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nance of the impairment of glucose tolerance. Finally, gluco-
corticoid excess is able to impair insulin secretion as well as 
act at the level of the pancreatic beta cells, where it inhibits 
different steps of the insulin secretion process. This phenom-
enon is probably responsible for the passage from an impair-
ment of glucose tolerance to an overt diabetes mellitus in 
susceptible patients with Cushing’s syndrome. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Cushing’s syndrome, characterized by endogenous 
glucocorticoid (GC) hormone excess, is associated with 
several systemic complications, including the impairment 
of glucose metabolism, which often becomes clinically 
manifest with the development of diabetes mellitus  [1] . 
The prevalence of diabetes mellitus in patients with 
Cushing’s syndrome ranges from 20 to 50%, although an 
underestimation of this percentage is conceivable consid-
ering that the presence of diabetes mellitus is not always 
accurately investigated in patients with Cushing’s syn-
drome, displaying a reduced glucose tolerance more than 
an increased fasting glucose level. Moreover, the preva-
lence of the impairment of glucose metabolism becomes 
close to 70% if the presence of impaired fasting glycemia 
or mainly impaired glucose tolerance is considered  [2] . 
The predominant mechanisms underlying the develop-
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 Abstract 

 Cushing’s syndrome is commonly complicated with an im-
pairment of glucose metabolism, which is often clinically 
manifested as diabetes mellitus. The development of diabe-
tes mellitus in Cushing’s syndrome is both a direct and indi-
rect consequence of glucocorticoid excess. Indeed, gluco-
corticoid excess induces a stimulation of gluconeogenesis in 
the liver as well as an inhibition of insulin sensitivity both in 
the liver and in the skeletal muscles, which represent the 
most important sites responsible for glucose metabolism. In 
particular, glucocorticoid excess stimulates the expression of 
several key enzymes involved in the process of gluconeo-
genesis, with a consequent increase of glucose production, 
and induces an impairment of insulin sensitivity either di-
rectly by interfering with the insulin receptor signaling path-
way or indirectly, through the stimulation of lipolysis and 
proteolysis and the consequent increase of fatty acids and 
amino acids, which contribute to the development of insulin 
resistance. Moreover, the peculiar distribution of adipose tis-
sue throughout the body, with the predominance of visceral 
adipose tissue, significantly contributes to the worsening of 
insulin resistance and the development of a metabolic syn-
drome, which participates in the occurrence and mainte-
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ment of the impairment of glucose tolerance and diabetes 
mellitus in Cushing’s syndrome is represented by the 
stimulation of gluconeogenesis and the development of 
insulin resistance, in association with the occurrence of 
an impairment of insulin secretion by the endocrine pan-
creas  [3] . The concomitant occurrence of different meta-
bolic complications, including dyslipidemia and impair-
ment of protein metabolism, as well as the ‘metabolic syn-
drome’ associated with the increase and predominance
of visceral adipose tissue significantly participates in the 
pathogenesis of insulin resistance and, consequently, the 
development of diabetes mellitus  [3] .

  Physiological Role of GCs on Glucose Metabolism 

 GC hormones are secreted by the cortex of the adrenal 
gland under the control of the hypothalamus-pituitary-
adrenal axis. In humans, the most important agent be-
longing to the GCs is represented by cortisol, whereas 
corticosterone is the main adrenal cortex hormone in ro-
dents, generally used for experimental studies on the ad-
renal gland. GCs play an important role in glucose me-
tabolism as well as in lipid and protein metabolism and 
significantly contribute to the energy homeostasis. The 
most important physiological role of GCs on metabolism 
is displayed during the postprandial period, when they 
behave as contra-insular hormones, providing substrates 
for oxidative metabolism by stimulating lipolysis and 
proteolysis, with consequent release of fatty acids and 
amino acids, and by inducing glucose production, 
through the stimulation of gluconeogenesis and the inhi-
bition of glycogen synthesis. The metabolic effects of 
GCs, including the actions directed to the regulation of 
glucose metabolism, are mainly exerted not only in the 
liver, and in the skeletal muscle, which is responsible for 
the great majority of postprandial glucose uptake from 
the circulation and lodge the largest store of glycogen, but 
in the adipose tissue as well  [4] .

