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Abstract

Dyslipidemia seems to be less frequent than other metabol-
ic comorbidities in human Cushing’s syndrome. Neverthe-
less, it plays an important role in determining the global car-
diovascular risk in overt and subclinical Cushing’s syndrome.
In Cushing’s syndrome, there is an increase of triglyceride
and total cholesterol levels whereas HDL can be at variable
levels. Overt and subclinical Cushing’s syndrome share many
features with metabolic syndrome including insulin resis-
tance, abnormal fasting glucose levels, hypertension, obe-
sity and dyslipidemia. The pathogenetic mechanisms are
multifactorial, including direct and indirect cortisol action
on lipolysis, free fatty acid production and turnover, very-
low-density lipoprotein synthesis and fatty accumulation
in the liver. AMP-activated protein kinase mediates many of
glucocorticoid-induced metabolic changes. Insulin resis-
tance plays a key role in determining lipid abnormalities.
Other hormonal changes are involved including growth hor-
mone, testosterone in men and estrogen in women, cate-
cholamines and cytokines. In vitro, cortisol increases lipo-
protein lipase in adipose tissues and particularly in visceral

fat where lipolysis is activated, resulting in the release of free
fatty acids into the circulation. The increase of free fatty acids
may enhance the accumulation of hepatic lipids reducing
glucose uptake and activating various serine kinases which
results in decreased insulin signaling. Moreover, mice with a
liver-specific disruption of the glucocorticoid receptor had
diminished hepatic triglycerides levels. In humans, a high
prevalence (up to 20%) of hepatic steatosis was also reported
in patients with Cushing’s syndrome. Genetic variations in
the glucocorticoid receptors may also affect the activity of
cortisol, lipid metabolism and cardiovascular risk.
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Glucocorticoids play a crucial role in energy homeo-
stasis and they have complex and still not fully elucidated
effects on lipid metabolism. Glucocorticoids modulate
the expression of approximately 10% of human genes and
in vitro a number of potential mechanisms through
which glucocorticoids regulate lipid metabolism have
been identified.

In vivo, it has been generally considered that chronic
glucocorticoid excess is a secondary cause of dyslipid-
emia but the degree of lipid abnormalities in clinical con-
ditions is quite variable and there are very few and con-
tlicting studies on the prevalence of dyslipidemia in pa-

KA RG E R © 2010 S. Karger AG, Basel
0028-3835/10/0925-0086$26.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/nen

Giorgio Arnaldi

Clinica di Endocrinologia, Azienda Ospedaliero-Universitaria

Ospedali Riuniti di Ancona

IT-60100 Ancona (Italy)

Tel. +39 071 887 061, Fax +39 071 887 300, E-Mail arnaldi.giorgio @libero.it

Downloaded by

- 9/28/2017 1:15:10 AM

82.55.86.128


http://dx.doi.org/10.1159%2F000314213
giorgio
Casella di testo
Arnaldi 69


tients with exogenous and endogenous glucocorticoid
excess [1, 2].

Several studies have suggested that long-term gluco-
corticoid therapy can cause dyslipidemia. However, a re-
cent survey on 15,004 patients demonstrated that gluco-
corticoid use was not associated with an adverse lipid
profile but with higher high-density lipoprotein (HDL)
cholesterol among patients aged 60 years or older [1]. On
the contrary, a clear glucocorticoid dose-response rela-
tion with BMI, triglyceride, total cholesterol, and low-
density lipoprotein (LDL) levels was found in 1,707 hypo-
pituitary patients on glucocorticoid replacement treat-
ment [3].

