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    Abstract  

  The hypothalamic-pituitary-adrenal (HPA) axis plays a fundamental role 
in the maintenance of basal and stress-related homeostasis. This neuro-
endocrine axis consists of three distinct components located in the hypo-
thalamus, the pituitary gland and the adrenal cortex. Glucocorticoids, 
the end- products of the HPA axis, exert their diverse actions in virtually 
all tissues through their ubiquitously expressed glucocorticoid receptor. 
A broad spectrum of pathologic conditions affecting any of the three 
anatomical parts results in hypo- or hyper-activation of the HPA axis 
and subsequent clinical manifestations of glucocorticoid defi ciency or 
excess, respectively. Moreover, our ever-increasing understanding of 
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   Abbreviations  

 ACTH    Adrenocorticotropic hormone   
  AP-1    Activator protein 1   
  AV    Arginine vasopressin   
  CBP    p300/CREB-binding protein   
  CLOCK    Circadian locomotor output cycle 
kaput   
  CNS    Central nervous system   
  CRH    Corticotropin-releasing hormone   
  DRIP/TRAP     Vitamin D  receptor-interacting 

protein/thyroid hormone receptor- 
associated protein   

  eNOS    Endothelial nitric oxide synthase   
  GR    Glucocorticoid receptor   
  GREs     Glucocorticoid response elements   
  HPA Axis    hypothalamic-pituitary-adrenal 

axis   
  NF-κB    Nuclear factor κΒ   
  NL    Nuclear localization signal   
  p/CAF    p300/CBP-associated factor   
  POMC    Pro-opiomelanocortin   
  PVN    Paraventricular nucleus   
  SCN    Suprachiasmatic nucleus   
  STAT    Signal transducer and activator of 

transcription   

6.1          Introduction 

 All living organisms maintain a complex 
dynamic equilibrium, called  homeostasis , which 
may be threatened, or perceived as threatened, 
by a wide variety of extrinsic or intrinsic adverse 

challenges or forces, the  stressors  [ 1 ,  2 ]. To cope 
with these stressful stimuli, living organisms 
have developed a highly complex regulatory sys-
tem, the  stress system , which, upon activation, 
leads to a programmed repertoire of physiologic 
and behavioral central nervous system (CNS) 
and peripheral adaptive responses [ 1 – 3 ]. If the 
 stress response  is either inadequate or exces-
sive or prolonged, it may adversely infl uence 
personality development and behavior, and may 
impair fundamental physiologic functions, such 
as growth, development, metabolism, reproduc-
tion, circulation and the immune response [ 3 ]. 
The hypothalamic- pituitary-adrenal (HPA) axis 
is one of the two major arms of the stress system, 
which acts synergistically with the locus caeru-
leus/norepinephrine- autonomic nervous systems 
to adjust homeostasis. This neuroendocrine axis 
consists of three components: the paraventricular 
nuclei (PVN) located in the hypothalamus, the 
corticotrope cells located in the pituitary gland 
and the  zona fasciculata  residing in the adrenal 
cortices. Glucocorticoids, the end-products of 
the HPA axis, are cholesterol-derived molecules 
that exert their pleiotropic actions through the 
glucocorticoid receptor (GR), which acts as an 
intracellular ligand-induced transcription fac-
tor, infl uencing the transcription rate of many 
thousands of genes in a positive or negative way 
[ 4 ]. Consequently, the dysfunction of the HPA 
axis at any of the above levels may represent the 
main pathogenetic mechanism underlying sev-
eral pathologic conditions, which may strongly 
 infl uence human health and quality of life. In 

 glucocorticoid receptor signaling has allowed us to approach  diagnostically 
and therapeutically these endocrine diseases in a more integrated way. 
However, the pathophysiology, differential diagnosis and therapy of some 
of these disorders still remain challenging. In this chapter, we describe the 
physiologic and endocrine aspects of the HPA axis, and we present the 
clinical manifestations and therapeutic management of its most common 
disorders.  
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this chapter, we describe the functional compo-
nents of the HPA axis, we provide an overview of 
the endocrine effects of glucocorticoids through 
their cognate receptor, and we fi nally present the 
most common diseases associated with dysfunc-
tion of this axis. 

6.1.1     Historical Development 
of the Stress and the HPA Axis 

   …he who knows things from their beginning and 
origins understands them better… (Aristotle, 4th 
Century BCE).   

 The concepts of stress go back to Greek 
antiquity [ 1 ,  2 ]. Pythagoras was the fi rst to use 
the term  harmony  to describe the equilibrium 
of the human organism or the balance of the 
entire universe ( The harmony of the Cosmos ). 
This  harmony  is constantly challenged by dis-
turbing forces, while other counteracting forces 
help  harmony  to be reestablished. Shortly 
afterwards, Alcmaeon of Croton used the term 
 isonomia  to describe the balance of opposing 
forces. Empedocles of Argigentum proposed 
that all matter consisted of four basic elements 
(= rhizomata or roots), the earth, the water, the 
air and the fi re, which were in a dynamic oppo-
sition to one another, and that balance was a 
necessary prerequisite for the health of living 
organisms [ 2 ,  5 ]. The Empedoclean doctrine 
seems to be the precursor of the Hippocratic 
humoral system. Hippocrates, the father of 
medicine, equated health to a harmonious equi-
librium of the four humors: blood, phlegm, 
black and yellow bile, corresponding to the 
heart, the brain, the liver and the spleen, respec-
tively. The balance of the humors is termed 
 eucrasia , whereas their imbalance or  dyscrasia  
causes disease [ 2 ]. Hippocrates also suggested 
that the disturbing forces that produced  dys-
crasia  and the counteracting forces that rees-
tablish  eucrasia  both derived from nature. He, 
therefore, introduced the concept that “Nature 
is the healer of disease” [ 2 ]. Many years later, 
Epicurus suggested that the mind could be one 
of these healing forces and wrote that  ataraxia , 

or  “imperturbability of mind” and  aponia  (no 
pain) represented most desirable states [ 2 ]. 