  Pathological Role of GC Excess on Glucose 

Metabolism 

 GC excess induces an excessive glucose production 
acting mainly at the level of liver and skeletal muscle. In 
the liver, GCs increase glucose production both directly 
through the stimulation of gluconeogenesis and indi-
rectly through the inhibition of insulin sensitivity. In the 
skeletal muscle, GCs increase glucose production be-

cause of the development of insulin resistance, which is 
responsible of the decrease of glucose uptake and the in-
hibition of glycogen synthesis. It is noteworthy that the 
onset of insulin resistance is related to either a direct ef-
fect of GCs on insulin receptor signaling pathway or an 
indirect effect of GCs altering the insulin function 
through the changes in lipid and protein metabolism  [5] . 
 Figure 1  shows a schematic representation of the main 
effects of GCs on glucose metabolism in the liver and the 
skeletal muscle. 

  Effects of GC Excess in the Liver 
 In the liver, GC excess increases glucose production 

either directly, activating a series of genes involved in the 
glucose metabolism  [6] , or indirectly, by antagonizing the 
metabolic action of insulin, the most important hormone 
responsible for the suppression of the endogenous glucose 
production  [7] . The direct increase of glucose production 
may occur in the basal state and it is probably due to dif-
ferent mechanisms: (1) induction of expression of essen-
tial enzymes for the gluconeogenesis  [8] ; (2) stimulation 
of lipolysis and proteolysis, with consequent increase of 
substrates for gluconeogenesis  [9] , and (3) potentiation of 
different hormones involved in the glucose metabolism, 
mainly glucagon, whose actions lead to increased glucose 
production  [10] . The indirect increase of glucose produc-
tion, obtained through the antagonism of insulin action, 
mainly reflects on a depression of glycogen storage in the 
liver  [2] .

  Effects of GC Excess in the Skeletal Muscle 
 In the skeletal muscle, GC excess reduces insulin sen-

sitivity, with a consequent increase of glucose levels in the 
general circulation. GC excess influences insulin sensi-
tivity through two different mechanisms: directly, by an 
impairment of the insulin receptor signaling pathway, as 
well as indirectly, by modifying the lipid and protein me-
tabolism  [2] . This action mainly reflects on a decrease of 
glycogen synthesis and glucose uptake. The direct inter-
ference of GCs with the insulin receptor signaling path-
way has been demonstrated mostly in animal by in vitro
and in vivo studies, which confirmed that GCs do not 
influence insulin receptor expression but mainly induce 
a postreceptor defect  [11] . Indeed, in rat skeletal muscle 
cells, dexamethasone decreased the expression and phos-
phorylation of crucial molecules mediating the effect of 
insulin receptor at intracellular levels, including the in-
sulin receptor substrate (IRS)-1, phosphatidylinositol-3-
kinase (PI3K) and protein kinase B (PKB/AKT). These 
actions result in a decrease of the glucose transporter 
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  Fig. 1.  Effects of GCs on glucose metabo-
lism at the level of liver and skeletal mus-
cle. 
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GLUT4 migration to the cell surface, with consequent re-
duction of glucose uptake  [12, 13] , as well as in a decrease 
of glycogen synthase kinase (GSK)-3 phosphorylation, 
with a consequent decrease of glycogen synthesis  [14] . In 
humans, the limited number of studies on the treatment 
with dexamethasone in healthy subjects seem to confirm 
these findings.  Figure 2  shows a schematic overview on 
the effects of GCs on the insulin receptor signaling path-
way in skeletal muscle. It is noteworthy that GCs induce 
insulin resistance also via the changes in protein and lip-
id metabolism. Indeed, GC excess is associated with a de-
crease in protein synthesis and an increase in protein 
degradation, resulting in an elevation of amino acids, 
which impair different steps of the intracellular pathway 
associated with the activation of insulin receptors. More-
over, GC excess is associated with an increase of lipolysis, 
with a consequent elevation of fatty acids responsible for 
the impairment of glucose uptake and disposal  [2] .

