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Macfarlane DP, Raubenheimer PJ, Preston T, Gray CD, Bastin
ME, Marshall I, Iredale JP, Andrew R, Walker BR. Effects of
acute glucocorticoid blockade on metabolic dysfunction in patients
with Type 2 diabetes with and without fatty liver. Am J Physiol
Gastrointest Liver Physiol 307: G760–G768, 2014. First published
August 7, 2014; doi:10.1152/ajpgi.00030.2014.—To investigate the
potential of therapies which reduce glucocorticoid action in patients
with Type 2 diabetes we performed a randomized, double-blinded,
placebo-controlled crossover study of acute glucocorticoid blockade,
using the glucocorticoid receptor antagonist RU38486 (mifepristone)
and cortisol biosynthesis inhibitor (metyrapone), in 14 men with Type
2 diabetes. Stable isotope dilution methodologies were used to mea-
sure the rates of appearance of glucose, glycerol, and free fatty acids
(FFAs), including during a low-dose (10 mU·m �2·min�1) hyperin-
sulinemic clamp, and subgroup analysis was conducted in patients
with high or low liver fat content measured by magnetic resonance
spectroscopy (n � 7/group). Glucocorticoid blockade lowered fasting
glucose and insulin levels and improved insulin sensitivity of FFA and
glycerol turnover and hepatic glucose production. Among this popu-
lation with Type 2 diabetes high liver fat was associated with hyper-
insulinemia, higher fasting glucose levels, peripheral and hepatic
insulin resistance, and impaired suppression of FFA oxidation and
FFA and glycerol turnover during hyperinsulinemia. Glucocorticoid
blockade had similar effects in those with and without high liver fat.
Longer term treatments targeting glucocorticoid action may be useful
in Type 2 diabetes with and without fatty liver.

nonalcoholic fatty liver disease; Type 2 diabetes; glucocorticoids;
fatty acid metabolism

GLUCOCORTICOIDS, PRINCIPALLY cortisol in humans and cortico-
sterone in rodents, play a key role in regulating substrate
availability and cellular energy balance (1, 25). However,
although promoting lipolysis in adipose tissue and gluconeo-
genesis in liver may promote survival in times of acute stress
or starvation, in the longer term, prolonged exposure to excess
glucocorticoids may be maladaptive, with adverse metabolic
consequences including the development of Type 2 diabetes (7,
41). Glucocorticoids promote hyperglycemia via a number of
mechanisms: impairing insulin secretion (18), modulating glu-
cose delivery to tissues (26), and inducing hepatic and periph-
eral insulin resistance (34). In addition, the metabolic conse-
quences of glucocorticoids on fatty acid metabolism are likely

to be highly dependent on prevailing insulin levels (8), such
that relative insulin deficiency, as seen in Type 2 diabetes, may
lead to more pronounced abnormalities of fatty acid metabo-
lism, potentially exacerbating the contribution of glucocortico-
ids to peripheral insulin resistance (4).

Rodent studies suggest that modulation of glucocorticoid
receptor activation may influence hepatic triglyceride accumu-
lation (20, 23, 32) and the development of nonalcoholic fatty
liver disease (NAFLD), a common feature in Type 2 diabetes
(42). NAFLD is widely regarded as the hepatic manifestation
of the metabolic syndrome (27) and is associated with hepatic
insulin resistance (16), although it is unclear whether this
represents a primary or secondary phenomenon (6). Metabolic
tracer studies in nondiabetic individuals with NAFLD suggest
insulin resistance in adipose tissue may drive the development
of NAFLD, leading to increased release of free fatty acids
(FFAs) and glycerol into the circulation, and promoting the
accumulation of adipose-derived FFAs within the liver (5, 11).
Glucocorticoids modulate these key pathways, but it is un-
known whether abnormalities of glucocorticoid signaling ex-
acerbate the development of NAFLD in Type 2 diabetes.

There is evidence that glucocorticoid receptor activation can
be reduced selectively and safely within liver and adipose
tissue by reducing local conversion of inactive cortisone to
active cortisol by using an inhibitor of the enzyme 11�-
hydroxysteroid dehydrogenase type 1 (11�-HSD1) (12, 35).
However, the magnitude of effect on glycemic control after 3
mo of 11�-HSD1 inhibition in unselected patients with Type 2
diabetes was small. Recently, it has been shown that a selective
11�-HSD1 inhibitor lowers liver fat content by �2% after 3
mo administration to nondiabetic subjects with liver fat content
�5.56% (37), raising the possibility that targeting antigluco-
corticoid therapy at individuals with NAFLD may usefully
stratify higher responders to 11�-HSD1 inhibitors.

To investigate the metabolic effects of reducing cortisol
action in individuals with Type 2 diabetes we have tested the
effects of acutely reducing cortisol action on the key metabolic
pathways regulated by insulin. We used a “glucocorticoid
blockade” approach as previously reported (40), by combining
a GR antagonist (RU38486, mifepristone) with a cortisol
biosynthesis inhibitor (metyrapone). Given the potential effect
of glucocorticoids on pathways promoting NAFLD, we also
quantified liver triglycerides by magnetic resonance spectros-
copy (MRS), so that we could infer from a subgroup analysis
whether patients with a high liver fat content are more sensitive
to glucocorticoid blockade.

Address for reprint requests and other correspondence: B. R. Walker,
Univ./BHF Centre for Cardiovascular Science, Queen’s Medical Research
Institute, Univ. of Edinburgh, 47 Little France Crescent, Edinburgh EH16 4TJ,
Scotland, UK (e-mail: b.walker@ed.ac.uk).

Am J Physiol Gastrointest Liver Physiol 307: G760–G768, 2014.
First published August 7, 2014; doi:10.1152/ajpgi.00030.2014.

Licensed under Creative Commons Attribution CC-BY 3.0: the American Physiological Society. ISSN 0193-1857. http://www.ajpgi.orgG760

mailto:b.walker@ed.ac.uk
http://creativecommons.org/licenses/by/3.0/deed.en_US


MATERIALS AND METHODS

Participants. Fourteen patients with Type 2 diabetes were recruited
from our hospital diabetes clinic. Given the abortifacient properties of
mifepristone, and to avoid the influence of gender on glucocorticoid
signaling, only male patients were studied. Inclusion criteria included:
age 20–70 yr; HbA1c �8% (64 mmol/mol); BMI �40 kg/m2;
negative tests for hepatitis B and C; general health good; normal
screening blood tests (full blood count, renal function, electrolytes,
thyroid function, ferritin); alcohol intake �20 units/wk; no medica-
tions known to increase liver fat, e.g., nucleoside analogs, methotrex-
ate and amiodarone; no medications known to interfere with lipolysis,
e.g., beta blockers; and no glucocorticoid use in the last 6 mo. All
patients were receiving treatment with a single oral antidiabetic agent
(metformin) and primary prevention with a statin. Importantly, neither
metformin (29) nor statins (19) influence fatty acid turnover. Fat mass
was measured by bioimpedance [body fat monitor BF302, OMRON
Healthcare (UK), Henfield, UK]. Local ethical committee approval
and written, informed consent were obtained.

