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Abstract: Glucocorticoids (GCs) are commonly used at high doses and for prolonged

periods (weeks to months) in the treatment of a variety of diseases. Among the many side

effects are increased insulin resistance with disturbances in glucose/insulin homeostasis and

increased deposition of lipids (mostly triglycerides) in the liver. Here, we review the

metabolic pathways of lipid deposition and removal from the liver that become altered by

excess glucocorticoids. Pathways of lipid deposition stimulated by excess glucocorticoids

include 1) increase in appetite and high caloric intake; 2) increased blood glucose levels due

to GC-induced stimulation of gluconeogenesis; 3) stimulation of de novo lipogenesis that is

augmented by the high glucose and insulin levels and by GC itself; and 4) increased release

of free fatty acids from adipose stores and stimulation of their uptake by the liver. Pathways

that decrease hepatic lipids affected by glucocorticoids include a modest stimulation of very-

low-density lipoprotein synthesis and secretion into the circulation and inhibition of β-

oxidation of fatty acids. Role of 11β-hydroxysteroid dehydrogenases-1 and -2 and the

reversible conversion of cortisol to cortisone on intracellular levels of cortisol is examined.

In addition, GC control of osteocalcin expression and the effect of this bone-derived

hormone in increasing insulin sensitivity are discussed. Finally, research focused on gaining

a better understanding of the dose and duration of treatment with glucocorticoids, which

leads to increased triglyceride deposition in the liver, and the reversibility of the condition is

highlighted.
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Introduction
Adrenocorticotropic hormone (ACTH) secreted by the pituitary gland stimulates the

synthesis and secretion of cortisol, the important glucocorticoid hormone in

humans. Cortisol is a major stress hormone and is essential for survival in humans.

Many physiological actions of cortisol that are discussed below are mediated by

glucocorticoid receptors (GR) that are expressed in virtually all cells. Multiple

isoforms of the receptor exist due to inclusion or exclusion of different exons.1

GRα mediates most actions of the hormone while GRβ is devoid of a ligand-

binding domain and functions as a natural inhibitor.1 Upon binding of the hormone,

the receptor-hormone complex is translocated to the nucleus where it participates in

the transcriptional regulation of various genes. In addition, some actions of gluco-

corticoids are non-receptor mediated.2

At physiological concentrations, cortisol has positive effects on metabolism,

control of inflammation, and mediation of immune response. Glucocorticoids are

widely used in clinical practice and it is estimated that >1.5 million (~1.65%)

postmenopausal women and men over 50 years of age in the United States are
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treated with glucocorticoids with the vast majority being

treated for prolonged periods (many weeks to months).3

Chronic and excessive use of the hormone can cause

a large number of undesired side effects. These include

increased appetite and weight gain with central obesity,

fatty liver, glucose intolerance, muscle wasting, hyperten-

sion, dyslipidemia, and increased susceptibility to infec-

tions; other untoward effects include skin fragility,

negative calcium balance from excessive bone loss leading

to osteoporosis and skeletal fractures, and psychological

abnormalities.4,5 Even short term (days) excessive use of

the hormone can lead to multiple metabolic disturbances

including resistance of peripheral tissues and liver to insu-

lin action, hyperglycemia and hyperinsulinemia, and ele-

vated plasma triglyceride levels. More prolonged use can

lead to excessive deposition of lipids (predominantly tri-

glycerides) in liver resulting in non-alcoholic fatty liver

disease (NAFLD). Of note, the host of abnormalities listed

above are commonly seen in patients with Cushing’s

disease or syndrome who have chronically elevated levels

of cortisol.4,5 Similar changes are also seen in patients who

are treated with pharmacological doses of glucocorticoids

for prolonged periods.6,7

In this manuscript, we will examine the pathways

leading to increased fat deposition in the liver induced

by excess glucocorticoids. The topic is of importance

because increases in hepatic fat deposits over time can

lead to inflammation, fibrosis and cirrhosis of the liver

that can be a precursor to hepatocellular carcinoma in

a subset of patients.8–12

Major Pathways Contributing to
Hepatic Lipid Content
Hepatic lipid content reflects the contribution input and out-

put pathways depicted in Figure 1. Input (entry) pathways

leading to increased deposition of lipids (mostly triglycerides

in lipid droplets) include (1) Food intake, (2) Glucose derived

from gluconeogenesis, (3) Hyperglycemia, insulin resistance

Figure 1 Metabolic pathways leading to excess triglyceride deposition in the liver and the effect of increased glucocorticoids on the pathways. The steady-state hepatic

triglyceride content is determined by rates of TG formation and TG metabolism or secretion from hepatocytes. Several pathways and sources directly and indirectly serve to

