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Abstract

Liver X Receptors (LXRs) coordinate the regulation of lipid and carbohydrate metabolism and insulin signaling. LXR-ligands lower
plasma glucose in hyperglycemic rodents and have consequently been proposed as anti-diabetic agents. We investigated the metabolic
effects induced by high carbohydrate diet in LXRa�/�b�/� mice. Irrespective of diets, LXRa�/�b�/� mice had reduced fatty acid, insulin,
and C-peptide plasma levels than wild-type controls, suggesting a lower insulin production. High carbohydrate diet decreased the plasma
glucose levels and the homeostasis model assessment (HOMA)-index in LXRa�/�b�/� mice and increased hepatic triglyceride content
and mRNA levels of lipogenic genes in wild-type and LXRa�/�b�/� mice, proportionally. In wild-type mice high carbohydrate diet
was associated with induced expression of LXR (1.5-fold), despite unchanged SREBP-1c expression. LXRa�/�b�/� mice responded
to this diet by induction of SREBP-1c. Our study suggests that in LXRa�/�b�/� mice, glucose utilization seems to be privileged possibly
due to reduced circulating free fatty acid levels.
� 2006 Elsevier Inc. All rights reserved.
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Previous studies have suggested a role for nuclear Liver
X Receptor (LXR) in the coordinate regulation of carbo-
hydrate and lipid metabolism and as mediator of insulin
signaling [1]. The two paralogs LXRa and LXRb share
high amino acid identity and seem to have similar, but
not identical, functions [2–4]. Nevertheless, they can com-
pensate for each other to a certain degree, since a
pronounced phenotype is primarily observed in mice lack-
ing both receptors [5]. Whereas LXRa is mainly expressed
in metabolically active organs, like liver, kidney, or adipose
tissue, LXRb is found in essentially all tissues [6]. The nat-
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ural ligands of both LXR isoforms seem to be oxygenated
forms of cholesterol and certain bile acids [7]. Today,
potent synthetic LXR-ligands, like T0901317 or GW3965,
are available and the use of these compounds in different
animal models demonstrates an anti-atherogenic effect
following LXR stimulation [8,9]. Furthermore, previous
in vitro and in vivo studies have led to the hypothesis that
LXR agonists could be beneficial in the treatment of non-
insulin-dependent diabetes (NIDDM) [10–13]. Synthetic
LXR agonists lower plasma glucose levels in rodent models
for NIDDM [12,13] and improve glucose tolerance in
another rodent model with predisposition for developing
obesity and insulin resistance [11]. All these effects seem
to result from inhibition of hepatic glucose output follow-
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ing suppression of gluconeogenesis and increased hepatic
glucose utilization. In parallel with the effects in liver,
LXR activation increases peripheral glucose uptake by
direct upregulation of the glucose transporter GLUT4
[11,14]. In addition, LXR agonists were shown to enhance
insulin secretion by pancreatic b-cells [15]. However, LXR
activation only slightly improves insulin sensitivity in dia-
betic mice despite considerable reduction in blood glucose,
indicating that mechanisms other than direct effects on glu-
cose metabolism could underlie the anti-diabetic effect of
LXR agonists [13]. Since the majority of data on the
LXR role for the coordinated regulation of carbohydrate
and lipid metabolism generate from pharmacologic studies,
the need for a better understanding of LXRs physiological
relevance has prompted us to also investigate the metabolic
effects induced by high carbohydrate challenge in LXR
deficient mice.
Materials and methods

Animals. LXRa�/�b�/� mice were obtained as previously described
[2,5]. All mice used in our study (LXRa�/�b�/� and wild-type control
mice) had a similar mixed genetic background based on 129/Sv and
C57Bl/6 strains, and were backcrossed three times into C57Bl/6 strain.
Animals were housed with a regular 12-h light/12-h dark cycle. In the first
experiment, 10 months old female mice (n = 3–5) had free access to plain
water and to a low-fat standard rodent chow (R36 Lactamin AB,
Vadstena, Sweden) or to water, containing 100 g/L fructose, and to low-
fat standard rodent chow supplemented with 600 g/kg sucrose for one
week. Animals were fasted 4 h prior to sacrifice. In the second experiment,
10 months old male mice (n = 3–5) were fed ad libitum either a low-fat
standard rodent chow diet or supplemented with 250 mg/kg of the syn-
thetic LXR agonist T0901317 for one week as previously described [10].
All the experiments were approved by the local Ethical Committee for
animal experiments.

