH/CG receptors [134]. Chronically elevated serum LH following gonad-
ectomy induced functional LH receptor expression in mouse adrenal cortex, 
leading to adrenal hyperplasia and LH-dependent hypercortisolism [135]. 
Leuprolide acetate, a GnRH analog, was able to achieve long-term control of 
hypercortisolism in LH/hCG-dependent CS [136]. Aberrant expression of LH/
CGR and GNRHR was described in pregnant and postmenopausal patients with 
primary hyperaldosteronism [137]. Recently, activating β-catenin mutations 
(CTNNB1) were identified in aldosteronomas which largely overexpressed 
GNRHR and LHCGR, suggesting that these mutations stimulate Wnt activation 
and cause adrenocortical cells to de-differentiate toward their common adrenal-
gonadal precursor cell type [138].

�Serotonin-Dependent CS

In patients with aberrant expression of 5-HT4 R which is also among the most fre-
quent aberrant responses [108], metoclopramide and cisapride (5-HT4 agonists) can 
stimulate abnormal cortisol production on one hand and 5-HT4 antagonists 
(GR113808) can inhibit steroidogenesis on the other hand [139, 140]. Ectopic 
expression of 5-HT7R in an adrenocortical carcinoma cosecreting renin and cortisol 
as well in BMAH was also reported [141, 142].

�Other GPCR

The presence of ectopic glucagon receptors was demonstrated in patients with sub-
clinical or overt CS [115, 143–145] as well as the expression of somatostatin 
receptors SSTRs (particularly of SSTR1-3) was increased in PPNAD tissues carry-
ing a PRKAR1A mutation compared to normal adrenal and to tissues from other 
adrenal diseases. Somatostatin analogs such as octreotide were not able to reduce 
cortisol significantly yet they remain a potential therapeutic tool in PPNAD [146]. 
Overexpression of receptors for motilin (MLNR), gamma-aminobutyric acid 
(GABBR1), and α2 adrenergic (ADRA2A) was identified in BMAH tissues by 
using transcriptome approach [147, 148]. Leptin, which normally inhibits stimu-
lated cortisol secretion in humans, participated in cortisol hypersecretion in a case 
of BMAH with aberrant response to GIP [149].

Finally, some in vitro studies revealed the expression of GPCRs for thyrotropin, 
follicle stimulating hormone and interleukin-1 in addition to those clearly con-
firmed in vivo [105, 106, 150].
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�Abnormal Autocrine/Paracrine Regulation of Cortisol Secretion

�Autocrine Role of Intradrenal ACTH Produced in BMAH

Chromaffin cells of the adrenal gland can express the gene encoding POMC and 
therefore synthesize ACTH [151]. These chromaffin ACTH-producing cells have 
been described in BMAH tissues [152] (Fig. 1b). In two patients undergoing adrenal 
vein catheterization, a significant ACTH concentration gradient between the adrenal 
and the peripheral vein indicated that BMAH tissues are able to produce ACTH [9]. 
In a large recent series of 30 cases of BMAH, POMC mRNA and ACTH were 
expressed in the adrenocortical hyperplastic tissues along with the proconvertase 1, 
which converts POMC into ACTH. In addition, a positive correlation was observed 
between ACTH and cortisol levels in culture medium during perifusion of BMAH 
samples; another positive correlation was found between MC2R mRNA levels and 
POMC mRNA [9]. In fact, MC2R was upregulated by ACTH in BMAH tissues 
although it is normally underexpressed [147, 153]. The MC2R antagonist cortico-
statin significantly inhibited the production of cortisol in vitro in contrast to dexa-
methasone and RU486 or CRH that failed to affect ACTH release indicating that 
intraadrenal ACTH is not regulated negatively by cortisol or stimulated by CRH [9]. 
Furthermore, it was demonstrated by the same group that ACTH synthesis might 
originate from abnormal gonadal-like differentiation of some adrenocortical cells 
since ACTH-producing cells were labeled by antibodies directed against the Leydig 
cell marker insulin-like 3 (INSL3) [9]. In vitro studies revealed that hyperplastic 
adrenal tissues secrete ACTH in a pulsatile manner in concordance with previous 
studies that demonstrated that cortisol production in patients with BMAH was pul-
satile (67). Finally, 5-HT, LH/hCG, and GIP were found to stimulate ACTH release 
from BMAH tissues whereas MC2R antagonists were able to partially reduce the 
response of cortisol response to GIP [9]. Hence we can summarize that activation of 
GPCR in BMAH may stimulate cortisol production via two mechanisms including 
a direct effect on steroidogenesis [123], and an indirect action via ACTH secretion, 
which amplifies the action of these aberrant GPCR [9] (Fig. 1a, b).

�Amplification of the Serotonin Paracrine Pathways in BMAH

Perivascular mast cells, located in the subcapsular region of the cortex, produce 
serotonin in the normal adrenal gland [154], which activates glucocorticoid synthe-
sis through activation of the cAMP/PKA pathway [154–156]. However in BMAH, 
molecular and cellular defects reinforce the stimulatory effect of the intraadrenal 
serotonergic tone on cortisol production mainly due to the aberrant expression of 
the eutopic 5-HT4R and ectopic 5HT7R which are positively coupled with adenylyl 
cyclase [157] (Table 1). In the same context, PKA inhibitor H89 was found to inhibit 
the stimulatory action of serotonin on steroidogenesis in BMAH [142].
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�Regulation by Steroid Hormone Receptors

A distinctive feature of PPNAD is the paradoxical increase in urinary free cortisol 
during the 6-day dexamethasone suppression test (Liddle test), which was found in 
69–75 % of two small series of patients with PPNAD [158, 159]. Conversely, no 
paradoxical increase in cortisol was seen in nine patients with BMAH, but it was 
observed in three of 15 patients with a unilateral adenoma [159]. The glucocorticoid 
receptor (GR) was largely overexpressed in PPNAD nodules [160] (Table 1). In 
these cases, cortisol secretion was regulated by a glucocorticoid receptor-mediated 
effect on PKA catalytic subunits: the PKA inhibitor and RU486 inhibited the corti-
sol response to dexamethasone. The stimulatory effect of dexamethasone on corti-
sol release was not reduced by an adenylyl cyclase inhibitor or potentiated by a 
phosphodiesterase inhibitor or a cAMP analog [158]. Independently of the presence 
or absence of PRKAR1A mutation, dexamethasone was found to increase glucocor-
ticoid synthesis in vitro and in vivo, suggesting a direct effect on adrenocortical 
tissue of PPNAD/CNC patients. Furthermore, in a patient with PPNAD, who had 
increased cortisol secretion during pregnancy and oral contraceptive use (and 
dexamethasone), β-estradiol (E2) stimulated cortisol secretion in a dose–response 
manner in the absence of ACTH [161]. In PPNAD tissues associated with CS, E2 
abnormally stimulated cortisol secretion through activation of overexpressed 
estrogen receptors ERα and G protein-coupled receptor 30 (GRP30) [162]. This 
finding may explain why the CS of PPNAD is more frequent after puberty in female 
patients with CNC [162] (Table 1).

�Conclusion

In summary, tumorigenesis and abnormal regulation of steroidogenesis in primary 
adrenal CS can result from complex interactions between various mechanisms 
including aberrant expression and function of hormone receptors together with 
other genetic alterations in several signaling pathways mainly cAMP/PKA and 
Wnt/β-catenin activating cascades. Whether each isolated mechanism can consti-
tute the initiating event or is the consequence of another genetic alteration leading 
to adrenal dedifferentiation, hyperplasia, or tumorigenesis remains to be clarified. 
Further research is needed to uncover the link between aberrant receptors and germ-
line mutations such as ARMC5, PRKACA, or β-catenin in CS as well as in other 
steroid secreting syndromes. Specific alterations in the cAMP pathway, in auto-
crine/paracrine secretion loops and aberrant receptors may offer promising specific 
targeted medical therapies for bilateral diseases as well as targets for PET imaging 
with specific ligands in the future [9, 163].
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Pathogenesis and Treatment of Aggressive 
Corticotroph Pituitary Tumors

Yang Shen and Anthony P. Heaney

Abstract  Although the majority of corticotroph pituitary tumors are microadenomas 
and amenable to complete surgical resection, a subset exhibits a higher frequency of 
local invasiveness, tendency to recur, and potential to progress to carcinoma. Specifically, 
Crooke’s cell adenomas, silent corticotroph adenomas, and corticotroph tumors in the 
setting of Nelson’s syndrome are often more aggressive. These tumors may exhibit 
higher Ki-67 and/or p53 immunostaining though this is not uniform. Emerging molecu-
lar markers show promise but have not yet been validated in routine clinical use. Therapy 
is generally multimodal with surgical debulking to alleviate compressive symptoms, 
radiation therapy to prevent or delay tumor growth, and medical therapies to manage 
the many adverse metabolic consequences of hypercortisolism. However, many of 
these agents do not inhibit tumor growth and recently temozolomide, an alkylating 
chemotherapy agent, has been demonstrated to offer stabilization and in some instances 
partial and/or complete regression of these aggressive corticotroph tumors.

Keywords  Corticotroph tumors • ACTH-secreting pituitary tumors • Crooke’s cell 
adenoma • Cushing’s disease • Pituitary tumors • Pituitary carcinoma • Atypical 
pituitary tumor • Invasive pituitary tumor • Nelson’s syndrome • Temozolomide

�Introduction

Pituitary tumors are invariably benign tumors that either are clinically nonfunc-
tioning (~60 % of all cases) or secrete the pituitary hormones prolactin, growth 
hormone, adrenocorticotrophic hormone, thyroid stimulating hormone, follicle 
stimulating hormone, or luteinizing hormone, with prolactin-secreting tumors 
being most common (~30 %). Pituitary carcinoma, defined as metastatic or 
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craniospinal disseminated tumor at sites not contiguous with the sella, is very 
rare and seen in only 0.1–0.2 % of all cases [1, 2]. However, pituitary tumors 
often invade surrounding sellar structures such as dura, bone, blood vessels, and 
nerve sheath [3–5]. These latter tumors are often those that display higher rates 
of tumor growth or regrowth, exhibit multiple recurrences, are variously labeled 
“aggressive,” and often present a therapeutic challenge. However, whereas there 
is a WHO definition of an “atypical” pituitary tumor (Table 1), there is no uni-
versally accepted definition for an “aggressive” pituitary tumor and this term 
may mean different things to individual physicians. From an endocrinologist’s 
perspective, in the setting of a corticotroph tumor the rapid appearance of symp-
toms of hypercortisolism such as rounded face, central obesity, and purple striae 
over months is evidence of a clinically/biochemically “aggressive” tumor in 
comparison to a patient who manifests similar symptoms appearing over several 
years. From the radiology or neurosurgical perspective, a large bulky pituitary 
corticotroph tumor that exhibits cavernous sinus or bony invasion may be indi-
cators of an “aggressive” phenotype. Pathologists in their analysis interpret his-
tological features such as mitotic rates and expression of proliferative markers 
to determine the “aggressiveness” of the pituitary tumor. Acknowledging the 
difficulties in correlating clinical, radiological and histopathological criteria, 

Table 1  Pituitary corticotroph tumor classification

(a)	WHO classification

Typical Atypical Carcinoma

Histologic features Ki-67 < 3 % Ki-67 ≥ 3 %, 
increased mitoses, 
extensive p53 
staining

Ki-67 ≥ 3 %, increased 
mitoses, extensive p53 
staining

Size Micro/
macroadenoma

Micro/
macroadenoma

Macroadenoma

Invasiveness +/− + +

Metastases or 
craniospinal 
dissemination

No No Yes

(b) Clinicopathologic grading system proposed by the French Collaborative Study [6]

Grade 1 Grade 2 Grade 3

Histologic featuresa (a) – proliferation
(b) + Proliferation

(a) − proliferation
(b) + Proliferation

+ Proliferation

Size Micro/
macroadenoma

Micro/
macroadenoma /giant 
adenoma

Macroadenoma/giant 
adenoma

Invasivenessb − + +

Metastases or 
craniospinal 
dissemination

No No Yes

aProliferation is defined based on the meeting of at least two of the following three criteria: Mitoses: 
n ≥ 2 per 10 HPF; Ki-67 ≥ 3 %; p53 > 10 strong positive nuclei per 10 HPF
bInvasiveness is defined as histologic or radiological signs of cavernous or sphenoid sinus invasion
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efforts have been made to develop a broader clinicopathologic classification of 
pituitary endocrine tumors that may offer more prognostic value, in which 
greater emphasis is put on proliferation assessment in conjunction with radio-
logical invasiveness [6, 7]. It must be acknowledged that neither classification 
system has been clinically validated or assessed in prospective fashion. A further 
term that is sometimes used synonymously with aggressiveness but loosely 
defined is “recurrence.” In discussing tumor recurrence, it is important to con-
sider the time frame as most would agree that tumor recurrence 10 years after a 
complete resection would not be considered as “aggressive” in comparison to a 
tumor that recurred 6 months after complete resection. In addition, in literature 
review it is often difficult to differentiate true recurrence (i.e., growth of tumor 
after R0 resection) versus growth of residual tumor following subtotal resection. 
In summary, although no clear consensus on the definitions of an aggressive 
pituitary corticotroph tumor exists [8], most practitioners would agree that a 
tumor that exhibits rapid growth (such as presenting with early recurrence after 
a complete resection) or a tumor displaying hallmarks of high proliferation 
would be considered aggressive tumors.

�Aggressive Corticotroph Tumor Subtypes

Three subtypes of corticotroph pituitary tumors that are known to have more 
aggressive behaviors have been defined (Table 2). First, the Crooke’s cell adenoma 
(CCA) represents an entity with the distinctive histologic characteristic of exten-
sive keratin deposition (Crooke’s hyalinization) within greater than 50 % of the 
corticotroph tumor cells [12, 13]. The CCA is not to be confused with “Crooke’s 
hyaline change” which was named after pathologist Dr. Arthur Crooke, who first 
described the phenomenon of keratin deposition in the normal corticotrophs, an 
appearance found in the setting of excess glucocorticoid either from diseases such 
as Cushing’s syndrome or following exogenous glucocorticoid administration 
[9–11]. CCAs are rare, with only 80 cases reported [12]. This variant of cortico-
troph tumor presents with ACTH-dependent hypercortisolism similar to other 
Cushing’s disease cases but is innately aggressive; most present as macroadeno-
mas and exhibit marked cavernous or sphenoid sinus invasion at presentation. 
Compared to non-Crooke’s cell adenomas, CCAs have a higher recurrence rate 
that approaches 70 % and more frequently progress to pituitary carcinoma [12]. 
Among the 36 cases that George et al. reported in 2003, 3 patients (5 %) died of 
the disease (one from multiple local recurrences and two from pituitary carci-
noma) versus 0.01 % death rate for all pituitary tumors [13].

The second type of corticotroph tumors that may exhibit aggressive behavior are 
the so-called “silent” corticotroph adenomas (SCA). SCAs typically exhibit variable 
immunoreactivity for ACTH and other pro-opiomelanocortin (POMC)-derived pep-
tides. They may secrete ACTH, which may be elevated in the circulation but often the 
patient does not exhibit clinical signs or biochemical evidence of hypercortisolism. 
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Rarely, SCAs may transform, in the course of the patient’s disease, into functional 
adenomas with patients developing clinical hypercortisolism [14]. SCA as a distinct 
clinicopathologic entity was first proposed in 1978 when the classification of pitu-
itary tumors was based on the tinctorial properties of the tumor cell cytoplasm, i.e., 
chromophobic, acidophilic, and basophilic. The case that was reported by Kovacs 
et al. at that time was a densely granulated basophilic cell adenoma which was immu-
noactive to ACTH antibodies but the patient was eucortisolemic before and after 
tumor resection [15]. Later, two morphologic variants of SCAs were defined: Type I 
are densely granulated basophilic tumors similar to functional corticotroph tumors 
whereas type II are chromophobic with varying ultrastructural patterns [16]. The 
morphological difference suggests that there might be variations in clinical pheno-
type resulting from these SCAs, but due to the small number of cases available, stud-
ies have mostly examined the collective features of the SCAs. Initially the mechanism 
proposed for the “silent” biochemical and clinical features of these tumors invoked 
impaired ACTH synthesis with enhanced lysosomal degradation of POMC peptides 

Table 2  Overview of salient features of corticotroph tumor subtypes

Aggressive subtypes

Typical 
corticotroph 
tumors

Silent 
corticotroph 
adenoma

Crooke’s cell 
adenoma

Nelson’s 
syndrome

Histological features

ACTH 
immunopositive

ACTH 
immunopositive

ACTH 
immunopositive

ACTH 
immunopositive

>50 % tumor 
cell positive for 
keratin 
deposition

Clinical feature of Cushing’s

Variably present Present Present Present

History of prior 
BLA

Biochemical hypercortisolism

Often absent Present Present Present

Spectrum of 
increased 
plasma ACTH

Radiological features

Size Often 
macroadenoma

Micro- or 
macroadenoma

Macroadenoma Often 
microadenoma

invasiveness Often present Often present Often present Absent-variable

recurrence/
recurrence rate

Low to medium High Recurrence with 
rapid growth

Low

Clinical course

Progress to 
carcinoma

Limited data but 
increased

Often Limited data Unlikely

ACTH; adrenocorticotrophic hormone, BLA; bilateral adrenalectomy
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[15]. More recent studies have demonstrated the incomplete processing of POMC, 
the precursor peptide of ACTH due to reduced expression of the prohormone conver-
tase (PC1) enzymes PC1-3 [16–18]. Additionally the corticotroph-specific transcrip-
tion factor TPIT was found to be lower in several SCAs, suggesting altered 
corticotroph differentiation in at least some of these tumors [17]. Due to the “silent” 
clinical course of these tumors, many are found as incidentalomas after brain imag-
ing for other reasons or when patients present with symptoms of mass effect [19]. In 
a large surgical series, most SCAs were macroadenomas with suprasellar extension 
present in 87–100 % of cases, and compared to nonfunctional adenomas and func-
tional ACTH-secreting tumors, SCAs exhibited a more aggressive clinical course 
with frequent recurrence [20–23]. Other retrospective reviews from individual insti-
tutions reported similar recurrence rates in SCAs as nonfunctioning adenomas [24, 
25], but the pace of regrowth tended to be more aggressive [25]. Some patients with 
SCAs have been noted over time to manifest clinical signs and biochemical evidence 
of hypercortisolism. Whether this represents a true transformation of the tumor or 
more likely in the opinion of the authors the tumor as it enlarges attains a threshold 
of partially active ACTH secretion that can bind the ACTH receptor sufficiently to 
induce glucocorticoid excess is unclear.

The third setting where corticotroph tumors may behave aggressively is in the 
setting of Nelson’s syndrome. In 1958, Dr. Nelson reported the development of an 
ACTH-secreting pituitary tumor following bilateral adrenalectomy (BLA) [26] and 
an early case series in 1979 found that 4 of 12 patients (33 %) treated with bilateral 
adrenalectomy for Cushing’s disease developed pituitary corticotroph tumor growth 
(Nelson’s syndrome). Two out of the 4 patients had spontaneous tumor infarction, 
one patient died from local tumor invasion despite radiation therapy and another 
patient had corticotroph tumor regrowth after surgical resection [27]. Nelson’s syn-
drome reminds us of the role of glucocorticoid-mediated negative feedback to con-
trol pituitary corticotroph tumor growth whereby removal of cortisol-mediated 
negative feedback on the pituitary tumor serves as a growth stimulus [28]. A variety 
of risk factors have been implicated for corticotroph tumor growth after bilateral 
adrenalectomy including the presence of radiographically visible pituitary tumor 
remnant, young patient age, duration of Cushing’s disease and lack of pituitary radi-
ation prior to BLA. A recent study of 53 patients with Cushing’s disease found that 
short duration of Cushing’s before BLA and high plasma ACTH level in the year 
following BLA were independent predictors for pituitary corticotroph tumor pro-
gression, the latter most likely to occur within the first 3 years after BLA [29].

�Aggressive Corticotroph Tumors: Role of Histopathological 
Indicators

As noted in the introduction, the 2004 WHO criteria list Ki-67 ≥ 3 % and exten-
sive p53 immunostaining as indicators of an atypical pituitary tumor or carci-
noma. Ki-67 is a well-validated marker expressed during the G1, G2-M, and 
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S-phase of the cell cycle. Commonly detected by the monoclonal MIB antibody it 
is reported in the form of Ki-67 labeling index (LI), indicating the number of 
Ki-67 positive cells in either 4 × 200 high-powered fields or by less standardized 
approaches (see later). Pituitary tumors exhibit a very broad range of Ki-67 LI 
with the vast majority of pituitary adenomas exhibiting Ki-67 LI between 1 and 
2 % [30, 31]. In an early study based on 77 cases, Thapar et al. demonstrated sig-
nificant differences in Ki-67 LI among 37 noninvasive tumors, 33 invasive tumors, 
and 7 pituitary carcinomas. The authors proposed that a threshold LI of 3 % could 
be used to distinguish invasive from noninvasive adenomas with 97 % specificity 
and 73 % sensitivity [5]. This threshold of 3 % was ultimately used in the WHO 
classification to differentiate atypical pituitary adenomas and carcinomas from 
typical pituitary tumors. However, prospective studies supporting this cutoff are 
lacking, and the utility of Ki-67 LI to robustly distinguish benign/typical versus 
invasive/atypical adenomas is not universally accepted [8, 30, 31]. For example, 
although one study found that Ki-67 LI was significantly higher in ACTH-
secreting tumors versus other functional or nonfunctional tumors [32], that find-
ing was not supported by other studies and despite increased growth in the setting 
of Nelson’s syndrome as previously discussed, no significant association was 
found between Ki-67 LI and tumor recurrence in patients with Cushing’s disease 
compared to tumors from patients with Nelson’s syndrome [33]. Furthermore, the 
mean Ki-67 LI was relatively low at 0.7–0.8 % in 11 primary Crooke’s cell adeno-
mas, although Ki-67 LI was higher at 2.1–6.1 % in the recurrent Crooke’s cell 
tumors. These mostly small single center studies must be interpreted with caution 
but would appear to highlight limitations of the Ki-67 LI as a stand-alone predic-
tive marker of corticotroph tumor aggressiveness [13].

P53 is a cellular tumor antigen that plays an important role in genomic stability 
and cell proliferation. In the Thapar study above p53 immunoreactivity was also 
reported to correlate with pituitary tumor invasiveness and was expressed in 100 % 
of pituitary carcinoma cases [5]. However, subsequent studies have not observed a 
clear-cut association between p53 and invasiveness of pituitary tumors [32, 34, 35]. 
This in large part may be due to the considerable intra and intertumoral variability 
of p53 tumor expression and we must conclude that the independent role of p53 in 
predicting pituitary tumor behavior is quite limited.

The situation for these and other immunohistochemical markers is further 
complicated by the method of analysis for Ki-67 LI which is not standardized. 
Some pathologists “eyeball” the Ki-67 LI on analyzing variable numbers of 
tumor sections, more standardized quantitation methods (4 × 200 high power 
fields) are labor intensive and computed quantitation analysis is not universally 
available and may overestimate by counting infiltrating Ki-67 false positive 
inflammatory cells.

In summary, while the prognostic values of Ki-67 and p53 staining remain con-
troversial, they are presently the most readily available tools to clinicians and it is 
prudent to monitor corticotroph and other pituitary tumors with Ki-67 LI outside the 
norm, i.e., >2–3 % more vigilantly.
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�Emerging Molecular Markers of Corticotroph Tumor 
Invasion and Aggression

The exact pathogenesis of pituitary tumors including aggressive pituitary cortico-
troph is not fully understood but significant advances have been made in the past 
decade to further our understanding of the transformation of “benign” pituitary 
tumors to aggressive tumors and pituitary carcinoma. At present, there is no single 
biomarker that faithfully predicts pituitary tumor behavior [36, 37]. Multiple path-
ways, including occasional genetic mutations, dysfunctional hormonal and growth 
factor signaling pathways cooperate to promote pituitary tumor cellular prolifera-
tion. Several biomarkers of pituitary tumor aggressiveness have been implicated, 
though it is important to note the majority are not unique to corticotroph tumors.

For example, invasive pituitary tumors express higher levels of matrix metal-
loproteinases (MMPs), a class of proteinases that play a key role to break down 
basement membranes and connective tissues to enable tumor cell access to the 
extracellular environment. They can also coactivate other family members whereby 
MMP-2 activates MMP-9 [38]. In a small study, 9 of 10 (90 %) invasive pituitary 
tumors exhibited functional polymorphisms in the promotor region of the MMP-1 
gene resulting in increased MMP-1 transcriptional activity [39, 40]. Additionally, 
expression of MMP-9 which degrades collagens, elastin, and gelatin was found to 
be higher in invasive pituitary adenomas [41–44]. In turn MMP-9 can serve to 
activate protein kinase C (PKC) further contributing to corticotroph tumor aggres-
sion [44].

The fibroblast growth factors (FGFs) and their receptors (FGFR) regulate growth, 
differentiation, migration, and angiogenesis. High levels of FGF mRNA and circu-
lating FGF-2 levels have been reported in aggressive pituitary tumors. Reduction of 
β-catenin expression resulting in loss of cytoskeletal integrity has been implicated 
in the process. Also, FGFR4-R388, an FGFR4 allele associated with poor cancer 
prognosis, was found to be associated with MMP [45].

Vascular endothelial growth factors (VEGFs) and their receptors (VEGFRs) are 
key signaling proteins essential for tumor angiogenesis. Small case series have 
reported that pituitary tumors with high VEGF expression have a higher risk of 
extrasellar growth and recurrence [46]. In support for a role of the VEGF pathway 
in pituitary tumor aggressiveness, a study of 95 pituitary tumors found that lower 
expression of an inhibitor of VEGF, called vascular endothelial cell growth inhibitor 
(VEGI) was associated with suprasellar and sella destruction [47]. A further study 
reported higher expression of endocan, a proteoglycan involved in neoangiogenesis, 
in invasive pituitary tumors [48, 49].

Although classic oncogenic mutations such as Ras mutations are uncommon in 
pituitary tumors [55], a variety of inherited mutations have been implicated in pitu-
itary tumorigenesis. For example, pituitary tumors, including corticotroph tumors, are 
found in multiple endocrine neoplasia type I (MEN1) and familial pituitary adenoma 
(FIPA). Some studies have reported that pituitary corticotroph adenomas in those 
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inherited conditions may be larger and more often invasive than sporadic tumors [50, 
51]. Both the MEN1 and aryl hydrocarbon receptor interacting protein (AIP) genes 
are located on chromosome 11q13 [52, 53]. Allelic deletion of 11q13 and an addi-
tional 3 loci (13q12–14, 10q, and 1p) and dysregulation of chromosome 11p was 
found to be more common in aggressive pituitary tumors [48, 54]. Studies in small 
numbers of invasive versus noninvasive prolactinomas identified ADAMTS6, 
CRMP1, and DCAMKL3 to be associated with invasion and ASK, CCNB1, 
AURKB1, CENPE, and PTTG with proliferation [56]. Pituitary tumor transformation 
gene (PTTG), for example, a member of the securin protein family that regulates 
sister chromatid separation during mitosis, has been studied extensively and shown to 
correlate with invasion in several tumor types including corticotroph tumors [57].

Most recently, mutations in ubiquitin-specific protease 8 (USP8), a gene coding 
a deubiquitinase that inhibits lysosomal degradation of epidermal growth factor 
receptor (EGFR), were identified in 40 % of corticotroph tumors [58]. Additionally 
overexpression of the heat shock protein 90 (HSP90) that alters glucocorticoid 
receptor folding thereby inducing glucocorticoid resistance was demonstrated in 
corticotroph tumors [59]. However, it is as yet unclear if either USP8 or HSP90 cor-
relates with corticotroph tumor aggressiveness. Potentially, future molecular and 
histological analysis with established factors such as Ki-67 and p53 could be 
enhanced with integration of some emerging biomarker candidates such as MMP, 
PTTG, miRNAs, and chromosome deletion in 11p and 11q. However, the practical 
application of these biomarkers in routine clinical use as opposed to research studies 
has not yet been examined.

�Role of Surgical Debulking/Resection in Aggressive 
Corticotroph Tumors

Surgical approaches to either obtain complete near-total resection or significant 
debulking remain first line therapy in the majority of corticotroph tumors. The 
wider exposure obtained and the enhanced direct visualization that angulated endo-
scopes provide may facilitate a more extensive surgical resection of tumors that 
extend beyond the sella into the cavernous sinuses and other parasellar structures. 
Occasionally a transcranial approach may be needed in tumors that extend signifi-
cantly into the suprasellar region. With exceptions, aggressive corticotroph tumors 
tend to be invasive macroadenomas from presentation, and although it may be pos-
sible to achieve a visualized total resection with postoperative imaging showing 
“no residual tumor,” these aggressive corticotroph pituitary tumors tend to recur, 
typically within 5 years [31]. As noted in prior sections, histopathology assessment 
may raise the possibility of tumor aggression, alerting the clinician to closely mon-
itor the patient both biochemically (cortisol and ACTH parameters) and by imag-
ing. As in other corticotroph tumors, low (<5  μg/dL) immediate postoperative 
serum cortisol is a good indicator of immediate remission [60–63]. Thereafter, 
patients require glucocorticoid replacement for typically 6–12 months. If a patient 
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is able to stop glucocorticoid replacement sooner, this raises concern that they have 
not ever been fully in remission or have had early recurrence, the latter a potential 
clinical indicator of an aggressive corticotroph tumor.

�Radiation Therapy

Whereas radiation therapy (RT) is not usually effective to induce corticotroph tumor 
shrinkage it can be helpful to prevent regrowth in subtotally resected corticotroph 
tumors or to slow growth of an expanding sellar lesion. Radiation can be delivered 
either as stereotactic radiosurgery (SRS) which involves delivery of high dose radia-
tion typically in a single dose offering good efficacy and enhanced patient conve-
nience, or in small daily dose fractions (fractionated RT) over 5–6 weeks [65]. 
Fractionated RT is particularly helpful when the tumor approximates radiation sensi-
tive normal tissues that cannot be spared from the RT field. Various forms of radia-
tion therapy exist, including gamma-knife, linear accelerator, cyber-knife, and proton 
beam therapy that can all be adapted to deliver either SRS or fractionated RT. To 
date, the greatest experience with SRS has been with gamma knife. Comparing suc-
cess rates of the various radiation treatments is challenging due to differences in 
technique, doses administered, duration of follow-up, and definitions of tumor con-
trol and biochemical remission [66]. That said, a large retrospective single institution 
review of proton beam RT showed that actuarial 3-year biochemical remission was 
achieved in 54 % of 74 patients with persistent Cushing’s disease and in 63 % of 8 
patients with Nelson’s syndrome. Time to biochemical remission was 32 months and 
26 months, respectively, and tumor control was achieved in 98 % of the patients with 
Cushing’s disease. The main adverse effect is panhypopituitarism which eventually 
occurred in 62 % of the 140 patients studied [67]. In another retrospective study 
involving 96 patients with persistent Cushing’s disease treated with gamma knife RT 
after surgery, 70 % of patients achieved biochemical remission at a median follow-up 
of 48 months. Median time to remission was 16.6 months and tumor control was 
achieved in 98 % of patients [68]. As noted in these studies, an additional challenge 
of RT is delayed biochemical remission, necessitating use of medical therapy until 
radiation therapy controls the hypercortisolism.

�Medical Management

Aggressive corticotroph pituitary tumors similar to any ACTH-secreting tumors 
may cause complications of hypercortisolism including hyperglycemia, hyperten-
sion, venous thromboembolism, and poor wound healing resulting in significant 
morbidity and mortality. Therefore effective control of hypercortisolism is of 
paramount importance at all stages in managing these patients, including across 
potentially definitive therapies such as radiation treatment. Several medical 
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treatments aimed at lowering cortisol levels are currently available [69–71]. An 
ideal therapy would simultaneously lower ACTH and cortisol levels and offer 
tumor control with minimal side effects, but no such agent presently exists.

Medical therapies that act at the site of the tumor include the dopamine receptor-
2 agonist cabergoline which is generally well tolerated and given its ease of admin-
istration can be considered as a medical option for aggressive corticotroph tumors. 
In patients with Cushing’s disease, cabergoline normalized 24-h urinary free corti-
sol in 40 % of 18 patients and resulted in tumor shrinkage in 4/8 patients treated 
with doses ranging from 1 to 7 mg/week for 12–24 months [73–75]. However, most 
would consider D2 agonists weak anti-proliferative agents in corticotroph tumors.

Octreotide, a first generation somatostatin (SMS) analog predominantly target-
ing the somatostatin receptor subtype-2 (SSTR-2) has been reported to lower ACTH 
levels and stabilize tumor progression in some patients with Nelson’s syndrome 
[76], but no consistent effect of octreotide is found in patients with Cushing’s dis-
ease [77, 78]. Pasireotide (SOM 230), a somatostatin receptor ligand with higher 
binding affinity for SSTR-5, normalized 24-h urinary free cortisol in 20 % of 
patients with Cushing’s disease [79, 80]. Data regarding the action of this agent on 
corticotroph tumor growth are awaited.

An alternate method to lower serum cortisol is the use of either adrenal steroido-
genesis inhibitors such as ketoconazole, metyrapone, and mitotane or the glucocor-
ticoid receptor (GR) antagonist mifepristone.

In one study of 38 patients, 21 of who had not undergone prior pituitary surgery 
ketoconazole treatment (200–1200 mg/day) normalized 24-h urinary free cortisol in 
45 % of patients [81]. A large retrospective multicenter French study similarly 
reported normalized urinary free cortisol in 49 % of 200 patients [82]. Side effects 
include nausea, diarrhea (8 %), and skin rash (2 %), and gynecomastia in men (13 %). 
It is important to point out that ketoconazole like all adrenal- or GR-directed agents 
will not inhibit tumor growth but nonetheless can be very effective in controlling 
symptoms of hypercortisolism in combination with other therapies directed at tumor 
control. Metyrapone is also effective in controlling hypercortisolism. In one study 
normalization of 24-h urinary free cortisol was reported in 39 of 53 patients (75 %) 
with Cushing’s disease after 1–6 weeks using a mean dose of 2250 mg [83]. Similar 
response rates were reported in a more recent UK study of 195 patients [84]. As for 
ketoconazole, gastrointestinal side effects of metyrapone predominate. Hirsutism and 
acne (70 %) due to androgen accumulation, as well as hypertension and edema (70 %) 
due to 11-deoxycorticosterone accumulation, can also be seen.

A more recently available method to control symptoms of glucocorticoid excess 
utilizes mifepristone, a glucocorticoid, androgen, and progesterone receptor antago-
nist. In a phase III open label study of 50 patients with endogenous Cushing’s syn-
drome who had failed previous therapy, mifepristone led to clinical improvement in 
hyperglycemia (60 %) and hypertension (38 %) in predefined study subgroups [72]. 
Given the mechanism of action of the drug to block GR, cortisol cannot be used to 
guide dose titration and/or monitoring of side effects, and these must be assessed 
based on clinical symptoms and signs. Serum potassium level should also be moni-
tored due to side effects of hypokalemia.
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It must be acknowledged that the majority of these cortisol-lowering therapies have 
little or no impact on growth of aggressive corticotroph tumors. Indeed, in theory, 
though not proven in practice, drugs such as adrenal steroid synthesis inhibitors and the 
GR antagonist mifepristone by removing GR-mediated corticotroph tumor negative 
feedback could contribute to increased tumor growth. However, much morbidity and 
mortality in these aggressive corticotroph tumors is due to effects of hypercortisolism, 
these agents make up a very important component of the treatment regimen. In clinical 
practice, they are generally used in parallel with other strategies to achieve tumor con-
trol such as debulking surgery, radiation therapy, and systemic chemotherapy.

�Chemotherapy

No randomized prospective studies of systemic chemotherapy have been conducted for 
patients with aggressive corticotroph pituitary tumors or indeed other pituitary tumor 
subtypes. Although aggressive pituitary corticotroph tumors grow and recur, they gen-
erally do not exhibit a high proliferative index. Therefore many chemotherapy regimens 
that offer responses in adenocarcinoma or sarcoma are not effective in patients with 
pituitary tumors. This aspect is not unique to pituitary tumors and similar observations 
have been made in other neuroendocrine tumor subtypes of the pancreas and gut. Case 
reports and small series have demonstrated that temozolomide (TMZ), originally 
approved for use in refractory glioblastoma multiforme, may offer tumor stabilization 
in both pituitary carcinoma and aggressive pituitary adenomas [85–87]. TMZ is a lipo-
philic imadozotetrazine derivative that is converted to a methylating alkylator agent, 
methyl-triazene-1-yl-imidazole-4-carboxamide (MTIC). MTIC induces DNA damage 
by base pair mismatch of O6-methyl-guanine (O6-meG) with thymidine in the sister 
chromatid instead of cytosine, resulting in DNA strand breaks and ultimately tumor cell 
apoptosis [88]. The DNA repair enzyme, O6-methyl-guanine-DNA methyltransferase 
(MGMT) restores guanine by direct repair of O6-meG and studies in gliomas have dem-
onstrated that lower methylated MGMT expression correlates with improved TMZ 
response [89, 90]. In pituitary tumors, some studies observed a similar correlation 
between low MGMT expression and good TMZ response [86, 87, 91] although this has 
not been a ubiquitous finding [92, 93]. Other recent studies have also implicated expres-
sion of another DNA mismatch repair protein, MSH6, as a predictor of response to 
TMZ in atypical pituitary adenomas and carcinomas [94].

There is now reasonable experience of the use of TMZ in treating Crooke’s cell 
adenoma, silent corticotroph tumors, locally aggressive corticotroph tumors, and corti-
cotroph tumors in the setting of Nelson’s syndrome, as well as ACTH-secreting pitu-
itary carcinomas refractory to combinations of surgery, radiation therapy, and other 
medical therapy as discussed previously [91, 92, 95–101]. TMZ has been reported to 
induce tumor shrinkage and reduction of plasma ACTH levels supporting a direct action 
of TMZ on corticotroph tumors, and the overall clinical and radiological response rate 
is ~60 % in aggressive adenomas [8]. TMZ is generally well tolerated, fatigue is com-
mon, and hematological toxicity with reduced white blood cell or platelet counts may 
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necessitate dose reduction or occasional drug withdrawal. As for any alkylating agent, 
TMZ can be associated with a slight increased risk of secondary malignancy (e.g., leu-
kemia or lymphoma). TMZ dosing is based on body surface area (typically 150–200 mg/
m2) and can be given either daily or in cycles (5 days every 28 days). It is unclear at this 
time whether intermittent dosing or low continuous dosed therapy offers better efficacy 
or safety profile. Some studies have suggested that treatment-responsive patients can be 
selected by demonstrating response after three cycles [92]. A modification of the TMZ 
protocol is the “so-called” CAPTEM regimen in which capecitabine 100 mg PO twice 
daily is administered on days 1–14 and TMZ 200 mg/m2 in two divided doses daily on 
days 10–14 of a 28-day cycle. This combination was initially developed to treat meta-
static, well-differentiated neuroendocrine tumors refractory to conventional treatments 
and was reported to be well tolerated, with thrombocytopenia as the most severe adverse 
effect (grade 3) [103]. The CAPTEM regimen has also been used in a case series of 4 
patients with aggressive ACTH-secreting pituitary tumors refractory to surgery, radia-
tion, and hormonal therapy with reported clinical improvement in all 4 patients and 
tumor regression in 75 % of this small group of patients [102].

�Future Therapeutic Options

As noted, knowledge of the genetic basis of aggressiveness of corticotroph pitu-
itary tumors is expanding. Whole exome sequencing may unravel additional bio-
markers of tumor aggression and identify actionable molecular targets in these rare 
but challenging cases. Potentially, molecular biomarker panels may not only aid in 
the diagnostic process to identify these tumors earlier but also facilitate personal-
ized therapeutic strategies and portend prognosis [104]. An array of kinase inhibi-
tors, including mTOR and angiogenesis inhibitors, now exist but although some 
have been shown to reduce cell viability in in vitro cultures of human pituitary 
tumors other than isolated case reports with variable responses, these agents remain 
untested in pituitary tumors [105–107]. Additionally, cancer immunomodulation is 
a rapidly advancing field in oncology and it is intriguing that hypophysitis has 
emerged as a distinct complication of [108] inhibitors for cytotoxic T-lymphocyte 
antigen-4 (CTLA-4) and programmed death-1 (PD-1). Additionally, CTLA-4 and 
PD-1 are expressed in pituitary tissue raising the possibility that these agents may 
too have a role in treatment of aggressive pituitary tumors.
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Abstract  The diagnosis of endogenous hypercortisolism (Cushing syndrome) is 
the most challenging problem in clinical endocrinology. Neoplastic (pathological) 
hypercortisolism is usually due to an ACTH-secreting neoplasm or autonomous 
cortisol secretion from benign or malignant adrenal neoplasms. Nonneoplastic 
(physiological) hypercortisolism is common in many medical disorders such as 
chronic alcoholism, chronic kidney disease, pregnancy, depression/neuropsychiat-
ric disorders, and starvation. The clinical features of hypercortisolism may be 
apparent in both pathological and physiological hypercortisolism and present a sig-
nificant diagnostic challenge. A careful history and good examination are usually 
the most helpful means to identify patients with nonneoplastic/physiological 
Cushing syndrome. Simple biochemical tests such as late-night salivary cortisol and 
the overnight 1 mg dexamethasone suppression test have a good negative predictive 
value and are recommended as first line diagnostic testing in suspected hypercorti-
solism. Secondary tests such as the DDAVP stimulation test and the dexamethasone-
CRH test may be required in some patients to confirm the presence or absence of 
neoplastic/pathological Cushing syndrome. This review describes the medical dis-
orders and physiological conditions associated with chronic activation of the hypo-
thalamic–pituitary–adrenal axis and provides a rational clinical and biochemical 
approach to distinguish them from patients with neoplastic/pathological Cushing 
syndrome.
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�Introduction and Definitions

Endogenous hypercortisolism due to activation of the hypothalamic–pituitary–adrenal 
(HPA) axis is an important adaptive response to many types and severities of stress 
from both external and internal stimuli [1]. This well-appreciated response coordi-
nates an essential increase in the release of energy stores, stimulation of gluconeo-
genesis, maintenance of blood pressure and tissue perfusion, and attenuation of the 
inflammatory responses [2]. Chronic sustained or intermittent hypercortisolemic 
states are recognized in many common physiological situations as well as many 
medical disorders [3]. Prolonged exposure to cortisol excess often results in a 
phenotype commonly referred to as Cushing syndrome [4–8]. The term “pseudo-
Cushing syndrome” has been used to characterize patients with medical conditions 
associated with appropriate or inappropriate cortisol excess that do not have a path-
ological origin from either an adrenocorticotropin (ACTH)-secreting tumor or 
autonomous cortisol secretion from adrenal nodular disease [9]. Unfortunately, the 
term “pseudo-Cushing syndrome” has also been applied to patients who may have 
the common phenotype ascribed to cortisol excess (i.e., the metabolic syndrome), 
but do not have consistent biochemical evidence of increased activity of the HPA 
axis. Of course, clinical features of hypercortisolism may be evident in patients with 
chronic physiological hypercortisolism (for example, in depression, chronic alco-
holism, and chronic kidney disease (CKD)) and may be indistinguishable from 
those with pathological Cushing syndrome [10]. Because of the dynamic range of 
the HPA axis in these conditions, the biochemical differentiation between physio-
logical and pathological hypercortisolism may be very challenging. Consequently, 
we think the application of the term “pseudo-Cushing syndrome” is imprecise 
and vague at best and misleading at worst. We prefer to characterize the Cushing 
syndromes as either neoplastic endogenous hypercortisolism (pathological) or non-
neoplastic (physiological) hypercortisolism (Table 1) with the understanding that 
sustained cortisol excess in either condition may lead to significant, indistinguish-
able clinical and metabolic derangements.

The purpose of this chapter is to review the medical disorders and physiological 
conditions that are known to be associated with chronic activation of the HPA axis 
and to provide a rational clinical and biochemical approach to help distinguish them 
from true pathological Cushing syndrome.

�HPA Axis Physiology and its Potential Association 
with Common Disorders

The HPA axis exists primarily to generate a basal, circadian cortisol rhythm and to 
increase cortisol secretion in response to a wide variety of stimuli collectively 
termed, rather imprecisely, stress [1, 11, 12]. Attempts have been made to catego-
rize stress into subtypes, such as psychological and physical [1]. These designations 
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are particularly relevant to this chapter as we are emphasizing the differences and 
similarities between chronic stimuli to the HPA axis compared to the truly patho-
logical, endogenous hypercortisolism characteristic of Cushing syndrome and usually 
due to an endocrine neoplasm.

Figure 1 gives an overview of the general structure of the HPA axis [11, 12]. 
CNS inputs to the hypothalamus from the circadian rhythm pathways [13] and 
stress pathways [1, 14–16] elicit an increase in the release of corticotrophin-
releasing hormone (CRH) and/or arginine vasopressin into the hypophyseal portal 
veins which then stimulate the release of preformed ACTH as well as increase the 
transcription of the proopiomelanocortin (POMC) gene. ACTH is produced from 
POMC by post-translational processing and released into the systemic circulation. 
At the adrenal cortex, ACTH binds to and activates the melanocortin 2 (ACTH) 
receptor leading to an activation of the cAMP-steroidogenic-acute regulatory 
(StAR) protein cascade which increases steroidogenesis within the adrenal zona 
fasciculata cell [17, 18]. Cortisol, released into the blood from the adrenal cortex, 
binds >90 % to plasma proteins (primarily CBG at physiological cortisol concentra-
tions) and circulates throughout the body. At the hypothalamus and anterior pitu-
itary, free (biologically active) cortisol exerts a negative feedback effect via both the 
glucocorticoid (GR) and mineralocorticoid (MR) receptors [19, 20]. Previous 
chapters in this book have elaborated in great detail on the mechanisms of action of 

Table 1  Etiologies of 
chronic hypercortisolism

Neoplastic/pathological hypercortisolism
ACTH-secreting neoplasm

 � Pituitary (Cushing disease)

 � Non-pituitary (ectopic ACTH)

Adrenal neoplastic disease

 � Adrenocortical adenoma

 � Adrenocortical carcinoma

 � Bilateral adrenal nodular disease

 �   Primary pigmented micronodular hyperplasia

 �   Primary bilateral macronodular hyperplasia

Nonneoplastic/physiological hypercortisolism
Phenotype similar to neoplastic hypercortisolism
 � Alcoholism and alcohol withdrawal

 � Chronic kidney disease stage 5

 � Depression/neuropsychiatric disease

 � Glucocorticoid resistance

 � Uncontrolled diabetes mellitus

 � Pregnancy

Phenotype not similar to neoplastic hypercortisolism
 � Starvation/malnutrition—anorexia nervosa

 � Critical illness

 � Aging
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circulating cortisol. Suffice it to say here that target tissues for glucocorticoids have 
an elaborate enzymatic system for protecting the MR from the actions of cortisol at 
physiological concentrations [21]. This is particularly relevant to this chapter as 
many of the effects of cortisol excess, such as increased sodium retention and potas-
sium excretion in the kidney, are due to the saturation of these protective mecha-
nisms and the binding of cortisol to the MR [22–24].

A few of the points above deserve elaboration. One of the hallmarks of the diurnal 
mammal is the circadian rhythm of the HPA axis in which cortisol peaks between 
0600 and 0800 h and is at its nadir around midnight or a little later [13, 25]. The HPA 
axis also exhibits ultradian rhythmicity which may account for some of the “noise” 
in the assessment of morning cortisol concentrations in plasma [26, 27]. As described 
later, one of the earliest and most consistent changes in the HPA axis in patients with 
Cushing syndrome is an increase in the late-night nadir in cortisol [26, 28–32]. 
As you will see, this is exploited in the diagnosis of Cushing syndrome.

As mentioned above, there are many neuropsychiatric situations in which the 
normal circadian rhythm of the HPA axis is disrupted [33]. Although chronic 
increases in HPA activity due to neuropsychiatric disorders are described below, it 
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Paraventricular Nucleus

Circadian Rhythm (SCN) Stress Pathways (CNS)
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Fig. 1  General organization of the hypothalamic–pituitary–adrenal axis. Suprachiasmatic nucleus 
(SCN); central nervous system (CNS); corticotrophin-releasing hormone (CRH); arginine vaso-
pressin (AVP); adrenocorticotropic hormone (ACTH); zona fasciculata (ZF); zona reticularis 
(ZR); melanocortin 2 receptor (MC2R); StAR-P (steroidogenic acute regulatory protein); mito-
chondria (Mito); smooth endoplasmic reticulum (SER); corticosteroid-binding globulin (CBG, 
also known as cortisol-binding globulin); Glucocorticoid receptor (GR); mineralocorticoid (MR) 
receptors. From [11]
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is also important to point out that patients with these disorders can exhibit an aug-
mented response to stress despite the fact that basal cortisol secretion can be normal 
[33]. In addition, the termination of the HPA axis response to stimuli in these condi-
tions can also be delayed leading to even more exposure to increased glucocorticoid 
activity [33]. Therefore, just because a basal cortisol level is within the reference 
range does not mean the person has not been repetitively exposed to increased cortisol 
levels during the stresses of everyday life.

Another interesting characteristic of the HPA axis that is becoming of great 
physiological and psychoneuroendocrinological interest is the increase in cortisol 
secretion that occurs upon awakening—the cortisol awakening response (CAR)—
that is superimposed on the circadian rhythm described above [34–41]. It has been 
proposed that a change in the CAR is an indication of alterations in arousal, anticipa-
tion of the day’s events, gender, health status, and the perception of stress. The CAR 
can easily be assessed by measuring salivary cortisol immediately upon awakening 
and then at set times thereafter [37]. Of great interest is the possibility that the CAR 
may reflect changes in neurological function especially in the hippocampus and 
associated limbic structures [40]. Since endogenous depression is one of the com-
mon maladies we will focus on as a state of hypercortisolism, it is interesting that 
the CAR is increased during episodes of major depression [38].