increase hepatic triglyceride content. These include 1) Increased appetite and food consumption. Following digestion of food, the bulk of the absorbed glucose is taken up by

the liver (by GLUT2 transporters) and the rest is avidly taken up by the skeletal and cardiac muscle and adipose tissue by GLUT4 transporters that are stimulated by

elevated insulin levels. The rise in blood glucose leads to increased secretion and blood levels of insulin, a response that is exaggerated by GC treatment. Amino acids are

taken up mostly by liver and skeletal muscle. Chylomicrons release fatty acids (FA) and glycerol due to action of plasma LPL, and the released FA are taken up by adipose

tissue, skeletal muscle as well as by the liver. GC excess stimulates tissue hormone-sensitive lipase and increases fatty acid and glycerol release from adipose tissue. 2) The

uptake of FA by the liver represents the major pathway of lipid deposition in liver and this transport process is stimulated by GC. 3) Upon entry into the liver, amino acids

and glycerol as well as glucose metabolites can form glucose through gluconeogenesis, a pathway that is stimulated by GC and inhibited by insulin. Finally, the elevated blood

glucose and insulin both stimulate de novo fatty acid synthesis (lipogenesis), and excess GC in conjunction with elevated insulin synergistically stimulates this process. Two

pathways mediate the decrease of triglycerides in intracellular stores. These include 1) the production and release of triglycerides as VLDL particles into the bloodstream,

a process that is mildly stimulated by glucocorticoids and 2) β-oxidation of fatty acids, a metabolic pathway that is inhibited by glucocorticoids. All the major steps of TG

metabolism in liver, adipose tissue, and skeletal muscle are affected by increased GC action. In sum, the net effect of excess glucocorticoids is to increase hepatic triglyceride

stores leading to fatty liver.
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and hyperinsulinemia, (4) Increased de novo fatty acid synth-

esis (lipogenesis), and (5) Elevated circulating free fatty acid

levels. Output (exit) pathways that can decrease hepatic lipid

content include (6) Formation and secretion of very-low-

density lipoprotein (VLDL) and (7) β-oxidation of fatty

acids. Although some of the above pathways are inter-

related, it is important to note that glucocorticoids indepen-

dently regulate each of the steps enumerated above. Figure 1

also depicts the direct effects of glucocorticoids on other

tissues that greatly impact hepatic lipid content.

The contribution of the various sources leading to

triglycerides (TG) deposition in the liver varies greatly

depending on whether the individual is in the fasted or

fed state. Based on several studies using a variety of

techniques including stable isotopes in experimental ani-

mals and humans, there is general agreement that the

major source of TG accretion in liver (~60% or more) is

derived from plasma free (non-esterified) fatty acids

(FFAs); release of fatty acids from adipose tissue accounts

for the bulk of plasma FFAs.13–19 FFAs are predominately

derived from TG deposited in adipose tissue. The contri-

bution of de novo fatty acid synthesis varies from 1% to

5% in normal individuals after an overnight fast and can

increase up to ~25% in persons in the fed state and in

those with fatty liver.17,18 FFAs derived from breakdown

of chylomicrons by plasma lipoprotein lipase (LPL) fol-

lowing a mixed meal account for 10–15% of hepatic

uptake.17 In what follows, we will discuss mechanisms

underlying glucocorticoid-induced fatty liver.

Glucocorticoid-Induced Hyperphagia and

Disposition of Nutrients
Excess glucocorticoids increase food intake and cause

central (visceral) obesity that is associated with hypergly-

cemia, hyperinsulinemia and hyperleptinemia.20 Leptin is

an adipocyte-derived protein that regulates appetite by

acting in the hypothalamus.21 Under normal conditions,

leptin reduces appetite and leads to a decrease in body

weight.22 However, studies in humans and experimental

animals suggest that supra-physiological levels of gluco-

corticoids cause hyperphagia and obesity perhaps by redu-

cing sensitivity to leptin.21,23,24 Leptin acts via the leptin

receptor (OBRb) expressed in hypothalamic nuclei. Based

on studies in vitro in a human hepatoma cell line and

in vivo in rats, it has been shown that formation of leptin-

OBRb complex leads to activation of tyrosine phosphor-

ylation through JAK/STAT pathway.20 It is suggested that

glucocorticoids inhibit leptin-induced JAK/STAT phos-

phorylation thereby leading to leptin resistance.20 Leptin

resistance in turn leads to development of hyperphagia,

obesity and metabolic disorders.21,22 It is probable that

neuropeptide Y (NPY), an appetite-stimulating agent,

also plays a role in the observed GC-induced hyperphagia

despite elevated leptin levels.23,25

Following a normal meal, fatty acids derived from

digestion of triglycerides are absorbed into enterocytes,

resynthesized into triacylglycerol (TG) and secreted into

lymphatic system as chylomicrons. Chylomicrons undergo

lipolysis by plasma Lipoprotein Lipase (LPL) releasing

FFAs and glycerol, and the released FFAs are taken up

rapidly by muscle, adipose tissue and some by the liver,

and are converted to TGs and are stored in lipid droplets;