  Effects of GC Excess in Adipose Tissue 
 GCs plays a pivotal role in the regulation of adipose 

tissue differentiation, distribution and metabolism. It is 
clearly documented that GCs are able to stimulate the dif-
ferentiation of pre-adipocytes into adipocytes, which are 
responsible for the increased body fat mass associated 
with GC excess. However, GCs have a remarkably differ-
ential effect in peripheral and visceral adipose tissue 
since they enhance the visceral fat specifically, whereas 
they display a relatively shrinking effect on peripheral fat, 
determining the typical central obesity associated with 
Cushing’s syndrome  [15] . In addition, GCs significantly 
affect adipose tissue metabolism, influencing the synthe-
sis and release of different hormones, mainly adipokines, 
which contribute to the development of insulin resistance 
 [16] . The occurrence of insulin resistance in adipose tis-
sue, together with the predominance of visceral or pe-
ripheral adipose tissue, participate in the pathogenesis of 
the ‘metabolic syndrome’, which is associated with the 
development of the impairment of glucose metabolism.

  Effects of GC Excess on Insulin Secretion 
 GC excess has been found to influence insulin secre-

tion by the pancreatic beta cells, which physiologically 
play a pivotal role in glucose metabolism and are respon-
sible for the adaptation of insulin secretion to the periph-
eral insulin sensitivity in order to maintain normal cir-
culating glucose levels  [17] . The role of GC excess on in-
sulin secretion has been discussed for a long time. The 
data collected in the literature on this issue suggest that 
the effect of GCs on pancreatic beta cell function are 

highly dependent on the type and dose of the GCs, the 
duration of exposure as well as the susceptibility of the 
population exposed to GCs. The majority of the studies, 
however, have been performed in animals. The in vitro 
administration of GCs in pancreatic beta cells derived 
from rodents has been demonstrated to decrease insulin 
release, probably acting at the level of different steps of 
the insulin secretion process, starting from glucose up-
take and utilization and ending with calcium fluxes and 
exocytosis of granules containing insulin  [2] . Indeed, 
GCs have been documented to reduce the expression of 
the glucose transporter GLUT2  [18]  and glucokinase  [19] , 
the most important enzymes responsible for the start of 
glucose oxidation and the activation of the energy me-
tabolism essential for the secretion process. Moreover, 
dexamethasone has been found to increase the inward 
potassium current through the upregulation of potassi-
um channels, induced by the activation of serum- and 
glucocorticoid-inducible kinase (SGK)-1  [20] . In addi-
tion, GC excess seems to influence the signaling pathway 
and the effect of different insulin secretagogues. The in 
vivo administration of GCs in rodents confirms the in-
hibiting effects of GCs on insulin secretion, although this 
effect seems to be induced more after acute than after 
chronic administration  [2] . In humans, the acute admin-
istration of GCs impairs insulin secretion, with a conse-
quent increase in glucose levels  [21] . However, an increase 
in insulin secretion has been demonstrated with the 
clamp technique in normal subjects after short-term 
treatment with GCs, suggesting a compensation mecha-
nism by the pancreatic beta cells for the peripheral insu-
lin resistance induced by GCs  [22] , although contradic-
tory data have been produced using more physiological 
procedures  [20] . The long-term treatment with GCs 
seems to induce a pancreatic beta cell dysfunction, prob-
ably as a consequence of both the inhibition of insulin 
synthesis and secretion, as well as apoptosis of the pan-
creatic beta cells induced directly and indirectly by GCs 
with a consequent loss of beta cell function and the de-
velopment of diabetes mellitus, especially in susceptible 
individuals  [2] .

  Conclusions 

 GC excess is associated with an increased glucose pro-
duction, due to the stimulation of gluconeogenesis and 
development of insulin resistance mainly in the liver and 
in the skeletal muscle, which reduces glycogen synthesis 
and glucose uptake. The mechanisms underlying this 
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phenomenon are represented by the impairment of the 
insulin receptor signaling cascade, operated by GCs di-
rectly or indirectly via the stimulation of lipolysis and 
proteolysis. The effects of GCs on adipose tissue, repre-
sented by the increase of visceral obesity, contribute to 
the development of the metabolic syndrome, worsening 
the insulin resistance. The totality of these effects induce 
an impairment of glucose tolerance. The concomitant in-
hibitory effect of GCs on insulin secretion at the pancre-

atic beta cell level is probably responsible, especially in 
susceptible subjects, for the passage from the impairment 
of glucose tolerance to an overt diabetes mellitus in pa-
tients with Cushing’s syndrome.

  Disclosure Statement 

 The authors have nothing to disclose. 


