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Consumption of a high-fat diet rapidly exacerbates the development of fatty
liver disease that occurs with chronically elevated glucocorticoids
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D’souza AM, Beaudry JL, Szigiato AA, Trumble SJ, Snook LA,
Bonen A, Giacca A, Riddell MC. Consumption of a high-fat diet
rapidly exacerbates the development of fatty liver disease that occurs
with chronically elevated glucocorticoids. Am J Physiol Gastrointest
Liver Physiol 302: G850–G863, 2012. First published January 19,
2012; doi:10.1152/ajpgi.00378.2011.—Chronically elevated gluco-
corticoids (GCs) and a high-fat diet (HFD) independently induce
insulin resistance, abdominal obesity, and nonalcoholic fatty liver
disease (NAFLD). GCs have been linked to increased food intake,
particularly energy-dense “comfort” foods. Thus we examined the
synergistic actions of GCs and HFD on hepatic disease development
in a new rodent model of chronically elevated GCs. Six-week-old
male Sprague-Dawley rats received exogenous GCs, via subcutaneous
implantation of four 100-mg corticosterone (Cort) pellets, to elevate
basal GC levels for 16 days (n � 8–10 per group). Another subset of
animals received wax pellets (placebo) to serve as controls. Animals
from each group were randomly assigned to receive a 60% HFD or a
standard high-carbohydrate (13% fat and 60% carbohydrate) diet.
Cort � HFD resulted in central obesity, despite a relative weight loss,
a 4-fold increase in hepatic lipid content, hepatic fibrosis, and a
2.8-fold increase in plasma alanine aminotransferase levels compared
with placebo � chow controls. Hepatic injury developed independent
of inflammation, as plasma haptoglobin levels were reduced with Cort
treatment. Insulin resistance and hepatic steatosis occurred with Cort
alone; these outcomes were further exacerbated by the HFD in the
presence of elevated Cort. In addition to fatty liver, the Cort � HFD
group also developed severe insulin resistance, hyperinsulinemia,
hyperglycemia, and hypertriglyceridemia, which were not evident
with HFD or Cort alone. Thus a HFD dramatically exacerbates the
development of NAFLD and characteristics of the metabolic syn-
drome in conditions of chronically elevated Cort.

insulin resistance; steatosis; visceral obesity

NONALCOHOLIC FATTY LIVER disease (NAFLD) is defined as a
chronic condition that ranges from simple steatosis to nonal-
coholic steatohepatitis, which can progress to fibrosis, cirrho-
sis, and hepatocellular carcinoma (37, 59). NAFLD is com-
monly attributed to a positive energy balance through excess
consumption of calories and sedentary lifestyle (52, 53). As is
the case of most complex metabolic conditions, energy balance
is not the only mediator contributing to disease development.

Glucocorticoids (GCs) are stress hormones that, when
chronically elevated, result in hepatic lipid accumulation (48,

66), the metabolic syndrome (1, 42), and, eventually, type 2
diabetes mellitus in some circumstances (43, 66). GCs exert
their actions predominantly through the transcriptional regula-
tion of a number of metabolic genes, including glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carboxyki-
nase (PEPCK), the rate-limiting enzymes involved in gluco-
neogenesis. GCs have also been shown to have a paradoxical
role in lipid metabolism, causing increased lipolysis and in-
creased adiposity (49). Lipolysis is facilitated through GC
activation of adipose tissue lipases (10), while expanded cen-
tral adiposity is achieved by upregulation of adipose cell
proliferation along with increased food consumption (49), both
of which can accelerate development of NASH. The effects of
GCs on hepatic inflammation and fibrosis are unclear, partic-
ularly in situations where lipid stress increases, such as with a
high-fat diet (HFD).

The present study sought to determine if a HFD, in the
presence of chronically elevated corticosterone (Cort, the nat-
urally occurring GC in rodents), would rapidly and synergis-
tically exacerbate the development of steatosis and NAFLD in
otherwise healthy young Sprague-Dawley rats. We hypothe-
sized that a HFD would worsen the detrimental effects of
chronically elevated Cort by potentiating hepatic steatosis,
fibrosis, and severe insulin resistance. With a confirmation of
our hypothesis, these findings illustrate the important interac-
tive effects of chronic GC exposure on liver metabolism with
altered nutritional intake.

EXPERIMENTAL DESIGN AND METHODS

Animals, housing, and pellet implantation. Adult (6 wk old,
225–250 g initial body wt) male Sprague-Dawley rats (Charles
River Laboratories, Saint Constant, QC, Canada) were individ-
ually housed in standard cages on a 12:12-h light-dark cycle.
After a 7-day habituation period, animals were randomly
assigned to receive Cort (four 100-mg Cort pellets; Sigma, St.
Louis, MO) or wax (placebo) pellets, as previously described
(41). Animals were anesthetized with 2% isoflurane under
aseptic conditions. Cort or placebo pellets were implanted
below the subcutaneous layer between the scapulae (10). Im-
mediately following pellet implantation surgery, animals in
each group were randomly allocated to receive standard rodent
chow (Purina Lab Diet 5012) or a 60% HFD diet (Harlan
Laboratories) (Table 1). The treatment groups (n � 12–15 per
group, with a subset per group used for various analyses) were
as follows (Fig. 1): exogenous Cort treatment and HFD (Cort �
HFD), Cort treatment with normal chow diet (Cort � chow),
placebo pellet � HFD (placebo � HFD), and control for both

Address for reprint requests and other correspondence: M. Riddell, School
of Kinesiology and Health Science, Faculty of Health, Muscle Health Research
Center and Physical Activity and Chronic Disease Unit, York Univ., 4700
Keele St., Toronto, ON, Canada M3J 1P3 (e-mail: mriddell@yorku.ca).

Am J Physiol Gastrointest Liver Physiol 302: G850–G863, 2012.
First published January 19, 2012; doi:10.1152/ajpgi.00378.2011.

0193-1857/12 Copyright © 2012 the American Physiological Society http://www.ajpgi.orgG850

 on A
pril 23, 2012

ajpgi.physiology.org
D

ow
nloaded from

 

http://ajpgi.physiology.org/


diet and pellet treatment (placebo � chow). Body mass (g) and
total caloric intake (kcal·g�1·day�1) were measured every
other day. At 8 days following pellet implantation, all animals
underwent an oral glucose tolerance test (OGTT). At 16 days
after pellet implantation, animals were killed via decapitation.
Liver, epididymal adipose tissue, and adrenal glands were
rapidly excised, weighed, and flash-frozen in liquid nitrogen
for histological, protein, and/or mRNA expression analysis. All
experiments were approved by York University’s Animal Care
Committee in accordance with regulations set forth by the
Canadian Council for Animal Care.

Plasma analyses. Plasma Cort levels were measured at the
peak of the diurnal rhythm (�2000, 1 h after onset of the dark
phase of the light cycle) on days 0 and 7 and at the nadir of the
diurnal rhythm (�0800, 1 h after onset of the light phase) on
days 1 and 8 from a tail nick involving a superficial poke at the
tip of the animal’s tail to collect �50 �l of whole blood. This
procedure does not involve restraint, and care is taken to
minimize stress on the animal; however, because of the short
nature of the procedure, animals experienced some handling
prior to the first blood collection and, thus, exhibited higher-
than-normal GC levels compared with GC levels after surgical
implantation of indwelling catheters (16, 46). Plasma collected
on day 7 via tail nick was used for determination of fasting
insulin and glucose concentrations. Trunk blood was collected
after decapitation on day 16 for measurement of plasma alanine
aminotransferase (ALT), total bilirubin, haptoglobin, and cho-
lesterol. In a subset of animals under anesthesia just prior to
decapitation, blood from the hepatic vein and portal vein was
collected in EDTA Microvette tubes on ice and spun down to
separate plasma, which was stored at �20°C for plasma free
fatty acid (FFA) and triglyceride (TG) analyses. Commercially
available kits were used to assess plasma Cort (corticosterone
double-antibody RIA, MP Biomedical, Solon, OH), FFA (HR
Series NEFA-HR, Wako Chemicals, Richmond, VA), and TG
(catalog no. TR0100, Sigma Aldrich, Oakville, ON, Canada).
ELISA was used to measure plasma insulin (catalog no.
INSKR020, Crystal Chem, Downers Grove, IL) and haptoglo-
bin (Life Diagnostics). A Roche/Hitachi automated clinical

chemistry analyzer was used to assess total cholesterol, ALT,
and total bilirubin (all automated analyzer reagents were ob-
tained from Cobas, Toronto, ON, Canada).

OGTT. On day 7, animals were fasted overnight (15 h).
Baseline blood samples were collected prior to an oral gavage
(1.5 g/kg body wt) of 50% glucose (Abbott Laboratories,
Montreal, QC, Canada). Blood was collected from the tail vein
at 30-min intervals over a 2-h period for determination of blood
glucose concentrations (Contour glucose hand-held meter,
Bayer, Toronto, ON, Canada). An additional amount (40 �l)
of whole blood was collected via the tail vein for analysis of
insulin (see above). The homeostasis model assessment of
insulin resistance (HOMA-IR) was used to evaluate the degree
of insulin resistance induced by treatment (29). A higher
HOMA-IR value is indicative of a greater degree of insulin
resistance and, in particular, hepatic insulin resistance (6, 68).