glycerol is taken up by the liver and kidneys and used for

gluconeogenesis.26 Finally, the cholesterol-rich remnant

chylomicrons are taken up by the liver through LDL-

receptor-mediated mechanisms.

Glucose derived from carbohydrates ingested in food is

rapidly taken up by the liver through action of the GLUT2

transporter, and by skeletal muscle, heart, and adipocytes

in response to increased insulin levels and GLUT4

action.27 Glucose is deposited as glycogen in liver and

skeletal muscle or is metabolized (see below).

Skeletal muscle and liver take up much of the amino

acids derived from dietary proteins. Most amino acids can

be converted to glucose through gluconeogenesis in liver

(and to a lesser extent in kidneys) and are released into the

circulation; this latter process plays a relatively minor role

under fed conditions.28,29 However, under conditions of

glucocorticoid excess, larger amounts of amino acids are

released by the skeletal muscle and are converted to glu-

cose in the liver.27,30 This is in keeping with the observa-

tion that prolonged use of excess glucocorticoids leads to

significant muscle atrophy in humans and animals. In

addition, some of the amino acids that are converted to

glucose can be subsequently metabolized to fatty acids and

deposited as triglycerides in adipocytes, especially in visc-

eral adipose tissue.31 Of note, the cycles of excess food

intake, excess lipid deposits in the liver and adipose tissue,

and increased insulin resistance are self-re-enforcing.

It is worth mentioning that a subgroup (5–20%) of

individuals in different countries with non-alcoholic fatty

liver disease (NAFLD) are lean rather than being obese

and have lesser degrees of insulin resistance and liver

enzyme elevations.32 The role of potential alterations in
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glucocorticoid metabolism and cortisone to cortisol con-

version in this subgroup requires investigation.

Glucocorticoid Stimulation of

Gluconeogenesis and the Role of Glucagon
Glucocorticoids promote gluconeogenesis in the liver and

kidney by stimulating the transcription of genes encoding

gluconeogenic enzymes, namely phosphoenolpyruvate

carboxykinase (PEPCK) and glucose-6-phosphatase

(G6Pase). Control of these genes is not unique to gluco-

corticoids, and other hormones including glucagon and

catecholamines stimulate, and insulin inhibit their

expression.30,33,34 Binding of GC receptor complex to

the glucocorticoid response unit (GRU) located in the

promoter region of the above genes, along with several

accessory transcription factors lead to upregulation of

PEPCK and G6Pase expression.27,35 PGC1α (nuclear

receptor co-factor peroxisome proliferator-activated

receptor γ co-activator 1 alpha) whose expression is sti-

mulated by GC interacts with GRUs by increasing the

binding of other transcription factors.27,35 PGC1α also

induces the expression of G6Pase gene. G6Pase is an ER-

resident enzyme that converts glucose-6-phosphate to

glucose and phosphate. GLUT2 and phosphate transport

proteins facilitate the movement of glucose and phos-

phate from the lumen of ER to cytosol and are subse-

quently released into the interstitial space.36–38

A recent study showed that glucocorticoids increase the

expression of the transcription factor Krϋppel-like factor 9

(KLF9), which in turn augments the expression of PGC1α.39

Deletion of the KLF9 gene abolished the stimulatory effect

of glucocorticoids on glucose output. Hence, GC-induced

stimulation of gluconeogenesis involves stimulation of the

cascade of KLF9-PGC1α-GRU-containing genes.40

Elevated glucagon levels are observed as a result of

GC treatment.41,42 Increased glucagon in the presence of

elevated insulin levels is often found in patients with type

2 diabetes (T2DM).42 High glucagon levels stimulate glu-

coneogenesis and glycogenolysis while inhibiting glycoly-

sis and glycogen synthesis.27,42

The overall effect of glucocorticoid- and glucagon-

induced stimulation of gluconeogenesis is to increase the

delivery of glucose into the bloodstream for uptake and

use by peripheral tissues, and importantly, the brain. Of

course, some of the released glucose is taken up by the

liver itself and can be converted to fatty acids and depos-

ited as TGs in lipid-containing vesicles.