 In the years of Renaissance, Thomas Sydenham 
proposed that an individual’s adaptive response to 
the disturbing forces that lead to systematic dis-
harmony could result in pathologic changes. Two 
hundred years later, Claude Bernard, one of the 
world’s greatest physiologists, pointed out that 
cells are surrounded by an internal medium, the 
 milieu intérieur , which provides a steady state. 
He wrote that “it is the fi xity of the  milieu intéri-
eur , which is the condition of free and indepen-
dent life” [ 6 ]. Fifty years later, Walter Bradford 
Cannon coined the term  homeostasis  (from the 
Greek  homoios , or similar, and  stasis , or posi-
tion) for all the physiologic processes that main-
tain the steady state of the organism [ 2 ,  6 ]. He 
published the concept of  homeostasis  in his book 
entitled “Wisdom of the Body” in 1932. Cannon 
also described an animal’s response to threat. The 
concept of “ fi ght or fl ight reaction ” suggests that 
the adaptive response to stress is associated with 
catecholamine secretion due to activation of the 
sympathetic nervous system, priming the animal 
for fi ght against the threat or fl eeing to save its 
life [ 2 ,  6 ]. This response was considered to be the 
fi rst stage (acute stress response) of the general 
adaptation syndrome (GAS) suggested later by 
Hans Selye. 

 Hans Hugo Bruno Selye, the father of the con-
cept of stress, observed that patients with different 
diseases manifested many of the same ‘nonspe-
cifi c’ symptoms as a common response to stress-
ors. Selye, and before him Cannon, borrowed 
the term “ stress ” from physics and defi ned it as 
the mutual actions of forces that happen across 
any section of body [ 2 ,  6 ]. He postulated that the 
presence of stereotypic psychological and physi-
ological manifestations occurring in seriously ill 
patients represented the consequences of severe 
long-lasting adaptational responses. He named 
this condition the “ General Adaptation or Stress 
Syndrome ” and redefi ned Sydenham’s concept 
in the “diseases of adaptation”. In addition to 
clearly defi ning stress, Selye coined the term  het-
erostasis  (from the Greek  heteros , or other), later 
named as  allostasis , initially meaning “stability 
through change” [ 2 ,  6 ]. 

6 The Hypothalamic-Pituitary-Adrenal Axis in Human Health and Disease



94

 In parallel with the evolution of stress con-
cepts, numerous advances in neuroendocrinology 
uncovered the physiologic biochemical effectors 
of the stress response and the central loci respon-
sible for the regulation of their production and 
release. The locus caeruleus/autonomic nervous 
system and the HPA axis represent the major 
arms of the stress system. Coined by the physi-
ologist John Newport Langley in 1898, the auto-
nomic nervous system was shown to play an 
important role in the fi ght or fl ight reaction and 
the maintenance of homeostasis, especially in 
the cardiovascular system [ 6 ]. On the other hand, 
our understanding of the HPA axis has improved 
signifi cantly in the last century. The pituitary 
gland had long been considered to be an autono-
mous regulator of many endocrine glands, such 
as the thyroid, the gonads and the adrenal cortex. 
However, experiments by Geoffrey Harris and 
William Rowan and others led to an acceptance 
of the novel concept that the pituitary gland func-
tions under the control of the CNS. Evidence 
supporting the neurohumoral hypothesis of ante-
rior pituitary control came from the pituitary 
stalk section and pituitary grafting experiments 
of Geoffrey Harris and Dora Jacobsohn, from 
the characterization of some of the neurohor-
monal molecules by Andrew Schally and Roger 
Guillemin, and from the proof that these neuro-
hormones were directly secreted into hypophy-
seal portal veins [ 6 ]. Corticoctropin-releasing 
factor (CRF), a 41-amino acid peptide that 
controls the production and secretion of adre-
nocorticotropic hormone (ACTH), was isolated 
and sequenced by Wylie Vale and associates in 
1981 [ 6 ]. Finally, glucocorticoids, the effec-
tor molecules of the HPA axis, were isolated 
and synthesized by Edward Kendall and Tadeus 
Reichstein [ 6 ]. Philip Hench was the fi rst who 
tested cortisone, a synthetic pre-glucocorticoid, 
in patients with rheumatoid arthritis, and showed 
the anti- infl ammatory effect of this compound 
[ 6 ]. Kendall, Hench, and Reichstein were jointly 
awarded the Nobel Prize for physiology and med-
icine in 1950. Despite the isolation and synthesis 
of glucocorticoids in the middle of the twentieth 
century, their mechanisms of pleiotropic actions 
were – and still remain – an enigma. In 1985, 

the human glucocorticoid receptor (hGR) cDNA 
was isolated by expression cloning, predict-
ing two protein forms, of 777 (alpha) and 742 
(beta) amino acids, which differ at their carboxyl 
termini [ 7 ]. Since then, the GR-mediated anti-
infl ammatory and immunosuppressive effects 
have been elucidated and accumulating evidence 
from  in vitro  and  in vivo  studies supports the sto-
chastic (randomly determined) nature of gluco-
corticoid signaling [ 8 ].  

