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We explored the effects of bile acids on triglyceride (TG) homeostasis using a combination of molecular, cel-
lular, and animal models. Cholic acid (CA) prevents hepatic TG accumulation, VLDL secretion, and elevated
serum TG in mouse models of hypertriglyceridemia. At the molecular level, CA decreases hepatic expression
of SREBP-1c and its lipogenic target genes. Through the use of mouse mutants for the short heterodimer
partner (SHP) and liver X receptor (LXR) o and 3, we demonstrate the critical dependence of the reduction
of SREBP-1c expression by either natural or synthetic farnesoid X receptor (FXR) agonists on both SHP and
LXRo and LXRp. These results suggest that strategies aimed at increasing FXR activity and the repressive
effects of SHP should be explored to correct hypertriglyceridemia.

Introduction
Hypertriglyceridemia is a strong predictor of coronary heart dis-
ease. This is mainly attributed to the inverse relationship between
serum triglycerides (TGs) and HDL cholesterol, since low levels of
HDL increase the risk of vascular disease. However, several recent
findings have provided compelling evidence that TGs are also an
independent risk factor (1, 2). In most cases, hypertriglyceridemia is
secondary to a westernized life-style, which is characterized by a lack
of physical exercise and increased caloric intake. Such a life-style is
associated with visceral fat accumulation, insulin resistance, and
hypertriglyceridemia (type IIb and type IV hyperlipoproteinemia),
as a consequence of an increased production of VLDL by the liver.
The balance between TG production and clearance determines
the circulating TG levels. De novo synthesis of fatty acid and TGs
from dietary carbohydrates occurs mainly in the liver, where the
TGs are packaged as VLDLs. VLDL TGs are cleared from the cir-
culation through the action of lipases, which hydrolyze TGs into
FFAs that can be used as a source of energy in muscle and heart,
stored in adipose tissue, or taken up by the liver. Additional
factors such as ApoC-II and angiopoietin-like protein 3 (ANG-
PTL3) can influence the action of lipases. Liver TG production
is mainly determined by the fatty acid synthesis rate, which is
controlled to a large extent at the level of transcription by both
PPARa (NR1C1) (3), which stimulates fatty acid f-oxidation, and
SREBP-1c (4), which controls fatty acid synthesis. SREBPs are
basic helix-loop-helix leucine zipper transcription factors that are
mainly known for their control of genes that govern biosynthesis
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of cholesterol and its receptor-mediated uptake from LDL (4, 5).
SREBPs, and in particular SREBP-1, also control the expression
of genes involved in lipogenesis, such as acetyl-CoA carboxylase
(ACC), fatty acid synthase (FAS), acetyl-CoA synthetase (AceCS),
and glycerol-3-phosphate acyltransferase. In addition, SREBPs
can induce the expression of ATP-citrate lyase, malic enzyme
(ME), glucose-6-phosphate dehydrogenase, and 6-phosphogluco-
nate dehydrogenase (4, S). These enzymes generate NADPH and
cytosolic acetyl-CoA, which are essential for lipogenesis. SREBPs
also activate stearoyl-CoA desaturase-1 (SCD-1), an enzyme
involved in the synthesis of monounsaturated fatty acids (4, 5).
The lipogenic role for SREBP-1 was underscored in vivo by the
elevation of fatty acid biosynthesis and TG levels in the livers of
transgenic animals, which overexpressed either the mature form
of SREBP-1a (6) or SREBP-1c (7). Finally, expression of SREBP-1c is
enhanced by insulin, which explains the classic ability of insulin
to enhance the conversion of glucose to fatty acid (8, 9). Recently,
the basal transcription of SREBP-1c was shown to depend on liver
X receptor (LXRa, NR1H3, and LXR, NR1H2). Furthermore,
the activation of LXR induces SREBP-1c expression, resulting in
arise in VLDL TGs (10, 11).

Bile acids have long been known to affect TG homeostasis. In
humans, bile acid-binding resins induce the production of VLDL
TGs (12-14), whereas treatment of cholesterol gallstones with
the bile acid chenodeoxycholic acid (CDCA) has been shown to
reduce hypertriglyceridemia (12, 15, 16). The mechanism under-
lying this reciprocal relationship between bile acid biosynthesis
and TG production has remained elusive, but two possible expla-
nations have been postulated. At the transcriptional level, bile
acids, which are the endogenous ligands of the farnesoid X recep-
tor (FXR, NR1H4), activate the transcription of several genes that
could modulate TG levels, such as the atypical nuclear receptor
short heterodimer partner (SHP, NROB2) (17, 18), PPARa (19),
and ApoC-II (20). Alternatively, at the metabolite level, a reduc-
tion in bile acid biosynthesis could increase hepatic cholesterol
and oxysterol levels, which will influence the function of the
lipogenic SREBP-1c by attenuating its processing and activation.
This could lead to decreased TG production (21, 22). Here, we
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provide evidence in support of the first hypothesis and show that
bile acids, by activating FXR, induce the expression of SHP. SHP
then interferes with SREBP-1c expression by inhibiting the activ-
ity of LXR and eventually other transcription factors that stimu-
late SREBP-1c expression.

Methods

Materials. Cholesterol, 22(R)-hydroxycholesterol, 25-hydroxycho-
lesterol, CA, and CDCA were obtained from Sigma-Aldrich (St.
Quentin Fallavier, France).