Glucocorticoid-Induced Insulin Resistance,

Hyperglycemia, and Hyperinsulinemia
A hallmark of acute or chronic exposure to excess gluco-

corticoids is the development of hepatic and systemic insu-

lin resistance (IR) and hyperinsulinemia.43–46 There are

various mechanisms that can lead to GC-induced decrease

in insulin sensitivity of tissues. While increase in visceral

fat with chronic use of GCs contributes to systemic increase

in IR, acute actions of GCs on muscle, liver, and other

tissues play a vital role.47,48 GC inhibits a number of steps

in the insulin signaling network. In rodent skeletal muscle,

GC decreases the transcription of insulin receptor substrate-

1 (IRS-1), while it increases the transcription of two pro-

teins that counter insulin action, namely protein tyrosine

phosphatase type 1B (PTP1B) and p38MAPK.49 GC also

decreases IRS-1 and IRS-2 levels in adipose tissue50,51 and

decreases IRS-1 phosphorylation in liver.50,52 Adiponectin

secreted by adipocytes promotes insulin sensitivity in per-

ipheral tissues; the expression of adiponectin is suppressed

by GC treatment, thereby contributing to GC-induced

increase in IR.53 Other mechanisms of GC-induced insulin

resistance include accumulation of intra-myocellular lipids

(droplets of TG) in skeletal muscle fibers,14,54-56 and sup-

pression of osteocalcin synthesis and release from bone,

which in turn contributes to IR and metabolic derangements

as discussed further below.57

The elevation of glucose levels following exposure to

excess GC reflects the suppression of insulin-stimulated

glucose transport in insulin-responsive tissues due to

GC-induced insulin resistance as well as the stimulation

gluconeogenesis. A modest elevation of glucose levels is

compensated by the much larger increment in insulin

levels (Figure 1). The exact mechanism underlying the

stimulation of insulin synthesis and secretion in response

to generalized decrease in insulin sensitivity of tissues is

not fully understood. Higher amounts of insulin were

secreted by islets of dexamethasone-treated rats than by

islets of control rats in response to equal concentration of

extracellular glucose.58 In addition, central action of glu-

cocorticoids may enhance vagal stimulation of insulin

secretion.59 Surprisingly, in experiments using normal

rat pancreatic islets in culture, addition of dexamethasone

to the medium resulted in inhibition of insulin

secretion.60–62 It is possible that the modest elevation of

glucose levels following GC-induced insulin resistance

leads to much larger increment in insulin secretion and

hyperinsulinemia.
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Effect of Cortisol, Glucose, and Insulin on

de novo Fatty Acid Synthesis
Triglycerides (TG) are the major component of lipids that

are contained in hepatic lipid droplets. Accretion of TGs is

derived from esterification and re-esterification of fatty

acids (FA) with glycerol or by de novo synthesis of fatty

acids.63 The pathway of de novo fatty acid synthesis

(referring to FA synthesis from acetyl-CoA) is stimulated

by elevations of insulin and glucose levels, and by GC

itself. The bulk of TG synthesis (~60%) results from

esterification of fatty acids from food and FAs released

from adipose tissue. Depending on the status of food

intake, the percentage contribution of de novo FA synth-

esis can vary from small percentages with food deprivation

to up to ~20% following food intake based on the avail-

ability of acetyl-CoA derived from glucose

metabolism.17,18 Of note, the rate of triglyceride synthesis

during fasting can be up to 5-fold higher in people who

have high insulin-resistance (such as type 2 diabetes) with

the associated increases in blood glucose and insulin.64–66

The process of de novo FA synthesis is under the control

of specific transcription factors: sterol regulatory element-

binding protein 1c (SREBP-1c) that is stimulated by insulin,

and carbohydrate response element-binding protein

(ChREBP) that is stimulated by elevated glucose.67,68 As

noted above, in humans and experimental animals, both

glucose and insulin levels become elevated in response to

excess glucocorticoids.45,58,69 Activated SREBP-1c in con-

junction with activated ChREBP stimulates the transcription

of genes involved in de novo FA synthesis, including

acetyl-CoA carboxylase (ACC) and fatty acid synthase

(FAS).70 SREBP-1c is also involved in competitive inhibi-

tion of PPARγ coactivator 1α (PGC-1α), a co-regulator that

activates PEPCK promotor activity and gluconeogenesis,71

this can help increase the supply of acetyl CoA for fatty

acid synthesis. ChREBP acts in synergy with SREBP-1c to

induce glycolytic and lipogenic gene expression.68,70,72 In

addition, glucose that is phosphorylated by glucokinase

augments the synergistic action of ChREBP and SREBP-

1c on lipogenic gene expression.72 The net effect of these

changes is that the rate of fatty acid synthesis is augmented

in response to glucocorticoids.