In summary, it is now clear that exposure to increased cortisol may be quite 
common in everyday life particularly in people with neuropsychiatric and other 
medical conditions.

�Diagnostic Tests for Endogenous Hypercortisolism

A recent Endocrine Society Guideline has proposed three screening tests for Cushing 
syndrome that exploit different aspects of the disruption of normal physiology [3, 42]. 
They are as follows: the failure to achieve the normal nadir in late-night cortisol 
most commonly performed by the measurement of an increased late-night (typically 
at bedtime) salivary cortisol; the failure to suppress morning plasma cortisol after 
an overnight dexamethasone suppression; and an increase in the excretion of free 
cortisol in the urine. We have extensively reviewed these “first line” tests previously 
[7, 8, 11, 12, 32, 43] and will only briefly describe them below.

Late-Night Cortisol: It was observed decades ago that patients with severe endog-
enous Cushing syndrome of any etiology show a disrupted cortisol circadian rhythm 
[44–47]. More recently, it was demonstrated that patients with milder forms of 
Cushing syndrome have increased midnight plasma cortisol and that this 
measurement when done properly can be used to diagnose and rule out Cushing 
syndrome with accuracy [48, 49]. Considering the challenge of obtaining stress-free 
late-night blood samples in patients, a major advance came with the development 
and widespread clinical use of the measurement of late-night salivary cortisol 
(LNSC) as a surrogate for plasma free cortisol [12, 50, 51]. This test typically has a 
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sensitivity and specificity for endogenous hypercortisolism of >90–95 %, although 
there are some exceptions and methodological caveats that must always be kept 
in mind [51, 52].

Low-Dose Dexamethasone Suppression Test: The physiological concept exploited in 
this test is that ACTH-secreting neoplasms (and obviously ACTH-independent adrenal 
neoplasms) have attenuated sensitivity to cortisol negative feedback [6, 7, 53]. The 
failure to fully suppress morning cortisol after an overnight (usually 1 mg) dose of dexa-
methasone (i.e., cortisol >1.8 μg/dL [50 nmol/L]) has a sensitivity of 95 % in patients 
with neoplastic Cushing syndrome; however, there are many factors that contribute to 
false positive results yielding a diagnostic specificity of 85–90 %. Most common causes 
of misleading results are concomitant use of drugs which accelerate or impair dexa-
methasone metabolic clearance and the use of estrogen therapy which increases cortico-
steroid-binding protein (CBG), the major binding protein for cortisol.

Urine Free Cortisol (UFC): The physiological concept is that an increase in the fil-
tered load of free cortisol in the kidney will be reflected in an increase in 24-h UFC 
excretion. However, this assumption, which was based on old immunoassay data, has 
recently been questioned [54, 55]. The increasing use of the highly specific measure-
ment of UFC using LC-MS/MS could theoretically resolve some problems related to 
this test [56]. This may not be true because of the theoretical advantage of measuring 
cortisol metabolites in the urine [54]. Although measurement of UFC has a sensitivity 
of only 75 % for the detection of neoplastic Cushing syndrome, marked elevations of 
urine cortisol (>3–4 times the ULN) are virtually diagnostic of pathological Cushing 
syndrome [3]. Nonetheless, because of its very poor sensitivity we do not recommend 
UFC as a first line test in the evaluation of suspected hypercortisolism.

�Physiological (Nonneoplastic) Hypercortisolism

There are a variety of circumstances not attributable to an ACTH- or cortisol-
secreting neoplasm in which cortisol secretion is chronically increased. This section 
will discuss some of these rather common situations and will express our opinion 
that these varied states of mild to severe cortisol excess should not be lumped 
together, but rather discussed on their own merits. These often subtle situations 
activate the HPA axis primarily through neural pathways with input to the parvocel-
lular paraventricular nuclei in the hypothalamus (see Fig. 1). In reality as you will 
see, one mechanism that is a recurring theme in many of these situations is a 
decrease in sensitivity to glucocorticoid negative feedback. This can lead to mild 
increases in cortisol levels more equivalent to subclinical Cushing syndrome. 
However, it is very important to again emphasize that small increases in cortisol can 
summate over time to considerable glucocorticoid exposure [57].

Alcohol-Induced Hypercortisolism: It has been known for many years that alcohol 
intake increases cortisol secretion acutely and that actively drinking alcoholics have 
increased indices of cortisol secretion compared to controls [58, 59]. The mechanism 
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for this increase is thought to be centrally mediated due to increases in CRH and 
ACTH [60]. In the late 1970s, investigators began to recognize the presence of signs 
and symptoms of Cushing syndrome in alcoholic patients with resolution of the 
clinical features and biochemical abnormalities of cortisol excess within 1–2 months 
after abstinence from alcohol [61, 62].

Experimental studies suggest that the principal stimulus of alcohol-induced cor-
tisol secretion is centrally mediated through hypothalamic CRH [63–65]. Messenger 
RNA for CRH is increased in the paraventricular nucleus of rats after alcohol 
administration, and in addition, CRH receptor antagonists abolish the ability of 
alcohol to stimulate the HPA axis [63, 64]. Alcohol administration does not stimu-
late the HPA axis in rats after hypophysectomy or suppression of hypothalamic 
activity with the administration of morphine and pentobarbital [66]. Alcohol-
induced increases in vasopressin secretion may also be a factor, since hypothalamic 
vasopressin of parvo- and magnocellular origin augments the ACTH response to 
CRH. Removal of endogenous AVP diminishes the alcohol-evoked ACTH secretion 
in both sham-operated and paraventricular nucleus-lesioned rats [63, 64]. 
Nonetheless, Cobb et al. have shown that steroid production from isolated perfused 
rat adrenal glands increases after adding ethanol in the absence of ACTH and that 
the effect is not enhanced by ACTH administration [67]. However, Elias et  al. 
showed that a large alcohol bolus did not cause an increase in plasma cortisol or 
ACTH levels and failed to potentiate the effect of exogenous ACTH on cortisol 
secretion in either alcoholic subjects or normal human subjects [68]. Wand et al. 
reported increased ACTH levels at 1400 h with concurrently normal cortisol values 
in 31 actively drinking alcoholics [60]. The normal cortisol in the presence of 
increased plasma ACTH suggests centrally mediated HPA axis hyperactivity. 
Withdrawal from alcohol in chronic alcoholics also causes increases in ACTH and 
cortisol and normalization of HPA axis function may require a few weeks after 
alcohol cessation [69].

Altered peripheral metabolism of cortisol (particularly in the liver) may contrib-
ute to hypercortisolism in these patients. Lamberts et  al. reported a patient with 
alcoholism with clinical Cushing syndrome and suppressed plasma ACTH [70]. 
They demonstrated a prolonged half-life of cortisol; however, if negative feedback 
system functioned properly, one would expect cortisol levels to eventually return to 
normal unless stimulatory input to the hypothalamus was increased. Moreover, 
some investigators have failed to detect a causal relationship between the impair-
ment of liver function per se and serum cortisol levels [71]. Nonetheless, it is not 
uncommon for patients with alcohol-induced hypercortisolism to have abnormal 
liver function studies. Consequently, the presence of persistent liver function 
abnormalities—particularly if the AST is much greater than the ALT—should raise 
concern about the possibility of excessive alcohol consumption [72].

Another potential factor in hypercortisolism from excessive alcohol con-
sumption might be interference of the binding of cortisol to plasma proteins with 
possibly excessive free cortisol concentrations. One study showed a positive cor-
relation between blood alcohol level and the percentage of free plasma cortisol [73]. 
There was a shift of the fraction of cortisol bound to cortisol-binding globulin to the 

Endogenous Hypercortisolism



118

albumin-bound and unbound fractions. They speculated that there may be an intracel-
lular hypoglucocorticoid state which gives rise to stimulation of the HPA axis in 
patients with normal cortisol negative feedback control. Since alcohol-induced hyper-
cortisolism is not commonly appreciated in all alcoholic subjects, there may also be 
genetic influences that have an impact on the effect of alcohol in the HPA axis.

Biochemical studies in patients with alcohol-induced hypercortisolism have 
shown normal, increased, and occasionally even decreased concentrations of plasma 
ACTH [60, 70]. Diurnal rhythm is usually absent or attenuated and urinary mea-
surements of corticosteroids are often increased. Overnight dexamethasone sup-
pression testing yields abnormal results in the majority of patients with 
alcohol-induced hypercortisolism and the ACTH response to CRH is either normal 
or blunted [70, 74–76]. The dexamethasone-CRH test has been shown to be abnor-
mal in alcohol-induced hypercortisolism and cannot be used to discriminate this 
from pathological Cushing syndrome [77]. On the other hand, the ACTH response 
to desmopressin acetate (DDAVP) appears to be absent in alcohol-induced Cushing 
syndrome (like normal subjects) in contrast to patients with Cushing disease [78]. 
Finally, using salivary cortisol measurements, it has been shown that alcohol intoxi-
cation activates the basal HPA axis but appears to blunt the stress response [79, 80].

In our experience, alcohol-induced hypercortisolism can be difficult to distin-
guish clinically or biochemically from patients with pathological Cushing syn-
drome. This is a particular problem if patients are not forthright about the magnitude 
of their alcohol consumption. The majority of patients have normal or increased 
plasma ACTH, so the central effects of alcohol in the HPA axis seems to predomi-
nate. Nonetheless, we have, like others, observed adrenal nodular disease in patients 
with alcohol-induced hypercortisolism and this disorder may actually present as an 
incidental adrenal nodule in some patients [81].

In summary, the etiology of alcohol-induced hypercortisolism is uncertain and, 
in fact, there may be several interrelated causes that can vary in significance in indi-
vidual patients. It is clear that it can resolve within a few weeks of alcohol cessation 
[70, 76], although there may be long-lasting effects on stress responsivity of the 
HPA axis [80]. Clinical and biochemical features are often indistinguishable from 
patients with true pathological Cushing syndrome. A high index of suspicion may 
be necessary to make an accurate diagnosis, and secondary testing with the DDAVP 
stimulation test would seem to be the best diagnostic option.

Starvation: One of the most important adaptive responses to starvation is activation 
of the HPA axis to liberate energy stores and stimulate gluconeogenesis in order to 
maintain plasma glucose in the normal range. Many studies have demonstrated that 
patients with eating disorders (specifically anorexia nervosa) have activation of the 
HPA axis with varying degrees of hypercortisolism usually with normal plasma 
ACTH [46, 82]. Patients with anorexia nervosa have altered HPA dynamics with 
increases in urinary cortisol excretion and late-night salivary cortisol as well as 
abnormal dexamethasone suppression [83]. Typically, patients with anorexia ner-
vosa have an attenuated ACTH response to CRH most likely due to the inhibitory 
feedback of cortisol on the anterior pituitary [46]. The dexamethasone-CRH test 
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may also be abnormal in patients with anorexia [84]. Similar to normal subjects, 
DDAVP does not stimulate ACTH and, hence, cortisol in patients with anorexia. 
Furthermore, DDAVP can enhance ACTH and cortisol release after CRH in normal 
subjects but not in patients with anorexia nervosa [85]. All these findings point to an 
attenuation of the pituitary corticotroph response to endogenous stimuli.

Anorexia nervosa-induced hypercortisolism correlates with the severity of bone 
loss in women and has also been shown to be associated with the hypothalamic 
amenorrhea [86, 87]. In addition, increased bone marrow fat related to cortisol 
excess has also been reported in patients with anorexia nervosa [83]. It seems likely 
that other starvation-equivalent disorders may be associated with hypercortisolism 
and have significant clinical manifestations. For example, patients with prolonged 
stay in the intensive care unit have been known to have significant myopathy and a 
catabolic state mediated, in part, by hypercortisolism [88]. Increases in cortisol have 
also been observed in a study of normal weight women undergoing low-calorie diet-
ing, and increased morning cortisol levels have been demonstrated in women within 
6–12 months following bariatric surgery [89]. It seems possible that the chronic 
wasting and catabolic state seen in many serious chronic conditions (malignancies, 
cardiac, neurological, or infectious disorders) may be related, in part, to HPA axis 
activation and endogenous hypercortisolism. It is appreciated that patients with very 
severe hypercortisolism (usually ectopic ACTH secretion) may present with signifi-
cant weight loss, edema, and myopathy [90]. In contrast to patients with starvation-
induced hypercortisolism, patients with pathological Cushing syndrome almost 
always have insulin resistance and/or hypertension [5, 7].

In summary, central activation of the HPA axis with endogenous hypercorti-
solism is a common adaptive response to starvation. These disorders rarely cause 
any diagnostic confusion from patients with pathological Cushing syndrome. 
However, it should be pointed out that there are a few reports of anorexia nervosa as 
the initial clinical feature in patients with pathological Cushing syndrome as a 
reflection of the remarkably varied neuropsychiatric impact on the brain from corti-
sol excess [91].

Depression/Neuropsychiatric Disorders: There are a number of neuropsychiatric 
disorders that can increase or decrease the activity of the HPA axis [33]. It is not 
possible to go into great detail here. Rather, Table 2 provides a brief summary.

Table 2  Neuropsychiatric 
disease states that increase 
HPA axis activity (modified 
from [33, 92])

Major depression (melancholic, bipolar, or psychotic):
 � Decreased sensitivity to glucocorticoid negative feedback

 � Association with early life stress

Anxiety/panic disorder
Obsessive-compulsive disorder
Schizophrenia:

 � Decreased sensitivity to glucocorticoid negative feedback

Autism spectrum disorder:
 � Increased stress response
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There is a considerable history of the study of the HPA axis in depression [33]. 
It is generally accepted that most forms of major depression exhibit increased HPA 
axis activity. New data suggest that changes in glucocorticoid receptor, and possibly 
mineralocorticoid receptor sensitivity, lead to resistance to cortisol negative feed-
back inhibition [92]. Interestingly, successful pharmacotherapy seems to normalize 
HPA axis activity and the lack of effectiveness of therapy correlates with a persis-
tence of HPA axis hyperactivity [33]. It is well known that patients with major 
depression (e.g., psychotic depression) often have abnormal low dose dexametha-
sone suppression as well as elevations of LNSC and UFC.  In fact, mental health 
specialists have utilized not only the low dexamethasone suppression test but also the 
dexamethasone-CRH test to characterize these disorders and the response to therapy. 
Since neoplastic/pathological Cushing syndrome is often complicated by significant 
neuropsychiatric illness, the differentiation from HPA axis activation due to severe 
forms of depression is challenging. The DDAVP test has not been extensively studied 
in depressive illness, and variable ACTH and cortisol responses have been reported.

Aging: Healthy aging is associated with an increase in late-night salivary cortisol 
levels [57]. Again, this increase is not into the pathological range. However, the 
doubling of late-night salivary cortisol with healthy aging represents a doubling of 
exposure to bioactive (free) cortisol which is a significant glucocorticoid exposure 
integrated over time. In fact, this increase correlates with a decrease in bone mineral 
density—a potential surrogate for glucocorticoid exposure over time [57].

Like depression described above, the mechanism of the increase in HPA axis activ-
ity with healthy aging is associated with a decrease in sensitivity to cortisol negative 
feedback [93–95]. Also of interest is that there appears to be an interaction with aging 
and the development of depression in terms of the increase in HPA axis activity [96].

Chronic Kidney Disease: CKD and end-stage renal failure have long been known to 
be associated with dysregulated cortisol excess with abnormal dexamethasone sup-
pression [97–99]. Recently, patients with end-stage renal failure receiving hemodi-
alysis have been shown to have disrupted circadian rhythm and increased 
late-afternoon to late-night cortisol [25]. The mechanism for the increase in cortisol 
in CKD5 appears not to be the result of decreased renal clearance of cortisol since 
plasma ACTH is increased in these patients (Fig. 2). If this was a cortisol clearance 
defect, ACTH should be suppressed due to negative feedback as occurs with sepsis 
as described below [100, 101]. It seems clear from these findings that patients with 
end-stage renal disease have an activation of their HPA axis, presumably of 
hypothalamic origin. It has also been suggested that this activity correlates with 
increases in C-reactive protein suggesting that a heightened inflammatory state may 
be an etiology [25]. The secondary tests outlined below (Dex-CRH or DDAVP) 
have not been studied in patients with severe CKD.

Other Common Disorders with Subtle Increases in Cortisol: As discussed above, 
there are many disorders in which cortisol levels are not increased above the refer-
ence range but, rather, demonstrate subtle increases that, when integrated over time, 
can result in significant glucocorticoid exposure. Examples of these are hyperten-
sion [102] and type 2 diabetes mellitus (T2DM) [103].
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Fig. 2  Circadian rhythm of plasma cortisol (top), salivary cortisol (middle), and plasma ACTH 
(bottom) in control subjects compared to ESRD subjects. From [25]
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Multiple sclerosis represents an interesting disease state with activation of the 
HPA axis [104]. At first, one might think this is due to the increased inflammatory 
state and cytokine stimulation of the HPA axis. It seems, rather, that this is due to a 
disruption of normal hypothalamic control directly due to brain lesions [104]. 
Another common state one might expect a dramatic activation of the HPA axis is 
obstructive sleep apnea (OSA) due to frequent arousals [39] and hypopnea leading 
to hypoxia [105]. Interestingly, patients with OSA seem remarkably resistant to 
significant activation of the HPA axis [105], although they may have an increased 
CAR [39].

Pregnancy: The increase in serum-free and salivary cortisol that occurs during preg-
nancy is well documented [106–108]. It is also well known that serum CBG 
increases during pregnancy due to the effect of estrogen on hepatic production 
[106]. The increase in total cortisol that results would not be expected to dramati-
cally increase free (biologically active) cortisol concentrations in the blood. 
However, the increase in free (bioactive) plasma cortisol that has been demonstrated 
is due to the increase in plasma ACTH as pregnancy progresses [109]. Several 
mechanisms have been proposed for the increase in plasma ACTH including the 
secretion of CRH from the placenta, the increase in progesterone that can act as a 
glucocorticoid antagonist, a decrease in glucocorticoid negative feedback sensitiv-
ity, and production of ACTH from the placenta [106]. It is important to point out 
that CRH-binding protein also increases during pregnancy which mitigates some of 
the effect of placental CRH on the maternal pituitary gland [110–112]. In addition, 
there does appear to be a decrease in corticotroph sensitivity to unbound plasma 
CRH in late pregnancy [112]. The increase in bioactive (free) cortisol during 
pregnancy may help to sustain maternal gluconeogenesis to maintain delivery of 
glucose to the fetus.

Critical Illness: In the classic differential diagnosis of Cushing syndrome, ACTH 
independence is either due to adrenal autonomy in endogenous disease or due to 
glucocorticoid therapy in exogenous disease. Any state in which cortisol is increased 
and ACTH is suppressed can be categorized as ACTH independent. The case of 
critical illness usually due to sepsis is unusual in this regard and has been a source 
of confusion for decades [100, 113]. It is acknowledged that early in the develop-
ment of sepsis and often before the patient has been admitted to the ICU, ACTH 
does increase (transiently) driving the adrenal gland to increase cortisol production 
[114]. Therefore, the initial stimulus to the axis seems to be of hypothalamic and 
pituitary origin. Thereafter, there is a sustained increase in plasma cortisol in the 
face of decreased plasma ACTH even though the stimulus (i.e., sepsis and hypoten-
sion) is still present [101]. This sustained increase in plasma cortisol is thought to 
be due to a decrease in the metabolic clearance rate of cortisol [100, 101]. Therefore, 
the final rate of ACTH secretion from the anterior pituitary gland is a balance 
between stimulatory input from stress pathways and inhibitory cortisol negative 
feedback. The decrease in CBG concentration often found in septic ICU patients 
may lead to a state of bioactive cortisol excess [115, 116]. Ironically, the prolonged 
suppression of ACTH secretion combined with decreased perfusion pressure in patients 
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in the ICU for extended periods of time may eventually result in the risk for the 
development of adrenal insufficiency [100]. These phenomena do not seem to be 
unique to severe sepsis as trauma and cirrhotic patients also appear to exhibit some 
of the same characteristics [117, 118].

Type 2 Diabetes, Insulin Resistance, and the Metabolic Syndrome: One of the ongo-
ing controversies in endocrinology is whether the frequency of pathological Cushing 
syndrome is more common in patients with T2DM. Although initial reports suggest 
a higher frequency of Cushing syndrome in patients with T2DM [119, 120], subse-
quent studies have suggested that only T2DM patients with pathognomonic features 
of endogenous hypercortisolism should be evaluated for a neoplastic cause [121–
123]. It is well known that glucocorticoid therapy causes insulin resistance. A 
related question is whether subtle disruptions of the HPA axis can contribute to the 
development of the metabolic syndrome and insulin resistance. Increased late-night 
salivary cortisol concentrations have been found in poorly controlled patients with 
T2DM [124]. However, a minimal association of glycemic fluctuations with sali-
vary cortisol excursions has subsequently been described [125]. A fascinating study 
of a Namibian ethnic group during urbanization found an association of salivary 
cortisol increases with a disruption of glucose homeostasis [126]. Finally, the con-
cept of “tissue-specific Cushing syndrome” has been suggested in patients with obe-
sity, the metabolic syndrome, and insulin resistance [127, 128]. Specifically, 
increased adipose expression of 11BHSD1 theoretically generating increased tissue 
cortisol levels has been proposed [129]. This raises the possibility that medical ther-
apy directed at 11BHSD1 may be useful in the treatment of obesity. In summary, 
there is moderate evidence that subtle alterations in HPA axis activity can contribute 
to the development of insulin resistance. In addition, selected patients with clear 
and specific features of Cushing syndrome and poorly controlled T2DM should be 
screened for neoplastic causes of endogenous hypercortisolism.

Glucocorticoid Resistance: Glucocorticoid (or primary cortisol) resistance is 
reviewed in detail elsewhere in this book and therefore will only be discussed in 
brief here. This is typically a familial receptor-mediated disorder that presents with 
increased androgen and cortisol production in an otherwise healthy individual 
[130]. Since the index cases are usually diagnosed in adulthood, the cortisol resis-
tance is partial and accompanied by compensatory increases in circulating pituitary 
ACTH, and cortisol with excessive secretion of adrenal androgens and adrenal ste-
roid biosynthesis intermediates with salt-retaining activity (e.g., deoxycorticoste-
rone). The clinical manifestations of glucocorticoid resistance include chronic 
fatigue (possibly due to the result of glucocorticoid deficiency in the central nervous 
system) and various degrees of hypertension with or without hypokalemic alkalosis 
and hyperandrogenism [131]. These patients do not have the catabolic features of 
hypercortisolism such as cutaneous wasting, abdominal striae, myopathy, and low 
bone density. Nonetheless, the excessive adrenal mineralocorticoid secretion, hypo-
kalemia, and hypertension with hypercortisolemia may be confused with pathological 
Cushing syndrome. In women, hyperandrogenism can result in hirsutism, menstrual 
irregularities, and oligomenorrhea with decreased fertility and often mimics the 
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polycystic ovary syndrome [130]. In men, glucocorticoid resistance may lead to 
infertility and, in children, to precocious puberty [132]. The peripheral tissues are 
relatively insensitive to cortisol but they maintain sensitivity to androgens and min-
eralocorticoids. Normal circadian rhythm is maintained in glucocorticoid resis-
tance; however, since the cortisol levels are reset at a higher concentration, late-night 
salivary cortisol levels will be elevated.

The hypertension of glucocorticoid resistance is volume dependent and associ-
ated with low plasma renin activity and sometimes hypokalemic metabolic alkalo-
sis [133]. High circulating concentrations of deoxycorticosterone and cortisol 
mediate the hypertension. The high cortisol levels overwhelm the intrarenal meta-
bolic clearance of cortisol to cortisone by 11β-hydroxysteroid dehydrogenase type 
2 and participate in the generation of hypertension by binding to the mineralocor-
ticoid receptor.

The inheritance patterns are variable, and both autosomal dominant and reces-
sive inheritance have been described [133]. Generally, in the dominant syndromes, 
the mutant glucocorticoid receptor interferes with the function of the normal recep-
tor causing a so-called dominant-negative effect. In the recessive syndromes, the 
normal receptor tends to rescue the mutant receptor so that heterozygotes are clini-
cally normal.

�Clinical Discrimination of Physiological and Pathological 
Hypercortisolism

The most important way to separate patients with pathological hypercortisolism 
from those with a physiological cause is to take a detailed history and perform a 
good physical examination. Chronic alcoholism, major depressive illness, and use 
of opioids are often the most difficult historical landmarks to document in patients 
with hypercortisolism. Many patients with chronic alcohol abuse may underesti-
mate or underreport their alcohol abuse and withhold significant information about 
such things including binge drinking, alcohol withdrawal syndrome, and arrest for 
driving while intoxicated [60]. At times, a high index of suspicion is needed to elicit 
an accurate history and sometimes clues such as persistent increases in liver func-
tion tests (particularly when the AST is much greater than the ALT) may provide 
clues for possible heavy alcohol consumption. Although opioids actually suppress 
HPA axis function (mediated by hypothalamic CRH suppression), there is an abrupt 
recovery and actually a hyperactive HPA axis response once the opioid is discontin-
ued or its effect wanes [134]. Consequently, the evaluation of the pituitary–adrenal 
function in patients taking narcotics may be especially difficult.

As described above, some neuropsychiatric disorders (particularly major depres-
sive illness) may activate the HPA axis and cause dysregulated cortisol hypersecre-
tion. Since neuropsychiatric and neurocognitive dysfunctions are common 
manifestations of patients with pathological hypercortisolism, the presence of signifi-
cant melancholia in a patient with hypercortisolism provides special challenges. 
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Mental health specialists may need to be consulted to help with characterization of 
neuropsychiatric disorders. Nonetheless, the broad spectrum of neuropsychiatric 
disorders including obsessive-compulsive disorder, bipolar disorder, schizophrenia, 
and major depressive illness has all been reported in patients with pathological 
Cushing syndrome [135].

Poorly controlled diabetes has also been associated with hypercortisolism, but it 
is not clear what level of hyperglycemia actually activates the HPA axis and may 
cause diagnostic confusion [124, 136]. Generally, when pathological hypercorti-
solism causes poorly controlled diabetes mellitus, the clinical and biochemical 
diagnosis is usually straightforward. However, in many patients it may be necessary 
to use aggressive hypoglycemic pharmacotherapy to improve glycemic control 
before inaugurating diagnostic tests for possible Cushing syndrome. Many of the 
other disorders associated with hypercortisolism such as pregnancy, severe CKD, 
and chronic intense exercise can usually be easily established with a simple history 
and routine laboratory tests.

The physical examination may occasionally be helpful; however, the majority 
of patients where there is diagnostic confusion have relatively mild hypercorti-
solism, so many of the overt clinical manifestations of Cushing syndrome may be 
subtle or absent. Moreover, some patients with physiological hypercortisolism 
(especially alcohol induced) may have overt clinical Cushing syndrome and have 
some of the more specific physical findings including facial fullness with plethora, 
violaceous striae, proximal myopathy, and edema [71, 76, 78, 81]. Nonetheless, 
the majority of patients with true pathological hypercortisolism will have some 
clear objective clinical finding such as hypertension, diabetes/prediabetes, low 
bone density with fracture, and hirsutism/oligomenorrhea, as well as some physical 
evidence of cortisol excess.

�Diagnostic Tests: Focus on Physiological vs. Pathological 
Hypercortisolism

Routine: The physiological explanations for these tests were introduced earlier in 
this chapter. The presence of consistently normal late-night salivary cortisol con-
centrations usually excludes the diagnosis of ACTH-dependent Cushing syndrome 
and no further testing is needed [137]. The only caveat is that some patients with 
adrenal-dependent Cushing syndrome (mild adrenal-dependent Cushing syn-
drome) may not have frank increases in late-night salivary cortisol [137]. These 
patients have an abnormal overnight 1 mg dexamethasone suppression test (post-
dexamethasone cortisol >1.8 μg/dL [>50 nmol/L]) [137]. Consequently, the pres-
ence of consistently normal late-night salivary cortisol concentrations and normal 
suppression of cortisol after low dose dexamethasone suppression virtually 
excludes pathological hypercortisolism and no further testing is usually needed 
[137]. Although both of these tests have an excellent negative predictive value, 
their specificity is not 100 % and there are many causes of false positive tests. If the 
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index of suspicion for pathological Cushing syndrome is low, then repeat testing 
complemented by UFC measurements over time may be the best strategy. Cyclical 
or intermittent Cushing syndrome is another phenomenon that may be associated 
with discordant testing and further confusion [138]. If diagnostic uncertainty pre-
vails and the patient is restless and not willing to wait, then second line tests may 
be helpful to distinguish pathological and physiological hypercortisolism.

Imaging: Imaging studies should never be used to distinguish pathological and 
physiological hypercortisolism. The presence of small, faint, and sometimes imagi-
nary abnormalities on magnetic resonance imaging (MRI) of the pituitary in 
10–20 % of normal subjects [139] will only cause further diagnostic confusion and 
patient angst, so imaging of the pituitary should only be considered when a diagno-
sis of pathological ACTH-dependent hypercortisolism is established. Although 
bilateral inferior petrosal sinus ACTH sampling (IPSS) with CRH stimulation is a 
useful invasive diagnostic study in the differential diagnosis of ACTH-dependent 
Cushing syndrome, IPSS cannot distinguish states of pathological hypercortisolism 
from those of physiological origin [140]. Obviously, computed tomography (CT) of 
the abdomen with the finding of an incidental adrenal nodule is often the prelude to 
the consideration of hypercortisolism [81]. Nonetheless, adrenal imaging should 
not be performed as an index of adrenal function. For example, some patients with 
very large bilateral macronodular hyperplasia may have normal cortisol secretion 
while normal-sized adrenal glands are observed in patients with severe Cushing 
disease [141, 142].

�Secondary Tests

DDAVP Stimulation: It is well known that corticotroph adenomas can harbor specific 
vasopressin receptors (V1b) and that DDAVP can elicit an ACTH response in patients 
with Cushing disease [10, 143, 144] In contrast, normal subjects and patients with 
physiological states of hypercortisolism appear to have a limited or attenuated 
response to DDAVP [10, 143, 144]. The significant ACTH-releasing activity of 
DDAVP in Cushing disease may be due to the high density of vasopressin-sensitive 
receptors on ACTH-producing tumor cells as well as the increased number of corti-
cotrophs in the adenoma [145, 146]. Studies have shown good sensitivity, specificity, 
positive predictive value, and negative predictive value for the DDAVP stimulation 
test in the differential diagnosis between physiological and pathological hypercorti-
solism [10, 143, 144]. Serial blood samples for ACTH and cortisol measurements are 
secured from an indwelling venous catheter at baseline and at 15, 30, 45, and 60 min 
after 10 μg of DDAVP is administered intravenously. The test should be performed 
in the morning. The majority of studies have shown that patients with pathological 
hypercortisolism (ACTH dependent) will have an incremental increase in plasma 
ACTH of 24–30 pg/mL or a peak plasma ACTH response >60–75 pg/mL. However, 
many studies did not provide data from normal subjects [147].
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A study by Moro et al. used a 27 pg/mL peak increase in plasma ACTH as a cutoff 
for Cushing disease and correctly identified 18 of 20 patients with mild Cushing 
disease from 29 of 30 individuals with physiological causes of hypercortisolism 
yielding a diagnostic accuracy of 94 % [148]. More recently, Rollin et al. studied a 
total of 68 patients with proven Cushing disease and compared them with 56 patients 
with suspected ACTH-dependent Cushing syndrome [143]. According to a receiver–
operator curve analysis, an ACTH peak of 72 pg/mL following DDAVP administra-
tion provided a specificity of 95 % and sensitivity of 91 % in the correct diagnosis of 
Cushing disease yielding a positive predictive value of 95 %. An absolute ACTH 
increment more than 37 pg/mL above baseline was only observed in 2 of 56 patients 
without Cushing disease. Neither of these studies measured late-night salivary corti-
sol and the investigators acknowledged that more simplified testing may have pro-
vided a correct differential diagnosis without secondary DDAVP testing.

In patients with chronic alcoholism, there appears to be an absent ACTH and 
cortisol response to DDAVP but only a few patients have been carefully studied 
[78]. It appears that patients with depression usually have a blunted ACTH/cortisol 
response to DDAVP but variable results have been reported. A possible limitation to 
the test is the variability in ACTH assays in reference laboratories across the world. 
Normative data for most ACTH assays after DDAVP stimulation test are lacking 
and the dynamic range of the ACTH and cortisol responses in normal subjects (non-
obese and obese) is unclear. In addition, some patients with ectopic ACTH-secreting 
tumors and hypercortisolism may not have an ACTH response to DDAVP providing 
further potential confusion when using this test [143].

It has also been recently shown that a positive ACTH response to DDAVP (before 
or after dexamethasone suppression) may actually be the earliest diagnostic indica-
tor of recurrent Cushing disease preceding elevations of both urinary cortisol and 
late-night salivary cortisol [149]. Despite its limitations, the DDAVP stimulation 
test is simple and relatively inexpensive. We think it is currently the best secondary 
test to consider in patients with ACTH-dependent hypercortisolism in order to 
establish the presence or absence of a pathological cause.

Dexamethasone-CRH Test: Introduced in 1993, the dexamethasone-CRH test has 
been promoted as a means of distinguishing patients with true pathological hyper-
cortisolism due to Cushing disease from those with hypercortisolism from a physi-
ological cause [9]. Although some protocols have varied from the initial published 
approach, usually dexamethasone (0.5 mg) is given orally for eight doses prior to 
the morning administration of CRH (1 μg/kg or 100 μg) and cortisol measurements 
are obtained at baseline, 15, and 30 min. This initial report found that a serum cor-
tisol concentration exceeding 1.4 μg/dL (39 nmol/L) was considered predictive of 
true Cushing disease with 100 % specificity. Recently, Alwani et  al. reported 73 
patients with clinical features of hypercortisolism and insufficient suppression of 
cortisol after 1 mg dexamethasone and/or an increased secretion of urine cortisol 
[10]. Fifty-three of these patients were eventually found to have true Cushing dis-
ease and 20 patients were classified as pseudo-Cushing syndrome. Using receiver 
operator curve analysis, an optimal cutoff value for serum cortisol concentration of 
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3.1 μg/dL (87  nmol/L) at 15  min had the best sensitivity (94 %) and specificity 
(100 %). This study also used a late-night salivary cortisol level >9.5  nmol/L as 
predictive of Cushing disease in 94 % of patients with a negative predictive value of 
100 %. They also measured a midnight to morning ratio of serum cortisol and found 
that a ratio >0.67 was highly suggestive of Cushing disease with a positive predic-
tive value of 100 %. Moreover, a midnight serum cortisol concentration >8.8 μg/dL 
(243  nmol/L) had a positive value of 98 % in predicting true Cushing disease. 
Defined assessment of midnight serum cortisol levels and the dexamethasone-CRH 
test was performed in 53 patients (35 Cushing disease and 18 pseudo-Cushing syn-
drome) and discordant results were found in four patients. Because of the small 
sample size of patients with Cushing syndrome in this study over a 12-year period, 
it was impossible to demonstrate any benefit of combining results of two second 
line tests to discriminate Cushing disease from those with pseudo-Cushing 
syndrome.

Since the introduction of the dexamethasone-CRH test, a lower diagnostic 
performance has been described with a positive predictive value of 80–86 % and a 
negative predictive value of 92–100 % using different threshold values with a 
15-min post-CRH cortisol concentration (1.6–4.0 μg/dL [44–110 nmol/L]) [10, 140]. 
The reliability of the dexamethasone-CRH test may also be limited by differences 
in CRH preparations (ovine or human) as well as variation in cortisol and ACTH 
assays. Many commonly prescribed medications that alter dexamethasone metabo-
lism will significantly decrease the specificity of the Dex-CRH test from 96 to 
70 % using a 15-min post-CRH cortisol cutoff of 1.4 μg/dL (39 nmol/L) [150]. The 
test is also quite cumbersome. Although it can be executed on an outpatient basis, 
reliability of patients taking dexamethasone every 6 h 2 days prior to the test is 
always a concern.

It should also be noted that the dexamethasone-CRH test is commonly employed 
by psychiatrists in the diagnosis of patients with depression [151]. The protocols 
employed by mental health specialists are less challenging for the patient (a single 
dose of dexamethasone usually administered the night before the test) but the fact 
that patients with depressive disorders tend to have augmented cortisol responses to 
CRH after dexamethasone creates significant clinical concern about the predicted 
value of a positive test in patients who are depressed and have evidence of biochemical 
hypercortisolism [151].

�Diagnostic Pearls and Summary

The diagnosis of Cushing syndrome (particularly when it is mild) is the most chal-
lenging problem in clinical endocrinology. The differentiation between true patho-
logical Cushing syndrome and states of physiological hypercortisolism is a common 
diagnostic conundrum. By definition, the degree of hypercortisolism is mild since 
patients with prodigious cortisol excess usually do not pose a diagnostic challenge. 
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Although many experts have claimed that patients with mild Cushing disease will 
eventually declare themselves over time, in our experience, this is not always true. 
Many endocrine disorders remain clinically mild for many years and sometimes 
decades before overt clinical manifestations are apparent. The same is likely to be 
so for mild pathological hypercortisolism. For example, patients with mild adrenal-
dependent dysregulated cortisol excess probably have only a few physical (or bio-
chemical) changes over many years of follow-up evaluation. The mild 
hypercortisolism accompanying the many common conditions we have reviewed 
(CKD5, depression, alcohol abuse and withdrawal, starvation) may have important 
clinical implications. More research is needed to characterize the mechanism and 
magnitude of the impact of cortisol excess in these disorders in order to consider 
therapeutic intervention.

The definitive diagnosis of hypercortisolism should not be established until the 
endocrinologist is satisfied with the presence of clinical findings as well as bio-
chemical studies that show consistent and sustained abnormalities. When there is a 
history of heavy alcohol use, narcotic use, severe depressive illness, or poorly con-
trolled diabetes mellitus, these issues should be addressed before a diagnosis of true 
pathological Cushing syndrome is established especially if the degree of cortisol 
excess is mild. If biochemical abnormalities are consistent and there is still some 
clinical doubt about the presence or absence of true Cushing syndrome, a second 
line test should be considered.

Current evidence suggests that the DDAVP stimulation test is the most useful 
due to its simplicity and its very good diagnostic performance. There are several 
caveats: this test has not been thoroughly evaluated in obese patients with the meta-
bolic syndrome and patients with poorly controlled diabetes. The ACTH/cortisol 
response to DDAVP is also not well characterized in depressive illness. As previ-
ously mentioned, one study showed 15 % of patients with simple obesity may have 
a positive response [148]. Variability in ACTH assays and different diagnostic cri-
teria also compromise interpretation of this test. Nonetheless, a peak ACTH response 
to DDAVP >70 pg/mL or incremental response >27 pg/mL seem to provide a high 
positive predictive test for Cushing disease. In experienced hands and with properly 
established reference ranges, the dexamethasone-CRH test may provide some addi-
tional diagnostic utility and some investigators have shown that these tests have 
similar diagnostic performance [144].

When the diagnostic biochemical studies are discordant and do not correlate 
with clinical findings, there should be suspicion that the patient does not have 
pathological Cushing syndrome. A patient can often become frustrated by the lack 
of certainty and it is reasonable to offer the patient another opinion from an expe-
rienced endocrinologist. As we have stated previously [5], if you have never 
missed the diagnosis of Cushing syndrome or have not been humbled by trying to 
establish its cause, you should refer your patients with suspected hypercortisolism 
to someone who has.
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Imaging Strategies for Localization  
of ACTH-Secreting Tumors

Lynnette K. Nieman and Ahmed M. Gharib

Abstract  The causes of ACTH-dependent Cushing’s syndrome include corticotrope 
tumors that secrete ACTH (Cushing’s disease) and tumors outside the pituitary 
gland that secrete ACTH “ectopically” (Ectopic ACTH secretion). Since pituitary 
tumors are much more common, imaging usually begins with a pituitary MRI. The 
specific protocol used for the study influences the ability to identify a tumor, but 
even the best protocols do not identify more than 80 % of these tumors.

Ectopic ACTH-secreting tumors occur most commonly in the thorax but may be 
found in the neck, abdomen, or pelvis. Structural imaging with CT (and MRI as an 
adjunctive modality) is the mainstay but is complemented by function imaging, usu-
ally with somatostatin analogs. Since many tumors are occult at initial presentation, 
imaging is repeated at intervals until a tumor is identified and (hopefully) resected.

Keywords  Cushing’s disease • Ectopic ACTH • Cortisol • ACTH • Inferior petro-
sal sinus sampling

�Introduction

Once the diagnosis of ACTH-dependent Cushing’s syndrome is made, biochemical 
testing is used to discriminate between ectopic and pituitary tumoral production of 
ACTH.  A corticotrope tumor (Cushing’s disease) is the most common cause of 
ACTH-dependent Cushing’s syndrome. If inferior petrosal sinus sampling is 
planned, a pituitary MRI should be obtained beforehand to exclude a 6 mm or larger 
pituitary mass that might obviate the need for the invasive sampling procedure. If 
sampling will not be done, or if there is a very high clinical suspicion of ectopic 
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tumoral production, the pituitary MRI might be deferred until other data are 
collected. However, most clinicians obtain a pituitary MRI as an initial step regard-
less of the planned evaluation. Details about a pituitary MRI are below.

When an ectopic ACTH-secreting tumor is suspected, biochemical testing may 
suggest the type of tumor (e.g., elevated calcitonin), but imaging must be performed 
for localization. Available imaging techniques are either functional or structural; the 
latter yielding good information about anatomy and more limited information about 
function and vice versa. Because of these differences, anatomical imaging with 
CT is the mainstay for tumor identification, and MRI and the functional imaging 
techniques provide very useful ancillary information. The available modalities are 
discussed below.

�Imaging Studies for Localization of a Corticotrope Tumor 
(Cushing’s Disease)

A dedicated pituitary MRI examination is the gold standard for identification of a 
pituitary lesion. Spin echo MRI protocols were the first to gain widespread popularity 
and continue to be the most commonly used pulse sequence in the evaluation of the 
pituitary gland [1]. The spin echo sequence is made up of two radiofrequency pulses—
one pulse that excites the spins in the tissue (repetition time, TR) and a subsequent 
180° pulse that refocuses a resultant “echo” (echo time, TE). T1-weighted images use 
a short TR (500–700 ms) and TE (15–25 ms). As a result, tissues that relax more 
quickly (such as fat) present as bright signal. Tumors have longer T1 relaxation times 
and show as a dark signal [2]. Based on this, T1-weighted spin echo MRI has been 
recommended for the routine evaluation of pituitary adenomas [3–5].

MRI performed by the standard T1-weighted spin echo technique only detects up 
to 60 % of corticotrope tumors, perhaps because they tend to be microadenomas with 
signal and enhancing characteristics similar to normal pituitary tissue [6]. A number 
of parameters influence the final T1-weighted spin echo MR image, particularly the 
length of the TR and TE intervals [7]. As shown in the Table 1, other variables that 
affect sensitivity include magnetic field strength (greater sensitivity with higher mag-
netic field) and field of view (FOV) or spatial resolution, which optimally focuses on 
the pituitary gland (12 × 12 cm) rather than the entire brain. Additionally, thin inter-
leaved slice images of 3 mm or less improve resolution [2,7]. The use of a T1 con-
trast agent also enhances detection of pituitary adenomas, which take up contrast 
more slowly than surrounding normal tissue [7].

Dynamic spin echo techniques (dMRI) take advantage of the differential uptake 
of contrast by tumors vs. normal pituitary tissue. By obtaining multiple images 
immediately after contrast injection, a “dynamic” MRI is obtained. These require 
rapid imaging techniques called spoiled gradient recalled echo (GRE) in order to 
capture the proper enhancement phase of the tumor (discussed below). Based on 
relatively small studies, it seems that dMRI has better sensitivity than conventional 
SE technique, but may identify more false positive lesions, suggesting an important 
loss of specificity [8].
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Besides the spin echo technique, other MRI protocols have been used for the 
detection of corticotropinomas. For example, spoiled gradient recalled (SPGR) 
acquisition in the steady state improved the tumor detection rate compared to T1 
spin echo imaging (80 % vs. 49 %), at the expense of a higher false positive rate (2 % 
vs. 4 %) [6]. Another study comparing dMRI with spoiled gradient echo (SGE) 
sequences found the SGE protocol to have better sensitivity [9].

Limited numbers of patients have been studied at both 1.5 and 3  T magnet 
strength [10,11]; both studies suggest improved sensitivity with the higher magnet 
strength.

�Factors Affecting Interpretation of Pituitary Lesions on MRI

In a study of 100 healthy volunteers, 10 % had a pituitary lesion on T1 SE MRI imag-
ing, with a 3–6 mm diameter [12]. In a study of 201 patients with Cushing’s disease 
who had surgical confirmation of the location of the tumor, 14 % had a false positive 
lesion on MRI [13]. Similarly, in a study of 66 patients with ectopic ACTH secretion, 
17 (26 %) had an abnormal pituitary MRI, 13 of whom had previous unsuccessful 
pituitary exploration [14]. In another study, 6 of 26 patients with ectopic ACTH secre-
tion had a lesion on pituitary MRI, but only one had a diameter >6 mm (96 % specific-
ity for 6  mm criterion) [15]. Taken together, these data indicate that a lesion on 
pituitary MRI does not necessarily correspond to a corticotrope adenoma. Such a 
lesion does provide a location to target during transsphenoidal surgery, however.

�Non-pituitary (Ectopic) Location of Corticotrope Tumors

When reviewing imaging studies to identify corticotrope tumors, it is important to 
recognize that these may occur rarely in a non-pituitary location along the develop-
mental path of Rathke’s pouch: in the nasal cavity [16], the sphenoid sinus [17], and 
clivus. They may also occur in locations proximal to, but outside of the anterior pitu-
itary gland, including the infundibulum [18], parasellar location [19], posterior pitu-
itary [20], and cavernous sinus. The imaging results for these areas should be reviewed 
in patients in whom biochemical data suggest Cushing’s disease but the pituitary MRI 
is negative and in those with unsuccessful transsphenoidal exploration.

�Positron Emission Tomography Approaches to Localization 
of Corticotrope Tumors

A few studies have evaluated the use of 11C-methionine or 18F-FDG positron emis-
sion tomography (PET) for the localization of pituitary adenomas. The essential 
amino acid methionine is taken up into tissues that have increased protein synthesis. 
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Physiologic uptake is present in normal pituitary. In one study, 7 of 10 patients with 
Cushing’s disease had asymmetric uptake in the pituitary gland at the site of a lesion 
seen by SPGR MRI. These were all confirmed to be ACTH-secreting tumors after 
surgical resection [21]. Another study compared the ability of 18F-FDG to image 
metabolically active tissue with the sensitivity of T1 SE or SPGR MRI. 18F-FDG 
PET localized tumor in 4 patients, all of whom had a less than 180 % increase in 
ACTH after CRH stimulation. 18F-FDG PET also detected two adenomas not identi-
fied by T1 SE, but did not improve the sensitivity of SPGR MRI [22].

�Imaging Studies for Localization of an Ectopic ACTH-
Producing Tumor

Having assigned a diagnosis of presumed ectopic ACTH secretion based on 
biochemical testing, the next challenge is to locate a possible tumor. Although bio-
chemical tumor markers are not uniformly helpful, they may suggest what to image 
first. For example, elevated calcitonin or plasma free metanephrines may point to 
the thyroid or adrenal gland; on the other hand, chromogranin A is not specific, and 
urinary 5-HIAAA is often not abnormal in patients with foregut carcinoids, perhaps 
because these often do not express the enzyme aromatic l-amino-acid decarboxyl-
ase needed for serotonin synthesis.

Although the initial description of the ectopic ACTH syndrome highlighted overt 
and metastatic tumors, slow growing, often occult tumors represent the majority of 
cases in 2016. As a result, imaging identification and surgical removal of the tumor 
are critical to successful treatment [23]. Despite the use of anatomical imaging tech-
niques like computed tomography (CT) and magnetic resonance imaging (MRI), up 
to 50 % of ectopic ACTH-secreting tumors are not found on initial imaging [24].

�Anatomic Imaging

If no biochemical marker suggests an anatomic source, given that about 50 % of 
these tumors arise in the chest (Table 2), computed tomography (CT) of the thorax, 
using thin slice thickness (1–2 mm), is a cost-effective initial imaging strategy. If a 
clear-cut lesion is identified, then additional imaging may not be needed. However, 
in many series, tumors remain occult, or occur elsewhere, and additional imaging 
with different modalities over time is needed [25].

Additional imaging includes CT imaging of the neck, abdomen, and pelvis, as 
well as MRI of these areas and the chest. Neuroendocrine tumors may be “bright” 
on T2 sequences that utilize fat-suppression techniques, making these sequences an 
important part of an MRI protocol [26]. The use of “triple phase” CT imaging 
may improve detection of intestinal and pancreatic tumors and hepatic metastases. 
This involves imaging before injection of iodinated contrast, followed by three 
phases after contrast injection at a rapid rate (2–3 mL/s). These phases include a late 
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arterial phase of enhancement, at 20–45 s after the start of the injection, followed by 
a third imaging at 60–70 s after the start of injection, for the portal venous phase 
[27]. A delayed phase scan may also be obtained at 3 min to better characterize liver 
lesions if present.

MRI and CT provide the best anatomic/structural resolution of tumors, and are 
complementary, having about 90 % combined sensitivity [14,24].