Study design and protocol. Participants entered a two-phase ran-
domized double-blinded placebo-controlled crossover study of gluco-
corticoid blockade. In the active phase, subjects took 400 mg
RU38486 (mifepristone, Exelgyn, Henley-on-Thames, UK) and 1 g of
metyrapone (metopirone, Alliance Pharmaceuticals, Chippenham,
UK) at 2300 the evening before and at 0800 on the morning of the

study, as previously described (40). Study visits were separated by a
washout period of at least 2 wk.

On each study day, subjects attended the clinical research facility at
�0800 following an overnight fast. Subjects were asked to refrain
from vigorous exercise and alcohol for 48 h prior to the study and
maintain their normal diets. Studies were performed in a temperature-
controlled room and subjects were studied in light clothing, with free
access to water. The protocol is shown in Fig. 1. “Arterialized” blood
samples were collected from a heated hand by using a 20-gauge
intravenous catheter inserted in retrograde fashion in a dorsal hand
vein and kept patent by infusion of 0.9% saline. Two additional
intravenous cannulae were inserted into the contralateral arm for
infusion of insulin, 20% dextrose, and tracers. Subjects received
primed infusions of 1,1,2,3,3-2H5-glycerol (1.6 �mol/kg for 1 min,
then 0.11 �mol·kg�1·min�1) and 6,6-2H2-glucose (17.6 �mol/kg for
1 min, then 0.22 �mol·kg�1·min�1), as well as 13C1-palmitate infused
at 0.04 �mol·kg�1·min�1. Given the short time required to reach
steady state with the palmitate tracer, a priming dose was not required
and the palmitate infusion was interrupted during from 90–150 min to
reduce the volume of 20% albumin infused. Blood samples were taken
at baseline, between 60–90 min, and at 210–240 min, the latter during
the final 30 min of a low-dose (10 mU·m �2·min�1) hyperinsuline-
mic-euglycemic clamp to investigate suppression of lipolysis and
endogenous glucose production. The insulin infusion was primed at

Table 1. Baseline characteristics and fasting plasma biochemical indexes of study participants with high vs. low liver fat

All Patients High Liver Fat Low Liver Fat

Number of patients 14 7 7
Liver fat, % 13.7 	 3.2 23.0 	 3.9a 4.4 	 0.8
Age, yr 58.6 	 1.7 59.3 	 2.6 58.0 	 2.2
Weight, kg 97.6 	 3.4 101.8 	 5.1 93.0 	 4.4
Body mass index, BMI, kg/m2 31.9 	 1.2 34.2 	 2 29.7 	 1.1
Waist circumference, cm 110.4 	 2.5 114.7 	 3.6 106.2 	 3.0
Fat mass, kg 30.0 	 2.1 33.6 	 3.1 26.5 	 2.2
Fat-free mass, kg 67.7 	 1.6 68.2 	 2.4 67 	 2.4
Time since diagnosis of diabetes, yr 5.3 	 1.0 4.8 	 1.4 5.8 	 1.6
HbA1c, % [mmol/mol] 6.8 	 0.2 (51 	 2.2) 7.0 	 0.2 (53 	 2.2) 6.5 	 0.4 (48 	 4.4)
ALT, IU/l 40.9 	 2.7 45.1 	 3.4 36.6 	 3.8
ALP, IU/l 74.5 	 4.7 79.4 	 7.2 69.6 	 6.0
GGT, IU/l 21.9 	 6.1 18.3 	 8.9 26.2 	 8.8
Total cholesterol, mmol/l 3.9 	 0.1 4.0 	 0.1 3.8 	 0.17
Triglycerides, mmol/l 1.9 	 0.3 2.2 	 0.5 1.6 	 0.29
HDL cholesterol, mmol/l 1.0 	 0.5 1.0 	 0.1 1.0 	 0.03
LDL cholesterol, mmol/l 2.0 	 0.2 1.8 	 0.3 2.1 	 0.2
Total-to-HDL cholesterol ratio 3.9 	 0.2 4.0 	 0.3 3.7 	 0.2

Results are mean	SE. Groups were compared using independent sample t-tests (equal variances not assumed): aP � 0.01. ALT, alanine aminotransferase;
ALP, alkaline phosphatase; GGT, gamma glutamyltransferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Fig. 1. Study protocol. The insulin infusion was primed at 20
mU·m �2·min�1 for 10 min. Asterisks mark time when breath
sample was taken.
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20 mU·m �2·min�1 for 10 min, and euglycemia was maintained by a
variable-rate infusion of 20% dextrose if necessary. Breath samples
were collected immediately before and after an indirect calorimetry
hood was applied by use of sealable glass vials (Exetainers, PDZ,
Cheshire, UK). Because of a technical problem, the second palmitate
infusion was not administered during a single visit for one volunteer.

Each subject emptied his bladder at 0800 and a timed urine
collection was performed during the study visit. Aliquots of urine
were stored at �20°C and urine nitrogen content determined by the
microkjeldahl method (13). Blood was collected in lithium heparin
tubes on ice and promptly centrifuged, and plasma was stored at
�80°C until analysis.

Magnetic resonance spectroscopy. On another occasion, all sub-
jects underwent proton MRS to quantify intrahepatic triglycerides.
Spectra corresponding to water and the methylene [-(CH2)n-] compo-
nent of intracellular lipid were obtained and the hepatic fat fraction
content calculated as described by Seppala-Lindroos et al. (36) and
Szczepaniak et al. (38). Patients were divided into two equal groups
based on the median hepatic fat fraction (8.9%): high liver fat
(triglyceride content �10.9%) and low liver fat (�6.9%).

Preparation of stable isotope tracer infusions. Stable isotopes were
purchased from Cambridge Isotopes Limited (CK gas, Hook, UK). All
infusates were passed through a 0.22-�m filter (Millipore, Watford,
UK) before infusion. The 13C1-palmitate infusion was prepared by
dissolving its potassium salt in heated water, prior to dissolving in
20% human albumin solution (Zenalb, Scottish National Blood Trans-
fusion Service). 1,1,2,3,3-2H5-glycerol and 6,6-2H2-glucose were dis-
solved in 0.9% saline.

Tracer analysis. To determine isotopic enrichment, plasma FFAs
were extracted and derivatized to their methyl esters and analyzed on
a ThermoFinnigan Voyager gas chromatograph mass spectrometer
(GCMS) with an Agilent HP-Innowax column (30 m, 0.320 mm, 0.25
�m) operated in electron impact (EI) ionization mode (70 eV).
Source, interface, and injection temperatures were 200, 250, and
260°C, respectively, with selective ion monitoring of molecular ions
with m/z 270, 271, 284, corresponding to [M
0] and [M
1] isoto-
pomers of methyl palmitate and the methyl heptadecanoate internal
standard. Glucose and glycerol isotopomers were derivatized to glu-
cose pentacetate and glycerol triacetate, respectively, by use of pyri-
dine:acetic anhydride (1:1 vol/vol) prior to analysis using the same
column and GCMS in negative chemical ionization mode. Dilution
was required for analysis of glucose, with selective ion monitoring at
m/z of 287 and 289, corresponding to [M
0] and [M
2] fragments of

glucose pentacetate. [M
0] and [M
5] isotopomers of glycerol
triacetate were measured at m/z of 217 and 222, respectively. Glycerol
concentrations were determined by GCMS using butanetriol as an
internal standard. RU38486 levels were measured as previously de-
scribed (40). Breath 13CO2 enrichment was measured by isotope ratio
mass spectrometry (IRMS). An AP2003 IRMS (Analytical Precision,
Northwich, UK) was used to measure 13C abundance in each sample
with respect to a CO2 reference gas that had been calibrated against an
international reference.