Chemical analysis of serum and tissue. Blood was drawn by cardiac
puncture under light methoxyfluorane anesthesia before tissues were col-
lected for further analyses. Total cholesterol, triglycerides, and glucose
were determined by a Monarch automated analyser (ILS Laboratories
Scandinavia AB, Sollentuna, Sweden). Serum triglyceride value for each
animal was corrected with regard to the respective glycerol content. Free
fatty acids (FFA) were determined manually by a commercially available
kit (Wako Chemicals). Insulin and C-peptide were determined by RIA on
pooled samples following the manufacturer’s instructions. Lipids in livers
were extracted according to Folch et al. [16] and total cholesterol and
triglycerides analyzed using commercially available kits (Roche Molecular
Biochemicals, Indianapolis, IN).
Table 1
Primer pairs used for quantitative real-time PCR using SYBR� Green labelin

Gene Sequences of forward and reverse prime

LXRa 50-TCG CAA ATG CCG CCA-30

50-AGT TCG CCT AGA CAA GAA G
LXRb 50-CCC CAC AAG TTC TCT GGA CA

50-TGG CGG AGG TAC TGG GC-30

GLUT-1 50-GCA GGC TGT GCT GTG CTC A
50-GCT CAG ATA GGA CAT CCA A

GLUT-2 50-TCA GCA ACT GGG TCT GCA A
50-ACA CGT AAG GCC CAA GGA A

18 S 50-CCT GCG GCT TAA TTT GAC TC
50-AGC TAT CAA TCT GTC AAT CC
Quantitative real-time PCR (RTQ-PCR). Total RNA from the indi-
vidual livers was isolated using Trizol� reagent (Invitrogen) following the
manufacturer’s instructions. cDNA was prepared as previously described
using 1 lg total RNA [10]. The sequences for primer pairs were obtained
from previous publications [10,17,18]. Sequences for additional primers,
designed using Primer Express TM software, version 2.0.01 (PE Applied
Biosystems), are given in Table 1. Quantification of specific mRNAs was
carried out by SYBR� Green real-time PCR using ABI PRISM 7700
Sequence Detection Systems instrument and software (PE Applied Bio-
systems). The expression of a specific gene was normalized by 18S rRNA
levels.

Statistics. Data are presented as means ± SEM. The significance of
differences between groups was tested by 2-way ANOVA, followed by post
hoc comparisons according to LSD test. When variances were not
homogeneous between groups, data were log-transformed prior to statis-
tical analysis (Statistica software, Stat Soft, Tulsa OK). A value of 100 was
arbitrarily assigned to the corresponding wild-type control group.

Results

In the first experiment, in which animals were challenged
with high carbohydrate diet for one week, wild-type mice
responded with a 1.8-fold increase in serum glucose levels.
In contrast, no effect on serum glucose levels was observed
in LXRa�/�b�/� mice (Table 2). Furthermore, lower FFA
levels were observed in LXRa�/�b�/� mice and a propor-
tionally similar reduction occurred in both genotypes dur-
ing dietary challenge. Likewise, high carbohydrate diet led
to decreased insulin levels irrespective of the genotype.
Nevertheless, LXR deficiency was always associated with
markedly lower plasma insulin levels compared to wild-
type animals. The homeostasis model assessment
(HOMA)-index, calculated as insulin · free fatty acids,
which inversely correlates with insulin sensitivity, was
7- to 10-fold higher in wild-type controls, both when fed
standard low-fat chow and after challenging with high car-
bohydrate diet (Table 2). C-peptide plasma levels reflected
the difference observed for serum insulin levels between the
genotypes. Furthermore, as for insulin, high carbohydrate
challenge decreased plasma C-peptide levels in both wild-
type and LXRa�/�b�/� mice.