�Functional (“Molecular”) Imaging

Functional imaging, also called “molecular imaging,” reduces false positive results 
because it relies on the specific properties of tumor cells, not just their anatomic 
characteristics. However, tumors lacking the relevant somatostatin receptors, 
increased metabolic rate (FDG-PET), or amine precursor uptake (F-DOPA) have 
false negative results [28].

In the United States, somatostatin receptor scintigraphy is commercially avail-
able using [111In-DTPA-d-Phe]-pentetreotide (Octreoscan™, OCT) at a 6 mCi dose. 
The ability of OCT to identify the tumors depends on multiple factors, including the 
dose of the radiopharmaceutical, the type and degree of somatostatin receptor 
expression, and tumor size [28–30]. Relatively small case series report that OCT 
detects 4/12 [31], 6/6 [32], 10/18 [33], 12/20 [34], and 5/16 tumors [35]. A larger 

Table 2  Types of non-corticotrope tumors reported to secrete ACTH

Type of tumor-producing 
ACTH

Number

Reference (n)

Salgado 
et al. [53]

Aniszewski 
et al. [54]

Ilias et al. 
[14]

Isidori 
et al. [55]

Ejaz 
et al. [34]

n = 25 n = 106 n = 73 n = 40 n = 43

Pulmonary c’oid 10 28 35 12 9

Pancreatic c’oid 3 17 1 3

Medullary thyroid Ca 9 2 3 5

Thymic carcinoids 4 5 5 2 3

Pheochromocytoma 5 3 5 1

Gastrinoma 6

Non-specific NET 7 13 2 3

Small cell lung Ca 12 3 7 9

Other tumorsa 1 9 3 5 6

Occult 2 17 17 5

C’oid = carcinoid; Ca = Cancer
aOlfactory esthesioneuroblastoma, mesothelioma, glomus tumor, other carcinoid tumors (hepatic, 
appendix, tumorlets, disseminated GI carcinoid), tumors of the esophagus, stomach, pancreas, 
larynx, trachea, salivary gland, Leydig cell, breast, ovary, cervix, kidney, gallbladder, prostate, 
hepatocellular carcinoma, melanoma, leukemia, lymphoma, ostomyeloma [56]
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series of 39 patients found a sensitivity of 41 %, but with a false positive rate of 
27 % [36]. A systematic review of the literature found an overall OCT detection rate 
of 48.9 % (84/172) [24].

More recently, 68Ga-labeled somatostatin analogs (DOTATATE, DOTATOC, and 
DOTANOC, collectively referred to as SSTR-PET/CT) have been studied, primar-
ily in European centers. These PET radiopharmaceuticals have high affinity for the 
somatostatin receptor subtype 2 (SSTR2) and deliver a lower total body radiation 
dose than octreotide. Thus, somatostatin receptor imaging with 68Ga-labeled soma-
tostatin analogs should not only have higher sensitivity for tumor detection because 
of the advantages of PET imaging over gamma scintigraphy, but it also has improved 
radiation exposure compared to OCT.

Initial studies that included primarily gastrointestinal–pancreatic neuroendo-
crine tumors suggested that 68Ga-DOTA-conjugated peptides have high sensitivity, 
about 95 %, for the identification of tumor, with high specificity, around 90 % 
[37,38]. More recently, a few studies evaluated pulmonary neuroendocrine tumors. 
Kayani et  al. demonstrated positive uptake in all 11 typical and 2 of 5 atypical 
tumors [39]. Another group also reported very high sensitivity (19/20 patients) [40]. 
However, neither of these studies included patients with ACTH-secreting tumors, 
and nearly all tumors were more than 1 cm in diameter and easily detected by 
conventional imaging. The tumor diameter is 1 cm or less in many patients with 
ACTH-secreting pulmonary neuroendocrine tumors.

In a recent study of 12 patients with ectopic ACTH secretion, imaging identified 
13 tumors in 11 patients. Twelve of these lesions were identified by contrast-enhanced 
CT (sensitivity 92.3 %), which also detected five false positive lesions. 
68Ga-DOTANOC PET/CT identified 9/13 lesions (sensitivity 69.2 %), ranging in size 
from 7 to 5 cm, with no false positive lesions [41]. A systematic review of the litera-
ture found an overall detection rate of SSTR-PET/CT of 81.8 % (18/22) [24].

[18F]-Fluorodeoxyglucose (FDG)-PET has been used for years for tumor local-
ization (22), reflecting the increased glycolytic metabolic rate of lung, bone, and 
colorectal cancers compared to normal tissue [42]. A systematic review of the litera-
ture found that FDG-PET detected 51.7 % of tumors (46/89) [24]. However, in 
general, FDG PET does not detect (or suggest) any tumors that are not identified by 
CT and/or MRI.  In ectopic ACTH syndrome, FDG-PET is most likely to detect 
metabolically active tumors or adrenal pheochromocytomas [43, 44].

Neuroendocrine tumors such as foregut carcinoids have been classified as 
APUDomas based on demonstration of amine precursor uptake and decarboxyl-
ation [45]. In particular, tryptophan is taken up and hydroxylated to 5-hydroxy-
tryptophan (5-HTP). Carcinoid tumors that express the enzyme aromatic amino 
acid decarboxylase (usually the mid-gut carcinoids) can decarboxylate 5-HTP to 
serotonin (5-hydroxytryptamine or 5-HT). Sundin and colleagues demonstrated that 
these tumors take up and retain [11C]-5-HTP, allowing visualization via PET [46]. 
Similarly, the tumors take up and decarboxylate l-3,4-dihydroxyphenylalanine 
(DOPA) [47]. The activity of l-DOPA decarboxylase is increased in these tumors 
[48]. A systematic review of the literature found that F-DOPA-PET had a sensitivity 
of 57.1 % (12/21) [24].
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�Possible Future Directions

A 3 T MRI scanner increases the strength of magnetic field compared to conven-
tional 1.5 T MRI, allowing for a stronger signal and therefore improved signal-to-
noise ratio. Free breathing techniques (such as diaphragm navigator) are used to 
avoid breath holding, which may be difficult for patients who are volume over-
loaded. The combination of higher signal and decreased motion artifacts may 
improve resolution (approached that of CT) to allow for better delineation of small 
lesions [57, 58]. However, to date, no study compares the diagnostic accuracy of the 
1.5 vs. 3 T scanners in this patient population.

11C-5-hydroxy-tryptophan positron emission tomography also takes advantage 
of the APUD system, but has been studied in very few patients with ectopic ACTH 
secretion [49].

Three-dimensional reconstruction and the ability to co-register anatomic and 
functional imaging will likely lead to improved locations and detection rates.

�Recommendations Regarding Imaging of Ectopic ACTH 
Secreting Tumors

Nearly 20 years later, de Herder et  al.’s analysis [50] that no single imaging 
technique has optimal accuracy is still accurate. If biochemical markers are not 
helpful, a reasonable approach is to perform thin slice CT of the thorax, followed by 
MRI and somatostatin imaging, preferably using a 68Ga-SSTR tracer if the CT scan 
is negative. One might then progress to full body imaging by CT and MRI. Using 
two different types of imaging (anatomic and functional) should help reduce the rate 
of overall false positive lesions, assuming that they would not be concordant in both 
studies.

It is important to recognize the critical input of our radiology and nuclear medicine 
colleagues, both in terms of details of the imaging techniques and in identifying 
often very small lesions [36]. Nearly all studies show that tumors were best detected 
by correlating different imaging modalities. Knowledge of the fact that these tumors 
are often quite small and occur in locations that are unusual (e.g., epicardiac fat) or 
difficult to visualize or interpret (retrocardiac or pancreatic) may assist in their 
identification.

If tumors are not identified at initial evaluation, we recommend that the patient 
be referred to a highly specialized center to obtain additional imaging and interpre-
tation by an experienced team of radiologists.

Further investigations in patients with different tumor types and amounts of 
tumor burden are necessary to confirm and extend previous findings and determine 
the best imaging studies and /or their combinations for the detection of ectopic 
ACTH-producing tumors.
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      Surgical Treatment of Cushing’s Disease                     

     Hekmat     Zarzour     ,     Margaret     Pain     ,     Joshua     Bederson     , and     Kalmon     D.     Post     

    Abstract     Cushing’s disease, as noted in this book, has very serious consequences 
for those affected. Accurate endocrine diagnosis is crucial as often the adenomas 
causing the ACTH excess are not large enough to be visualized on imaging studies. 
While a pituitary adenoma is causative in over 85 % of patients, this often needs 
confi rmation with petrosal sinus sampling and measurements of circulating 
ACTH. Surgery with the intent of complete removal of the adenoma is usually the 
fi rst-line of treatment. This is almost always done via a transsphenoidal approach 
with either microscopic or endoscopic techniques. In this chapter, we will discuss 
the imaging and surgical techniques for these microadenomas, as well as the more 
common reasons for failure of accurate diagnosis and treatment.  

  Keywords     Cushing’s disease   •   Transsphenoidal surgery   •   Pseudocapsule   • 
  Endocrinopathy   •   Inferior petrosal sinus sampling   •   Microsurgery   •   Endoscopic 
surgery  

      Introduction 

 At present, surgical resection is considered the gold standard in the treatment of 
Cushing’s disease (CD). While chemotherapeutic and radiotherapeutic treatments 
have been developed, they are generally not fi rst-line therapies. The most common 
surgical approach (the  transsphenoidal adenomectomy  ) [ 1 ] is minimally invasive 
and well tolerated by most patients. It avoids exposure of the brain to the extracra-
nial compartment with a low rate of postoperative complications. Second, as most 
Cushing’s tumors are  low grade, complete resection   provides the opportunity of an 
immediate and lasting cure. Finally, surgery can be a repeated treatment in the case 
of persistent or recurrent disease. 
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 There are several factors that can be modifi ed to improve success rates through 
surgery. Higher remission  rates   are observed at high volume surgical centers and are 
typically quoted to be between 65 and 98 % [ 2 ].  Recurrence of disease   is common 
however, and can range from 2 to 35 % in long-term follow-up [ 2 ]. Perhaps, the 
most critical aspect of successful surgery is achieving a complete resection through 
 meticulous dissection   of the adenoma pseudocapsule.  

    Surgical Indications 

 As  ACTH-secreting adenomas   tend to be microadenomas, the primary goal of most 
surgical interventions is relief of the  underlying endocrinopathy  . Less frequently, 
surgery is performed to reduce mass effect of the tumor on surrounding structures 
or to confi rm a diagnosis of Cushing’s disease. ACTH-secreting tumors are rarely 
macroadenomas. Most series report 5–9 % of tumors to be greater than 1 cm in 
maximal diameter [ 3 – 5 ]. These lesions are remarkable for the fact that most lesions 
become symptomatic due to endocrine imbalance, while still remaining small in 
size. The systemic effects of  hypercortisolism   are observed in more than half of the 
patients affected and include centripetal obesity, hypertension, hypercholesterol-
emia, hirsutism, and psychological diffi culties, less often diabetes mellitus, osteo-
porosis, “moon” facies, myopathy, menstrual irregularities, atherosclerosis, 
headache, and dermatologic abnormalities [ 6 ].  

    Preoperative Evaluation 

 All patients with clinical evidence of Cushing’s disease should receive a full workup 
to determine the source of the  hypercortisolemia  . This evaluation will be discussed 
in another chapter. Referral to a  neurosurgeon   is only necessary if the source of the 
endocrinopathy is suspected to be the pituitary gland. 

 Surgical planning is greatly facilitated by acquiring radiographic evidence of a 
tumor.  MRI   is frequently used to locate the tumor within the sella turcica. In com-
parison to other pituitary tumors, ACTH-secreting adenomas tend to be smaller in 
size and often located along the midline [ 7 ]. Standard MRI may detect larger tumors, 
but when it fails to do so, higher fi eld strength or different views can be done to 
maximize the sensitivity of the study. 3 T MRI was signifi cantly more sensitive 
( p  < 0.016) for detection of pituitary microadenomas than 1.5 T MRI [ 8 ]. However, 
no difference was reported between 3 T and the 3 T o-CRH examinations [ 8 ]. 
Spoiled gradient recalled acquisition in the steady state has higher sensitivity (80 %, 
confi dence interval: 68–91 %; vs. 49 %, confi dence interval: 34–63 %), with lower 
false positive rate (2 % vs. 4 %) compared with standard T1-weighted spin echo [ 9 ] 
in detection of ACTH-secreting pituitary tumors. However, care in interpreting MRI 
still must be exercised because incorrect lateralization can occur [ 10 ,  11 ]. In  addition, 
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ACTH-secreting microadenomas are not detectable in 40–50 % of patients [ 12 ]. In 
such cases, inferior petrosal sinus sampling can be helpful, and the indication for 
transsphenoidal  surgery      of the pituitary gland is based only on biochemical data 
indicating the origin of hypercortisolism to be the sella [ 13 ] (see Fig.  1 ).

   In addition to tumor detection, MRI provides valuable information for the surgeon 
to assess surrounding structural anatomy. As tumor size increases, this anatomy is more 
likely to become distorted. In particular, compression or invasion of the cavernous 
sinus occurs with larger tumors. Sol et al. [ 14 ] retrospectively studied 63 patients who 
underwent transsphenoidal surgery for  pituitary adenoma   and compared the preopera-
tive MRI with intraoperative fi ndings for  cavernous sinus invasion  . If T1 sequence with 

0 Minutes 2 Minutes 5 Minutes 10 Minutes 15 Minutes

Left Petrosal 

Sinus

369 pg/mL n/a n/a 1106 pg/mL 1138 pg/mL

Right Petrosal 

Sinus

41 pg/mL 87 pg/mL 100 pg/mL 99 pg/mL 145 pg/mL

Peripheral 

Source

29 pg/mL 31 pg/mL 53 pg/mL 69 pg/mL 72 pg/mL

a

b

  Fig. 1    ( a )  Digitally subtracted cerebral venogram    for   inferior petrosal sinus sampling. Catheters 
are placed in the bilateral inferior petrosal sinus. Contrast dye has been injected and both inferior 
petrosal sinus and cavernous sinus are opacifi ed. ( b ) Results of inferior petrosal sinus sampling, 
values are concentration of ACTH (pg/mL). Results demonstrate likely left-sided source of ACTH 
secretion       

 

Surgical Treatment of Cushing’s Disease



152

contrast did not show periarterial enhancement, invasion was highly probable (positive 
predictive value, 86 %;  P  < 0.001); in the same study, no enhancement of the medial 
wall of the cavernous sinus on T2 sequence and the lesion crossing lateral inner carotid 
line revealed invasion in 87.5 % and 85 %, respectively [ 14 ]. 

 Although CT is rarely used for  adenoma localization  , it can aid in operative 
planning and navigation during surgery. While historically, orientation within the 
posterior nasopharynx and sphenoid sinus could be complicated if the patient had 
abnormal anatomy, this is rarely the case today because of advances in imaging and 
intraoperative navigation.  Modern navigation platforms   can fuse preoperative 
high- resolution CT and MRI to utilize bony anatomy for enhanced accuracy in 
surgical planning and intraoperative navigation. 

 Improper localization of the  midline   of the anterior sella wall can result in high 
risk of injury to the patient. For example, a lateral, rather than a midline, opening of 
the anterior wall of the sella exposes the cavernous sinus, cranial nerves, and carotid 
artery to possible injury [ 15 ]. In addition to a higher risk for complication, the risk 
that the surgeon may not be able to access the tumor is also increased. 

 If endocrine studies are diagnostic for Cushing’s disease and imaging studies are 
negative for any defi nitive pathology, further tests should be performed to confi rm 
the diagnosis of Cushing’s disease before surgery. 

 IPSS can be used to corroborate a pituitary source for  ACTH hypersecretion      [ 13 ]. 
IPSS is indicated for excluding extrasellar ectopic ACTH secretion and to suggest the 
laterality of the tumor within the sella turcica. IPSS can also be helpful when cortico-
trophin-releasing hormone (CRH) and 8 mg dexamethasone stress  test   results are 
equivocal. Access to both inferior petrosal sinuses is achieved with endovascular 
catheters directed at each side via the femoral veins. Baseline sampling of ACTH is 
performed and then compared with the local concentration produced in each sinus by 
CRH stimulation. While the study can help to suggest the gross laterality of the 
tumor, the results can be compromised by several factors. Improper catheterization of 
the inferior petrosal sinus, alternate fl ow of the sinus into the cavernous sinus, and 
anomalous venous drainage can all lead to false lateralization. Generally, the study 
has high sensitivity and specifi city for identifying the cause of hypercortisolism (80–
100 % sensitivity, greater than 95 % specifi city) [ 16 ]. This test might help guide the 
surgeon intraoperatively in cases where no distinct tumor is found during operative 
exploration. However, IPSS correctly predicted the side of the pituitary gland that 
contained the tumor only in 69 %, whereas the tumor was located contralaterally in 
31 % [ 17 ].  IPSS   is an  invasive procedure   and carries certain risks. Among the more 
common complications noted are tinnitus and otalgia (1–2 %) and groin swelling and 
hematoma (2–3 %) [ 16 ]. Rarely, more serious complications have been reported, 
including, but not limited to nerve palsy, subarachnoid hemorrhage, and brainstem 
infarction [ 18 ]. IPSS is also indicated in postoperative cases when no tumor was 
found within the sella but the patient continues to demonstrate hypercortisolism and 
IPSS had not been done preoperatively. Positive IPSS in these cases might be sugges-
tive of a pituitary adenoma with an abnormal location such as the cavernous sinus, 
posterior gland, or pituitary stalk, which could have been missed during surgery. It 
lends support for re-exploration [ 1 ,  19 ,  20 ].  
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    Preoperative Challenges for Cushing’s Disease 

 Undetectable  adenomas   on preoperative MRI and invasive adenomas are two of the 
main challenges in Cushing’s disease. Remission rates for microadenomas that are 
detected on preoperative MRI are high [ 11 ,  12 ]. It is well known that remission rates 
are lower for patients with negative MRIs [ 15 ,  17 ]. Finding the adenoma in these cases 
is not easy. Adenoma invasion presents another surgical challenge for Cushing’s dis-
ease [ 21 ]. When the cavernous sinus and surrounding structures are invaded by the 
tumor, total adenoma resection is almost impossible and dangerous to achieve [ 21 ]. 
Remission rates are lower for invasive tumors compared with those where a complete 
resection can be achieved [ 22 – 24 ]. The likelihood of invasion increases with tumor 
size, so while larger tumors may be more easily identifi ed, a total resection can still be 
diffi cult. Adenomas associated with dural invasion tend to be larger (2–37 mm) com-
paring to noninvasive tumors (2.5–12 mm) [ 25 ]. Unfortunately, dural invasion is not 
well characterized by preoperative imaging and tends to underestimate the prevalence 
of invasive tumors (22 % of cases) [ 25 ]. This is compared with an estimated 34 % of 
patients who had histologically confi rmed dural invasion [ 25 ]. If the invasion is lim-
ited to the dural medial wall and does not penetrate the cavernous sinus, complete 
resection is probably achievable with a high rate of remission [ 25 – 27 ]. However, once 
the medial wall of the cavernous sinus is breached, surgical remission is unlikely and 
additional treatment is frequently required [ 27 ]. Although with endoscopic techniques, 
medial cavernous sinus tumors may be seen and resected [ 28 ].  

     Endoscopic vs. Microscopic vs. Transcranial Approaches   

 The radiographic location of the tumor, size of the tumor, the presence of invasion 
and/or compression of the surrounding structures, and surgeon experience dictate 
the choice of approach. In most cases, the adenoma is intrasellar or not visible. In 
such cases, a transsphenoidal approach is the preferred surgical approach. As the 
tumor grows in size or has supradiaphragmatic extension, the technical diffi culties 
of a transsphenoidal approach increase, although this approach is still often pre-
ferred. When there is signifi cant tumor above the sella and a total resection is 
technically diffi cult, a debulking procedure can be performed. In the postoperative 
months, the remaining tumor frequently descends into the sella, and a second sur-
gery can be performed at that time to complete the resection. In rare cases, if 
suprasellar tumors are eccentric intracranially and not completely accessible trans-
sphenoidally, they can be accessed transcranially through a pterional or subfrontal 
approach. As stated previously, the major location of extrasellar extension of pitu-
itary adenomas is the cavernous sinus. Tumor in this location is generally not ame-
nable to safe resection by either surgical approach, and adjuvant therapy is usually 
required [ 25 ,  27 ]. But, as noted above, endoscopic approaches may enhance the 
ability to resect Knosp grade 2 and 3 tumors [ 29 ]. 
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 Both the surgical microscopic and endoscopic techniques are commonly used to 
access the sella through a transsphenoidal approach. Microscopic surgery has  been   
considered to be the standard of care for many years, and in experienced hands it is 
associated with minimal morbidity and mortality. Jankowski et al. [ 30 ] introduced 
the endoscope to pituitary surgery in 1992. With advancements in optics and opera-
tor experience in endoscopy, this method is becoming increasingly popular. 
Endoscopy offers two main advantages in surgery of the sella: enhanced visualiza-
tion of the entire surgical fi eld and ability to extend the standard opening of the skull 
base. Most endoscopes project a two-dimensional image that may hamper depth 
perception for some surgeons who are accustomed to the operating microscope. 
Bimanual surgery and the ability to control surgical bleeding are thought to be rela-
tively more diffi cult with purely endoscopic techniques, but these limitations are 
decreasing as experience accrues and endoscopic technology improves. 

 Gao et al. in 2014 [ 31 ] performed a systematic review comparing the results of 
endoscopic to microscopic surgery. Their search of all articles published after 1992 
included a total of 15 studies and 1014 patients. They found a higher rate of gross 
total resection and lower rate of septal perforation in the endoscopy group but no 
signifi cant difference in the rate of complication or length of surgery. Additionally, 
the review reported a signifi cantly shorter hospital stay for endoscopy patients but the 
reasons were not clear. They concluded that the endoscopic transsphenoidal approach 
is safer and more effective than microscopic surgery. Higgans et al. [ 32 ] retrospec-
tively analyzed 19 subjects who underwent endoscopic excision and 29 subjects who 
underwent microscopic excision. They analyzed demographics information, tumor 
characteristics, operative details, length of hospital stay, intraoperative and postopera-
tive complications, level of postoperative pain, recurrence rate, use of computed 
tomography (CT) image guidance, and length of follow-up. They concluded that the 
two techniques have similar intraoperative characteristics and immediate complica-
tion rates. Alahmadi et al. operated on 42 patients (15 macroadenomas and 27 micro-
adenomas) using both techniques and concluded that there was no signifi cant 
difference in remission rates between the two  techniques   ( p  = 0.757).  

    Surgical Techniques 

 Specifi c details of the procedure and operating room setup are not discussed here, 
as many details are dependent on surgeon preferences. Whether the sphenoid is 
approached through a sub-labial incision, trans-nasal microscopy, or endoscopy is 
largely based on  operator preference  . We carry out our microscopic transsphenoidal 
approach from the right nostril generally with the patient in the supine position, 
head tilted to left and slightly turned to the right. We always prepare the belly for a 
possible fat graft. Image guidance is used on all cases. Image-based surgical naviga-
tion or C-arm fl uoroscopy is based on surgeon preference and specifi c patient anat-
omy. In reoperations,  image-based intraoperative navigation   is the method of 
choice. Care should be taken to keep the nasal septal mucosal incision in soft tissue 
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about 2 cm from the external nostril. Following the incision, the remainder of the 
approach can be carried out by blunt submucosal dissection. Fluoroscopy or intra-
operative  navigation   tools confi rm the trajectory to the sphenoid sinus and sella. 

 Few studies describe and report outcomes of pituitary surgery that focus on the 
method for adenoma removal once the sella has been opened, but this is the critical 
portion of the operation [ 33 – 35 ]. The anterior pituitary gland has its own thin capsule 
that separates it from the surrounding dura, sella, and cavernous sinus. The gland con-
tains a collagen matrix that gives it a fi rm texture and allows it to be distinguished from 
the adenoma (which tends to have a soft consistency) and posterior pituitary gland. As 
an adenoma grows in size, it causes compression on the normal pituitary tissue and 
displaces it to form an interface to the normal gland. This compression forms a smooth 
wrapping around the adenoma and  is   termed «pseudocapsule» [ 35 ].  Careful dissection   
within the pseudocapsule, using it as surgical plane, is the key for total and successful 
resection. Pseudocapsules can be found  in tumors   as small as 2–3 mm in diameter but 
tend to be absent in tumors less than 1 mm because the compression caused is insuf-
fi cient at smaller sizes [ 35 ]. Appreciation of the pseudocapsule is important to ensure 
gross total resection as well as to diagnose dural invasion. 

 Using an endoscope or microscope, broad exposure of the pituitary gland is 
required to allow visualization of the entire anterior lobe (see Fig.  2 ).    Exposure of 
the anterior sella wall is complete when the faint blue edge of the cavernous sinus 
can be visualized on either side of the fi eld. Various incisions of the dura are used 
but we prefer an «H» opening. Cruciate or box incisions are also used. In this area 
of the dura, there are often large venous channels that can lead to rapid bleeding at 
this stage of the surgery. A variety of surgical techniques and tools can be used to 
slow or stop the bleeding but both the surgeon and anesthesiologist should be aware 
of the potential for signifi cant bleeding.

   After dural incision, the surface of the anterior gland is carefully inspected for 
areas of irregularity or discoloration. Some authors have reported the use of a 
micro- Doppler for  visualization   with varying degrees of success [ 36 ]. In our opin-
ion, visualization of the pseudocapsule is the most consistent fi nding to locate the 
tumor. Once the possible location of the adenoma is identifi ed, the pituitary capsule 
is incised sharply and then the pseudocapsule is dissected. We try to avoid piece-
meal resection, when possible. Special care is taken not to lose any of the speci-
mens in the suction. 

 Sectioning of the gland is performed if no adenoma can be detected after gross 
inspection of the anterior and lateral surfaces. Incisions are made horizontally or 
vertically at 2 mm intervals until a tumor is uncovered or the posterior gland is iden-
tifi ed. If the adenoma is uncovered, then dissection of the pseudocapsule is per-
formed with attempted  gross total resection     . If the pseudocapsule or surrounding 
dura is breached, careful inspection is performed to ensure that no areas of dural 
invasion are missed. 

 Parasellar ectopic ACTH-producing tumors have been reported [ 20 ]. They may 
be suspected if no adenoma is found after all abovementioned steps have been per-
formed. In this case, careful inspection of the gland back to the neurohypophysis is 
recommended. If no tumor can be identifi ed, a partial or total hypophysectomy can 
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  Fig. 2    Endoscopic transsphenoidal  approach   for pituitary adenomectomy. ( a ) 0° endoscope view, 
after elevation of the posterior septal mucosa and removal of the vomer. Bilateral sphenoid ostia 
are visualized opening to the sphenoid sinus (SS). ( b ) Anterior wall of the sphenoid sinus and piece 
of the sphenoid septum has been removed between the sphenoid ostia, endoscope advanced into 
the sphenoid sinus. Mucosa has been removed from the sella, and suction is directed toward the 
sella. Bony prominence of the right and left optic nerve (R Op N, L Op N), bilateral carotid artery 
(CA) labeled. ( c ) Septum directed toward the right carotid artery (R CA) has been removed. ( d ) 
Diamond burr drill used to remove the bone over the sella turcica. ( e ) Kerrison rongeur used to 
remove the remaining bone. Dura outside pituitary exposed. ( f ) Final bony opening with dura 
exposed. ( g ) Dural has been opened with bayoneted scalpel. The tumor is being debulked with a 
curette and suction. ( h ) Tumor has been debulked. Suprasellar arachnoid has descended into the 
surgical fi eld. No residual tumor has been identifi ed         
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be considered. Because panhypopituitarism develops after total resection, a partial 
resection is preferred and can be directed based on the results of the  preoperative 
IPSS  . With this method, a high rate of remission (92 %, 24 of 26 patients) can be 
achieved through partial hypophysectomy [ 26 ]. 

 Jagannathan et al. [ 37 ] determined the success of using the pseudocapsule as a sur-
gical capsule through a retrospective review of 261 patients. Tumor was identifi ed 

Fig. 2 (continued)
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radiographically in only 135 patients (52 %). However, through meticulous exploration 
of the sella and identifi cation of the pseudocapsule, the group was able to attain remis-
sion in 252 cases (97 %). In the remaining 9 patients, remission was achieved for 4 with 
repeated surgery. Further evidence for the effi cacy of this method of dissection was 
found in the rate at which patients became hypocortisolemic after surgery. Using the 
pseudocapsule as a guide in dissection, patients became hypocortisolemic 19.4 h after 
surgery, which was more rapid than other methods of dissection and suggested a more 
complete resection [ 38 ]. This further suggests that identifi cation of the pseudocapsule 
is critical for achieving a  gross total resection     . 

 Depending on the clinical situation, more aggressive or more conservative resec-
tion may be indicated. For the seriously debilitated or elderly patient,  transsphenoi-
dal surgery   may be attempted fi rst but if no adenoma is found, it may be appropriate 
to perform  complete hypophysectomy   to minimize the need for repeated surgery. 

 After completing the resection of the adenoma, we routinely inspect for possible 
CSF leak with a  Valsalva maneuver  . Any evidence of communication of cerebrospi-
nal fl uid with the sella mandates intrasellar packing in addition to obliteration of the 
sphenoid by fat taken from the abdomen. Closure of the surgical site is accom-
plished by placing a piece of fat within the sella, followed by a piece of the vomer 
taken during the approach to repair the broached anterior sellar wall. If no bone is 
available, we use a biodegradable substitute. We generally do not use spinal drains. 
To enable these materials to coalesce, nasal tampons are placed and maintained for 
the fi rst two days after surgery. 

 In the perioperative period,  antibiotics   are administered, but no glucocorticoids. 
Our goal is to test serum cortisol and ACTH levels the next morning to determine 
the success of the surgery. We fi nd reports of frozen pathologic specimens to be 
unreliable indicators of complete resection and prefer to use the entire specimen for 
permanent sectioning.  

     Complications   

 The overall rate of complication in transsphenoidal surgery for Cushing’s disease 
appears to be relatively low. Some of the problems caused by  chronic hypercorti-
solism   put the patient at a higher risk for surgery than individuals undergoing trans-
sphenoidal surgery for other functioning microadenomas [ 5 ]. Patil et al. [ 39 ] 
analyzed the nationwide database of patients who underwent transsphenoidal resec-
tion of a pituitary tumor for Cushing’s disease between 1993 and 2002. They ana-
lyzed length of stay, rates of inpatient complications, death, and adverse outcomes. 
Of the 3525 cases studied, the in-hospital mortality rate was 0.7 % and total compli-
cation rate was 42.1 % (DI—15 %, fl uid and electrolyte abnormality—12.5 %, post-
operative neurological symptom—5.6 %, postoperative bleeding—2.6 %, 
pulmonary sign—1.7 %, CSF leak—1.4 %, diplopia or ptosis or CNIII, IV, VI defi -
cit—0.7 %, cardiac symptom—0.7 %, DVT + PE—0.7 %, iatrogenic panhypopitu-
itarism—0.5 %, and infection—0.4 %). Advanced age and multiple preoperative 
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comorbidities were identifi ed as important risk factors. Prevedello et al. reported 
93 % rate of panhypopituitarism following total hypophysectomy and 20 % rate of 
Nelson’s syndrome after bilateral adrenalectomy [ 40 ]. Looking specifi cally at pedi-
atric patients undergoing surgery for Cushing’s disease, Lonser et al. reported rare 
complications in their cohort of 200 patients. These complications included: DI 
(5 %), seizure due to sodium abnormality (1.5 %), maxillary fracture with transient 
diplopia (1.5 %), and delayed pseudotumor cerebri (2 %). Cerebral vasculitis was 
noticed in one patient after they sustained a postoperative  thalamic   infarction.  

    Management of Recurrent and Persistent Disease 

  Postoperative remission   is defi ned as normalization or insuffi ciency of circadian corti-
sol secretion. If a gross total resection is achieved, restoration of the normal hypotha-
lamic-pituitary-adrenal axis function can take months to years (mean 20.8, range 
0.5–84 months) [ 41 ]. The majority of patients experience hypocortisolism after surgery 
and require replacement therapy until normal axis activity can be reestablished.  Positive 
prognostic factors   for initial postoperative remission include gross identifi cation of the 
tumor during surgery, immunohistochemical identifi cation of ACTH-producing ade-
noma tissue, and the existence of a noninvasive adenoma [ 26 ]. 

 A  morning serum cortisol   of less than 1 mg/dL after surgery had a positive pre-
dictive value for lasting remission of 96 % [ 26 ], while morning cortisol value of 
2 μg/dL or less has 93 % of sustained remission of CD for at least 5 years [ 42 ]. 
While eucortisolism can indicate remission, patients with this fi nding require close 
follow-up as they frequently have recurrences.  Persistent hypercortisolism   on day 
one usually indicates a signifi cant amount of residual functioning tumor. In these 
cases, collaboration between the neurosurgeon, pathologist, radiologist, and endo-
crinologist is needed to determine the course of further management. 

 When tumor is identifi ed in pathological specimens but the patient remains 
hypercortisolemic, there is high likelihood for invasion of the cavernous sinus or 
surrounding dura. In some cases, repeated imaging can shed light on the location of 
the residual tumor and in such cases, repeated surgery is advised. If an ACTH- 
positive adenoma was found during the fi rst surgical procedure, we usually advise 
re-exploration with a more vigorous resection of surrounding tissue. The question 
of how soon after the initial surgery should a second procedure be done is often 
raised. We choose to give at least several weeks or months of follow-up with endo-
crine data, as some patients will drift into normal or low values over a longer period 
of time. Radiation  therapy   is also an option in these cases. 

 If pathologic specimens fail to demonstrate any tumor, then one must suspect another 
cause of Cushing’s syndrome or atypical/ectopic location, or that the tumor was missed 
during surgery. If IPSS had not been initially performed, it should be performed at this 
time. If presumed microadenoma was removed with negative pathologic examination, 
there may be a distinct adenoma in the remaining portion of the gland or ectopic source 
of ACTH. Many surgeons will re-explore the gland. Most surgeons will suggest early 
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repeat surgical intervention to investigate the portion that was not inspected during fi rst 
surgery [ 15 ,  43 – 46 ]. Ram et al. reviewed 13 % of 222 patients with persistent hypercor-
tisolism, with early reoperation in most of these patients, and they were able to induce 
remission at the second operation in 70 % of these patients, indicating the need of an 
aggressive resection in an attempt to induce remission [ 43 ]. Friedman et al. reported a 
higher remission rate if adenomas were identifi ed during surgical re-exploration; if an 
adenoma was not identifi ed then partial or total hypophysectomy was performed with 
42 % remission rate and 50 % hypopituitarism [ 15 ]. 

 All patients should be retested at regular intervals postoperatively. A signifi cant 
percentage of patients will relapse after initial remission, with rates ranging from 2 
to 35 % at long-term follow-up [ 2 ]. The decision-making process for further therapy 
is similar to that described above with the probability of regrowth of the adenoma. 
Stereotactic radiotherapy or  radiosurgery   is the chief modality of adjuvant therapy 
used to achieve remission in cases of Cushing’s disease not responding to surgical 
therapy alone [ 10 ]. There are other new medications that can also be tried as dis-
cussed in another chapter.  

    Long-Term Outcomes 

 In 11 retrospective studies on Cushing’s including 1167 patients analyzed,  early 
remission   ranged from 65 to 98 %; however, disease relapse occurred with rates 
ranging from 2 to 35 % at long-term follow-up [ 2 ]. Factors associated with failure 
to achieve remission include the presence of residual tumor, failed identifi cation of 
the tumor, invasion of the cavernous sinus, and ectopic source of ACTH production 
[ 47 ]. Patil et al. [ 46 ] reported 36 patients who underwent repeat TS surgery for 
recurrent Cushing’s disease. The median time to recurrence after initial successful 
TS surgery was 36 months (range, 4 months–16 years). Remission after repeat TS 
surgery was observed in 22 (61 %) of the 36 patients. Two of the 22 patients pre-
sented with a second  recurrence   at 6 and 11 months. In the remaining 36 patients, 
stereotactic radiosurgery, adrenalectomy, and ketoconazole were used with remis-
sion achieved in 30 (83.3 %). 

  Recurrence rates   tend to be higher in patients with postoperative eucortisolism 
compared to hypocortisolism and with longer follow-up. Postoperative hypocorti-
solism without recovery of the HPA axis is a good indicator of remission, but does not 
indicate a permanent cure. On average, CD recurrence occurs within 0.5–5 years of 
successful surgery, but it has happened as late as 30 years after initial surgery [ 41 ,  48 , 
 49 ]. Patterns of recurrence suggest that most recurrence is local. For 43 patients in 
whom an adenoma was identifi ed in the initial surgery, the recurrence was found at the 
same site, but with dural invasion that was not recognized on preoperative MRI [ 47 ]. 
Dimopoulou et al. [ 48 ] reported the outcome of 120 patients, of which 36 patients had 
revision with mean follow-up time of 79 months. The remission rates for patients 
were 71 % and 42 % for initial surgery and revision, respectively. Patients with early 
hypocortisolism were 0.7 times less likely to have disease recurrence compared to 
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those with postoperative eucortisolism. Castinetti et al. reported the outcome of 40 
patients with Cushing’s disease treated with gamma knife with a mean follow-up of 
54.7 months. Median margin dose was 29.5 Gy. Seventeen patients (42.5 %) were in 
remission after a mean of 22 months (range 12–48 months), with lower target volume 
in the remission group vs. those with persistent disease [ 50 ]. 

  Bilateral adrenalectomy      is considered if ACTH-dependent Cushing’s syndrome 
is refractory to other treatment modalities including surgery, radiosurgery, and med-
ical therapies. Bilateral adrenalectomy is relatively safe (median surgical morbidity 
15 %; median surgical mortality 3 %) with excellent outcome [ 51 ]. Long-term com-
plications include the development of adrenal crisis and  Nelson’s syndrome   [ 51 ].  

    Conclusions 

 The signifi cant morbidity caused by hypercortisolism merits aggressive treatment 
of the underlying cause. Successful diagnosis and surgical treatment can provide 
immediate remission while maintaining pituitary function. Transsphenoidal surgery 
is the initial and most effective treatment for Cushing’s  disease  , but is not possible 
for all patients and recurrences are noted. Re-exploration is recommended in such 
cases. Using the surgical pseudocapsule to guide  microsurgical resection   is crucial. 
The pseudocapsule allows an exact and total tumor resection enabling a higher 
remission rate with minimal complications [ 37 ]. Pathological confi rmation is pref-
erable, as the rate of relapse is higher with lack of histological confi rmation. Without 
histopathologically confi rmed tumor, close monitoring is recommended so that 
early intervention can be performed, if needed [ 23 ]. Endoscopic adenoma excision 
is a reasonable alternative to the traditional method of microscopic sellar mass exci-
sion, and it is preferred in invasive cases. Bilateral adrenalectomy is the last treat-
ment option and is frequently considered after radiosurgery and medical therapy 
have been exhausted.     
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      Medical Therapies in Cushing’s Syndrome                     

     Nicholas     A.     Tritos       and     Beverly     M.  K.     Biller    

    Abstract     Medical therapy has an important, albeit secondary, role in patients with 
Cushing’s syndrome. While medications are not currently used as defi nitive therapy 
of this condition, they can be very effective in controlling hypercortisolism in 
patients who fail surgery, those who are not surgical candidates, or those whose 
tumor location is unknown. Medical therapies can be particularly helpful to control 
hypercortisolism in patients with Cushing’s disease who underwent radiation ther-
apy and are awaiting its salutary effects. 

 Currently available treatment options include several steroidogenesis inhibitors 
(ketoconazole, metyrapone, mitotane, etomidate), which block one or several steps 
in cortisol synthesis in the adrenal glands, centrally acting agents (cabergoline, 
pasireotide), which decrease ACTH secretion, and glucocorticoid receptor antago-
nists, which are represented by a single agent (mifepristone). With the exception of 
pasireotide and mifepristone, available agents are used “off-label” to manage hyper-
cortisolism. Several other medications are at various stages of development and 
may offer additional options for the management of this serious condition. 

 As more potential molecular targets become known and our understanding of the 
pathogenesis of Cushing’s syndrome improves, it is anticipated that novel, ratio-
nally designed medical therapies may emerge. Clinical trials are needed to further 
investigate the relative risks and benefi ts of currently available and novel medical 
therapies and examine the potential role of combination therapy in the management 
of Cushing’s syndrome.  
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      Introduction 

 Defi nitive treatment of Cushing’s  syndrome   involves the resection of the underlying 
lesion driving hypercortisolism [ 1 – 3 ]. However, medical therapy has an important 
adjunctive role in the management of  patients   in whom surgery is not effective in 
controlling cortisol excess or in patients who cannot undergo surgery because of 
uncertainty about the location of the underlying tumor, the presence of metastatic 
disease, or very poor general health associated with high surgical risk [ 3 ,  4 ]. 

 In patients with Cushing’s disease,  pituitary surgery   is fi rst-line therapy [ 3 – 5 ]. 
Medical therapy can be recommended in patients who remain hypercortisolemic 
after pituitary surgery and are not considered to be good candidates for repeat 
pituitary surgery or those with persistent cortisol excess after reoperation. In 
patients who have undergone radiation therapy, medications controlling hypercor-
tisolism are often used as a “bridge” until the radiation therapy takes effect. 
Anecdotally, preoperative  medical therapy   has also been implemented in some 
patients awaiting surgery in order to improve their overall condition and decrease 
surgical risk [ 3 ,  4 ]. 

 Currently available medications include steroidogenesis inhibitors (which 
decrease cortisol synthesis), centrally acting agents (which can be effective in 
patients with Cushing’s disease and occasionally ectopic corticotropin secre-
tion), and glucocorticoid receptor antagonists (which are represented by a single 
available agent, mifepristone) [ 3 ,  6 ]. With the exception of pasireotide and mife-
pristone, available agents are used “off-label” in patients with Cushing’s syn-
drome (Box  1 ).    The aim of the present chapter is to review the use of current and 
emerging medical therapies in Cushing’s syndrome. A discussion of treatments 
for comorbidities associated with hypercortisolism is beyond the scope of this 
chapter [ 3 ,  7 ]. 

  Box 1 
 Currently Available Medical  Therapies   for Cushing’s Syndrome

  Steroidogenesis inhibitors  
 Ketoconazole 
 Metyrapone 
 Mitotane 
 Etomidate 
  Centrally acting    agents    
 Cabergoline 
 Pasireotide 
  Glucocorticoid receptor antagonist  
 Mifepristone 

   Note: With the exception of pasireotide and mifepristone, these 
agents are used “off-label” in Cushing’s syndrome 
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       Steroidogenesis Inhibitors   

 These agents inhibit one or several enzymatic steps leading to cortisol biosynthesis 
in the adrenal glands (Table  1 ).    They can be used to control hypercortisolism regard-
less of the underlying etiology [ 3 ,  6 ]. Measuring 24 h urine free cortisol ( UFC  ) is 
helpful in  dose titration  . Two different therapeutic strategies can be employed: 
either achieving UFC normalization by titrating the dose of medical therapy or 
completely suppressing endogenous cortisol synthesis with backup glucocorticoid 
replacement (“block and replace” regimen). The latter regimen can be particularly 
helpful in patients with cyclic (intermittent or periodic)  hypercortisolism   but 
requires meticulous follow-up in order to avoid glucocorticoid excess resulting 
from residual (incompletely suppressed) endogenous cortisol synthesis.

   All steroidogenesis inhibitors may lead to hypoadrenalism as a result of excess 
enzymatic blockade of  cortisol biosynthesis  . Therefore, patients on these agents 
need to be monitored for clinical and biochemical evidence of hypoadrenalism. 
Pituitary corticotroph tumors, which maintain some degree of feedback regulation 
by glucocorticoids, may increase their corticotropin (ACTH) output in response to 
treatment with steroidogenesis inhibitors, potentially overriding enzymatic blockade 
in some cases [ 3 ,  6 ]. 

     Ketoconazole   

 Ketoconazole is an imidazole derivative that inhibits several steps in  adrenal ste-
roidogenesis  , including 11,20-lyase (desmolase), 17-alpha hydroxylase, and 11-beta 
hydroxylase [ 8 ]. Limited data suggested that ketoconazole might also have direct 
inhibitory effects on ACTH secretion from pituitary corticotrophs, but this is not 

   Table 1    Currently  available   steroidogenesis inhibitors   

 Name  Dose range  Remarks 

 Ketoconazole  200–600 mg po bid–tid  Rapid onset of action 
 Requires regular monitoring of liver chemistries 

 Metyrapone  250–1000 mg po qid  Rapid onset of action 
 Preferred in pregnancy 

 Mitotane  0.5–3.0 g po tid  Very gradual onset of  action   
 Adrenolytic in higher doses 
 Preferred in adrenocortical carcinoma 

 Etomidate  0.03 mg/kg iv as a bolus, 
followed by infusion 
(0.1–0.3 mg/kg/h) 

 Useful in patients with severe hypercortisolism 
 Use limited by intravenous route and potential 
for sedation 

  Abbreviations: bid: twice daily; iv: intravenously; po: by mouth; qid: four times daily; tid: three 
times daily  
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widely accepted [ 8 ]. Ketoconazole was originally licensed as an  antifungal agent   
and has been prescribed “off-label” to control hypercortisolism. Used as monotherapy 
in patients with Cushing’s disease, ketoconazole has been reported to control hyper-
cortisolism in 70 % of treated patients based on pooled analyses of 8 small, retrospec-
tive studies that included a total of 82 patients [ 8 ]. However, a more recent multicenter 
study found that  ketoconazol  e use led to UFC normalization in approximately 50 % of 
patients with Cushing’s disease [ 9 ]. Ketoconazole has also been effective in control-
ling hypercortisolism in approximately 50 % of patients with the  ectopic ACTH syn-
drome   [ 8 ]. As this medication has a rapid onset of action, it can be particularly helpful 
among patients with severe manifestations of cortisol excess. 

 Common, but generally mild, adverse effects  associated   with ketoconazole use 
may include gastrointestinal symptoms (nausea, dyspepsia), rash, and headache [ 3 ]. 
 Hypogonadism   may also develop in men as a result of inhibition of testosterone 
synthesis. Severe adverse effects are uncommon, including idiosyncratic hepatotox-
icity (occurring in approximately 1 in 15,000 treated patients) [ 10 ]. Regular moni-
toring of liver chemistries is recommended in treated patients, who need to be 
warned of possible symptoms associated with liver toxicity.  Asymptomatic transa-
minitis   is more common (occurring in approximately 12 % of patients) and gener-
ally improves or resolves with a decrease in medication dose [ 8 ]. 

  Ketoconazole absorptio  n is signifi cantly higher in the presence of an acidic 
environment in the stomach. Accordingly, use of medications that raise gastric pH, 
including proton pump inhibitors or H 2  receptor antagonists, is best avoided in 
patients receiving ketoconazole therapy. Of note, ketoconazole is metabolized in the 
liver by the CYP450 3A4 enzyme, raising the potential for drug–drug interactions 
with other medications (such as several “ statin  s”) that are substrates of the same 
enzyme or  those   that either inhibit or induce this enzymatic activity [ 11 ,  12 ].  

     Metyrapone   

 Metyrapone inhibits  11-beta hydroxylase  , which catalyzes the last step in cortisol 
synthesis [ 3 ]. As a corollary, several  steroid precursors   accumulate in patients 
receiving this medication, including 11-deoxycortisol, 11-deoxycorticosterone, as 
well as several androgenic precursors. Since 11-deoxycortisol often cross-reacts 
with cortisol in immunoassays, serum cortisol levels may be overestimated in 
patients on this therapy (depending on the assay used). 

 Metyrapone was reported to control hypercortisolism in up to 75 % of 53 patients 
with Cushing’s disease treated for up to 16 weeks based on serum cortisol data 
(using cortisol day curves) [ 13 ]. A more recent study found that metyrapone use led 
to UFC  normalization      in approximately 50 % of patients with Cushing’s disease 
[ 14 ]. Escape from its salutary effects may occur in a minority of patients with 
Cushing’s disease. Metyrapone has also been effective in controlling  hypercortisolism 
in substantial proportions (40–75 %) of patients with the ectopic ACTH syndrome, 
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as well as those with benign or malignant adrenal pathologies [ 14 ]. Metyrapone has 
a rapid onset of action, which can be quite helpful when prompt control of severe 
hypercortisolism is needed. Metyrapone is considered the preferred medical agent 
to control hypercortisolism during  pregnancy  , but is not licensed for use specifi cally 
for this indication [ 15 ]. 

 Common  adverse effects   (25 %) associated with metyrapone use include nausea, 
vomiting, and dizziness [ 14 ]. In addition, the accumulation of precursors with 
mineralocorticoid activity (including 11-deoxycortisol and 11-deoxycorticosterone) 
may lead to hypertension, edema, and hypokalemia. Similarly, androgenic precur-
sors that accumulate as a result of metyrapone therapy may lead  to   hirsutism and 
acne in women [ 3 ].  

     Mitotane   

 Mitotane inhibits several steps in  adrenal steroidogenesis  , including the cholesterol 
side-chain cleavage enzyme, 3-beta hydroxysteroid dehydrogenase, and 11-beta 
hydroxylase. In addition, it is adrenolytic when used long term in higher doses 
(>4 g/daily) [ 3 ]. This latter effect has led to its use in adrenocortical carcinoma, 
either as adjuvant postoperative therapy or as treatment in patients with advanced 
disease [ 16 – 18 ]. In patients with adrenocortical carcinoma, monitoring of systemic 
levels is advisable with a goal to maintain plasma mitotane levels ≥14 mg/L, which 
correlate with higher likelihood of achieving tumor control [ 19 ]. Used as  mono-
therap  y, mitotane is effective in controlling hypercortisolemia in 72–83 % of patients 
with Cushing’s disease, but has been used in only a few centers worldwide for this 
indication [ 16 ,  20 ]. Of note, its onset of action is slow, requiring several weeks to 
months to reach maximal effect in individual patients. As a consequence, mitotane 
monotherapy is not appropriate when rapid control of severe hypercortisolism is 
needed.  Adrenal insuffi ciency   may occur over time, necessitating the administration 
of glucocorticoid replacement in treated patients. Escape from its effects on cortisol 
synthesis is unlikely with long-term use. 