6.1.2    The HPA Axis 

 The HPA axis consists of the paraventricular 
nuclei (PVN) located in the hypothalamus, the 
pituitary gland and the adrenal cortices. A broad 
spectrum of internal and external signals from 
various organs of the human body are detected 
and subsequently integrated by the CNS, which 
transduces this information to the PVN and other 
brain loci, such as the hypothalamic suprachias-
matic nucleus (SCN), the amygdala and the raphe 
nuclei of the brain stem, and controls the activ-
ity of the PVN [ 9 ]. The SCN functions also as a 
central circadian rhythm center (master CLOCK), 
under the control of light/dark changes during the 
24 h day, and generates the circadian rhythmic-
ity of the HPA axis through synaptic connections 
with the PVN, leading to the diurnal fl uctuation 
of circulating concentrations of glucocorticoids 
[ 10 ]. Neurons of the PVN produce and release 
corticotropin-releasing hormone (CRH) and argi-
nine vasopressin (AVP) into the hypophyseal 
portal system [ 9 ,  11 ]. Subsequently, CRH and, 
to a lesser degree, AVP trigger the synthesis and 
secretion of ACTH by the corticotrope cells of the 
anterior pituitary gland [ 12 ,  13 ] (Fig.  6.1 ). CRH 
is the strongest and probably the most important 
stimulator of ACTH secretion. AVP, although a 
potent synergistic factor of CRH, has little ACTH 
secretagogue activity on its own. ACTH is syn-
thesized as part of a large precursor molecule of 
214 amino acids, pro- opiomelanocortin (POMC). 
Depending on the cleavage enzymes, which are 
expressed in a tissue- specifi c fashion, ACTH and 
several other peptides, e.g. NH2-terminal peptide, 
joining peptide, β- or γ-lipotropins, β-endorphin, 
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α-melanocyte-stimulating hormone (MSH) and 
corticotropin-like intermediate peptide (CLIP), 
are produced [ 14 ]. ACTH is secreted in regu-
lar pulses of variable amplitude over 24 h, with 
peak concentrations attained in the early morning 
hours (04:00–08:00 h), thus forming the basis of 
the circadian pattern of ACTH and cortisol secre-

tion. Upon binding to its cognate transmembrane 
G-protein-coupled receptor of the adrenocortical 
cells of the  zona fasciculata  of the adrenal cor-
tex, ACTH induces the activity of proteins and the 
expression of genes implicated in the  biosynthetic 
pathway of glucocorticoids (cortisol in humans, 
corticosterone in rodents) [ 15 ] Glucocorticoids 
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  Fig. 6.1    The HPA axis and systemic actions of gluco-
corticoids.  CRH  corticotropin-releasing hormone, 
 ACTH  adrenocorticotropic hormone (Figure  6.1  was 
prepared using image vectors from Servier Medical Art 

(  www.ervier.com    ), licensed under the Creative Commons 
Attribution 3.0 Unported License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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are cholesterol-derived molecules, which are 
released into the systemic circulation in a pulsa-
tile, circadian and stress-related fashion, and exert 
their numerous actions in almost all tissues and 
organs. However, these steroid hormones also 
have negative feedback effects on both PVN CRH 
and AVP synthesis and secretion, and inhibit pitu-
itary synthesis of POMC, as well as ACTH secre-
tion, forming a closed, tightly regulated, negative 
feedback loop [ 9 ] (Fig.  6.1 ).

6.1.3        Glucocorticoids 
and Glucocorticoid Receptor 

 Glucocorticoids, the end-products of the HPA 
axis, play a fundamental role in the maintenance 
of basal and stress-related homeostasis, and regu-
late a broad spectrum of physiologic functions, 
such as the cardiovascular tone, the intermediary 
metabolism primarily through catabolic actions, 
the quantity and the quality of the infl ammatory 
and immune response and many other functions, 
by altering the transcription rate of a signifi cant 
percentage of genes in a positive or negative way 
[ 3 ,  4 ,  8 ] (Fig.  6.1 ). Glucocorticoids exert their 
diverse actions through an intracellular, ubiq-
uitously expressed protein, the human gluco-
corticoid receptor (hGR), which belongs to the 
nuclear receptor superfamily of transcription fac-
tors [ 16 ]. 

 The  hGR  gene is located on the short arm of 
chromosome 5 and consists of 10 exons [ 16 ]. 
The alternative use of two distinct exons, 9α 
and 9β, generates two main isoforms, the hGRα 
and the hGRβ [ 17 ]. The hGRα is a 777-amino 
acid protein and represents the classic isoform, 
which binds endogenous and synthetic gluco-
corticoids, and mediates all genomic effects of 
these hormones in almost every cell type in the 
human organism [ 17 ]. On the other hand, the 
hGRβ contains 742 amino acids, does not bind 
glucocorticoids, and acts as a dominant negative 
regulator on the hGRα-mediated transcriptional 
activity through several mechanisms, such as 
heterodimerization and competition with hGRα 
for binding to glucocorticoid response elements 
(GREs) in the promoter regions of target genes, 

or for interacting with nuclear receptor coregu-
lators (coactivators, corepressors) [ 17 – 21 ]. 
Furthermore, the hGRα mRNA was demon-
strated to be translated from eight alternative 
initiation sites into functionally distinct hGRα 
protein isoforms by ribosomal leaky scanning 
or ribosomal shunting [ 22 ]. Given that hGRβ 
mRNA translation is initiated by the same 5′ 
termini, it is possible that the above translation 
mechanisms could give rise to eight different 
hGRβ proteins as well [ 8 ]. Thus, the 16 amino 
terminal hGRα and hGRβ protein isoforms may 
form 256 homo- or hetero-dimers to transduce 
the glucocorticoid signal. 

