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Abstract The role of farnesoid X receptor (FXR) in the
development of atherosclerosis has been unclear. Here,
LDL receptor (LDLR2/2) or apolipoprotein E (apoE2/2)
female or male mice were fed a Western diet and treated
with a potent synthetic FXR agonist, WAY-362450. Activation
of FXR blocked diet-induced hypertriglyceridemia and ele-
vations of non-HDL cholesterol and produced a near com-
plete inhibition of aortic lesion formation. WAY-362450 also
induced small heterodimer partner (SHP) expression and
repressed cholesterol 7a-hydroxylase (CYP7A1) and sterol
12 a-hydroxylase (CYP8B1) expression. To determine if
SHP was essential for these protective activities, LDLR2/2

SHP2/2 and apoE2/2SHP2/2mice were similarly treated with
WAY-362450. Surprisingly, a notable sex difference was
observed in these mice. In male LDLR2/2SHP2/2 or
apoE2/2SHP2/2 mice, WAY-362450 still repressed CYP7A1
and CYP8B1 expression by 10-fold and still strongly reduced
non-HDL cholesterol levels and aortic lesion area. In con-
trast, in the female LDLR2/2SHP2/2 or apoE2/2SHP2/2

mice, WAY-362450 only slightly repressed CYP7A1 and
CYP8B1 expression and did not reduce non-HDL cholesterol
or aortic lesion size. WAY-362450 inhibition of hyper-
triglyceridemia remained intact in LDLR2/2 or apoE2/2

mice lacking SHP of both sexes. These results suggest that
activation of FXR protects against atherosclerosis in the
mouse, and this protective effect correlates with repression
of bile acid synthetic genes, with mechanistic differences be-
tween male and female mice.—Hartman, H. B., S. J. Gardell,
C. J. Petucci, S. Wang, J. A. Krueger, and M. J. Evans. Activa-
tion of farnesoid X receptor prevents atherosclerotic lesion
formation in LDLR2/2 and apoE2/2 mice. J. Lipid Res.
2009. 50: 1090–1100.
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Farnesoid X receptor (FXR) is a nuclear hormone re-
ceptor critically involved in the regulation of bile acid
homeostasis. It is now recognized that bile acids serve as
the natural ligands for FXR (1). Once activated, FXR in

turn induces the expression of another nuclear hormone
receptor, small heterodimer partner (SHP). SHP does not
contain a DNA binding domain, but functions as a tran-
scriptional repressor by interacting with other transcription
factors bound to DNA. In bile acid metabolism, SHP func-
tions to repress activity of LRH-1 and HNF4 (2–6). These
two factors drive expression of cholesterol 7a-hydroxylase
(CYP7A1) and sterol 12 a-hydroxylase (CYP8B1), the two
enzymes controlling the bile acid pool size and the hydro-
phobicity of the bile acid pool (7, 8). In this manner, a clas-
sical negative feedback pathway is established in which bile
acids regulate their own synthesis.

In regard to lipidmetabolism, the FXR activation by either
bile acid ligands or potent synthetic ligands has been shown
to consistently decrease plasma triglyceride (TG) levels.
Multiple mechanisms are involved in this process, including
control of lipoprotein lipase activity by FXR-induced stimu-
lation of apoCII expression (9) and repression of apoCIII
expression (10), as well as decreased production of VLDL
due to diminished SREBP-1c activity and TG synthesis in
the liver (11). In regard to cholesterol metabolism, a more
complex picture has emerged. Amajor pathway for elimina-
tion of cholesterol from the body is conversion of cholesterol
into bile acids. FXR repression of CYP7A1 expression might
thus be predicted to increase dyslipidemia and athero-
sclerosis. Furthermore, FXR can repress apoAI expression
anddecreaseHDL cholesterol levels (12), another potential
detrimental effect. Conversely, bile acids are essential for
cholesterol absorption (8), and inhibition of cholesterol ab-
sorption by ezetimibe strongly decreases plasma LDL cho-
lesterol levels and atherosclerosis (13). Thus, activation of
FXR could theoretically have either beneficial effects or neg-
ative effects on plasma cholesterol levels and atherosclerosis.
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These two possibilities have been initially addressed with
FXR2/2 mice, which on standard chow diets were found
to have a generally proatherogenic alteration in the lipid
profile, with both TG and cholesterol levels elevated. To
assess the role of FXR in atherosclerotic lesion develop-
ment, FXR2/2 mice have been crossed into both apoE2/2