 Mitotane use may lead to several  adverse effects  , including gastrointestinal (nau-
sea, vomiting, dyspepsia, diarrhea) and neurologic (dizziness, ataxia, dysarthria, 
confusion) symptoms, which may limit its use [ 3 ]. Other side effects include rash, 
gynecomastia, abnormal liver chemistries, and dyslipidemia. Rare adverse events 
include hemorrhagic cystitis, ophthalmic, and hematologic abnormalities. Mitotane 
is highly lipophilic and can persist in the adipose tissue for months or years after it 
is stopped. In view of its long half-life and teratogenicity,  pregnancy   should be 
avoided for up to 5 years after mitotane discontinuation [ 3 ]. 

 Mitotane increases systemic corticosteroid-binding globulin (CBG)  levels   and 
accelerates cortisol clearance. Consequently, glucocorticoid replacement doses 
need to be higher in patients treated with mitotane therapy.  
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     Etomidate   

  Etomidate   is primarily used in anesthesia induction. However, it also inhibits 11-beta 
hydroxylase, leading to rapid suppression of cortisol synthesis within hours, even in 
subhypnotic doses [ 21 ]. Etomidate can be particularly helpful when rapid control of 
severe hypercortisolism is needed, especially in patients unable to take oral medica-
tions, but requires careful monitoring to avoid excessive sedation [ 22 ]. Etomidate is the 
only intravenous preparation that can be used to control hypercortisolism [ 22 ]. 
However, its use is limited to hospitalized patients with severe hypercortisolism.  

    Novel Agents Under Investigation 

  Osilodrostat (LCI699)   is a novel 11-beta hydroxylase and aldosterone synthase 
inhibitor that is currently under study in patients with Cushing’s disease. In a phase 
II, proof-of-concept trial, osilodrostat administration led to  UFC normalization   in 
92 % of 12 patients with Cushing’s disease who were treated for 70 days [ 23 ]. 
Whether escape from its effects may occur remains to be established. Of note, 
approximately 79 % of patients treated with LCI699 achieved normal UFC in a 6 
month extension of the phase II study that included 19 patients [ 12 ,  24 ]. The effi -
cacy and safety of osilodrostat are being investigated in a phase III study. 

 Osilodrostat appears to be well tolerated in most patients. However, fatigue, 
headache, gastrointestinal  symptoms  , and dizziness may occur. Hypertension, 
edema, and hypokalemia may develop as a consequence of accumulation of precur-
sors with mineralocorticoid activity, and hirsutism or acne may occur as a result of 
accumulation of androgenic precursors. 

  Levoketoconazole      is a ketoconazole enantiomer that is also under investigation 
in Cushing’s disease. Based on preliminary data, it may have increased potency and 
duration of action and potentially a lower risk of hepatotoxicity [ 12 ]. 

  Abiraterone      is an inhibitor of 17-alpha hydroxylase and 17,20-lyase activity and 
has been used to suppress androgen synthesis in patients with castration-resistant 
advanced prostate cancer [ 25 ]. Based on its mechanism of action, it would be pre-
dicted to be potentially effi cacious in patients with Cushing’s syndrome. However, 
clinical studies are required to examine this possibility. 

 Subgroups of adrenal  masses   in patients with bilateral macronodular adrenal hyper-
plasia or adrenal adenomas may express a wide variety of receptors, including those 
engaging  glucose-dependent insulinotropic peptide (GIP)     , luteinizing hormone 
(LH)/human chorionic gonadotropin (hCG), vasopressin (V1, V2, V3), serotonin 
(5HT4 and 5HT7), angiotensin (AT1), glucagon, or beta adrenergic receptors [ 26 ]. 
Based on these considerations, medications that inhibit some of these receptors or path-
ways, including octreotide or pasireotide (inhibiting GIP secretion), leuprolide (inhibit-
ing LH secretion), and propranolol (inhibiting beta adrenergic receptors), have 
shown at least transient effectiveness in controlling hypercortisolism in small numbers 
of  patients   with adrenal masses expressing the respective receptors [ 26 – 29 ].   
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    Centrally Acting Agents 

 These agents are directed at suppressing ACTH synthesis and/or release and may be 
effi cacious in controlling hypercortisolism in patients with ACTH-dependent 
Cushing’s syndrome, primarily those with Cushing’s disease (Table  2 ) [ 3 ,  4 ,  30 ]. 
In addition, they might lead to a decrease in pituitary tumor size in patients with 
Cushing’s disease or Nelson’s syndrome. Currently, these medications are used pri-
marily for their antisecretory effects, since data on tumor control are limited.

       Cabergoline   

 Cabergoline is a dopamine receptor (type 2 specifi c)  agonist  , which is licensed as 
therapy for hyperprolactinemia, but has also been used “off-label” to treat patients 
with Cushing’s disease [ 3 ,  31 ]. Its potential effectiveness is predicated by the pres-
ence of dopamine receptors in the majority of corticotropinomas [ 32 ]. Cabergoline 
administration may control hypercortisolism in 30–40 % of patients with  ACTH- 
secreting pituitary adenomas   [ 33 ,  34 ]. However, escape from its effects may occur 
over time. It should also be noted that cabergoline doses that are required to control 
hypercortisolism are generally larger (1–7 mg/week) than those that are effective in 
the majority of patients with hyperprolactinemia (0.5–2.0 mg/week). In contrast to 
cabergoline, bromocriptine, an older dopamine receptor agonist, is largely ineffec-
tive in patients with Cushing’s disease. 

 Cabergoline administration is generally tolerated well. However, nausea, vomit-
ing,    and dizziness may occur and are more common among patients receiving high 
doses. Other less common  adverse effects   include headache, nasal congestion, con-
stipation, digital vasospasm, anxiety, depression, exacerbation of psychosis, or a 
variety of manifestations of impulsivity [ 31 ,  35 ]. When administered in high doses 
in patients with Parkinson’s disease, cabergoline use was associated with cardiac 
valvulopathy, which is presumed to occur as a consequence of serotonin receptor 
(5HT2B) activation [ 36 ,  37 ]. While cabergoline use in doses typically required to 
treat hyperprolactinemia (0.5–2.0 mg/week) appears to be safe with regard to car-
diac valvulopathy, it is less clear whether its long-term use in higher doses (up to 
7.0 mg/week) needed to control hypercortisolism may increase the risk of valvular 

   Table 2     Currently   available centrally acting agents   

 Name  Dose range  Remarks 

 Cabergoline  0.5–7.0 mg po 
weekly 

 Escape (loss of effectiveness) may occur over time 
 Potential risk of valvulopathy in high doses 

 Pasireotide  0.3–0.9 mg sc bid  Hyperglycemia or diabetes mellitus may develop 
 Glucose, hepatic function, and electrocardiographic 
monitoring  advised   

  Abbreviations: bid: twice daily; po: by mouth; sc: subcutaneously  
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damage [ 38 ].  Periodic echocardiography   seems prudent in patients receiving such 
higher cabergoline doses. However, there are currently no data examining the cost- 
effectiveness of echocardiography in detecting valvulopathy in  this   population.  

     Pasireotide   

 Pasireotide is a  somatostatin receptor agonist   with expanded specifi city, which 
activates type 1, 2, 3, and 5 somatostatin receptor isoforms [ 11 ,  30 ]. It is thought 
that stimulation of the type 5 receptor isoform accounts for its effi cacy in 
patients with Cushing’s disease [ 39 ]. In contrast, octreotide, which activates 
type 2 and (weakly) type 5 somatostatin receptors,    has very limited effi cacy in 
patients with Cushing’s disease. Of note, type 5 and type 2 somatostatin recep-
tor isoforms are expressed by approximately 84 % and 74 % of corticotropinomas, 
respectively [ 32 ]. 

 The effi cacy of pasireotide administration was established in a phase 3, multi-
center clinical trial of 162 adults with Cushing’s disease, who were randomly allo-
cated to either of two pasireotide starting doses (600 mcg twice daily and 900 mcg 
twice daily) and were treated for 12 months. Control of  hypercortisolism  , based on 
UFC  normalizatio  n, was reported in 15 % and 26 % of patients who received the 
lower and higher pasireotide starting dose without need for dose uptitration, respec-
tively [ 40 ]. In addition, pasireotide therapy led to weight loss, decrease in blood 
pressure, and improved quality of life as well as a decrease in tumor size among 
patients with measurable tumor mass (by 9.1 % and 43.8 % in patients receiving the 
lower and higher pasireotide starting dose, respectively). Pasireotide has been 
approved by the  FDA and EMA   for use in patients with Cushing’s disease who have 
failed pituitary surgery or are not surgical candidates. Pasireotide LAR, a long- 
acting form of pasireotide, is under evaluation in a phase III clinical trial as a pos-
sible therapy in patients with Cushing’s disease [ 41 ]. 

 Similar to octreotide, pasireotide administration is associated with possible  gastro-
intestinal adverse events   (nausea, abdominal pain, diarrhea, gallstones or sludge, mild 
transaminitis). Asymptomatic sinus bradycardia, QT prolongation, and hair loss may 
also occur. In addition, pasireotide therapy appears to be associated with the develop-
ment of hyperglycemia or diabetes mellitus. Indeed, hyperglycemia developed in 
73 % of patients in the phase 3 trial [ 40 ]. The hyperglycemic effects of pasireotide 
occur as a consequence of inhibition of insulin secretion, which is partly attributable 
to suppression of incretin secretion from the gastrointestinal tract [ 42 ]. Self-monitoring 
of blood glucose is advisable in patients treated with pasireotide. Hyperglycemia may 
be treated with metformin therapy with possible stepwise  addition of incretin mimet-
ics, dipeptidyl peptidase inhibitors, and/or insulin. In addition to monitoring for 
hyperglycemia, pasireotide-treated patients are advised to undergo  periodic evalua-
tion of   serum electrolytes, liver function tests, electrocardiograms, and gallbladder 
ultrasound examinations.  
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    Novel Agents and Targets Under Investigation 

 The  retinoic acid receptor   appears to have a role in the regulation of proopiomela-
nocortin and ACTH synthesis [ 43 ,  44 ]. Accordingly, cognate retinoic acid receptor 
agonists may be of potential benefi t in patients with Cushing’s disease. Preliminary 
data suggest some evidence of in vitro and in vivo effectiveness of retinoic acid in 
Cushing’s disease, but its clinical use has not been adequately investigated [ 45 ]. 

 The  epidermal growth factor receptor   is often expressed in corticotropinomas 
[ 46 ]. Recent in vitro and preclinical data suggest a role for epidermal growth factor 
receptor inhibition with gefi tinib in controlling tumor size and hypercortisolism 
[ 46 ]. While epidermal growth factor receptor inhibition (with gefi tinib) is of poten-
tial interest as a treatment strategy in patients with Cushing’s disease, its effi cacy 
and safety in this population remain to be explored in clinical studies. 

  Corticotropinomas      may also express growth hormone secretagogue receptors or 
vasopressin receptors, suggesting that respective receptor antagonists might have a 
role in the management of Cushing’s disease [ 47 – 49 ]. However, clinical data are 
needed to examine whether medications that inhibit these receptors might be 
effi cacious in Cushing’s disease.   

     Glucocorticoid Receptor Antagonist   

    Mifepristone 

 Mifepristone is a  glucocorticoid and progesterone receptor antagonist  , which has 
been approved by the FDA as therapy in patients with Cushing’s syndrome of 
diverse etiologies and hyperglycemia, who have failed surgery or are not surgical 
candidates [ 50 ,  51 ]. Mifepristone  administratio  n effectively inhibits glucocorticoid 
action, leading to a decrease in glycemia, body weight, and improved overall health 
status based on the fi ndings of an open label forced titration study of 50 patients 
with Cushing’s syndrome (including 43 patients with Cushing’s disease), hypergly-
cemia, or hypertension who were treated with mifepristone for 6 months [ 51 ]. 
Specifi cally, 60 % of hyperglycemic patients improved with regard to glucose toler-
ance, and hemoglobin A1c (HbA1c) values declined from 7.4 % (baseline) to 6.3 %. 
 Diastolic blood pressure   improved in 38 % of hypertensive patients. Body weight 
decreased by 5.7 % in the study population. In addition, 87 % of patients showed 
overall clinical improvement based on the fi ndings of a blinded board [ 51 ]. 

 Mifepristone doses, ranging between 300 mg/daily and 1200 mg/daily, must be 
titrated based on  clinical evaluation   alone in patients with corticotropinomas. 
Patients with Cushing’s disease on mifepristone therapy generally show an increase 
in ACTH and cortisol levels in response to mifepristone therapy, which is reversible 
upon drug discontinuation [ 51 ]. 
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 Glucocorticoid receptor inhibition may lead to symptoms of  hypoadrenalism  . 
Treated patients need to be monitored clinically for suggestive symptoms (head-
ache, nausea, vomiting, dizziness, orthostasis, and arthralgias). If hypoadrenalism is 
clinically suspected, patients can be treated with dexamethasone, and mifepristone 
can be temporarily suspended and reintroduced after patients become asymptomatic 
[ 52 ]. Laboratory testing is not helpful in establishing hypoadrenalism in these 
patients; in fact, cortisol levels are typically elevated in patients with Cushing’s 
 disease   on mifepristone therapy, but cortisol action is blocked at the glucocorticoid 
receptor. 

 Mifepristone does not inhibit the mineralocorticoid receptor, which can be acti-
vated by cortisol, thus leading to a potential increase in blood pressure and the 
frequent development of hypokalemia (34 % of patients) [ 51 ]. Regular monitoring 
of blood pressure and serum potassium levels is advisable in patients on mifepris-
tone therapy. Severe  hypokalemia   may occur, requiring large doses of potassium 
replacement and/or spironolactone therapy. In addition, progesterone receptor 
inhibition will terminate pregnancy and may lead to irregular vaginal bleeding 
(14 %) as a result of endometrial thickening (28 %), which appears to be pathologi-
cally distinct from  endometrial hyperplasia   [ 53 ]. Other possible adverse events 
associated with mifepristone administration include dyslipidemia and elevated 
thyrotropin levels. Pituitary tumor progression was noted in 3 patients with mac-
roadenomas and 1 patient with microadenoma [ 54 ]. Tumor regression was found in 
2 patients out of 43 patients with Cushing’s disease, who were treated with mife-
pristone for 6 months (27 of whom continued into a long-term extension phase and 
were treated for a median duration of 11.3 months) [ 54 ]. More long-term data are 
needed to examine any possible effects of mifepristone therapy on pituitary adenomas 
in Cushing’s disease. 

 Mifepristone is metabolized in the liver and inhibits several  cytochrome P450 
enzymes   (including CYP450 3A4), thus leading to possible drug–drug interactions 
with other medications that infl uence and/or are metabolized through the same 
 enzymatic   activity [ 3 ,  52 ].   

     Combination Therapy   

 The use of medical therapies in combination has been reported in several case series 
but has not been examined in a clinical trial. Patients with severe ACTH-dependent 
Cushing’s syndrome that is not amenable to surgery (including Cushing’s disease 
and ectopic ACTH secretion) may benefi t from the combined administration of 
ketoconazole, metyrapone, and mitotane in order to control hypercortisolism rap-
idly and avert the need for bilateral adrenalectomy [ 55 ]. In another study, the com-
bination of ketoconazole and metyrapone was found to be effective in controlling 
cortisol excess in, respectively, 73 % and 86 % of patients with severe hypercorti-
solism at baseline, including 14 with the ectopic ACTH syndrome and 8 patients 
with adrenocortical carcinoma [ 56 ]. In a third case series, pasireotide monotherapy 
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was administered to 17 patients with Cushing’s disease who had failed pituitary 
surgery. Subsequently, cabergoline was added in patients who did not adequately 
respond to pasireotide and, in a third step, ketoconazole was added to the combina-
tion of pasireotide and cabergoline when the two drug combination was not suffi cient 
in controlling hypercortisolism. In this small series, UFC normalization occurred in 
88 % of patients treated with 1–3 medications, thus demonstrating the potential role 
of combination therapy [ 57 ]. However, properly designed clinical trials will be 
needed in order to fully elucidate the risks and benefi ts of this  approach  .  

    Summary and Future Directions 

 Medical therapy has an important, albeit adjuvant, role in the management of 
patients with Cushing’s syndrome. Several steroidogenesis inhibitors, centrally act-
ing agents, and a glucocorticoid receptor antagonist are currently available or being 
investigated as potential therapies. It may be noted that the choice between therapies 
is largely empiric as a consequence of lack of head-to-head clinical trials and 
depends on several factors, including severity of hypercortisolism and the clinical 
need to achieve rapid biochemical control, tumor size and location, patient comor-
bidities, medication tolerance, potential for drug interactions, patient compliance 
and preference, medication availability, and cost. It is anticipated that better under-
standing of the molecular underpinnings of Cushing’s syndrome will eventually 
lead to more effi cacious, rationally designed therapies for this potentially devastating 
condition.     
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      Mild Adrenal Cortisol Excess                     

     Adina     F.     Turcu     and     Richard     J.     Auchus    

    Abstract     Adrenal subclinical hypercortisolism or mild adrenal cortisol excess has 
been defi ned by alterations of the hypothalamic–pituitary–adrenal axis in patients 
with adrenal adenomas and without overt Cushing syndrome. Mild hypercortisolism 
is the most common hormonal dysfunction in patients with incidentally diagnosed 
adrenal masses. Recent reports have linked mild adrenal cortisol excess with several 
cardiovascular, bone, and metabolic complications, as well as with increased mortal-
ity. The pathophysiological mechanisms of mild adrenal cortisol excess are poorly 
understood, and no consensus exists regarding the appropriate diagnostic criteria of 
mild adrenal cortisol excess or its management. Existing data have derived predomi-
nantly from retrospective or nonrandomized studies. This chapter overviews the 
most recent progress in the understanding of mild adrenal cortisol excess and high-
lights remaining gaps to be fi lled by thoughtfully designed future research.  

  Keywords     Subclinical hypercortisolism   •   Subclinical Cushing syndrome   •   Adrenal 
adenoma   •   Adrenal incidentaloma   •   Adrenal   •   Cortisol   •   Hypothalamic–pituitary–
adrenal axis   •   Mortality   •   Cardiovascular risk   •   Osteoporosis  

      Introduction 

 Mild adrenal cortisol excess (MACE) usually arises in the context of incidentally 
discovered  adrenal masses   (also called adrenal incidentalomas,  AI  ). With the rising 
availability and performance of imaging studies applied to routine clinical care, AI 
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are found in 4–7 % of cross-sectional studies, and their prevalence increases with 
age [ 1 ,  2 ]. MACE is uniformly the most frequently reported  hormonal abnormality   
in AI, but the incidence varies, depending on the diagnostic criteria used [ 3 – 5 ]. 
Overall, MACE has been estimated to affect 0.2–2 % of adults [ 6 ,  7 ]. Along with the 
mounting frequency of MACE diagnosis, a series of clinical dilemmas have 
emerged, most of which are interdependent. Debates start with the terminology and 
defi nition of this elusive entity, which aim to accurately refl ect its clinical implica-
tions, and from where, in turn, appropriate management derives. This overview 
intends to underline the most up-to-date understanding of MACE and to point out 
aspects that need further clarifi cation by properly designed research.  

    Defi nition and Terminology 

 Mild adrenal or  subclinical hypercortisolism   is generally  defi ned   as autonomous 
glucocorticoid secretion from an adrenal mass and absence of clinically overt signs 
and/or symptoms of Cushing syndrome. The  terminology   used to describe this 
entity has evolved over time. An initial term used was “preclinical Cushing syn-
drome.” This term was quickly abandoned once longitudinal observational studies 
demonstrated that progression towards overt hypercortisolism is rather rare [ 5 ,  8 ,  9 ]. 
“ Subclinical Cushing syndrome  ” or hypercortisolism has been the most widely used 
by both  clinicians and investigators  . While stigmata of Cushing syndrome—such as 
purple striae, plethora, easy bruising, and proximal muscle weakness—are absent or 
very subtle, nonspecifi c comorbidities associated with cortisol excess—including 
glucose intolerance, hypertension, bone loss, central obesity, and even increased 
mortality—have been linked with  MACE   (Box  1 ) [ 10 ,  11 ], thus further questioning 
if “subclinical” is an accurate nomenclature. To further complicate matters, diabe-
tes, hypertension, and obesity are common in western populations, and their preva-
lence increases with age, as does that of AI. Nonetheless, as it will be later detailed 
in this chapter, recent studies have built strong arguments for a direct impact of even 
subtle cortisol excess on bone health, cardiometabolic risk factors and related events 
[ 9 ,  12 – 15 ]. Adrenal mild hypercortisolism [ 16 ] or MACE are terms that avoid the 
connotation of low clinical relevance and will be used in this chapter, although 
interchangeably with older terminology. 

  Box 1:  Clinical Implications   of Mild Adrenal Cortisol Excess 
 Dyslipidemia 

 Increased fasting glucose and insulin 
 Increased visceral adiposity 
 Increased waist/hip ratio 
 Osteoporosis/fragility fractures 
 Increased cardiovascular events 
 Increased mortality 
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      Assessment of Dysregulated Cortisol  Synthesis   

    Hormonal Testing 

 What constitutes adequate hormonal evidence for alterations in the hypothalamic–
pituitary–adrenal (HPA)  axis   has been a subject of debate amongst endocrinolo-
gists, and no gold standard for MACE exists. In order to establish adrenal autonomy 
in cortisol production, clinicians and investigators might use one or multiple tests, 
in different combinations and with variable cutoffs. Another factor to take into 
account is that multiple drugs and conditions, including some that can result from 
hypercortisolism (such as type 2 diabetes mellitus and obesity), can lead to activa-
tion of the HPA axis and yield false positive results. All published  clinical practice 
guidelines   recommend 1 mg overnight dexamethasone suppression test (DST) for 
screening of MACE [ 2 ,  17 – 20 ], but the cutoff defi ning MACE remains variable. 
Serum cortisol concentration >1.8 μg/dL (50 nmol/L) after dexamethasone confers 
a higher sensitivity, while cutoffs >5 μg/dL (138 nmol/L) increase the specifi city of 
the test [ 21 ] but encroach upon criteria for overt Cushing syndrome. Some investi-
gators have used an intermediate cutoff of >3 μg/dL (83 nmol/L), or  stratifi ed hyper-
cortisolism  , by adding an intermediate group (1.8–5 μg/dL). So far, most clinical 
laboratories have used immunoassays to measure cortisol; the existing cutoffs might 
experience further transformations in the years to come, particularly with the emer-
gence of liquid chromatography-tandem mass spectrometry (LC-MS/MS), which 
improves the performance of steroid assays. 

 Additional proposed tools for diagnosis of MACE include ACTH <10 pg/mL, 
low dehydroepiandrosterone sulfate (DHEAS) for age, elevated late-night salivary 
or serum cortisol, and elevated 24-h urinary free cortisol (Box  2 ), but none of these 
tests can be used in isolation. As evidenced in a recent systematic review, adrenal 
insuffi ciency after surgical resection was more common in patients in whom more 
indicators of HPA dysregulation were documented [ 22 ]. The time to achieve eucor-
tisolemia was shorter in MACE than in overt Cushing syndrome patients (6.5 vs. 
11.2 months). Taken together, these data suggest that a continuum of HPA axis dis-
turbances exists. 

  Box 2:  Tests   Suggestive of Mild Autonomous Adrenal Cortisol Excess 
 AM cortisol after 1 mg dexamethasone

•    >1.8 μg/dL—Sensitivity 71–100 %, Specifi city 24–91 %  
•   >3 μg/dL—Sensitivity 52–86 %, Specifi city 75–96 %  
•   >5 μg/dL—Sensitivity 22–91 %, Specifi city 83–100 %    

 Suppressed ACTH (<10 pg/mL) 
 Suppressed DHEAS for age 
 Increased late-night salivary or serum cortisol 
 Increased 24-h urinary  free   cortisol 
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   Partial ACTH suppression   is found in many patients with MACE; however, not 
only is ACTH suppression inconsistent in this group of patients, but ACTH is some-
times normal even in overt adrenal hypercortisolism [ 23 ], thus limiting its utility. 
Peak ACTH values below 30 pg/mL (6.6 pmol/L) after CRH stimulation have been 
proposed as an additional tool to reveal subtle pituitary suppression by autonomous 
cortisol production, but CRH testing is rarely helpful [ 6 ,  23 – 26 ]. 

 Early alterations in the  cortisol circadian rhythm   might be present in patients 
with MACE [ 22 ,  27 ,  28 ]. Late-night serum cortisol has been proposed as the best 
compromise between sensitivity (64 %) and specifi city (81 %) for predicting adrenal 
insuffi ciency after adrenalectomy in patients with MACE [ 22 ]. However, late-night 
serum cortisol testing is not usually feasible for ambulatory patients and is physio-
logically elevated when these patients are hospitalized for unrelated medical prob-
lems. While more feasible, midnight salivary cortisol has poor sensitivity for 
detecting patients with MACE, even when measured by LC-MS/MS [ 29 – 33 ]. 
Similarly, 24-h urinary free cortisol is only rarely elevated in these patients. Urine 
cortisol excretion above 70 μg/24 h (193.1 nmol/L) by immunoassays has been used 
to diagnose MACE, but only in conjunction with other parameters of adrenal auton-
omy [ 34 – 40 ]. Data from a recent study of patients with AI using multiplex mass 
spectrometry suggest that  urinary cortisol metabolites   might become abnormal 
before cortisol does [ 41 ], explaining the poor sensitivity of urine testing. LC-MS/
MS assays for urine cortisol are not likely to improve sensitivity [ 42 ]. 

 Both dehydroepiandrosterone (DHEA) and DHEAS are regarded as  ACTH- 
dependent hormones   [ 43 ]. Therefore, some investigators have proposed DHEAS 
suppression as a useful indicator of HPA dysregulation. Immunohistochemical studies 
in patients with cortisol-producing adenomas showed suppression of sulfotransfer-
ase 2A1 (SULT2A1) expression in the adjacent zona reticularis tissue [ 44 ]. Although 
suppressed  DHEAS   as an indicator of subclinical hypercortisolism was fi rst pro-
posed a decade ago, supporting data have remained inconsistent [ 44 – 46 ]. In a 
Japanese study of AI, only 27 % of patients with serum cortisol ≥1.8 μg/dL after 
dexamethasone had low serum DHEAS, as assessed by immunoassay [ 46 ]. 
Conversely, another group, which defi ned MACE more stringently with at least two 
of three criteria: serum cortisol after dexamethasone >3 μg/dL, urinary free cortisol 
>70 μg/24 h, and ACTH <10 pg/mL, found that DHEAS was signifi cantly lower in 
patients with subclinical hypercortisolism (27.95 μg/dL,  n  = 38) compared to non-
functioning AI (65.90 μg/dL,  n  = 141) [ 47 ]. In a recent cross-sectional study, Di 
Dalmazi and colleagues used LC-MS/MS to measure a panel of steroids in 28 
patients with MACE, 66 patients with  nonsecretory a  drenal adenomas, and 188 age- 
and sex-matched controls [ 48 ]. Patients with MACE had lower DHEA and andro-
stenedione than those with non-secreting adenomas and controls, both at baseline 
and after cosyntropin stimulation. The advent of gas chromatography (GC)- and 
LC-MS/MS will help characterize the hormonal signature of both MACE and non-
secretory adenomas in greater detail. More importantly, the interplay between 
secreted compounds and their activation of  gluco- and mineralocorticoid receptors   
to yield the resultant clinical outcomes has not been carefully studied.  
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    Imaging 

  Autonomous cortisol synthesis         from the adrenal typically correlates with the size of 
the nodules. In a multicenter longitudinal Italian study of 206 patients with AI fol-
lowed for a median of six years, an adenoma size >2.4 cm predicted conversion to 
subclinical hypercortisolism with a sensitivity of 73.3 % and a specifi city of 60.5 % 
[ 15 ]. Another imaging fi nding suggestive of autonomous adrenal cortisol excess is 
atrophy of the contralateral adrenal  gland   (Fig.  1 ).

   Some investigators explored the idea of assessing the adrenal function by track-
ing the incorporation of radiolabeled cholesterol derivatives within the gland. Using 
this principle,  scintigraphic uptake      exclusively to an adrenal adenoma indicates 
autonomous cortisol production, while symmetrical incorporation of the tracer sup-
ports an ACTH-responsive cortisol synthesis. As an example, Valli and colleagues 
used [ 131 I]-6β-iodomethyl norcholesterol scintigraphy (IMS) in 31 patients with 
benign cortical adenomas and found that the sensitivity and specifi city of the test in 
detecting MACE was 58 % and 83 %, respectively, if referenced to a dexamethasone- 
suppressed cortisol of 5 μg/dL (138 nmol/L) and 100 % and 67 %, respectively, for 
a dexamethasone-suppressed cortisol of 2.2 μg/dL (60 nmol/L) [ 36 ]. Barzon and 
colleagues obtained similar results with [ 75 Se]-selenio-6α-methyl-19-norcholesterol 
[ 49 ]. These studies, however, are limited by burdensome protocols, scarce avail-
ability of the tracers, and high cost. Furthermore, because in contrast to  primary 
aldosteronism  , adrenal cortisol excess correlates closely with the size of the adeno-
mas, there is little value of the scintigraphic studies over routine hormonal tests and 
cross-sectional imaging [ 50 ].   

  Fig. 1     Left adrenal incidentaloma   with subtle autonomous cortisol secretion in a 37-year-old 
woman (white arrow); the right adrenal gland is partially atrophied (black arrow). Over 1 year, the 
cortisol after 1 mg dexamethasone rose from 1.4 to 2.1 μg/dL, the AM ACTH fell from 14 to 2 pg/mL, 
and the DHEAS fell from 126 to 41 μg/dL. Improvement in weight and blood pressure was noted 
after laparoscopic adrenalectomy and several weeks of partial cortisol defi ciency       
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     Pathogenesis   of Dysregulated Adrenal Cortisol Synthesis 

 The molecular pathogenesis of adrenal Cushing syndrome is covered in detail in 
another chapter. To summarize, Assie and colleagues identifi ed inactivating mutations 
of armadillo repeat containing 5 (ARMC5) in 18 of 33 patients with macronodular 
adrenal hyperplasia and hypercortisolism, 3 of which presented with MACE [ 51 ]. 
ARMC5 mutations have been found in patients with both familial and sporadic 
macronodular adrenal hyperplasia with a range of hypercortisolism [ 52 – 54 ]. 
Beuschlein and colleagues found somatic mutations in PRKACA, which encodes 
the main catalytic subunit of protein kinase A (PKA), in cortisol-producing adeno-
mas associated with overt Cushing syndrome but not in 40 patients with MACE 
[ 55 ]. Germline PRKACA duplications were identifi ed in 14 % of patients with 
Cushing syndrome due to bilateral adrenal hyperplasia, and three other groups 
reported PRKACA mutations in 35–69 % of cortisol-producing adrenal adenomas 
[ 56 – 58 ], primarily mutation L206R, which leads to constitutive PKA activation 
[ 57 ,  58 ]. Of all the patients with PRKACA mutations across these four studies, only 
four patients had MACE [ 57 ,  58 ]. Thus, ARMC5 and PRKACA mutations are found 
in some patients with MACE but more often in those with overt hypercortisolism. 

 Beyond the genetic and epigenetic aspects contributing to excessive ACTH- 
independent adrenal cortisol synthesis, several additional factors modulate the 
effects of excessive glucocorticoids in the target tissues. These include the cortisol 
binding globulins, tissue-specifi c glucocorticoid activating and inactivating 
enzymes, and glucocorticoid receptor (NR3C1) polymorphisms. Recent studies 
have identifi ed polymorphisms in the 11β-hydroxysteroid dehydrogenase type 1 
(11βHSD1) and glucocorticoid receptor genes that are protective against a 
Cushingoid phenotype, including cognitive impairment [ 59 ] and diabetes [ 60 ]. 
11βHSD1 knockout mice with circulating glucocorticoid excess were protected 
from the glucose intolerance, hyperinsulinemia, hepatic steatosis, hypertension, 
myopathy, and dermal atrophy of Cushing syndrome [ 61 ]. The intricate interplay 
between various factors that constitute the basis of a specifi c phenotype remains 
elusive and deserves to be  dissected   further.  

    Clinical Consequences of MACE 

     Cardiometabolic Profi le   and Related Outcomes in MACE 

 Research conducted over a decade ago found that surrogates of cardiovascular risk, 
including blood pressure, fasting glucose, homeostatic assessment model-insulin 
resistance (HOMA-IR) index, lipoproteins and triglycerides, fi brinogen, waist-to- 
hip ratio, and mean carotid artery intima-media thickness, were signifi cantly worse 
in patients with MACE than in age-, sex-, and body mass index (BMI)-matched 
controls [ 62 ]. More recent studies have linked mild hypercortisolism with 
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cardiometabolic morbidity and mortality. In a fi rst large cross-sectional study, Di 
Dalmazi and colleagues stratifi ed patients with AI and hypercortisolism in an inter-
mediate group, with a cortisol after dexamethasone between 1.8 and 5 μg/dL, or 
>5 μg/dL, respectively. They found that the prevalence of type 2 diabetes mellitus 
and coronary heart disease increased in parallel with progressively higher degrees 
of hypercortisolism, as compared with patients with nonfunctioning adrenal adeno-
mas [ 13 ]. The same group longitudinally followed a cohort of 198 patients with AI 
(mean follow-up, 7.5±3.2 years), and they found that the incidence of cardiovascu-
lar events and related  mortality   was higher in patients with subclinical hypercorti-
solism (cortisol >1.8 μg/dL) [ 9 ]. Worsening hypercortisolism during follow-up was 
independently associated with cardiovascular events and mortality. 

 Another Italian multicenter study retrospectively analyzed the outcomes of 206 
patients with AI followed for a median of 6 years. Of these, 11.6 % patients were 
classifi ed to have subclinical hypercortisolism, based on a cortisol after dexametha-
sone >5 μg/dL, or at least two other indicators of altered HPA axis (low ACTH, 
increased urinary free cortisol, and cortisol >3 μg/dL after dexamethasone) [ 15 ]. 
Subclinical hypercortisolism was associated with a higher incidence of cardiovas-
cular events and worsening of at least two metabolic parameters (weight, glycemic, 
lipid, and blood pressure control), independent of age. Debono and colleagues ret-
rospectively studied a similar size cohort of patients with AI followed for 
4.2±2.3 years in the UK [ 12 ]. During the time interval studied, 18/206 patients died, 
and of these, 17 patients had a cortisol >1.8 μg/dL after dexamethasone. Mortality 
was higher in patients with a cortisol after dexamethasone >5 μg/dL vs. 1.8–5 μg/
dL, and half of the deaths were attributed to cardiovascular causes. The mean time 
to death was 3.2 years, and the age of death was lower than the life expectancy at 
birth for the general population in the same area. Taken together, these studies 
strongly suggest that chronic hypercortisolism is a direct contributor to cardiovas-
cular events and related mortality even when subtle, and that the impact directly 
increases with the  degree   of hypercortisolism.  

     Metabolic Bone Disease      

 The deleterious effects on bone metabolism of overt glucocorticoid excess, both 
endogenous and exogenous, have been widely documented [ 63 ]. Evidence that mild 
hypercortisolism leads to osteoporosis  and fragility fractures   emerged predomi-
nantly from Italian cohorts [ 13 ,  14 ,  34 ,  64 – 67 ]. In a cross-sectional study of 219 
patients evaluated for osteoporosis without any known secondary causes, subclini-
cal hypercortisolism was present in 5 % of patients and in 10 % of the subset who 
also had vertebral fractures [ 64 ]. Similarly, a 2-year longitudinal study of 103 con-
secutive patients with AI documented a higher incidence of vertebral fractures in 
patients with MACE [ 14 ]. Patients with MACE experienced worsening of their 
spinal deformity index, independent of age, gender, BMI, bone mineral density, 
baseline spinal deformity index ( SDI     ), and menopause duration. In another cohort 
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including 287 patients with AI, both bone mineral density and bone quality, as 
measured by the SDI, were signifi cantly worse in patients with MACE [ 34 ]. The 
trabecular bone score, another index of bone quality, was found to be worse amongst 
patients with AI who had MACE, and this parameter was proposed to be a useful 
predictor of fractures [ 68 ].   

    Pathophysiology of MACE 

    Pathogenic Mechanisms of MACE on  Cardiovascular 
and Glucose Metabolism   

 While solid evidence exists to explain the deleterious effects of overt cortisol excess, 
the pathogenic mechanisms derived from mild chronic hypercortisolism remain 
speculative. The most commonly entertained hypothesis is that even subtle cortisol 
excess over time has cumulative effects, leading to clinical consequences similar to 
overt Cushing syndrome, but at a smaller scale. This hypothesis is supported by evi-
dence of an incremental effect of cortisol on cardiovascular events and mortality [ 9 , 
 12 ,  13 ]. In addition, an increased vascular mortality rate has been observed in patients 
with primary adrenal insuffi ciency on various glucocorticoid replacement regimens 
and has been attributed to chronic overtreatment [ 69 ]. Metabolic components associ-
ated with an increased cardiovascular risk, such as high blood pressure, fasting glu-
cose and insulin, cholesterol, fi brinogen and waist to hip ration, are common to mild 
and overt hypercortisolism [ 62 ]. Cortisol-induced visceral adiposity might explain 
both the increased insulin resistance and cardiovascular risk in these patients. A ret-
rospective study of 125 patients with AI conducted by Debono and team found that 
patients with a cortisol >1.8 μg/dL following dexamethasone had signifi cantly more 
visceral fat than those with nonsecretory adenomas [ 70 ]. Furthermore, there was no 
difference in visceral fat between patients with subclinical and overt hypercorti-
solism, although only nine women in the latter group were included. 

 Beyond patients with MACE, data have emerged to support that even apparently 
nonfunctioning adrenal adenomas are associated with increased cardiovascular risk. 
In 2009, Yener and colleagues proposed that the increased carotid intima-media 
thickness was a consequence of insulin resistance associated with subtle cortisol 
autonomy [ 71 ]. The same group later suggested that impaired arterial fl ow- mediated 
dilatation and elevated IL-18 might underlie the endothelial alterations in patients 
with adrenal adenomas  and early cortisol autonomy   [ 72 ]. To eliminate the con-
founding effects of comorbidities associated with increased cardiovascular risk fre-
quently present in hypercortisolism, Androulakis and colleagues studied a group of 
60 normotensive and normoglycemic patients with apparently nonfunctioning AI 
and 32 healthy controls [ 73 ]. Besides absence of clinically overt Cushing syndrome, 
patients were enrolled if they had normal early morning basal serum ACTH and 
cortisol levels, preservation of ACTH and cortisol circadian rhythm, and normal 
24-h urinary free cortisol excretion. Subsequently, a group of 26 patients was clas-
sifi ed as cortisol-secreting, based on low-dose 2-day DST greater than 1.09 μg/dL, 

A.F. Turcu and R.J. Auchus



189

cutoff derived from the mean +2 SD values of the control group. The authors found 
that carotid intima-media thickness measurements were higher and that fl ow- 
mediated dilatation was lower in the cortisol-secreting group compared with both 
nonfunctioning and control groups. In addition, they found that intima-media thick-
ness correlated with cortisol,    urinary free cortisol, and cortisol after dexamethasone. 
The authors concluded that this disproportionate cortisol secretion might potentially 
lead to microvasculature damage [ 73 ]. 

 Another hypothesis to explain some of the cardiovascular profi le and outcomes in 
patients with MACE is that before the cortisol excess becomes apparent, other altera-
tions in steroidogenesis and HPA axis might occur. In support of this hypothesis 
stand two lines of evidence: (1) cardiovascular risk factors appear to be increased in 
patients with so-called “ nonfunctionin  g” adrenal adenomas [ 71 ,  73 – 77 ], terminol-
ogy that only excludes cortisol, aldosterone, and catecholamines excess; (2) cortisol 
secretion typically becomes apparent in large adenomas [ 15 ], suggesting that intrin-
sic enzymatic alterations in the steroid biosynthesis within the tumor might lead to 
an atypical steroid profi le prior to the development of clinical manifestations. Using 
LC-MS/MS, Di Dalmazi and colleagues have recently measured ten steroids, both at 
baseline and after cosyntropin stimulation, in patients with adrenal adenomas (66 
nonfunctional and 28 subclinical hypercortisolism) and in 188 age- and sex-matched 
controls [ 48 ]. Basal and cosyntropin-stimulated DHEA, androstenedione and, in 
women, basal testosterone concentrations were lower in patients with MACE than in 
those with non-secreting adenomas and controls. Increased cortisol and reduced 
DHEA levels were independently associated with increased waist circumference. 
Cortisol, but not androstenedione, was independently associated with increased 
number of cardiovascular risk factors in patients with MACE. Patients with MACE 
also demonstrated increased production of 21- deoxycortisol and the mineralocorti-
coid 11-deoxycorticosterone after cosyntropin stimulation. In addition, the ratio 
between 17α-hydroxyprogesterone and androstenedione was higher in the MACE 
than in nonfunctioning adenomas group, suggesting alterations in P450c17 and 
P450c21 activities. A second hypothesis postulated by the authors was that the cor-
tisol excess secreted from an adenoma suppresses ACTH, and this in turn leads to 
decreased adrenal androgen synthesis from the remaining adrenal tissue. However, 
although a positive correlation with ACTH was noted for both DHEA and andro-
stenedione, DHEA was also reduced in patients with nonfunctioning adenomas, 
despite normal ACTH levels. Further studies to assess the common and unusual ste-
roids synthesized both in vivo and in vitro are needed as an initial step; subsequently, 
it would be important to establish the function of steroids other than cortisol and their 
links with  clinical   outcomes.  

    Pathogenic Mechanisms of MACE on  Bone Metabolism      

 Cortisol alters bone metabolism by decreasing bone formation and increasing 
bone resorption [ 78 ,  79 ]. The magnitude at which cortisol excess starts to affect 
bone metabolism and the relationship between time and degree of cortisol excess 
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remain unclear. Tauchmanova and colleagues assessed the bone density and vertebral 
fractures in 71 consecutive women with either overt ( n  = 36) or subclinical ( n  = 35) 
hypercortisolism and corresponding controls [ 65 ]. Interestingly, bone mineral 
density and prevalence of any vertebral fractures did not differ between women 
with overt and subclinical hypercortisolism, defi ned by a cortisol after dexameth-
asone >3 μg/dL. Di Dalmazi et al. found that osteoporosis was independently 
associated with subclinical hypercortisolism, as  defi ned   by a  cortisol after dexa-
methasone   >5 μg/dL [ 13 ], while an intermediate group, with a cortisol after dexa-
methasone of 1.8–5 μg/dL, was no different than the non-AI group. 

 The interrelation between sex steroids and cortisol on bone metabolism has been 
explored in both men and women [ 65 ,  67 ]. In women with MACE, eugonadism was 
partially protective, but this effect was lost in patients with overt Cushing syndrome 
[ 65 ]. MACE was associated with low bone mineral density and high prevalence of 
vertebral fractures in eugonadal men [ 67 ]; however, a direct comparison with hypogo-
nadal men has not been done. A more intriguing aspect is the role of DHEAS in bone 
health. Beyond cortisol itself, Tauchmanova et al. found that the cortisol/DHEAS ratio 
was a predictor of fractures in all patients [ 65 ], but to what degree this association is 
refl ective of the cortisol excess alone remains unclear. Other authors have suggested 
a benefi t of DHEAS on bone density. Studies investigating the association between 
DHEAS and bone mineral density in postmenopausal women have found confl icting 
results [ 80 – 84 ]. In placebo-controlled studies of DHEA administration in elderly 
men and women, DHEA was found to have a positive effect on bone mineral density 
only in women in one study [ 85 ] and  in      both sexes in another [ 86 ].   

    Management of MACE 

 So far, the evidence to guide appropriate treatment of subclinical hypercortisolism 
has been modest. The few studies that have looked at management of MACE have 
used different diagnostic criteria and have enrolled small numbers of patients. In 
addition, most studies are retrospective and prone to selection bias. As an example, 
surgery could have been more frequently offered to patients with  subtle comorbidi-
ties   typically associated to hypercortisolism. One prospective study randomized 45 
patients with MACE to either laparoscopic surgery ( n  = 23) or observation ( n  = 24) 
and followed them for a mean of 7.7 years [ 87 ]. In the surgical group, diabetes mel-
litus, hypertension, hyperlipidemia, and obesity normalized or improved in 62.5 %, 
67 %, 37.5 %, and 50 %, respectively. In contrast, some worsening of diabetes, 
hypertension, and hyperlipidemia was noted in conservatively managed patients. 
Similar outcomes were reported by smaller retrospective studies [ 88 – 93 ]. Surgery 
has also been proposed for patients with MACE and bilateral adrenal nodules, by 
selectively removing the gland with the largest nodules. In a retrospective study 
of 33 patients with bilateral AI and MACE followed for up to 4.5 years, 
Perogamvros and colleagues found that markers of  HPA axis dysregulation   were 
signifi cantly improved in the 14 patients who underwent unilateral adrenalectomy [ 94 ]. 
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In addition, comorbidities associated with hypercortisolism, such as hypertension, 
impaired glucose tolerance or diabetes mellitus, dyslipidemia, and osteoporosis, 
improved in the surgical group, while no changes were noted in the observational 
group [ 94 ]. A recent systematic review of outcomes of adrenalectomy for MACE 
concluded that, compared with conservative management, surgery cured or improved 
blood pressure, glucometabolic control, and obesity in 72, 46, and 39 % of patients, 
respectively [ 95 ]. The main limitations to this analysis were the heterogeneity of 
diagnosis and outcomes followed and the retrospective nature of all but one of the 
studies included. Furthermore, the interventions in the nonsurgical  grou  ps were often 
poorly defi ned, and no studies have evaluated the outcomes of MACE in patients 
with intensive comorbidity-specifi c medical therapy. 

  Medical treatment   for MACE has not been much assessed. One open-label pilot 
study observed a reduction in insulin AUC in 4/6 patients with MACE treated with 
the glucocorticoid receptor antagonist mifepristone for 4 weeks [ 96 ]. Other strategies 
to decrease cortisol synthesis have been tried in adrenal tumors with aberrant recep-
tor expression, such as glucose-dependent insulinotropic peptide, catecholamine, 
serotonin, vasopressin, angiotensin II, leptin, and luteinizing hormone/chorionic 
gonadotropin receptors [ 97 – 102 ]. Examples of such successful therapies include 
somatostatin analogs [ 99 ,  100 ], propranolol [ 101 ], and leuprolide acetate [ 102 ]. 
Inhibitors of cortisol synthetic enzymes, such as ketoconazole, metyrapone, or 
LCI699 (osilodrostat), have not yet been formally studied in MACE. While medical 
treatment for overt Cushing syndrome is reserved for inoperable cases, emerging 
medical therapies with a favorable safety profi le might offer a safe and effective 
alternative to surgery in MACE, especially if low doses could successfully inhibit the 
 hormone synthesis   in these already ineffi cient adenomas.  

    Conclusion 

 It is clear that cortisol excess spans a spectrum of severities and, not surprisingly, 
establishing rigid lines to defi ne clinically important disease becomes an unrealistic 
task. Solid evidence has emerged that even mild hypercortisolism has important 
clinical consequences, including deleterious effects on cardiovascular risk, glucose, 
lipid and bone metabolism, and even survival. However, numerous aspects remain 
to be clarifi ed in order to best guide clinical practice for MACE. Beyond the mere 
association of MACE and unfavorable outcomes, the responsible mechanisms 
remain speculative. Do other steroid precursors produced by apparently nonfunc-
tioning and/or cortisol-producing adrenal adenomas have direct clinical impact, 
either by activating nuclear hormone receptors or by different mechanisms? Is it 
reasonable to conclude that surgery should be offered to all patients with MACE? If 
not, how should we best follow these patients and when should we recommend 
treatment? A future research agenda aiming to answer some of these questions 
should include prospective studies of large cohorts, to characterize detailed steroid 
profi les and autonomy in these patients and to assess clinical outcomes in three 
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distinctive arms: surgical treatment, steroid synthesis or action blockade, and intensive 
comorbidity-specifi c interventions. Until then, defi ning clinically important hyper-
cortisolism and appropriate management remain rather arbitrary, and decisions 
must be individualized empirically.     
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    Abstract     Cushing’s syndrome, and its most frequent cause pituitary-dependent 
Cushing’s disease, is a rare disease due to excessive glucocorticoid (GC) secretion. 
Chronic exposure to GC excess determines a large number of deleterious effects 
leading to increased morbidity (i.e., cardiovascular complications, psychiatric symp-
toms, osteoporosis, cognitive impairment, hormonal dysfunctions after surgery) and 
mortality. Although most of these effects improve after normalization of cortisol, not 
all are completely reversible after remission of hypercortisolism and negatively 
impact on health-related quality of life. Therefore, there is a need for both greater 
diagnostic suspicion and improved diagnostic tools to hasten the delay to diagnosis 
and effective therapy aimed at improving long-term prognosis. The lack of system-
atic data analysis and prospective longitudinal studies is due to low prevalence and 
orphan disease status of CS. Multicenter registries collecting longitudinal data on 
these patients would contribute to further knowledge on the natural history and long-
term outcome data in these patients.  
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      Introduction 

 Cushing’s syndrome is a rare and severe disease due to excessive cortisol secretion. 
Chronic exposure to high glucocorticoid (GC) levels has been associated with 
increased morbidity and mortality. Metabolic and cardiovascular complications, 
osteoporosis, psychiatric symptoms, and cognitive impairments are the most com-
mon. Additionally, increased nephrolithiasis and hormonal dysfunctions after sur-
gery (i.e., growth hormone defi ciency or adrenal insuffi ciency) together lead to 
health-related quality of life (HRQoL) impairment and increased mortality (Fig.  1 ). 
Although most of these comorbidities improve after initial therapy, not all are com-
pletely reversible in spite of being biochemical “cure” of hypercortisolism. 
Therefore, long-term follow-up is mandatory to foresee and control complications 
due to prior, chronic exposure to high cortisol levels. Data regarding fi nal outcome 
after complete resolution are lacking and need further study on survival and natural 
history of the affected subjects.