Histology. Liver tissue from euthanized animals was snap-
frozen, sectioned (10 �m thick), and stained for lipid content
using oil red O, as previously described (35). Liver sections
were fixed with 3.7% formaldehyde for 1 h at room tempera-
ture and then immersed in an oil red O solution (0.5 g of oil red
O powder and 100 ml of 60% triethylphosphate) for 30 min at
room temperature. Collagen content was determined in a sim-
ilar manner. Briefly, slides were stained for 1 h in Sirius red
dissolved in picric acid and subsequently washed in acidified
water, dehydrated in 70% ethanol, and cleared with xylene. All
slides were allowed to air dry for 10 min and sealed with
Permount. All solutions were purchased from Sigma Aldrich.
Images for oil red O and collagen staining were acquired at
�10 and �20 magnification, respectively, using a Nikon
Eclipse 90i microscope (Nikon Canada) and Q-Imaging Mi-
croPublisher 3.3 real-time viewing camera with Q-Capture
software. Analysis was based on conversion of colored images
to gray-scale format followed by quantification of optical
density performed with Adobe Photoshop CS version 8.0.
Staining intensity was converted to a percentage and expressed
relative to the average intensity of the placebo � chow group.

Hepatic total lipid and ceramide content. Total hepatic lipid
content was determined gravimetrically in duplicate after ex-
traction with a chloroform-methanol solution, as previously
described (67). Briefly, frozen liver tissue (n � 5 per group)
was homogenized with sodium sulfate (�10 g; J. T. Baker,
Phillipsburg, NJ) and then run through an accelerated solvent
extractor (model ASE 350, Dionex, Sunnyvale, CA) using a
2:1 chloroform-methanol solvent (VWR, West Chester, PA).
The homogenization was conducted using a Wheaton tissue
homogenizer with a Teflon pestle that was powered by a
household drill [2,500 revolutions/min (1 revolution � 2 prad)]
in an ice bath to prevent evaporation. Excess solvent was

Table 1. Macronutrient composition of standard rodent
chow and high-fat diet

Diet

Standard chow High-fat

Protein, % kcal 27.1 18.4
Carbohydrate, % kcal 59.7 21.3
Fat, % kcal 13.2 60.3
Energy, kcal/g 3.4 5.1

Fig. 1. Experimental design. Healthy adult (6 wk
old) male Sprague-Dawley rats were subjected to
pellet [four 100-mg corticosterone (Cort) pellets or
four 100-mg wax pellets (i.e., placebo)] implanta-
tion surgery. Animals from each group were ran-
domly assigned to receive a standard chow diet or a
60% high-fat diet (HFD) for 16 days.
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evaporated under a steady stream of nitrogen (1.5 l/min at
37°C). Each tissue sample was weighed on an microbalance
(model XP56, Mettler Toledo) before and after extraction to
obtain total lipid content for each liver sample. Liver lipid
content is expressed as a percentage of total liver sample
weight.

In addition to total lipid content, pure standards of endoge-
nous ceramide subspecies (C14, C16, C18, C18:1, C20, C24,
and C24:1) were assessed by liquid chromatography electros-
pray ionization tandem mass spectrometry, as described by
Kasumov et al. (28). Non-naturally-occurring internal stan-
dards (C17 and C25 ceramides) were obtained from Avanti
Polar Lipids (Alabaster, AL; purity �99%) and served as
internal standards. Frozen liver tissue was homogenized in
ice-cold NaCl and then extracted with 1:2 (vol/vol) chloro-
form-methanol. Tissue samples were vortexed, and collected
eluent was dried and reconstituted in HPLC elution buffer and
analyzed by mass spectrometry. Linear regression equations
were derived from calibration curves and used to calculate
ceramide concentrations in tissue samples.

Immunoblotting. Liver protein was extracted and analyzed
as previously described (31, 47). Briefly, 50 mg of frozen liver
tissue were homogenized in 1 ml of lysis buffer [20 mM
Tris·HCl, 150 mM NaCl, 2 mM EDTA, 20 mM NaF, 1%
Triton X-100, 10% glycerol, protease inhibitor (P8340, Sigma
Aldrich), and phosphatase inhibitor (P5726, Sigma Aldrich)]
and centrifuged at 12,000 g for 30 min. Protein concentration
of the collected supernatant was determined using the Bradford
method (7). Protein extracts were subjected to SDS-PAGE
(10% polyacrylamide gel) and transferred to polyvinylidene
difluoride membranes. Membranes were blocked with 5% BSA
for 1 h at room temperature and then incubated overnight at
4°C in primary antibody: AKT (1:1,000 dilution; Cell Signal-
ing Technology, Boston, MA), phosphorylated (Thr308) AKT
(1:1,000 dilution; Cell Signaling Technology), FOXO1 (1:
1,000 dilution; Cell Signaling Technology), phosphorylated
(Ser256) FOXO1 (1:1,000 dilution; Cell Signaling Technol-
ogy), PEPCK (1:1,000 dilution; Santa Cruz Antibody, Santa
Cruz, CA), G6Pase (1:1,000 dilution; Santa Cruz, Santa Cruz,
CA), CD36 (Mo25, gift from N. Tandon), and liver fatty
acid-binding protein (L-FABP, 1:1,000 dilution; Abcam, Cam-
bridge, MA). The reactions were incubated for 1 h at room
temperature with the appropriate secondary antibody. Blots
were visualized by chemiluminesence (GE Healthcare, Baie
d’Urfe, QC, Canada) using the Kodak In-Vivo Pro imaging
system. �-Actin (1:20,000 dilution; Abcam) was used as a

loading control. Relative band intensity was quantified using
the Carestream (Rochester, NY) molecular imaging system.

Cytosolic and membrane protein fractions for determination
of PKC� and PKC� expression. PKC	 and PKCε have been
implicated as the link between lipid accumulation and insulin
resistance in the liver (20, 55). PKC	 is activated and translo-
cated from the cytosol to the membrane in response to elevated
cellular diacylglycerol levels (36), while PKCε translocation
occurs in the presence of elevated hepatic ceramides (55). In
the current study, translocation of PKC	 and PKCε was mea-
sured by determining relative protein expression in cytosol and
membrane fractions of liver tissue, as previously described,
and assuming that the purity of fractions is the same as was
previously obtained (31, 36). Briefly, frozen liver tissue was
homogenized in 1 ml of lysis buffer A (20 mM Tris·HCl, 150
mM NaCl, 2 mM EDTA, 20 mM NaF), protease inhibitor
(P8340, Sigma Aldrich), and phosphatase inhibitor (P5726,
Sigma Aldrich). After centrifugation, the supernatant was col-
lected as the cytosolic fraction, while the pellet was immersed
in buffer B (buffer A � 1% Triton X-100). The pellet and
buffer solution were centrifuged for 1 h, and the supernatant
was collected to represent the membrane fraction. PKCε (1:
1,000 dilution; Cell Signaling Technology) activity was deter-
mined by the relative expression in membrane and cytosol
fractions from each hepatic tissue sample.

Quantitative PCR analysis. Total RNA was extracted from 50
mg of powdered liver tissue using TRIzol reagent (Invitrogen,
Burlington, ON, Canada). After isolation, integrity of the RNA
was checked using a NanoDrop (Thermo Scientific). RNA from
all samples was then treated with DNase I (Sigma Aldrich) and
reverse-transcribed into cDNA with random hexamers using
SuperScript II reverse transcriptase (Invitrogen). Primers for fatty
acid synthase [FASN; 5=-CAACCTGCATTTCCACAAC-
CCCAA-3= (forward) and 5=-ACCTCCGAAGCCAAACGAGT-
TGAT-3= (reverse)] and �-actin [5=-CCAACCGTGAAAAGAT-
GACC-3= (forward) and 5=-ATCACAATGCCAGTGGTACG-3=
(reverse)] were used in real-time quantitative PCR using the My
IQ single-color real-time PCR system (Bio-Rad) in 96-well plates
containing 2.5 �g of cDNA, the forward and reverse primer at 5
�M each, and 12.5 �l of SYBR Green PCR Master Mix (Bio-
Rad) in a total volume of 25 �l. Relative mRNA levels were
calculated using the cycle threshold (2
CT) method and corrected
with �-actin mRNA expression.

