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I
n 1950, the Noble Prize in Physiol-
ogy or Medicine was awarded to two
chemists and a physician for the dis-
covery and use of cortisone, a classic

prohormone devoid of inherent glucocor-
ticoid activity (1). This steroid was active
because of its transformation, by reduc-
tion of the 11-keto into an 11-hydroxyl
group, to cortisol, the natural human glu-
cocorticoid. Since then, we have learned a
great deal about cortisone and cortisol
and the enzymes that catalyze their inter-
conversion to each other in glucocorticoid
and mineralocorticoid target tissues. In
general, two enzymes catalyze these reac-
tions. 11�-Hydroxysteroid dehydrogenase
(11�-HSD) type 1 is responsible for po-
tentiating the actions of glucocorticoids in
many target tissues by converting corti-
sone to cortisol. In contrast, 11�-HSD
type 2 works in the opposite direction and
is responsible for converting cortisol into
cortisone. This enzyme protects the min-
eralocorticoid receptor (MR) from the
effects of cortisol, which has a high bind-
ing affinity for this receptor and inherent
mineralocorticoid activity. In this issue of
PNAS, Sandeep et al. (2) suggest that use
of a 11-�-HSD type 1 enzyme inhibitor
could be useful in the treatment of cogni-
tive dysfunction in elderly men and pa-
tients with type 2 diabetes mellitus. The
results are promising for a broad spec-
trum of potential therapeutic applications
of such inhibitors but raise several ques-
tions as to whether such agents will ever
reach clinical practice. These questions
have to do with tissue specificity, dose
optimization, and chronicity of therapy.

Glucocorticoids are ubiquitous, highly
pervasive nuclear hormones (3, 4). They
exert their actions in almost all tissues,
influencing the expression of a large pro-
portion of the human genome. Binding of
the glucocorticoid to its receptor is fol-
lowed by a multistep process, ultimately
changing the transcription rates of target
genes. A large number of molecules
participate directly or indirectly in the glu-
cocorticoid signaling cascade (3, 5). Glu-
cocorticoids are pivotal in many aspects of
resting and stress-related homeostasis, the
latter including both behavioral and physi-
cal adaptation (3, 6). Resting homeostasis
depends on the presence of a constant
day-to-day exposure of our tissues to glu-
cocorticoids, while the secretion of these
hormones is increased during stress for a

limited time period. The relative stability
of cortisol secretion is maintained through
an elaborate negative feedback regulatory
system located in the brain and pituitary
gland. The protective value of this rheo-
static system to our organism is apparent
by fact that disruption of glucocorticoid
homeostasis characterized by either excess
or deficient secretion or action results in
Cushing’s syndrome or Addison’s disease,
respectively, two very serious, potentially
lethal clinical disorders (7). In both condi-
tions, glucocorticoid excess or deficiency
cause changes in many brain and periph-
eral functions (Table 1). In Cushing’s syn-
drome, we see pathologic brain function
changes both before and after the correc-
tion of hypercortisolism, while patients
treated chronically with exogenous glu-
cocorticoids may develop manifestations
of Cushing’s syndrome, as well as a dis-
tinct glucocorticoid withdrawal syndrome,
when an abrupt return of high doses of
glucocorticoids to normal replacement
doses is attempted (8–10).

Individual glucocorticoid target tissues
may express the clinical manifestations
seen in Cushing’s syndrome or Addison’s
disease, when the effect of glucocorticoids
is excessive or deficient (4, 5). These man-
ifestations are summarized in Table 1.
Two obvious targets for blocking excess
glucocorticoid effects in our tissues are
glucocorticoid receptor (GR)-specific an-
tagonists, such as RU 486, and 11�-HSD

type 1 inhibitors, such as carbenoxolone,
although neither of them is exclusively
specific to the GR or the enzyme. Excess
effect of these agents could potentially
produce the tissue-specific pathology that
characterizes glucocorticoid deficiency,
suggesting that the therapeutic benefit of
such agents can only be achieved within a
range of doses that allows optimal glu-
cocorticoid action.

Administration of GR antagonists or
11�-HSD type 1 blockers to persons with
an intact hypothalamic–pituitary–adrenal
(HPA) axis would be expected to create
resistance of target tissues to glucocorti-
coids, including regulatory feedback cen-
ters of the HPA axis in the brain and
pituitary gland (Fig. 1). This would lead
to a compensatory activation of the HPA
axis that would try to correct for the
perceived glucocorticoid action deficit
throughout the body. The degree of the
HPA axis activation, however, depends on
the ability of the drugs to reach these reg-
ulatory centers and on the presence and
quantity of the 11�-HSD type 1 enzyme
in these tissues. Data from RU 486 ad-
ministration and from the naturally occur-
ring familial�sporadic glucocorticoid resis-
tance syndrome, a condition that results
from congenital glucocorticoid signaling
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Table 1. Expected clinical manifestations in tissue-specific glucocorticoid excess or
hypersensitivity vs. deficiency or resistance

Tissue�system
Cushing’s syndrome�

glucocorticoid hypersensitivity
Addison’s disease�

glucocorticoid resistance

Nervous system
Arousal�fear systems Anxiety

Insomnia
Asthenia

Reward system Depression Depression
Hippocampus Memory dysfunction Memory dysfunction
Associative cortex Executive dysfunction Executive dysfunction
Pain and fatigue systems Fatigue Hyperalgesia