Dyslipidemia is one of the features of human Cush-
ing’s syndrome including - in association with central
obesity — hypertension, impaired glucose tolerance or di-
abetes, insulin resistance, hypercoagulability, and it de-
termines an increased cardiovascular risk. In Cushing’s
syndrome, there is an increase in circulating very-low-
density lipoprotein (VLDL) and LDL, but not high-den-
sity lipoprotein (HDL), with consequent elevation of
triglycerides and total cholesterol levels [2]. These altera-
tions normalize or improve after correction of hyper-
cortisolism. In our series of 49 patients with Cushing’s
syndrome, total and LDL cholesterol were correlated with
morning plasma cortisol and with cortisolemia after low-
dose dexamethasone (Dex) suppression test. Interesting-
ly, in contrast to other studies and in patients with meta-
bolic syndrome (this condition shares many features with
Cushing’s syndrome), HDL-cholesterol levels were not
reduced [4].

Subclinical hypercortisolism is also often associated
with insulin resistance, abnormal fasting glucose levels,
hypertension, obesity and dyslipidemia (high triglycer-
ides and low HDL levels) [2].

This paper provides an update of the current knowl-
edge on the pathophysiology of glucocorticoid-induced
dyslipidemia where cellular and molecular mechanisms
involved are multifactorial including direct and indirect
cortisol-induced activity.

Lipolytic Actions of Glucocorticoids

Glucocorticoids regulate differentiation, function and
distribution of adipose tissue. Glucocorticoids’ effects on
lipid metabolism in adipose tissue are controversial and
may involve stimulation of both lipolysis and lipogenesis
[5, 6]. They can promote pre-adipocyte differentiation
and inhibit adipose stromal cell proliferation, triggering
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a cascade of differentiation-dependent genes to facilitate
adipogenesis. Glucocorticoids increase lipolysis in pe-
ripheral fat depots while promoting pre-adipocyte differ-
entiation in central fat. Moreover, glucocorticoids may
act synergistically with insulin to upregulate lipogene-
sis [5].

Recently, it has been demonstrated that glucocorti-
coids directly stimulate lipolysis in rat primary adipo-
cytes in a dose- and time-dependent manner [7]. In this
study, Dex stimulated the release of free fatty acids (FFA)
and glycerol after 24 h of incubation. This action oc-
curred even at alow Dex concentration; it was rapid start-
ing at 4-8 h and increased continually to 32 h. The find-
ings that Dex increased intracellular cAMP levels and
protein kinase A (PKA) activity and down-regulated cy-
clic-nucleotide phosphodiesterase 3B, the major enzyme
responsible for cAMP hydrolysis, suggest that cAMP/
PKA system is functionally involved in the mechanism
by which glucocorticoids stimulate lipolysis. Further-
more, incubation with Dex caused phosphorylation and
downregulation of perilipin, a phosphoprotein that coats
lipid droplets in adipocytes which regulates lipolysis.
Phosphorylated perilipin changes conformation and, ex-
posing the stored lipids, facilitates lipolysis [7].

Confirming previous studies, Xu et al. [7] showed that
Dex significantly upregulated expression and promoted
activity of hormone-sensitive lipase (HSL) and adipose
triglycerides lipase, the two major lipases in adipocytes.
However, Dex did not induce HSL translocation to the
lipid droplets in differentiated adipocytes showing that
Dex stimulation is weaker or different from typical PKA
activation due to catecholamine.

That same study by Xu and coworkers [7] evaluated
the in vivo lipolysis in epididymal adipose tissues isolated
from male rats treated with Dex. In treated rats, Dex
greatly increased FFA plasma concentration at 6 weeks
and this was associated with increased lipase activity and
lipolysis in adipose tissues.

In human adipocytes, Dex increased LPL mRNA and
activity, and these effects were more marked in the omen-
tal adipose tissue, particularly in men. The maximum ac-
tivity of LPL induced by insulin or insulin plus Dex was
higher in the subcutaneous depot of women. In conclu-
sion, there were differences between sexes and adipose
depots studied [5].

Glucocorticoids may enhance lipolysis and modulate
FFA mobilization through multiple mechanisms includ-
ing a permissive effect, which has long been thought to
be the principal one. In particular, glucocorticoids may
modulate the dynamic responsiveness to other hormones
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pose tissue and hepatic fatty acid me-
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such as catecholamines and GH, thereby increasing their
lipolytic action [6].