Statistics. Values are means � SE, with a criterion of P �
0.05 to determine statistical significance. All fold differences
are expressed relative to the placebo � chow group, unless

Fig. 2. Cort diurnal rhythm. A: before pellet
implantation (day 0), all groups demonstrated a
similar diurnal rhythm, with the expected differ-
ences between basal and peak plasma Cort levels.
B: at 1 wk after Cort pellet implantation (day 8),
diurnal rhythm was abolished in Cort-treated an-
imals, but normal diurnal rhythm was maintained
in placebo-treated animals. Values are means �
SE (n � 8 per group). *P � 0.05, 2000 vs. 0800.
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otherwise stated. Food intake and body mass gains over time
were assessed using a three-way ANOVA. An unpaired t-test
was used to determine pellet mass differences between Cort
treatments. A two-way factorial ANOVA was used to deter-
mine statistical significance for body weight, food consump-
tion, tissue mass, relative protein and mRNA expression,
plasma FFA and TG levels, HOMA-IR values, and total
hepatic lipid and hepatic TG content. A one-way repeated-
measures ANOVA was used to determine significance of
glucose and insulin values during the OGTT. All statistical tests
were conducted using Statistica 6.0 software. Bonferroni’s or
Fisher’s least significant difference post hoc test was used
where appropriate, when ANOVA detected differences among
treatments.

RESULTS

Exogenous Cort treatment abolishes endogenous diurnal
rhythm and induces adrenal atrophy. For all treatment groups
at baseline (day 0), basal plasma Cort levels were lower than
peak values (i.e., displayed a diurnal rhythm), but GC levels
were slightly elevated, possibly because of some handling
stress associated with blood sampling (Fig. 2A; P � 0.05, peak
vs. trough for each group). At 8 days following pellet implan-
tation, diurnal rhythm was abolished in Cort-treated animals
(P � 0.05, basal vs. peak), with significant elevations in basal,
but not peak, Cort levels compared with day 0. Peak Cort
values (at 2000) on day 8 were not statistically significant
between groups (Fig. 2B; P � 0.05). Exogenous Cort treatment
resulted in significant reductions in relative adrenal mass
(Table 2; P � 0.05, main effect of Cort pellet), as expected,
since endogenous ACTH and GC production is suppressed by
this treatment. The total amount of Cort dissolved over the
treatment period did not differ between the two Cort-treated
groups: 93.16 � 11.23 and 131.3 � 13.01 mg in Cort � chow
and Cort � HFD, respectively (P � 0.05, by unpaired t-test).
Wax pellet implantation and the HFD did not alter the normal
diurnal rhythm of GCs (Fig. 2B) or affect adrenal mass (Table
2; P � 0.05). Although previous studies demonstrated in-
creases in plasma Cort levels in response to a HFD (65), we did
not find significant increases in plasma Cort as a result of the
HFD. These differences may be attributed to differences in rat
strain, method of blood collection, or experience in handling
the animals prior to hormone stress measurements.

Chronically elevated Cort levels result in reduced body and
muscle mass but increase central adiposity. Cort pellet implan-
tation resulted in a significant reduction in body mass over the
course of treatment (Fig. 3A), despite an increase in caloric
intake after 6 days of treatment (Fig. 3B; P � 0.05, day 2 vs.
day 6). This outcome is in contrast to the 23% reduction in

caloric intake of the placebo � HFD group (Fig. 3B). Cort
alone resulted in a 1.5-fold increase in epididymal adipose
mass, which was further augmented to a 2-fold increase with
addition of the HFD (Table 2; P � 0.05). In contrast, both
Cort-implanted groups experienced a similar reduction in mus-
cle mass compared with the two placebo-treated groups (1.2-
fold decrease, P � 0.05).

Cort � HFD increases hepatic steatosis, fibrosis, and
plasma ALT levels, but not hepatic inflammation. Cort and
HFD alone resulted in a twofold increase in hepatic lipid
content, as assessed by lipid extraction from whole liver tissue.
Cort � HFD resulted in an additive effect on hepatic steatosis
and a fourfold increase in total lipid content (Fig. 4, A and B;

Table 2. Relative tissue mass

Treatment

Placebo � chow Cort � chow Placebo � HFD Cort � HFD

Body mass, g 342.57 � 7.24 245.56 � 7.37* 315.4 � 1.89 249.38 � 11.07*
Epididymal adipose tissue mass, g/kg body wt 8.59 � 1.11 12.59 � 1.01* 12.77 � 0.85* 18.54 � 1.42†
Liver mass, g/kg body wt 37.991 � 1.13 51.92 � 2.61* 40.87 � 2.07 60.11 � 2.81†
Gastrocnemius mass, g/kg body wt 5.18 � 0.11 4.23 � 0.10* 4.93 � 0.16 4.17 � 0.09*
Average adrenal mass, g/kg body wt 0.196 � 0.02 0.072 � 0.01* 0.195 � 0.011 0.083 � 0.004*

Values are means � SE (n � 10 per group). Cort, corticosterone. *P � 0.05 vs. placebo � chow. †P � 0.05 vs. Cort � chow.

Fig. 3. Body mass gain and caloric intake. A: fed body mass was measured on
days 0, 2, 4, 6, and 8, and fasted (terminal) body mass was measured on day
16. Body mass significantly decreased in Cort-treated animals and increased in
placebo-treated animals over time (group � time interaction, P � 0.05).
B: food intake was measured on days 2 and 6, and caloric intake was estimated
on the basis of diet energy density. Estimated caloric intake did not differ in
placebo � chow group but significantly increased in Cort-treated group.
Values are means � SE (n � 5–10 per group). *Placebo greater than Cort.
Different letters (a, b, c) indicate significant difference (P � 0.05).
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P � 0.05). A similar trend for ceramide content was also
found. More specifically, the Cort � HFD group experienced
a 3.7-fold increase in ceramide content relative to the placebo �
chow group (Fig. 4C; P � 0.05). Oil red O staining of neutral
lipids (predominantly TGs) demonstrated an increase in he-
patic lipid content in the Cort � HFD group compared with the
placebo � chow control group (Fig. 4D). In addition to
steatosis, Cort � HFD resulted in a 1.5-fold increase in hepatic
fibrosis, as quantified by collagen staining of liver sections
(Fig. 4, E and F; P � 0.05), a 2.8-fold elevation in plasma
ALT, and a 2.3-fold elevation in total bilirubin levels (Table 3;
P � 0.05) compared with the placebo � chow group. While
the Cort � chow group also experienced increases in plasma
ALT levels (1.9-fold), fibrosis was not present within this time
frame (16 days). In addition, HFD alone did not produce
significant increases in fibrosis or injury relative to the placebo �
chow group.

Haptoglobin, thought to be a sensitive acute-phase marker of
inflammation (19), was measured to determine if increased
lipid accumulation was associated with increases in inflamma-

tion. Haptoglobin content was significantly reduced in the
Cort � chow group (Table 3; P � 0.05) relative to the placebo �
chow group and showed a trend for reductions in the Cort �
HFD group (P � 0.07), thereby suggesting that inflammation
was reduced in the face of elevated hepatic lipid exposure and
insulin resistance. Moreover, HFD alone did not significantly
alter haptoglobin concentrations within the 16-day time frame
of the study (P � 0.05).

Chronic Cort increases FFA spillover into the liver via the
portal vein. Prior to death and under anesthesia, blood samples
were taken from the portal and hepatic veins, representing
delivery into and export out of the liver, respectively. Chron-
ically elevated Cort levels resulted in increased portal and
hepatic vein concentrations of plasma FFAs (Fig. 5, A and B;
both P � 0.05). Portal vein TG concentrations were not
significantly increased as a result of Cort pellets, nor were they
increased with HFD (Fig. 5C; P � 0.05). HFD alone did not
significantly increase portal vein FFA and TG concentrations,
either alone or in conjunction with Cort (Fig. 5, A and C; P �
0.05). Only the Cort � chow group experienced a significant

Fig. 4. Hepatic lipid and collagen content.
A–D: chronically elevated Cort levels combined
with HFD resulted in severe hepatic steatosis (A and
B) and increased ceramide content (C), as indicated
by liver lipid extraction and images of hepatic tissue
and by oil red O staining of frozen liver sections (D).
E and F: quantification of Sirius red stain for
hepatic collagen content via color density reveals
marked increases in fibrosis in Cort � HFD group
(P � 0.05). Values are means � SE (n � 5–7 per
group). *P � 0.05 vs. placebo � chow. #P � 0.05
vs. Cort � chow.
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increase in hepatic vein TG concentrations (Fig. 5D; P �
0.05). Net uptake of FFAs, based on the difference between
hepatic and portal vein concentrations, was greatest in the
Cort-treated groups (Fig. 5E; P � 0.05), indicating a greater
FFA clearance with Cort treatment.

Chronic Cort drives increases in CD36 protein expression
and acts in combination with the HFD to synergistically
increase FASN mRNA. CD36 and L-FABP are proteins that
facilitate uptake of fatty acids into a variety of tissues, includ-
ing skeletal muscle and liver. CD36 mediates FFA transport
across the plasma membrane (5), while L-FABP distributes
fatty acids within the liver and has been shown to facilitate
delivery of lipids for oxidation (3). Immunoblotting was used
to determine if Cort or HFD altered relative protein expression
of CD36 and L-FABP in the liver. After 16 days, both Cort-
treated groups experienced a similar 2.5-fold increase in CD36
expression (Fig. 6A; P � 0.05), while the HFD did not
independently or additively alter CD36 protein expression. No
differences in L-FABP protein expression relative to controls
were evident (Fig. 6B; P � 0.05 vs. placebo � chow).