In addition, we wanted to investigate whether high car-
bohydrate intake can induce hepatic lipogenesis in LXR
deficient mice. Both LXRa�/�b�/� and wild-type control
mice responded with a 2-fold increase of hepatic triglycer-
ide content when challenged with high carbohydrate diet,
g

rs Primer concentration (nmol/L)

200
AC T-3 0 200
C-30 200

200
T-3 0 100
GG CA-30 100
TT-30 100
GT-30 100
A-30 100
T GTC C-3 0 100



Table 2
Metabolic parameters in serum and liver in mice following high carbohydrate intake

Wild-type Wild-type LXRa�/�b�/� LXRa�/�b�/�

Sucrose (600 g/kg) fructose (100 g/L) � + � +
Hepatic triglycerides (mg/g tissue)*,– 53.9 ± 11.9 94.9 ± 7.63� 11.5 ± 1.59 27.7 ± 15.2
Glucose (mmol/L)* 6.8 ± 1.0 10.4 ± 0.7� 5.4 ± 0.7 5.0 ± 1.3�

FFA (mmol/L)§ 2.1 1.62 1.26 0.67
Insulin (ng/ml)§ 3.44 1.52 0.85 0.36
HOMA (FFA · insulin)§ 7.23 2.46 1.07 0.24
C-peptide (nmol/L)§ 0.63 0.47 0.44 0.19

*: Means ± SEM (n = 3–5 animals group); §: pooled serum sample. �p < 0.05, untreated wild-type mice vs. treated wild-type mice; �p < 0.05, treated wild-
type mice vs. treated LXRa�/�b�/� mice; –p < 0.001 all LXRa�/�b�/� mice vs. all wild-type mice.
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although a statistical significance was only reached in wild-
type animals (p < 0.05; Table 2). However, hepatic triglyc-
eride content was 5-fold lower in LXRa�/�b�/� mice com-
pared to their controls regardless of the diet (2-way
ANOVA: LXRa�/�b�/� vs. wild-type; p < 0.001).

The hepatic mRNA levels of various genes encoding
proteins involved in lipid and glucose homeostasis fol-
lowing feeding of high carbohydrate diet were deter-
mined by real-time PCR (Table 3). In wild-type mice, a
slight but not significant decrease of sterol regulatory ele-
ment binding protein 1c (SREBP-1c) expression was
observed, despite a 1.5-fold increase in both LXRa and
LXRb expression. However, in wild-type mice the
mRNA levels of the lipogenic enzymes acetyl CoA
carboxylase (ACC) and fatty acid synthetase (FAS),
Table 3
Hepatic expression of genes involved in lipogenesis, utilization of glucose, and

Wild-type

Sucrose (600 g/kg) fructose (100 g/L) �
LXR-a 100 ± 18
LXR-b 100 ± 45

Fatty acid and triglyceride synthesis

SREBP-1c 100 ± 17
ACC– 100 ± 12
Fatty acid synthase– 100 ± 4
SCD-1 100 ± 49
Glycerol-3-P-acyltransferase– 100 ± 24

Utilization of glucose

GLUT-1 100 ± 26
GLUT-2 100 ± 34
Glucokinase 100 ± 46
PEPCK– 100 ± 45
Acetyl CoA synthetase 100 ± 44
Malic enzyme 100 ± 25
ATP citrate lyase 100 ± 25
Glucose-6-dehydrogenase 100 ± 10