Tracer kinetic calculations. The rate of appearance (Ra) of palmi-
tate and glycerol was determined by using Steele’s equation as applied
to steady state, i.e., Ra � tracer infusion rate/TTR, where the TTR is
the isotopic enrichment determined by GCMS expressed as the
tracer-to-tracee ratio. Isotopic enrichment was deemed to be at steady
state if the slope of the TTRs over time, as determined by linear
regression, did not significantly differ from zero in each treatment
group. Results were expressed per kilogram of fat-free mass (FFM).

The Ra of FFAs was calculated by multiplying the Ra of palmitate
by the ratio of plasma FFAs:palmitate (30). Adipose tissue insulin
sensitivity was estimated from the percentage suppression from base-
line of the Ra of FFAs and glycerol during hyperinsulinemia. Whole
body rates of fatty acid reesterification were assessed by using the
formula Ra of FFAs � rate of FFA oxidation (determined by indirect
calorimetry). Negative calculated values, including percentage sup-
pression, were assigned a value of zero.

The percentage of the infused palmitate tracer oxidized was calcu-
lated by using the equation (ECO2 * V̇CO2)/(F * C), where ECO2 is the
enrichment of expired CO2 (corrected for background abundance),
V̇CO2 is the flow rate of expired CO2, F is the tracer infusion rate, and
C is the bicarbonate correction factor (81%) taking into account
nonexcreted carbon. Plasma-derived fatty acid oxidation was calcu-
lated by using the equation Ra FFAs * % palmitate oxidized (3).

The Ra of glucose was calculated in basal samples by using
Steele’s equation modified for the nonsteady state, with a pool fraction
of 0.65 and a volume of distribution of 125 ml/kg. Steady-state
calculations were used during the final 210- to 240-min sampling
period. The rate of endogenous glucose production (EGP) was calcu-
lated by subtracting the average glucose infusion rate (GIR) during the
final 30 min of the low-dose clamp from the measured Ra of glucose.
Hepatic insulin sensitivity was estimated as the percentage suppres-
sion from baseline of EGP during low-dose hyperinsulinemia. The
hepatic insulin resistance index, an alternative validated measure of
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Fig. 2. Effects of glucocorticoid blockade (GCB) on plasma ACTH and cortisol. The effect of GCB on plasma ACTH (A) and cortisol (B) levels in patients with
Type 2 diabetes and high or low liver fat (n � 7/group). Results are means 	 SE. Effects of glucocorticoid blockade and/or liver fat were analyzed by use of
a generalized linear model for repeated measures with liver fat as a between-subjects factor. aGCB increased ACTH in all subjects (P � 0.0001) with no effect
of liver fat or insulin/time. bCortisol levels changed over time (P � 0.005; P � 0.01 for 0 vs. 90 min and P � 0.05 for 90 vs. 240 min on least significant
difference post hoc testing) and tended to decrease with glucocorticoid blockade (P � 0.075 for glucocorticoid blockade). cP � 0.05 for an interaction of
glucocorticoid blockade with time/insulin.
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hepatic insulin sensitivity for glucose metabolism, was calculated by
multiplying the basal Ra glucose by the insulin concentration (28).

M values, or mean GIRs (�mol·kg FFM�1·min�1) during the final
30 min of the hyperinsulinemic clamp, were corrected for steady-state
insulin concentrations (nmol/l) to provide an index of peripheral
insulin sensitivity (M/I). The insulin clearance rate (l·m �2·min�1)
was calculated by dividing the insulin infusion rate (mU·m �2·min�1)
by the steady-state insulin concentration (mU/l) during the final
sampling period.

Indirect calorimetry. A ventilated canopy indirect calorimeter (Eu-
ropa Gas Exchange Monitor, NutrEn Technology, Cheshire, UK) was
used during the three 30-min sampling periods. Rates of fat oxidation
were calculated by use of published stoichiometric equations and
multiplied by a factor of three to convert to fatty acid oxidation on the
basis that 1 mol of triglyceride contains 3 mol of FFAs (14).

Other biochemical assays. ELISA kits were used to determine
plasma insulin (DRG Instruments, Marburg, Germany), ACTH
(Biomerica), and cortisol (DRG Instruments). Plasma FFAs were mea-
sured by a colorimetric assay (Zen Bio, Research Triangle Park, NC) and
glucose was measured by the glucose oxidase method.

Statistical analysis. An a priori power calculation showed that a
group size of n � 8 would be sufficient to detect 30% differences in
tracer turnover with 80% power to P � 0.05. Thus n � 14 per group
is generously powered to detect the primary end points of effects of
glucocorticoid blockade. The secondary analysis, testing for differ-
ences in effects of glucocorticoid blockade in patients with high or
low liver fat content, is exploratory. Results are shown as means 	
SE. Baseline characteristics of patients with high and low liver fat
were compared via independent sample t-tests. When comparing a
single variable, e.g., fasting glucose, the effect of glucocorticoid
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blockade in individuals with high and low fatty liver was determined
by use of a generalized linear model for repeated measures. Similarly,
when comparing measurements at repeated time points, e.g., Ra of
FFAs before and during hyperinsulinemia, a generalized linear model
was used to determine the effects of glucocorticoid blockade and
insulin (both within-subject variables), and liver fat (a between-
subjects variable), and any interactions determined by multivariate
testing and tests of within-subject effects by use of SPSS (IBM).

RESULTS

Baseline characteristics. Table 1 shows baseline patient char-
acteristics, including intrahepatic triglyceride content of the high
and low liver fat subgroups. There were trends for higher body
weight, fat mass, and waist circumference in individuals with high
liver fat, but age, time since diagnosis of diabetes, and biochem-
ical parameters were similar. There was no significant difference
in metformin dose between subgroups (data not shown).

ACTH and cortisol levels. Glucocorticoid blockade in-
creased plasma ACTH (Fig. 2A), whereas metyrapone pre-
vented any compensatory increase in plasma cortisol (Fig. 2B)
and produced a modest but nonsignificant overall reduction in

cortisol levels (P � 0.075). ACTH levels were stable through-
out, whereas, after an initial fall, cortisol levels increased
toward the end of each study day, moreso in those receiving
glucocorticoid blockade (P � 0.05 for an interaction between
glucocorticoid blockade and time). This suggests the effect of
metyrapone may have declined by the end of the protocol,
whilst importantly, the GR blocking effect of RU38486 was
maintained throughout. ACTH and cortisol levels were similar
in patients with high and low liver fat after both placebo and
glucocorticoid blockade (Fig. 2B). RU38486 concentrations
were similar following glucocorticoid blockade (2.8 	 0.5 vs.
2.8 	 0.5 �mol/l in high vs. low liver fat groups), and
undetectable following placebo.

Glucose metabolism. Plasma glucose profiles, and glucose
TTRs are shown in Fig. 3, A and B, and results of kinetic
calculations in Tables 2 and 3. During the low-dose insulin
infusion there was a modest but significant rise in insulin
levels, which suppressed EGP.