 At the cellular level, hGRα is primarily local-
ized in the cytoplasm of the target cell in the 
absence of a ligand, as part of a multiprotein 
complex consisting of heat shock proteins and 
immunophilins [ 16 ] (Fig.  6.2 ). Upon ligand- 
binding, hGRα undergoes conformational change, 
dissociates from the rest of proteins, and translo-
cates into the nucleus through the nuclear pore, 
via an active ATP-dependent process mediated 
by its nuclear localization signal (NL)-1 and −2 
[ 19 ]. Within the nucleus, the ligand-activated 
GR directly interacts as a homo- or hetero-
dimer with specifi c DNA sequences, the glu-
cocorticoid response elements (GREs), in the 
promoter regions of target genes [ 19 ]. The GR 
contains two transactivation domains, activa-
tion function (AF)-1 and −2, located at its NTD 
and LBD, respectively, through which it inter-
acts with protein complexes, such as the nuclear 
receptor coactivators p160, p300/CREB-binding 
protein (CBP) and p300/CBP-associated fac-
tor (p/CAF) complexes    and the SWI/SNF and 
vitamin D receptor-interacting protein/thyroid 
hormone receptor-associated protein (DRIP/
TRAP) chromatin- remodeling complexes; it 
infl uences the activity of the RNA polymerase II 
and its ancillary factors, thereby modulating the 
transcription rates of glucocorticoid-responsive 
genes [ 16 ] (Fig.  6.2 ).

   Alternatively, hGRα may modulate gene 
expression independently of its DNA binding, 
by interacting with and altering the functions 
of other known transcription factors, such as 
NF-κB, STAT-5, and AP-1, possibly as monomer 
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[ 16 ]. These interacting factors, in turn, may alter 
the actions of the glucocorticoid receptor acting 
on positive or negative GREs.  

6.1.4    Disorders of the HPA Axis 

 The disorders of the HPA axis can be categorized 
according to the anatomical component(s) that 
is/are primarily affected: (1) the hypothalamus, 
(2) the pituitary gland, (3) the adrenal glands and 
(4) other tissues and organs, including altera-
tions of glucocorticoid availability or action at 
target tissues (Fig.  6.3 ). These disorders may 
result in either elevated or reduced concentra-
tions or effects of circulating glucocorticoids; 

thus, symptoms and signs are associated with 
increased or decreased actions of these hormones 
in the responsive tissues, (Table  6.1 ).

    Indeed, chronic glucocorticoid excess results 
in central obesity, buffalo hump, purple striae 
of the skin, hypertension, osteoporosis, glucose 
intolerance/overt diabetes mellitus, dyslipidemia 
and leukocytosis, all of which are referred to 
as the “Cushing phenotype” [ 23 ]. Patients with 
pathologically increased concentrations of cor-
tisol are at great risk of severe cardiovascular 
complications, such as ischemic heart/cerebral 
disease [ 23 ]. Moreover, they are more susceptible 
to infections secondary to any pathogens, since 
cortisol suppresses strongly the activity of the 
immune system. 

Glucocorticoids
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GR GR
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GRGR
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SWI/SNF DRIP/
TRAP

p160 RNA 
polymerase II

Translated RNA
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  Fig. 6.2    Glucocorticoid signaling pathway.  GR  glucocor-
ticoid receptor,  HSP  heat shock proteins,  FKBP  immuno-
philins,  p160  nuclear receptor coactivators p160,  SWI/SNF  
switching/sucrose non-fermenting complex,  DRIP/TRAP  
vitamin D receptor-interacting protein/thyroid hormone 

receptor-associated protein complex (Figure  6.2  was 
 prepared using image vectors from Servier Medical Art 
(  www.servier.com    ), licensed under the Creative Commons 
Attribution 3.0 Unported License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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  Fig. 6.3    The HPA axis and 
associated disorders. The 
disorders of the HPA axis 
can be categorized according 
to the anatomical 
component(s) that is/are 
primarily affected: (1) the 
hypothalamus, (2) the 
pituitary gland, (3) the 
adrenal glands and (4) the 
glucocorticoid-responsive 
cell. Mutations or polymor-
phisms of the  hGR  gene may 
impair normal glucocorticoid 
signal transduction, thus 
altering tissue sensitivity to 
glucocorticoids.  CRH  
corticotropin-releasing 
hormone,  ACTH  adrenocorti-
cotropic hormone,  GR  
glucocorticoid receptor 
(Figure was prepared using 
image vectors from Servier 
Medical Art (  www.servier.
com    ), licensed under the 
Creative Commons 
Attribution 3.0 Unported 
License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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 On the other hand, patients with isolated glu-
cocorticoid defi ciency or adrenal insuffi ciency 
including aldosterone defi ciency may present 
with fatigue, vomiting, nausea, hypotension, 
hypoglycemia, hyponatremia, hyperkalemia in 
the absence of aldosterone secretion and eosino-
philia [ 23 ]. The decreased concentrations of cor-
tisol lead to compensatory elevations in plasma 
ACTH concentrations, which result in hyperpig-
mentation of the skin and buccal mucosa in these 
patients. 