Insulin signaling

Insulin receptor 100 ± 13
IRS1 100 ± 17
IRS2 100 ± 39
IGFBP-1 100 ± 83

The mRNA expression levels are presented as a percentage of the untreated

* denotes the level of statistical significance p < 0.05 vs. untreated wild-type mi
mice vs. treated LXRa�/�b�/� mice; –p < 0.05 all LXRa�/�b�/� mice vs. all w
and stearoyl CoA desaturase-1 (SCD-1) were significantly
increased (5- to 10-fold) upon dietary carbohydrate. In
LXR deficient mice, carbohydrate feeding significantly
induced the expression of ACC and FAS. The increase
was however much smaller than in wild-type mice and
it was paralleled by a minor but significant increase in
SREBP-1c mRNA levels. Feeding high carbohydrate diet
significantly induced the expression of glycerol-3-phos-
phate-acyltransferase (GPAT), acetyl CoA synthetase,
malic enzyme, ATP citrate lyase (ATP-CL), and glu-
cose-6-dehydrogenase 3- to 6-fold in wild-type mice. A
similar trend was observed in LXRa�/�b�/� mice for
malic enzyme, ATP-CL, and glucose-6-dehydrogenase,
whereas on the contrary acetyl CoA synthetase was
conversely significantly reduced upon high carbohydrate
insulin signaling

Wild-type LXRa�/�b�/� LXRa�/�b�/�

+ � +
146 ± 59* n.d. n.d.
141 ± 146 n.d. n.d.

76 ± 16 62 ± 12* 101 ± 16�

953 ± 364* 100 ± 23 243 ± 71*,�,#

1016 ± 610* 61 ± 11 171 ± 28�,#

464 ± 277* 37 ± 19 18 ± 15*,#

296 ± 171* 55 ± 18* 63 ± 14#

32 ± 15* 74 ± 28 116 ± 70#

85 ± 24 75 ± 31 167 ± 128
88 ± 17 42 ± 8* 41 ± 17*,#

37 ± 50* 177 ± 62 77 ± 37
298 ± 147* 109 ± 47 41 ± 5*,�,#

430 ± 235* 40 ± 14* 77 ± 18�,#

574 ± 248* 73 ± 22 115 ± 41#

635 ± 680* 81 ± 41 170 ± 84

76 ± 16 85 ± 29 82 ± 13
80 ± 53 83 ± 46 96 ± 66
79 ± 70 58 ± 14 164 ± 35�,#

223 ± 230 116 ± 56 394 ± 271*

wild-type mice. Each value symbolizes mean values ± SEM (n = 3–5).
ce; �p < 0.05 vs. untreated LXRa�/�b�/� mice; #p < 0.05 treated wild-type
ild-type mice; n.d.: not determined.
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diet. Moreover, the expression of ACC, FAS, and PEP-
CK was significantly reduced in LXRa�/�b�/� mice,
regardless of their diet, compared to wild-type mice.
Whereas in control mice hepatic mRNA levels of
GLUT-1 were significantly reduced, the initially lower
levels of GLUT-2 and GLUT-1 were induced by 2-fold
in LXRa�/�b�/� mice in response to dietary
carbohydrates.

Finally, the mRNA levels of insulin receptor substrate 2
(IRS 2) and insulin-like growth factor binding protein-1
(IGFBP-1) were induced (3-fold) in LXRa�/�b�/�mice fol-
lowing feeding of carbohydrate enriched diet, although the
statistical significance was not attained for the IGFBP-1.
A similar trend for IGFBP-1 was also seen in wild-type
controls.

In the second experiment, in which T0901317 (250 mg/
kg) was administered to mice for one week, LXR stimula-
tion did not affect plasma glucose levels in either wild-type
or LXRa�/�b�/� mice (Table 4). Again, the relative
amounts of hepatic mRNAs from various genes involved
in utilization of glucose or in insulin signaling were deter-
mined by real-time PCR (Table 4). LXR stimulation
induced the hepatic expression of GLUT-1, acetyl CoA
synthetase, ATP-CL, glycerol-3-phosphate-acyltransferase,
and malic enzyme (2- to 6-fold) in wild-type mice. No
changes were observed for GLUT-2.

The expression of these genes, with the exception of
GLUT-1 and GLUT-2, were significantly less induced in
LXRa�/�b�/� mice compared to the wild-type controls fol-
lowing the administration of T0901317.