Plasmids. pPCMX-SHP was obtained by insertion of a PCR prod-
uct corresponding to the mouse SHP cDNA into the pCMX vector.
pCMX-liver receptor homolog-1 (pCMX-LRH-1) was produced by
insertion of a PCR product corresponding to the mouse LRH-1
cDNA into pCMX. The pCMX-LXRa expression vector was as
described (10); the pSGS5-retinoid X receptor a (pSGS-RXRa)
expression vector was a gift of P. Chambon (Institut Clinique de
la Souris, Illkirch, France). The SREBP-1c promoter luciferase
reporter plasmids were generated by PCR amplification of pro-
moter fragments corresponding to sequences located between
-1070 to -51 of the mouse SREBP-1c gene. The PCR product was
ligated into the pGL3 basic vector (Promega, Madison, Wiscon-
sin, USA). The reverse primer used for each promoter construct
is S'-CTTCCGCGCCGATTTCACCTG-3'. The different forward
primers used for each construct are as follows: pSREBP-1¢1070-
Luc (5'-ACCCCTCAGACTGTGTGAGT-3'), pSREBP-1¢571-Luc
(5'-CTA GCTAGATGACCCTGCACCACCAA-3"), pSREBP-1¢327-
Luc (5-TTGCCTGTGCGGCAGGGGTTGGGACGA-3"), pSREBP-
1c276-Luc (5'-CGCGCTGGCGCAGACGCGGTTAAA-3"), and
PSREBP-1c151-Luc (§'-CTGCTGATTGGCCATGTGCGCTCA-3).
The primers were tailed with either a Kpnl site (forward) or a BglII
site (reverse). The LXR response elements in pSREBP-1¢324-Luc
were mutated for promoter analysis using the Quick Change Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, California, USA).
All constructs were verified by sequence analysis.

Animals. Male C57BL/6J, KK-A?, and ob/ob (C57BL/6] back-
ground) mice, 6-10 weeks of age, were obtained from Elevage Jan-
vier (Le Genest St. Isle, France), CLEA Japan Inc. (Tokyo, Japan), and
The Jackson Laboratory (Bar Harbor, Maine, USA), respectively. All
mice were maintained in a temperature-controlled (23°C) facility
with a 12-hour light/dark cycle and were given free access to food
and water. The study protocols were approved by the institutional
review boards. The body weight and food intake were measured
every second day. The control and high-fat diet was obtained from
UAR (Villemoisson sur Orge, France). The control diet (EQ12310)
contained 16.8% protein, 73.5% carbohydrate, and 4.8% fat, where-
as the high-fat diet (EQ/D12309) contained 23.0% protein, 35.5%
carbohydrate, and 35.9% fat. For treatment with bile acids, mice
were fed diets with 0.5% (w/w) CA. The mice were fasted 4 hours
before harvesting blood for subsequent lipid measurements, and
tissues for RNA isolation, lipid measurements, and histology. Male
SHP~/~ mice and litctermate SHP”* controls (C57/BL6-A129/Sv]
mixed strain) of 8 weeks were fed the CA diet as just described or
gavaged with GW4064 dissolved in corn oil at 30 mg/kg (23). Male
wild-type and LXRo,/$~~ mice (C57/BL6-A129/Sv] mixed strain; ref.
10) 10-14 weeks old were fed a powdered chow diet (Harlan Teklad
7001, Madison, Wisconsin, USA) and, where indicated, mixed with
0.5% CA. AT0901317 suspension prepared in a 1% carboxymeth-
ylcellulose solution was used for gavage at 30 mg/kg. KK-A” and
ob/ob mice on the control diet were treated daily by intraperitoneal
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injection for 1 week with GW4064 prepared in a 1% carboxymeth-
ylcellulose solution at 10 mg/kg.

Lipid measurements and liver function tests. Serum total cholester-
ol, TGs, and lipoprotein cholesterol and TG profiles were mea-
sured as described (24, 25). For measurement of liver TGs and
cholesterol content, a liver was homogenized in chloroform/
methanol (2:1 v/v) using a Polytron tissue grinder (Kinematica
AG, Luzern, Switzerland). Lipid extracts were prepared by the
classical Folch method. Extracts were dried under N, flow and
resuspended in isopropanol. For in vivo measurements of VLDL
TG production, mice were injected with Tyloxapol (Sigma-
Aldrich) (500 png/g body weight), after which blood samples were
taken at the indicated time points (26).

Cell culture, transient transfection, and luciferase assays. The rat hepa-
toma cell line McA-RH7777 was obtained from ATCC (Manassas,
VA, USA). Cells were grown at 37°C in a humidified atmosphere
of 5% CO,/95% air. Transfections were performed in 96-well plates
using Lipofectamine 2000 (Invitrogen, Cergy Pontoise, France). Each
well contained 64 ng luciferase reporter and 4 ng of B-galactosidase
expression plasmid. When indicated, we transfected 16 ng RXRa., 16
ng LXRa, 16 ng LRH-1, 32 ng SHP expression plasmid, or the cor-
responding empty expression vectors. After 6 hours of incubation
with the DNA-lipofectamine complexes, the transfection medium
was exchanged for medium with or without the indicated ligands.
Ligands for LXR and RXR were dissolved in ethanol or DMSO and
added to the cells in DMEM supplemented with 10% lipoprotein-
deficient serum. To suppress SREBP-1c activation by processing,
leading to feed-forward induction of SREBP-1c expression, the medi-
um used for the SREBP-1c promoter study was also supplemented
with 10 ug/ml cholesterol and 1 ug/ml 25-hydroxycholesterol. Lucif-
erase measurements were normalized to $-galactosidase activity.

Hepatocytes. Hepatocytes were isolated from wild-type male mice
8-10 weeks old. Animals were anesthetized with CO, and livers
were perfused with 40 ml Liver Perfusion Medium (Invitrogen)
followed by 30 ml Liver Digestion Medium (Invitrogen), both at
a flow rate of 5 ml/min. Isolated hepatocytes were resuspended in
DMEM supplemented with 20% (v/v) FCS, 100 units/ml penicil-
lin, and 100 units/ml streptomycin, and placed in plates coated
with collagen IV at a density of 1 x 105 cells/cm?. After a 4-hour
incubation at 37°C in an atmosphere of 5% CO,, the medium was
changed to DMEM supplemented with 10% (v/v) FCS, 100 units/
ml penicillin, 100 units/ml streptomycin, 0.5 uM dexamethasone
(Sigma-Aldrich), and 0.4 uM insulin (Sigma-Aldrich). After 16
hours, the medium was changed into medium supplemented with
CDCA and ligands for LXR and RXR. After an additional 18-hour
incubation, cells were harvested for RNA isolation.