and LDL receptor (LDLR2/2) backgrounds (14–16).
ApoE2/2FXR2/2 mice fed a diet containing high (1.25%)
cholesterol levels have increased plasma cholesterol levels
and a doubling of the aortic lesion area. Conversely, in male
LDLR2/2FXR2/2 mice fed 1.25% cholesterol, plasma cho-
lesterol levels and aortic lesion size were reduced by?50%.
Surprisingly, in the same study, female LDLR2/2FXR2/2

mice showed no difference in plasma cholesterol levels
or lesion size. The basis for the differences between the
apoE2/2FXR2/2 and LDR2/2FXR2/2 studies is not readily
apparent nor is it evident whether similar results would be
obtained with Western diets containing cholesterol levels
more typically present in human diets.

Recently, a potent selective FXR synthetic agonist, WAY-
362450, with high bioavailability has been demonstrated to
reduce plasma LDL cholesterol levels in dyslipidemic mice
in an FXR-dependent manner (17). Here, we demonstrate
that WAY-362450 has the ability to abolish atherosclerotic
lesion formation in both apolipoprotein E (apoE2/2)
and LDRL2/2 mice and demonstrate that this effect is de-
pendent upon SHP in female but not in male mice.

MATERIALS AND METHODS

Chemicals
Taurocholic acid (TCA) and taurochenodeoxycholic acid

(TCDCA) were obtained from Sigma-Aldrich (St. Louis, MO).
Tauro-b-muricholic acid (TbMCA) was obtained from Steraloids
(Newport, RI).

Mice
To generate LDLR2/2SHP2/2 mice, SHP2/2 mice in a mixed

129 background (18) were backcrossed to C57BL/6J LDLR2/2

mice for four generations at Jackson Labs using speed congenics
tomaximize C57BL/6J content at each generation. The fourth gen-
eration heterozygous mice were interbred to generate LDLR2/2

SHP2/2 mice, which were then used to generate experimental
mice. A similar strategy was used to generate apoE2/2SHP2/2mice
except that six backcrosses were used without speed congenics.

In vivo studies
All procedures involving animals were reviewed and approved

by the Wyeth Institutional Animal Care and Use Committee. Age-
and sex-matched 8- to 12-week-old mice were fed standard chow
(5001; Harlan Teklad, Madison, WI) and housed in temperature-
controlled virus-free facility on a 12-h-light/dark cycle with free
access to food and water. Where indicated, mice were fed either
a Western diet containing 42% fat and 0.2% cholesterol by weight
(TD88317; Harlan Teklad, Madison, WI) or this Western diet
supplemented to contain 0.225 mg WAY-362450 per gram of diet.
The mice consumed?4 g diet per day, resulting in the delivery of
?30mg ofWAY-362450 per kg of body weight, assuming a 30 g body
weight. Animals were maintained on these diets for 6 (apoE2/2)
or 12 weeks (LDLR2/2). At the end of each study, animals were

euthanized and blood samples collected via the orbital eye for lipid
analysis. Liver and ileum tissue were removed for mRNA quan-
tification, and aortas were removed and stored in 10% buffered
formalin solution.