Hepatic FASN is the rate-limiting enzyme involved in de
novo lipogenesis (23). Expression of FASN mRNA was as-
sessed by real-time quantitative PCR of frozen liver tissue to
determine if pellet or diet treatment altered the rate of hepatic
de novo lipogenesis. HFD and Cort synergistically increased
FASN mRNA expression 14-fold compared with the placebo �
chow group (Fig. 6C; P � 0.05). Although Cort � chow
animals also experienced an increase in hepatic FASN mRNA,
this increase was not significant (P � 0.05).

HFD exacerbates plasma TG and cholesterol levels, which
are increased with chronic Cort treatment. Cort alone resulted
in a 1.5-fold increase in plasma cholesterol and TG concentra-
tions compared with placebo by the end of the experimental
time line (Table 3; P � 0.05). Addition of HFD resulted in a
further increase in circulating cholesterol and TG levels in the
Cort � HFD group to nearly twofold above the placebo �
chow animals (P � 0.05). In contrast, plasma FFA levels did
not significantly differ between treatment groups (Table 3; P �
0.05).

Whole body insulin resistance, hyperglycemia, and hyper-
insulinemia occur when Cort and HFD are combined. The
Cort � HFD group experienced hyperglycemia in the fasted
state (blood glucose � 10.9 � 1.2 mmol, P � 0.05; Fig. 7A),
while all other groups maintained fasting euglycemia. Fasting insulin

levels were highest in the Cort � HFD group (insulin � 5.78 � 1.92
ng/ml, 13-fold higher than controls, P � 0.05; Fig. 7B) as a
result of Cort treatment alone (3.12 � 0.58 ng/ml, 7.7-fold
increase, P � 0.05). Basal Cort levels correlated strongly with
fasting plasma insulin levels (r2 � 0.69, P � 0.05; Fig. 7C),
indicating that the sustained elevations in Cort promoted in-
creased insulin resistance and elevated beta cell insulin secre-
tion in concert. HOMA-IR scores were used to quantify the
degree of insulin resistance, primarily in the liver (68), and
were increased by 13-fold with Cort alone but were synergis-
tically increased by 26-fold with Cort � HFD (Fig. 7D; P �
0.05). Glucose tolerance, assessed by an OGTT on day 8,
revealed a significant elevation of blood glucose levels (Fig.
7E; P � 0.05) and greater area under the curve (Fig. 7F)
throughout the 2-h test in the Cort-treated animals compared
with the placebo groups.

Development of steatosis is complemented by reduced he-
patic insulin signaling. Cort treatment resulted in significant
reductions in phosphorylation of AKT at Thr308 compared with
the placebo � chow group, although this did not differ between
Cort-treated groups (Fig. 8A; P � 0.05). Treatment failed to
significantly alter basal phosphorylation of AKT at Ser473,
although there was a tendency for the HFD to lower phosphor-
ylation status (Fig. 8B). Downstream of AKT, phosphorylation
of the transcription factor FOXO1 was dramatically reduced in
all treatment groups (Fig. 8C) but was most severely hindered
in the Cort � HFD group (75% decrease relative to placebo �
chow, P � 0.05). This corresponded with a 44% increase in
G6Pase protein expression with Cort � HFD compared with a
21% increase with Cort or HFD alone (Fig. 8D; P � 0.05).
Both Cort-treated groups experienced similar increases in
PEPCK protein expression relative to the placebo groups (Fig.
8E; P � 0.05).

To investigate the mechanisms linking elevated hepatic lipid
content and insulin resistance, we measured translocation of
PKC	 and PKCε. Both of these PKC isoforms are activated by
translocation from the cytosol to the membrane in response to
diacylglycerols or ceramides, respectively. No differences in
PKCε expression were found between treatment groups (Fig. 9A;
P � 0.05). In contrast, Cort-treated animals experienced a
significant increase in PKC	 translocation to the membrane, as
determined by increased expression of PKC	 in the membrane
relative to the cytosol (Fig. 9B).

Table 3. Plasma lipid metabolites and parameters of liver damage

Treatment

Placebo � chow Cort � chow Placebo � HFD Cort � HFD

Triglycerides, mM 0.12 � 0.01 0.24 � 0.06* 0.18 � 0.03 0.47 � 0.13*†
Free fatty acids, mM 0.89 � 0.13 0.67 � 0.06 0.80 � 0.12 0.64 � 0.04
Cholesterol, mM 1.86 � 0.16 2.80 � 0.40* 1.83 � 0.21 3.86 � 0.54*†
Total bilirubin, �mol/l 0.75 � 0.07 0.96 � 0.18 0.90 � 0.18 1.76 � 0.44*
ALT, U/l 49.9 � 5.05 94.64 � 12.40* 48.3 � 4.14 138.3 � 32.0*†
Haptoglobin, mg/ml 1.19 � 0.36 0.35 � 0.11* 1.18 � 0.29 0.48 � 0.15
Glycerol,‡ mM 0.20 � 0.05 0.42 � 0.10* 0.29 � 0.08 0.46 � 0.12*

Values are means � SE (n � 6 per group). Trunk blood triglycerides and free fatty acids were collected in the fasted state; cholesterol, total bilirubin, alanine
aminotransferase (ALT), and haptoglobin were measured from trunk blood collected in the fed state. Bilirubin and ALT are markers of liver injury; haptoglobin
is a marker of hepatic inflammation. Glycerol, a measure of lipolysis, was measured from the portal vein in the fed state. *P � 0.05 vs. placebo � chow.
†P � 0.05 vs. Cort � chow. ‡Main effect of Cort (P � 0.04) and a trend for significant differences in Cort-treated animals relative to placebo � chow group
(P � 0.07).
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DISCUSSION

In the present study, we show that 2 wk of high-fat feeding,
in the presence of elevated basal Cort levels, rapidly induces
development of fatty liver disease without evidence of acute
hepatic inflammation in young male Sprague-Dawley rats.
Development of fatty liver disease involved dramatic hepatic
steatosis (Fig. 4, A–D), fibrosis (Fig. 4, E and F), and increased
plasma ALT levels (Table 3). While the elevation in circulating

Cort levels by itself or the consumption of a HFD alone also
produces some degree of steatosis, they do not cause signifi-
cant fibrosis or liver damage during this time frame of exposure
(Fig. 4, E and F). Along with liver injury, we also show that the
combination of a sustained elevation in Cort and a HFD rapidly
induces a type 2 diabetic phenotype characterized by hyperin-
sulinemia and hyperglycemia that does not occur when Cort or
HFD is administered alone. Moreover, while the Cort � chow

Fig. 5. Lipid transport into the liver. Portal vein transports lipid metabolites, including free fatty acids and triglycerides, from intestines and surrounding adipose
tissue to the liver. A: Cort treatment resulted in elevations in nonesterified fatty acid (NEFA) concentrations in the portal vein (P � 0.05). B: Cort and HFD alone
increased FFA levels in the hepatic vein (i.e., export); these effects were additive when Cort and HFD were combined. C and D: Cort significantly increased
portal vein triglyceride concentration, but only Cort alone significantly increased hepatic vein triglyceride concentration. E: net differences in plasma NEFA
content were measured by subtraction of hepatic vein values from portal vein values. A positive net value indicates greater uptake/storage in the liver. Cort treatment
resulted in a significant increase in net free fatty acid uptake into liver tissue. Values are means � SE (n � 5–7 per group). *P � 0.05 vs. placebo � chow. #P � 0.05
vs. Cort � chow.
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and placebo � HFD groups experienced some degree of whole
body insulin resistance (Fig. 7D) and increased visceral adi-
posity (Table 2), these effects were greatest when Cort and
HFD were combined.

Animal models of NAFLD have previously used prolonged
periods of high-fat feeding (21), lasting weeks or months, to
induce increased lipid accumulation. However, liver damage,
indicated by fibrosis and elevated plasma ALT levels, typically
does not develop with short-term (�4 wk) high-fat feeding (2,
11, 64). Similarly, specialized methonine- and choline-defi-
cient diets are commonly used to model the development of
NAFLD in rodents (21). Although these diets have been shown
to cause steatosis and fibrosis, they rarely induce insulin
resistance, an important clinical characteristic of NAFLD pa-
tients (32, 54). Recently, using Cort dissolved in drinking
water, Karatsoreos et al. (27) proposed a new GC-induced
mouse model for the study of metabolic syndrome that was
characterized by accelerated ectopic lipid deposition and whole
body insulin resistance. We previously reported similar results
(10) using Sprague-Dawley rats treated with exogenous GC
pellets, but we have not characterized the development of
NAFLD in this new model. The use of exogenous GC pellets,
rather than Cort in the drinking water, allows for greater
control of Cort dosage and involves a minimally invasive
procedure to abolish diurnal Cort rhythm. Although care was
taken to avoid imposing stress on these animals during the
blood collection, the novelty of being handled and enduring a
tail nick for collection of blood for plasma Cort analysis may
have contributed to higher basal and peak plasma Cort levels
than are typically observed when indwelling carotid catheters
are used in the same species (16, 46). These acutely elevated
stress hormone levels at the time of blood sampling may have
masked subtle changes in plasma Cort levels that could have
occurred as a result of the HFD alone. However, only the
Cort-treated animals developed the characteristic steatosis and
insulin resistance evident in fatty liver disease.