Expression-level analysis. Total RNA was extracted from frozen tis-
sue samples or cells using the RNeasy kit (QIAGEN, Courtaboeuf,
France). cDNA was synthesized from total RNA with the Super-
Script First-Strand Synthesis System (Invitrogen) and random
hexamer primers. The real-time PCR measurement of individual
cDNAs was performed using SYBR green dye to measure duplex
DNA formation with the LightCycler System (Roche Diagnostics,
Meylan, France). The sequences of the primer sets used are available
online at http://www-igbmc.u-strasbg.fr/Departments/Dep_V/
Dep_VA/Publi/Paper.html.

Statistical analysis. Values were reported as mean + SE. Statisti-
cal differences were determined by either a Student’s ¢ test or an
ANOVA followed by a Bonferroni or Dunnett post test. Statistical
significance is displayed as * (P < 0.05) or ** (P < 0.01).
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Figure 1

CA lowers serum TGs in KK-AY mice. (A) Food intake of KK-AY mice during 1 week on the diets as described in the figure. Serum levels of TGs,
total cholesterol (Chol), and FFA in KK-AY mice after 1 week on the different diets (age 7 weeks, n = 5). Kcal, kilocalories; BW, body weight. (B)
TG and cholesterol lipoprotein profiles after size-exclusion chromatography of serum pools from five animals. The quantification of the VLDL
TGs is shown in an inset. (C) Serum TGs in KK-AY (top, age 12 weeks, n = 4) and ob/ob (bottom, age 12 weeks, n = 4) mice after 0, 1, 3, and
7 days of treatment with the synthetic FXR agonist GW4064. *P < 0.05; **P < 0.01 throughout the figures.

Results

Cholic acid lowers serum TGs in KK-A’ mice. To study the TG-lower-
ing effect of bile acids in vivo, we first explored the effect of feed-
ing CA on TG homeostasis in KK-A” mice. KK is an inbred strain
that develops type 2 diabetes mellitus with only mild obesity, even
after maturity (27). Introduction of the lethal yellow mutation in
the agouti gene (AY) (28) causes overt type 2 diabetes and massive
obesity with a relatively late onset (29). These KK-A” mice are char-
acterized by a severe prolonged hyperinsulinemia, hyperglycemia,
and hyperlipidemia. Under basal conditions the elevation of TGs
is only moderate (192 + 16 mg/dl), but can be further increased by
a high-fat diet (273 + 14 mg/dl, Figure 1A). This elevation of serum
TG levels on a high-fat diet is not observed in normal C57BL/6]
mice (data not shown and ref. 30), making the KK-A” mice a unique
model to study diet-induced hypertriglyceridemia. In addition, the
elevation of serum TG is progessive and dependent on the age of
the KK-A” mice. At 7 weeks of age the hypertriglyceridemia is mod-
erate (192 + 16 mg/dl, Figure 1A), whereas at 12 weeks of age, it is
severe (453 + 24 mg/dl, Figure 1C).

Male KK-A” mice were given normal chow or high-fat diets
with or without 0.5% CA for 1 week. The CA-containing diets
were well tolerated, and food intake was not affected during a
1-week (Figure 1A) and a 3-week study (not shown). Interest-
ingly, CA robustly lowered circulating TG levels in both KK-A”

1410 The Journal of Clinical Investigation

http://www.jci.org

mice on a normal-chow (51%) and on a high-fat diet (65%, Fig-
ure 1A). Total plasma cholesterol was also decreased (24% on a
normal-chow diet and 35% on a high-fat diet, Figure 1A). CA
feeding decreased plasma FFAs, particularly in mice on the high-
fat diet (Figure 1A). High-performance liquid chromatography
analysis of lipoproteins demonstrated that CA feeding decreased
plasma TGs primarily by decreasing VLDL TGs, and decreased
cholesterol primarily by decreasing HDL cholesterol. CA feeding
increased LDL cholesterol levels (Figure 1B).

To verify whether the observed effects of CA were mediated
through FXR, we treated chow-fed KK-A” and ob/ob mice during 1
week with the synthetic FXR agonist GW4064. GW4064 potently
lowered serum TG levels in both the KK-A” and 0b/ob mice (Figure
1C), suggesting that the observed effects are mediated by FXR. In
addition, this experiment shows that the TG-lowering effect of
FXR activation is not restricted to KK-A” mice, a model for diet-
induced hypertriglyceridemia, but also occurs in another model
of hypertriglyceridemia, the ob/ob mouse.

CA lowers bepatic TG levels. Administration of CA to KK-A” mice for
3 weeks also changed liver morphology. Livers of chow-fed KK-A”
mice have a pale color, suggestive of increased lipid storage. Livers
of animals that were treated with CA were less pale and had a more
normal reddish appearance (Figure 2A). This effect of bile acids on
hepatosteatosis was more pronounced in mice fed high-fat diets,
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Figure 2

CA lowers hepatic TGs in KK-AY mice. (A) Liver morphology, H&E-stained liver sections (HE), and Oil Red O-stained liver sections (OR) in animals
treated with the indicated diets for 3 weeks. When sacrificed, the mice were 9 weeks old. (B) Liver TG and (C) cholesterol content after 3 weeks
on the different diets (age 9 weeks, n = 5). (D) In vivo VLDL secretion from the livers of mice on the different diets (age 7 weeks, n = 4) or after
treatment with GW4064 (age 12 weeks, n = 4). C, control diet; C + CA, control diet with CA; HF, high-fat diet; HF + CA, high-fat diet with CA.

which showed an impressive return to a normal morphology. H&E-
stained sections of the livers of animals on the high-fat diet with
CA showed much lower levels of unstained inclusions (Figure 2A).
Staining of these liver sections with Oil Red O (Sigma-Aldrich)
demonstrated that CA-treated animals accumulated less neutral
lipids, an effect coherent with both gross morphological appear-
ance and H&E staining (Figure 2A). Consistent with the morpho-
logical appearance, livers of CA-treated animals contained signifi-
cantly lower amounts of TGs in animals on chow or high-fat diet
(Figure 2B). In contrast, CA feeding increased hepatic cholesterol,
particularly in the animals fed high-fat diets (Figure 2C).