Glucocorticoid blockade lowered fasting insulin and glucose
concentrations, as well as insulin levels throughout the proto-
col, although there was no significant increase in insulin
clearance, and plasma glucose was successfully maintained at
similar levels during the final 30 min of the low-dose hyper-
insulinemic clamp. Glucocorticoid blockade decreased EGP
(P � 0.05), reducing the corresponding hepatic insulin resis-
tance index, but had no influence on glucose oxidation.

None of the effects of GC blockade was measurably differ-
ent between high and low liver fat subgroups, i.e., there were
no interactions between glucocorticoid blockade and liver fat
in the general linear model analyses. However, individuals
with Type 2 diabetes and high liver fat had higher fasting
glucose and insulin levels, lower GIRs, and a corresponding
higher M/I index and sustained higher insulin levels throughout
the protocol than those with low liver fat. Glucose levels
during the final 30 min of the clamp and insulin clearance did
not differ between liver fat subgroups. As a result, although
EGP and its suppression by insulin did not significantly differ
between subgroups, the hepatic insulin resistance index was
higher in the high liver fat subgroup. High liver fat had no
influence on basal rates of glucose oxidation but was associated
with a failure to maintain rates of glucose oxidation during
hyperinsulinemia (Table 3).

Fatty acid metabolism. Plasma glycerol and FFA concentra-
tions and TTRs are displayed in Fig. 3, C–F, and statistical
analyses of the mean values in steady state with and without
insulin infusion are shown in Tables 4 and 5. Low-dose insulin
infusion suppressed glycerol and FFA concentrations, the Ra
of glycerol and Ra FFAs in plasma, and rates of FFA oxidation
and reesterification.

Glucocorticoid blockade had modest effects on fatty acid
metabolism, with little effect on baseline indexes, but potenti-
ated insulin-mediated suppression of FFA concentrations and
Ra glycerol, also tending to increase suppression of Ra FFAs.
Glucocorticoid blockade had no effects on FFA oxidation or
reesterification. There were no interactions between glucocor-
ticoid blockade and liver fat on measures of glycerol or FFA
turnover to suggest any differential effect of glucocorticoid
blockade in patients with high liver fat.

The high liver fat subgroup showed striking differences in
fatty acid metabolism compared with patients with low liver
fat, most evident in their responsiveness to low-dose insulin

Table 2. Effects of glucocorticoid blockade on glucose
metabolism in all subjects

All Patients (n � 14) P Value
Effect of

GCBGCB Placebo

Plasma glucose, mmol/la

Fasting 5.8 	 0.2 7.1 	 0.3 �0.0001
Hyperinsulinemia 4.6 	 0.1 4.8 	 0.2 0.30

Plasma insulin, pmol/le

Fasting 78.6 	 16.8 102.6 	 17.7 �0.05b

Prolonged fasting 59.3 	 10.2 74.2 	 11.3
�0.05c

Hyperinsulinemia 100.1 	 8.8 114.2 	 11.0
Insulin clearance, l·m�2·min�1 0.78 	 0.08 0.70 	 0.07 0.10
M value, �mol·kg FFM·min�1 4.7 	 1.0 3.3 	 1.2 0.28
M/I index, �mol·kg

FFM�1·min�1·nmol�1·l�1
59.4 	 15.0 43.8 	 21.0 0.46

EGP, �mol·kg FFM�1·min�1d

Prolonged fasting 16.5 	 1.8 19.0 	 2.3
0.05

Hyperinsulinemia 10.7 	 1.4 12.4 	 1.1
% Suppression 34.9 	 6.4 29.3 	 6.2 0.41

Hepatic IR index,
pmol·l�1·mmol�1·kg
FFM�1·min�1

1.0 	 0.2 1.4 	 0.2 �0.001

Glucose oxidation by indirect
calorimetry, �mol·kg
FFM�1·min�1e

Fasting 13.7 	 1.2 13.5 	 1.2
0.60Prolonged fasting 10.5 	 0.9 11.3 	 0.6

Hyperinsulinemia 9.4 	 1.1 10.5 	 1.4

Results are means 	 SE. Fasting refers to mean of measurements from �30
to 0 min, Prolonged fasting to 
60 to 90 min, and Hyperinsulinemia to 
210
to 240 min in the protocol. EGP, endogenous glucose production; FFM,
fat-free mass; GCB, glucocorticoid blockade; M value; mean glucose infusion
rate during 210–240 min; IR, insulin resistance. To determine any overall
effect of glucocorticoid blockade, at all time points measured, in patients with
and without increased liver fat, data were analyzed using a generalized linear
model for repeated measures, with liver fat as a between-subjects variable. P
values are derived from the generalized linear models for the effects of GCB
and/or of liver fat. Footnotes denote any additional significant interactions of
glucocorticoid blockade, liver fat, and insulin infusion (or time) as determined
by multivariate testing and tests of within-subject effects. aFasting and hyper-
insulinemic plasma glucose concentrations were analyzed separately. bP value
for analysis of fasting insulin concentrations alone. cP � 0.05 for an interaction
between GCB or liver fat and time/insulin. dP � 0.01 for an effect of
insulin/time. eP � 0.001 for an effect of insulin/time.
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infusion, with impaired suppression of FFA and glycerol con-
centrations and rates of appearance, as well as suppression of
fatty acid oxidation and reesterification.

DISCUSSION

These detailed metabolic studies show that blocking cortisol
action in patients with Type 2 diabetes has significant meta-
bolic effects, leading to insulin sensitization in both adipose
tissue and the liver, with associated reductions in fasting
plasma glucose concentrations and hyperinsulinemia. These
effects appear to be independent of baseline liver fat content,
since similar effects of glucocorticoid blockade were observed
in patients with high or low liver fat, albeit this inference is
drawn from a secondary subgroup analysis. In addition, the
measurements made at baseline and during the placebo phase
allowed us to detail the metabolic differences between patients
with and without high liver fat content; this is the first such
report among patients with Type 2 diabetes. The high liver fat
group exhibited similar manifestations of more severe insulin
resistance for both fatty acid and glucose metabolism than
patients with low liver fat, as previously reported in nondia-
betic patients with NAFLD (5, 9, 11).

Although there are extensive previous studies describing the
effects of elevated glucocorticoids on metabolism, very few
have addressed the consequences of reducing cortisol action,
particularly in the context of diabetes (reviewed in Refs. 1, 25).
In studies in healthy subjects using limited assessments of
metabolic flux, glucocorticoid receptor antagonism with
RU38486 has been shown to achieve substantial drug levels in
adipose tissue (17) and to lower serum triglycerides (31, 40)
and reduce EGP (15). We show that glucocorticoid blockade
was technically successful in elevating ACTH and preventing

significant rebound hypercortisolemia (Fig. 2), resulting in
lower fasting glucose and insulin levels and improved insulin
sensitivity at multiple sites.

The influence of glucocorticoids on hepatic gluconeogenesis
is well recognized, although the mechanisms are incompletely
defined, with both indirect effects of FFAs and direct effects of
cortisol potentially promoting gluconeogenesis (reviewed in
Refs. 1, 25). Here, the lack of any reduction in basal FFA
turnover associated with the fall in EGP suggests direct effects
of glucocorticoids on the liver prevail, in keeping with recent
evidence using 11�-HSD1 inhibitors in dogs (10).