6.1.4.1     Hypothalamic Disorders 
Associated with Alterations 
in the HPA Axis 

 Many space-occupying lesions of the hypothala-
mus, including craniopharyngioma, Rathke’s 
pouch cysts, head trauma, infl ammatory or infi l-
trative diseases (encephalitis, meningitis, sar-
coidosis, histiocytosis X) and brain malignant 
tumors (primary or metastatic) lead to destruction 
of the PVN neurons producing CRH or to dis-
section of the pituitary stalk that transfers CRH 
from the hypothalamus to the pituitary gland, 
thus causing decreased function of the HPA axis 
[ 24 ]. These conditions are often associated with 
dysfunction of other endocrine axes, such as the 
hypothalamic-pituitary-gonadal or thyroid axes 
and the growth hormone/insulin-like growth fac-
tor-I axis. 

 Prader-Willi syndrome is a rare genetic dis-
order, which is characterized by symptoms 
associated with hypothalamic dysfunction, 

such as hyperphagia, obesity, sleep disorders, 
hypogonadism, hypocortisolism, learning dis-
abilities/borderline intellectual functioning and 
hypotonia [ 25 ]. 

 Patients with the melancholic type of major 
depression show hyperactivity of the HPA axis 
and have increased cerebrospinal fl uid CRH 
and norepinephrine, plasma ACTH and serum 
cortisol concentrations [ 26 ,  27 ]. This sustained 
hyperfunction of the HPA axis leads to central 
obesity, hypertension, impaired glucose toler-
ance, decreased libido and osteoporosis, all of 
which result in impaired quality of life. 

 One of the major eating disorders, anorexia 
nervosa, is also characterized by elevated corti-
sol concentrations via activation of the HPA axis 
caused by strict and prolonged energy restriction, 
as well as by mental stress [ 28 ]. Patients with 
anorexia nervosa demonstrate increased con-
centrations of CRH in their cerebrospinal fl uid 
[ 28 ]. However, in contradistinction to depressed 
patients, they do not show any clinical manifesta-
tions suggestive of glucocorticoid excess. Indeed, 
they present with symptoms and signs associated 
with reduced action of glucocorticoids in target 
tissues, possibly due to lack of food substrate and 
changes of proteins that may infl uence the actions 
of glucocorticoids through the hGR, such as the 
AMP-activated protein kinase (AMPK) [ 29 ]. 

 Any conditions associated with uncoupling 
of the cortisol circadian rhythm that is under 
the infl uence of the SCN CLOCK system, and 
the circadian peripheral tissue sensitivity to 

   Table 6.1    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 Ref. [ 8 ]  
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 glucocorticoids, under the control of the periph-
eral CLOCK, may cause the development of 
components of the metabolic syndrome and its 
detrimental cardiovascular complications [ 10 , 
 30 ]. Night-shift workers and people frequently 
exposed to jet lag are at an increased risk for 
developing symptoms and signs of chronic 
hypercortisolemia, such as central obesity, insu-
lin resistance, dyslipidemia and hypertension, 
which represent the cardinal clinical manifesta-
tion of metabolic syndrome. These pathologic 
conditions were recently explained at the molec-
ular and cellular level, when it was convincingly 
shown that the transcription factor “circadian 
locomotor output cycle kaput” (CLOCK) physi-
cally interacts with GR, and catalyzes enzymati-
cally the acetylation of a lysine cluster, located 
in the hinge region of the receptor and leading to 
decreased sensitivity to glucocorticoids [ 10 ,  30 , 
 31 ]. This effect of CLOCK on GR can lead to 
“functional” tissue hypersensitivity to glucocor-
ticoids via uncoupling of circadian cortisol con-
centrations and peripheral tissue responsiveness 
to these hormones [ 10 ,  30 ,  31 ].    

6.2     Pituitary Disorders 
Associated with Alterations 
in the HPA Axis 

6.2.1     Cushing Disease (and 
Syndrome) 

 Cushing disease is part of Cushing syndrome, 
which is characterized by elevated concentra-
tions of circulating cortisol and symptoms and 
signs of glucocorticoid excess. This disease 
is caused by semi-autonomous neoplasia or 
hyperplasia of corticotropes that result in over-
secretion of ACTH from the pituitary gland. In 
contrast, Cushing syndrome indicates a disorder 
that derives from the adrenal glands, caused by 
either an adrenocortical adenoma or carcinoma, 
or from an ectopic site secreting CRH or ACTH 
(~15 % of ACTH-dependent forms of Cushing 
disease). Ectopic secretion of ACTH from non-
pituitary tissues includes small cell carcinoma 
of the lung and lung carcinoids,  pancreatic or 

adrenomedullary tumors, as well as other neo-
plasias [ 32 ]. 