   This chapter addresses current information on the main long-term/persistent 
effects of prior Cushing’s disease/glucocorticoid exposure.  

“Cured”Cushing's 
syndrome: clinical 

manifestations

Cardiovascular disease
Atherosclerosis
Cardiomyopathy

Dyslipidemia

Obesity (central adiposity)
Altered adipokine secretion

Hypertension 

Hypercoagulability
Thrombophilia

Diabetes o IFG

Development, exacerbation of 
autoimmune diseases

Nephrolitiasis

Impaired cognitive function
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hypoadrenalism
.GH/IGF1, gonadal axis impairment
.

Neuropsychological disturbances:
Anxiety/depression

Persistent bone disease: 
.Osteopenia, osteoporosis
.Progression of osteonecrosis/osteoarthritis

Impaired HRQoL

Myopathy

Mortality

Peptic ulcer

  Fig. 1    Main clinical manifestations after remission of Cushing’s syndrome       
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    Cardiovascular and Metabolic Comorbidities 

  Hypercortisolism      enhances cardiovascular risk factors such as glucose intolerance, 
central obesity, hypertension, and dyslipidemia. All are linked to an increased inci-
dence of atherosclerosis and coronary disease, and impact on morbidity, cardiovas-
cular disease being the leading cause of death in patients with Cushing’s syndrome 
(CS). However, this cardiovascular risk profi le is not completely explained by con-
ventional cardiovascular risk factors; other still inadequately defi ned disease- 
specifi c factors, partially related to the hypercoagulable and infl ammatory state with 
an unfavorable adipokine profi le, have also been observed [ 1 ]. Although most of the 
risk factors improve, cardiovascular risk is clearly increased in CS patients even 
years after remission (Fig.  2 ) [ 2 ].

       Glucose Metabolism   

  Glucose metabolism   abnormalities are common in CS; in fact diabetes is one of the 
most common metabolic complications of  CS  . The prevalence of these abnormali-
ties varies depending on the series and the etiology of CS (higher in ectopic CS 

HYPERGLYCEMIA
insulin sensitivity

Genetic factors
insulin secretion

Altered adipokine secretion

CENTRAL OBESITY
Visceral fat increase
Altered adipokine secretion

leptin, resistin, TNF, IL6, PAI1
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DYSLIPIDEMIA
Fatty liver dyslipidemia

HYPERTENSION
Vascular damage

METABOLIC SYNDROME

ATHEROSCLEROSIS

CARDIOMYOPATHY
Structural and functional 
cardiac changes

INCREASED CARDIOVASCULAR RISK

COAGULOPATHY
Thrombophilia
Activation coagulation cascades
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ENDOTHELIAL DYSFUNCTION
Vascular remodelling

Altered autonomic regulation 
of the heart rate

INCREASED GLUCOCORTICOIDS

  Fig. 2    Cardiovascular risk in Cushing’s syndrome       
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compared to pituitary or adrenal adenomas) [ 3 ]. Prevalence of impaired glucose 
tolerance is estimated around 21–64 % and of overt diabetes mellitus around 
20–47 %; the latter decreases by 40 % after biochemical control of hypercortisolism, 
but is still higher than body mass index (BMI)-matched controls after 5 years of 
cortisol normalization (33 vs. 7 %) [ 2 ,  4 ]. It is worth noting that this prevalence may 
be underestimated, since not all patients underwent an oral glucose tolerance test, 
required to diagnose impaired glucose tolerance (IGT) when fasting glucose is 
normal. 

 GCs affect glucose homeostasis through the induction of gluconeogenesis, dis-
ruption of insulin receptor signaling, and reducing insulin sensitivity in liver and 
skeletal muscle [ 5 ]. Although hypercortisolism is involved in this higher prevalence 
of glucose metabolism abnormalities, it seems that age, genetic predisposition, life-
style, and degree of exposure to hypercortisolism may all contribute to these 
 deleterious effects [ 6 ]. Insulin resistance persists after biochemical remission of 
hypercortisolism, independently of body weight, suggesting that reduction in insu-
lin sensitivity is not due to obesity but to hypercortisolism per se. Although insulin 
levels in patients in remission were observed to be lower than in active disease, both 
groups of  CS   patients had higher levels of insulin compared to healthy  controls      [ 7 ].  

     Obesity, Central Adiposity, and Chronic Infl ammatory State      

 Chronic  hypercortisolism   determines a redistribution of body fat leading to increased 
abdominal fat and reduced peripheral subcutaneous adipose depots, with the related 
metabolic consequences. 

 Several studies have observed a higher body mass index and waist/hip ratio in 
CS patients compared to an age- and sex-matched controls. Persistently increased 
abdominal circumference was seen in CS patients (irrespective of the cause) 1 year 
after hormonal remission [ 8 ]. In a recent published study evaluating cardiovascular 
risk factors after remission of  hypercortisolism  , the authors observed that all the 
risk factors returned to a level comparable to the control subjects, except for obe-
sity and triglyceridemia (related directly to central obesity) [ 1 ]. When comparing 
body composition before surgery and in remission (mean of 20 months after sur-
gery) using whole body magnetic resonance imaging, although an important part 
of the fat depots had decreased and reverted fat to a distribution more consistent 
with favorable cardiovascular risk, most patients with Cushing’s disease (CD) in 
remission continued to have overweight, obese, and had persistence of cardiovas-
cular risk [ 9 ]. A case–control study showed that patients with CS after a mean of 
11 years in remission continued to have greater total fat and central obesity as 
compared to age- and sex-matched controls [ 7 ]. In the same line, in a group of 50 
women with CS in remission (median time 13 years), abdominal fat mass was 
increased compared to matched controls. The authors also observed that increased 
abdominal obesity was associated to ongoing GC replacement therapy, as well to 
polymorphism rs1045642 in a ABCB1 gene, related to GC sensitivity [ 10 ]. 
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Although correction of  hypercortisolism   is generally associated with a reduction of 
visceral and subcutaneous fat mass, body cell mass loss does not recover after 
remission, indicating true protein loss in these  patients   [ 11 ]. 

 Moreover, it seems that the effects of exogenous hypercortisolism  on body com-
position   is different from those seen in endogenous CS, where the increase in total 
body fat and trunk fat is higher [ 12 ]. Recently,  glucocorticoid-induced obesity   has 
been evaluated among different diagnostic groups of CS. Interestingly, patients with 
primary pigmented nodular adrenocortical disease who presented a PRKAR1A 
gene mutation (increased cAMP-dependent protein kinase levels) were less obese 
than other patients with  CS   [ 13 ,  14 ].  

     Altered Adipokine Secretion      

 This increased central obesity and visceral adiposity characteristic of CS induces 
impaired  adipokine   production. The persistence of central adiposity and an unfavor-
able adipokine profi le may link metabolic alterations and cardiovascular morbidity 
in CS after biochemical remission. Some adipokines may contribute to the patho-
genesis of vascular, metabolic and infl ammatory complications such as endothelial 
damage, high blood pressure, impaired bone remodeling, atherosclerosis, and low 
grade  infl ammation   [ 15 ]. 

 Increased levels of leptin, resistin, and proinfl ammatory cytokines such as tumor 
necrosis factor alpha (TNF-alfa) and interleukin-6 observed both in active CS and 
even years after biochemical remission are associated with greater cardiovascular 
risk [ 7 ,  15 ,  16 ]. These and other adipokines and humoral factors may stimulate cir-
culating cortisol levels (activating 11ß-hydroxysteroid dehydrogenase type 1 11ß- 
HSD1), contributing to the typical  characteristics   of metabolic syndrome and 
visceral obesity in CS [ 17 ]. 

  Leptin  , an anorexigenic hormone, in general is elevated in active CS. It decreases 
after correction of  hypercortisolism  , depending on the timed evaluation and changes 
in body fat [ 15 ]. Leptin elevation persists 10 days after surgery for CD despite a 
drop in cortisol levels, suggesting that factors other than cortisol, such as persis-
tently abnormal fat distribution, play a role in leptin hypersecretion [ 18 ]. In long- 
term remission of  hypercortisolism  , leptin gradually decreases in parallel to a 
decrease in BMI, fat mass, and insulin levels [ 9 ]. Also, a decrease in leptin concen-
trations, 9 months after curative surgery in CD patients, was observed, similar to 
fi ndings in obese patients following bariatric  surgery   [ 16 ,  19 ]. 

 On the other hand,  adiponectin   (an adipokine with antiatherogenic and anti- 
infl ammatory properties) is decreased in patients with active and cured CS after 11 
years of biochemical control compared to controls; however, the differences were 
no longer signifi cant when patients were stratifi ed based on their estrogen status [ 7 ]. 
Nonobese CS  patients   had lower adiponectin concentrations compared to non-obese 
controls, but this difference was not present when comparing obese CS patients and 
obese controls. This suggests that obesity is crucial when considering adiponectin 
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levels in CS patients [ 20 ]. Another peptide with anti-infl ammatory, as well as anti-
fi brotic effects (although not an adipokine), is ghrelin; its levelsy have been found 
to be higher 24 months after successful surgical correction of hypercortisolism 
compared with values before surgery, together with an improvement in glucose and 
lipid  homeostasis   and a progressive weight  loss   [ 21 ,  22 ]. 

 If concomitant growth hormone defi ciency exists after pituitary surgery, cardio-
vascular risk and metabolic and body composition abnormalities worsen even more, 
all of which may improve after GH replacement therapy [ 23 ,  24 ]. 

 To summarize, imbalance of adipokine production is associated with increased 
cardiovascular risk and central fat accumulation in CS. Persistent impairment of 
adipokine secretion may also contribute to the increased long-term cardiovascular 
risk in  patients   cured of  CS  .  

     Dyslipidemia      in CS 

 According to different series, lipid  abnormalities   have been observed in 37–71 % of 
patients with CS, mainly hypercholesterolemia in 16–60 % and  hypertriglyceridemia   
in 1–36 % of patients [ 25 ]. Improvements of  dyslipidemia   after cure/remission occur, 
but an adverse lipid profi le (higher total/HDL cholesterol ratio) can persist in around 
30 % of patients, probably due to GC-induced modifi cations of adipose tissue [ 2 ]. 
However, in a subgroup of subclinical CS patients due to adrenal adenoma, no 
signifi cant improvements in lipid profi le was observed after adrenalectomy [ 26 ]. 

 Although the pathogenetic mechanisms of  dyslipidemia   are multifactorial; insulin 
resistance and growth hormone defi ciency combined with impaired gonadal function 
can contribute to lipid abnormalities [ 27 ]. Given the increased cardiovascular  mortal-
ity   in CS, treatment of  dyslipidemia   is strongly recommended.     

     Hypertension and Vascular Damage      

  Hypertension   is one of the most prevalent cardiovascular risk factors in CS, reported 
in 55–85 % of CS patients, and is associated with the duration of hypercortisolism 
[ 4 ]. Moderately high blood pressure persists despite effective treatment of CS in 
around 24–56 % of cured CS, mainly when patients are older, had a longer exposure 
to high levels of GCs, and longer duration of hypertension in the active phase of 
 hypercortisolism  . Removal of the source of hypercortisolism led to improvement of 
hypertension in a signifi cant proportion of patients but not all [ 28 ,  29 ]. Although 
with a lower prevalence, hypertension, impaired glucose tolerance, and dyslipid-
emia were still present in a group of cured CS patients; furthermore, a more marked 
decrease was observed in adrenal adenomas compared to pituitary adenomas [ 8 ]. 
CS patients in  remission   with persistently high blood pressure have more structural 
and functional cardiac changes as compared to control hypertensive subjects [ 30 ]. 
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Hypertension has also been associated with brain white matter lesions in CS patients 
in  remission   [ 31 ]. Therefore, it is strongly recommended and often required to pre-
scribe antihypertensive treatment while hypercortisolism exists, as well as in cases 
in which hypertension persists despite control of hypercortisolism. ACE inhibitors 
and angiotensin receptor blockers, with their cardioprotective effects, have been 
recently proposed as a fi rst line  treatment   [ 32 ]. 

 Pathogenesis of  hypertension   appears to be multifactorial: inhibition of the vaso-
dilating system, activation of the renin–angiotensin–aldosterone system, inhibition 
of peripheral catecholamine catabolism, increased cardiac output, total peripheral 
resistance, and renovascular resistance. All these factors together with concomitant 
insulin resistance and/or sleep apnea are the main contributors to hypertension in 
CS [ 32 ,  33 ]. Moreover, increased cortisol levels may override the capacity of 11ß- 
HSD2 (which inactivates cortisol), facilitating cortisol binding to the mineralocorti-
coid receptor, resulting in an increased effect of  aldosterone  , that has growth- promoting 
and profi brotic activities, leading to remodeling and fi brosis of both small vessels 
and the myocardium [ 34 ]. 

 Increased oxidative stress and infl ammatory markers (soluble receptor of tumor 
necrosis factor type 1 ( sTNFR1  ), interleukin-6, interleukin-8, glutathione peroxidase, 
thromboxaneB2, 15-F2t-isoprostane) and decreased antioxidants levels (vitamin E) 
have been observed in CS compared to controls. These prooxidative processes induced 
by GCs in combination with metabolic comorbidities lead to a worsening oxidant–
antioxidant balance and an increased cardiovascular morbimortality [ 35 ].  sTNFR1   
has been found to correlate with the Agatston score and to be a predictor of coronary 
calcifi cations in a cohort of active and cured CS patients [ 36 ]. Also, sTNFR1 has been 
found to be the strongest predictor of carotid intima media thickness in females with 
CS [ 37 ]. Moreover, endothelin, homocysteine, VEGF, and cell adhesion molecules 
are increased in active CS patients, while taurine, a suggested protective factor, is 
decreased. Most of these molecules improved after successful normalization of 
cortisol  levels   [ 38 ,  39 ]. 

    An increased carotid intima media thickness and a lower distensibility coeffi cient 
were observed in CS after 1 year of remission compared to a BMI-matched control 
group [ 2 ,  40 ]. The same group observed that atherosclerotic plaques were present in 
26.7 % of CD patients compared to <4 % of controls 5 years after remission [ 2 ]. 
Cardiovascular disease was more prevalent in CS patients even after long- term 
remission (mean time of 11 years); a greater prevalence of coronary calcifi cations 
(31 % vs. 21 %) and noncalcifi ed atheroma plaques (20 % vs. 7.8 %), quantifi ed by 
cardiac  multidetector computed tomography (MDCT)   angiogram scan, were 
observed in cured CS compared to age- and gender-matched controls, even after 
excluding patients with hypopituitarism or dyslipidemia [ 41 ]. Also by  MDCT  , 
increased coronary calcifi cations and noncalcifi ed coronary plaque volumes were 
present in patients with active or previous hypercortisolism, in a small series of 
mostly ectopic CS [ 42 ]. In the same line, atherosclerotic plaques were more preva-
lent in CS compared to populations matched for similar cardiovascular risk factors, 
even long-term after remission and they correlated with insulin resistance and central 
 adiposity   [ 43 ].  
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    Cardiac Morphology:  Cardiomyopathy   

 Several groups have reported functional and structural cardiac lesions such as left 
ventricular hypertrophy, diastolic dysfunction, and decreased systolic perfor-
mance in patients with active CS. With remission of  hypercortisolemia  , cardiac 
alterations signifi cantly improve, but may not normalize. Myocardial fi brosis has 
been observed in active CS compared to healthy controls and controls with high 
blood pressure.  Fibrosis   appears to be one of the greatest determinants for the 
degree of regression of cardiomyopathy seen in CS. Nevertheless, successful 
treatment of CS normalized the extent of myocardial fi brosis, suggesting that 
hypercortisolism may have a direct effect on  myocardial fi brosis   independent of 
left ventricular hypertrophy and high blood pressure [ 44 ]. Eighteen months after 
successful treatment of CS, improvement in left ventricular systolic and diastolic 
function in parallel to a reduction in myocardial fi brosis was found [ 45 ]. In the 
same line, echocardiographic abnormalities in left ventricular mass parameters 
were seen in around 70 % of active CS. These abnormalities substantially improved 
during a mean follow-up of 4 years after the remission of hypercortisolism, 
although they continued to be more marked as compared to controls [ 46 ]. Using 
cardiac MRI, subclinical systolic biventricular dysfunction together with increased 
left ventricular mass was found in CS patients compared to controls [ 47 ]. After 
effective treatment of hypercortisolism, an improvement of the systolic perfor-
mance of both ventricles and reduced left ventricular mass were observed together 
with a regression of the concentric left ventricular remodeling pattern. This reduc-
tion in left ventricular mass was independently associated with changes in glucose 
metabolism and BMI. Moreover, on the basis of the absence of late gadolinium 
myocardial enhancement, dense replacement myocardial fi brosis was ruled out in 
 uncomplicated   CS [ 47 ]. 

 On the other hand, prolonged QTcd (QTc dispersion) in association with ECG 
evidence of left ventricular hypertrophy seems to be specifi c features of CD patients 
and to correlate with hypercortisolemia independently of other cardiovascular risk 
factors, suggesting a cardiotoxic effect of cortisol excess per se [ 48 ]. Also, reduced 
heart rate variability, an abnormality in cardiovascular autonomic regulation, has 
been observed in patients with CS; hypercortisolism and disease duration were 
found to be the main causative factors [ 49 ]. 

 Thus, both excess cortisol and high blood pressure contribute to alter cardiac 
mass and increase the prevalence of damage in target organs. The importance of 
controlling high blood pressure and other cardiovascular risk factors before surgery 
to improve long-term prognosis should be emphasized. 

 In summary, although there is a reduction of fat mass and central obesity after 
normalization of cortisol, adverse metabolic profi le, overweight, and increased car-
diovascular risk still persist after  remission  .   
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    Coagulopathy, Thrombophilia 

  Cortisol excess   induces a procoagulative phenotype (activation of coagulation cas-
cades and impaired fi brinolysis), so that patients with CS have a greater predisposi-
tion to thromboembolic events, especially in the perioperative period. This 
hypercoagulable state in CS is explained by higher levels of procoagulant factors, 
mainly factors VIII, IX, and von Willebrand factor, as well as an impaired fi brino-
lytic capacity, due to increase synthesis of the plasminogen activator inhibitor type 
1 (the main inhibitor of the fi brinolytic system) [ 15 ]. Consequently, there is a short-
ening of activated partial thromboplastin time and increased thrombin generation 
[ 50 ,  51 ]. Moreover, both a rise in platelets and endothelial dysfunction observed in 
patients with CS predispose to increased cardiovascular risk and play a role in the 
pathogenesis of the prothrombotic state in patients with CS [ 52 ,  53 ]. The incidence 
of  venous thromboembolism   (VTE) in CS is higher than in the general population 
(2.5–3.1 vs. 1.0–2.0 per 1000 persons/year, respectively) [ 51 ,  54 ]. Patients who 
undergo transsphenoidal surgery for CD have greater risk of thromboembolism than 
those for a nonfunctional pituitary adenoma, suggesting a role of cortisol (or ACTH) 
inducing changes in hemostatic factors [ 54 ]. Hemostatic and fi brinolytic parameters 
did not normalize 80 days after biochemical remission with medical therapy [ 55 ]. In 
the same line, in a systematic review the authors observed that even after remission 
of  hypercortisolism  , v Willebrand Factor, VII, and IX factors remained high [ 51 ]. 
An improvement in hemostatic parameters after one year of successful surgery has 
been described, but complete normalization of hemostasis does not occur [ 56 ]. 

 In a recent study, an increase risk for VTE (Hazard Ratio, HR 2.6) in patients 
with CS was found to be already present 3 years before diagnosis, being highest the 
fi rst year after diagnosis (HR 20.6) and still remained elevated from 1 to 30 years 
after diagnosis, although most of the cases occurred during persistent hypercorti-
solism [ 28 ]. 

 Although it is still a matter of debate whether systematic antithrombotic prophy-
laxis in CS should be used, it seems that thromboprophylaxis could be recom-
mended in patients with CS undergoing surgery. However, there is no consensus on 
the dose or duration of use of prophylactic anticoagulant therapy. Prospective 
placebo- controlled trials to evaluate the effects of thromboprophylaxis in patients 
with CD are still lacking.  

    Additional Hormonal Dysfunction 

 Remission rates after pituitary surgery can be achieved for 65–100 % of patients. 
These percentages are lower in patients with a non-visible adenoma, microadenoma 
with unfavorable localization or macroadenomas and recurrence rates can reach 
5–36 % [ 4 ].  Secondary hypothyroidism and hypogonadism   are common in patients 
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with CS, due to the functional suppression of thyrotropin and gonadotropin secretion 
by GC excess. After normalization of cortisol secretion, these endocrine abnormali-
ties usually recover, as well as normal menstrual cycles and sexual activity. However, 
due to structural damage of the residual pituitary gland after surgical removal of the 
tumor or prolonged inhibition of the hypothalamic–pituitary–adrenal axis, perma-
nent hormone defi ciency may occur ( hypopituitarism   or adrenal insuffi ciency) [ 57 ]. 

 After surgery the most common pituitary insuffi ciency observed is GH defi ciency 
(which is not always evaluated), followed by thyrotropin and gonadotropin defi cien-
cies [ 58 ]. Some patients require life-long replacement with exogenous GC. 

     GH/IGF1 Axis Impairment     : GH Defi ciency 

 GCs are important regulators for GH secretion and action. Prolonged GC excess is 
a well-known negative regulator of GH secretion. Short stature and delayed linear 
growth are typical features of pediatric CS, and slowed growth is common in chil-
dren undergoing long-term high-dose GC therapy. Spontaneous catch-up growth is 
unlikely even after successful treatment in pediatric CS [ 59 ]. 

 There is also evidence supporting the negative impact of hypercortisolism on GH 
secretion in adult patients. In a group of 34 patients with CD evaluated after long- 
term remission (median 3.3 years), 65 % presented abnormal GH secretion [ 60 ]. 
The GH/IGF-1 axis recovered at 6 months after successful treatment in half of these 
patients and was more commonly observed in those patients in whom the HPA axis 
recovered as  well   [ 58 ]. 

 Interestingly, patients with subclinical hypercortisolism due to adrenal adenomas 
had a reduced GH secretion reserve compared to patients with nonfunctioning adre-
nal adenomas after adjusting for age and BMI. In these patients, GH secretion 
improved after normalization of hypercortisolism [ 61 ]. 

 A 3-year follow-up study of GH-treated CD and  nonfunctioning pituitary ade-
nomas (NFPA)   patients found that in spite of similar prevalence of metabolic 
syndrome at baseline, metabolic syndrome and cardio- and cerebrovascular dis-
ease were signifi cantly higher in treated CD than NFPA patients, suggesting that 
GHD CD subjects were more predisposed to adverse metabolic features and 
increased cardiovascular risk [ 23 ]. Comparing the effect of GH treatment on lean 
body mass in cured CD and NFPA patients,  NFPA   patients showed greater 
improvement of lean body mass than cured CD after GH treatment, indicating that 
CD patients could be resistant to the anabolic effect of GH on protein, even years 
after remission [ 62 ]. 

 Assessment of GH secretion is therefore recommended for patients cured from 
CD, even if not submitted to radiotherapy. Studies on the clinical impact of GH 
defi ciency and the use of GH replacement therapy seem warranted in patients cured 
from  CD  .   
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    Bone:  Osteoporosis   

 The prevalence of bone disease, mainly osteoporosis, is high and often underesti-
mated in patients with CS, since not all patients undergo DXA scans, and asymp-
tomatic vertebral and rib fractures can remain undiagnosed. Approximately 30–50 % 
of  CS patients   present with fractures, particularly vertebral fractures [ 3 ]. Additionally, 
 osteoarthritis   and  osteonecrosis   have been reported mainly in patients with iatro-
genic CS, but rarely in patients with endogenous  hypercortisolism  . 

 GCs have direct and indirect effects on bone, including decrease osteoblastic and 
increased osteoclastic activity, reduced intestinal calcium absorption, and increased 
urinary calcium excretion which induces in both cases a modest increase in 
 parathyroid hormone levels [ 63 ]. Deleterious effects on bone, especially on cortical 
bone microstructure, have been observed using a high-resolution peripheral quantita-
tive computed tomography in patients with active CS [ 64 ]. Furthermore,  secondary 
hypogonadism   and/or decreases in GH or IGF1 levels induced by excessive amounts 
of cortisol contribute to the loss of bone mineral density (BMD). The pathophysiology 
of bone disease in CS is detailed in (Fig.  3 ) [ 65 ].

   Studies evaluating bone status after biochemical control of  hypercortisolism  , 
however, are often confl icting. While some observed a reversal of GC-induced 
osteoporosis, others showed an incomplete recovery of BMD and quality of bone 
after remission. Reversal of GC-induced osteoporosis after long-term  remission of 
CS   (mean 72 months) has been described in parallel with increased osteocalcin 
levels [ 66 ]. In the same line, after remission of hypercortisolism, bone mass changes 
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  Fig. 3    Pathogenesis of bone disease in CS. (CD: Cushing’s Disease, LH: luteinizing hormone, 

FSH: follicle-stimulating hormone, PTH: parathyroid hormone, GH: growth hormone, IGF: 

Insulin-like Growth Factor I, RANKL: receptor activator of NF-Kappa B-Rank-ligand, OPG: 

Osteoprotegerin)       
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were reversible, probably due to the fact that prior exposure time to endogenous 
 hypercortisolism   was shorter than in other studies [ 67 ]. The mechanisms causing 
BMD recovery are speculative. They could be attributed to an increase in osteocal-
cin levels and to the preservation of trabecular architecture despite the thinning 
induced by GCs, so osteoblasts may continue synthesizing new bone [ 68 ]. 

 A partial recovery of BMD and bone quality after treatment for CS has been 
reported in most studies (in adolescents and adult patients), although the series are 
small and median follow-up is relatively short (less than 2 years) [ 69 ]. In the series 
with longer follow-up after remission of  hypercortisolism   (mean 11 years), decreased 
BMD values were seen in estrogen-suffi cient women as compared to age-, sex- and 
BMI-matched controls, but not in women with estrogen defi ciency, suggesting that 
the protective effect of estrogens on bone mass is lost with  hypercortisolism  . Prior 
exposure time to excess endogenous cortisol and the duration of postoperative GC 
replacement therapy were predictors of low BMD in these patients [ 70 ]. 

 In a group of 50 cured CS, with a median remission time of 13 years, BMD was 
not signifi cantly different at any site between patients and age- and gender-matched 
controls. The authors observed that the NR3C1 Bcl1 polymorphism of the GC 
receptor was associated with reduced total and femoral neck BMD, and patients 
with ongoing GC replacement presented worse skeletal health (reduced total and 
lumbar spine BMD) [ 10 ]. 

 In summary, BMD recovery appears to be only partial in most patients with 
“cured”  CS  .  

     Myopathy   

 Around 60–80 % of CS patients present with proximal muscle atrophy and weak-
ness, more frequently in males [ 3 ]. GC-induced changes in muscle are evident after 
a few days of GC exposure or administration, with a more prominent effect on proxi-
mal muscles [ 71 ]. In aging subjects without CS, muscle mass loss were not associ-
ated to circulating or urinary cortisol, but muscle strength correlated with quadriceps 
expression of 11ß-HSD1, supporting the importance of tissue-specifi c cortisol 
metabolism and conversion, rather than overall circulating levels in determining 
negative effects of GCs [ 72 ]. Muscle damage can persist both short- and long-term 
after cure; it has been related to protein synthesis inhibition and increased rate of 
protein degradation of myofi brillar and extracellular matrix proteins. Indeed, reduced 
arm muscle area showed no relevant improvement 6 months after successful treat-
ment, despite a reduction of body fat mass [ 11 ]. Reduced lean mass due to muscle 
loss of limb muscle was observed in CS compared to obese controls with same total 
body fat mass [ 73 ]. In a long-term follow-up, patients with CS had reduced limb 
skeletal muscle mass, but similar lean body mass compared to age- and gender-
matched controls [ 10 ]. MRI body composition assessment of CD patients 20 months 
after remission showed that total and limb skeletal muscle is actually reduced com-
pared to active disease, probably due to the GC replacement therapy after cure [ 9 ]. 
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Moreover, postmenopausal  women   in remission presented with similar muscle mass 
as active disease patients, suggesting a role of estrogen deprivation in muscle 
mass as well [ 9 ]. Creatinin kinase, plasma myoglobin, and muscle fi ber conduction 
velocity were reduced in the active phase of the disease compared to healthy age-, 
sex-, and BMI-matched controls and correlated with disease duration [ 74 ]. It has 
been suggested that aerobic and resistance exercises could probably be effective in 
attenuating GC-induced muscle atrophy [ 75 ].  

     Nephrolithiasis   

  Nephrolithiasis   has been reported in 50 % of active CD and 30 % of cured CD 
patients compared to 6.5 % in age- and gender-matched controls [ 4 ,  76 ]. The patho-
genesis of nephrolithiasis in CS is not fully elucidated. There is probably a synergis-
tic effect of different metabolic changes (hypercalciuria, hypocitraturia, 
hyperuricosuria, and hyperoxalaturia) together with hemodynamic changes caused 
by hypercortisolism. In fact, obesity, hypertension, and diabetes, common features 
of CS, have been seen more frequently in patients with kidney stones. It seems that 
normalization of cortisol levels can restore the amino acid profi le in urine. In a large 
series investigating the role of different lithogenic factors in CS, high blood pressure 
and excessive excretion of uric acid were found to be independent risk factors for 
the recurrence of  nephrolithiasis      [ 76 ,  77 ].  

     Cognitive Function and Behavior   

  Chronic hypercortisolism      has been related to changes in memory, behavior, verbal 
learning, neuronal activity, and other processes of the central nervous system. 
 Psychiatric disturbances   have been reported in 54–81 % in different series, major 
depression and irritability being the most common psychiatric disorders. Emotional 
lability, mania, paranoia, acute psychosis, anxiety, and panic attacks may also occur 
in CS [ 78 ,  79 ]. Few reports assess psychopathology after effective surgery; although 
most of these symptoms and changes improve one year after remission, many per-
sist and do not appear to be fully reversible in the long-term follow-up. An increased 
prevalence of psychopathology and maladaptive personality traits compared to 
patients with  nonfunctioning pituitary adenomas (NFPAs)   and matched controls 
have been found, indicating that cortisol excess has irreversible effects on the cen-
tral nervous system, rather than any effect of the pituitary tumor itself [ 80 ]. Recently, 
a retrospective study in a group of patients with CD who underwent bilateral adre-
nalectomy, with a median follow-up of 11 years, observed improvements in almost 
all Cushing-specifi c comorbidities, except for psychiatric morbidities (which 
included self-reported anxiety, depression, panic attacks, and  psychosis  ) [ 81 ]. 
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 On the other hand, the hippocampus, amygdala, and cerebral cortex are impor-
tant structures involved in cognitive and emotional functions. These structures are 
rich in GC receptors and, therefore, particularly vulnerable to hypercortisolism. 
Moreover, 11ß-HSD2 (which inactivates cortisol to cortisone) is not expressed in 
the  hippocampus   or limbic structures, which allows the sustained activation of min-
eralocorticoid receptors by GCs. Since common genetic polymorphism variants in 
the GC receptor and the 11ß-HSD1 have been recently associated with long-term 
cognitive impairments in CS in remission (for a median time of 13 years), these 
results indicate that GC sensitivity and prereceptor regulation of GC action may 
play a role in the etiology of cognitive dysfunction in these patients [ 82 ]. 

 After successful biochemical treatment of CD, psychiatric symptoms may 
decrease, but patients still show cognitive impairment, decreased quality of life, and 
a higher prevalence of affective disorders and apathy compared to healthy controls 
[ 83 – 86 ].  Long-lasting impairments   have been reported in several domains of cogni-
tive (attention, visuospatial orienting, alerting, working, verbal and visual memory, 
verbal fl uency, reading speed) and executive functions [ 83 – 85 ]. Higher prevalence 
of  “maladaptive” personality traits   in CD, even after long-term cure, has been 
described [ 80 ]. Impaired decision-making together with decreased cortical thickness 
in selective frontal areas irrespective of the activity of disease has also been observed 
in CS patients compared to healthy controls, suggesting that chronic hypercorti-
solemia promotes brain changes which are not reversible after endocrine remission 
[ 86 ]. In the same line, mental fatigue, characterized by mental exhaustion and long 
recovery time following mentally strenuous tasks, is more common in patients with 
CS in remission compared to healthy education-, age-, gender-matched controls, 
according to a very recent  study   [ 87 ]. 

  Decreased hippocampal volume   (HV) assessed by 3-T cerebral MRI was seen in 
CS patients with severe memory impairments compared to controls [ 83 ]. Both brain 
atrophy and reduction in total and cortical grey matter volumes have also been 
observed in CS compared to controls, but subcortical gray matter reduction has only 
been seen in those patients with severe memory impairments in parallel to the fi nd-
ings of reduced HV. The negative effects of GC excess on memory and HV seem to 
be not totally reversible after biochemical cured, since no differences, either in HV 
or in memory performance between active and cured CS, were found [ 83 ]. Brain 
volumes and cognitive functions have been associated with cardiovascular risk in CS 
patients in remission [ 31 ]. Furthermore, using a proton magnetic resonance spectros-
copy, lower N-acetyl-aspartate in the hippocampus (suggesting neuronal dysfunc-
tion/loss) and higher levels of glutamate (suggesting glial proliferation as a repair 
mechanism after neuronal dysfunction) have been observed in cured CS patients 
compared to matched controls [ 88 ]. The authors suggest that these persistently 
abnormal metabolites could be early markers of GC neurotoxicity, preceding HV 
reduction [ 88 ]. In major  depressive disorder patients  , similar patterns of reduced HV 
and reversibility of hippocampal atrophy after treatment have been observed [ 89 ]. 
Moreover, widespread reductions of white matter integrity (refl ecting a structural 
abnormality of white brain matter, like demyelination or loss of axonal integrity) in 
CD patients with long-term remission (mean 11.9 years) compared with matched 
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controls have also been observed, together with abnormalities in the integrity of the 
uncinate fasciculus being related to the severity of depressive symptoms [ 90 ]. 
Similarly, structural abnormalities of the brain white  matter   have been identifi ed with 
diffusion tensor imaging (DTI) in the brains of CS patients, again suggesting a wide-
spread loss of axonal integrity and demyelination compared to controls [ 91 ]. Once 
present, these alterations seem to be independent of concomitant hypercortisolism, 
persisting after remission, since a more of these white matter lesions have also been 
found in CS in remission compared to healthy controls [ 31 ,  91 ]. Moreover, reduced 
anterior cingulate cortex grey matter volumes and greater volume of the left posterior 
lobe of the cerebellum in patients with long-term remission of CD (mean 11.2 years) 
have been observed compared to matched controls [ 92 ]. However, another study 
observed a smaller bilateral cerebellar cortex volume in active CS compared to 
matched controls [ 93 ]. Recently, aberrant resting-state functional connectivity of the 
brain with the limbic network (responsible for emotional processing and regulation, 
as well as encoding of memories) and executive control network has been observed 
in CD patients with long-term remission, suggesting that hypercortisolism may lead 
to persistent changes in brain functional connectivity (involving episodic memories, 
semantic knowledge, prospective memory, attention demands, working memory, 
and cognitive control) [ 94 ]. In the same line, altered neural processing of emotional 
faces after long-term remission of  hypercortisolism   has been recently reported in CD 
compared to matched healthy  controls   [ 95 ]. 

 To summarize all these fi ndings, a recent systematic review was performed, 
including 19 studies using MRI in a total of 339 unique patients with CS (active and 
in remission). Smaller hippocampal volumes, enlarged ventricles, and cerebral atrophy, 
as well as alterations in neurochemical concentrations and functional activity, 
were observed. The reversibility of structural and neurochemical alterations were 
incomplete after long-term remission. These fi ndings are related to clinical 
characteristics (cortisol levels, duration of hypercortisolism, age at diagnosis, 
current age, and triglyceride levels) and behavioral outcome (cognitive and emo-
tional functioning, mood, and quality of life) [ 96 ]. 

 In general, active CS demonstrates brain abnormalities, which only partly 
recover after biochemical cure, because these still occur even after long-term 
remission. All these functional alterations observed may, together with abnormali-
ties in brain structure, be related to the persisting psychological morbidity in patients 
with CD after long-term  remission  .  

    Autoimmune Diseases and Infections 

    GCs have an inhibitory action on the immune system, inducing a state of  immuno-
suppression  . Lymphoid tissue involution and lymphopenia lead to an increased sus-
ceptibility to infections and an improvement of autoimmune diseases during the 
active phase of CS. The opposite situation has been reported after remission of 
 hypercortisolism  , where new onset or exacerbation of previously existing 
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autoimmune diseases are common. The exacerbation of autoimmune diseases 
appears to be related to an improvement in immune activity, suppressed by endog-
enous hypercortisolism during the active phase of the disease. Celiac disease, rheu-
matoid arthritis, the Sjögren-like sicca syndrome of dry eyes, development of 
sarcoidosis, or lupus erythematous has been reported in different forms of CS after 
the correction of hypercortisolism [ 97 ]. Nevertheless, the most common reported 
autoimmune disease is autoimmune thyroiditis. Thyroid autoimmunity was found 
in 35 % of patients “cured” of CD as compared to 10 % of controls. Thyroid autoim-
munity appears to occur more frequently in patients with multinodular goiter or 
positive antithyroid antibodies during the active phase of the disease, suggesting 
that preexistent thyroid abnormalities and genetic predisposition to autoimmunity 
are factors for the development of autoimmune thyroid disorders after  cortisol   nor-
malization [ 98 ]. The titers of autoantibodies tend to increase after surgery [ 99 ]. 

 In conclusion, it should be borne in mind that an immune disease, which is silent 
during the active phase of CS may “reappear” after remission of CS; these patients 
with positive autoantibodies should be followed closely after remission of  hypercor-
tisolism   in order to identify the eventual onset of subclinical or overt post-CS reap-
pearance of  thyroiditis   and  hypothyroidism  .  

    Health-Related Quality of  Life   

  HRQoL   is signifi cantly impaired in patients with CS of any etiology, specially in 
active hypercortisolism but also after endocrine cure. Considering all the systemic 
and neuropsychiatric complications associated with hypercortisolism this impair-
ment in HRQoL is not unexpected in CS patients. Features believed to negatively 
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impact on quality of life in CS are summarized in Fig.  4 . In a recent cross-sectional 
study of CD patients with a mean time of 7.4 years since surgery, 92 % met bio-
chemical remission criteria; however, only 80 % felt that they had been cured, 
refl ecting the discordance between biochemical and self-assessed disease status and 
its impact on HRQoL in CD patients [ 100 ]. Impairment in  HRQoL   has been dem-
onstrated by both generic and disease-specifi c questionnaires CushingQoL and 
Tuebingen CD-25, the most appropriate tools to assess the impact of the disease and 
its treatment on  HRQoL   [ 101 ]. CushingQoL was validated in a study with a large 
series of 125 CS patients (active, cured, with adrenal insuffi ciency secondary to 
treatment); the authors observed that active hypercortisolism (elevated urinary free 
cortisol, UFC) and female sex were the main predictors of low HRQoL. Good psy-
chometric properties and sensitivity to change in conditions of real clinical practice 
were confi rmed with the CushingQoL questionnaire, demonstrating that it is a valid, 
reliable, and responsive tool to assess  HRQoL   in CS [ 102 ]. Results from ERCUSYN 
(European Registry on Cushing’s syndrome) showed that depression was an inde-
pendent predictor of a lower CushingQoL score, suggesting that psychiatric disor-
ders play a pivotal role in affecting HRQoL. They also observed that transsphenoidal 
surgery only improved CushingQoL several months after surgery [ 3 ]. In fact, 
improvements in HRQoL often take several months or even years to appear, and 
long-term impairments are still present when compared to normal healthy popula-
tions [ 103 ,  104 ]. Residual impairment of HRQoL may persist after long-term dis-
ease remission, in terms of fatigue, physical aspects, anxiety, depression, and 
perception of well-being according to different studies [ 105 – 107 ]. These impair-
ments in  HRQoL   are even worse if pituitary defi ciencies coexist [ 108 ]. Somatic 
factors (including hypopituitarism), psychological factors (illness perceptions), and 
health care environment were identifi ed as factors infl uencing improvement in 
HRQoL after remission of CD, compared to other pituitary adenomas [ 109 ]. Since 
drawings can be used to assess perceptions of patients on their disease, the utility of 
a drawing test and its relation to HRQoL in CS patients in long-term remission was 
explored. The authors observed that drawings did not share common properties with 
parameters of QoL or illness perceptions, but did represent the clinical severity of 
disease, suggesting that drawings could refl ect a new dimension of the psychologi-
cal impact on these patients [ 110 ].

   The  Tuebingen CD-25 questionnaire   was developed and validated in 63 CD 
patients and 1784 healthy controls; female patients scored  worse    HRQoL   than men 
in the domains of depressive symptoms and social environment. They also observed 
that preoperative UFC levels correlated signifi cantly with cognition [ 111 ,  112 ]. 
On average 42 months after remission of active hypercortisolism, both genders pre-
sented similar psychopathological profi les; however, in males prolonged time to 
diagnosis and in females the presence of comorbidities/stressors were the strongest 
predictive factors for worse psychopathological status [ 113 ]. Recently, the authors 
have provided evidence for the construct and criterion validity of the Tuebingen 
CD-25 in a group of 176 patients with CD [ 114 ]. 

 In children, CS is also associated with residual impairment of HRQoL even after 
remission of  hypercortisolism  . Optimization of growth and pubertal development, 
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normalization of body composition, and promotion of psychological health and 
cognitive maturation, are the specifi c challenges that affect children and adolescents 
that can severely impact on HRQoL [ 115 ]. 

 To conclude, there appears to be some evidence that elevated, uncontrolled lev-
els of UFC are associated with poorer  HRQoL   and improvements in UFC leads to 
better  HRQoL  , but not always normalization, and also that depression favors poorer 
HRQoL in these patients.  

     Peptic Ulcer   

 Since  steroids   inhibit the synthesis of prostaglandins, impair gastric bicarbonate 
secretion, and disturb angiogenesis and epithelial protection, they have been consid-
ered to increase the incidence of peptic ulcer disease [ 116 ]. However, the ulcero-
genic and other upper gastrointestinal system effects of endogenous hypercortisolism 
are yet to be confi rmed. Studies have reported confl icting results concerning the risk 
of peptic ulcer in patients receiving exogenous GCs. Until 2015, there was no con-
trolled study assessing the frequency of peptic ulcer disease in the presence of high 
endogenous cortisol levels. Recently, a study evaluating the relationship of endog-
enous CS with helicobacter pylori infection and peptic ulcer disease was published 
[ 117 ]. All 20 CS patients included were in the active phase of the disease; no differ-
ences in the frequency of stomach and duodenal ulcers and Helicobacter pylori 
infection were observed compared to the control group (who received exogenous 
GCs). Endoscopic appearance of  pangastritis   was more common in CS, but it was 
not histopathologically confi rmed.  Candida esophagitis   was more frequent in cases 
of CS compared to healthy controls. The authors suggested that prophylactic use of 
proton pump inhibitors was not  compulsory   for hypercortisolism of any type [ 117 ]. 
We are unaware of any studies to evaluate the incidence of peptic ulcers in CS in 
 remission  .  

     Mortality      

 Several studies show that mortality is increased in CS (due to nonmalignant 
causes), especially in patients with persistent hypercortisolism (Standard Mortality 
Ratio, SMR 3.7–4.2) compared to those in remission (SMR 1.8–3.17) [ 3 ,  118 ]. 
Also, SMR is higher in those undergoing transsphenoidal surgery for CD than for 
nonfunctioning pituitary macroadenomas [ 28 ,  119 ]. Cardiovascular and cerebro-
vascular events are the most common cause  of   death in CD [ 120 ,  121 ]. Duration 
of GC exposure, older age at diagnosis, and preoperative ACTH concentration 
were identifi ed as independent predictors of mortality in a long-term follow-up of 
a large cohort of treated patients with CD [ 29 ]. A recent meta-analysis revealed 
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that mortality remains increased in patients with CD even after initial biochemical 
cure or remission.  Hypopituitarism   after surgery may also contribute to the 
increased mortality risk [ 122 ]. 

 No increased mortality was observed in CS due to a benign adrenal adenoma, but 
another meta-analysis restricted increased mortality in CS to pituitary CD with per-
sistent hypercortisolism, after surgical failure [ 121 ]. Nevertheless, in a large cohort 
of patients with adrenal incidentalomas, a postdexamethasone serum cortisol 
>1.8 μg/dL was associated to increased risk for mortality (HR 12; 95%CI 1.6–92.6) 
mainly related to cardiovascular disease and infection [ 123 ]. Mortality in CS was 
also evaluated after bilateral adrenalectomy in those patients with active disease 
when all other treatment options failed. Surgical mortality was <1 %; at a follow-up 
of median 41 months 17 % of patients died with a remarkable excess of mortality 
within the fi rst year after surgery (46 %) in spite of a clear improvement of symp-
toms of hypercortisolism, suggesting that intensive clinical care should focus on 
patients in this period. The main causes of death were stroke,  myocardial   infarction, 
and  septicemia   [ 124 ]. 

 A most relevant population-based cohort study including the entire population of 
Denmark (1980 to 2010) compared 343 benign CS of adrenal or pituitary origin and 
34300 matched population [ 28 ]. Both morbidity and  mortality   were assessed during 
complete follow-up after diagnosis and treatment. Furthermore, morbidity was 
investigated in the 3 years before diagnosis. Mortality was twice as high in CS 
patients (HR 2.3, 95%CI 1.8–2.9) compared with controls. Patients with CS were at 
increased risk for venous thromboembolism (HR 2.6, 95%CI 1.5–4.7), myocardial 
infarction (HR 3.7, 95%CI 2.4–5.5), stroke (HR 2.0, 95%CI 1.3–3.2), peptic ulcers 
(HR 2.0, 95%CI 1.1–3.6), fractures (HR 1.4, 95%CI 1.0–1.9), and infections (HR 
4.9, 95%CI 3.7–6.4). Importantly, increased multimorbidity risk was present before 
diagnosis, similarly in adrenal and pituitary CS, refl ecting most probably the delete-
rious effect of undiagnosed hypercortisolism, prior to diagnosis. Mortality and risk 
of myocardial infarction remained elevated during long-term follow-up. Thus, despite 
the apparently benign character of the disease, CS is associated with clearly increased 
mortality and multisystem morbidity, even before diagnosis and  treatment  .  

    Conclusions 

 GC excess determines a large number of deleterious effects. Although most 
improve after normalization of cortisol, the evidence detailed above highlights 
signifi cant persistent comorbidities in CS after remission. There is a need for both 
improved diagnostic tools to reduce the time to diagnosis and effective therapy 
aimed at improving long-term prognosis. The lack of systematic data analysis and 
prospective studies is due to the orphan disease status of CS. Multicenter regis-
tries collecting data on these patients would provide essential data to answer the 
remaining questions.     
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    Abstract     More than ten decades have passed since the fi rst case of Cushing’s 
 disease (CD) was presented and documented; yet CD remains one of the most 
 challenging diseases to diagnose, and treat, in medicine today. Patients frequently 
have musculoskeletal weakness, hypertension, diabetes, cardiovascular disease, 
and infectious and psychiatric complications at diagnosis. These symptoms and co- 
morbidities present more commonly as a continuum rather than all at once, thus 
making an initial diagnosis more diffi cult and often, there is a signifi cant delay in 
diagnosis. Primary CD treatment is surgical in most cases, generally through a 
transsphenoidal approach; however, there are many challenges in defi ning disease 
remission after surgery. Recurrent disease has been shown to be more frequent than 
previously thought, occurring in approximately a quarter of patients; thus early 
diagnosis of disease recurrence is essential. 

 In this chapter, we review the complex evaluation needed for defi ning CD 
 remission vs. persistent disease after surgery, challenges in how to diagnose early 
recurrent CD and furthermore discuss the assessment criteria used for remission 
when patients are treated with medical therapy.  

  Keywords     Cushing’s disease   •   Cushing syndrome   •   Remission of Cushing’s   
•   Recurrence of Cushing   •   Hypercortisolemia   •   Urinary-free cortisol   •   Salivary cor-
tisol   •   Overnight dexamethasone suppression test  

      Introduction 

 Cushing’s disease (CD) is the most common cause of endogenous hypercortisolism, 
Cushing’s syndrome (CS), and causes signifi cant morbidity and mortality in those 
affected. In 1932, Harvey Cushing  described   CD as a condition of chronic glucocor-
ticoid excess resulting from elevated adrenocorticotrophic hormone (ACTH) 
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secretion [ 1 ]. Approximately 60–80 % of ACTH dependent cases are caused by CD, 
overproduction of ACTH by the corticotroph cells of the pituitary gland, which 
stimulates the adrenal gland to produce cortisol. The  prevalence   of CD is approxi-
mately 40 cases per million [ 2 ] and comes with signifi cant morbidity and a 50 % 
mortality at 5 years in untreated patients [ 3 ,  4 ]. In addition to timely diagnosis and 
treatment, ensuring disease remission after either surgery or medical treatment and 
detecting recurrence(s) is essential. 