The mechanism for the improvement in adipose tissue insu-
lin sensitivity following glucocorticoid blockade is complex. In
vitro data suggest that glucocorticoids have a permissive effect
to increase turnover between FFAs and triglyceride in adi-
pocytes by inducing both lipolysis and reesterification (25, 33).
In vivo studies have suggested that the net influence of cortisol
on lipolysis is highly dependent on prevailing insulin concen-
trations: cortisol has a more pronounced effect to induce
lipolysis when insulin levels are low, e.g., during a pancreatic
clamp or overnight, whereas rates of lipolysis may be reduced
by cortisol when there is compensatory hyperinsulinemia, e.g.,
in Cushing’s syndrome. These observations are based on ele-
vated cortisol levels, however, and cannot necessarily be ex-
trapolated when reducing physiological cortisol action. We
found that glucocorticoid blockade increased insulin-mediated
suppression of glycerol release, with a similar trend for FFA
turnover, despite somewhat lower plasma insulin concentra-
tions, but we did not find effects on reesterification of FFA to
triglycerides or in the balance of oxidation of FFAs or glucose.

Previous studies employing tracers in patients without dia-
betes have shown a number of metabolic abnormalities asso-

Table 3. Effects of glucocorticoid blockade on glucose metabolism in subjects classified by liver fat content

High Liver Fat (n � 7) Low Liver Fat (n � 7) P Values

GCB Placebo GCB Placebo
Effect of

GCB
Effect of
liver fat

Plasma glucose, mmol/la

Fasting 6.5 	 0.1 7.8 	 0.4 5.1 	 0.4 6.4 	 0.4 �0.0001 �0.01
Hyperinsulinemia 4.8 	 0.1 5.1 	 0.4 4.5 	 0.1 4.6 	 0.2 0.30 0.27

Plasma insulin, pmol/le

Fasting 121 	 33 149 	 35 36 	 6 56 	 7 �0.05b �0.05b

Prolonged fasting 87 	 20 106 	 22 31 	 4 42 	 5
�0.05c �0.05c

Hyperinsulinemia 113 	 14 135 	 19 87 	 11 93 	 11
Insulin clearance, l·m�2·min 0.67 	 0.11 0.58 	 0.1 0.89 	 0.12 0.82 	 0.10 0.10 0.12
M value, �mol·kg FFM�1·min�1 2.3 	 1.3 0.7 	 0.4 7.1 	 1.4 5.9 	 2.3 0.28 �0.05
M/I index, �mol·kg FFM�1·min�1·nmol�1·l�1 25.2 	 16.2 7.4 	 6.0 93.7 	 25.3 80.3 	 41.5 0.46 �0.05
EGP, �mol·kg FFM�1·min�1d

Prolonged fasting 17.2 	 2.1 19.3 	 2.4 15.7 	 2.9 18.7 	 3.8
0.05 0.35

Hyperinsulinemia 12.9 	 1.3 14.0 	 1.4 8.5 	 2.5 10.8 	 1.6
% Suppression 23.0 	 4.7 25.5 	 4.4 45.8 	 12.1 31.8 	 11.7 0.41 0.20

Hepatic IR index, pmol·l�1·mmol�1·kg FFM�1·min�1 1.5 	 0.4 2.0 	 0.4 0.5 	 0.1 0.7 	 0.1 �0.001 �0.05
Glucose oxidation by indirect calorimetry, �mol·kg FFM�1·min�1e

Fasting 15.0 	 2.1 13.8 	 1.3 12.4 	 1.4 13.2 	 2.0
0.60 0.71cProlonged fasting 11.3 	 1.7 11.0 	 1.0 9.7 	 0.5 11.7 	 0.7

Hyperinsulinemia 8.8 	 0.9 7.7 	 1.7 10.1 	 2.0 13.3 	 2.1

Results are means 	 SE. Fasting refers to mean of measurements from �30 to 0 min, Prolonged fasting to 
60 to 90 min, and Hyperinsulinemia to 
210
to 240 min in the protocol. To determine any overall effect of glucocorticoid blockade, at all time points measured, in patients with and without increased liver
fat, data were analyzed using a generalized linear model for repeated measures, with liver fat as a between-subjects variable. P values are derived from the
generalized linear models for the effects of GCB and/or of liver fat. Footnotes denote any additional significant interactions of glucocorticoid blockade, liver fat,
and insulin infusion (or time) as determined by multivariate testing and tests of within-subject effects. aFasting and hyperinsulinemic plasma glucose
concentrations were analyzed separately. bP value for analysis of fasting insulin concentrations alone. cP � 0.05 for an interaction between GCB or liver fat and
time/insulin. dP � 0.01 for an effect of insulin/time. eP � 0.001 for an effect of insulin/time.
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ciated with liver fat, including increased FFA and glycerol
turnover, impaired suppression of lipolysis by insulin, in-
creased hepatic triglyceride export, de novo lipogenesis, and
hepatic insulin resistance (5, 9, 11). Similar metabolic abnor-
malities characterize patients with Type 2 diabetes (2, 21),
although our results show clear differences among those with
Type 2 diabetes according to whether they have high or low
liver fat. These findings suggest that propensity to liver fat
accumulation in Type 2 diabetes is associated with hyperinsu-
linemia and with more marked adipose, hepatic, and peripheral
insulin resistance. Patients with Type 2 diabetes and high liver

fat also had impaired metabolic flexibility, with a reduced
ability to switch from fat to glucose oxidation during hyperin-
sulinemia.

The lack of any differential effect of glucocorticoid blockade
in the subgroup with high liver fat was unexpected, although
this inference is drawn from a subgroup analysis with limited
statistical power to detect subtle differences in response be-
tween groups. We defined high liver fat on the basis of the
median observed hepatic fat fraction in our participants (�7%)
rather than the published criteria of 6.1% (�5.5% corrected
intrahepatic triglyceride content per 100 g wet liver tissue)
derived from nondiabetic individuals with no risk factors for
NAFLD (39) or the inclusion criteria (�5.56%) for a recently
published study of 11�-HSD1 inhibition in NAFLD (37).
Since liver fat is continuously distributed it is arguably an
oversimplification to regard any cutoff value as definitive, and
our definition is consistent with the median liver fat content
reported among patients with Type 2 diabetes in Edinburgh,
where our participants were recruited (42). By comparing
subgroups with a high vs. arguably a low-moderate liver fat
content it is possible we may have underestimated differences
in the high liver fat subgroup. MRS scans were performed at
the time of screening, on average 51 days before the tracer
studies, but the intrasubject coefficient of variation of liver fat
measurements has previously been estimated to be low (8.5%)
(39) and there was no change in body weight between study
visits. There was no effect of liver fat on ACTH or RU38486
levels to suggest altered efficacy of the drug regimen. At face
value, these findings suggest that whereas tissue-specific
changes in glucocorticoid metabolism may be important mod-
ulators of liver fat, they may not be the primary driver of
increased liver fat in Type 2 diabetes. Nevertheless, a number
of metabolic parameters were improved, and the lowering of
plasma insulin by glucocorticoid blockade may, of itself, be
advantageous since in NAFLD, despite resistance to the effect
of insulin to suppress gluconeogenesis, sensitivity to promo-
tion of de novo lipogenesis is retained (24); glucocorticoid
blockade may therefore also reduce hepatic lipogenesis, al-
though this was not tested in our acute intervention study.