 The fi rst manifestation of Cushing disease may 
be the loss of the diurnal rhythm in ACTH and corti-
sol secretion. Patients with either Cushing disease 
or syndrome present with “Cushingoid features”, 
including moon facies, “buffalo hump”, central 
obesity, purple skin striae, hypertension, insulin 
resistance/overt diabetes mellitus, mood changes, 
menstrual irregularity and osteoporosis [ 33 ]. The 
diagnosis should be made after careful medical 
history and physical examination, and confi rmed 
by endocrinologic evaluation and imaging stud-
ies. Cushing disease is mostly caused by pituitary 
adenomas. They are usually microadenomas with 
a diameter less than 1 cm, and are sometimes 
quite diffi cult to detect even in the MRI scan with 
contrast material [ 34 ]. Bilateral inferior petrosal 
sinus sampling with CRH stimulation is helpful 
in some cases to localize pituitary adenomas in 
the pituitary including the site of the tumor inside 
the pituitary gland. The therapeutic approach of 
patients with Cushing disease starts with resec-
tion of the ACTH-secreting pituitary adenoma by 
transsphenoidal surgery [ 35 ]. However, 10–15 % 
of patients with remission may recur in the future. 
Bilateral adrenalectomy may be performed in dif-
fi cult cases in which tumors cannot be success-
fully resected [ 35 ]. Radiation may also be applied 
to the pituitary gland in combination with medical 
therapy, usually with mitotane or ketoconazol.  

6.2.2     Pituitary Disorders That 
Result in Hypofunction 
of the HPA Axis 

 Any space-occupying lesions in the pituitary 
gland may lead to hypofunction of the HPA axis 
and secondary adrenal insuffi ciency [ 24 ]. Pituitary 
adenomas, cysts, craniopharyngiomas, ependy-
momas, meningiomas and rarely carcinomas may 
interfere with ACTH secretion. In addition to 
these lesions, infections or infi ltrative processes, 
including lymphocytic hypophysitis, haemochro-
matosis, tuberculosis, meningitis, sarcoidosis, 
actinomycosis, histiocytosis X and Wegener’s 
granulomatosis can result in low ACTH release 

N.C. Nicolaides et al.



101

[ 24 ]. Sheehan’s syndrome is caused by pituitary 
apoplexy after labor and consequent pan-hypopi-
tuitarism, and used to be a major cause of second-
ary adrenal insuffi ciency. However, its incidence 
has been dramatically reduced because of the 
improved maternal care in developed countries. 

 Mutations in genes encoding crucial tran-
scription factors and molecules essential for 
corticotrope survival and function can cause devel-
opmental defects and/or dysfunction in these cells 
leading to hypofunction of the HPA axis. So far, 
pathologic mutations have been identifi ed in the 
genes expressing the transcription factors HESX 
homolog 1 (HESX1), orthodenticle homeobox 2 
(OTX2), LIM homeobox 4 (LHX4), SRY (sex-
determining region Y)-box 2 and 3 (SOX2 and 
SOX3), PROP paired-like homeobox 1 (PROP1) 
and T-box 19 (TBX19) [ 36 ]. Patients harboring 
these mutations may present with short stature, 
metabolic disorders, craniofacial abnormalities 
and learning diffi culties/mental retardation asso-
ciated with abnormalities in the CNS. The onset 
of adrenal insuffi ciency occurs generally early in 
life, although cases owing to PROP1 mutations 
usually manifest in adolescence. 

 Congenital pro-opiomelanocortin defi ciency 
is another cause of secondary adrenal insuffi -
ciency. The molecular basis of this genetic condi-
tion has been ascribed to inactivating mutations 
in the pro-opiomelanocortin (POMC) gene. 
Patients develop a characteristic syndrome of 
hypocortisolism, early onset morbid obesity, and 
alterations in skin and hair pigmentation [ 37 ]. 

 Achalasia-Adrenal Insuffi ciency-Alacrima 
syndrome or Allgrove Syndrome, also known 
as Triple-A syndrome, is a rare autosomal reces-
sive disorder characterized by ACTH-resistant 
adrenal insuffi ciency, alacrima (absence of tear 
secretion), achalasia (dilatation of thoracic esoph-
agus), autonomic dysfunction, and neurodegen-
eration. This syndrome is caused by mutations in 
the  AAAS  gene, which encodes the nuclear pore 
protein ALADIN with as yet unknown functions 
[ 38 ]. Adrenal insuffi ciency develops gradually 
within the fi rst 10 years of life but sometimes 
becomes evident much later. It may present in 
some cases as an adrenal crisis with hypoglyce-
mia and seizures.   

6.3     Adrenal Disorders 
Associated with Alterations 
in the HPA Axis 

6.3.1    Cushing Syndrome 

 Cushing syndrome can be caused by both benign 
and malignant lesions, such as glucocorticoid- 
producing adenomas, micro-nodular dysplasia, 
ACTH-independent macro-nodular hyperplasia 
or adenocarcinoma of the adrenal cortex [ 23 , 
 33 ]. Patients with this syndrome appear with 
“Cushingoid features”, as described above; 
however, their clinical manifestations depend 
on the severity and duration of cortisol excess. 
Cushing syndrome caused by adenocarcinoma 
is characterized by large tumors of more than 
5 cm in diameter, and are usually rapidly pro-
gressing, whereas adenomas are usually small 
(less than 3 cm) and have generally an insidious 
onset and chronic course [ 39 ]. First choice treat-
ment for Cushing syndrome remains the surgi-
cal removal of the tumor. Laparoscopic surgery 
is currently the approach of choice for the treat-
ment of Cushing syndrome caused by adenomas 
[ 40 ]. In case of failure of resection of the entire 
mass, usually adenocarcinomas, or those with 
metastatic lesions, mitotane is used for suppress-
ing both tumor growth and production of steroids 
[ 41 ]. This compound inhibits the cholesterol side-
chain cleavage (SCC) enzyme (the human p450 
CYP, cholesterol desmolase, or 20, 22 desmolase) 
and the 11β-hydroxylase (p450 11β or CYP11B1) 
[ 41 ]. Adrenal enzyme inhibitors, such as ketocon-
azole, metyrapone and etomidate, are also used in 
clinical practice for patients with surgical failure 
who remain hypercortisolemic [ 32 ].  