In vitro studies showed a combined lipolytic effect of
GH and cortisol exceeding the GH-induced lipolysis in
human subcutaneous abdominal adipose tissue. A recent
study examined the effect of GH, in both the absence and
presence of Dex on lipolysis by omental adipose tissue
explants from obese women in primary culture. An en-
hancement of lipolysis by GH in the presence of Dex but
not by Dex or GH alone was observed. There was also a
significant further stimulation by GH in the presence of
Dex of hormone-sensitive lipase, perilipin, lipoprotein
lipase and betal adrenergic receptor mRNA [8]. In a
single-blinded, placebo-controlled, randomized in vivo
study, GH and cortisol stimulate systemic and regional
lipolysis independently and in an additive manner when
coadministered in healthy men.

Glucocorticoids Effects on Hepatic Fatty Acid
Metabolism

In humans, the effects of glucocorticoids on free fatty
acid (FFA) are still controversial and the data available are
not conclusive. In vivo studies showed that glucocorti-
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coids have either no effect or stimulate lipolysis, whereas
others report an inhibiting effect of glucocorticoids on
the lipolytic activity [6]. Moreover, in human studies
these effects may be different in acute and chronic condi-
tions. An excellent and recent article reviews this com-
plex topic [6]. Briefly, in acute conditions such as stress,
glucocorticoids increase whole body lipolysis, FFA up-
take, spillover and turnover resulting in a ‘hyperdynam-
ic fatty acid system’. On the contrary, during recovery
from stress, because of the fall of catecholamines and hy-
perinsulinemia, lypolysis decreases and triacylglycerides
storage increases in the liver and visceral adipose tissue.
This latter condition with absence of counter-regulatory
hormones and insulin resistance is the condition ob-
served in Cushing’s syndrome.

The increase of FFA enhances the intracellular lipids
stored in liver and muscle reducing glucose uptake, acti-
vating various serine kinases (JNK, IKK-@) which phos-
phorylate serine sites on insulin receptors, thus resulting
in decreased insulin signaling pathway [reviewed in 9].
Thus, there is a causal link between hepatic fat accumula-
tion and insulin resistance and this represents a further
contribution to insulin resistance induced by glucocorti-
coid excess itself. Although these mechanisms have been
demonstrated in vitro and in vivo in various animal
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models, available data in humans are still not conclusive
and metabolic and molecular mechanisms of glucocorti-
coid-dependent fatty liver development and lipid metab-
olism remain largely unknown.

Noteworthy, a high prevalence of hepatic steatosis was
also reported in patients treated with glucocorticoids and
in patients with Cushing’s syndrome where, in the latter,
the presence of steatosis was significantly correlated with
total abdominal and visceral fat [10].

Recently, a liver-specific disruption of the glucocorti-
coid receptor improved the steatosic phenotype in a fatty
liver mouse model and normalized hepatic triglycerids
levels [11]. This effect was mediated by glucocorticoid in-
hibition of hairy enhancer of split 1 (Hesl) gene expres-
sion which blocked hepatic de novo expression of pancre-
atic lipase. Glucocorticoids lead to hepatic steatosis com-
promising the fatty acid supply for B-oxidation and
simultaneously inhibiting key enzyme expression and ac-
tivity of 3-oxidation (Acyl-CoA dehydrogenase, DH). In
addition, insulin resistance plays a key role in determin-
ing lipid abnormalities and hepatic steatosis. In the liver,
glucocorticoids cause hyperglycemia via the induction of
gluconeogenic enzyme gene (PEPCK, G6Pase), increase
VLDL production and secretion, enhance hepatic lipo-
genesis inducing key lipogenic enzyme activities (acetyl-
CoA-carboxylase and fatty acid synthase) and inhibit fat-
ty acid B-oxidation.