To assess whether the decrease in liver TG content is associated
with decreased export, we measured VLDL production in KK-A”
mice after 1 week of CA feeding. CA feeding significantly decreased
liver VLDL production on both a chow and high-fat diet (Figure
2D). In a similar experiment, a 1-week administration of GW4064
also significantly lowered VLDL secretion in KK-A” mice (Figure
2D), again suggesting that this effect is mediated via FXR.

CA decreases expression of SREBP-1c and other lipogenic genes. To
better understand the molecular mechanism underlying the
TG-lowering effect of bile acids, we used quantitative RT-PCR
to measure hepatic mRNA levels of several important proteins
involved in lipid homeostasis in KK-A” and C57BL/6] mice after
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1 and 7 days of CA supplementation of a chow diet (Table 1). No
major changes were observed in the expression of several tran-
scription factors involved in liver lipid and bile acid homeostasis,
such as LXRa, LRH-1 (NR5A2), FXR, and SREBP-2. Expression
of the LDL receptor (LDL-R) and genes involved in cholesterol
biosynthesis had a tendency to decrease, whereas genes involved
in encoding cholesterol transport proteins (ABCA1 and ABCGS)
were slightly increased, although these differences never reached
statistical significance. Expression of genes encoding enzymes
involved in fatty acid and TG biosynthesis, such as AceCS, ME,
and SCD-1, was significantly reduced by CA feeding. This reduc-
tion is strongest after 1 day of treatment and is mitigated some-
what after 7 days of treatment. To verify whether an increase in
fatty acid B-oxidation contributed to the TG-lowering effects in
our studies, we measured the hepatic expression levels of liver
carnitine palmitoyltransferase I (CPT-I), medium-chain acyl-CoA
dehydrogenase (MCAD), and long-chain acyl-CoA dehydroge-
nase (LCAD). In C57BL/6] mice, the expression of MCAD and
LCAD was significantly decreased after 1 and 7 days of treat-
ment with CA. Interestingly, in KK-A” mice there was no change
in the expression of these genes. Thus increased expression of
genes involved in B-oxidation of fatty acids is not responsible
for the decrease in serum TG. Aside from these differences in
Volume 113 Number 10
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Table 1
CA decreases expression of SREBP-1c¢ and other lipogenic genes

C57BL/6J (n=4) KK-Av (n=5)

Control diet CA 1 day CA 7 days Control diet CA 1 day CA 7 days
SREBP pathway
SREBP-1¢ 1.00 £0.12 0.53 +0.05* 0.78 +0.09 1.000.19 0.49 £ 0.094 0.73£0.06
SREBP-2 1.00 £ 0.11 0.94+0.13 0.82+0.10 1.00£0.18 0.76 £ 0.11 0.77+0.28
Nuclear receptors
LXRa 1.00 £ 0.09 1.23+0.15 1.02 £ 0.07 1.00 + 0.06 0.82 £ 0.06 0.98 + 0.31
FXR 1.00 £0.20 0.76 £0.19 0.76 £0.13 1.00 £ 0.14 0.77 £0.16 1.03+£0.29
LRH-1 1.00 £ 0.14 0.74 +0.20 0.74+0.12 1.00£0.25 0.77 £0.23 0.78 +0.27
SHP 1.00 £ 0.33 2.30+0.37A 2.34 +0.43* 1.00 £0.19 3.84+0.428 4,34 +0.977
Fatty acid and TG biosynthesis
FAS 1.00 £0.16 0.48 +0.07 1.37 £ 0.46 1.00 £ 0.21 047 £0.12 1.26 £ 0.37
AceCS 1.00 £ 0.14 0.39+0.098 0.56 + 0.02~ 1.00 £ 0.14 0.52 + 0.104 0.66 +0.12
ACC 1.00£0.15 1.26 £ 0.27 1.23 £ 0.31 1.00£0.16 0.61+0.10 1.01+£0.17
SCD-1 1.00 £0.15 0.33+0.10% 0.98+0.19 1.00 £ 0.05 0.36 + 0.088 0.83+0.13
ME 1.00 £ 0.03 0.60+0.15% 0.51+0.08* 1.00 + 0.06 0.45 +0.058 0.48 + 0.068
Cholesterol homeostasis and bile acid biosynthesis
HMG-CoA Synthase 1.00 £ 0.25 0.39+0.04 0.35+0.14A 1.00 £ 0.28 0.45+0.11 0.56 +0.12
HMG-CoA Reductase 1.000.26 0.79+0.10 0.55+0.17 1.00£0.13 0.71+£0.09 0.98 +0.11
LDL receptor 1.00 £ 0.07 0.66 +0.11 0.43+0.098 1.00 £ 0.11 0.59 + 0.06 1.21£0.22
CYP7A1 1.00 £ 0.26 0.07 +0.038 0.07 + 0.048 1.00 £ 0.30 0.06 + 0.03~ 0.01£0.01~
ABCA1 1.00 £ 0.26 1.04 £ 0.24 1.52+0.19 nd nd nd
ABCG5 1.00 £0.20 0.82+0.26 1.47 £0.30 nd nd nd
Fatty acid p-oxidation
Liver CPT-I 1.00 £0.10 0.66 = 0.22 0.45+0.08 1.00 £0.15 0.69+0.17 1.08 £ 0.08
MCAD 1.00 £ 0.09 0.63+0.127 0.45+0.088 1.00£0.12 0.95+0.14 1.02£0.12
LCAD 1.00£0.10 0.41+0.16* 0.43+0.10% 1.00+0.09 0.93+£0.16 0.88£+0.16

At the start of this experiment, the mice were 6 weeks old. The values in the table are relative mMRNA levels. The control diet group is set as 1. nd, not done.