6.3.2     Adrenal Disorders That Result 
in Hypofunction of the HPA 
Axis 

 Adrenal insuffi ciency is a disorder fi rst described 
by Thomas Addison in 1855, which is characterized 
by defi cient production or action of glucocorticoids 
and/or mineralocorticoids and adrenal androgens 
[ 24 ]. Any pathologic  condition  associated with 
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destruction of the adrenal cortex can cause pri-
mary adrenal insuffi ciency. The etiology of pri-
mary adrenal insuffi ciency has changed over time. 
Prior to 1920, the most common cause of primary 
adrenal insuffi ciency was tuberculosis, while since 
1950, the majority of cases (80–90 %) have been 
ascribed to autoimmune adrenalitis, which can be 
isolated (40 %) or in the context of an autoimmune 
polyendocrinopathy syndrome (60 %) [ 24 ]. The 
clinical symptoms of adrenal insuffi ciency include 
weakness, fatigue, anorexia, abdominal pain, 
weight loss, orthostatic hypotension, salt craving, 
and characteristic hyperpigmentation of the skin. 
Regardless of etiology, adrenal insuffi ciency was 
an invariably fatal disorder, until the synthesis of 
cortisone by Kendall and Reichstein in 1949, and 
the introduction of substitution therapy with life-
saving synthetic glucocorticoids. Today, patients 
with primary adrenal insuffi ciency are treated with 
hydrocortisone or cortisone acetate if hydrocorti-
sone is not available, and fl udrocortisone to pre-
vent intravascular volume depletion, hyponatremia 
and hyperkalemia [ 24 ]. One of the most important 
aspects of the management of chronic primary 
adrenal insuffi ciency is patient and family educa-
tion. Patients should understand the reason for 
life-long replacement therapy, the need to increase 
the dose of glucocorticoids during minor or major 
stress and to inject hydrocortisone or methylpred-
nisolone in emergencies.   

6.4     Other Disorders Associated 
with Changes in the HPA Axis 

6.4.1     Generalized Glucocorticoid 
Resistance Syndrome 
(Chrousos Syndrome) 

 Primary generalized glucocorticoid resistance 
(Chrousos syndrome) is a rare, familial or spo-
radic condition, which is characterized by 
generalized partial end-organ insensitivity to 
glucocorticoids [ 42 ,  43 ]. Affected patients have 
compensatory elevation in circulating corti-
sol and ACTH concentrations, which maintain 
 circadian rhythmicity and appropriate respon-
siveness to stressors, and resistance of the HPA 

axis to dexamethasone suppression, but no clini-
cal manifestations suggestive of Cushing syn-
drome. The clinical spectrum of this condition 
is broad, ranging from completely asymptomatic 
cases, displaying biochemical alterations only, to 
severe forms of mineralocorticoid and/or andro-
gen excess [ 44 ]. The molecular basis of Chrousos 
syndrome has been ascribed to inactivating muta-
tions in the  hGR  gene [ 16 ,  42 – 45 ]. Most of these 
mutations are located in the GR LBD, which 
alter functions of this subdomain, such as ligand- 
binding, activation of transcription and nuclear 
translocation. So far only two mutations have 
been reported in the DBD of GR: R477H and 
V423A [ 46 ]. All reported pathologic mutations 
causing familial or sporadic Chrousos syndrome 
are depicted in Fig.  6.4 . Recently, a heterozygous 
mutation causing glucocorticoid hypersensitivity, 
ie the mirror image of glucocorticoid resistance, 
was described [ 47 ]. In this patient, Cushingoid 
features such as obesity and metabolic syndrome 
were associated with low normal cortisol levels.

6.4.2       hGR Polymorphisms 

 Inter-individual variations in tissue sensitivity to 
glucocorticoids have been described within the 
normal population and have been partly attributed 
to polymorphisms in the  hGR  gene [ 16 ]. A het-
erozygous polymorphism replacing aspartic acid 
to serine at amino acid 363 that mildly increases 
the transcriptional activity of the affected recep-
tor  in vitro  is associated with glucocorticoid 
hypersensitivity, weakly correlating with the 
development of central obesity and, thus, infl u-
encing the metabolic profi le and the longevity of 
humans in a negative fashion [ 48 ,  49 ]. 

 The polymorphism in the GR gene that causes 
arginine to lysine replacement at amino acid 23 
(ER22/23EK: GAG AGG to GA A  A A G) is asso-
ciated with relative glucocorticoid resistance by 
altering the expression levels of GR translational 
isoforms [ 50 ]. This polymorphism increases mus-
cle mass in males and reduces waist to hip ratio 
in females [ 51 ], and is associated with greater 
 insulin sensitivity, and lower total and low-den-
sity lipoprotein cholesterol levels [ 52 ], indicating 
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that this polymorphism has a benefi cial effect on 
longevity by reducing glucocorticoid action.  