In the first step of de novo FA synthesis, acetyl-CoA is

carboxylated to malonyl-CoA by ACC that is subsequently

converted to palmitate (or other fatty acids) via multiple steps

catalyzed by fatty acid synthase (FAS) enzyme complex.73

Of the two isoforms of ACC, ACC1 predominates and is the

key regulatory step for FA synthesis. Insulin and glucocorti-

coids stimulate the transcription of ACC1 and thus play

a critical role in lipid synthesis.74 Glucocorticoids also sti-

mulate the expression of FAS leading to increased de novo

hepatic fatty acid synthesis.75–78 Some studies in humans and

experimental animals suggest that GC and insulin have

a synergistic effect on stimulating ACC gene

expression,74,79,80 while other studies show that insulin is

required for the stimulation of ACC1 by GC.77,81,82 In addi-

tion, recent evidence shows that up-regulation of mitogen-

activated protein kinase (MAPK) phosphatase-3 also plays

a critical role in GC-induced hepatic lipid synthesis.83

In summary, glucocorticoids regulate several genes

encoding enzymes involved in de novo FA synthesis

(including ACC and FAS). Glucocorticoids and the hyper-

insulinemia resulting from GC excess appear to have an

additive or synergistic effect on the expression of enzymes

mediating FA synthesis.

Glucocorticoids Increase Release of Fatty

Acids from Adipose Tissue and Stimulate

Their Uptake by the Liver
It has long been appreciated that plasma triglycerides and

free fatty acid (FFA) levels become elevated in response to

glucocorticoids.84,85 Moreover, using arterial and venous

sampling of adipose tissue in humans under normal con-

ditions, both FFA and glycerol levels rise during food

deprivation and fall with feeding consistent with effects

on lipolysis.85 These findings are largely attributable to the

effect of insulin on hormone-sensitive lipase and in part

due to activation of lipoprotein lipase.79,86 FFAs are

a major substrate for energy production by tissue, but

excessive and prolonged high FFA levels lead to increased

fat deposition in liver and other tissues contributing to

insulin resistance.14,16,27,87

Effects of glucocorticoids on adipocytes differ based on

location of fat stores. GC stimulates lipolysis in subcuta-

neous adipose tissue, whereas it stimulates differentiation

and hypertrophy of adipocytes in visceral adipose tissue,

effects that are consistent with the phenotype of patients

with Cushing’s disease.4,5,27 Using constant venous infusion

of physiological concentrations of cortisol in normal human

volunteers, it was shown that appearance of palmitate into

the circulation is increased by 60%.88 Likewise, employing

micro-dialysis techniques in femoral and abdominal adipose

tissue in normal volunteers, cortisol infusion at physiologi-

cal levels stimulated fatty acid release.89 Furthermore, in
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isolated rat hepatocytes in culture, addition of

a glucocorticoid (dexamethasone) stimulated hormone-

sensitive lipase (HSL) similar to effect seen upon addition

of epinephrine, glucagon and growth hormone.90 However,

unlike the other hormones mentioned, dexamethasone also

stimulates the expression of the mRNA encoding HSL in

experimental animals.90 While there is agreement that glu-

cocorticoids significantly increase FFA release from subcu-

taneous adipose tissue,91 the steady-state circulating levels

of FFAs is determined by their rate of entry into the circula-

tion and rate of their uptake by tissues; FFA levels are only

modestly elevated by glucocorticoids consistent with

increased tissue uptake.

Tissues, especially heart, skeletal muscle, and liver

avidly take up circulating FFAs.92 A host of fatty acid

transporters mediate the transmembrane transport of

FFAs by tissue.93–95 Similar to stimulation of glucose

transport by insulin that is mediated by translocation of

GLUT4 to the plasma membrane, fatty acid transporters

are likewise translocated to plasma membranes to facilitate

FFA uptake.94 The expression of CD36, a well-studied

fatty acid transporter, is upregulated in liver of glucocorti-

coid-treated rats.96

Elevated insulin levels, in the absence of excess glu-

cocorticoids strongly inhibit lipolysis in adipocytes. It is of

interest that the glucocorticoid stimulation of FFA release

from adipocytes and the rise of circulating FFA levels

occur despite the presence of elevated plasma insulin

levels that results from GC effect on increasing systemic

insulin resistance.