Our present findings are an extension of previous work
utilizing exogenous Cort treatment to induce a metabolic syn-
drome phenotype in young adult rodents (27). We have shown
that consumption of a HFD, in the presence of chronically
elevated Cort levels, in young growing rats exacerbates a
number of characteristics of NALFD, including steatosis, fi-
brosis, and liver injury. It also results in severe whole body
insulin resistance, impairments to hepatic insulin signaling, and
fasting hyperglycemia. These features are strikingly similar to
the metabolic syndrome phenotype observed in a large per-
centage of patients with prediabetes or type 2 diabetes mellitus
(12). Unlike patients with metabolic syndrome, the Cort �
HFD animals experienced attenuated body mass gains over
time relative to the placebo � chow group. This likely reflects
the catabolic effect of Cort on lean mass and the overall
reduction in circulating growth hormone levels (25), in addi-
tion to the potential for glycosuria associated with the severe
hyperglycemia.

NALFD occurs without hepatic inflammation. Our findings
show that a HFD, in the presence of chronically elevated Cort,
results in a 4-fold increase in hepatic lipid content (Fig. 4A), a
2.8-fold increase in plasma ALT levels, and a 2.3-fold increase
in total bilirubin content (Table 3) after only 16 days of
exposure. In contrast, the HFD alone increased hepatic lipid
content by almost twofold but did not cause significant alter-
ations to plasma ALT or bilirubin levels. Importantly, this
increase in lipid content and liver injury in the Cort � HFD
group was accompanied by significant increases in fibrosis, an
effect that was not evident with Cort or the HFD alone (Fig.

Fig. 6. Hepatic lipid transporter protein content. A and B: protein expression of
the facilitated lipid transporters CD36 and liver fatty acid-binding protein
(L-FABP) were measured in frozen liver samples. Expression of CD36 was
increased as a result of Cort treatment, but L-FABP expression was unchanged.
C: relative mRNA expression of fatty acid synthase (FASN), a marker of
hepatic de novo lipogenesis, showed a trend for increase as a result of Cort
alone (P � 0.08) and was synergistically increased by Cort � HFD (P � 0.05).
Values are means � SE (n � 4–7 per group). *P � 0.05 vs. placebo � chow.
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4E). Thus it would appear that a HFD rapidly induces severe
liver damage in the face of elevated GC levels, a finding that
has important implications in the dietary management of pa-
tients with hyperglucocorticoidemia.

NAFLD is commonly associated with the development of
hepatic inflammation (18) and type 2 diabetes (62, 69). Inter-
estingly, GCs are well established to be anti-inflammatory in
action (57), although they promote steatosis (48). As such, it
was unclear if GC-induced NAFLD would be associated with
hepatic inflammation in this animal model. To test this, we
measured plasma levels of haptoglobin, a well-known acute-
phase marker of acute hepatic inflammation (19), and found
that Cort treatment alone resulted in significant reductions in
plasma haptoglobin concentrations (Table 3; P � 0.05), while
haptoglobin levels in the Cort � HFD group were similar to
those in the placebo � chow group. Plasma TNF was also
measured, but levels did not differ between groups (data not
shown). These results suggest that development of fibrosis and
liver injury in this model of NAFLD is independent of hepatic
inflammation.

Cort drives lipid spillover from central adipose tissue, which
is greatly increased with consumption of a HFD. Hepatic lipid
metabolism is a balance between lipid import via VLDLs into
the liver and export out of the liver. Donnelly et al. (13) suggest
that up to 60% of lipids in the liver are from FFA spillover
from central adipose depots. Since Cort has been shown to
increase central adiposity and the lipolytic activity of adipose
tissue (10, 40, 51), we speculated that one possible mechanism
for severe steatosis in the Cort � HFD group would be
increased lipid uptake from more metabolically active adipose
tissue. In support of this notion, we show that Cort treatment
alone resulted in a 1.5-fold increase in visceral adipose tissue
mass, which was further exaggerated (�2.5-fold) in the pres-
ence of the HFD (Table 2; P � 0.05). Jensen et al. (26)
reported that portal vein FFA concentrations predicted the
proportion of hepatic FFAs that originated from surrounding
central adipose tissue. On the basis of their findings, we used
FFA and TG concentrations in the portal vein as markers of
lipid spillover to investigate delivery of lipids into the liver.
Our results suggest that elevated Cort exposure drives lipolysis

Fig. 7. Whole body insulin sensitivity and
glucose tolerance. At 8 days after pellet im-
plantation, animals were subjected to an
overnight fast for measurement of fasting
glucose (A) and insulin (B) values. Increases
in plasma Cort levels correlated with ele-
vated fasting insulin levels (C; P � 0.05, by
linear regression). Chronic Cort treatment
induced severe insulin resistance, as mea-
sured by homeostasis model assessment of
insulin resistance (HOMA-IR) scores, which
were exacerbated when combined with HFD
(D; P � 0.05 by 2-way ANOVA). E and
F: an oral glucose tolerance test (OGTT)
demonstrated severe glucose intolerance as a
result of Cort treatment, which was worsened
with a HFD (P � 0.05 by repeated-measures
ANOVA and Fisher’s least significant differ-
ence post hoc analysis). AUC, area under the
curve. Values are means � SE (n � 8–10 per
group). *P � 0.05 vs. placebo � chow. #P �
0.05 vs. Cort � chow.
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(10) and, thus, “spillover” of FFA into the liver via the portal
vein (Fig. 5A). We also show that chronic Cort treatment
induces increases in central adipose tissue lipolysis, on the
basis of increased glycerol concentrations in the portal vein
(Table 3), which occur despite increases in overall adipose
tissue mass. We speculate, therefore, that Cort treatment results
in a greater, and more metabolically active, central adipose
tissue depot that promotes lipid accumulation in the liver.

Although hepatic vein TG concentrations did not differ
between the two Cort groups (Fig. 5D), trunk blood TG and
cholesterol levels were significantly elevated in the Cort �
HFD group (Table 3). These increased levels may increase risk

of metabolic syndrome. Although previous studies suggest that
the synthetic GC dexamethasone (Dex) has no significant
effect on lipoprotein lipase expression (8), it remains to be
determined if prolonged exposure to exogenous Cort has a
similar effect that contributes to the increased plasma TG in the
Cort � HFD group.

Cort increases facilitated transporter protein expression
and combines with HFD to synergistically increase de novo
lipogenesis. The induction of facilitated lipid transporters in
the liver may be a critical factor in steatosis development (34,
38). Komamura et al. (33) found that Dex increased expression
of CD36, a facilitated lipid transporter, in gastrocnemius mus-

Fig. 8. Hepatic insulin signaling and gluco-
neogenic enzyme protein expression. A: AKT
phosphorylation at Thr308 was decreased by
chronically elevated Cort levels. B: AKT
phosphorylation at Ser473 was unchanged
with treatment, although there was a tendency
for reduced phosphorylation with HFD alone
(P � 0.05). Reduction of Thr308-phosphory-
lated AKT coincided with reduced phosphor-
ylation of FOXO1 at Ser256 in all treatment
groups relative to placebo � chow but was
most severe with Cort � HFD (C). D and
E: reduced phosphorylation of FOXO1 in-
dicates impaired inhibition of FOXO1 tran-
scriptional activity on glucose-6-phospha-
tase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK). Analysis of pro-
tein expression of these gluconeogenic en-
zymes confirmed increases in G6Pase and
PEPCK with Cort treatment. Values are
means � SE (n � 4 –7 per group). *P �
0.05 vs. placebo � chow. #P � 0.05 vs.
Cort � chow.
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cle. In our study, Cort treatment resulted in a 2.5-fold increase
in hepatic CD36 expression (Fig. 6A). In contrast, no differ-
ences in L-FABP expression were observed among treatment
groups (Fig. 6B). Using repeated Dex injections to study the
effects of Cort on L-FABP expression, Foucaud et al. (17)
found that 5 days of GC treatment downregulated L-FABP
expression in rat liver. This downregulation of L-FABP was
abolished when oleic acid was added in culture. Thus these
authors speculated that the Dex-induced in vivo changes in
L-FABP expression were likely due an indirect effect of GCs
on lipid provision (17). In contrast, we did not find alterations
to L-FABP expression, despite increases in hepatic lipid
content, as a result of Cort alone or Cort � HFD. This
indicates that facilitated transport in the liver, potentially
toward oxidation, is not increased, thus likely further con-
tributing to the steatosis in this model.