6.4.3     Ectopic Tumors Producing 
ACTH or CRH 

 Ectopic ACTH producing tumors account for 
~15 % of ACTH-dependent Cushing syndrome 
[ 53 ]. Most of them are malignant and occur 
more frequently in men than in women. These 
tumors usually derive from neuroendocrine 
cells, but adenocarcinoma and squamous cell 
carcinoma may also cause the syndrome [ 53 ]. 
Approximately half of the cases are due to small 
cell carcinoma of the lung. Carcinoids originat-
ing from the thymus, bronchi and other organs, 
pancreatic islet tumors, pheochromocytomas and 
ovarian adenocarcinomas may also be associ-
ated with this syndrome [ 54 ]. Patients with this 
condition have elevated concentrations of cor-
tisol and ACTH, while concentrations of other 
POMC-related peptides and bioactive molecules, 
such as other pituitary hormones, calcitonin, 

 somatostatin are sometimes increased because of 
their concurrent ectopic production by the tumors 
[ 54 ]. Hypokalemia occurs in most cases with this 
syndrome. Manifestations are of sudden onset 
and their progression is usually rapid and some-
times not responsive to treatment.  

6.4.4     The Cardiomyocyte 
as a Glucocorticoid Target Cell 

 In addition to common cardiovascular mani-
festations, such as hypertension and metabolic 
syndrome, often observed in several pathologic 
conditions associated with alterations in the 
activity of the HPA axis, accumulating evidence 
suggests that glucocorticoids exert direct effects 
on cardiomyocytes. Indeed, glucocorticoids 
stimulate cardiomyocyte contraction by infl u-
encing calcium homeostasis [ 55 – 57 ]. Moreover, 
mice overexpressing GR in their cardiomyocytes 
exhibit atrioventricular block [ 58 ]. Furthermore, 
glucocorticoids may cause cardiac hypertrophy, 
a condition that represents a severe cause of 
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 congestive heart failure in humans [ 59 ]. A recent 
 in vitro  study elucidated the molecular mecha-
nisms underlying glucocorticoid-induced cardiac 
hypertrophy [ 60 ]. Addition of dexamethasone in 
primary cardiomyocytes and rat embryonic H9C2 
cardiomyocytes resulted in up-regulation of car-
diac hypertrophic molecules, such as β-myosin 
heavy chain, atrial natriuretic factor and α-actin, 
resulting in an increased cardiomyocyte size 
[ 60 ]. These glucocorticoid effects were mediated 
by the GR, as exposure of cells to the GR antago-
nist RU 486 or addition of GR shRNA inhibited 
dexamethasone-induced cardiomyocyte hyper-
trophy [ 60 ]. In addition to hypertrophic effects, 
this study demonstrated that glucocorticoids had 
strong anti-apoptotic actions on cardiomyocytes. 
Serum deprivation and addition of TNFα trig-
gered the apoptotic process in cardiomyocytes, 
whereas treatment of these cells with dexametha-
sone caused signifi cant up-regulation of the key 
anti-apoptotic molecule  Bcl - xL  and concurrent 
down-regulation of  Gas2 , a known target of 
caspases-3 and −7 [ 60 ]. Importantly, these anti-
apoptotic glucocorticoid actions may prevent 
cardiomyocyte death in severe pathologic condi-
tions, such as ischemia/reperfusion injury.  

6.4.5     Benefi cial Nongenomic 
Glucocorticoid Effects 
in Cardiac Ischemia/
Reperfusion Injury 

 In the past, glucocorticoids were used in acute 
myocardial ischemia due to their cardioprotec-
tive effects. Indeed, the acute administration of 
glucocorticoids decreased myocardial ischemic 
injury in animal models [ 61 ,  62 ] and increased 
the critical short-term survival of patients after 
acute myocardial infarction [ 63 ]. However, syn-
thetic glucocorticoids are not used in the current 
treatment of acute myocardial ischemia because 
of their severe side effects, such as cardiac rup-
ture [ 64 ]. An interesting study shed light on 
the acute cardioprotective effects of glucocor-
ticoids both in  in vitro  experiments and in car-
diac ischemia /reperfusion injury animal models 
[ 65 ]. Acute administration of high doses of 

 dexamethasone activated a GR-dependent sig-
naling pathway, which induced the activation 
of PI 3 K leading to increased activity of endo-
thelial nitric oxide synthase (eNOS). The resul-
tant NO-mediated vasorelaxation ameliorated 
cardiovascular infl ammation and signifi cantly 
decreased the size of myocardial infarct in mice 
that underwent ischemia and reperfusion injury 
[ 65 ]. Interestingly, these cardioprotective effects 
of glucocorticoids were GRE-independent and 
nongenomic, since the dexamethasone-bound 
GR activated acutely the synthesis of NO 
through non-transcriptional mechanisms. The 
acute cardioprotective effects of glucocorticoids 
represent a strong evidence for the importance 
of nongenomic glucocorticoid actions, which are 
currently under intense investigation.   

   Conclusions 

 The HPA axis plays a fundamental role in 
the maintenance of basal and stress-related 
homeostasis; dysfunction of hypothalamic 
nuclei,  pituitary or adrenal glands may cause 
symptoms and signs associated with glucocor-
ticoid excess or defi ciency. Accordingly, the 
aim of treatment is to correct both the primary 
cause and the associated hormonal abnormal-
ity. During the last several decades, despite 
the well-recognized signifi cant progress in 
the clinical care of patients with disorders of 
the HPA axis, there are still numerous chal-
lenges regarding the diagnosis and treatment 
of these conditions. Indeed, the ubiquitous 
presence and actions of glucocorticoids, the 
rapid advances in our general knowledge of 
the human genome and our ever-increasing 
understanding of cell signaling allow us to 
view the actions and functions of the HPA 
axis and its involvement in human health and 
disease in a more integrated fashion.     
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