In wild-type mice and in LXRa�/�b�/�, administration
of T0901317 did not change the expression of genes encod-
ing insulin receptor, IRS1 and IRS2. An increased expres-
sion for IGFBP-1 was only observed in wild-type controls.
Table 4
Serum glucose levels and hepatic mRNA amounts of genes regulating glucose

Wild-type W

T0901317 (250 mg/kg) � +
Glucose (mM) 9.4 ± 0.4 9

Utilization of glucose

GLUT-1 100 ± 51 29
GLUT-2 100 ± 44 19
Glucokinase– 100 ± 31 18
Acetyl CoA synthetase 100 ± 49 61
Malic enzyme– 100 ± 54 41
ATP citrate lyase 100 ± 35 30
Glycerol-3-P-acyltransferase– 100 ± 48 33

Insulin signaling

Insulin receptor 100 ± 75 17
IRS1 100 ± 112 9
IRS2 100 ± 25 17
IGFBP-1 100 ± 15 24

The mRNA expression levels are presented as a percentage of the untreated

* denotes the level of statistical significance p < 0.05 vs. untreated wild-type mi
mice vs. treated LXRa�/�b�/� mice; –p < 0.05 all LXRa�/�b�/� mice vs. all w
Discussion

The present study shows that LXR deficiency leads to
lower plasma levels of FFA, insulin, and C-peptide, and
that this is associated with an improved metabolic control
following high dietary carbohydrate load. These findings
are of great interest, since it has been reported that LXR
agonists may act as anti-diabetic agents in rodent models
for NIDDM. Administration of synthetic LXR agonists
reduced serum glucose in diabetic db/db mice and Zucker
diabetic (ZDF) rats [11–13], but not in normal C57Bl/6
mice [12,19]. Obese insulin-resistant Zucker (fa/fa) rats
showed significantly improved glucose tolerance after
LXR stimulation [12]. LXR activation resulted in lower
blood glucose levels strictly by increasing glucose uptake
by peripheral tissue in ob/ob mice [13]. However, this cited
report revealed the striking observation that LXR-induced
hepatic steatosis lacks the association with insulin resis-
tance, with regard to the insulin-mediated suppression of
hepatic glucose production [13]. This is most likely due to
the counteracting anti-diabetic effects of the LXR agonist.
Results from this previous study are in line with other
reports revealing that the anti-diabetic effects of LXR ago-
nists on carbohydrate metabolism are only seen in diabetic
animal models [11,12,20].

Our paradoxical observation that LXR depletion has
similar effects as LXR stimulation illustrates the complex
mechanisms behind control of glucose homeostasis. LXR
deficiency is associated with significantly lower plasma
insulin and C-peptide levels than normal, indicating that
LXRa�/�b�/� mice have a reduced production of insulin,
despite serum glucose levels comparable to those of
wild-type animals. As a consequence, it seems that
LXRa�/�b�/� mice need less insulin to control their
utilization and insulin signaling following treatment with T0901317

ild-type LXRa�/�b�/� LXRa�/�b�/�

� +
.3 ± 0.5 9.5 ± 0.3 10.4 ± 0.4

4 ± 81* 141 ± 139 247 ± 124
2 ± 143 107 ± 100 172 ± 52
8 ± 77 79 ± 58 42 ± 20*,�,#

5 ± 195* 135 ± 113 248 ± 81*,#

1 ± 30* 70 ± 55 116 ± 31#

7 ± 84* 84 ± 46 144 ± 54*,#

7 ± 59* 65 ± 33 121 ± 47#

1 ± 135 97 ± 100 150 ± 143
2 ± 96 66 ± 82 82 ± 47
1 ± 112 65 ± 55 71 ± 48
6 ± 132* 137 ± 36* 180 ± 63

wild-type mice. Each value symbolizes mean values ± SEM (n = 3–5).
ce; �p < 0.05 vs. untreated LXRa�/�b�/� mice; #p < 0.05 treated wild-type
ild-type mice.
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metabolic status. In line with this interpretation, a lower
HOMA-index—that inversely correlates with insulin sensi-
tivity—was observed in LXRa�/�b�/� mice. The lower
HOMA-index in these animals was not only due to lower
plasma insulin levels but also to lower levels of FFA. Stud-
ies on perfused pancreas have suggested that for a given
level of glucose, insulin secretion will be positively
influenced by the combined concentration of circulating
FFA [21]. Thus, the lower plasma levels of FFA in
LXRa�/�b�/� mice could in turn cause the observed lower
insulin production.