In the presence of elevated insulin levels, hepatic lipid
synthesis may occur via de novo lipogenesis (4). It has been
reported that de novo lipogenesis is increased with NAFLD
(58) and as a result of elevated Cort concentrations (24). Our
results confirm these findings, as we demonstrate a significant
increase in mRNA expression of FASN, a marker of hepatic
lipogenesis, in the Cort � HFD group relative to the placebo �
chow group (Fig. 6C; P � 0.05). This finding clearly demon-
strates the synergistic effect of Cort and HFD in exacerbating
de novo lipogenesis, which contributes to increased lipid ac-
cumulation in the liver, possibly as a direct effect of Cort or as
an indirect effect by promoting hyperinsulinemia (Fig. 7I).
This increase in de novo lipogenesis may help promote in-
creased synthesis of ceramides, the potentially toxic by-prod-
ucts of excessive lipid accumulation in insulin-sensitive tis-
sues. Ceramides are indeed deemed to be toxic to hepatic
function and contribute to liver lipotoxicity and insulin resis-
tance (50). We observed that Cort treatment results in in-
creased hepatic ceramide content, particularly in the environ-
ment of a HFD, a finding that is in line with the observed
deterioration in insulin sensitivity.

Consumption of a HFD in the presence of chronic Cort
exposure rapidly promotes a diabetic phenotype and hepatic
insulin resistance. Cort � HFD rapidly induces fasting hyper-
glycemia (Fig. 7A), hyperinsulinemia (Fig. 7B), and severe
insulin resistance (Fig. 7D), which are features of type 2
diabetes. Interestingly, circulating GCs are elevated in several
rodent models of type 2 diabetes, including the Zucker diabetic
fatty rat (9) and the diabetic Goto-Kakizaki rat (71), suggesting
that Cort may play a role in promoting the diabetes phenotype.
As expected, Cort alone did not induce fasting hyperglycemia
but did result in hyperinsulinemia and insulin resistance (Fig.
7B). Prior studies demonstrated that consumption of a HFD for
2 wk is sufficient to induce altered hepatic insulin sensitivity
with no changes to peripheral insulin sensitivity (22). Our
findings are in line with these results, as we did not observe
significant differences in peripheral insulin sensitivity, despite
decreased hepatic insulin sensitivity in response to 2 wk of
high-fat feeding without elevated Cort exposure. Our results
are also consistent with a previous report (27) of elevated basal
and post-glucose-load insulin levels as a result of exogenous
Cort administration. Our data extend these findings by reveal-
ing that high-fat feeding is capable of producing hyperglyce-
mia and hyperinsulinemia in a young “diabetes-resistant” ro-
dent model when combined with elevated Cort levels. To
determine whether fasting hyperglycemia was due to impair-
ments in insulin regulation of gluconeogenesis in the liver, we
assessed expression of proteins in the insulin-signaling path-
way in the liver. In the presence of insulin, AKT induces
phosphorylation and removal of FOXO1 from the nucleus,
impairing its ability to induce transcription of gluconeogenic
enzymes (44). However, with insulin resistance, this inhibition
is lost (39, 60). It has been reported that Cort is a strong agonist
of gluconeogenic gene transcription (14, 61) and is able to
abrogate phosphorylation of AKT in the presence of insulin
(70). Similarly, an increase in hepatic lipid metabolites, par-
ticularly ceramides, has been shown to impair AKT phosphor-
ylation and, thus, perpetuate insulin resistance (15). Our results
show that Cort-treated animals developed impaired insulin
signaling and increased protein expression of gluconeogenic
enzymes, along with increased ceramide levels and reduced

Fig. 9. PKC	 and PKCε membrane protein expression. Activation of PKC	
and PKCε is determined by translocation from cytosol to membrane. Trans-
location was measured as the ratio of membrane expression to total (cytosolic
and membrane) expression. No significant increase in PKCε translocation
occurred as a result of Cort, HFD, or Cort � HFD (A; P � 0.05). Blot images
for PKCε are rearranged from the original blot and grouped according to
treatment group (B). PKC	 showed a trend for increased translocation in the
Cort-treated group, but the trend was not significant. Values are � means SE
(n � 4–7 per group). *P � 0.05.
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AKT phosphorylation on Thr308, but not Ser473. We also show
that HFD exacerbates Cort’s effects on hepatic insulin signal-
ing by resulting in greater reductions in FOXO1 phosphoryla-
tion (Fig. 8C) and increased G6Pase protein expression (Fig.
8D), despite no further downregulation of AKT Ser308 phos-
phorylation beyond that observed with Cort treatment alone
(Fig. 8A). These findings suggest that a HFD, combined with
Cort, may be acting downstream of AKT to impair insulin’s
regulation of gluconeogenesis, but the exact mechanisms war-
rant further clarification.

To further elucidate the mechanisms linking excess lipid
accumulation and hepatic insulin resistance, we measured
activation of two PKC isoforms, PKC	 and PKCε, which are
believed to mediate lipid-induced insulin resistance. It has been
reported that hepatic PKC activity is greater in hypertriglycer-
idemic diabetic than lean rats (55). Furthermore, steatosis is
associated with activation of PKCε (45). It is believed that
PKC	 mediates insulin resistance by an inhibitory effect on
tyrosine kinase activity of the insulin receptor in human em-
bryonic kidney cells (30). Similarly, PKCε has been shown to
interfere with insulin receptor activation, thus preventing
downstream signaling (56). In the present study, we found no
differences in activity of PKCε as a result of Cort or HFD (Fig.
9A). In contrast, elevated FFA and TG levels in the Cort-
treated animals were associated with increased PKC	 translo-
cation to the membrane (Fig. 9B). These results suggest that
PKCε does not mediate the attenuated insulin signaling that is
observed in Cort-treated animals, but activation of PKC	 as a
result of hypertriglyceridemia may contribute to the alterations
in insulin signaling as a result of Cort treatment.

Conclusion. The present study has shown that short-term (2
wk) exposure to elevated Cort, along with a HFD, results in a
phenotype that mimics severe steatosis, NAFLD, and type 2
diabetes mellitus in young rodents. The young age (6–8 wk
old) of these rodents suggests that caution should be taken
when these results are interpreted in terms of metabolic con-
ditions experienced by adults, however. Further studies are
warranted to examine whether this model of chronically ele-
vated Cort and HFD has similar effects on aged rats. Nonethe-
less, the increased Cort levels experienced by the Cort-treated
group mimic the abolished diurnal rhythm in patients after 5
days of exogenous GC (e.g., prednisone) treatment (63) and
parallels the hyperglucocorticoidemia in humans and animal
models of type 2 diabetes. Although further studies are re-
quired to determine whether the altered adipose lipid metabo-
lism and whole body insulin sensitivity that result from Cort �
HFD precede development of hepatic insulin resistance and
steatosis, our findings point out the important interactive ef-
fects of poor diet and elevated stress hormones in exacerbating
metabolic disease.

GRANTS

This research was supported by grants from Natural Science and Engineer-
ing Research Council of Canada and the Canadian Diabetes Association to
M. C. Riddell. A. M. D’souza is the recipient of a scholarship from Natural
Science and Engineering Research Council of Canada and the Ontario Grad-
uate Scholarship.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

A.M.D., A.G., and M.C.R. are responsible for conception and design of the
research; A.M.D., J.L.B., A.A.S., S.J.T., L.A.S., A.B., and M.C.R. performed
the experiments; A.M.D., J.L.B., A.A.S., S.J.T., L.A.S., A.B., and M.C.R.
analyzed the data; A.M.D., J.L.B., S.J.T., L.A.S., A.B., A.G., and M.C.R.
interpreted the results of the experiments; A.M.D., J.L.B., A.A.S., L.A.S., and
M.C.R. prepared the figures; A.M.D. and M.C.R. drafted the manuscript;
A.M.D., J.L.B., A.B., and M.C.R. edited and revised the manuscript; L.A.S.,
A.B., A.G., and M.C.R. approved the final version of the manuscript.

REFERENCES

1. Anagnostis P, Athyros VG, Tziomalos K, Karagiannis A, Mikhailidis
DP. The pathogenetic role of cortisol in the metabolic syndrome: a
hypothesis. J Clin Endocrinol Metab 94: 2692–2701, 2009.

2. Anstee QM, Goldin RD. Mouse models in non-alcoholic fatty liver
disease and steatohepatitis research. Int J Exp Pathol 87: 1–16, 2006.

3. Atshaves BP, Martin GG, Hostetler HA, McIntosh AL, Kier AB,
Schroeder F. Liver fatty acid-binding protein and obesity. J Nutr Biochem
21: 1015–1032, 2010.

4. Azzout-Marniche D, Becard D, Guichard C, Foretz M, Ferre P,
Foufelle F. Insulin effects on sterol regulatory-element-binding protein-1c
(SREBP-1c) transcriptional activity in rat hepatocytes. Biochem J 350:
389–393, 2000.

5. Bonen A, Campbell SE, Benton CR, Chabowski A, Coort SL, Han XX,
Koonen DP, Glatz JF, Luiken JJ. Regulation of fatty acid transport by
fatty acid translocase/CD36. Proc Nutr Soc 63: 245–249, 2004.