In addition, glucocorticoids increase apolipoprotein
AIV (ApoAlV) expression during fasting, as demonstrat-
ed by the loss of ApoAIV fasting induction upon adrenal-
ectomy and its restoration upon glucocorticoid replace-
ment [12]. Moreover, glucocorticoids increase synthesis
and secretion of apolipoprotein AI (ApoAl) by direct
ApoAlI promoter regulation via the glucocorticoid recep-
tor [5].

AMPK Mediates Many Glucocorticoid-Induced
Metabolic Changes

AMP-activated protein kinase (AMPK), playing a key
role in regulating energy balance, is a ‘guardian of cellu-
lar energy’. Once activated, it switches on catabolic path-
ways that produce ATP, such as glycolysis and fatty acid
oxidation, while it switches off ATP-consuming anabolic
pathways such as fatty acids, triglycerides and cholesterol
synthesis. In particular, AMPK has been involved in the
regulation of lipid metabolism [13].

Recently, in a rat model considered one of the best
models of chronic glucocorticoid excess, AMPK was in-
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volved in many of the metabolic changes observed in
Cushing’s syndrome [14]. In this model, glucocorticoids
changed AMPK activities in a tissue-specific manner ex-
plaining the increase in appetite, visceral obesity and dys-
lipidemia. In particular, glucocorticoids were shown to
inhibit AMPK activity in visceral adipose tissue leading
to increased lipogenesis and fat storage while they stimu-
lated AMPK activity in liver. In addition, via HSL there is
an increase of the release of lipids from adipose depots to
the liver which may contribute to hepatic steatosis. In hu-
man adipocytes, Dex was shown to induce a fallin AMPK
activity [14]. Patients with Cushing’s syndrome exhibited
a 70% lower AMPK activity in visceral adipose tissue
than control subjects with a consequent increase of fatty
acid synthase expression. Of interest, the suppression of
AMPK activity was proportional to the index of hyper-
cortisolism [15].

11BHSD1 and Lipid Metabolism

In humans, the 11B3-hydroxysteroid dehydrogenase
type 1 (11BHSD]) catalyses the activation of cortisol from
inactive cortisone thus it is a key regulator of cortisol ac-
tion at cellular level [16].

Interestingly, in transgenic mice, overexpression of
11BHSD1 in mature adipocytes was associated with the
development of hepatic steatosis and the increase of total
cholesterol and triglyceride levels [17]. In addition, he-
patic overexpression of 113HSD1 caused mild insulin re-
sistance, hepatic steatosis and increased hepatic lipid syn-
thesis. The absence of obesity in this model confirmed an
important role of glucocorticoid hormones in regulating
lipid metabolism [18].

Furthermore, 11BHSD1 knock-out animals displayed
an improved lipid profile, an enhanced fatty acid oxida-
tion, and a potentially atheroprotective phenotype [re-
viewed in 19]. In apolipoprotein E knockout mice, a spe-
cific 11BHSD1 inhibitor was able to reduce the develop-
ment of atherosclerosis by 84%, although the mechanism
for this phenomenon is not clear. In addition, it has been
observed that treatment with 113HSD1 inhibitors im-
proved triglyceridemia by reducing hepatic VLDL secre-
tion and increased liver fatty acid oxidation. Recently, a
28-day treatment with INCB013739, a selective inhibitor
of 11BHSD1, improved insulin sensitivity and lowered to-
tal and LDL cholesterol in patients with type 2 diabetes
mellitus [20].
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Conclusions

Glucocorticoids seem to play a crucial role in the regu-
lation of lipid metabolism even if their precise contribu-
tion is still unexplored and some data have yielded con-

hormonal changes are involved including GH, testoster-
one, estrogens, catecholamines and cytokines. Finally,

flicting results. The pathogenetic mechanisms are multi-
factorial, including direct and indirect cortisol action on

lipolysis, free fatty acid production and turnover, VLDL

synthesis and fatty accumulation in liver. Insulin resis-

tance plays a key role and AMPK mediates many gluco-

corticoid-induced metabolic changes. In addition, other
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