In sum, GC-stimulation of lipolysis with elevated

plasma levels of FFA and stimulation of FFA uptake by

the liver represents the dominant path of hepatic lipid

deposition.13,16,17,19,97

Effect of Glucocorticoids on Hepatic

VLDL Synthesis and Release
Glucocorticoid excess in humans and experimental animals

results in a significant increase in plasma triglyceride levels

contained in very-low-density lipoprotein (VLDL)

particles.76,98,99 In isolated rat hepatocytes, incubation with

dexamethasone increased the secretion of triglycerides into

the medium in particles with properties of VLDL.100,101

Similar increases in VLDL levels were observed in rats

treated for 5 days with low doses of triamcinolone, with

the effect being attributed to stimulation of hepatic fatty acid

and VLDL synthesis.102 Glucocorticoids increase plasma

free fatty acid levels by stimulating lipolysis in peripheral

adipose tissue and stimulates FFA uptake by the liver where

they are converted to TGs and deposited in lipid

droplets.76,102 Triacylglycerol hydrolase (TGH) is an ER-

localized enzyme that hydrolyzes TGs within hepatocyte.

A portion of the released fatty acids can be re-esterified back

to TGs.103 Some of the re-synthesized TGs bind to

ApoB100 in the endoplasmic reticulum to form VLDL

particles that are then concentrated in the Golgi apparatus

and are secreted as VLDL.76,104,105 A larger fraction of the

synthesized TGs, especially in fed conditions, are stored in

lipid droplets.104,106 Through action of lipoprotein lipase,

fatty acids and glycerol are released from VLDL and the

lipoprotein is converted to cholesterol-rich LDL particles

that are taken up via LDL receptors by the liver (and other

tissues).

As noted in an earlier section, glucocorticoids stimulate

hepatic fatty acid synthesis and lead to accumulation of TGs

as well as to a small increase in VLDL secretion.75,77,98,104,107

Other mechanisms that contribute to accumulation of TGs in

the liver by glucocorticoids are, reduction of apolipoprotein

B degradation and decreased TGH expression and activity;

the latter is primarily due to a decrease in TGH mRNA

stability that leads to reduced lipolysis of TGs.76,101 The

combination of increased TG synthesis and the relatively

smaller increase in VLDL secretion by excess GC results in

net hepatic TG accumulation.76,104

GC-induced elevation of plasma triglyceride and VLDL

levels is mediated in part by increased secretion of VLDL by

the liver. However, the stimulated rate of VLDL secretion

does not fully explain the much larger increase in plasma TG

levels, suggesting that additional mechanisms might be

operative. It is generally agreed that glucocorticoids also

inhibit plasma lipoprotein lipase which increases the accu-

mulation of VLDL particles in the circulation.104,108

Glucocorticoid Inhibition of β-Oxidation

of Fatty Acids
Fatty acids are activated by acyl-CoA synthetases to form

fatty acyl-CoAs that are then transported into mitochondria

via the carnitine shuttle. Fatty acyl-CoAs undergo beta-

oxidation in the mitochondrial matrix and are converted

into two carbon fragments of acetyl-CoA in a series of

sequential reactions mediated by acyl-CoA-dehydrogenases

and three other enzymatic steps.109 The bulk of acetyl-CoA

enters the tricarboxylic acid cycle for energy production,

while excess acetyl-CoA can be converted to “ketone
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bodies”, first into acetoacetate by reactions catalyzed by

mitochondrial HMG-CoA synthase and lyase and then the

generated acetoacetate can be reduced to β-hydroxybutyrate
by β-hydroxybutyrate dehydrogenase.110

An important regulator of hepatic mitochondrial fatty

acid oxidation is peroxisome proliferator-activated receptor

α (PPARα).111,112 In conjunction with PGC-1, it induces the

expression of mitochondrial acyl-CoA dehydrogenases and

stimulates hepatic fatty acid oxidation.111,112 Glucocorticoids

inhibit mitochondrial acyl-CoA dehydrogenases by inhibit-

ing the transcriptional activity of PPARα resulting in

decreased beta-oxidation thereby contributing to intracellular

lipid accumulation.1,109

Glucagon levels are increased in response to glucocorti-

coids and can enhance fatty acid oxidation.41,46 Glucagon

increases the expression of cyclic AMP-responsive element-

binding (CREB) protein that in turn stimulates the transcrip-

tion of carnitine acyl transferase 1 (CPT-1). CPT-1 catalyzes

the conversion of fatty acids to acyl carnitines that are then

transported into the mitochondria and the released acyl-

CoAs undergo beta-oxidation.42,109 In addition, glucagon

stimulates the expression of mitochondrial HMG-CoA

synthase that catalyzes the formation of ketones.110 Hence,

elevation of glucagon levels per se can stimulate fatty acid

β-oxidation. In keeping with this, use of glucagon receptor

antagonists can lead to elevated lipid deposits in the liver.42

However, the large increases in insulin levels that occur in

conjunction with the glucocorticoid-induced insulin-

resistant state greatly overshadows the stimulation of ketone

body formation by glucagon.27,113 Part of the effect on

ketone body formation is due to the significant repression

of mitochondrial HMG-CoA synthase expression in rat

hepatocytes in response to insulin.110,114,115

Taken together, the net effect of glucocorticoids on

β-oxidation of fatty acids in the liver is one of the suppres-

sions. The inhibition of one of the important pathways of

decreasing hepatic lipid content serves to enhance the

development of fatty liver that is commonly seen in the

condition of excess glucocorticoids.