 Patients with hypercortisolemia experience various symptoms and signs noted on 
physical examination, consistent with persistent elevation in glucocorticoids: moon 
face, supraclavicular or dorsoclavicular fat, truncal obesity, skin striae, thinning and 
easily bruisable skin, and proximal muscle weakness [ 5 ]. Hypertension, glucose 
intolerance or diabetes, cardiomyopathy, and osteoporosis are very frequently 
observed. Patients with CS may also suffer from depression, cognitive defi cits, sleep 
deprivation, and emotional lability [ 6 ,  7 ]. Cushing’s disease patients, in the majority 
of cases, have small pituitary tumors, microadenomas (<10 mm). Large corticotroph 
pituitary macroadenomas (>10 mm) are rare, but present an additional treatment 
challenge [ 8 ].  

    Clinical Assessment 

     Diagnostic Biochemical Testing and Imaging   

 Despite advances in biochemical testing, imaging, medical therapies, neurosurgical, 
and radiosurgical techniques, CD continues to challenge patients and physicians 
alike. The fi rst step in clinically assessing a patient who potentially has CS is to 
examine medication usage to defi nitively rule out exogenous steroid usage. 
Subsequently, there are different biochemical tests and criteria that can be used in 
an effort to defi ne presence of CS, and measure disease remission, persistence or 
recurrence. However, controversy surrounds testing sensitivity and specifi city vari-
ability, and the effects of variations in diurnal elevated cortisol secretion levels, 
when used as a disease measure. The most frequently used biochemical tests are 
24 hours (h) urine-free cortisol (UFC) levels, low-dose dexamethasone suppression 
test (LDDST),  overnight dexamethasone suppression test (ODST)   [ 9 ,  10 ], serum 
midnight (late-night) cortisol, adrenocorticotropic hormone (ACTH) levels, and a 
midnight or late-night salivary cortisol concentration test (LNSC)   . 

    Screening for newly diagnosed Cushing’s patient usually starts with two or three 
of the following tests: UFC (usually performed twice) test, a 1 mg ODST, a longer 
low-dose DST (2 mg) over 48 h, LDDST (if the 1 mg DST is equivocal or non- 
diagnostic) or a  LNSC  . Urine-free cortisol measures cortisol that is not bound to 
cortisol-binding globulin and represents integrated adrenal cortisol secretion over 
24 h; in CS, the proportion of free cortisol increases, thus the urinary cortisol also 
increases. A low-dose dexamethasone suppression test and ODST will detect loss of 
normal feedback (failure to suppress cortisol to low-dose glucocorticoids) while a 
high LNSC refl ects loss of normal diurnal variation of cortisol. 
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 If any of these tests is abnormal, other potential causes of hypercortisolism 
should be ruled out such as pregnancy, alcohol dependence, morbid obesity, depres-
sion, and poorly controlled diabetes. Confi rmatory tests (which are not needed if 
UFC is 3–4 × the upper limit of normal; ULN) [ 9 ,  10 ] include a  dexamethasone 
corticotropin-releasing hormone (CRH) test   or a  desmopressin test   [ 10 ]. 

 If ACTH is elevated, localization tests will determine if the ACTH source is 
pituitary (~80 %) vs. an ectopic ACTH secreting tumor (~20 %). If ACTH is low, 
then the adrenal gland is the source of cortisol excess [ 10 ,  11 ]. Imaging modalities 
include brain magnetic resonance (MR) imaging with a pituitary gland protocol, 
computed tomography (CT) with and without contrast of the chest and abdomen/
pelvis to evaluate for an adrenal mass or an ectopic source of ACTH. An octreotide 
scan can be also used to identify the location of ectopic ACTH-producing cells; 
however, sensitivity is low overall. Of note, one should be aware that one or all of 
these imaging modalities can be normal [ 10 ]. Petrosal sinus or cavernous sinus 
sampling is best used to confi rm that the pituitary gland is the source of abnormal 
ACTH production. If the ACTH ratio is 2:1 before and 3:1 after CRH administra-
tion, this is considered diagnostic for localization; however, accuracy is lower 
(approximately 40 %) in determining the lateralization side of the lesion within the 
sella or supra sellar  region   [ 12 ,  13 ].   

     Treatment   of Cushing’s Disease 

  Transphenoidal surgery (TSS)   is the fi rst-line treatment for CD [ 14 ]. There is debate 
as to which clinical method and values best defi ne CD remission and predicts out-
come. Reversal of clinical features and normalization of biochemical changes with 
long-term control are the goals of treatment. Patients with longstanding CD in 
remission after surgery will initially experience  adrenal insuffi ciency (AI)   due to 
suppression of normal ACTH and it may require months to years for the hypotha-
lamic–pituitary–adrenal axis (HPA) to fully recover. Supraphysiologic doses of glu-
cocorticoids are required in the immediate postoperative period with subsequent 
tapering to normal physiologic doses. Criteria for disease remission vary signifi -
cantly, but include resolution of clinical symptoms related to hypercortisolism [ 15 , 
 16 ], need for corticosteroid replacement for greater than 6 months after TSS [ 17 ], 
hypocortisolemia/eucortisolemia [ 18 ], and presence of clinical and laboratory signs 
of low cortisol and AI [ 19 ,  20 ]. 

 Remission rates after surgery for microadenomas range from 65 to 90 % [ 5 ] with 
low surgical morbidity in the hands of an experienced neurosurgeon. However, a 
disease recurrence rate at 10 years might reach approximately 20–25 % [ 21 ]. 
Remission rates for macroadenomas are much lower than for microadenomas [ 5 ]. 

 For patients with recurrent or persistent disease after fi rst surgery, a second 
 surgery is sometimes recommended [ 14 ]; however, less than 50 % of these patients 
achieve disease remission. In cases of persistent or recurrent disease after TSS, 

Cushing’s Disease, Refi ning the Defi nition of Remission and Recurrence



228

stereotactic radiosurgery either single- or multi-staged can be used; however, the 
therapeutic effects of radiation can take 3–5 years to be realized [ 11 ,  22 – 24 ]. 
In severe, refractory cases a bilateral  adrenalectomy   can be performed, but there are 
substantial risks related to permanent hypocortisolemia, adrenal insuffi ciency, and 
risk of  Nelson’s Syndrome   [ 11 ,  22 ]. Medical therapy is now used more frequently 
in the treatment algorithm [ 25 – 29 ]. 

 Criteria for evaluation of disease remission and recurrence in CD  patients   are 
reviewed below.  

    Evaluating and Defi ning CD Remission vs. Persistent Disease 
After Surgery 

  Transsphenoidal surgery      is the mainstay of treatment in patients with CD [ 14 ]. After 
surgery, it is essential to determine which patients are in remission and which 
patients have persistent disease and will require further treatment. Overall, micro-
surgical case series publications detailing outcomes of TSS are more common given 
historical use; presently, there are few  endoscopic endonasal approach (EEA) pub-
lications   addressing CD outcomes [ 30 – 35 ]. Using heterogeneous criteria for defi n-
ing remission after TSS, a remission rate of 72–90 % [ 35 ] is reported and after EEA 
reports range from 60–90 % for microadenomas [ 35 ,  36 ]. Studies are largely pub-
lished by centers with an experienced pituitary surgeon and it can be envisioned that 
overall rates might be lower in general practice. Remission rates for macroadeno-
mas are lower than for microadenomas [ 5 ,  37 ]. Interestingly, microsurgical TSS vs. 
EEA for CD have not yielded a signifi cant difference in biochemical outcomes, yet. 

 Criteria used to defi ne remission (as well as recurrence) of CD after TSS are 
heterogeneously described in the literature, and report use of various single or 
 combined biochemical markers, with or without assessment of clinical features. 
Follow-up duration to determine both remission and recurrence is also variable, 
however similar rates are usually reported for early remission (≤6 months) and late 
remission (>6 months) [ 23 ]. 

  Follow-up   is an essential criterion for detecting recurrence; for example, it has 
been shown that in some cases disease can recur even two decades later [ 38 ,  39 ]. 
There is no single test that has proven a true litmus to defi ne remission or recurrence 
of CD after TSS. However, low serum cortisol immediately after surgery, 24 h UFC, 
and  LNSC   appear to have a higher sensitivity and specifi city in comparison to other 
biochemical markers such as serum morning cortisol, ACTH levels, and LDDST. 

 In most studies that used  biochemical markers   to determine remission and recur-
rence rates, 24 h UFC was the most common test performed either alone or in com-
bination with serum cortisol with or without LDDST. However, over the last decade 
it has been suggested that  LNSC   may more accurately establish remission and 
recurrence after TSS for CD than 24 h UFC [ 40 – 42 ]. 
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    Timeline of  Biochemical Testing      

 The timeline of evaluation is also important. While serial serum cortisol in the 
24–48 h after surgery is now considered “the norm” in determining an initial 
response to TSS, there is a subset of patients (5.6 %) with delayed remission [ 43 ]. 
These data support the notion that critical evaluation of a subset of patients without 
immediate postoperative remission is essential before making defi nitive treatment 
 recommendations  . 

 The risk of short- and long-term recurrence has been clearly demonstrated [ 37 , 
 38 ,  44 – 51 ]. Studies that report longer follow-up exhibit higher recurrence rate after 
a previously documented remission. Patil et al. (2008) noted that CD recurrence 
incidence was 25.5 % in patients followed for 5 years [ 52 ]. Interestingly, the 3-year 
actuarial recurrence rates of patients with postoperative cortisol of >2 and ≤2 μg/dL 
were 14.1 and 7.0 %, respectively [ 52 ]. 

 Patients  with   macroadenomas reportedly have a higher incidence of recurrence 
than those with microadenomas [ 37 ,  53 ]. This is thought to be due to adenoma size 
and involvement of surrounding critical structures limiting the extent of safe resec-
tion. Another factor that might contribute to recurrence, regardless of tumor size, is 
tumor invasiveness, most commonly cavernous sinus involvement [ 35 ]. 

 A  CD   patient’s status post TSS needs to be followed for their lifetime and an 
individualized management approach should be based on whether postoperative 
serum cortisol values are low, normal, or high. Especially in patients who have been 
treated with medical therapy before surgery, measuring late-night salivary or serum 
cortisol to exclude hypercortisolemia is needed, in the absence of AI [ 14 ]. 

 Standardizing biochemical endpoints,    duration of follow-up, size of the tumor 
and score, would further assist in defi ning remission and recurrence, which would 
guide further treatment and potentially improve outcomes.     

    Biochemical Testing Used to Defi ne Remission After Surgery 

 As mentioned previously, there is signifi cant heterogeneity in type of tests used 
(serum cortisol, UFC, and/or LDDST,  LNSC  ) in addition to clinical evaluation, 
 cut- offs considered normal, and timeline of assessments [ 2 ,  5 ,  14 ,  23 ]. Among the 
 defi nitions   for remission of CD are reversal of the following: clinical signs and 
symptoms of CD [ 54 ], hypercortisolemia [ 55 ], and clinical features [ 15 ,  56 ]. 
Laboratory evidence of AI [ 19 ,  20 ], the need for corticosteroid replacement for >6 
months after TSS [ 17 ], and normalization of morning cortisol levels and UFC levels 
have also been reported to defi ne remission. 

 The 2008 Endocrine Society Consensus Statement recommends assessing remis-
sion by the measurement of morning serum cortisol during the fi rst postoperative 
week, either by withholding treatment with glucocorticoids or by using low doses 
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of dexamethasone suppression (<1 mg) [ 10 ]. When serum cortisol levels are 
between 2 and 5 μg/dL, the patient can be considered in remission and observed 
without additional  CD   treatment [ 5 ,  10 ]. 

 A recent large review [ 23 ] highlights the use of different parameters to assess 
remission and recurrence and summarizes the postoperative remission and recur-
rence rates of over 6000 patients. The data are somewhat limited because clinical 
improvements with or without biomarker changes are reported with various follow-
 up durations: 22 studies reported remission using biochemical evaluation only and 16 
used a combination of biochemical and clinical parameters. For the serum morning 
cortisol postoperatively, the cut-off of 1.8 μg/dL (50 nmol/L) was most consistently 
used to defi ne remission, but ranged from 50 to 275.9  nmol/L in some  studies  . 

 Analyzing all studies that used all of the following parameters, midnight serum 
cortisol, UFC, and LDDST, a 75.8 % rate of remission over 76.5 months was reported, 
while studies that used morning serum cortisol, LDDST with variable cut- offs and 
UFC reported a 71.7 % rate of remission over 67.2 months. Using LDDST achieved 
similar rates, 77.37 % remission over 55.2 months vs. UFC 77.4 % remission over 
55.2 months of remission (Table  1 ) [ 18 ,  41 – 43 ,  46 ,  47 ,  49 ,  51 ,  52 ,  56 – 68 ].

   An overall remission rate in 74 studies published between 1976 and 2014 [ 2 ], 
involving 6091 patients CD after TSS was reportedly 25–100 %, (mean 77.7 % and 
median 78.2 %). Recurrence rates ranged from 0 to 65.5 % (mean 13.4 % and median 
10.6 %). This review included studies that overlapped signifi cantly with those stud-
ies analyzed by Petersenn et al. [ 23 ]. Similar to previous data, the studies included 
were heterogeneous with a wide number of patients reported (range 6–668) and 
large variations in follow-up duration (Table  1 ). Furthermore, the criteria used to 
defi ne remission and recurrence were not uniformly reported. 

 A subanalysis of studies with 30 or more patients and a minimum mean/median 
follow-up of 6 months reported that the percentage of failed pituitary surgeries for 
CD ranged between 5.7and 63 % with a mean of 31.4 % and median of 29.4 % [ 2 ]. 
In studies that further stratifi ed results by adenoma size (micro vs. macro) the mean 
rates of remission were 85 % for microadenomas and 58 % for macroadenomas 
(Table  1 ) [ 18 ,  41 – 43 ,  46 ,  47 ,  49 ,  51 ,  52 ,  56 – 68 ]. 

    Serial Serum Cortisol and  ACTH   in the Immediate Postoperative  Period   

 In one study, Swearingen et al. looked at factors associated with remission and 
determined cure by using both fasting serum cortisol levels less than 138 nmol/L 
and UFC less than 55 nmol/day [ 49 ]. The 5-year cure rate for patients was lower 
than the 10-year one: 96 % for microadenomas, 96 % for macroadenomas vs. 93 % 
and 55 %, respectively. 

 In other studies, a serum cortisol of 50 nmol/L (1.8 μg/dL at ODST after surgery) 
and normal 24 h UFC was most frequently used to defi ne remission [ 2 ]. Overall, 
patients with serum cortisol levels of <2 μg/dL in the immediate postoperative 
period achieved long-term remission at 10 years in approximately 90 % of cases [ 5 , 
 15 ,  18 ,  21 ,  45 ,  51 ,  56 ,  61 ,  69 ,  70 ]. 
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 In a single-center study [ 71 ] in 52 patients with CD followed over a minimum of 
6 years, early postoperative cortisol <2 μg/dL and ACTH < 5 pg/mL was a sensitive 
predictor of remission. The positive predictive value (PPV) for remission with post-
operative nadir cortisol <2 μg/dL and ACTH < 5 pg/mL was 100 % ( p  < 0.005). The 
PPV for non-remission of ACTH > 15 pg/mL was 87.5 %. Interestingly, no patients 
with postoperative cortisol >10 μg/dL were found to have delayed remission. While 
this study found a lower cutoff value for ACTH and cortisol (<5 pg/mL and <2 μg/
dL, respectively) than other studies to be highly predictive of remission, no level 
predicted the lack of recurrence. The addition of  ACTH   to cortisol measurements 
might increase accuracy of remission  assessments   [ 72 ].  

     Late-Night Salivary Cortisol   

 In another single-center study that included 164 surgical CD patients,  LNSC      [ 40 ] 
had a 94 % sensitivity and 80 % specifi city for remission at a cut off of 1.9 nmol/L 
within 3 months of TSS. A nadir morning serum cortisol of <5 μg/dL and nadir 24 h 
UFC of <23 μg was used to defi ne remission, in these patients. Recurrence was 
established with LNSC at a cutoff of 7.4 nmol/L (75 % sensitivity and 95 % specifi c-
ity) and 1.6-fold above normal 24 h UFC (68 % sensitivity and 100 % specifi city), 
respectively, at a median follow-up of 53.5  months  .   

     Delayed Remission   After  Surgery   

 Hormonal assessment in the immediate postoperative period, in rare cases, may be 
misleading in a subset of patients after TSS for CD because of delayed remission. 
A retrospective review of 620 patients who underwent TSS for CD between 1982 
and 2007 in two large centers [ 43 ] classifi ed outcomes into three groups based on 
the postoperative pattern of cortisol testing: IC for immediate control, NC for no 
control, and DC for delayed control. The IC group had a 70.5 % rate (437 of 620 
patients) of hypocortisolism and/or cortisol normalization throughout the postop-
erative follow-up period. The NC group reported 23.9 % (148 of the 620 patients) 
with persistent hypercortisolism, while the DC group reported 5.6 % (35 of 620 
patients) with early elevated or normal UFC levels and developed delayed and per-
sistent  cortisol   decrease after an average of 38 ± 50  days   [ 43 ].  

     Degree of Tumor Invasiveness   and  Remission   

 Shin et al. studied 49 patients who underwent EEA resection at a single institution 
over an 11-year period. The endocrinologic remission rates were analyzed accord-
ing to degree of invasiveness, by Knosp score [ 35 ]. The Knosp score (ranging from 
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0 to 4) is based on the tumors relationship, as seen on preoperative MRI, to the 
cavernous segment of the internal carotid artery (ICA) [ 73 ]. In this study, the initial 
remission rate (36 h to 2 weeks postoperatively) was 79.6 % and was 70 % in patients 
with a mean follow-up of 37.5 ± 4.6 months. An initial remission rate of 80 % was 
reported in MRI negative adenomas, 84.8 % among noninvasive/minimally invasive 
adenomas and 50 % among invasive adenomas. 

    This further highlights the challenges of treating patients with invasive tumors. 
Interestingly, preoperative UFC levels were not signifi cantly different with respect 
to degree of tumor invasiveness and had no signifi cant effect on remission rate in 
this series. However, a higher preoperative ACTH level was associated with a higher 
degree of invasiveness.     

     Timeline to HPA Recovery   After  Remission   of CD 

 Hypothalamic–pituitary–adrenal axis recovery after remission of CD is variable, 
between 13 and 25 months [ 38 ,  44 ,  74 – 76 ]. In a study of 91 patients with CS, 
54 with CD [ 77 ], CD patients were divided into three groups: group 1, patients with 
normal postoperative pituitary function and no recurrence; group 2, patients with 
later recurrence after successful surgery; and group 3, patients who displayed post-
operative additional anterior and posterior pituitary insuffi ciencies, presumably 
because of a more radical surgical approach. Those cured were defi ned by the 
 development of postoperative tertiary AI requiring glucocorticoid replacement 
 therapy. Recurrence occurred between 2.4 and 14.4 years after surgery (mean, 
7.2 ± 4.6 years). The three CD groups were not different with respect to age, preop-
erative BMI, male-to-female ratio, duration of symptoms, or other biochemical 
parameters [ 77 ]. The authors hypothesized that this stratifi cation would enable them 
to identify if normal pituitary gland tissue damage, as a result of surgery, signifi -
cantly infl uenced HPA recovery. Plasma cortisol and ACTH, UFC, and salivary 
cortisol were all studied. A subgroup analysis showed that the probability of recov-
ery at 5 years was 71 % in group 1 and 100 % in group 2. Group 3 patients had 
the poorest rate of recovery. Only in group 1, the probability to recovery of adrenal 
function was associated with younger age independent of sex, BMI, duration of 
symptoms, basal cortisol, and basal ACTH levels. The mean age of patients experi-
encing recovery was 37 years of age at the time of surgery, compared with 48 in 
patients without recovery.       

 The long-term occurrence of hypocortisolism after TSS has been hypothesized 
to be associated with the number of Crook’s cells present [ 76 ]. Similarly, Saeger 
et al. [ 78 ] associated Crook’s cell count and severity of glucocorticoid excess in 
CD. Crooke’s hyaline change was fi rst described in 1935 in the normal anterior 
pituitary surrounding an ACTH-secreting adenoma. Non-neoplastic corticotrophs 
have increased eosinophilic cytoplasm fi lled with perinuclear cytokeratin while the 
adenoma itself does not. The cause of Crooke’s hyaline change is uncertain, but it is 
related to increased glucocorticoid or cortisol levels [ 79 ]. 
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 Another factor at play may be the duration of exogenous glucorticoid received by 
the patient and its effects on the adrenal gland. Sacre et al. [ 80 ] analyzed AI rates 
following pharmacologic glucocorticoid treatment for various infl ammatory disor-
ders and found that cumulative dose and exposure time were independent predictors 
of AI. Berr et al. concluded that the recovery of corticotroph function is due to resid-
ual tumor cell clusters rather than by  hypothalamic   CRH-mediated stimulation on 
normal corticotroph cells [ 77 ]. After multivariate analysis, this study identifi ed 
younger patient age as an independent signifi cant factor infl uencing HPA recovery 
in patients with CD. The preoperative degree of hypercortisolism and postoperative 
glucocorticoid replacement doses did not seem to be  relevant  . 

 Cushing’s disease also has accompanying disturbances in growth hormone (GH) 
and prolactin (PRL) secretion [ 81 – 84 ]. A small study compared eight adults (fi ve 
females and three males) with CD in remission with eight healthy patients matched 
for gender, BMI, and age. Remission was established by the absence of signs and 
symptoms during long-term follow-up of 8.2 ± 1.7 years, normalized 24 h UFC, and 
suppression of morning plasma cortisol concentration below 0.10 μmol/L after the 
administration of 1 mg dexamethasone, orally, at 2300 h (at yearly visits in an out- 
patient clinic). Before TSS, ACTH and cortisol levels were found to have elevated 
basal rates, augmented secretory pulse amplitudes, blunted or absent diurnal varia-
tion characteristics, and a loss of orderly secretory patterns [ 85 ,  86 ] but the 24 h 
secretion properties of ACTH, cortisol are normalized after clinically successful 
TSS [ 84 ]. Physiological recovery was determined by total secretory activity (pulsatile 
and non-pulsatile), diurnal rhythmicity, and the orderliness of the release process. 
Further studies are needed to determine if all physiological characteristics of ACTH, 
cortisol, GH, and PRL secretion can be consistently normalized after TSS in  CD  .         

    How to Diagnose Early Recurrent Cushing’s Disease 

     Recurrence Rates   

 Defi nitions of recurrence are poorly characterized, heterogeneous, and furthermore, 
infrequently reported in the literature. The general criteria used to defi ne recurrence 
include a combination of a relapse of symptoms, clinical features, and/or biochemi-
cal  confi rmation  . 

 Some studies defi ned recurrence just on the basis of questionnaire response and 
results of routine endocrine reevaluation locally, without independent repeated 
assay in the initial center [ 42 ,  43 ,  47 ,  48 ,  51 ,  52 ,  57 – 62 ,  70 ,  87 ,  88 ]. The most fre-
quently utilized biochemical tests to detect recurrence are 24 h UFC and 1 mg 
DST. However, measuring  LNSC   has been shown to be sensitive and is becoming 
more commonly used [ 40 – 42 ]. In the literature, some studies used the same criteria 
to determine remission and recurrence while others used a separate criteria for each [ 23 ]. 
Urine-free cortisol testing was used either alone or more commonly in  combination 
with serum cortisol and/or LDDST as an endpoint for establishing  recurrence   
(Table  2 ) [ 42 ,  43 ,  47 ,  48 ,  51 ,  52 ,  57 – 62 ,  70 ,  87 ,  88 ].
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   Recurrence is reportedly lowest when a combination of LDDST and UFC was 
used as biochemical endpoints regardless of whether serum cortisol and/or clinical 
parameters were also included in the assessment of recurrence [ 17 ,  21 ,  87 ,  89 – 91 ]. 
Overall, recurrence rates in all studies, regardless of methods used to determine 
recurrence, were slightly less in the group of patients with microadenomas vs. mac-
roadenomas, 13.4 % vs. 17.6 %, respectively, but not statistically signifi cant [ 23 ]. 
The duration of follow-up ranged from 13 to 96 months [ 23 ], but follow-up time did 
not predict rate of recurrence. The limitations in interpreting these resultant conclu-
sions need to be taken into account given the small number of studies involved. If 
one further analyzes the data for the studies that reported rates of recurrence for 
both microadenomas and macroadenomas, the mean rate of recurrence for microad-
enomas was 10.9 % (four studies) and 23.6 % (two studies) for macroadenomas [ 55 , 
 63 ,  92 ]. Interestingly, studies that only used biochemical tests to determine overall 
recurrence rates reported a relatively similar rate (15.7 %) vs. the ones that used 
both clinical and biochemical endpoints to determine rate of recurrence reported 
14.4 % [ 23 ]. The overall calculated recurrence rate was 15.2 % and meantime to 
recurrence (in the 23 studies where was reported) was 50.8 months (range 3–158 
 months  ) [ 23 ]. 

 Despite initial data suggesting otherwise, recurrence rates in patients with corti-
sol in the immediate postoperative period between 2 and 5 μg/dL appear to be no 
greater than those seen in patients with postoperative serum cortisol levels less than 
2 μg/dL [ 5 ,  15 ,  18 ,  21 ,  45 ,  51 ,  56 ,  61 ,  69 ,  70 ].  

     Biochemical Testing Timeline   

 Different timelines of change from normal to abnormal in some biochemical tests 
are also interesting. A study that looked at sequential alterations over time after 
surgery in 101 patients [ 58 ] found that 21 (20.8 %) presented with recurrence, ‘mild’ 
or ‘overt’, during long-term follow-up (median 50.4 months, range 7–99). Interes-
tingly, vasopressin analogs and CRH tests were eventually positive in 85 and 93 % 
of all patients who experienced disease recurrence. Recurrence occurred less 
 frequently and later in patients with early AI compared with patients with normal 
cortisol after surgery. Increase in  LNSC   occurred in a mean time of 38.2 months, 
while UFC elevation was observed at 50.6 months; however, a positive response to 
vasopressin analogs or CRH preceded the increase in midnight  cortisol   or UFC in 
71 % and 64 % of patients, respectively.  

     Combined Biochemical Testing   

  Coupled dexamethasone desmopressin test (CDDT)   has been also suggested as 
good predictor of recurrence of CD after surgery [ 93 ]. In a small study (38 patients) 
followed for a median of 60 months, CDDT became positive in eight of ten patients 
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with recurrence 6–60 months before classical markers of CD. Similar to other 
 studies, AI did not ensure lack of recurrence: six patients with immediate postsur-
gical corticotroph defi ciency presented with recurrence; however, all patients had 
abnormal CDDT positivity during the 3 years after surgery with recurrence 6–60 
months after CDDT positivity. CDDT has been considered an early predictor of 
recurrence of CD and could be of particular interest in the fi rst 3 years after surgery, 
by selecting patients at high risk of recurrence despite falsely reassuring classical 
hormonal markers [ 93 ]. However, a comparison with  LNSC   in predicting recur-
rence remains to be determined.  

    Degree of Tumor Invasiveness and Recurrence 

 The  degree of tumor invasiveness   has also been shown to play a role in potentially 
infl uencing recurrence rates [ 35 ].  

    Impact of  Delayed Remission   on Recurrence 

 In a large study [ 43 ] (described in more detail in the remission section), 35 of 620 
patients (5.6 %) had delayed control defi ned as early elevated or normal UFC levels 
and developed a delayed and persistent cortisol decrease after an average of 38 ± 50 
postoperative days. These patients with  delayed remission  vs. those with  immediate 
control  of CD after TSS seem to have signifi cantly higher cumulative rate of recur-
rence at 4.5 years, 43 % vs. 14 %, respectively over a median of 66 months after TSS 
with a total recurrence rate of 13 % [ 43 ]. Criteria for recurrence in this particular 
study included at least two abnormal tests from the following four: elevated 
serum cortisol or 24-h UFC, abnormal ODST, here defi ned as cortisol >5 μg/dL 
(138 nmol/L), or abnormal serum cortisol during the combination of low-dose dexa-
methasone suppression test and ovine or human CRH stimulation  test  .   

    Assessment Criteria in Patients with Cushing’s Disease 
Treated with Medical Therapy 

 The assessment of CD remission after a patient is started on medical therapy is very 
complex and remains controversial, overall [ 2 ,  11 ]. Therapies with agents acting at 
the pituitary level (cabergoline, pasireotide), adrenal steroidogenesis inhibitors, and 
a glucocorticoid receptor blocker (mifepristone) are reviewed below, with a focus 
on biochemical markers and clinical improvements; mechanism of action of each 
drug, study design, and adverse events have been previously and extensively 
reviewed [ 25 – 29 ]. 
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     Biochemical Testing   

     24-Hour Urine-Free Cortisol   

 A retrospective analysis of 137 patients with clinical conditions suggestive of 
hypercortisolism, 38 with confi rmed CS diagnosis and 99 without, found that  UFC 
  revealed both a combined higher positive and a lower negative likelihood ratio for 
diagnosing CS among fi rst-line tests (10.7 and 0.03, respectively) [ 94 ]. Computing 
a receiver operating characteristic (ROC)-contrast analysis to compare the power of 
each single test with that of the others, alone or combined (DST +  LNSC  , DST + UFC 
and LNSC + UFC), or with that of all the tests together (DST + LNSC + UFC), UFC 
assay was at least as good as all the other possible combinations. The different 
results noted compared with other studies could be related to the liquid chromatog-
raphy–mass spectrometry/ mass spectrometry (LC-MS/MS) method used for 
UFC. In that particular study, LNSC was measured by  radio-immunometric method   
and serum cortisol by chemiluminescence  immunoassay   [ 94 ]. 

 The reliability and reproducibility of UFC are both very important [ 94 ,  95 ]. 
Newer methods such as LC-MS/MS have revealed that the analytical performance 
of UFC is better than urinary cortisol:cortisone ratio in detecting CS. 

 Intra-patient  UFC   variability at diagnosis is a well-known caveat; large studies 
have shown up to 50 % variability [ 96 ] and overall variability in mUFC increased as 
UFC levels increased. However, there were no correlations between UFC and clini-
cal features of hypercortisolism. The assay used is even more important at poten-
tially lower values of UFC when determining remission or recurrence. Most clinical 
studies looking at the effects of medical therapies have measured UFC during treat-
ment; furthermore, new clinical guidelines [ 14 ] emphasize that despite some cave-
ats, UFC is a good marker to monitor therapy response. One important exception 
represents treatment with a glucocorticoid receptor blocker, in which case UFC is 
not reliable and monitoring has to rely solely on clinical grounds and other bio-
chemical assessments such as glucose for example. 

 While for diagnosis, at least two 24-h UFC are recommended [ 10 ], the number 
of UFCs needed to ensure correct assessment for remission is still unclear. The UFC 
variability with regards to medical treatment is largely unknown. A summary of 
studies using UFC as marker for biochemical response on medical therapy can be 
 found   in Table   3   [ 9 ,  93 ,  97 – 108 ].

       Late-Night Salivary Cortisol 

 Most of the available data on the use of  LNSC      in patients with CS comes from 
 screening studies   [ 109 ]; however, data looking at salivary cortisol response to short- 
term medical therapy are emerging. Ease of use and patient preference represent a 
great advantage when periodic assessments are needed. 

Cushing’s Disease, Refi ning the Defi nition of Remission and Recurrence
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 The routine immunoassay for salivary cortisol seems to have better diagnostic 
performance than LC/tandem MS, although measurement of normal salivary corti-
sone concentrations with the latter technique is very useful in identifying samples 
contaminated with topical hydrocortisone [ 110 ]. 

 Is also well known that age and metabolic syndrome affect salivary cortisol 
rhythm [ 111 ]. In a study which included almost 1000 samples, gender, sampling 
time, smoking, and interestingly perceived social support were determinants of 
 cortisol secretion [ 112 ]. 

 In a small subset of patients treated with subcutaneous  pasireotide   600 μg bid for 
15 days,  LNSC   was reduced in six patients at day 15 [ 105 ]. For this study, all 
patients had elevated LNSC, which correlated signifi cantly with UFC levels 
( r  = 0.97) at baseline. Late-night salivary cortisol decreases were observed from day 
1 (−20 %) and persisted until day 15 (overall mean reduction from baseline −51 %), 
with the greatest decrease on day 5 (−58 %). At day 15,  UFC   levels were decreased 
in all patients and normalized in a patient that also restored salivary cortisol rhythm. 

 Furthermore, a small study of 19 patients with active CD followed for a median 
of 6 months (range 1–9 months) showed that a decrease in  LNSC      after one dose of 
pasireotide might predict response to treatment [ 106 ]. Late-night salivary cortisol, 
serum cortisol, and plasma ACTH were assessed before and after a single dose of 
600 μg pasireotide. LNSC decreased in about 82 % of patients (14/17), achieving  
normalization in fi ve. Short-term  pasireotide treatment   was associated with a nor-
malization of 24 h UFC at last follow-up in about 68 % of patients. Interestingly, a 
decrease of >27 % in  LNSC   during acute pasireotide (calculated by ROC curve) was 
the best parameter in predicting a positive response to treatment with pasireotide 
(positive predictive value 100 %; negative predictive value 75 %). 

 Despite these encouraging results, the decrease in LNSC in patients treated with 
pasireotide in a larger study (12-month, multicenter, Phase III study with 93 patients 
who had LNSC measured) did not always correlate with decrease in UFC [ 113 ]. At 
baseline, the linear correlation was strong ( r  = 0.9). LNSC was normalized at 
6 months in 37.3 % patients with baseline abnormal  LNSC  , comprising 40.0 % and 
33.3 % patients in the 600 and 900 μg groups, respectively. However, just 10/25 
patients with normalized LNSC at 6 months also had normalized UFC; seven had 
partial UFC control. In both 600 and 900 μg groups, LNSC decreased in  UFC con-
trolled/partially controlled patients   and increased in uncontrolled patients; however, 
numbers within each subgroup were low. An exploratory analysis showed weak 
linear correlation ( r  = 0.2), but moderate correlation ( r  = 0.5) on the log scale between 
LNSC and UFC when all time points were pooled. 

 The effect of triple combination therapy (pasireotide, cabergoline, and ketocon-
azole) [ 114 ] on HPA axis has been even less well studied. Circadian rhythm (CR) at 
baseline was abnormal in 12 patients, but preserved in 5 patients, though there was 
no difference in baseline UFC between these groups. While the complete biochemi-
cal response (defi ned by normal 24 h UFC) was 88 % in this study, a midnight 
decrease of serum and salivary cortisol levels to less than 75 % of morning values 
(CR recovery) was noted in 6 of the 12 patients with abnormal baseline CR (3 
mono-, 1 duo-, and 2 triple-therapy). Serum cortisol levels at 10 pm and midnight 
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salivary cortisol ( p  < 0.05) at day 80 were signifi cantly lower in patients in whom 
CR recovered. Interestingly,  CR   did not recover at 80 days, despite normalization of 
UFC in fi ve of these patients. 

 The group of patients with recovered CR and not-recovered CR (defi ned by 
 midnight cortisol decrease) had no signifi cant differences at 80 days and further-
more, despite CR recovery, patients did not report more sleep improvement vs. 
those without CR recovery. Theoretically, it is possible that a longer duration of CR 
improvement might have an effect, but further investigation and data collection is 
needed. 

 This suggests that normalization of cortisol production by medical therapy 
allows for recovery of hypothalamic control of normal corticotroph cell function in 
patients with CD. It is unclear if the centrally acting agents, pasireotide and caber-
goline, have an infl uence on CR. 

 In conclusion, salivary cortisol may be a simpler and more convenient biomarker 
than 24-h UFC. As discussed earlier in this chapter, salivary cortisol seems more 
accurate than 24 h UFC in detecting recurrence during long-term follow-up after 
surgery [ 40 ], but its role in assessing response to medical therapy or furthermore 
predicting long-term response remains to be determined.     

    Adrenocorticotropic  Hormone   

 The effects of medical therapy on  ACTH   secretion differ depending on mechanism 
of action. Cabergoline and pasireotide decrease ACTH, while all the other drugs, 
either adrenal steroidogenesis inhibitors or a glucocorticoid receptor blocker will 
increase ACTH [ 27 ]. Notably, ketoconazole has been shown in some studies to also 
have an effect on ACTH secretion [ 115 ], but this remains controversial [ 22 ]. 

 ACTH decreased signifi cantly ( p  = 0.002) in patients who responded to treatment 
with Cabergoline, while was essentially unchanged in non-responders [ 102 ]. 

 In vitro studies [ 114 ] showed that after achieving normal cortisol with medical 
therapy, cortisol-mediated somatostatin receptor subtype 2 (sst 2 ) downregulation on 
corticotroph adenomas is reversible at the mRNA but not at the protein level. 
However, octreotide remained less potent than pasireotide and cabergoline with 
respect to in vitro inhibition of ACTH secretion. 

 In the phase III study of patients with CD treated with pasireotide, the mean 
percentage change in plasma ACTH level was −12.8 % (95 % CI, −20.1 to −5.4) and 
−16.9 % (95 % CI, −27.0 to −6.8) at months 6 and 12, respectively [ 100 ]. In this 
study, the reduction in UFC levels in response to pasireotide was accompanied by 
reductions in serum cortisol and plasma ACTH levels, as well as improvements in 
signs and symptoms of CD, but no direct correlations were analyzed. 

 In a 22-week, prospective, open-label, multicenter, Phase II study of osilodrostat 
(LCI 699), overall response rate defi ned by a mean of two 24 h UFC was 89.5 % 
(17/19). Mean baseline ACTH levels in the overall population were >ULN (20.2 
pmol/L; normal range 1.8–9.2) and increased fourfold at week 22 after treatment, 
primarily driven by two patients’ data [ 116 ]. 

Cushing’s Disease, Refi ning the Defi nition of Remission and Recurrence
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 In patients treated with mifepristone,  ACTH      will increase. A ≥2-fold increase in 
ACTH was observed in 72 % of patients treated for a median duration of almost a 
year [ 117 ]. The mean peak increase in ACTH was 2.76 ± 1.65-fold during the fi rst 
6 months of therapy in the main study, but remained stable during long-term treat-
ment. ACTH increase was directly correlated with mifepristone dose and declined 
to near baseline levels after stopping the drug. Increases in ACTH seen with mife-
pristone therapy [ 117 ] do not seem to correlate with increased in tumor size. 

  ACTH   might be a predictor of escape/recurrence of disease on medical therapy 
in some patients. Mean plasma ACTH started to increase and then was even higher 
than at baseline in patients who escaped treatment with cabergoline [ 102 ]. In most 
patients treated with ketoconazole in a recent large retrospective study, the increase 
of ACTH induced by long-term cortisol inhibition lead to cortisol escape in 15 % of 
the patients treated for more than 2 years. However, being a retrospective study, 
patients who were not controlled earlier were not excluded from the study [ 99 ]. 

 On the other hand, a high plasma ACTH concentration at the time of treatment 
withdrawal with Mitotane seems to be associated with a lower probability of recur-
rence [ 97 ]. The authors hypothesized that a higher ACTH concentration refl ects the 
extent of adrenal suppression in these patients; increased tumoral  ACTH   secretion 
secondary to reduced cortisol feedback on the tumor cells and, to a lesser extent, 
reactivation of the normal corticotroph cells with cortisol excess correction.   

    Clinical Improvements Associated with CD Remission 

 Improvement of clinical features should feature importantly and highly as a treat-
ment goal. In a small prospective study, clinical features overall improved during 
treatment in responders to treatment with cabergoline [ 102 ]. Interestingly, BMI 
slightly increased initially, but signifi cantly decreased after 3–6 months, while waist 
to hip ratio progressively decreased overtime. The prevalence of overweight or obe-
sity decreased from 87.5 at 62.5 % after 2 years of treatment.  Hypertension   decreased 
from 50 % at baseline to 0 % after 24 months of treatment after a trial of stopping 
antihypertensive medications. Fasting serum glucose and insulin were also signifi -
cantly decreased. As expected, the clinical picture slightly worsened in the patients 
who experienced treatment escape [ 102 ]. 

 In the  phase III pasireotide study  , reductions in blood pressure were observed 
even without full UFC control and were greatest in patients who did not receive 
antihypertensive medications during the study. Signifi cant reductions in total cho-
lesterol and low-density lipoprotein (LDL) cholesterol were observed in patients 
who achieved UFC control. Reductions in BMI, weight, and waist circumference 
occurred during the study even without full UFC control [ 100 ,  118 ]. 

  Mifepristone  , studied in the SEISMIC study, induced improvement in global 
clinical response (GCR) in 87 %; 37 % of patients had positive GCR by week 10 
that persisted through study end, whereas only 6.5 % of patients had a positive GCR 
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during the study that was not maintained [ 101 ]. As a group, women tended to have 
a slower onset of positive GCR compared with men. Four features have been found 
to be signifi cant predictors of a graded positive GCR: (1) weight loss, (2) 120-min 
serum glucose after 75 g glucose during the oral glucose tolerance test, (3) diastolic 
blood pressure, and (4) investigator-graded Cushingoid appearance. Assessment of 
multiple [ 119 ] clinical variables can be used by clinicians to assess  mifepristone   
response and dosing in CS. 

  Mitotane   has also been shown to induce statistically signifi cant improvements in 
some metabolic parameters after 6 months of treatment, except systolic blood 
 pressure and lipid profi le. Both total cholesterol and LDL, and triglycerides 
increased [ 97 ]. 

 In one of the subgroup of patients treated for more than 2 years with  ketocon-
azole   [ 99 ], the clinical improvement followed closely the biochemical response, but 
was not observed uniformly across all patients. UFC was normalized in 33 of 51 
patients (64.7 %), and it had decreased by at least 50 % in 12 of 51 patients (23.5 %), 
but hypertension was improved in 15 of 27 patients (55.5 %), diabetes in 7 of 14 
patients (50 %), and hypokalemia in 7 of 8 patients (87.5 %).  

     Predictors of Response   

 Data on which is the best predictor of response to medical therapy, which would 
amount to a giant step in the future of individualized patient-centered therapy, are 
lacking. Normalization of UFC was more likely to be achieved in patients with 
lower baseline levels than in patients with higher baseline levels in the pasireotide 
phase III trial [ 100 ]; however, pasireotide also decreased UFC levels in some 
patients with severe hypercortisolism. 

 For  ketoconazole   [ 99 ] there were no signifi cant differences between responders 
and non-responders regarding age at diagnosis, previous treatments, and initial 
dose. Surprisingly, gender appeared to be a predictive factor despite the fact that the 
maximal dose was not statistically different between both groups (750 ± 236.7 vs. 
716 ± 281.5 mg/day in males vs. females, respectively). 

 It has even been suggested, in a small study [ 120 ] that preoperative medical treat-
ment (with ketoconazole or metyrapone) might be associated with low postopera-
tive cortisol concentration and higher rates of long-term remission. However, further 
studies are needed to address the persistence of the drug response and the effects on 
the dynamics of the HPA  axis  . 

 A collaborative, multi-site, patient treatment registry in which standardized bio-
chemical markers along with clinical parameters are used to determine time and rate 
of remission and time to and rate of recurrence would assist in standardizing study 
design and therefore analysis and guiding best practice treatments.   
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    Conclusion 

 In summary, CD remains diffi cult to diagnose and treat. Biochemical testing and 
imaging are key for a defi nitive diagnosis. Treatment goals are reversal of clinical 
features and normalization of biochemical changes with long-term disease control. 
Surgical intervention is a fi rst-line treatment in most cases; however, CD can persist 
and/or recur. There are no fi rm established criteria for remission and furthermore 
there are many more challenges in how to diagnose early recurrent CD. Predictors 
of response to medical therapy are elusive. Lifelong individualized follow-up and 
biochemical assessment for disease remission or recurrence, and management is 
required.     
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    Abstract     Primary generalized glucocorticoid resistance or Chrousos syndrome is 
a rare familial or sporadic condition, which affects almost all organs and is 
 characterized by partial target tissue insensitivity to glucocorticoids. Patients with 
this condition may be asymptomatic or may present with clinical manifestations of 
mineralocorticoid and/or androgen excess. The molecular basis of Chrousos syn-
drome has been associated with point mutations, insertions or deletions in the 
 NR3C1  gene that expresses the human glucocorticoid receptor, a member of the 
steroid receptor family of the nuclear receptor superfamily of transcription factors. 
We and others have systematically investigated the molecular mechanisms of action 
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of the mutant glucocorticoid receptors causing Chrousos syndrome by applying 
standard methods of molecular and structural biology. In this chapter, we discuss 
the clinical manifestations, pathophysiology, molecular pathogenesis, diagnostic 
approach, and therapeutic management of Chrousos syndrome.  

  Keywords     Adrenal androgens   •   Chrousos syndrome   •   Dexamethasone suppression 
test   •   Glucocorticoid receptor   •   Glucocorticoid signaling   •   Glucocorticoids   • 
  Mineralocorticoids   •    NR3C1  gene mutations   •   Primary generalized glucocorticoid 
resistance   •   Sequencing   •   Urinary free cortisol excretion  
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        Introduction 

   Homeostasis    (from the Greek  homoios , or similar, and  stasis , or position), a term 
proposed by Walter Bradford Cannon to describe all the physiologic processes 
that maintain the steady state of the organism, is tightly achieved through the 
coordinated functions of numerous systems [ 1 – 4 ]. All homeostatic systems oper-
ate through an inverted U-type activity-effect curve, which means that homeosta-
sis is adequately maintained in the middle range of homeostatic activity. If any of 
the homeostatic systems has too much or too little activity, then homeostasis is 
turned to  allostasis  or   cacostasis      , causing several pathologic conditions [ 1 – 4 ]. 
One of the fundamental homeostatic systems that plays crucial role in the stress 
response is the glucocorticoid system, which mediates all the well-known genomic 
and nongenomic actions of glucocorticoid hormones (cortisol in human, corticos-
terone in most rodents) through a ubiquitously expressed protein, the glucocorti-
coid receptor [ 5 ]. Undoubtedly, any dysfunction of the glucocorticoid system 
contributes to allostasis. In terms of glucocorticoid secretion from the adrenal 
cortex, elevated concentrations of glucocorticoids cause the cardinal clinical man-
ifestations of Cushing syndrome, whereas glucocorticoid defi ciency is responsi-
ble for the life-threatening Addison’s disease [ 6 ,  7 ]. In terms of the molecular 
mechanisms of glucocorticoid action at the tissue level, alterations in any step of 
the glucocorticoid signaling cascade may cause impaired tissue sensitivity to glu-
cocorticoids, which may take the form of  glucocorticoid resistance  or  glucocorti-
coid hypersensitivity , both with signifi cant  morbidity   (Table  1 ) [ 8 – 12 ]. One such 
condition that we and others have thoroughly investigated at the clinical, hor-
monal, and molecular level is primary generalized glucocorticoid resistance or 
Chrousos syndrome [ 9 – 16 ].

   Table 1    Expected clinical manifestations in  tissue-specifi c glucocorticoid excess   or 
hypersensitivity and defi ciency or resistance   

 Target tissue 
 Glucocorticoid hypersensitivity = 
Glucocorticoid excess 

 Glucocorticoid resistance = 
Glucocorticoid defi ciency 

 Central nervous system  Insomnia, anxiety, depression, 
defective cognition 

 Fatigue, somnolence, 
malaise, defective cognition 

 Liver  + Gluconeogenesis, + lipogenesis  Hypoglycemia, resistance to 
diabetes mellitus 

 Fat  Accumulation of visceral fat 
(metabolic syndrome) 

 Loss of weight, resistance to 
weight gain 

 Blood vessels  Hypertension  Hypotension 
 Bone  Stunted growth, osteoporosis 
 Infl ammation/immunity  Immune suppression, anti- 

infl ammation, vulnerability to certain 
infections and  tumors   

 + Infl ammation, + 
autoimmunity, + allergy 

  Modifi ed from Reference [ 9 ]  

Primary Generalized Glucocorticoid Resistance or Chrousos Syndrome
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       Primary Generalized Glucocorticoid Resistance or Chrousos 
Syndrome 

  Primary Generalized Glucocorticoid Resistance   or Chrousos syndrome is a familial 
or sporadic allostatic  condition  , which is characterized by target tissue insensitivity 
to glucocorticoids in almost all organs [ 9 – 16 ]. Because of the generalized nature of 
glucocorticoid resistance, all the neuroanatomic structures participating in the for-
mation of the glucocorticoid negative feedback loops display decreased response to 
glucocorticoids, leading to compensatory activation of the hypothalamic–pituitary–
adrenal (HPA) axis.    As a result, the increased secretion of corticotropin-releasing 
hormone (CRH) and  arginine vasopressin (AVP)      from the hypothalamus into the 
hypophysial portal system triggers the production and release of adrenocortico-
tropic hormone (ACTH) by the anterior pituitary gland.  Hypersecretion   of ACTH 
results in adrenal cortex hypertrophy and triggers the production of cortisol, adrenal 
androgens [androstenedione, dehydroepiandrosterone (DHEA), and DHEA-sulfate 
( DHEAS     )], and steroid precursors with mineralocorticoid activity (deoxy- 
corticosterone and corticosterone) [ 9 – 16 ]. 