Bile Acid Analysis
The intestine, gall bladder, and a small portion of the liver

were removed from mice and stored at 270°C until further
use. Samples were homogenized in 1.4 ml of water in a 10 ml
polypropylene tube and aliquoted into 10 fractions (?100 mg
each) in 10 3 160 mm glass tubes. Samples used for recovery
experiments were spiked in individual samples at 10 ml each of
8 and 16 mM for TbMCA and TCA, and 0.4 and 0.8 mM for
TCDCA. Samples were flash frozen and lyophilized overnight.
To each sample, 2 ml of ethanol was added, and each sam-
ple was sonicated for 60 min and then refluxed for 15 min at
100°C. After centrifugation at 1,500 g for 10 min, the supernatant
was transferred to a 50 ml polypropylene tube. The pellet was re-
suspended in 2 ml of 80% ethanol and refluxed for 15 min at
100°C, and the supernatants were combined after centrifugation
at 1,500 g for 10 min. An additional extraction was performed
twice by addition of 2 ml chloroform/methanol (1:1) by reflux-
ing, centrifugation, and combining the supernatants as before.
The pooled extracts were evaporated, and the residue was recon-
stituted in 0.6 ml of methanol and sonicated. Water (2.4 ml) was
added to each reconstituted sample with vortexing. Samples were
then applied to a Waters Sep-Pak C18 cartridge (Waters, Milford,
MA) with sequential washes of 4 ml of water and 4 ml of hexane.
Bile acids were eluted with 4 ml of methanol, evaporated under
nitrogen, and reconstituted in 200 ml of 50% ethanol. After cen-
trifugation for 3 min at 2,500 g, a 10 ml aliquot of each sample was
diluted 100-fold in 50% ethanol, and 10 ml of this sample was in-
jected onto the LC/MS/MS system. Calibration standards were
prepared by serial dilution of an 800 mM stock solution of
TbMCA, TCA, and TCDCA in 50% ethanol, resulting in concen-
trations of 0.01, 0.1, 1, 2.5, 6.25, 12.5, and 25 mM. Each calibration
sample was run in triplicate.

Quantification of bile acids was performed on an Agilent
1200 HPLC interfaced to an Agilent triple quadrupole mass spec-
trometer (Agilent Technologies, Wilmington, DE). A Supelco
Ascentis Express 2 3 150 mm, 2.7 mm C18 column (Supelco,
Bellefonte, PA) held at 45°C was used to separate the bile acids
via gradient elution. The linear gradient consisted of 50% 10 mM
ammonium acetate/0.01% formic acid in water to 95% 50:50
acetonitrile/methanol over 3.2 min at a flow rate of 0.5 ml/min.
The mass spectrometer was operated in the negative ion mode
with electrospray ionization. The nitrogen gas temperature of
the electrospray source was 350°C with a gas flow of 12 l/min
and a nebulizer gas pressure of 50 psi. The capillary voltage was
4 kV, and the electronmultiplier voltage was 1930 V.Quantification
of the bile acids was accomplished bymultiple reactionmonitoring
with the transitions of m/z 514.3 to 79.9 for TbMCA and TCA and
m/z 498.3 to 79.9 for TCDCA. Dwell times, fragmentor voltages,
and collision energies were 150 ms, 140 V, and 80 eV, respectively,
for all of the bile acids. Data were processed with the quantitative
software package ofMassHunter software. Calibration curves (n5 3)
were linear (1/x2 weighting) for each of the bile acids in the con-
centration range of 0.01 to 25 mM with correlation coefficients of
0.9950 or better and accuracies at each calibration level between
85 and 110% with coefficients of variation within 5%. Recoveries
of bile acids (n 5 12) with spiking levels of 20 and 40 mM for
TCDCA, and 400 and 800 mM for TbMCA and TCA ranged from
85 to 99%with coefficients of variation ranging from 8 to 15%. The
limit of quantitation (S/N 5 10) for each of the bile acids was
0.01 mM and the limit of detection was 0.005 mM (S/N 5 3).