Fatigue
Sleep centers Poor quality sleep Poor quality sleep

Liver �Gluconeogenesis
�Lipogenesis

�Gluconeogenesis

Skeletal muscles Insulin resistance
Atrophy (sarcopenia)

�Insulin sensitivity
Asthenia�fatigue

Bone�growth Osteoporosis
Growth stunting

Adipose tissue Obesity Loss of weight
Cardiovascular system Hypertension Hypotension
Immune�inflammatory reaction Immune suppression (innate

and T helper 1-directed immunity)
Excessive inflammation�

autoimmunity, allergy
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system disturbances, suggest that compen-
sation may occur but at the expense of a
chronically hyperstimulated adrenal gland
(11, 12) (Fig. 1). The latter produces, in
addition to the necessary extra cortisol,
excess mineralocorticoid precursors,
such as corticosterone and deoxycortico-
sterone, and adrenal androgens, such as
dehydroepiandrosterone (DHEA) and
�4-androstenedione, that may produce
manifestations of mineralocorticoid
and�or androgen excess. The former may
be associated with salt retention and arte-
rial hypertension, and the latter may result
in virilization of children and masculiniza-
tion of women. Chronic female hyperan-
drogenism may be expressed with acne,
hirsutism, menstrual irregularities, male
pattern baldness, infertility, and develop-
ment of the secondary polycystic ovary
syndrome.

The above pathophysiologic mecha-
nisms are in action in patients with the
syndrome of 11�-HSD type 1 deficiency
(13). In these patients, the compensatory
increase of adrenal function is generally
small, resulting primarily in mild hyperan-
drogenism. If one examines the clinical

spectrum of the glucocorticoid resistance
syndrome, one also sees that the less se-
verely affected subjects develop only
hyperandrogenism, suggesting that the
phenotype of the disorder is a matter of
degree rather then different pathophysio-
logic mechanisms. Some of the tissues of
these patients, such as adipose tissue, are
protected from the excessive effects of
glucocorticoids in Cushing’s syndrome,
preventing the expression of the typical
centrally obese phenotype. Similarly, and
as would have been expected, the 11�-
HSD type 1 knockout mouse is protected
from developing obesity.

Whether circulating glucocorticoid lev-
els increase with age is a controversial
issue. It appears that healthy aging is asso-
ciated with normal HPA axis function
until a very late age (14). In contrast,
general population studies in aging sub-
jects, including all subjects but persons
with major morbidities, clearly show a
progressively increasing hyperfunction of
the HPA axis with age (15), and this may
have pathologic significance for many
physiologic functions (Table 1). The same
phenomenon has been observed in

younger patients with a history of major
affective disorder, as well as in poorly
controlled patients with diabetes mellitus
(16, 17). Thus, aging subjects with mild
hypercortisolism or patients with depres-
sion or diabetes mellitus may be the right
target populations for novel glucocorticoid
antagonist or 11�-HSD type 1 inhibitor
therapies.

At this time, the pharmaceutical indus-
try is rigorously searching for, developing,
and�or testing glucocorticoid antagonists
and 11�-HSD type 1 inhibitors for the
treatment of a host of human disorders
that might benefit from blockade of glu-
cocorticoid action, such as obesity, the
dysmetabolic syndrome, diabetes type 2,
melancholic depression, osteoporosis, etc.
Three potential problems are evident. (i)
Tissue specificity is a major issue for both
classes of agents. For the GR antagonists,
it is possible that the allosteric changes of
the GR induced by an agent may influ-
ence glucocorticoid actions differently
between different genes, cells, or tissues.
For the 11�-HSD type 1 inhibitors, the
presence or absence of the enzyme and its
quantity in different tissues play a role as
to which tissues will be affected the most.
For both drug classes, a potential discrep-
ancy between the effects of the drug in
the regulation of the negative feedback
regulatory centers of the HPA axis and
any other tissues not participating in this
regulation may produce pathology (4, 5)
(Table 1). (ii) Dose optimization is also
important. Not to overtreat or undertreat
will be crucial, because our tissues operate
best at an optimum range of glucocorti-
coid concentrations and actions. We
should be titrating the dose for optimal
effect at multiple tissues, which may be
hard. (iii) Chronicity of treatment may
be particularly critical in children and
women, because even small sustained ele-
vations of circulating adrenal androgens
over a long time period may produce un-
desired side effects from hyperandro-
genism, such as manifestations of viriliza-
tion in children and masculinization in
women. It is hoped that these potential
shortcomings of the above drug classes
will not be a major hurdle and that, even-
tually, clinically useful compounds with
glucocorticoid antagonist or 11�-HSD
type 1 inhibitory activity will be available
in clinical practice.
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Fig. 1. A normally functioning (Left) and a hyperfunctioning (Right) HPA axis, the latter because of
congenital generalized familial or sporadic glucocorticoid resistance, treatment with a glucocorticoid
antagonist, congenital deficiency of 11�-HSD type 1, or treatment with a 11�-HSD type 1 inhibitor. The
hypersecretion of cortisol, corticosterone (B), and deoxycorticosterone (DOC) may cause sodium retention
and hypertension via excessive activation of the MR; the hypersecretion of adrenal androgens may cause
virilization in children or masculinization in women via the androgen receptor (AR). The degree of
mineralocorticoid or androgen excess effect depends on the degree of axis hyperfunction and the
sensitivity of the mineralocorticoid and androgen signaling systems. ACTH, corticotropin; AVP, arginine
vasopressin; CRH, corticotropin-releasing hormone.

6330 � www.pnas.org�cgi�doi�10.1073�pnas.0401671101 Chrousos