AP < 0.05; BP < 0.01.

genes involved in B-oxidation, no major differences were observed
between the results obtained in KK-A” and C57BL/6] mice.

Interestingly, the changes in expression of genes involved in
lipogenesis were paralleled by changes in SREBP-1c expression
(Table 1). Furthermore, expression of SHP showed an opposite
pattern, with a robust induction upon treatment with CA. SHP
is an FXR target gene that represses the activity of several nuclear
receptors, including LRH-1 and LXR, which are essential for the
transcription of cholesterol 7a-hydroxylase (CYP7A1; see Table
1), the rate-limiting enzyme in bile acid biosynthesis. This FXR-
mediated SHP induction underlies the negative-feedback regula-
tion of bile acid biosynthesis (17, 18, 23, 31-33). The effect of CA
on lipogenesis seems to be specific for the liver, since in white
adipose tissue, none of the lipogenic genes were lowered in expres-
sion in response to CA treatment (data not shown).

The activity of the SREBP-1c promoter is attenuated by bile acids and
SHP. We examined the ability of CDCA to lower expression of
endogenous SREBP-1c and its target genes in vitro in mouse pri-
mary hepatocytes. The SREBP-1c promoter had previously been
shown to be regulated by LXR, an effect that contributes to the
TG-raising activity of LXR agonists (10, 11). We confirmed the
induction of endogenous SREBP-1c expression by RXR and LXR
ligands and showed that this expression decreased dose-depend-
ently by increasing amounts of CDCA. The expression of the
lipogenic target genes of SREBP-1c decreased likewise (Figure
1412
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3A). This reduction was most robust for SCD-1, but expression
of AceCS and ME was also reduced. SHP expression was increased
by the addition of CDCA. These results demonstrate that, both
in vivo and in vitro, the expression of endogenous SREBP-1c, as
well as the lipogenic enzymes that are regulated by SREBP-1c, is
significantly affected by bile acids.

To examine this potential role of bile acids in the regulation of
SREBP-1c expression, we cloned the mouse SREBP-1c promoter
and generated a luciferase reporter construct (S1, Figure 3C). McA-
RH7777 rat hepatoma cells were cotransfected with this construct
and a LXRa expression vector and treated with LXR and RXR ago-
nists in the presence or absence of CA or CDCA. SREBP-1c¢ pro-
moter activity was induced by transfection of LXRa and/or the
addition of its ligands. This increase was attenuated when cells
were incubated with either of the bile acids (Figure 3B). Further-
more, induction of SREBP-1c¢ promoter activity by LXR and RXR
agonists does not depend on the overexpression of LXR, showing
that McA-RH7777 cells have endogenous LXR activity.

The effect of CA on the expression of lipogenic genes, as well as
the opposite changes in gene expression of SREBP-1c and SHP,
prompted us to analyze the contribution of the FXR-SHP cascade
to the regulation of SREBP-1c gene expression. We hence generat-
ed a number of reporter constructs containing 5’ nested deletions
(S1-SS, Figure 3C) or point mutations in the two previously char-
acterized LXR response elements (LXRREs; S6, Figure 3, C and D).
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As expected, SREBP-1c promoter activity is induced by overexpres-
sion of the RXR/LXRa heterodimer in rat hepatoma McA-RH7777
cells in the presence of a natural LXR agonist and a synthetic RXR
ligand (10, 11, 34). When the LXRRE sites are mutated or deleted,
basal activity of the promoter is markedly reduced (S5 and S6, Fig-
ure 3E). It is probable that this effect is conserved between mice and
humans, since SREBP-1c expression is also induced by an LXR ago-
nist in human hepatoma cells and primary hepatocytes (34, 35). In
addition, the two LXRREs are highly conserved between the mouse
and the human SREBP-1c promoter (Figure 3D). Transfection of
LRH-1 induced SREBP-1c promoter activity and improved the mag-
nitude of induction by ligand-activated LXR, suggesting that LRH-1
acts as a competence factor for LXR as was reported for a number
of genes (17, 18, 36) (Figure 3E). The induction of the SREBP-1c
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promoter by LRH-1 was lost after deletion of LXRREa (S4, Figure
3E). The finding that the promoter region between -327 and -276
contained no consensus LRH-1 response element (LRH-1RE) sug-
gested that the induction might be mediated via LXRREa. Muta-
tion of the 5 extension of this LXRRE, which does not disrupt the
LXRRE consensus sequence itself, did lead to the loss of response to
LRH-1 (S7, Figure 3E), which is in line with the suggestion that the
LXRREa might mediate the response of SREBP-1c to LRH-1. Inter-
estingly, cotransfection with SHP potently attenuated the induction
of the SREBP-1c reporter in the presence of LRH-1, LXR, and RXR
(Figure 3E). From this we conclude that SHP regulates the SREBP-1¢
promoter. Due to technical problems (the loss of basal promoter
activity after the mutagenesis of the LXRRESs), we cannot attribute
this effect with certainty to a particular site in the promoter.
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Figure 3

Bile acids and SHP decrease expression from the SREBP-1c promoter.