6. Bonora E, Kiechl S, Willeit J, Oberhollenzer F, Egger G, Meigs JB,
Bonadonna RC, Muggeo M. Insulin resistance as estimated by homeo-
stasis model assessment predicts incident symptomatic cardiovascular
disease in Caucasian subjects from the general population: the Bruneck
study. Diabetes Care 30: 318–324, 2007.

7. Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72: 248–254, 1976.

8. Cai Y, Song Z, Wang X, Jiao H, Lin H. Dexamethasone-induced hepatic
lipogenesis is insulin dependent in chickens (Gallus gallus domesticus).
Stress 14: 273–281, 2011.

9. Campbell JE, Kiraly MA, Atkinson DJ, D’souza AM, Vranic M,
Riddell MC. Regular exercise prevents the development of hypergluco-
corticoidemia via adaptations in the brain and adrenal glands in male
Zucker diabetic fatty rats. Am J Physiol Regul Integr Comp Physiol 299:
R168–R176, 2010.

10. Campbell JE, Peckett AJ, D’souza A, Hawke TJ, Riddell MC. Adipo-
genic and lipolytic effects of chronic glucocorticoid exposure. Am J
Physiol Cell Physiol 300: C198–C209, 2011.

11. Carmiel-Haggai M, Cederbaum AI, Nieto N. A high-fat diet leads to the
progression of non-alcoholic fatty liver disease in obese rats. FASEB J 19:
136–138, 2005.

12. Chanson P, Salenave S. Metabolic syndrome in Cushing’s syndrome.
Neuroendocrinology 92 Suppl 1: 96–101, 2010.

13. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD,
Parks EJ. Sources of fatty acids stored in liver and secreted via lipopro-
teins in patients with nonalcoholic fatty liver disease. J Clin Invest 115:
1343–1351, 2005.

14. Exton JH. Regulation of gluconeogenesis by glucocorticoids. Monogr
Endocrinol 12: 535–546, 1979.

15. Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty liver
disease: biochemical, metabolic, and clinical implications. Hepatology 51:
679–689, 2010.

16. Fediuc S, Campbell JE, Riddell MC. Effect of voluntary wheel running
on circadian corticosterone release and on HPA axis responsiveness to
restraint stress in Sprague-Dawley rats. J Appl Physiol 100: 1867–1875,
2006.

17. Foucaud L, Niot I, Kanda T, Besnard P. Indirect dexamethasone
down-regulation of the liver fatty acid-binding protein expression in rat
liver. Biochim Biophys Acta 1391: 204–212, 1998.

18. Gaemers IC, Stallen JM, Kunne C, Wallner C, van Werven J,
Nederveen A, Lamers WH. Lipotoxicity and steatohepatitis in an overfed
mouse model for non-alcoholic fatty liver disease. Biochim Biophys Acta
1812: 447–458, 2011.

19. Giffen PS, Turton J, Andrews CM, Barrett P, Clarke CJ, Fung KW,
Munday MR, Roman IF, Smyth R, Walshe K, York MJ. Markers of
experimental acute inflammation in the Wistar Han rat with particular

G861HIGH-FAT FEEDING EXACERBATES GC-INDUCED NAFLD

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00378.2011 • www.ajpgi.org

 on A
pril 23, 2012

ajpgi.physiology.org
D

ow
nloaded from

 

http://ajpgi.physiology.org/


reference to haptoglobin and C-reactive protein. Arch Toxicol 77: 392–
402, 2003.

20. Greene MW, Burrington CM, Ruhoff MS, Johnson AK, Chongkrai-
ratanakul T, Kangwanpornsiri A. PKC	 is activated in a dietary model
of steatohepatitis and regulates endoplasmic reticulum stress and cell
death. J Biol Chem 285: 42115–42129, 2010.

21. Hebbard L, George J. Animal models of nonalcoholic fatty liver disease.
Nat Rev Gastroenterol Hepatol 8: 35–44, 2011.

22. Heijboer AC, Voshol PJ, Donga E, van Eden CG, Havekes LM,
Romijn JA, Pijl H, Corssmit EP. High fat diet induced hepatic insulin
resistance is not related to changes in hypothalamic mRNA expression of
NPY, AgRP, POMC and CART in mice. Peptides 26: 2554–2558, 2005.

23. Hellerstein MK, Schwarz JM, Neese RA. Regulation of hepatic de novo
lipogenesis in humans. Annu Rev Nutr 16: 523–557, 1996.

24. Hillgartner FB, Salati LM, Goodridge AG. Physiological and molecular
mechanisms involved in nutritional regulation of fatty acid synthesis.
Physiol Rev 75: 47–76, 1995.

25. Huang H, Gazzola C, Pegg GG, Sillence MN. Differential effects of
dexamethasone and clenbuterol on rat growth and on �2-adrenoceptors in
lung and skeletal muscle. J Anim Sci 78: 604–608, 2000.

26. Jensen MD, Cardin S, Edgerton D, Cherrington A. Splanchnic free
fatty acid kinetics. Am J Physiol Endocrinol Metab 284: E1140–E1148,
2003.

27. Karatsoreos IN, Bhagat SM, Bowles NP, Weil ZM, Pfaff DW, Mc-
Ewen BS. Endocrine and physiological changes in response to chronic
corticosterone: a potential model of the metabolic syndrome in mouse.
Endocrinology 151: 2117–2127, 2010.

28. Kasumov T, Huang H, Chung YM, Zhang R, McCullough AJ, Kirwan
JP. Quantification of ceramide species in biological samples by liquid
chromatography electrospray ionization tandem mass spectrometry. Anal
Biochem 401: 154–161, 2010.

29. Katsuki A, Sumida Y, Gabazza EC, Murashima S, Furuta M, Araki-
Sasaki R, Hori Y, Yano Y, Adachi Y. Homeostasis model assessment is
a reliable indicator of insulin resistance during follow-up of patients with
type 2 diabetes. Diabetes Care 24: 362–365, 2001.

30. Kellerer M, Mushack J, Seffer E, Mischak H, Ullrich A, Haring HU.
Protein kinase C isoforms , 	 and � require insulin receptor substrate-1
to inhibit the tyrosine kinase activity of the insulin receptor in human
kidney embryonic cells (HEK 293 cells). Diabetologia 41: 833–838, 1998.

31. Kiraly MA, Campbell J, Park E, Bates HE, Yue JT, Rao V, Matthews
SG, Bikopoulos G, Rozakis-Adcock M, Giacca A, Vranic M, Riddell
MC. Exercise maintains euglycemia in association with decreased activa-
tion of c-Jun NH2-terminal kinase and serine phosphorylation of IRS-1 in
the liver of ZDF rats. Am J Physiol Endocrinol Metab 298: E671–E682,
2010.

32. Kirsch R, Clarkson V, Shephard EG, Marais DA, Jaffer MA, Wood-
burne VE, Kirsch RE, Hall P de L. Rodent nutritional model of
non-alcoholic steatohepatitis: species, strain and sex difference studies. J
Gastroenterol Hepatol 18: 1272–1282, 2003.

33. Komamura K, Shirotani-Ikejima H, Tatsumi R, Tsujita-Kuroda Y,
Kitakaze M, Miyatake K, Sunagawa K, Miyata T. Differential gene
expression in the rat skeletal and heart muscle in glucocorticoid-induced
myopathy: analysis by microarray. Cardiovasc Drugs Ther 17: 303–310,
2003.

34. Koonen DP, Jacobs RL, Febbraio M, Young ME, Soltys CL, Ong H,
Vance DE, Dyck JR. Increased hepatic CD36 expression contributes to
dyslipidemia associated with diet-induced obesity. Diabetes 56: 2863–
2871, 2007.

35. Koopman R, Schaart G, Hesselink MK. Optimisation of oil red O
staining permits combination with immunofluorescence and automated
quantification of lipids. Histochem Cell Biol 116: 63–68, 2001.

36. Lam TK, Carpentier A, Lewis GF, van de Werve G, Fantus IG,
Giacca A. Mechanisms of the free fatty acid-induced increase in hepatic
glucose production. Am J Physiol Endocrinol Metab 284: E863–E873,
2003.

37. Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepa-
titis: Mayo Clinic experiences with a hitherto unnamed disease. Mayo Clin
Proc 55: 434–438, 1980.

38. Luiken JJ, Arumugam Y, Dyck DJ, Bell RC, Pelsers MM, Turcotte
LP, Tandon NN, Glatz JF, Bonen A. Increased rates of fatty acid uptake
and plasmalemmal fatty acid transporters in obese Zucker rats. J Biol
Chem 276: 40567–40573, 2001.

39. Marchesini G, Brizi M, Bianchi G, Tomassetti S, Bugianesi E, Lenzi
M, McCullough AJ, Natale S, Forlani G, Melchionda N. Nonalcoholic

fatty liver disease: a feature of the metabolic syndrome. Diabetes 50:
1844–1850, 2001.