As with all detailed metabolic studies there are technical limi-
tations to consider. The discrepancy between the hepatic insulin
resistance index and the percentage suppression of EGP may have
been due to omission of D2-glucose from the 20% dextrose
infusion. The plasma-derived FFA oxidation results need to be
interpreted with caution because we did not prime the bicarbonate
pool, although the results closely mirror the indirect calorimetry
data. The high liver fat subgroup also tended to be more obese; we
expressed our tracer data, however, per kilogram of fat-free mass,
which is thought most closely to represent the flux of FFAs
toward lean tissues, including the liver (22). All participants were
receiving metformin, which might interact with glucocorticoid
blockade but suggests pragmatically that therapies to lower cor-
tisol may be of benefit in patients currently on optimized oral
antidiabetic therapy.

In this acute intervention study we demonstrated that reduc-
ing glucocorticoid action appears to improve insulin sensitivity
at a number of sites in patients with Type 2 diabetes. These
actions may contribute to improvements in a range of meta-
bolic variables following longer term reductions in glucocor-
ticoid action resulting from inhibition of 11�-HSD1 (12, 35,
37). Our results suggest glucocorticoid blockade is equally

Table 4. Effects of glucocorticoid blockade on fatty acid
metabolism in all subjects

All Patients (n � 14) P Value
Effect of

GCBGCB Placebo

Plasma glycerol, �mol/la

Fasting 53 	 8 48 	 7
0.21Prolonged fasting 58 	 7 52 	 7

Hyperinsulinemia 36 	 7 36 	 6
Plasma FFAs, mmol/la

Fasting 653 	 64 561 	 35
0.06cProlonged fasting 740 	 80 592 	 40

Hyperinsulinemia 386 	 68 374 	 45
Ra Glycerol, �mol·kg FFM�1·min�1a

Prolonged fasting 4.7 	 0.4 4.2 	 0.6
0.49c

Hyperinsulinemia 3.3 	 0.3 3.3 	 0.3
% Suppression 29.9 	 2.7 21.6 	 3.7 0.05

Ra FFAs, �mol·kg FFM�1·min�1b

Prolonged fasting 9.6 	 4.2 7.6 	 1.0
0.27

Hyperinsulinemia 4.5 	 0.9§ 4.6 	 0.6
% Suppression 49.1 	 7.9§ 35.2 	 7.0 0.06

FFA oxidation by indirect
calorimetry, �mol·kg
FFM�1·min�1b

Fasting 3.3 	 0.3 3.2 	 0.2
0.35Prolonged fasting 4.1 	 0.2 3.8 	 0.3

Hyperinsulinemia 4.3 	 0.3 3.9 	 0.4
% Suppression 10.7 	 4.8 13.6 	 5.2 0.65

Plasma FFA oxidation§§, �mol·kg
FFM�1·min�1b

60 min 0.41 	 0.06 0.33 	 0.06

0.77c90 min 0.54 	 0.06 0.48 	 0.07
210 min 0.41 	 0.05 0.41 	 0.06
240 min 0.51 	 0.06 0.50 	 0.07
% Suppression, 90 vs. 210 min 26.7 	 7.6 20.5 	 7.2 0.41

FFA reesterification, �mol·kg
FFM�1·min�1b

Prolonged fasting 5.5 	 1.2 3.8 	 1.0
0.48

Hyperinsulinemia 1.2 	 0.8 1.2 	 0.8
% Suppression 79 	 11 70 	 11 0.63

Data are means 	 SE. N � 7/group except where §n � 6, §§n � 4–6.
Fasting refers to measurements at �30 to 0 min, Prolonged fasting to 
60 to
90 min, and Hyperinsulinemia to 
210 to 240 min in the protocol; %
Suppression describes comparison of hyperinsulinemic with basal conditions.
FFM, fat-free mass; GCB, glucocorticoid blockade; NS, not significant; Ra,
rate of appearance. To determine any overall effect of glucocorticoid blockade,
at all time points measured, in patients with and without increased liver fat,
data were analyzed using a generalized linear model for repeated measures,
with liver fat as a between-subjects variable. P values are derived from the
generalized linear models for the effects of GCB and/or of liver fat. Footnotes
denote any additional significant interactions of glucocorticoid blockade, liver
fat and insulin infusion (or time) as determined by multivariate testing and tests
of within-subject effects. aP � 0.0001 for an effect of insulin/time. bP � 0.01
for an effect of insulin/time. cP � 0.05 for an interaction of GCB or liver fat
with insulin/time. dP � 0.01 for an interaction of GCB or liver fat with
insulin/time. eP � 0.001 for an interaction of GCB or liver fat with insulin/time.
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efficacious in individuals with Type 2 diabetes and increased
liver fat, despite the multiple sites of greater insulin resistance
found in these individuals.

ACKNOWLEDGMENTS

We acknowledge the excellent technical assistance of Jill Harrison, Alison
Rutter, and Sanjay Kothiya; the support of the Wellcome Trust Clinical
Research Facility and its Mass Spectrometry Core Laboratory; and the support
of Dr. Alistair Millar and staff of the radiopharmacy department at the Royal
Infirmary of Edinburgh for tracer preparation.

GRANTS

This work was kindly supported by grants from the British Heart Founda-
tion (B. R. Walker, R. Andrew) and Wellcome Trust (D. P. Macfarlane). The
indirect calorimeter was purchased with an MRC JREI grant awarded to Prof.
Tom Preston.

DISCLOSURES

B. R. Walker is an inventor on relevant patents owned by the University of
Edinburgh and has consulted for a number of pharmaceutical companies
developing new therapies targeted at glucocorticoid action.

AUTHOR CONTRIBUTIONS

D.P.M., P.J.R., M.E.B., I.M., R.A., and B.R.W. conception and design of
research; D.P.M. and T.P. performed experiments; D.P.M., T.P., C.D.G., R.A.,

and B.R.W. analyzed data; D.P.M., J.P.I., R.A., and B.R.W. interpreted results
of experiments; D.P.M. and B.R.W. prepared figures; D.P.M. drafted manu-
script; D.P.M., P.J.R., R.A., and B.R.W. edited and revised manuscript;
D.P.M., P.J.R., T.P., C.D.G., M.E.B., I.M., J.P.I., R.A., and B.R.W. approved
final version of manuscript.

REFERENCES

1. Andrews RC, Walker BR. Glucocorticoids and insulin resistance: old
hormones, new targets. Clin Sci (Lond) 96: 513–523, 1999.

2. Basu A, Basu R, Shah P, Vella A, Rizza RA, Jensen MD. Systemic and
regional free fatty acid metabolism in Type 2 diabetes. Am J Physiol
Endocrinol Metab 280: E1000–E1006, 2001.

3. Blaak EE, Wolffenbuttel BH, Saris WH, Pelsers MM, Wagenmakers AJ.
Weight reduction and the impaired plasma-derived free fatty acid oxidation
in Type 2 diabetic subjects. J Clin Endocrinol Metab 86: 1638–1644, 2001.

4. Boden G, Shulman GI. Free fatty acids in obesity and Type 2 diabetes:
defining their role in the development of insulin resistance and beta-cell
dysfunction. Eur J Clin Invest 32, Suppl 3: 14–23, 2002.

5. Bugianesi E, Gastaldelli A, Vanni E, Gambino R, Cassader M, Baldi
S, Ponti V, Pagano G, Ferrannini E, Rizzetto M. Insulin resistance in
non-diabetic patients with non-alcoholic fatty liver disease: sites and
mechanisms. Diabetologia 48: 634–642, 2005.