(A) Expression of SREBP-1c and several of its target genes in mouse

liver primary hepatocyte cultures. The presence of ligands for LXR (22(R)-hydroxycholesterol, 20 uM) and RXR (LG100268, 1 uM) is indicated

by a + sign. FXR was activated by the addition of CDCA to the medium

(50 uM and 200 uM). (B) Activity of the mouse SREBP-1c¢ promoter in

the McA-RH7777 cell line after the addition of 200 uM CDCA or 200 uM CA to the medium. Cells were tested in the absence or presence of

cotransfected LXRa and ligands for RXR and LXR at the concentrations

specified in A. (C) Schematic representation of the different constructs

of the mouse SREBP-1c promoter used in transfection assays. Binding sites for LXR are displayed as ovals. The nucleotide numbering is rela-
tive to the SREBP-1c start codon. (D) Sequence comparison of the LXRREs in the human and mouse SREBP-1c promoters. The GenBank
accession numbers for the human SREBP-1c promoter sequence are NT_010718 or AC122129. (E) Activity of the mSREBP-1c reporters in
McA-RH7777 cells transfected either with an empty expression vector or with the indicated combinations of expression vectors for mouse LRH-1,
mouse RXRa, human LXRa, mouse SHP in the presence (black bars) or absence (white bars) of LXR (22(R)-hydroxycholesterol; 20 uM) and

RXR agonists (LG100268; 1 uM).
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CA attenuates LXR agonist—induced lipogenesis in vivo. (A) Liver weight and serum TGs after feeding a CA-containing diet and coadmin-
istration of the LXR agonist T0901317 (age 11 weeks, n = 6). (B) Hepatic expression levels of SREBP-1c, CYP7A1, ME, ACC1, ACC2,
ABCA1, ABCG5, ABCG8, ANGPTL3, and SHP as determined using quantitative RT-PCR (n = 4).

CA attenuates LXR agonist-induced lipogenesis in vivo. To study the
inhibition of the SREBP-1c promoter by CA in more detail, we
fed C57BL/6] mice chow or chow supplemented with 0.5% CA
for 1 day. Mice were gavaged with the LXR agonist T0901317 or
vehicle, and the different diets were continued for one more day,
after which the mice were sacrificed. We confirmed the previously
observed induction of liver weight and serum TGs by LXR agonists
ona chow diet (10, 11, 34). Coadministration of CA completely pre-
vented these effects (Figure 4A). As expected, both LXR (SREBP-1c,
CYP7A1, ABCA1, ABCGS, ABCGS8, and ANGPTL3) and SREBP-1c
(ME, ACC1, and ACC2) target genes were induced by administra-
tion of the LXR ligand. CA coadministration increased SHP expres-
sion and prevented the induction of SREBP-1c and its target genes.
Interestingly, some LXR target genes were downregulated by
CA (SREBP-1¢, CYP7A1, and ANGPTL3), whereas others (ABCA1,
ABCGS, and ABCG8) were not (Figure 4B). This led us to conclude
that not all LXR target genes are responsive to inhibition by SHP,
suggesting that besides LXR there might be additional factor(s) tar-
geted by CA to explain their efficient downregulation.

Attenuation of the TG-lowering effects of FXR agonists in SHP 7/~ mice. To
critically test the role of SHP in the lowering of TG biosynthesis, we
administered either a diet containing 0.5% CA or the synthetic FXR
agonist GW4064 to wild-type and SHP-null mice and measured
serum TGs after 0, 3, and 7 days. CA and GW4064 significantly
lowered serum TGs in the SHP"* mice. CA seemed more potent
in decreasing serum TGs, an effect that may be attributed to the
poor pharmacokinetic profile of GW4064. More importantly, this
1414
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decrease in serum TGs was completely abolished in the SHP~~ mice
(Figure SA). To determine whether this attenuation of the TG-low-
ering effects of FXR agonists in SHP7~ mice is paralleled by similar
changes at the molecular level, we measured the hepatic expression
of SREBP-1¢, ME, CYP7A1, and ANGPTL3 in animals sacrificed after
a 1-day treatment with the different FXR agonists. Expression of all
four genes was significantly reduced in the SHP** mice that received
CA or GW4064 (Figure 5B). This is in sharp contrast with the results
obtained in the SHP~~ mice, in which no decrease in this expression
was detected (Figure 5B). The attenuation of CYP7A1 downregula-
tion in SHP7~ mice upon FXR agonist administration is in apparent
contrast with earlier studies (23). This is probably a reflection of the
differences in experimental approach (1 day vs. 7 days and 0.5% CA
vs. 1% CA treatment) that favored activation of secondary regulatory
pathways in the earlier studies (23). These data further support that
SHP plays an essential role in the SREBP-1c-mediated downregula-
tion of lipogenesis in mice treated with bile acids.

LXR is essential for SHP-mediated lowering of TGs. To determine
whether LXR is essential for the TG-lowering effect of bile acids,
we used LXRo,/LXRf double-knockout mice (LXRo,/B~"). Wild-type
and LXRa,/B~~ mice were fed with a diet containing 0.5% CA for 3
days, after which we measured serum TGs (Figure 6A) and hepatic
gene expression of SREBP-1¢, ME, CYP7A1, and SHP (Figure 6B).
As aresult of the loss of LXR transactivation in the LXRo,/7~ mice,
the basal level of expression of the LXR (SREBP-1c and CYP7A1)
and SREBP-1c (ME) target genes is significantly reduced, causing
a lower basal serum TG level (Figure 6, A and B). In wild-type
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SHP is essential for bile acid-mediated downregulation of lipogenesis. (A) SHP-- and SHP++ mice were fed a diet containing 0.5% CA or
received GW4064 by oral gavage, and serum TG levels were measured after 0, 3, and 7 days (age 9 weeks, n = 5). (B) In two separate experi-
ments, mice received CA or GW4064 as just described and were sacrificed after 1 day. Hepatic expression levels of SREBP-1c, CYP7A1, ME,
and ANGPTL3 were determined using quantitative RT-PCR (age 9 weeks, n = 5).

animals, CA treatment decreased serum TG subsequent to a
decrease in the expression SREBP-1c and ME. The decrease in
serum TGs, SREBP-1c, and ME is not observed in the LXRo,/f7~
mice (Figure 6, A and B). Though less pronounced in LXRo,/B7~
mice, SHP was induced significantly in both wild-type and LXRo,/
7~ animals. These experiments demonstrate that LXR is essential
for the SHP-mediated lowering of TGs in vivo.