The concept that FFA interfere with glucose utilization
was initially proposed by P.J. Randle [22]. Today, a large
amount of data support the view that fatty acid oxidation
inhibits glucose catabolism both in humans and in animal
models (for review, see [23]). Thus, the reduced levels of
FFA present in LXRa�/�b�/� mice would also explain the
improved metabolic control in LXR depleted mice when
fed high carbohydrate diet. In this vein, McGarry has pro-
posed that insulin resistance results from dysregulation of
fat metabolism, including presence of high FFA levels [24].

Administration of T0901317 did not lead to any
significant change in plasma glucose levels, either in
LXRa�/�b�/� mice or in wild-type mice. This is in line with
previously published data [11,12], confirming that LXR acti-
vation affects serum glucose levels only in hyperglycemic
states.

High carbohydrate diet increased hepatic triglyceride
content and enhanced transcription of genes controlling
de novo biosynthesis of triglycerides, regardless of geno-
type. However, in wild-type mice the hepatic mRNA level
of LXRa was increased 1.5-fold and those of the major lip-
ogenic enzymes 3- to 10-fold upon carbohydrate challenge,
despite unchanged mRNA levels of SREBP-1c. In contrast,
in LXRa�/b�/� mice, a minor and significant elevation of
SREBP-1c expression was observed, which was paralleled
by elevated mRNA levels of ACC and FAS. All these find-
ings are somewhat contrasting with the concept that both
LXRs, by inducing the hepatic expression of SREBP-1c,
can increase lipogenesis [18,19,25,26]. Nevertheless, as
already mentioned above, the study performed by our
group in LXR deficient mice suggests that, in vivo, LXRb
might be the more relevant LXR paralog involved in regu-
lation of triglyceride metabolism [5].

In rodents, refeeding is a strong inducer of insulin secre-
tion, which in turn leads to an overshoot of hepatic
SREBP-1c expression [27,28]. Transcriptional upregulation
of SREBP-1c expression may also be observed following
insulin injection [26–28]. Interestingly, the rapid induction
of SREBP-1c expression following insulin treatment is par-
alleled by increased hepatic mRNA levels of LXRa [26].
The observations that, in LXRa�/�b�/� mice, neither a sin-
gle insulin injection nor refeeding could induce hepatic
expression of SREBP-1c, indicate that LXRs, at least in
part, mediate the insulin-stimulated transcription of
SREBP-1c [26,29]. However, the fact that LXRa�/�b�/�

mice have increased hepatic SREBP-1c mRNA levels,
despite lowered plasma insulin levels when challenged with
high carbohydrate diet, suggests that under certain meta-
bolic conditions, hepatic SREBP-1c expression may be reg-
ulated independently of plasma insulin levels as well as of
LXRs. In support of this hypothesis, insulin was found
not to be required for the induction of hepatic SREBP
expression, in a late phase response of mice fed a high
carbohydrate diet [30].

Our results also show that IRS-2 expression was signif-
icantly stimulated only in LXRa�/�b�/� mice, following
feeding of a high carbohydrate diet and that treatment with
T0901317 induced hepatic expression of IRS-2 only in
wild-type. Thus, whereas a pharmacologic stimulation of
the gene encoding IRS-2 seems to occur by LXR agonist,
the presence of LXR conversely seems to preclude the
effects of carbohydrate diet on IRS-2. Previous studies with
transgenic mice have suggested that many insulin respons-
es, in particular those that are associated with carbohy-
drate metabolism, are mainly mediated through the
IRS-2 branch of the insulin/IGF—signaling pathway
[31,32]. Deletion of IRS-2 profoundly impaired hepatic
carbohydrate metabolism in vivo and peripheral
insulin sensitivity in humans and mice [33–38]. Thus, the
finding of a negative correlation between the mRNA levels
of IRS-2 and plasma insulin levels in LXRa�/�b�/� mice
supports the concept of better glucose utilization in
LXRa�/�b�/� mice due to low plasma levels of FFA.