6. Chen X, Iqbal N, Boden G. The effects of free fatty acids on gluconeo-
genesis and glycogenolysis in normal subjects. J Clin Invest 103: 365–372,
1999.

7. Cushing H. The Pituitary Body and Its Disorders. Philadelphia, PA and
London: Lippincott, 1912.

Table 5. Effects of glucocorticoid blockade on fatty acid metabolism in subjects classified by liver fat content

High Liver Fat (n � 7) Low Liver Fat (n � 7) P Values

GCB Placebo GCB Placebo
Effect

of GCB
Effect of
liver fat

Plasma glycerol, �mol/la

Fasting 54 	 11 54 	 12 52 	 12 43 	 6
0.21 0.58Prolonged fasting 56 	 10 54 	 11 60 	 10 50 	 8

Hyperinsulinemia 44 	 12 43 	 10 28 	 8 30 	 6
Plasma FFAs, mmol/la

Fasting 612 	 117 593 	 60 694 	 67 529 	 42
0.06c 0.60eProlonged fasting 679 	 148 582 	 72 801 	 75 603 	 47

Hyperinsulinemia 518 	 135 480 	 83 253 	 33 268 	 45
Ra glycerol, �mol·kg FFM�1·min�1a

Prolonged fasting 4.6 	 0.5 4.8 	 1.0 4.9 	 0.7 3.6 	 0.6
0.49c 0.30c

Hyperinsulinemia 3.8 	 0.5 4.3 	 1.0 2.7 	 0.2 2.4 	 0.4
% Suppression 17.2 	 4.2 10.6 	 5.1 42.6 	 3.3 32.5 	 5.4 0.05 �0.001

Ra FFAs, �mol·kg FFM�1·min�1b

Prolonged fasting 9.3 	 2.3 7.0 	 0.6 9.9 	 1.2 8.2 	 1.9
0.27 0.69d

Hyperinsulinemia 6.3 	 1.5§ 6.1 	 0.7 3.0 	 0.5 3.1 	 0.6
% Suppression 27.2 	 9.3§ 15.9 	 6.0 66.0 	 7.7 54.4 	 8.2 0.06 �0.001

FFA oxidation by indirect calorimetry, �mol·kg FFM�1·min�1b

Fasting 3.2 	 0.4 3.5 	 0.5 3.2 	 0.4 3.0 	 0.4
0.35 0.14cProlonged fasting 4.2 	 0.3 4.2 	 0.4 4.1 	 0.2 3.4 	 0.2

Hyperinsulinemia 4.7 	 0.4 5.0 	 0.7 3.9 	 0.6 2.8 	 0.4
% Suppression 4.1 	 4.1 6.5 	 3.7 17.4 	 8.3 20.6 	 9.0 0.65 0.08

Plasma FFA oxidation§§, �mol·kg FFM�1·min�1b

60 min 0.37 	 0.08 0.30 	 0.07 0.45 	 0.08 0.37 	 0.09

0.77c 0.70d90 min 0.43 	 0.07 0.40 	 0.06 0.65 	 0.09 0.58 	 0.12
210 min 0.48 	 0.07 0.49 	 0.08 0.35 	 0.05 0.31 	 0.07
240 min 0.60 	 0.09 0.57 	 0.09 0.41 	 0.08 0.40 	 0.11
% Suppression, 90 vs. 210 min 4.5 	 2.7 3.8 	 4.1 32.8 	 12.5 31.1 	 12.8 0.41 �0.001

FFA reesterification, �mol·kg FFM�1·min�1b

Prolonged fasting 5.2 	 2.2 2.7 	 0.8 5.8 	 1.1 4.8 	 1.8
0.48 0.90c

Hyperinsulinemia 2.5 	 1.6 2.0 	 1.0§ 0.1 	 0.1 0.4 	 0.3
% Suppression 57.1 	 18.7 56.1 	 18.5§ 98.3 	 1.6 84.0 	 11.6 0.63 0.05

Data are means 	 SE. N � 7/group except where §n � 6, §§n � 4–6. Fasting refers to measurements at �30 to 0 min, Prolonged fasting to 
60 to 90 min,
and Hyperinsulinemia to 
210 to 240 min in the protocol; % Suppression describes comparison of hyperinsulinemic with basal conditions. To determine any
overall effect of glucocorticoid blockade, at all time points measured, in patients with and without increased liver fat, data were analyzed using a generalized
linear model for repeated measures, with liver fat as a between-subjects variable. P values are derived from the generalized linear models for the effects of GCB
and/or of liver fat. Footnotes denote any additional significant interactions of glucocorticoid blockade, liver fat and insulin infusion (or time) as determined by
multivariate testing and tests of within-subject effects. aP � 0.0001 for an effect of insulin/time. bP � 0.01 for an effect of insulin/time. cP � 0.05 for an
interaction of GCB or liver fat with insulin/time. dP � 0.01 for an interaction of GCB or liver fat with insulin/time. eP � 0.001 for an interaction of GCB or
liver fat with insulin/time.

G767GLUCOCORTICOID BLOCKADE IN FATTY LIVER DISEASE

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00030.2014 • www.ajpgi.org



8. Divertie GD, Jensen MD, Miles JM. Stimulation of lipolysis in humans
by physiological hypercortisolemia. Diabetes 40: 1228–1232, 1991.

9. 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.

10. Edgerton DS, Basu R, Ramnanan CJ, Farmer TD, Neal D, Scott M,
Jacobson P, Rizza RA, Cherrington AD. Effect of 11 beta-hydroxys-
teroid dehydrogenase-1 inhibition on hepatic glucose metabolism in the
conscious dog. Am J Physiol Endocrinol Metab 298: E1019–E1026, 2010.

11. Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson
BW, Klein S. Alterations in adipose tissue and hepatic lipid kinetics in
obese men and women with nonalcoholic fatty liver disease. Gastroenter-
ology 134: 424–431, 2008.

12. Feig PU, Shah S, Hermanowski-Vosatka A, Plotkin D, Springer MS,
Donahue S, Thach C, Klein EJ, Lai E, Kaufman KD. Effects of an
11beta-hydroxysteroid dehydrogenase type 1 inhibitor, MK-0916, in pa-
tients with Type 2 diabetes mellitus and metabolic syndrome. Diabetes
Obes Metab 13: 498–504, 2011.

13. Fleck A, Munro HN. The determination of organic nitrogen in biological
materials. A review. Clin Chim Acta 11: 2–12, 1965.

14. Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous
exchange. J Appl Physiol 55: 628–634, 1983.

15. Garrel DR, Moussali R, De Oliveira A, Lesiege D, Lariviere F. RU 486
prevents the acute effects of cortisol on glucose and leucine metabolism.
J Clin Endocrinol Metab 80: 379–385, 1995.

16. Gastaldelli A, Cusi K, Pettiti M, Hardies J, Miyazaki Y, Berria R,
Buzzigoli E, Sironi AM, Cersosimo E, Ferrannini E, DeFronzo RA.
Relationship between hepatic/visceral fat and hepatic insulin resistance in
nondiabetic and Type 2 diabetic subjects. Gastroenterology 133: 496–
506, 2007.