Discussion

We here investigated the effects of bile acids on TG homeostasis and
confirmed that bile acids have a beneficial effect in hypertriglyceride-
mia (12, 15, 16, 37). For these studies, we used KK-A» mice, a model
for obesity and type 2 diabetes mellitus. On a normal diet these mice
have moderately elevated serum TGs, which increase further upon
high-fat feeding. This makes KK-A” mice the first mouse model for
diet-induced type IIb and type IV hyperlipoproteinemia. Adminis-
tration of CA to KK-A” mice reduced serum and hepatic TG concen-
trations and VLDL secretion in mice fed either a chow or a high-fat
diet. The TG-lowering effect was also present in 0b/ob mice, another
model of obesity, insulin resistance, and hypertriglyceridemia. These
results are consistent with earlier studies indicating a reciprocal rela-
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tionship between bile acid pool and TG production. For example,
bile acid-binding resins have been reported to induce the produc-
tion of VLDL TGs (12-14). In fact, increased TG levels are often an
undesirable side effect of the use of these resins to manage lipid
disorders. In addition, elevated TGs have recently been reported in
patients with CYP7A1 deficiency (22). Whereas mice with a targeted
disruption of CYP7AI do not have a manifest hypertriglyceridemia
(38), CYP27-knockout mice, which lack another gene participating
in the conversion of cholesterol to bile acids, do have hypertriglyceri-
demia (39). Interestingly, this elevation of TGs could be attenuated
by the addition of bile acids in the diet of the CYP27-knockout mice
(39). Furthermore, when compared with normal subjects, hypertri-
glyceridemic patients have a decreased level of the ileal sodium bile
acid transporter, resulting in an impaired enterohepatic recycling
of bile acids (40). Finally, addition of bile acids to cultured rat and
human hepatocytes decreased VLDL secretion (41-43), underscor-
ing the crucial role of the liver in this process.

Besides lowering serum TGs, CA also lowered serum HDL cho-
lesterol levels in our study. These results are consistent with other
recent reports in rodents and humans in which bile acids influ-
ence expression of cholesteryl ester transfer protein, phospholipid
Number 10 1415
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LXR is essential for SHP-mediated lowering of TGs. (A) Serum TGs in wild-type and LXRo/B~- mice after treatment with 0.5% CA (age 10—-14
weeks, n = 6). (B) Hepatic expression levels of SREBP-1c, CYP7A1, ME, and SHP in wild-type and LXRo/B~- mice after treatment with CA as
determined using quantitative RT-PCR. # denotes P = 0.09 (n = 6). (C) A FXR-SHP-SREBP-1c regulatory cascade. Schematic representation
of the proposed role of SHP in mediating the effects of FXR agonists on SREBP-1c expression and lipogenesis.

transfer protein, and ApoA-I (36, 44-46). More importantly, the
inverse relationship between HDL and TGs, often troublesome in
determining whether TGs are an independent risk factor for coro-
nary heart disease, seems uncoupled by CA.

The molecular mechanism for the TG-lowering effects of bile
acids has remained elusive. We show here that bile acids lower serum
TG levels by targeting SREBP-1c gene expression. Since SREBP-1cis
the main regulator of hepatic fatty acid and TG biosynthesis, reduc-
ing its expression would be expected to decrease both hepatic TG
storage and VLDL production, as we have shown in KK-A” mice.
We confirmed here that the basal transcription level of SREBP-1c
critically depends on LXR (10, 11, 34). We furthermore demonstrate
that activation of FXR, by natural and synthetic agonists, increases
SHP levels, which in turn reduces SREBP-1c expression. This is in
perfect analogy to the mechanism proposed to explain the reduc-
tion of CYP7A1 expression by bile acids, which also invoked SHP as
a mediator (17, 18, 32). We validated the central role of SHP in the
process of inhibiting SREBP-1c using SHP7~ mice. In these mice,
TG levels are not lowered in response to natural (bile acids) and syn-
thetic (GW4064) FXR agonists, which is paralleled at the molecu-
lar level by an attenuated response of SREBP-1c and its target gene
ME. The combined use of synthetic FXR agonists and SHP~ mice
rules against the possibility that bile acid-activated, but FXR- and
SHP-independent, cell signaling pathways are important mediators
in the TG-lowering effect (23, 33). An important role of LXR as a
key player in the regulation of SREBP-1c expression by CA was pro-
1416
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vided by the lack of a TG-lowering effect subsequent to FXR activa-
tion in LXRa,/B~~ mice. The result of the experiment in which we
coadministered LXR and FXR agonists, however, showed that the
expression of some LXR target genes is decreased in response to CA
(SREBP-1c, CYP7A1, and ANGPTL3), while the expression of others
is not (ABCA1, ABCGS, and ABCGS), suggesting that besides LXR
there is an additional factor targeted by CA to mediate downregula-
tion of these genes. LRH-1 could be that additional factor in view
of its role as a competence factor for LXR gene regulation (17, 18,
36). We were unable, however, to unequivocally confirm or rebut the
hypothesis that LRH-1 plays a role in this mechanism because of a
total absence of SREBP-1c promoter activity in vitro after mutation
of the LXRREs, the absence of a consensus LRH-1RE, and the lack
of a mutant LRH-1 mouse model.