40. Mauriege P, Galitzky J, Berlan M, Lafontan M. Heterogeneous distri-
bution of �- and 2-adrenoceptor binding sites in human fat cells from
various fat deposits: functional consequences. Eur J Clin Invest 17:
156–165, 1987.

41. Meyer JS, Micco DJ, Stephenson BS, Krey LC, McEwen BS. Subcu-
taneous implantation method for chronic glucocorticoid replacement ther-
apy. Physiol Behav 22: 867–870, 1979.

42. Misra M, Bredella MA, Tsai P, Mendes N, Miller KK, Klibanski A.
Lower growth hormone and higher cortisol are associated with greater
visceral adiposity, intramyocellular lipids, and insulin resistance in over-
weight girls. Am J Physiol Endocrinol Metab 295: E385–E392, 2008.

43. Mora PF. Post-transplantation diabetes mellitus. Am J Med Sci 329:
86–94, 2005.

44. Nakae J, Kitamura T, Silver DL, Accili D. The forkhead transcription
factor Foxo1 (Fkhr) confers insulin sensitivity onto glucose-6-phosphatase
expression. J Clin Invest 108: 1359–1367, 2001.

45. Neschen S, Morino K, Hammond LE, Zhang D, Liu ZX, Romanelli
AJ, Cline GW, Pongratz RL, Zhang XM, Choi CS, Coleman RA,
Shulman GI. Prevention of hepatic steatosis and hepatic insulin resistance
in mitochondrial acyl-CoA:glycerol-sn-3-phosphate acyltransferase 1
knockout mice. Cell Metab 2: 55–65, 2005.

46. Park E, Chan O, Li Q, Kiraly M, Matthews SG, Vranic M, Riddell
MC. Changes in basal hypothalamo-pituitary-adrenal activity during ex-
ercise training are centrally mediated. Am J Physiol Regul Integr Comp
Physiol 289: R1360–R1371, 2005.

47. Park E, Wong V, Guan X, Oprescu AI, Giacca A. Salicylate prevents
hepatic insulin resistance caused by short-term elevation of free fatty acids
in vivo. J Endocrinol 195: 323–331, 2007.

48. Patel R, Patel M, Tsai R, Lin V, Bookout AL, Zhang Y, Magomedova
L, Li T, Chan JF, Budd C, Mangelsdorf DJ, Cummins CL. LXR� is
required for glucocorticoid-induced hyperglycemia and hepatosteatosis in
mice. J Clin Invest 121: 431–441, 2011.

49. Peckett AJ, Wright DC, Riddell MC. The effects of glucocorticoids on
adipose tissue lipid metabolism. Metabolism 60: 1500–1510, 2011.

50. Promrat K, Longato L, Wands JR, de la Monte SM. Weight loss
amelioration of non-alcoholic steatohepatitis linked to shifts in hepatic
ceramide expression and serum ceramide levels. Hepatol Res 41: 754–
762, 2011.

51. Rebuffe-Scrive M, Andersson B, Olbe L, Bjorntorp P. Metabolism of
adipose tissue in intraabdominal depots of nonobese men and women.
Metabolism 38: 453–458, 1989.

52. Rector RS, Thyfault JP, Uptergrove GM, Morris EM, Naples SP,
Borengasser SJ, Mikus CR, Laye MJ, Laughlin MH, Booth FW,
Ibdah JA. Mitochondrial dysfunction precedes insulin resistance and
hepatic steatosis and contributes to the natural history of non-alcoholic
fatty liver disease in an obese rodent model. J Hepatol 52: 727–736, 2010.

53. Rhee EJ, Lee WY, Cho YK, Kim BI, Sung KC. Hyperinsulinemia and
the development of nonalcoholic fatty liver disease in nondiabetic adults.
Am J Med 124: 69–76, 2011.

54. Rinella ME, Green RM. The methionine-choline deficient dietary model
of steatohepatitis does not exhibit insulin resistance. J Hepatol 40: 47–51,
2004.

55. Samuel VT, Liu ZX, Qu X, Elder BD, Bilz S, Befroy D, Romanelli AJ,
Shulman GI. Mechanism of hepatic insulin resistance in non-alcoholic
fatty liver disease. J Biol Chem 279: 32345–32353, 2004.

56. Samuel VT, Liu ZX, Wang A, Beddow SA, Geisler JG, Kahn M,
Zhang XM, Monia BP, Bhanot S, Shulman GI. Inhibition of protein
kinase Cε prevents hepatic insulin resistance in nonalcoholic fatty liver
disease. J Clin Invest 117: 739–745, 2007.

57. Schleimer RP. An overview of glucocorticoid anti-inflammatory actions.
Eur J Clin Pharmacol 45 Suppl 1: S3–S7, S43–S44, 1993.

58. Schwarz JM, Linfoot P, Dare D, Aghajanian K. Hepatic de novo
lipogenesis in normoinsulinemic and hyperinsulinemic subjects consum-
ing high-fat, low-carbohydrate and low-fat, high-carbohydrate isoener-
getic diets. Am J Clin Nutr 77: 43–50, 2003.

59. Schwimmer JB, Deutsch R, Rauch JB, Behling C, Newbury R, Lavine
JE. Obesity, insulin resistance, and other clinicopathological correlates of
pediatric nonalcoholic fatty liver disease. J Pediatr 143: 500–505, 2003.

60. Seppala-Lindroos A, Vehkavaara S, Hakkinen AM, Goto T, Wester-
backa J, Sovijarvi A, Halavaara J, Yki-Jarvinen H. Fat accumulation
in the liver is associated with defects in insulin suppression of glucose

G862 HIGH-FAT FEEDING EXACERBATES GC-INDUCED NAFLD

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00378.2011 • www.ajpgi.org

 on A
pril 23, 2012

ajpgi.physiology.org
D

ow
nloaded from

 

http://ajpgi.physiology.org/


production and serum free fatty acids independent of obesity in normal
men. J Clin Endocrinol Metab 87: 3023–3028, 2002.

61. Sistare FD, Haynes RC Jr. Acute stimulation by glucocorticoids of
gluconeogenesis from lactate/pyruvate in isolated hepatocytes from nor-
mal and adrenalectomized rats. J Biol Chem 260: 12754–12760, 1985.

62. Smith BW, Adams LA. Nonalcoholic fatty liver disease and diabetes
mellitus: pathogenesis and treatment. Nat Rev Endocrinol 7: 456–465,
2011.

63. Streck WF, Lockwood DH. Pituitary adrenal recovery following short-
term suppression with corticosteroids. Am J Med 66: 910–914, 1979.

64. Sundaresan S, Vijayagopal P, Mills N, Imrhan V, Prasad C. A mouse
model for nonalcoholic steatohepatitis. J Nutr Biochem 22: 979–984,
2011.

65. Tannenbaum BM, Brindley DN, Tannenbaum GS, Dallman MF,
McArthur MD, Meaney MJ. High-fat feeding alters both basal and
stress-induced hypothalamic-pituitary-adrenal activity in the rat. Am J
Physiol Endocrinol Metab 273: E1168–E1177, 1997.

66. Targher G, Bertolini L, Zoppini G, Zenari L, Falezza G. Relationship
of non-alcoholic hepatic steatosis to cortisol secretion in diet-controlled
type 2 diabetic patients. Diabet Med 22: 1146–1150, 2005.

67. Trumble SJ, Noren SR, Cornick LA, Hawke TJ, Kanatous SB.
Age-related differences in skeletal muscle lipid profiles of Weddell seals:
clues to developmental changes. J Exp Biol 213: 1676–1684, 2010.

68. Turner RC, Holman RR, Matthews D, Hockaday TD, Peto J. Insulin
deficiency and insulin resistance interaction in diabetes: estimation of their
relative contribution by feedback analysis from basal plasma insulin and
glucose concentrations. Metabolism 28: 1086–1096, 1979.

69. Williamson RM, Price JF, Glancy S, Perry E, Nee LD, Hayes PC,
Frier BM, Van Look LA, Johnston GI, Reynolds RM, Strachan MW,
Edinburgh Type 2 Diabetes Study Investigators. Prevalence of and risk
factors for hepatic steatosis and nonalcoholic fatty liver disease in people
with type 2 diabetes: the Edinburgh Type 2 Diabetes Study. Diabetes Care
34: 1139–1144, 2011.

70. Wu Y, Barrett EJ, Long W, Liu Z. Glucocorticoids differentially
modulate insulin-mediated protein and glycogen synthetic signaling
downstream of protein kinase B in rat myocardium. Endocrinology 145:
1161–1166, 2004.

71. Xue B, Sukumaran S, Nie J, Jusko WJ, Dubois DC, Almon RR.
Adipose tissue deficiency and chronic inflammation in diabetic Goto-
Kakizaki rats. PLos One 6: e17386, 2011.

G863HIGH-FAT FEEDING EXACERBATES GC-INDUCED NAFLD

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00378.2011 • www.ajpgi.org

 on A
pril 23, 2012

ajpgi.physiology.org
D

ow
nloaded from

 

http://ajpgi.physiology.org/