Additional Critical Actions of
Glucocorticoids in the Regulation of
Metabolism
In addition to the above, topics of high relevance to GC’s

effect of hepatic steatosis should be considered. These

include the reversible intracellular conversion of cortisol to

cortisone and the role this critical reaction has in controlling

intracellular cortisol concentrations. The second is the role of

osteocalcin, the bone-derived γ-carboxylated polypeptide, on
insulin sensitivity, metabolism and glucose homeostasis.

Importance of Cortisol and Cortisone

Interconversion to Glucocorticoid’s
Actions on Metabolism
The availability and concentration of cortisol in the intra-

cellular milieu is governed not only on its concentration in

the circulation but also by its reversible conversion to

cortisone, an inactive product. The conversion of inactive

cortisone to active cortisol in cells is catalyzed by

11β-hydroxysteroid dehydrogenase type 1 or 11-ketoreduc-

tase (11β-HSD1).116,117 The enzyme is highly expressed in

liver, adipose tissue, and skeletal muscle. The reverse inac-

tivation reaction, namely conversion of cortisol to cortisone

is catalyzed by 11β-dehydrogenase (type 2 11β-HSD;
11β-HSD2) that is predominantly expressed at high levels

in kidneys, colon, and salivary glands.117 Through

11β-HSD2 activity, the concentration of cortisol is kept

low in the latter tissues and serves to prevent the activation

of mineralocorticoid receptors by cortisol.

Studies in transgenic mice have shown that over-

expression of the 11β-HSD1 in adipose tissue results in

insulin resistance, visceral adiposity, elevated blood FFA

levels, and fatty liver.116,118 More specifically, overexpres-

sion of the enzyme in adipose tissue of transgenic mice on

a high-fat diet resulted in hepatic insulin resistance and

increased liver fat deposition.119 In keeping with the above,

selective inhibition of 11β-HSD1 activity in knock-out (KO)
mice increases insulin sensitivity in skeletal muscle and

decreases the expression of genes involved in lipogenesis

and lipolysis.117,120 Additionally, overexpression of 11β-
HSD1 in the liver of transgenic mice stimulated the devel-

opment of components of metabolic syndrome and its KO

prevented this development.121,122

An enlightening detailed study of a patient with

Cushing’s disease with increased blood levels of cortisol

due to an ACTH-secreting pituitary tumor who exhibited

none of the features of excess cortisol was reported; the

patient had no central obesity, hirsutism, proximal myopathy,

easy bruising, or hypertension.123 This led to mechanistic

studies on the role of 11β-HSD1 in glucocorticoid action.

Using 11β-HSD1 knockout mice, these novel studies showed

that tissue regeneration of glucocorticoids instead of high

circulating GC levels mediates the Cushing’s disease

phenotype.117 They also found that the KO mice showed
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resistance to the effects of exogenously administered gluco-

corticoids. More importantly, mice with liver-specific KO of

11β-HSD1 developed the Cushing’s-like phenotype upon

administration of excess GC. In contrast, adipose tissue-

specific 11β-HSD1 KO mice were partially protected the

untoward effects of the administered GC. It is probable that

these mechanisms are, at least in part, operative in humans.

Because of the potential importance of cortisol metabolism

by 11β-HSD1 and 11β-HSD2 in human disease, the effect of

inhibitors of 11β-HSD1 has been studied in patients with type

2 diabetes as well as in patients with fatty liver disease.124–126

However, the results of these studies on fatty liver and meta-

bolic syndrome have been modest,127,128 and the use of the

inhibitors is associated with some untoward effects.

It appears from the above that regulation of cortisol levels

in specific tissue including liver, skeletal muscle and adipose

tissue plays a contributing, but not a determining role in

metabolism, obesity, insulin resistance, and glucose home-

ostasis. In addition, synthetic modulators of glucocorticoid

receptor can attenuate obesity and inflammation and reverse

fatty liver in experimental animals.129,130 Much further work

is required for a better understanding of the role of the

11β-HSD1 and 11β-HSD2 in glucocorticoid action.