The response of SREBP-1c and its target genes to bile acids is
strongest after 1 day of treatment and seems to be attenuated after
7 days of treatment. The TG-lowering effects of CA in the KK-A”
mice, however, were maintained for up to 3 weeks (data not shown).
We believe that SREBP-1c is the initial major target of bile acids to
decrease TG levels. The persistence of TG lowering after chronic
elevation of the bile acid pool suggests that bile acids could have
additional effects on TG homeostasis. Other possible explanations
have been put forward that are not mutually exclusive. In cultured
human hepatocytes, bile acids induce the expression of PPARa and
its target genes involved in fatty acid f-oxidation, such as CPT-I
(19). We found that CA feeding decreased mRNA levels of genes
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involved in B-oxidation in C57BL/6] mice, consistent with the pre-
viously reported inhibition of PPARa. by bile acids (47). Expression
of B-oxidation genes, furthermore, did not change in KK-A» mice,
ruling against a contribution of changes in fatty acid f-oxidation to
explain the decrease in serum TG levels after CA feeding (Table 1).
ApoC-1I, an activator of lipoprotein lipase, an enzyme that hydro-
lyzes TGs from VLDL and chylomicrons and as such could lower
serum TG levels, has been reported to be an FXR target gene (20).
In addition, we show here that, similar to SREBP-1c, the expression
of the LXR target gene ANGPTL3 is lowered by CA feeding via a
SHP-dependent mechanism. ANGPTL3 can increase serum TGs by
inactivating lipoprotein lipase (48). Thus besides reducing hepat-
ic VLDL production via effects on SREBP-1c¢, bile acids will also
increase VLDL clearance via effects on ApoC-Il and ANGPTL3. Very
recently, Zhang et al. reported that FXR mRNA levels are increased
by PPARy and HNF4a.. These investigators further show that PGC-
lais a coactivator for FXR (49). Fasting markedly induces hepatic
PGC-1a levels. Under this condition, PGC-1o and FXR cooperate
to maintain energy homeostasis by decreasing serum TG levels
via effects on VLDL clearance (ApoC-II, reducing hepatic TG bio-
synthesis and secretion via SREBP-1c, and by increasing fatty acid
B-oxidation via PGC-1a (49).

At the metabolite level, bile acids reduce their biosynthesis from
cholesterol, as reflected by the downregulation of CYP7A1, increas-
ing hepatic cholesterol (Figure 2C) and oxysterol levels. This will,
on the one hand, activate LXR and induce SREBP-1c expression as
a compensation for its repression by SHP. Such an LXR activation
is reflected by the tendency of ABCA1 and ABCGS expression to
increase after bile acid feeding (Table 1). On the other hand, and
perhaps more importantly to explain the long-term effects, elevat-
ed cholesterol levels will decrease SREBP processing, consequently
reducing the expression of SREBP target genes. The reduced expres-
sion of genes involved in cholesterol uptake (LDL-R) and biosyn-
thesis (HMG-CoA reductase and synthase) are consistent with a
decreased activity of the SREBP-2 pathway. Likewise, the persistent
decrease in some lipogenic genes (AceCS and ME), despite almost
normal SREBP-1c mRNA levels 7 days after CA feeding, would be
in agreement with such an effect on SREBP processing. Although
our data prove that the SREBP-1c gene is the major initial target of
bile acids to decrease TG levels, they also warrant further detailed
exploration to elucidate the molecular pathways underlying the
chronic TG-lowering effects of bile acids.

Since most mouse strains are very resistant to food-induced
hyperlipoproteinemia, expression of the active form of SREBP-1c
in the liver did not increase serum TGs despite increased hepatic
TG synthesis (7). Several other lines of evidence, however, point
toward an important role for liver SREBP-1c in lipogenesis, obe-
sity, and hyperlipidemia. Hepatic SREBP-1c gene expression is
increased in animal models of obesity (50, 51) and type 2 diabe-
tes (52, 53). In addition, obese patients have an increased hepatic
lipogenesis (and often a subsequent hypertriglyceridemia) that
could contribute to hepatic insulin resistance and their excessive
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fat mass, which decreased after energy restriction (54). Data on
the SREBP-1¢ (55), SCAP (56), and S1P (57) knockout mice further
prove that the SREBP pathway is important for TG synthesis in
the liver and the determination of serum TG levels.

The FXR-SHP-SREBP-1c regulatory cascade that we propose
(Figure 6C) can explain a number of previous results linking FXR
activity to TG levels in liver and serum. FXR~mice show decreased
basal expression of SHP and have increased serum and hepatic TG
levels (31). Moreover, plasma TG decreased when rats were treat-
ed for 7 days with the synthetic FXR ligand GW4046 (58). Earlier
studies had already shown that the profound lowering of hepatic
TGs, observed with a CA diet, was significantly diminished in
the SHP~~ mice. In these SHP7~ mice, SREBP-1 expression was
increased relative to SHP”* animals when both were fed a diet con-
taining CA (23). Another study showed that the expression of the
lipogenic genes ACC, GPAT, and FAS was increased in the SHP-
deficient animals (33). These effects with two independently derived
SHP~/~ lines are consistent with the direct repressive effect of SHP in
SREBP-1c expression described here. This effect is also consistent
with the association of hypertriglyceridemia (and mild obesity) with
mutations in the SHP gene in Japanese patients (59). We conclude
that the acute attenuation of the lipogenic activity of SREBP-1c by
SHP induction can explain the inhibitory effects of bile acids on TG
production. We therefore suggest that strategies aimed at increas-
ing FXR activity and the repressive effects of SHP on SREBP-1c
activity should be explored as a novel approach to correct hypertri-
glyceridemia. The use of bile acids such as CA and CDCA is limited
in humans because they can cause significant hepatotoxicity and
raise LDL cholesterol by bringing about a decrease in LDL-R activ-
ity (60), an effect that was also observed in our mouse studies. It
might, however, be possible to develop FXR modulators that retain
the beneficial effects on hepatic TG biosynthesis, but lack the LDL-
raising potential of bile acids like CA and CDCA.
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