 The clinical spectrum of Chrousos syndrome is broad, ranging from completely 
asymptomatic cases to mild or even severe cases of  mineralocorticoid and/or androgen 
excess  . The increased concentrations of steroid precursors with mineralocorticoid activ-
ity may cause  hypertension and/or hypokalemic alkalosis  , while adrenal androgen 
excess may result in ambiguous genitalia in karyotypic females, precocious puberty, 
acne, hirsutism, male-pattern hair loss and hypofertility in both sexes, oligo-amenorrhea 
and menstrual irregularities in women, and oligospermia in men [ 9 – 16 ]. It is worth not-
ing that clinical manifestations of glucocorticoid defi ciency are rare and have been 
reported in adults with chronic fatigue [ 14 ,  17 ,  18 ], in a child with  hypoglycemic gener-
alized tonic–clonic seizures   during an episode of febrile illness [ 19 ], and in a newborn 
with profound hypoglycemia, reported easy “fatigability” with feeding and growth 
hormone defi ciency [ 20 ]. Interestingly, the increased concentrations of CRH may 
account for anxiety and depression in some patients with Chrousos syndrome [ 16 ]. 

 The aforementioned clinical heterogeneity of Chrousos syndrome occurs because 
of differences in target  tissues’ sensitivity      to glucocorticoids, mineralocorticoids, 
and adrenal androgens among patients [ 9 – 16 ]. In addition to their cognate recep-
tors, other molecules participating in  steroid signaling pathways  , such as hormone 
inactivating or activating enzymes, immunophilins, and heat shock proteins, as well 
as genetic and epigenetic factors contribute substantially to tissue response to steroid 
hormones [ 13 ,  15 ,  16 ].  

    The Molecular Basis of Chrousos Syndrome 

 The molecular basis of Chrousos syndrome has been ascribed to point mutations, 
insertions or deletions in the   NR3C1  gene  , which encodes the human glucocorticoid 
receptor (hGR) [ 9 – 16 ]. The  NR3C1  gene is located on the short arm of chromosome 
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5 and contains 10 exons. Exons 2–9 express all the protein isoforms, whereas exon 
1 consists of several promoters, which enable the initiation of transcription in a 
promoter- or tissue-specifi c fashion [ 4 ,  5 ,  16 ,  21 ]. The alternative splicing of exon 9 
gives rise to the two main  protein isoforms  , the hGRα and the hGRβ, which have 
distinct properties with respect to localization, ligand-binding ability, and transcrip-
tional activity [ 22 – 26 ]. Moreover, the alternative splicing of the  NR3C1  gene gener-
ates three more receptor subtypes, the hGRγ, hGR-A, and hGR-P [ 23 ]. At the 
mRNA level, the alternative translation initiation of hGRα generates eight  receptor 
isoforms   α (hGRα-A, hGRα-B, hGRα-C1, hGRα-C2, hGRα-C3, hGRα-D1, 
hGRα-D2, and hGRα-D3) and possibly eight β isoforms as well, with distinct intra-
cellular localization and transcriptional activity [ 27 ,  28 ]. 

 The classic hGRα belongs to the steroid hormone receptor family of the nuclear 
receptor superfamily and functions as a ligand-induced transcription factor infl u-
encing the transcription rate of numerous genes [ 4 ,  5 ,  16 ]. At the protein level, the 
hGRα consists of four  functional domains  : (1) the  N-terminal or immunogenic 
(NTD)     , which contains important amino acids that undergo several posttranslational 
modifi cations; (2) the  DNA-binding domain (DBD),      which consists of the charac-
teristic and highly conserved motif of two zinc fi ngers, and enables the interaction 
between the receptor and its target DNA sequences in the glucocorticoid-responsive 
genes; (3) the hinge region, which provides the appropriate structural fl exibility to 
the protein and allows the receptor to interact with different target genes; and (4) the 
 ligand-binding domain (LBD)     , which is responsible for the binding of the receptor 
to glucocorticoids and contains sequences important for the translocation of the 
protein from the cytoplasm to the nucleus following activation, as well as amino 
acids that mediate the interaction of the receptor with coactivators in a ligand- 
dependent fashion [ 4 ,  5 ,  16 ]. 

 At the target cell, the  glucocorticoid signaling pathway   is activated upon the 
binding of the receptor to synthetic and/or natural glucocorticoids, which causes the 
appropriate conformational changes to the protein, enabling the receptor to dissoci-
ate from chaperon  heat shock proteins (HSPs)      and immunophilins, and to translo-
cate into the nucleus [ 4 ,  5 ,  16 ]. Within the nucleus, the activated receptor forms 
homo- or heterodimers and binds to the specifi c glucocorticoid response elements 
( GREs)   within the promoter sequences of target genes, thereby inducing or repress-
ing the transcription of the latter. Furthermore, the ligand-bound hGRα can modu-
late gene expression independently of DNA  binding   by physically interacting with 
other fundamental transcription factors, such as the  activator protein-1 (AP-1),      
nuclear factor-kB (NF-kB), and  signal transducers and activators of transcription 
(STATs)      [ 4 ,  5 ,  16 ]. 

 Patients with Chrousos syndrome usually harbor a point mutation, insertion or 
deletion in the  NR3C1  gene, which generally results in a defective glucocorticoid 
receptor and impaired glucocorticoid signal transduction, leading to reduced tissue 
sensitivity to glucocorticoids. The majority of the reported mutations are located in 
the  LBD   (Fig.  1 ), leading to a broad spectrum of clinical manifestations [ 17 ,  19 ,  20 , 
 29 – 44 ]. The fi rst identifi ed  NR3C1  gene mutation was an adenine to thymine sub-
stitution at nucleotide position 1922, which resulted in substitution of aspartic acid 
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to valine at amino acid residue 641 at the LBD [ 17 ]. Within the last four decades, 
the tremendous progress of molecular and structural biology has provided us with 
the appropriate methods to study in depth the molecular mechanisms of action of 
the mutant glucocorticoid receptors.

       From the Bedside to the Bench: Molecular and Structural 
Biology of Chrousos Syndrome 

 We and others have thoroughly investigated the molecular  mechanisms   of action of 
the defective natural hGRs [ 17 ,  19 ,  20 ,  29 – 44 ]. We systematically investigated: (1) 
the transcriptional activity of the mutant receptors through reporter assays; (2) the 
protein expression via Western blotting; (3) the ability of the mutant receptors to 
exert a dominant negative effect upon the hGRα-mediated transcriptional activity 
using reporter assays; (4) the ability of the mutant receptors to transrepress the 
NF-kB signaling pathway using reporter assays; (5) the affi nity of the mutant recep-
tors for the ligand through dexamethasone-binding assays; (6) the subcellular local-
ization of the mutant receptors and the time required to translocate from the 
cytoplasm to nucleus following exposure to the ligand using green fl uorescent pro-
tein (GFP)-fused plasmids; (7) the ability of the mutant receptors to bind to GREs 
via in vitro binding assays; (8) the interaction of the mutant receptors with the glu-
cocorticoid receptor-interacting protein 1 (GRIP1) coactivator using Glutathione-S- 
Transferase (GST) pull-down assays; and (9) the conformational change of the 
mutant receptor that causes glucocorticoid resistance by structural biology studies. 
The molecular defects of the mutant receptors that have been identifi ed in patients 
with Chrousos syndrome are presented in Table  2  [ 17 ,  19 ,  20 ,  29 – 44 ]. 

1922A>T
D641V

2185G>A
V729I

1676T>A
I559N

2241T>G
I747M

delA
Splice

1712T>C
V571A

2035G>A
G679S

1430G>A
R477H

2318T>C
L773P

2141G>A
R714Q

2bp del
2318, 2319

2209T>G
F737L

1667C>T
T556I

1268T>C
V423A

1724T>G
V575G

1 2 3 4 5 6 7 8 9α 9β

2177A>G
H726R

  Fig. 1    Schematic representation of the known mutations of the   NR3C1  gene   causing Chrousos 
syndrome. Mutations in the upper panel are located in the LBD of the receptor, while the V423A 
and R477H mutations are located in the DBD of the receptor       
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 We have recently identifi ed a novel point mutation in the  NR3C1  gene associated 
with Chrousos syndrome in a patient that presented with hirsutism, acne, alopecia, 
anxiety, fatigue, and irregular menstrual cycles, but no clinical manifestations sugges-
tive of Cushing’s syndrome [ 44 ]. The patient harbored a novel A>G transition at 
nucleotide position 2177, which resulted in histidine (H) to arginine (R) substitution 
at amino acid position 726 of the receptor [ 44 ]. Following identifi cation, we applied 
the abovementioned methods in an attempt to investigate how the mutant receptor 
hGRαH726R caused glucocorticoid resistance. Compared with the wild-type recep-
tor, the hGRαH726R displayed reduced ability to transactivate target genes and to 
transrepress the NF-kB signaling pathway, had 55 % lower affi nity for the ligand and 
a fourfold delay in cytoplasmic-to-nuclear translocation, and interacted with the 
GRIP1 coactivator mostly through its activation function-1 domain [ 44 ] (Fig.  2 ). 

CRH/AVP

ACTH

Cortisol

WT
FKBPHSPs

HSPs

WT

GRIP1 GRIP1

WT WT p50p65

WT

 ↑CRH/AVP
Anxiety

↑ ACTH

H726R
FKBP

HSPs

HSPs

H726R

GRIP1 GRIP1

H726R p50p65

H726R

Deoxycorticosterone
Corticosterone

Androgens

↑ Cortisol
Fatigue

Deoxycorticosterone
Corticosterone

↑ Androgens
Hirsutism, Acne
Irregular menstrual 
cycles

H726R

  Fig. 2    Molecular mechanisms of action of the  mutant receptor hGRαH726R   causing Chrousos 
syndrome. Both the wild-type hGRα and the mutant receptor hGRαH726R reside in the cytoplasm 
in the absence of ligand by forming a heterocomplex with heat shock proteins (HSPs) and FKBP51 
(FKBP). Upon ligand binding, the wild-type hGRα dissociates from the heterocomplex and trans-
locates into the nucleus, while this process of the mutant hGRαH726R is signifi cantly delayed due 
to decreased ligand binding and/or impaired nuclear translocation. The wild-type hGRα induces or 
represses the transcriptional activity of glucocorticoid target genes by attracting to GREs several 
coactivators including the glucocorticoid receptor-interacting protein 1 (GRIP1), or by interacting 
with other transcription factors, such as the NF-kB. On the other hand, the mutant receptor 
hGRαH726R has impaired interaction with the GRIP1, and displays reduced ability to transacti-
vate glucocorticoid-responsive genes and to transrepress the NF-kB signaling pathway. FKBP: 
immunophilins; GRIP1: glucocorticoid receptor-interacting protein 1; H726R: human glucocorti-
coid receptor H726R; HSP: heat shock proteins; p65: transcription factor p65; p50: transcription 
factor p50; WT: wild-type human glucocorticoid receptor       
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   Finally, structural biology studies showed that the H726R mutation revealed a signifi -
cant structural shift in the rigidity of helix 10 of the receptor, which caused reduced 
fl exibility and decreased affi nity of the mutant receptor for the ligand [ 44 ]    (Table  2 ).

        Diagnostic Approach 

 The diagnostic approach to subjects suspected to have Chrousos syndrome consists 
of a detailed  personal and family history   [ 9 – 11 ,  13 – 16 ]. Particular emphasis should 
be given to any symptoms indicating alterations in HPA axis activity. Therefore, 
headaches, seizures, or visual impairment should be carefully evaluated. Moreover, 
the regularity of menstrual cycles in women should be documented. Furthermore, 
growth, development, and sexual maturation should be evaluated in detail in chil-
dren suspected to have Chrousos syndrome. On clinical examination, physicians 
should pay particular attention to signs suggestive of mineralocorticoid  and/or 
androgen excess   [ 9 – 11 ,  13 – 16 ]. 

 The endocrinologic evaluation of  patients   suspected to have Chrousos syndrome 
consists of measurement of the 08:00 h concentrations of serum cortisol, plasma 
ACTH, plasma renin activity (recumbent), serum aldosterone, androgens (testoster-
one, androstenedione, DHEA, DHEAS), total cholesterol, HDL, LDL, triglycerides, 
and fasting glucose and insulin [ 9 – 11 ,  13 – 16 ]. Affected subjects have increased 
morning serum cortisol concentrations and elevated 24-h urinary free  cortisol   (UFC) 
excretion without any symptoms or signs of hypercortisolism; therefore, the 24-h 
UFC excretion should be determined on 2 or 3 consecutive days to enable accurate 
diagnosis of the syndrome [ 9 – 11 ,  13 – 16 ]. Interestingly, there is a high variation in 
the increased 24-h UFC excretion and the elevated serum cortisol concentrations 
among patients with Chrousos syndrome due to the different degree of impairment 
of glucocorticoid signal transduction. More specifi cally,  serum cortisol concentra-
tions   and 24-h UFC excretion may be, respectively, up to 7- and 50-fold higher 
compared with the highest value of their normal range. On the other hand, morning 
plasma ACTH concentrations may be normal or high, whereas the circadian pattern 
of both ACTH and cortisol secretion and their responsiveness to stressors are main-
tained, albeit at higher concentrations than normal [ 9 – 11 ,  13 – 16 ]. 

 To evaluate the responsiveness of the HPA axis to exogenously administered glu-
cocorticoids, subjects suspected to have Chrousos syndrome should undergo a  dexa-
methasone suppression test   [ 9 – 11 ,  13 – 16 ].  Dexamethasone   should be given  per os  at 
midnight every other day at progressively increasing doses of 0.3, 0.6, 1.0, 1.5, 2.0, 
2.5, and 3.0 mg, and serum cortisol concentrations should be determined the follow-
ing morning. To avoid any nonadherence to the treatment, or to exclude the possibil-
ity of increased metabolic clearance or reduced absorption of the administered 
medication, dexamethasone concentrations should also be measured at the same time 
[ 16 ]. Patients with Chrousos syndrome generally display resistance of the HPA axis 
to dexamethasone suppression with high variation that depends on the severity of the 
pathologic condition. Therefore, dexamethasone should be given to subjects suspected 
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to have Chrousos syndrome in a dose up to 7.5-fold higher compared with that 
required to achieve suppression of serum cortisol concentrations by 50 % in normal 
subjects [ 16 ]. 

 There are two  in vitro methods   that allow us to confi rm the diagnosis of Chrousos 
syndrome: dexamethasone-binding assays and thymidine incorporation assays, both on 
peripheral leukocytes obtained by the patient and a matched-control subject [ 9 – 11 ,  13 –
 16 ]. In dexamethasone-binding assays, the defective glucocorticoid receptor has lower 
affi nity for the ligand compared to that of the control subject. In thymidine incorporation 
assays, the patient shows resistance to dexamethasone- induced suppression of phytohe-
magglutinin-stimulated thymidine incorporation, compared with the control subject. 
Finally, to identify any mutations, if present, the coding region of the  NR3C1  gene, 
including the junctions between introns and exons, must be sequenced [ 9 – 11 ,  13 – 16 ].  

     Therapeutic Management   

 Patients with Chrousos syndrome should be treated with high doses of mineralocorticoid- 
sparing synthetic glucocorticoids, such as dexamethasone (1–3 mg given once daily) to 
reduce the excess secretion of ACTH, which triggers the high production of mineralo-
corticoids and/or adrenal androgens [ 9 – 11 ,  13 – 16 ]. It is particularly important that the 
dose of dexamethasone be carefully titrated based on the severity of clinical manifesta-
tions and biochemical profi le of the patients, given that the HPA axis should be ade-
quately suppressed to avoid the development of ACTH-secreting adenomas secondary 
to long-standing ACTH hypersecretion, as this was the case with the patient carry-
ing the hGRαI559N mutation [ 29 ]. Treatment with high doses of mineralocorticoid-
 sparing synthetic glucocorticoids   ameliorates the clinical manifestations of the 
condition and normalizes the concentrations of plasma ACTH and serum androgens 
[ 9 – 11 ,  13 – 16 ].  

    Concluding Remarks and Future Directions 

 Many clinical cases of Chrousos syndrome remain unrecognized for a long time, 
because of the variable clinical manifestations of the syndrome and the diffi culty in 
establishing the diagnosis. Therefore, we recommend determination of the 24-h 
UFC excretion followed by sequencing of the   NR3C1  gene   in patients with hyper-
androgenism and/or hypertension of unknown origin. Once the diagnosis is estab-
lished, patients should be treated with high doses of dexamethasone that should be 
carefully titrated to adequately suppress the excess ACTH secretion and to effec-
tively achieve the minimum glucocorticoid side effects. 

 Although most cases of Chrousos syndrome have been attributed to point muta-
tions, insertions or deletions in the  NR3C1  gene, sequencing analysis does not 
always reveal these defects in the gene encoding the human glucocorticoid receptor, 
suggesting that other molecules (e.g., HSPs, immunophilins) might contribute to the 
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impaired glucocorticoid signal transduction. In the era of next-generation sequenc-
ing, when Chrousos syndrome is suspected, we suggest the sequencing of at least a 
panel of genes that express proteins participating in the glucocorticoid signaling 
system. Undoubtedly, the application of whole-exome sequencing will uncover 
numerous other unknown genes expressing hGR protein partners  or   cofactors.     

   References 

     1.    Chrousos GP. Stress and disorders of the stress system. Nat Rev Endocrinol. 2009;5:374–81.  
   2.    Chrousos GP, Gold PW. The concepts of stress and stress system disorders: overview of physi-

cal and behavioral homeostasis. JAMA. 1992;267:1244–52.  
   3.    Kontopoulou TD, Marketos SG. Homeostasis. The ancient Greek origin of a modern scientifi c 

principle. Hormones. 2002;1:124–5.  
          4.    Nicolaides NC, Kyratzi E, Lamprokostopoulou A, Chrousos GP, Charmandari E. Stress, the 

stress system and the role of glucocorticoids. Neuroimmunomodulation. 2015;22:6–19.  
         5.    Nicolaides NC, Galata Z, Kino T, Chrousos GP, Charmandari E. The human glucocorticoid 

receptor: Molecular basis of biologic function. Steroids. 2010;75:1–12.  
    6.    Nicolaides NC, Charmandari E, Chrousos GP. The hypothalamic-pituitary-adrenal axis in 

human health and disease. In: Cokkinos DV, editor. Introduction in translational cardiovascular 
research. Cham: Springer; 2015. p. 91–107.  

    7.    Charmandari E, Nicolaides NC, Chrousos GP. Adrenal insuffi ciency. Lancet. 2014;383:
2152–67.  

    8.    Quax RA, Manenschijn L, Koper JW, Hazes JM, Lamberts SW, van Rossum EF, Feelders 
RA. Glucocorticoid sensitivity in health and disease. Nat Rev Endocrinol. 2013;9:670–86.  

                    9.    Charmandari E. Primary generalized glucocorticoid resistance and hypersensitivity. Horm Res 
Paediatr. 2011;76:145–55.  

   10.    Charmandari E. Primary generalized glucocorticoid resistance and hypersensitivity: the end- 
organ involvement in the stress response. Sci Signal. 2012;5:pt5.  

             11.    Charmandari E, Kino T, Chrousos GP. Primary generalized familial and sporadic glucocorti-
coid resistance (Chrousos syndrome) and hypersensitivity. Endocr Dev. 2013;24:67–85.  

    12.    Nicolaides NC, Charmandari E, Chrousos GP, Kino T. Recent advances in the molecular 
mechanisms determining tissue sensitivity to glucocorticoids: novel mutations, circadian 
rhythm and ligand-induced repression of the human glucocorticoid receptor. BMC Endocr 
Disord. 2014;14:71.  

              13.    Charmandari E, Kino T. Chrousos syndrome: a seminal report, a phylogenetic enigma and the 
clinical implications of glucocorticoid signaling changes. Eur J Clin Invest. 2010;40:932–42.  

    14.    Charmandari E, Kino T, Ichijo T, Chrousos GP. Generalized glucocorticoid resistance: clinical 
aspects, molecular mechanisms, and implications of a rare genetic disorder. J Clin Endocrinol 
Metab. 2008;93:1563–72.  

    15.    Chrousos G. Q&A: primary generalized glucocorticoid resistance. BMC Med. 2011;9:27.  
                             16.    Nicolaides NC, Charmandari E. Chrousos syndrome: from molecular pathogenesis to thera-

peutic management. Eur J Clin Invest. 2015;45:504–14.  
         17.    Chrousos GP, Vingerhoeds A, Brandon D, Eil C, Pugeat M, DeVroede M, Loriaux DL, Lipsett 

MB. Primary cortisol resistance in man. A glucocorticoid receptor-mediated disease. J Clin 
Invest. 1982;69:1261–9.  

    18.    Chrousos GP, Detera-Wadleigh SD, Karl M. Syndromes of glucocorticoid resistance. Ann 
Intern Med. 1993;119:1113–24.  

        19.    Nader N, Bachrach BE, Hurt DE, Gajula S, Pittman A, Lescher R, Kino T. A novel point muta-
tion in the helix 10 of the human glucocorticoid receptor causes generalized glucocorticoid 
resistance by disrupting the structure of the ligand-binding domain. J Clin Endocrinol Metab. 
2010;95:2281–5.  

Primary Generalized Glucocorticoid Resistance or Chrousos Syndrome



268

        20.    McMahon SK, Pretorius CJ, Ungerer JP, Salmon NJ, Conwell LS, Pearen MA, Batch 
JA. Neonatal complete generalized glucocorticoid resistance and growth hormone defi ciency 
caused by a novel homozygous mutation in Helix 12 of the ligand binding domain of the glu-
cocorticoid receptor gene (NR3C1). J Clin Endocrinol Metab. 2010;95:297–302.  

    21.    Zhou J, Cidlowski JA. The human glucocorticoid receptor: one gene, multiple proteins and 
diverse responses. Steroids. 2005;70:407–17.  

    22.    Bamberger CM, Bamberger AM, de Castro M, Chrousos GP. Glucocorticoid receptor β, a 
potential endogenous inhibitor of glucocorticoid action in humans. J Clin Invest. 1995;95:
2435–41.  

    23.    Charmandari E, Chrousos GP, Ichijo T, Bhattacharyya N, Vottero A, Souvatzoglou E, Kino 
T. The human glucocorticoid receptor (hGR) β isoform suppresses the transcriptional activity 
of hGRα by interfering with formation of active coactivator complexes. Mol Endocrinol. 
2005;19:52–64.  

   24.    Yudt MR, Jewell CM, Bienstock RJ, Cidlowski JA. Molecular origins for the dominant nega-
tive function of human glucocorticoid receptor β. Mol Cell Biol. 2003;23:4319–30.  

   25.    Kino T, Manoli I, Kelkar S, Wang Y, Su YA, Chrousos GP. Glucocorticoid receptor (GR) beta 
has intrinsic, GRalpha-independent transcriptional activity. Biochem Biophys Res Commun. 
2009;381:671–5.  

    26.    Kino T, Su YA, Chrousos GP. Human glucocorticoid receptor isoform beta: recent understand-
ing of its potential implications in physiology and pathophysiology. Cell Mol Life Sci. 
2009;66:3435–48.  

    27.    Oakley RH, Cidlowski JA. Cellular processing of the glucocorticoid receptor gene and 
protein: new mechanisms for generating tissue-specifi c actions of glucocorticoids. J Biol 
Chem. 2011;286:3177–84.  

    28.    Lu NZ, Cidlowski JA. Translational regulatory mechanisms generate N-terminal glucocorti-
coid receptor isoforms with unique transcriptional target genes. Mol Cell. 2005;18:331–42.  

        29.    Karl M, Lamberts SW, Koper JW, Katz DA, Huizenga NE, Kino T, Haddad BR, Hughes MR, 
Chrousos GP. Cushing’s disease preceded by generalized glucocorticoid resistance: clinical 
consequences of a novel, dominant-negative glucocorticoid receptor mutation. Proc Assoc Am 
Physicians. 1996;108:296–307.  

    30.    Hurley DM, Accili D, Stratakis CA, Karl M, Vamvakopoulos N, Rorer E, Constantine K, 
Taylor SI, Chrousos GP. Point mutation causing a single amino acid substitution in the hor-
mone binding domain of the glucocorticoid receptor in familial glucocorticoid resistance. 
J Clin Invest. 1991;87:680–6.  

    31.    Karl M, Lamberts SW, Detera-Wadleigh SD, Encio IJ, Stratakis CA, Hurley DM, Accili D, 
Chrousos GP. Familial glucocorticoid resistance caused by a splice site deletion in the human 
glucocorticoid receptor gene. J Clin Endocrinol Metab. 1993;76:683–9.  

    32.    Malchoff DM, Brufsky A, Reardon G, McDermott P, Javier EC, Bergh CH, Rowe D, Malchoff 
CD. A mutation of the glucocorticoid receptor in primary cortisol resistance. J Clin Invest. 
1993;91:1918–25.  

    33.    Kino T, Stauber RH, Resau JH, Pavlakis GN, Chrousos GP. Pathologic human GR mutant has 
a transdominant negative effect on the wild-type GR by inhibiting its translocation into the 
nucleus: importance of the ligand-binding domain for intracellular GR traffi cking. J Clin 
Endocrinol Metab. 2001;86:5600–8.  

     34.    Ruiz M, Lind U, Gafvels M, Eggertsen G, Carlstedt-Duke J, Nilsson L, Holtmann M, Stierna P, 
Wikstrom AC, Werner S. Characterization of two novel mutations in the glucocorticoid receptor 
gene in patients with primary cortisol resistance. Clin Endocrinol (Oxf). 2001;55:363–71.  

    35.    Mendonca BB, Leite MV, de Castro M, Kino T, Elias LL, Bachega TA, Arnhold IJ, Chrousos 
GP, Latronico AC. Female pseudohermaphroditism caused by a novel homozygous missense 
mutation of the GR gene. J Clin Endocrinol Metab. 2002;87:1805–9.  

    36.    Vottero A, Kino T, Combe H, Lecomte P, Chrousos GP. A novel, C-terminal dominant negative 
mutation of the GR causes familial glucocorticoid resistance through abnormal interactions 
with p160 steroid receptor coactivators. J Clin Endocrinol Metab. 2002;87:2658–67.  

N.C. Nicolaides et al.



269

        37.    Charmandari E, Kino T, Vottero A, Souvatzoglou E, Bhattacharyya N, Chrousos GP. Natural 
glucocorticoid receptor mutants causing generalized glucocorticoid resistance: Molecular 
genotype, genetic transmission and clinical phenotype. J Clin Endocrinol Metab. 
2004;89:1939–49.  

    38.    Charmandari E, Raji A, Kino T, Ichijo T, Tiulpakov A, Zachman K, Chrousos GP. A novel 
point mutation in the ligand-binding domain (LBD) of the human glucocorticoid receptor 
(hGR) causing generalized glucocorticoid resistance: the importance of the C terminus of hGR 
LBD in conferring transactivational activity. J Clin Endocrinol Metab. 2005;90:3696–705.  

     39.    Charmandari E, Kino T, Ichijo T, Zachman K, Alatsatianos A, Chrousos GP. Functional char-
acterization of the natural human glucocorticoid receptor (hGR) mutants hGRαR477H and 
hGRαG679S associated with generalized glucocorticoid resistance. J Clin Endocrinol Metab. 
2006;91:1535–43.  

    40.    Charmandari E, Kino T, Ichijo T, Jubiz W, Mejia L, Zachman K, Chrousos GP. A novel point 
mutation in helix 11 of the ligand-binding domain of the human glucocorticoid receptor gene 
causing generalized glucocorticoid resistance. J Clin Endocrinol Metab. 2007;92:3986–90.  

    41.    Zhu HJ, Dai YF, Wang O, Li M, Lu L, Zhao WG, Xing XP, Pan H, Li NS, Gong FY. Generalized 
glucocorticoid resistance accompanied with an adrenocortical adenoma and caused by a novel 
point mutation of human glucocorticoid receptor gene. Chin Med J (Engl). 2011;124:551–5.  

    42.    Roberts ML, Kino T, Nicolaides NC, Hurt DE, Katsantoni E, Sertedaki A, Komianou F, 
Kassiou K, Chrousos GP, Charmandari E. A novel point mutation in the DNA-binding domain 
(DBD) of the human glucocorticoid receptor causes primary generalized glucocorticoid resis-
tance by disrupting the hydrophobic structure of its DBD. J Clin Endocrinol Metab. 
2013;98:E790–5.  

    43.    Nicolaides NC, Roberts ML, Kino T, Braatvedt G, Hurt DE, Katsantoni E, Sertedaki A, 
Chrousos GP, Charmandari E. A novel point mutation of the human glucocorticoid receptor 
gene causes primary generalized glucocorticoid resistance through impaired interaction with 
the LXXLL motif of the p160 coactivators: dissociation of the transactivating and transrep-
pressive activities. J Clin Endocrinol Metab. 2014;99:E902–7.  

           44.    Nicolaides NC, Geer EB, Vlachakis D, Roberts ML, Psarra AM, Moutsatsou P, Sertedaki A, 
Kossida S, Charmandari E. A novel mutation of the hGR gene causing chrousos syndrome. Eur 
J Clin Invest. 2015;45:782–91.    

Primary Generalized Glucocorticoid Resistance or Chrousos Syndrome



271© Springer International Publishing Switzerland 2017 
E.B. Geer (ed.), The Hypothalamic-Pituitary-Adrenal Axis in Health 
and Disease, DOI 10.1007/978-3-319-45950-9_14

      Cortisol Metabolism as a Regulator 
of the Tissue-Specifi c Glucocorticoid Action                     

     Emilia     Sbardella     and     Jeremy     W.     Tomlinson     

    Abstract     Glucocorticoids have a diverse array of functions affecting almost all tis-
sues in the body. While circulating cortisol levels are under the control of the hypo-
thalamo–pituitary–adrenal axis, within individual organs and tissues, a series of 
enzymes is able to metabolize, either inactivating or reactivating glucocorticoids to 
control their availability to bind and activate the glucocorticoid receptor. The most 
studied of these enzymes are the 11β-hydroxysteroid dehydrogenases (type 1 and 
type 2) and the A-ring reductases (5α-reductase type 1 and 2 and 5β-reductase). 
11β-Hydroxysteroid dehydrogenase type 1 regenerates active glucocorticoid (corti-
sol) from inactive cortisone and thus amplifi es local glucocorticoid action. In con-
trast, 11β-hydroxysteroid dehydrogenase type 2 and the A-ring reductases clear and 
inactivate glucocorticoids. All have tissue-specifi c patterns of expression and regu-
lation and have been implicated in the pathogenesis of many diseases that are dis-
cussed as part of this chapter. In addition, 11β-hydroxysteroid dehydrogenases type 
1 represents a novel therapeutic target and selective inhibitors that decease tissue- 
specifi c glucocorticoid levels have reached phase II clinical trials. The prereceptor 
regulation of glucocorticoid action is therefore not only of fundamental physiologi-
cal and pathological importance, but continues to represent an area of intense scien-
tifi c and therapeutic interest.  
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      Introduction 

 Glucocorticoids (GC) have a diverse array of functions in almost all tissues of the 
body and are crucial regulators of  fundamental physiological processes   that include 
glucose and amino acid metabolism, infl ammation, and immunity [ 1 ]. Classical GC 
action is dependent upon binding of ligand to the glucocorticoid receptor (GR), dis-
sociation from its associated heat shock protein and other chaperones, translocation 
from the cytosol to the nucleus, dimerization, and subsequent regulation of gene 
 transcription   (Fig.  1 ). Since their discovery in the 1940s by Kendall and Hench, GCs 
are now one of the most commonly prescribed class of therapeutic agents for condi-
tions including rheumatoid arthritis, and asthma and are a fundamental component of 
antirejection medication regimes in  organ transplant recipients  .

   Circulating GC levels are tightly controlled by the hypothalamo–pituitary–adrenal 
(HPA)  axis  , which regulates secretion from the adrenal glands via a classical negative 
feedback loop. Healthy adults secrete 10–15 mg cortisol/day [ 2 ] and the majority is 
bound to cortisol-binding globulin (CBG). Estimates suggest that only 5 % of circulat-
ing cortisol is “free” and biologically active [ 3 ,  4 ]. The half-life of free cortisol is brief 
(only a few minutes) whereas protein-bound cortisol has a much longer half-life 
between 70 and 120 min [ 4 – 6 ]. Importantly the biological availability of GCs repre-
sents a balance between synthesis/secretion and metabolism/clearance. 

 Within GC target tissues, there is an added layer of complexity to the regulation 
of GC action. Cortisol delivered from the circulation into cells can be subjected to a 
series of metabolic pathways which are able to modify the access of the active 
ligand, cortisol, to the GR, the so-called  prereceptor regulation      (Fig.  1 ). 

 Once inside the cell, a series of enzymes are able to metabolize cortisol and these 
include the 11β-hydroxysteroid dehydrogenases (11β-HSD1 and 2) and the A-ring 
reductases (5α-reductase type 1 [5αR1] and 2 [5αR2] and 5β-reductase). All have 
tissue-specifi c patterns of expression and all have been implicated in the pathogen-
esis of various conditions (Fig.  2 ).    Within this chapter we will describe the enzymes 
involved and summarize on a tissue-by-tissue basis the contribution of each enzyme 
system to the regulation of GC actions.

       11β-Hydroxysteroid Dehydrogenase 

    11β-Hydroxysteroid Dehydrogenase  Type 1   

 GCs were identifi ed more than 60 years ago and were heralded as a potentially curative 
treatment for many diseases [ 7 ]. Kendall et al. published the discovery of what they 
believed to be a treatment that could reverse rheumatoid arthritis in the 1950s [ 8 ]. 
They identifi ed Compound E, now recognized to be cortisone, an inactive GC 
metabolite that requires reactivation to cortisol (Compound F), to allow it to bind 
and activate the GR. It is now recognized that the enzyme responsible for the 
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conversion of cortisone to cortisol is  11β-HSD1 . The hydroxyl group at C11 is 
crucially important for cortisol to be active [ 9 ,  10 ].  11β-HSD1  is a member of the 
short-chain dehydrogenase/reductase (SDR)  superfamily   of enzymes which are 
NADP(H)-dependent enzymes, which have a fundamental role in the regulation of 
hormone signaling with in excess of 3000 family members [ 11 ]. 

  11β-HSD1  was purifi ed and cloned from rodent tissues in the 1980s [ 12 ,  13 ]. In 
humans the gene that encodes the protein,  HSD11B1  , is located on chromosome 1, is 
30 kb in length, and has 6 exons and 5 introns.  11β-HSD1  comprises 292 amino acids 
and shares 77 % homology with rat amino acid sequence [ 14 ]. Human  11β- HSD1  
was cloned in 2002, exists as a dimer, and is bound to the endoplasmic reticulum 
(ER) with its catalytic domain within the ER lumen [ 15 – 17 ]. 

 11β-HSD1 is a  bidirectional enzyme  , which in vivo acts primarily as an oxoreduc-
tase, converting inactive cortisone (11-dehydrocorticosterone in rodents) to active 
cortisol. The catalytic directionality of the enzyme is based on the position of 11β-
HSD1 within the ER lumen where it colocalizes with hexose-6-phosphate dehydro-
genase (H6PD). H6PD generates the reduced cosubstrate, NADPH. Thus, the ratio 
of NADPH/NADP confers directionality to 11β-HSD1 [ 18 ,  19 ]. Purifi ed 11β-HSD1, 
in the absence of H6PD, behaves principally as a dehydrogenase, oxidizing cortisol 
to cortisone. 

 The ontogeny of 11β-HSD1 has been studied mainly  in animal models   and is 
predominantly expressed in the postnatal period. While 11β-HSD1 is detectable in 
many tissues, there is a lack of activity in early gestation with reductase activity 
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only becoming apparent after delivery and rising steadily throughout infancy [ 20 –
 22 ]. In humans, 11β-HSD1 ontogeny is less well characterized with few published 
studies. Cortisone therapy is ineffective in treating congenital adrenal hyperplasia in 
early infancy most likely due to absent or signifi cantly reduced liver 11β-HSD1 
[ 23 ]. Both  reductase   and dehydrogenase activity have been demonstrated in fetal 
lung tissue [ 24 ]. 11β-HSD1 activity remains similar throughout childhood in both 
boys and girls [ 25 ]. At puberty, there is a reduction in 11β-HSD1 activity in women 
which continues into adult life. In adults, there is a well-described dimorphism in 
cortisol metabolism between men and women with an apparent reduction in 11β- HSD1 
activity in women [ 26 ,  27 ] although this is not consistent across all studies [ 28 ]. 

 11β-HSD1 is expressed in many  tissues   including liver, adipose tissue, gonads, 
GI tract, kidney, eye, anterior pituitary, leukocytes, and bone [ 20 ]. Expression is 
highest in liver, brain, gonads, and adipose tissue. Many factors regulate  expression 
and activity   of 11β-HSD1. In most studies, GCs, proinfl ammatory cytokines (TNFα, 
IL-1β) peroxisome proliferator-activated receptor γ agonists, and CCAAT/enhancer- 
binding proteins (CEBPs) increase expression and/or activity. In contrast, growth 
hormone (GH) and liver X receptor (LXR) agonists decrease expression [ 20 ]. 
Recently, salicylates have been shown to downregulate 11β-HSD1 expression in 
adipose tissue and improve insulin sensitivity [ 29 ]. The effects of sex steroids, insu-
lin, and other hormones are variable across tissues and between species. Estradiol 
has been shown to decrease 11β-HSD1 expression in rat liver and kidney, but testos-
terone was without effect [ 30 ]. 

 Genetic defects in both HSDB1 and H6PD have been described. Cortisone 
reductase defi ciency ( CRD        ) is caused by HSDB1 gene defects and  apparent corti-
sone reductase defi ciency (ACRD)      by mutations in H6PD. Both cause a reduction 
in tissue 11β-HSD1 activity with low urinary cortisol metabolites, signifi cantly 
elevated cortisone metabolites with a consequent compensatory increased HPA 
activity leading to hyperandrogenism, premature adrenarche, and PCOS in women, 
and precocious  puberty   in males [ 19 ,  31 – 35 ].  

    11β-Hydroxysteroid Dehydrogenase  Type 2   

 In 1993, an enzyme with exclusive 11β-HSD dehydrogenase activity was  identifi ed   
from both human placenta and rat kidney [ 36 ], and in 1994, Krozoski et al. isolated 
human 11β-HSD from human kidney that was identical to the dehydrogenase 
enzyme found in the placenta [ 37 ]. This second enzyme was found to be distinct 
from 11β-HSD1 and was called 11β-HSD2 and is also a member of the SDR 
family. 

 The human HSD11B2 gene is located on chromosome 16, has 5 exons and is 
only 6 kb in length [ 38 ]. Human 11β-HSD2 contains 405 amino acids with a molec-
ular weight of 44 kDa. It is also anchored to the ER and loses its dehydrogenase 
activity once dissociated from tissue membranes [ 37 ,  39 ]. 11β-HSD2 acts exclusively 
as a dehydrogenase across all species and has a Km for cortisol of 50–60 and 
10–13 nM for cortisone [ 40 ].  Mutations   in  HSD11B2   lead to the syndrome of 
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apparent mineralocorticoid excess (AME), a hereditary cause of life-threatening 
hypertension and hypokalemia, suppressed renin activity, and a metabolic alkalosis 
[ 41 – 45 ]. The underpinning mechanism relies upon the fact that cortisol is able to 
activate both the GR and mineralocorticoid receptor (MR) with equal affi nity. 
Circulating cortisol concentrations far exceed those of aldosterone, the natural 
ligand for the MR, and therefore to prevent cortisol activating the MR in  mineralo-
corticoid target tissues  , 11β-HSD2 inactivates cortisol (to cortisone) locally. The 
condition is characterized by an increased urinary ratio of cortisol to cortisone 
metabolites. It can be treated with the synthetic GC, dexamethasone, which lacks 
mineralocorticoid activity, but is able to suppress endogenous cortisol production. 
Functional inhibition of 11β-HSD2 activity within the kidney is also the mechanism 
underpinning liquorice-induced hypertension [ 46 ]. 

 11β-HSD2 is therefore expressed in  aldosterone sensitive tissues  , mainly in the 
distal nephron, colonic epithelium, salivary and sweat glands, and in the fetus and 
placenta during gestation. During gestation in humans and mammals, high levels of 
expression within the placenta protect the developing fetal tissues against excess 
GC exposure. Expression within the placenta steadily rises throughout gestation 
and declines two weeks prior to labor [ 22 ]. Altered or disrupted 11β-HSD2 activity, 
with subsequent excess intrauterine exposure to GC, has been implicated in “pro-
gramming” effects upon the developing fetus leading to low birth weight and life-
long physiological consequences such as increased cardiovascular, metabolic, and 
psychiatric complications [ 47 ]. 

 Unlike 11β-HSD1, there are considerable data published on the epigenetic infl u-
ence on 11β-HSD2 activity in humans and in rodent models [ 48 ].  HSD11B2   is 
susceptible to epigenetic infl uence, with methylation of the promoter region of par-
ticular interest. Increased methylation of this region has been inversely associated 
with 11β-HSD2 expression and has been linked with the development of hyperten-
sion, intrauterine growth retardation, reduced birth weight, and neurobehavioral 
movement disorders [ 49 ]. In rodent models, intrauterine growth retardation has 
been associated with increased methylation of  HSD11B2 gene promoter   with sub-
sequent repression of 11β-HSD2 expression in adult kidneys [ 50 ]. 

 Factors that increase 11β-HSD1 expression tend to reduce 11β-HSD2 and include 
 pro-infl ammatory cytokines   such as TNFα [ 51 ]. Estrogen increases 11β- HSD2 expres-
sion [ 30 ,  52 ]. Vasopressin has been shown to stimulate 11β-HSD2 [ 53 ]. Glucocorticoids 
downregulate 11β-HSD2 in fetal placenta and lung cells, but not fetal kidney [ 54 ,  55 ]. 
Hypoxia has also been shown to reduce 11β-HSD2 expression [ 56 ] whereas in colonic 
epithelium, aldosterone increases 11β-HSD2  expression   [ 57 ].   

    A-Ring-Reductases 

 The A-ring reductases are important regulators of  GC availability  . 5αR1 and 2 have an 
important dual role in the prereceptor regulation of steroid hormone availability. They 
inactivate cortisol to dihydrocortisol which is then subsequently converted to 
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tetrahydrocortisol through the activity of 3α-hydroxysteroid dehydrogenase (3α- HSD) 
and are therefore of crucial importance in local GC clearance. In addition to this role, 
5αRs are fundamentally important in the reduction of testosterone to the more potent 
androgen, dihydrotestosterone (DHT), and therefore sit at an importance interface that 
sets the balance at a cellular level between GC and androgen action. Apart from GC 
and androgens, 5αRs can also metabolize other steroid substrates including progester-
one and mineralocorticoids. 5αRs are microsomal enzymes and are NADPH  depen-
dent  . While three isoforms of 5αRs have been identifi ed to date [ 58 ,  59 ], with different 
biochemical properties and sensitivity to substrates, it is only type 1 and type 2 that 
appear to have a role in the regulation of steroid hormone availability. 

    5α-Reductase Type  1      

 The gene encoding 5αR1 (SRD5A1) lies on chromosomes 5 and has 5 exons and 4 
introns. It consists of 259 amino acids with a molecular weight of 29 kDa. It is 
expressed in both human and mouse liver and also in skin (nongenital) and adipose 
tissue [ 58 ]. Although testosterone is the most widely recognized substrate of this 
enzyme, progesterone has a lower  K  m  and therefore enzymatically may be the pre-
ferred substrate [ 60 ,  61 ]. To date, no mutations have been identifi ed in SRD5A1. 

 Dutasteride is a dual inhibitor of both isoforms, 5αR1 and 5αR2, reducing circu-
lating DHT by nearly 95 % compared to the baseline. MK-386 was reported to be a 
selective inhibitor of 5αR1 with 90 % effi ciency but this compound is neither com-
mercially available nor used in  clinical      practice [ 62 ].  

     5α-Reductase Type 2   

 The gene encoding 5αR2 (SRD5A2)    lies on chromosomes 2 and has 5 exons and 4 
introns. It has 254 amino acids with a molecular weight of 28 kDa and shares less 
than 50 % homology with 5αR1 [ 58 ,  63 ]. 5αR2 is expressed in human liver but not 
in mouse liver. 5αR2 is predominantly expressed in androgen-target organs such as 
prostate, epididymis, and seminal vesicles [ 58 ]. 

 Finasteride is a selective 5αR2 inhibitor, while 5αR1 has a low sensitivity to this 
inhibitor. In comparison with 5αR1, 5αR2 has much higher affi nity for androgen 
substrates such as testosterone. Many mutations and polymorphisms have been 
identifi ed throughout the coding and noncoding regions of SRD5A2 [ 64 ]. Since 
5αR2 converts testosterone to a more potent androgen (DHT), mutations in this 
enzyme lead to 46XY DSD (disorder of sex development) with consequent lack of 
virilization and poor development of the external genitalia. However, excessive 
androgen generation through the activity of 5αR2 has been implicated in conditions 
including polycystic ovary syndrome, breast cancer, and prostate cancer, as well as 
male  pattern      baldness [ 65 – 67 ].  
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    5β-Reductase 

 The gene encoding 5β-reductase (or AKR1D1)    is located on chromosome 7. 
5β-Reductase is also highly expressed in hepatocytes and its crystal structure has 
been determined [ 68 ]. AKR1D1 is able to metabolize both cortisol and cortisone, 
and following 3α-HSD activity, it generates 5β-tetrahydrocortisol (5β-THF) and 
5β-tetrahydrocortisone (5βTHE). While 5αRs reduce testosterone to the more 
potent 5α-DHT, 5β reductase generates 5β-DHT, which is inactive and thus limits 
androgen action locally. 5β-Reductase has a signifi cant role in clearing the majority 
of all C-19-C21 steroids and therefore disruption of its activity has the potential to 
impact upon clearance of GCs, mineralocorticoids, and sex steroids. It also has an 
important role in bile acid production. Mutations in the gene encoding 5β-reductase 
lead to bile acid defi ciency and form neonatal cholestatic liver disease which can 
progress to liver failure [ 69 ]. However,    spontaneous recovery and survival into adult 
hood is reported [ 70 ].   

    Tissue-Specifi c Cortisol Metabolism 

     Adipose Tissue      

 In metabolic disease, alterations in adipose 11β-HSD1 in rodent models are well 
described. Activity is increased in visceral adipose tissue of obese, compared to 
lean, Zucker, and Wistar/obese (WNIN/ob) rats, and diabetic (db/db) mice [ 71 ,  72 ]. 
Additionally, in obese WNIN/ob and db/db but not Zucker diabetic fatty (ZDF) 
animals, 11β-HSD1 activity was increased in the subcutaneous depot [ 73 ,  74 ]. 
Interestingly, in Wistar rats short-term, but not long-term, high fat diet decreased 
11β-HSD1 activity in subcutaneous and omental depots [ 75 ] suggesting an adaptive 
mechanism to protect against the short-term effects of high fat feeding. 

 11β-HSD1 knockout mice have an improved metabolic  phenotype   in comparison 
with wild-type littermates. They resist diet-induced obesity, have a more metaboli-
cally safe adipose distribution, gaining fat in the epididymal rather than the visceral 
depot, display improved glucose tolerance and insulin sensitivity, and have decreased 
circulating plasma fatty acids. Isolated adipocytes have increased insulin sensitivity 
[ 76 ,  77 ]. Transgenic mice overexpressing 11β- HSD1   specifi cally in adipocytes have 
a 15–30 % increase in adipose corticosterone (the predominant active GC in rodents) 
concentration and have increased food intake, and a small increase in subcutaneous 
and a dramatic increase in visceral adipose tissue mass [ 78 ]. These animals were 
also hypertensive, hyperglycemic, hyperinsulinemic, and glucose intolerant, with 
raised serum fatty acids and triglycerides [ 78 ,  79 ]. In a comparative study, a mouse 
overexpressing 11β-HSD2 in adipose tissue developed adipose tissue-specifi c GC 
defi ciency. These mice had reduced fat mass and were resistant to weight gain on a 
high fat diet. Unexpectedly, the reduction in fat mass was predominantly due to a 
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decrease in the subcutaneous depot, with a less dramatic upon visceral adipose. 
Globally, mice had improved glucose tolerance and insulin sensitivity; however, 
food intake was decreased and energy expenditure increased [ 80 ]. 

 High levels of 11β-HSD1, but not 11β-HSD2, are expressed in human adipose 
tissue [ 81 ] where it functions largely as an oxoreductase, generating active GC and 
being induced by GCs and pro-infl ammatory cytokines [ 82 – 84 ]. Whole tissue sub-
cutaneous and omental adipose tissue depot expression levels are similar; however, 
H6PD and GR are more highly expressed in omental adipose tissue [ 85 ]. 11β-HSD1 
expression is higher in omental compared  to   subcutaneous adipose stromal cells 
(contrasting with whole tissue expression data) and increases across  adipocyte   
differentiation [ 86 ]. 11β-HSD1 inhibition blocks cortisone-induced differentiation 
[ 86 ,  87 ] and regulates GC-induced lipid accumulation [ 88 ]. 

 Human expression studies have mainly focused on subcutaneous adipose tissue, 
and the majority of studies have shown that 11β-HSD1 expression and activity cor-
relate positively with BMI and insulin resistance [ 89 – 96 ]. A few studies have exam-
ined omental adipose, and overall data suggest increased expression in obesity [ 85 , 
 97 – 99 ]; however, this is not consistent across all studies [ 90 ,  100 ]. Stable isotope 
techniques have been used to demonstrate functional activity of 11β-HSD1 and 
while it is clear that adipose tissue is able to generate signifi cant amounts of active 
GC, there is little evidence to suggest that intra-abdominal adipose actively ‘exports’ 
this to distant tissues [ 101 ]; however, active GC generated within subcutaneous adi-
pose tissue can be exported to distant organs [ 101 ]. Importantly, in both intra- 
abdominal and subcutaneous depots there is shuttling between active and inactive 
GCs [ 102 ], thus altering the amount of locally derived GC, which in turn can have 
a potent impact upon adipose tissue biology. 