17. Heikinheimo O, Haukkamaa M, Lahteenmaki P. Distribution of RU
486 and its demethylated metabolites in humans. J Clin Endocrinol Metab
68: 270–275, 1989.

18. Hollingdal M, Juhl CB, Dall R, Sturis J, Veldhuis JD, Schmitz O,
Porksen N. Glucocorticoid induced insulin resistance impairs basal but
not glucose entrained high-frequency insulin pulsatility in humans. Dia-
betologia 45: 49–55, 2002.

19. Isley WL, Harris WS, Miles JM. The effect of high-dose simvastatin on
free fatty acid metabolism in patients with Type 2 diabetes mellitus.
Metabolism 55: 758–762, 2006.

20. Kotelevtsev YV, Holmes MC, Burchell A, Houston PM, Scholl D,
Jamieson PM, Best R, Brown RW, Edwards CRW, Seckl JR, Mullins
JJ. 11�-Hydroxysteroid dehydrogenase type 1 knockout mice show at-
tenuated glucocorticoid inducible responses and resist hyperglycaemia on
obesity and stress. Proc Natl Acad Sci USA 94: 14924–14929, 1997.

21. Kotronen A, Juurinen L, Tiikkainen M, Vehkavaara S, Yki-Jarvinen H.
Increased liver fat, impaired insulin clearance, and hepatic and adipose
tissue insulin resistance in Type 2 diabetes. Gastroenterology 135: 122–
130, 2008.

22. Koutsari C, Jensen MD. Thematic review series: patient-oriented re-
search. Free fatty acid metabolism in human obesity. J Lipid Res 47:
1643–1650, 2006.

23. Lemke U, Krones-Herzig A, Berriel DM, Narvekar P, Ziegler A,
Vegiopoulos A, Cato AC, Bohl S, Klingmuller U, Screaton RA,
Muller-Decker K, Kersten S, Herzig S. The glucocorticoid receptor
controls hepatic dyslipidemia through Hes1. Cell Metab 8: 212–223, 2008.

24. Li S, Brown MS, Goldstein JL. Bifurcation of insulin signaling pathway
in rat liver: mTORC1 required for stimulation of lipogenesis, but not
inhibition of gluconeogenesis. Proc Natl Acad Sci USA 107: 3441–3446,
2010.

25. Macfarlane DP, Forbes S, Walker BR. Glucocorticoids and fatty acid
metabolism in humans: fuelling fat redistribution in the metabolic syn-
drome. J Endocrinol 197: 189–204, 2008.

26. Mangos G, Walker BR, Kelly JJ, Lawson J, Webb DJ, Whitworth JA.
Cortisol inhibits cholinergic dilatation in the human forearm: towards an

explanation for glucocorticoid-induced hypertension. Am J Hypertens 13:
1155–1160, 2000.

27. 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.

28. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral
glucose tolerance testing: comparison with the euglycemic insulin clamp.
Diabetes Care 22: 1462–1470, 1999.

29. Miles JM, Wooldridge D, Grellner WJ, Windsor S, Isley WL, Klein S,
Harris WS. Nocturnal and postprandial free fatty acid kinetics in normal
and Type 2 diabetic subjects: effects of insulin sensitization therapy.
Diabetes 52: 675–681, 2003.

30. Mittendorfer B, Liem O, Patterson BW, Miles JM, Klein S. What does
the measurement of whole-body fatty acid rate of appearance in plasma by
using a fatty acid tracer really mean? Diabetes 52: 1641–1648, 2003.

31. Ottosson M, Marin P, Karason K, Elander A, Bjorntorp P. Blockade of
the glucocorticoid receptor with RU 486: effects in vitro and in vivo on
human adipose tissue lipoprotein lipase activity. Obes Res 3: 233–240, 1995.

32. Paterson JM, Morton NM, Fievet C, Kenyon CJ, Holmes MC, Staels
B, Seckl JR, Mullins JJ. Metabolic syndrome without obesity: hepatic
overexpression of 11beta-hydroxysteroid dehydrogenase type 1 in trans-
genic mice. Proc Natl Acad Sci USA 101: 7088–7093, 2004.

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

34. Rizza RA, Mandarino LJ, Gerich JE. Cortisol-induced insulin resis-
tance in man: impaired suppression of glucose production and stimulation
of glucose utilization due to a postreceptor detect of insulin action. J Clin
Endocrinol Metab 54: 131–138, 1982.

35. Rosenstock J, Banarer S, Fonseca VA, Inzucchi SE, Sun W, Yao W,
Hollis G, Flores R, Levy R, Williams WV, Seckl JR, Huber R. The
11-beta-hydroxysteroid dehydrogenase type 1 inhibitor INCB13739 im-
proves hyperglycemia in patients with Type 2 diabetes inadequately
controlled by metformin monotherapy. Diabetes Care 33: 1516–1522, 2010.

36. 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
production and serum free fatty acids independent of obesity in normal
men. J Clin Endocrinol Metab 87: 3023–3028, 2002.

37. Stefan N, Ramsauer M, Jordan P, Nowotny B, Kantartzis K,
Machann J, Hwang JH, Nowotny P, Kahl S, Harreiter J, Hornemann
S, Sanyal AJ, Stewart PM, Pfeiffer AF, Kautzky-Willer A, Roden M,
Haring HU, Furst-Recktenwald S. Inhibition of 11beta-HSD1 with
RO5093151 for non-alcoholic fatty liver disease: a multicentre, ran-
domised, double-blind, placebo-controlled trial. Lancet Diabetes Endocri-
nol 2: 406–416, 2014.

38. Szczepaniak LS, Babcock EE, Schick F, Dobbins RL, Garg A, Burns
DK, McGarry JD, Stein DT. Measurement of intracellular triglyceride
stores by H spectroscopy: validation in vivo. Am J Physiol Endocrinol
Metab 276: E977–E989, 1999.

39. Szczepaniak LS, Nurenberg P, Leonard D, Browning JD, Reingold JS,
Grundy S, Hobbs HH, Dobbins RL. Magnetic resonance spectroscopy to
measure hepatic triglyceride content: prevalence of hepatic steatosis in the
general population. Am J Physiol Endocrinol Metab 288: E462–E468, 2005.

40. Wake DJ, Stimson RH, Tan GD, Homer NZ, Andrew R, Karpe F,
Walker BR. Effects of peroxisome proliferator-activated receptor-alpha
and -gamma agonists on 11beta-hydroxysteroid dehydrogenase type 1 in
subcutaneous adipose tissue in men. J Clin Endocrinol Metab 92: 1848–
1856, 2007.

41. Wei L, MacDonald TM, Walker BR. Taking glucocorticoids by pre-
scription is associated with subsequent cardiovascular disease. Ann Intern
Med 141: 764–770, 2004.

42. Williamson RM, Perry E, Glancy S, Marshall I, Gray C, Nee LD, Hayes
PC, Forbes S, Frier BM, Johnston GI, Lee AJ, Reynolds RM, Price JF,
Strachan MW. The use of ultrasound to diagnose hepatic steatosis in Type
2 diabetes: intra and interobserver variability and comparison with mag-
netic resonance spectroscopy. Clin Radiol 66: 434–439, 2011.

G768 GLUCOCORTICOID BLOCKADE IN FATTY LIVER DISEASE

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00030.2014 • www.ajpgi.org