In conclusion, our study shows that LXRa�/�b�/� mice
have lower plasma insulin levels and an improved metabol-
ic control than wild-type mice following ingestion of a high
carbohydrate diet. This finding suggests that LXR deficien-
cy, by leading to lower FFA levels in blood, enhances glu-
cose utilization. Although activation of LXR has been
proposed as a strategy to improve insulin sensitivity, our
observations underscore the complexity of the role played
by LXRs in the regulation of glucose metabolism and raise
the question whether chronic stimulation of LXR is neces-
sarily associated with an improved metabolic control.
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Expression of the insulin-responsive glucose transporter GLUT4 in
adipocytes is dependent on liver X receptor alpha, J. Biol. Chem. 278
(2003) 48283–48291.

[15] A.M. Efanov, S. Sewing, K. Bokvist, J. Gromada, Liver X receptor
activation stimulates insulin secretion via modulation of glucose and
lipid metabolism in pancreatic beta-cells, Diabetes 53 (Suppl. 3)
(2004) S75–S78.

[16] J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation
and purification of total lipids from animal tissues, J. Biol. Chem. 226
(1957) 497–509.

[17] J. Yang, J.L. Goldstein, R.E. Hammer, Y.A. Moon, M.S. Brown,
J.D. Horton, Decreased lipid synthesis in livers of mice with disrupted
Site-1 protease gene, Proc. Natl. Acad. Sci. USA 98 (2001) 13607–
13612.

[18] G. Liang, J. Yang, J.D. Horton, R.E. Hammer, J.L. Goldstein,
M.S. Brown, Diminished hepatic response to fasting/refeeding and
liver X receptor agonists in mice with selective deficiency of sterol
regulatory element-binding protein-1c, J. Biol. Chem. 277 (2002)
9520–9528.

[19] J.R. Schultz, H. Tu, A. Luk, J.J. Repa, J.C. Medina, L. Li, S.
Schwendner, S. Wang, M. Thoolen, D.J. Mangelsdorf, K.D. Lustig,
B. Shan, Role of LXRs in control of lipogenesis, Genes Dev. 14
(2000) 2831–2838.

[20] J.W. Chisholm, J. Hong, S.A. Mills, R.M. Lawn, The LXR ligand
T0901317 induces severe lipogenesis in the db/db diabetic mouse, J.
Lipid Res. 44 (2003) 2039–2048.

[21] D.T. Stein, B.E. Stevenson, M.W. Chester, M. Basit, M.B. Daniels,
S.D. Turley, J.D. McGarry, The insulinotropic potency of fatty acids
is influenced profoundly by their chain length and degree of
saturation, J. Clin. Invest. 100 (1997) 398–403.

[22] P.J. Randle, D.A. Priestman, S.C. Mistry, A. Halsall, Glucose fatty
acid interactions and the regulation of glucose disposal, J. Cell.
Biochem. 55 (Suppl.) (1994) 1–11.

[23] P.J. Randle, Regulatory interactions between lipids and carbohy-
drates: the glucose fatty acid cycle after 35 years, Diabetes Metab.
Rev. 14 (1998) 263–283.

[24] J.D. McGarry, What if Minkowski had been ageusic? An alternative
angle on diabetes, Science 258 (1992) 766–770.

[25] J.J. Repa, S.D. Turley, J.A. Lobaccaro, J. Medina, L. Li, K. Lustig,
B. Shan, R.A. Heyman, J.M. Dietschy, D.J. Mangelsdorf, Regulation
of absorption and ABC1-mediated efflux of cholesterol by RXR
heterodimers, Science 289 (2000) 1524–1529.

[26] K.A. Tobin, S.M. Ulven, G.U. Schuster, H.H. Steineger, S.M.
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