Role of Osteocalcin in Glucocorticoid

Regulation of Glucose Homeostasis
Human osteocalcin is a 49 amino acid protein expressed in

osteoblasts.131 The mature protein, first identified in 1980,

contains three vitamin K-dependent Ɣ-carboxyglutamic

acids.132 Osteocalcin stimulates bone formation and its lack

leads to osteopenia.133 Once secreted into the bone lacunar

space, it loses one or more of its carboxyglutamic acids. Both

fully carboxylated and under-carboxylated forms of the pro-

tein appear in the circulation; however, only the under- or

non-carboxylated forms mediate the metabolic actions of

osteocalcin in peripheral tissues.131 Importantly, expression

of osteocalcin is stimulated by insulin and is inhibited by

glucocorticoids.46,57,134 Suppression of osteocalcin expres-

sion resulting from excess glucocorticoids leads to the com-

monly observed bone loss and increased bone fragility.

Studies performed in mice and rats concluded that osteo-

calcin has important effects outside of bone metabolism.46 It

was first discovered that mice lacking osteocalcin exhibit

decreased insulin sensitivity with glucose intolerance that is

associated with decreased β-cell proliferation.135 These obser-

vations were extended by the finding that elevated serum

under-carboxylated osteocalcin leads to increased insulin

synthesis and secretion, elevated adiponectin levels, and

increased insulin sensitivity in liver and muscle.131 The accu-

mulated evidence suggests that the adverse effects of gluco-

corticoids on glucose homeostasis is mediated, at least in part,

by inhibition of synthesis and secretion of osteocalcin.57

Conclusions and Future Directions
Ongoing research focused on the mechanisms underlying

glucocorticoid stimulation of hepatic lipid accumulation con-

tinues to be a topic of great interest. The clinical importance

of this field of investigation is the very large overlap and

parallelism between glucocorticoid-induced fatty liver dis-

ease and the growing pandemic of NAFLD and NASH; the

later conditions have become one of the leading causes of

cirrhosis in the United States and other countries in the past

decade. Elevated circulating glucocorticoid levels induce

insulin resistance that is a hallmark of metabolic syndrome,

type 2 diabetes, and fatty liver disease.12 GC-induced

increase in hepatic deposition of lipids (mostly triglycerides)

is mediated by multiple mechanisms including increased

food intake, stimulated gluconeogenesis, stimulation of de

novo fatty acid synthesis by high glucose, insulin, and GC

levels, and increased release of FFAs from adipose tissue and

their uptake and deposition in liver as TGs. While there is an

increase in hepatic VLDL synthesis and secretion that in part

accounts for the elevated circulating triglycerides, the effect

of glucocorticoids on increasing plasma TG levels is largely

mediated by inhibition of plasma lipoprotein lipase activity.

In addition, glucocorticoid excess leads to inhibition of β-
oxidation of fatty acids that can result in a further increase in

liver TG levels. This set of changes helps explain the rapid

development of fatty liver in experimental animals following

a few days of treatment with excess glucocorticoids.16,79,96

There is also increasing evidence that much of the actions

of cortisol is mediated by the cellular levels of the hormone;

tissue cortisol levels are controlled by reversible interconver-

sion of inactive cortisone to active cortisol mediated by

β-hydroxysteroid dehydrogenases. Moreover, studies in

experimental animals have also demonstrated a critical role

for glucocorticoids in the regulation of osteocalcin synthesis

and the effect of this bone-derived hormone in regulating the

sensitivity of tissues to insulin. The extent that this later

control mechanism is operative in humans is not known.

In sum, there is overwhelming evidence that exposure to

excess glucocorticoids leads to development of fatty liver,

insulin resistance, hyperinsulinemia, hyperglycemia and

altered glucose homeostasis. In a meta-analysis of normal

healthy individuals treated with glucocorticoids, it was
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reported that the treatment resulted in increased fasting

hyperglycemia, insulin levels, and insulin resistance.43

Another study reported that 32% of people develop GC-

induced hyperglycemia and 19% develop T2DM after ≥4
weeks of treatment with glucocorticoids.44 Even a 24-hour

treatment with glucocorticoids results in significant altera-

tions in glucose homeostasis.45,136 Given that this class of

medications are frequently used at pharmacologic doses and

for prolonged durations for the treatment of a host of

clinical disorders,44 it is imperative that the dosage and

duration of exposure to GC that can lead to the development

of fatty liver be closely examined. Moreover, the degree of

reversibility of GC-induced fatty liver and the time course

of such reversal upon discontinuation of glucocorticoids are

largely unknown. Studies are required to answer these

medically important questions.
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