 11β-HSD2 expression has been described in human adipocytes although its true 
functional role has not been determined [ 103 ]. At a functional level, studies utiliz-
ing stable isotopes of cortisol that are able to distinguish oxoreductase versus dehy-
drogenase activity suggest that exclusive activity is the generation of cortisol within 
adipose tissue, as a result of 11β-HSD1 activity [ 104 ]. 

 5αR2 and 5β-reductase are not expressed in human adipose tissue; however, 5αR1 
is expressed at reasonably high levels [ 105 ] and has functional activity in rodents and 
humans [ 106 ,  107 ]. Its true role in the regulation of adipose tissue biology is  still 
   emerging  .  

     Liver      

 11β-HSD1 is expressed in rodent and human liver at high levels [ 14 ]. In rodent 
studies, hepatic 11β-HSD1 expression is decreased in some murine models of obe-
sity [ 71 ,  73 ]. However, in the diabetic db/db mouse, hepatic 11β-HSD1 and GR 
expression are increased [ 108 ]. Global 11β-HSD1KO mice are protected from diet-
induced hepatic steatosis [ 109 ] and, when fed a high fat diet, fasting glucose levels 
are signifi cantly lower compared to controls [ 76 ]. In order to explore the role of 
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hepatic 11β-HSD1 in global metabolic homeostasis, mouse models with liver-spe-
cifi c overexpression and knockdown have been developed. Transgenic mice over-
expressing 11β-HSD1 under the hepatocyte-specifi c apoE promoter are hypertensive, 
dyslipidemic, and develop hepatic steatosis due to increased triglyceride accumula-
tion and impaired lipid clearance. Interestingly, they do not develop steatohepatitis 
(NASH) and have only modest levels of insulin resistance when compared to adi-
pose tissue- specifi c 11β-HSD1 overexpression [ 110 ]. Liver-specifi c 11β-HSD1KO 
mice have a mild metabolic phenotype, with a slight improvement in glucose toler-
ance (without signifi cant improvement in insulin sensitivity) and no changes in 
hepatic lipid accumulation [ 111 ]. These data highlight the importance of extrahe-
patic 11β-HSD1 in regulating global and hepatic homeostasis. 

 In the human liver, 11β-HSD1 is localized  centripetally   with maximum expres-
sion around the central vein [ 112 ] and activity is exclusively oxoreductase [ 112 , 
 113 ] generating active GC. In obese patients, the expression of GR, 11β-HSD1, 
and H6PD were all increased in the livers of patients with metabolic disease and 
were associated with  disease   severity [ 114 ]. However, in patients with proven 
non-alcoholic fatty liver disease (NAFLD), the expression of these genes was not 
altered [ 115 ,  116 ]. It is possible that 11β-HSD1 is differently regulated across the 
progression from steatosis to NASH. In patients with steatosis, total cortisol 
metabolites are increased, consistent with increased cortisol production yet 
hepatic 11β-HSD1 activity is decreased. However, in patients with NASH, activ-
ity was increased compared to controls and this might refl ect the progression to a 
more infl ammatory phenotype rather than simple lipid accumulation [ 117 ]. In 
patients with simple obesity, heaptic 11ß-HSD1 activity (as measured by cortisol 
generation form oral cortisone) is reducted [ 94 ,  118 ] as this is likely to largely 
(although not-exclusively [ 111 ]) refl ect hepatic activity. However, stable isotope 
techniques have demonstrated preserved, rather than decreased, activity in patients 
with obesity and coexistent type 2 diabetes [ 119 ]. 11β-HSD2 is not expressed in 
the human liver. 

 There is an emerging role for the A-ring reductases in the prereceptor regulation 
of GC availability to modulate hepatic function. Rodent expression profi les differ 
from the human situation in that 5αR1 and not 5αR2 is expressed in rodent liver 
(both are expressed in humans). Rodent models have demonstrated that 5αR1 dele-
tion is associated with increased hepatic steatosis as well as increased risk of pro-
gression to fi brosis and scarring in models of liver injury [ 120 ,  121 ]. As expected 
the changes were not seen in 5αR2 knockout models consistent with the lack of 
expression of 5αR2 in the normal rodent liver. 5β-Reductase is expressed in the 
rodent liver, but with the exception of its role in bile acid synthesis its contribution 
to other conditions using rodent models has not  been   explored. 

 Clinical studies have consistently demonstrated an association between worsen-
ing metabolic phenotype and increased 5αR activity as assessed most commonly by 
urinary steroid hormone metabolites [ 122 – 126 ]. In addition, patients with polycys-
tic ovarian syndrome, which in itself is associated with insulin resistance and an 
adverse metabolic phenotype, have increased 5αR activity [ 125 ,  126 ]. Importantly, 
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following aggressive weight loss in clinical studies 5αR activity decreases [ 124 ]. 
5β-Reductase activity increases with hepatic lipid accumulation [ 127 ], but data on 
its role to regulate other aspects of metabolic pehnotype have not been explored.  

     Pancreatic Islet of Langerhans      

 There is continued debate about the localization and functional role of 11β-HSD1 in 
the pancreatic islet; studies have demonstrated colocalizations to the β-cell [ 169 ], 
while others have shown colocalization with glucagon in the periphery of murine 
and human islets, but not with insulin or stomatostatin, suggesting α- and not β-cell 
expression [ 128 ]. Several studies have demonstrated that pharmacological inhibi-
tion of 11β-HSD1 can regulate insulin secretion both in vitro [ 128 – 131 ] and in 
rodent models in vivo. Expression is increased in islets from obese ob/ob mice [ 129 ] 
and diabetic ZDF fa/fa rats, where 11β-HSD1 activity increased in proportion to 
hyperglycemia [ 132 ]. Prevention of hyperglycemia  and   hyperlipidemia by trogli-
tazone,  a   PPAR gamma agonist, blocked the increase in 11β-HSD1; however, 
expression in isolated prediabetic islets was not altered by incubation with high 
glucose or oleate/palmitate, indicating that this was not a nutritional effect [ 132 ]. 

 In a transgenic rodent model with β-cell-specifi c overexpression of 11β-HSD1, 
β-cell function was compromised with suppression of glucose-stimulated insulin 
secretion, but interestingly, in hemizygous mice fed there was reversal of β-cell fail-
ure on a high fat diet. This was thought to be due to an increased number and function 
of small islets, enhanced insulin secretion, and enhanced β-cell differentiation and 
survival. However, global 11β-HSD1 knockout mice have impaired β-cell function, 
with decreased glucose-stimulated insulin secretion [ 133 ]. Overall there remain 
many unanswered questions as to the role of 11β-HSD1 in the pancreatic islet and its 
true function is yet to be determined. 11β-HSD2 is expressed in whole islets although 
detailed localization and functional assessments have not been performed [ 134 ]. 
There are little if any data that have been published on the expression or activity of 
the A-ring reductase in the pancreatic islets. However, there does appear to be 
functional 5αR activity in fetal and  pancreatic    carcinoma   tissue [ 135 ].  

     Skeletal Muscle   

 The role of 11β-HSD1 in skeletal muscle has not been examined in detail and the 
relative amount and activity in comparison with liver and adipose tissue is low, but 
oxoreductase activity has been demonstrated in human muscle explants, human pri-
mary cultures, murine explants, and transformed cell lines [ 136 ,  137 ]. Importantly, 
there are indications that skeletal muscle 11β-HSD1 activity may have a role in 
metabolic disease. Activity is increased in the gastrocnemius muscle of a rodent 
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model of type 2 diabetes [ 138 ] and 11β-HSD1 inhibition increased skeletal muscle 
insulin receptor substrate 1 (IRS-1) mRNA expression and decreased expression of 
genes involved in lipid metabolism (lipolysis, lipogenesis, and lipid oxidation) 
[ 137 ]. Similar fi ndings have been identifi ed using human cell culture models [ 139 ], 
and in translational clinical studies, expression is increased in myotubes from obese 
type 2 diabetics, when compared to BMI-matched controls [ 140 ]. Increased expres-
sion is also associated with decreased grip strength with age [ 141 ,  142 ]. 

 11β-HSD2, 5αR2, and 5β-reductase are not expressed to any signifi cant level in 
skeletal muscle. 5αR1 however is expressed although its precise role is yet to be 
defi ned; however, inhibition of both 5αR1 and 2 using dutasteride was associated 
with decreased glucose disposal and this has been suggested to refl ect a specifi c role 
of 5αR1 within skeletal muscle [ 105 ].  

     Cardiovascular System      

 11β-HSD1 and 2 are expressed in blood vessel walls and heart; however, oxoreduc-
tase directionality (11β-HSD1) predominates in vascular smooth muscle [ 143 ,  144 ]. 
11β-HSD1 inhibition in apoE knockout mice achieved signifi cant reduction athero-
sclerotic load suggesting a role in plaque formation [ 145 ]. Carbenoxolone (a nonspe-
cifi c 11β-HSD1 and 2 inhibitor) treatment has been shown to reduce atherosclerosis 
in mice [ 146 ]. 11β-HSD1 in blood vessel epithelial cells may play a role in maintain-
ing an antiangiogenic tone in vivo. In obesity, rapidly expanding adipose tissue 
becomes hypoxic, and this may drive infl ammation, fi brosis, and insulin resistance. 
11β-HSD1 knockout mice have enhanced vascularization and oxygenation of adi-
pose tissue depots paralleled by increased expression of potent angiogenic factors 
including VEGF, apelin, and angiopoetin-like protein 4 [ 147 ]. Furthermore, 7 days 
after coronary artery ligation, 11ß-HSD1 knockout mice show increased vasculariza-
tion in the infarcted myocardium, associated with partial protection against myocar-
dial dysfunction [ 148 ]. 

 11β-HSD2 is expressed in vascular endothelium [ 143 ]. 11β-HSD2 knockout 
mice develop endothelial dysfunction [ 149 ]. Lack of 11β-HSD2 and MR activation 
is implicated in generation of severe atherosclerosis in mouse models [ 150 ]. 

 There is evidence linking 11β-HSD1 activity with atherosclerosis, and mediastinal 
adipose tissue 11β-HSD1 expression has been associated with coronary  atherosclerosis 
[ 151 ]. The same authors demonstrated increased 11β-HSD1 expression in aortas of 
obese patients with the metabolic syndrome [ 152 ]. 

 5αR1 is expressed in the vascular endothelium and smooth muscle. Most studies 
have evaluated its role in the context of functional inhibition or in the context of 
androgen administration. In rodent models, 5αR inhibition is associated with some 
endothelial damage and dysfunction [ 153 ], but currently data are lacking as to the 
contribution that cortisol clearance makes  to    these   observations.  
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     C  entral Nervous  System   

 11β-HSD1 is widely distributed in the adult brain, while 11β-HSD2 is only expressed 
at low levels. 11β-HSD1 is most highly expressed in the hippocampus, cortex, 
cerebellum, and anterior pituitary although expression is also found in the hypo-
thalamus, amygdala, and brain stem. Additionally, expression and activity have 
been demonstrated in the choroid plexus and arachnoid granulation tissue of the 
brain ventricular system [ 154 ], as well as in the ciliary epithelium and trabecular 
meshwork of the eye [ 155 ]. Although 11β-HSD1 appears to act predominantly as an 
oxoreductase in the central nervous system (CNS) [ 156 ], its cofactor generating 
enzyme, H6PDH, does not universally colocalize with 11β-HSD1 and this has 
raised the suggestion that provision of NADPH to 11β-HSD1 in the CNS may not 
be exclusively related to H6PD [ 157 ]. 

 A role for 11β-HSD1 in mediating memory loss and hippocampal atrophy is sup-
ported by data demonstrating that inhibition of 11β-HSD1 in cultured hippocampal 
cells reduced GC-induced neurotoxicity [ 156 ]. In aged mice and humans, 11β-HSD 
inhibition improves cognitive function, with similar results in aged 11β-HSD1KO 
mice [ 158 – 160 ]. However, in a recent study, selective 11β-HSD1 inhibition did not 
improve cognitive function in patients with Alzheimer’s disease [ 161 ]. 

 In the ocular ciliary epithelium, 11β-HSD1 regulates aqueous humor production 
through increased local cortisol generation [ 155 ]. In a proof-of-principle study, the 
nonspecifi c 11β-HSD inhibitor, carbenoxolone, decreased intraocular pressure in 
patients with ocular hypertension [ 162 ]. 

 Although the causal link is yet to be established,  idiopathic   intracranial hyperten-
sion (IHH) is associated with GC excess and also with simple obesity. In obese 
patients,    dysregulation of 11β-HSD1 in the choroid plexus and arachnoid granula-
tion tissue may be important in disease development. In obese subjects with IIH, 
global 11β-HSD1 activity decreases with weight loss and those with the greatest 
decrease in activity have the largest fall in intracranial pressure. In this study, weight 
loss was correlated inversely with CSF cortisone levels, suggesting decreased local 
11β-HSD1 activity [ 163 ]. While the published data do suggest a role for 11β- 
HSD1 in the pathogenesis of IIH, proof-of-concept studies need to be undertaken 
using selective inhibitors in this group of patients. 

 11β-HSD2 is expressed at low levels in adult human brain. However, 11β-HSD2 
is highly expressed in fetal (rat) brain [ 164 ] and has an important role in brain 
 development. In normal anterior pituitary tissue, 11β-HSD2 mRNA is detected, but 
immunofl uorescence has not been able to convincingly demonstrate protein expres-
sion. Interestingly, 11β-HSD2 expression is increased in ACTH-secreting cortico-
troph adenomas and therefore the consequent enhanced local inactivation of cortisol 
may explain, at last in part, their lack of response to circulating cortisol excess with 
resultant autonomous ACTH secretion [ 165 ]. 

 While there is no doubt that the 5α-reduced steroids can impact brain function 
[ 166 ], it remains unclear as to how much of this impact is reliant upon their actions 
upon GCs. Similarly, 5β-reductase is expressed widely within the brain and reports 
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have suggested that it is important for the local regulation of neuroactive steroid 
availability as well as potentially regulating extrahepatic bile acid synthesis  that 
  may function as neuroregulatory  signaling   molecules [ 167 ].  

     Infl ammation and Immunity      

 GCs in pharmacological doses are immunosuppressive and produce powerful anti- 
infl ammatory effects [ 168 ]. They achieve this by altering gene transcription and 
altering pro- and anti-infl ammatory mediators including cytokines and signaling 
pathways. 11β-HSD1 is believed to play a key role in local infl ammation and 
immune response to stimuli and allergens [ 169 ]. 

 11β-HSD1 expression increases during monocyte to macrophage differentia-
tion. In these cells expression is unaffected by pro-infl ammatory cytokines, but is 
increased by IL-4, IL-13 and LPS [ 170 ]. Expression also increases when mono-
cytes differentiate to dendritic cells under the infl uence of gm-CSF and IL-4. 
Activity is further increased by innate immune stimuli acting via toll-like receptors 
(TLRs), but is rapidly decreased by binding of the CD40 receptor, an adaptive 
immune stimulus [ 171 ]. Additionally, expression has been detected in murine CD4 
and CD8 positive lymphocytes, B cells, and dendritic cells. Expression in CD4 
positive lymphocytes increases with cellular activation or polarization into Th1 or 
Th2 cellular subsets [ 172 ]. 

 11β-HSD1 knockout mice have defects in macrophage phagocytosis of apoptotic 
neutrophils during peritoneal infl ammation [ 173 ]. In addition, they also display 
enhanced endotoxemia in response to LPS injection [ 174 ]. Furthermore, in models 
of joint infl ammation, peritonitis, and lung infl ammation, the infl ammatory response 
was greater, and resolution slower, in 11β-HSD1 knockout mice [ 175 ], an observa-
tion that has raised concerns  y  about  the   clinical use of selective 11β-HSD1 
inhibitors. 

 A limited number of studies have examined 11β-HSD1 in infl ammation in 
humans in vivo. 11β-HSD1 activity is increased in patients with rheumatoid arthritis 
[ 176 ] and mRNA and protein levels are higher in biopsies of colonic tissue obtained 
from patients with colitis compared to control patient samples [ 177 ]. Additionally, 
acute exacerbations of infl ammatory bowel disease are associated with a signifi cant 
increase in systemic 11β-HSD1 activity, most likely originating from the infl amed 
bowel [ 178 ]. Interestingly, patients in remission also have high systemic activity, 
suggesting that local GC production within infl amed tissues might be suffi cient to 
suppress the clinical features of infl ammation. Taken together, these studies impli-
cate 11β-HSD1 in having a role to limit the acute infl ammatory response. 

 The response of the 5αR isoforms to infl ammation is not fully defi ned. In a single 
study in patients with infl ammatory arthritis, 5αR activity increased with anti-TNFα 
treatment although this was paralleled by a decrease in 11β-HSD1 [ 179 ]. Any 
potential role for 5β-reductase has  noty    been   examined.  
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     Bone and Joint   

 Osteosarcoma cells only express 11β-HSD2 and this contrasts with primary osteo-
blasts which exclusively express 11β-HSD1 [ 180 ,  181 ]. Ex vivo assays using bone 
chips have shown bidirectional interconversion of cortisone and cortisol, with kinet-
ics suggesting 11β-HSD1 rather than 11β-HSD2 activity [ 182 ]. Although expres-
sion appears primarily localized to osteoblasts, some expression is also seen in 
osteoclasts in human adult bone. Expression of 11ß-HSD1 is regualted across osteo-
blast differentiation and cortisone treatment of cells in culture enahnces cellular 
differentiation [ 183 ]. Activity of 11β-HSD1 in osteoblasts is increased by both pro-
infl ammatory cytokines and glucocorticoids [ 184 ] in a synergistic fashion [ 185 ], 
mediated via the nuclear factor-kB (NF-kB) and p38 mitogen-activated protein 
kinases (MAPK) pathways. 

 In global 11β-HSD1 knockout mice there are no changes in commonly measured 
parameters of bone mass and geometry [ 186 ]; however, increased circulating levels 
of corticosterone in this model limit the signifi cance of these fi ndings. Additionally, 
the phenotype has only been examined in young mice and it is likely that any bone 
phenotype would be most evident in older animals. Interestingly, targeted overex-
pression of 11β-HSD2 within osteoblasts, resulting in cell specifi c GC defi ciency, 
causes subtle abnormalities of skeletal structure including reduced vertebral size 
and density and reduced cortical width [ 187 ]. 

 The presence of 11β-HSD1 in bone raises the possibility that its activity may 
predict clinical susceptibility to GC-induced osteoporosis. In healthy subjects, the 
ratio of urinary cortisol to cortisone metabolites predicts the response of bone for-
mation markers to prednisolone treatment [ 188 ]. 

 The role of 5α-reductase isoforms has begun to be explored in rodent models 
although not in humans at present. 5αR1 knockout mice have a sexually dimorphic 
phenotype with decreased bone mineral content and bone density in male mice with 
increased bone mass in female mice. The authors postulate that this refl ects local 
changes in androgen availability, but the contribution of alteration in tissue-specifi c 
GC concentrations was  not   assessed [ 189 ].  

     Skin and Salivary Glands      

 Cortisol metabolism within skin is rapidly becoming an area of interest and investiga-
tion. Skin has been shown to be an active site of cortisol production and metabolism 
[ 190 ,  191 ]. Excess skin exposure to GCs causes skin changes similar to the natural 
aging process including reduced elasticity, reduced collagen and fi broblast numbers, 
thinning of dermis, and epidermis and a reduction in the repair capacity of skin. 
Increased exposure to GCs has been postulated as a factor in age-related changes, 
infl ammatory, and autoimmunity changes seen in skin [ 192 ]. It has been postulated 
that skin changes seen over time are in part a result of 11β-HSD1 activity [ 190 ]. 
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 Both 11β-HSD1 and 2 are expressed in skin [ 190 ,  191 ,  193 ]. 11β-HSD2 is 
expressed in association with the mineralocorticoid receptor on sweat glands; how-
ever, its role (if any) within the dermis and epidermis is debated. In wound healing, 
11β-HSD2 expression has been shown to be induced 48 h after tissue injury with 
subsequent return to basal levels at 96 h [ 191 ]. This has been postulated to be a 
mechanism to reduce local cortisol excess following infl ammation. 

 11β-HSD1 is widely expressed in human and mouse dermis and epidermis [ 190 , 
 193 ,  194 ]. Upon differentiation of keratinocytes 11β- HSD1   expression increases 
[ 193 ], somewhat akin to the changes seen with preadipocyte differentiation [ 195 ]. 
Interestingly despite reducing levels of expression of 11β-HSD1 in elderly subjects, 
a paradoxical rise in 11β-HSD1 activity is seen with increasing age in both humans 
and mice [ 190 ]. This gives credence to the concept of age related skin atrophic 
changes being in part due to increased cortisol exposure  secondary   to increased 
11β-HSD1 activity. 

 11β-HSD1 has been shown to have a pivotal role in skin repair following injury 
and tissue remodeling [ 193 ,  196 ,  197 ]. In mice, 11β-HSD1 contributes to impaired 
wound healing. Blocking 11β-HSD1 enhances wound healing in mice and prevents 
age-induced skin changes [ 196 ]. These data suggest that local cortisol, generated by 
11β-HSD1, is critically important in wound healing and in aging skin changes. 
Inhibitors of 11β-HSD1 (topical or oral) may therefore have therapeutic potential. 

 As mineralocorticoid target tissues, both skin and salivary glands express 11β- 
HSD2. In the skin expression is mainly restricted to sweat glands [ 198 ]. 11β-HSD2 
is expressed in both parotid and submandibular glands [ 198 ,  199 ] and measuring 
salivary cortisone has been postulated a potential biomarker of serum-free cortisol 
[ 200 ]. In addition, reduced activity of 11β-HSD2 in sweat glands has also been 
linked with essential hypertension [ 201 ]. 

 The role of the A-ring reductases in skin has been extensively examined in the 
context of androgen generation and in particular its relationship to the development 
of hirsutism and the potential for local generation of DHT. Their role in cortisol 
metabolism  within   the skin has not  been   determined.  

     Kidney      

 11β-HSD2 is the predominant isoform in the human kidney, although 11β-HSD1 is 
expressed in the rodent kidney. The role of 11β-HSD2 in the kidney is to protect the 
MR from excess exposure to GC. 11β-HSD2 is widely expressed in distal nephrons 
[ 39 ]. Although the inherent enzyme ability of 11β-HSD2 to clear cortisol (convert-
ing it to cortisone) should not be enough, given concentrations and binding affi ni-
ties, in reality it protects the mineralocorticoid receptor from GC exposure [ 202 ]. 
Lack of 11β-HSD2 in kidney leads to life-threatening hypertension and hypokale-
mia. Reduced 11β-HSD2 activity, as measured by urinary steroid metabolites ratios, 
has been associated with essential hypertension in aging populations [ 203 ] as well 
as in those with underlying renal impairment [ 204 ,  205 ]. 
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 5αR1 is expressed and active in the kidney [ 206 ], but as with many tissues 
already described, there are not data in the published domain that have examined its 
functional signifi cance with regards to cortisol metabolism in the kidney. 5αR2 and 
5β-reductase are  not   expressed [ 206 ].  

     Colon      

 11β-HSD2 is expressed in colonic epithelium [ 207 ]. Expression is increased by 
aldosterone in rats [ 57 ]. In Infl ammatory bowel disease 11β-HSD2 expression is 
downregulated in both humans and rats [ 177 ]. This is accompanied by an increase 
in 11β-HSD1 expression and so is presumed to be an attempt to locally control GC 
exposure to infl amed tissue. This has been discussed in the section on immunity and 
infl ammation above. Zhang et al. showed that inhibiting 11β-HSD2 reduces colon 
carcinogenesis by inhibiting COX 2 pathways. The reduction in 11β-HSD2 blocked 
colorectal adenocarcinoma angiogenesis and metastasis [ 208 ]. There are currently 
no data with regards to the role of the A-ring reductase and GCs within the colon.   

    Pharmacological Targeting of Prereceptor GC Metabolism 

    11β-HSD1 Inhibition 

 While the clinical consequences of 11β-HSD2 inhibition (as exemplifi ed by 
liquorice consumption) are detrimental, over the last 10–15 years, there has been a 
signifi cant drive to develop selective 11β-HSD1 inhibitors based upon the premise 
that decreasing tissue-specifi c cortisol availability, notably in the context of meta-
bolic disease, is likely to have a benefi cial impact. 

 Carbenoxolone is a  nonselective 11β-HSD inhibitor  . In healthy individuals, it 
improves whole body insulin sensitivity [ 209 ], and in patients with type 2 diabetes, 
it decreases glucose production rates, principally through a reduction in glycoge-
nolysis with no apparent effect on gluconeogenesis. In addition, it decreases total 
circulating cholesterol levels [ 210 ]. Its benefi cial effects are modest, and while this 
is most likely to refl ect its nonselective action, questions have arisen as to its ability 
to access key metabolic target tissues, including adipose, although studies have 
shown therapeutic levels within adipose interstitial fl uid [ 96 ,  211 ]. Carbenoxolone 
has also been shown to impact upon  bone biology in vivo  . In a proof-of-principle 
study there were no changes in bone formation markers, but bone resorption 
decreased signifi cantly [ 182 ]. 

 Several phase II studies have now been published that have examined selective 
11β-HSD1 inhibitors. INCB013739, when administered to patients with type 2 diabe-
tes twice daily for 2 weeks, completely abolished all conversion of oral cortisone to 
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cortisol.  Metabolically hepatic glucose production rates   decreased, without altera-
tion in glucose disposal. Interestingly, the decrease in fasting glucose was most 
marked in the most hyperglycemic patients. In addition, total and LDL cholesterol 
decreased with no change in HDL-cholesterol or triglyceride levels. In a double- 
blind placebo-controlled study, patients with type 2 diabetes with inadequate glyce-
mic control on metformin therapy (HbA1c 7–11 %) were randomized to receive 5, 
15, 50, 100, or 200 mg INCB13739 in addition to metformin for 12 weeks. Weight, 
glycemic control, and lipid profi le all improved although the effects were relatively 
modest with reductions in HbA1c of approximately 0.5 % and a small reduction in 
HOMA-IR consistent with insulin sensitization. As expected, treatment with this 
class of agent activates the HPA axis (as a consequence of decreased cortisol half- 
life) with consequent elevation of adrenal androgen secretion. There were no 
changes in HDL or free fatty acids and blood pressure was not affected [ 212 ]. 

 Data have also been published on additional compounds; MK0916 was given to 
patients with type 2 diabetes. While it was well tolerated, MK0916 had only very 
modest effects on m etabolic parameters  . There was a decrease in weight and waist 
hip ratio in the 6-mg group and in this group there was also a small reduction in 
HbA1c (0.3 %); however, no change was seen in fasting plasma glucose, 2 h post-
prandial glucose, or fasting or postprandial serum insulin [ 213 ]. A further com-
pound, MK0736, has also been tested in obese and overweight hypertensive patients. 
Both doses of the compound tested decreased blood pressure. Again, consistent 
with other studies all active treatments caused a small but signifi cant decrease in 
weight [ 214 ]. 

  PF-915275   is an effective 11β-HSD1 inhibitor as measured by changes in urinary 
steroid metabolite ratios and prednisone to prednisolone conversion, but to date there 
are no data on the impact of this compound on metabolic phenotype [ 215 ]. Most 
recently, RO5093151 has been trialed in the context of hepatic steatosis. The drug 
appeared safe and well tolerated and did reduce hepatic steatosis as measured by mag-
netic resonance spectroscopy although in absolute terms the reduction was once again 
modest, but the duration of the study was only 12 weeks [ 216 ].  

     5α-Reductase Inhibition   

 Clinical studies have highlighted the potential role for 5α-reductase in the regula-
tion of metabolic phenotype, although there is still debate as to whether the abnor-
malities observed represent the cause or consequence of disease. As described 
above, cross-sectional and longitudinal studies have demonstrated increased 
5α-reductase activity with insulin resistance and increasing adiposity and reduc-
tions following weight loss [ 122 – 124 ]. A recently published study has examined the 
metabolic impact of selective 5αR inhibition in humans [ 105 ]. Following a 3-month 
treatment period, the authors observed inhibition of glucose disposal under hyper-
insulinemic conditions with dutasteride treatment (nonselective 5αR1 and 2 inhibi-
tor) but not fi nasteride (selective 5αR2 inhibitor), which may refl ect the impact of 
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inhibition of 5αR1 activity within skeletal muscle. The long-term clinical conse-
quences of these observations remain to be determined as well as the identifi cation 
of the mechanisms responsible, in particular their dependence upon either GC and/
or androgen metabolism.      

    Conclusion 

 GCs have multiple actions across almost all tissues in the body and the regulation of 
their action is complex. Prereceptor GC metabolism, either regeneration of active 
cortisol through the activity of 11β-HSD1 or clearance via 11β-HSD2, and the A-ring 
reductase are potently able to impact upon GR activation. The consequences of their 
activity not only are dependent upon the precise pattern of expression within specifi c 
tissues but also may refl ect the broad range of substrates (including GCs) that they are 
able to metabolize. Dysregulated expression has been implicated in the pathogenesis 
of many diseases, and the fundamental importance of the prereceptor GC concept is 
highlighted by patients with genetic defects that are potentially life- threatening. 
Pharmacological intervention, specifi cally targeting 11β-HSD1, has progressed all the 
way through to phase II clinical trials and while the outcomes with respect to meta-
bolic disease have been positive, the magnitude of the response has perhaps been less 
than had been anticipated. This may refl ect targeting of therapy to specifi c tissues but 
also the fact that only the ‘regenerated’ part of GC has been blocked. In terms of the 
future, the role of 11β-HSD1 in the skin and its involvement in wound healing make 
it an attractive therapeutic prospect. In addition, there is emerging evidence that 
11β-HSD1 may have a role in the regulation of tissue-specifi c exposure to exoge-
nously administered GCs, raising the possibility that 11β-HSD1 inhibitors could have 
utility in reducing the adverse effects of prescribed GCs [ 217 ,  218 ].     
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    Abstract     In clinical practice, a considerable overlap can be observed between the 
sequelae of obesity and an excess of glucocorticoids (i.e., Cushing’s syndrome). In 
Cushing’s, all aspects of the metabolic syndrome are frequently seen: abdominal 
obesity, insulin resistance, dyslipidemia, and hypertension. Furthermore, common 
variants in the glucocorticoid receptor which affect sensitivity to cortisol also affect 
adiposity and related metabolic characteristics. Overall, published research investi-
gating the associations between adiposity and cortisol in blood, saliva, and urine 
have not provided consistent evidence that cortisol levels are associated with obesity 
in the general population. This lack of consistent associations may be because corti-
sol levels are highly variable due to acute stress, the diurnal rhythm, and day- to- day 
variations. This variability is refl ected in cortisol levels measured in human fl uid 
matrices. Over the past decade, the analysis of cortisol in scalp hair has emerged as 
a way to estimate cumulative cortisol exposure over prolonged periods of time. Hair 
cortisol levels have been found to be increased in obese individuals and are posi-
tively associated with body mass index and abdominal fat mass. Furthermore, 
increased hair cortisol has been associated with metabolic syndrome and cardiovas-
cular disease in population-based studies. Although it is theoretically likely that a 
subtle chronic hypercortisolism contributes to the genesis of obesity and related car-
diometabolic disturbances, causality has not been established yet. Future studies 
investigating hair cortisol levels, in particular those involving longitudinal designs 
and interventions, may greatly expand knowledge about the relationship between 
cortisol exposure and cardiometabolic health in the general population.  
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      Introduction: Obesity 

 Obesity is one of the biggest challenges in individual health care and public health 
policy of the twenty-fi rst century. Obesity is associated with an increased risk of 
cardiovascular disease (CVD), diabetes mellitus, osteoarthritis, and certain cancers 
[ 1 ]. An individual is considered obese when his or her  body mass index (BMI)   
exceeds 30 kg per square meter, and by this defi nition more than 640 million people 
worldwide are obese [ 2 ]. This defi nition does not take into account body composi-
tion (i.e., the ratio between lean and fat mass), the distribution of fat tissue across 
the body (e.g., centripetal versus peripheral fat), and the clinical consequences of 
increased weight and adiposity. Consequently, there have been attempts to create a 
defi nition of  clinically relevant obesity . 

 One commonly used defi nition of clinically relevant obesity is the metabolic 
syndrome ( MetS  ),    which is focused on the cardiometabolic sequelae of central adi-
posity.  MetS   is a complex of fi ve obesity-related risk factors that are associated with 
CVD: increased waist circumference, elevated blood pressure, elevated triglycer-
ides, decreased high density lipoprotein (HDL) cholesterol, and elevated fasting 
glucose. Although defi nitions and cutoff values vary slightly, an individual is con-
sidered to have MetS if he or she meets three out of fi ve criteria. MetS has an esti-
mated point  prevalence   of 34 % in adult US individuals [ 3 ]. A large scale 
meta-analysis of prospective studies showed that MetS is associated with a 2.35- 
fold increased risk of CVD and a 1.58-fold increased risk of all-cause mortality [ 4 ]. 

 Combating obesity is challenging, for obese individuals as well as for the health 
care professionals taking care of them. Recently, a large cohort study in the UK 
showed that after exclusion of bariatric surgery, the probability that obese individuals 
attain normal weight is extremely low. Morbidly obese persons (BMI > 40) were even 
less likely to have clinically meaningful and sustained weight loss than obese persons 
with a BMI below 40 [ 5 ]. In most countries, access to  behavioral interventions   for 
obesity is limited.  Bariatric surgery   is by far the most effective intervention in obesity 
in terms of weight loss and glycemic control, but is associated with long- term sequelae 
such as dumping syndrome and nutritional defi ciencies, and, although the risk is low, 
a chance of potentially life-threatening postoperative complications [ 6 – 8 ]. 

 The  etiology   of obesity is manifold and complicated. It is generally assumed 
that a strong genetic component underlies obesity, as exemplifi ed by twin concor-
dance studies which show an estimated heritability of approximately 40–70 % [ 9 ]. 
However, this cannot explain the strong increase in obesity prevalence in the 
developed and undeveloped world over the past decades. Presumably, a so-called  
 obesogenic  environment   promotes obesity in genetically prone individuals. Well-
recognized environmental infl uences on obesity include calorie-rich food con-
sumption, physical activity, societal infl uences and psychological factors [ 10 ]. 
Interestingly, several of these factors are known to increase cortisol. In particular, 
consumption of carbohydrate-rich food, sleep deprivation, and stress have been 
found to increase cortisol levels [ 11 – 13 ]. 
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 In this chapter, we review the available evidence that the activation of the HPA 
axis, possibly due to physical or psychological stressors, may promote obesity 
and its metabolic sequelae. We will focus on recent advances, in particular the 
introduction of hair cortisol measurements, and their contribution to the understand-
ing of the relationship between long-term cortisol exposure and obesity.  

     Chronic Stress   and HPA Axis  Activity   in  Obesity   and MetS 

 One of the psychological factors that have most often been associated with obesity 
and an adverse cardiometabolic risk profi le is increased  psychosocial stress  . Studies 
investigating these relationships are widely divergent in terms of the populations 
investigated and the way stress is measured. Unsurprisingly, reported results are not 
always consistent. However, in a recent meta-analysis of longitudinal studies, 
increased psychosocial stress was associated with a small overall increase in adipos-
ity [ 14 ]. Furthermore, in a meta-analysis which aggregated evidence from over a 
hundred thousand  individuals   who were on average followed for over a decade, high 
perceived stress signifi cantly increased the incidence of coronary heart disease with 
a risk ratio of 1.27 [ 15 ]. One of the mechanisms that is suggested to explain these 
associations is increased activity of the hypothalamus–pituitary–adrenal (HPA) axis 
associated with chronic stress, resulting in increased levels of cortisol.       

    Since many of the effects of the stress response are caused by increased cortisol 
levels, Cushing’s syndrome can be considered a biological model of extreme stress 
[ 16 ]. All of the features of metabolic syndrome, including hypertension, abdominal 
obesity, dyslipidemia, and insulin resistance, frequently occur in Cushing’s (see 
Fig.  1 ), either due to endogenous hypercortisolism or due to corticosteroid therapy. 
As an expected result of the cardiometabolic derangements, cardiovascular causes 
of death are common in Cushing’s syndrome [ 17 ]. It is therefore theoretically likely 
that part of the association between stress and cardiometabolic risk may be effected 

  Fig. 1    Overlap between 
Cushing’s  syndrome    and 
metabolic syndrome         

 

Obesity and Metabolic Syndrome: A Phenotype of Mild Long-Term Hypercortisolism?



306

through activation of the HPA axis and increased levels of cortisol. Obesity is a 
recognized cause of pseudo-Cushing’s syndrome; however, most obese individuals 
do not have overt hypercortisolism [ 18 ].

      Although the example of Cushing’s syndrome makes a link between cortisol and 
obesity in the general population theoretically plausible, it represents an extreme 
example of chronically high cortisol exposure which does not occur in normal phys-
iology. Further evidence that cortisol may have an adverse effect on the cardiometa-
bolic phenotype and adiposity stems from studies investigating sensitivity to 
cortisol. Cortisol exerts its effects by binding to the glucocorticoid receptor (GR)    
and mineralocorticoid receptor (MR). Most of the metabolic effects of cortisol, 
including the effects on body composition leading to truncal obesity, are thought to 
arise from gene transactivation by the GR after ligand  binding   [ 19 ]. Over the past 
two decades, several polymorphisms in the GR have been described that infl uence 
the sensitivity to  glucocorticoid   s  . Approximately half of the general population car-
ries either the N363S or BcII polymorphism, both of which have been associated 
with an increased sensitivity to glucocorticoids [ 20 ,  21 ]. Carriage of either of these 
variants has been associated with adiposity, supporting the concept that an increased 
activity of cortisol at the tissue levels promotes obesity [ 22 – 24 ].    In contrast, the 
 ER22/23EK polymorphism     , which is carried by about 8–9 % of the population, is 
associated with a relative resistance to glucocorticoids [ 25 – 27 ]. ER22/23EK carri-
ers appear to be relatively protected against the deleterious cardiometabolic effects 
of cortisol, exemplifi ed by increased lean body mass and insulin sensitivity, and 
lower cholesterol  levels      [ 26 ,  27 ]. 

 There have been numerous attempts to unravel the association between obesity 
and exposure to systemic cortisol levels, using measurements in urine, saliva and 
blood. To interpret the results of these studies, it is important to take note of sev-
eral situational and physiological factors that infl uence cortisol measurements. 
Cortisol follows a diurnal rhythm, characterized by a peak in the early morning 
(the cortisol awakening response, CAR) and generally declining levels during the 
day. Cortisol rises in response to physical or psychological factors, which causes 
cortisol levels to be variable within and across days [ 28 ]. Saliva and blood mea-
surements can be used to obtain information about time-point cortisol levels, 
while  urinary free cortisol (UFC)   is used to estimate the total cortisol output over 
a 24-h period [ 18 ,  28 ]. 

 A recent systemic review highlighted that studies investigating the associations 
between obesity and cortisol in body fl uids provide inconsistent results [ 29 ]. Most 
 published   studies indicate that obesity is characterized by a diurnal rhythm with a 
blunted cortisol awakening response and a less sharp decline in cortisol levels over 
the course of the day. 24-h UFC tends to be higher in obese individuals, and the 
cortisol reactivity to acute stressors appears to be exaggerated. In most cases, nega-
tive studies or even opposing results  have   been reported as well [ 29 ]. These appar-
ently inconsistent results may not be surprising, when we take into  account   the high 
variability of cortisol  levels   (Fig.  2 )   .
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       Measuring  Long-Term Exposure to Cortisol  :  Hair Analysis   

 A relatively novel way to account for the high variability in cortisol levels is  scalp 
hair analysis  . Scalp hair grows at a relatively stable rate of about 1 cm per month. 
During hair growth, substances are incorporated into the hair. This makes hair a 
suitable matrix to retrospectively assess long-term exposure to substances, depend-
ing on the length of the hair, up to several months back in time. Over the past 
decades, hair analysis has become an established method to retrospectively examine 
exposure to drugs of abuse and environmental toxins [ 30 ]. 

 The fi rst published report of endogenous  glucocorticoids   measured in human 
hair dates back to 2004 [ 31 ]. Scalp hair steroid analysis has since been performed in 
a number of labs and has greatly expanded the time frame of cortisol exposure that 
can be examined in a single measurement, as shown in Fig.  2 . It is assumed that 
circulating free steroid hormones diffuse from the bloodstream into the hair shaft, 
although there may be minor contributions from sebum and sweat as well. Although, 
at fi rst, in most studies immunoassays were used to measure cortisol, more recent 
studies report both hair cortisol (F) and cortisone (E) analyzed using  liquid chroma-
tography–tandem mass spectrometry (LC-MS/MS)  . Besides offering information 
about multiple simultaneously measured steroids, LC-MS/MS has higher  sensitivity   
and is not hindered by antibody cross  reactivity   [ 32 ]. 

 In the past decade, hair  analysis   has been used to measure long-term  cortisol   (and 
sometimes cortisone), most often in hair segments of 3 cm length, corresponding to 
cumulative levels over a period of 3 months.    

 In both obese adults and children, we found that hair cortisol concentrations 
(HCC) were increased compared to nonobese controls [ 33 ,  34 ]. Furthermore, in the 
largest population-based studies, HCC were positively associated with BMI and 

Hair: months

Urine: 24 hours

Co
rt

is
ol Serum/saliva: acute

Time (months, days)

  Fig. 2    Conceptual overview of the different matrices in which cortisol can be assessed: serum and 
saliva (time-point), urine (intermediate term output), and scalp hair (long-term cumulative levels). 
The line depicting circulating cortisol levels over a period of 3 months is fi ctional       
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waist circumference, indicating that long-term cortisol exposure is on average 
increased in adiposity [ 35 ,  36 ]. Furthermore, increased HCC have been associated 
with presence of MetS and its separate components in a middle-aged population, as 
well as diabetes mellitus and cardiovascular disease presence in elderly populations 
(Table  1 ) [ 36 – 38 ].

   Besides cardiometabolic parameters, a range of other clinical and situational fac-
tors have been investigated in relation to long-term cortisol levels. In larger studies, 
hair cortisol levels are higher in men and increase with age. Various hair-related 
 parameters   are also associated with hair cortisol and should be considered in clini-
cal studies as potential  confounders   (Table  2 ) [ 32 ,  35 ].

    Mood and anxiety disorders         have been associated with alterations in hair cortisol 
levels (Table  1 ) [ 39 ]. Psychosocial stress, measured using standardized question-
naires such as the Perceived Stress Scale, has to date not been consistently associ-
ated with hair cortisol concentrations [ 32 ]. However, exposure to several physical 
and mental stressors has been associated with increases, including chronic pain, 
intensive aerobic exercise, and major life events (Table  1 ) [ 40 – 43 ]. This suggests 
that it may be the stressor itself, more than the subjectively experienced stress level 
that is associated with an increase in HPA  axis    activity  .  

     Table 1    Published associations between health and situational  factor  s and hair cortisol levels 
(adapted with permission from: Wester and van Rossum, Eur J Endocrinol 2015 [ 32 ])   

 Increased hair cortisol  Decreased hair cortisol 

 Somatic health factors  Cushing’s syndrome  Childhood asthma with inhalation 
glucocorticoids  Hydrocortisone use 

  Obesity   
 Metabolic syndrome 
 Diabetes mellitus 
 Cardiovascular disease 
 Heart failure severity 
 Recent myocardial infarction 

 Chronic and acute 
 stressors   

 Intensive aerobic exercise  Traumatic experience 
 Trauma 
 Life events 
 Unemployment 
 Shift work 
 Severe chronic pain 

 Psychopathology  Posttraumatic stress 
disorder a  

 Posttraumatic stress disorder a  

 Major depressive disorder  Generalized anxiety disorder 
 Bipolar disorder, late onset  Panic disorder 

   a Posttraumatic stress disorder has been associated with both increased and decreased hair cortisol 
concentrations (depending on the type of traumatic event, characteristics of the patient sample 
examined, and the time span between the trauma and assessment), when compared to controls  
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    Future Directions and Unresolved Issues 

 The studies involving scalp hair cortisol support the concept that obesity and its 
adverse  cardiometabolic risk profi le   are associated with an increase in long-term 
systemic cortisol exposure. Whether this subtle hypercortisolism contributes to the 
development of obesity, insulin resistance, dyslipidemia, and cardiovascular disease 
is unknown, but it is likely from a pathophysiological perspective. Longitudinal 
studies may shed further light on this issue and determine whether hair  glucocorti-
coid   measurements deserve a place in cardiovascular risk stratifi cation. 

 Obesity is known to be associated with increased psychological distress, social 
stigma, and psychopathology [ 44 ,  45 ]. This may explain part of the relationship 
between long-term cortisol and obesity. However, the evidence to date indicates that 
the subjective perception of stress has little impact on long-term cortisol levels [ 32 ]. 
Perhaps this association is modulated by individual factors, and only prone indi-
viduals suffer from increased long-term cortisol exposure. Furthermore, cortisol 
metabolism may be altered in obese individuals. Cortisol is primarily metabolized 
in the liver, and nonalcoholic fatty liver disease associated with obesity may infl u-
ence cortisol metabolism [ 46 ]. Additionally, obesity is associated with low-grade 
infl ammation, which may increase cortisol levels [ 47 ]. However, even if increased 
cortisol follows, rather than precedes cardiometabolic derangements, it is likely to 
at least contribute to the maintenance of an unfavorable risk profi le. 

 The fact that hair collection is easily applicable in a clinical practice or research 
setting, with minimal burden to the participant, makes this method ideal to study the 
effects of behavioral, medical, or surgical interventions on long-term  glucocorticoid   
exposure. Well-designed intervention studies involving hair analysis may greatly 
improve our understanding of the role of subtle variations in chronic HPA axis 
activity in health and disease, possibly paving the way to a more tailored treatment 
of obesity and cardiometabolic risk. 

 Several mechanistic questions regarding hair cortisol remain unresolved. It is 
assumed that steroids can incorporate into the hair through passive diffusion from the 
circulation, but there may also be contributions from sweating and sebum. The relative 

   Table 2    Overview of  demographic and confounding factors   that (potentially) affect hair cortisol 
concentrations   

 Factor  Signifi cance for hair cortisol levels 

 Age  Increase with age 
 Sex  Higher in males 
 Season  Spring and summer may increase levels 
 Hair treatment  Inconsistent  results   
 Hair washing frequency  Slightly lower with higher hair washing frequency 
 Sweating on the scalp  Experimental evidence is mixed 
 Use of corticosteroids  Both lower and higher hair cortisol levels have been reported; 

dependent on the corticosteroid and used method 
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contribution of these three mechanisms is currently not known. Although sweating 
challenges do not seem to acutely infl uence hair cortisol, it is conceivable that repeated 
sweating over prolonged periods of time may affect hair levels measured [ 48 ]. 
Furthermore, the infl uence of conversion from cortisol to cortisone and vice versa by 
11 beta hydroxysteroid dehydrogenases (11β-HSD) on hair cortisol and cortisone is not 
fully understood. Both local (e.g., skin or hair follicle) and overall systemic 11β-HSD 
could theoretically impact the ratio between cortisol and cortisone in hair [ 49 ]. At pres-
ent, methods are available that measure both hair cortisol and cortisone using LC-MS/
MS, yielding the potential to explore the ratio between these two as a marker for sys-
temic 11β-HSD activity [ 50 ,  51 ]. We expect that both experimental and epidemiologi-
cal studies may help understand how  glucocorticoids   are incorporated into the hair, as 
well as unravel the contribution of peaks in circulating hormone levels and local regu-
lation to hair  glucocorticoids  .  

    Conclusion 

 Recent studies provide evidence for a fi rm link between high long-term HPA axis 
output and an adverse cardiometabolic risk profi le. Novel developments in scalp 
hair analysis offer the opportunity to investigate long-term activity of the HPA axis. 
In addition to widely available short-term measurements such as cortisol in blood, 
urine, or saliva, hair cortisol  analysis   provides researchers and clinicians with retro-
spective information about glucocorticoids over months of time, with a single hair 
sample collection and analysis. We expect that future studies involving hair cortisol 
measurements, especially when used in intervention studies and longitudinal 
designs, will help unravel the role of long-term cortisol exposure in obesity and its 
implications for health.     
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Late-night salivary cortisol (LNSC) 

concentration test, 115, 125, 226, 
228, 229, 235, 237, 239, 242

combined, 239
pasireotide treatment, 242
radio-immunometric method, 239
recurrence prediction, 238
remission and recurrence after TSS, 228
screening studies, 239
sensitivity and specificity, 233
subcutaneous pasireotide treatment, 242
UFC controlled/partially controlled 

patients, 242
LBD. See Ligand-binding domain (LBD)
Leptin, 81, 191, 203
Levoketoconazole inhibitor, 170
LH/hCG-dependent CS, 80–81
Ligand-binding domain (LBD), 44, 259, 260
Lipolysis

GCs stimulation, 12
in vivo, 7
intrahepatic lipids, 13
total body lipogenesis, 8
VLDL production, 13

Liquid chromatography–tandem mass 
spectrometry (LC-MS/MS), 307

Liver, 279–281
dexamethasone-treated rats, 12
excess GC exposure, 12
gluconeogenesis, 13
hepatic glucose metabolism, 13
hepatic steatosis, 13
insulin-stimulated hepatic lipogenesis, 13
ntrahepatic lipids, 13
PEPCK gene, 12
PPAR-α, 13
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Nelson’s syndrome, 101
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