FXR activation prevents atherosclerosis 1091
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RNA Analysis
RNA was isolated from frozen tissue as described previously

(19). Gene expression was measured by real-time RT-PCR using
an ABI PRISM 7900 sequence detection system (PE Applied Bio-
systems, Foster City, CA). Specific real-time PCR primers and
probes were used for the following mouse genes: SHP, CYP7A1,
CYP8B1, bile salt export protein (BSEP), ileal bile acid binding
protein (IBABP), HMGS, and proprotein convertase subtilisin/
kexin type 9 (PCSK9). All results were normalized to GAPDH
(4308313; PE Applied Biosystems, Foster City, CA) and are the
mean 6 SEM. Statistical significance was determined by ANOVA.

Lipid Analysis
Total serum cholesterol (Roche kit# 12217295 001), TG

(12146029 216), ALT (12217317 001), and AST (12217309 001)
levels were quantified with a Roche 912 clinical chemistry ana-
lyzer (Roche Diagnostics, Indianapolis, IN). Serum VLDL, LDL,
and HDL cholesterol were determined by fast performance liquid
chromatography as previously described (18). For measurements
of hepatic lipid levels, the method described by Folch, Lees, and
Sloane Stanley (20) was used with the following modifications.
Frozen liver sections weighing ?250 mg were homogenized in
1.5 ml chloroform/methanol (2:1) for 9 min at 30 Hz using the
TissueLyser II (Qiagen, Valencia, CA). Homogenate was trans-
ferred to 50 ml polypropyline tube and chloroform/methanol
was added to a final volume of 10 ml. Samples were gassed with
nitrogen and shaken overnight at room temperature. Following
the addition of 4 ml of water, samples were centrifuged (20 min
at 1500 rcf) and the lower layer was measured and transferred to
glass vials. Then, 0.5 ml of each sample was dried under nitrogen
and resuspended in 0.8 ml of isopropanol by sonication (Misonix,
Farmingdale, NY). As recovery controls, 240mg of glyceryl trioleate
(Sigma-Aldrich; T7140) or 100 mg of cholesterol (Sigma-Aldrich;
C3045) were added to control samples prior to drying the sam-
ples under nitrogen. Following resuspension in isopropanol, TG
and cholesterol levels were measured using a Roche 912 clinical
chemistry analyzer.

Aortic Lesion Measurements
For quantification of aortic lesions, aortas were isolated and

stored in 10% buffered formalin solution. Fat surrounding the
aortas was carefully removed prior to staining with oil red O.
After destaining, aortic lesions were visualized using a Zeiss Stemi
2000c microscope, and images were captured using an Axio Cam
MRc5 camera (Carl Zeiss Microimaging, Thornwood, NY). Lesions
were quantified using the MetaVue imaging software (Molecular
Devices, Downingtown, PA) and a variation of the methods de-
scribed by Tangirala, Rubin, and Palinski (21). Briefly, the edge
of the aorta (including the aortic arch and thoracic area) was first
traced by the operator. The extent of the lesions was determined by
setting the threshold range of three basic colors. This threshold
range was initially determined by using representative aortas from
each treatment group. The threshold range that most accurately
captured the visualized lesions was used as the “default threshold”
to analyze all the samples in a given study. The selection of the
threshold range was verified by a second investigator. The extent
of the lesions was expressed as the percentage surface area of the
combined aortic arch and thoracic regions.

RESULTS

Treatment of wild-type mice with 30 mg/kg WAY-362450
resulted in induction of SHP expression in wild-type mice

but not in FXR2/2 mice. Consistent with the known effects
of SHP induction on bile acid synthetic gene expression,
WAY-362450 strongly repressed expression of the CYP8B1
bile acid synthetic gene in wild-type mice but had no effect
on CYP8B1 gene expression in FXR2/2 mice (Fig. 1A).
These gene expression changes altered the primary bile
acid composition of the total bile acid pool (Fig. 1B). The
levels of TCA, the product of the classical biosynthetic path-
way involving CYP8B1, were strongly reduced in wild-type

Fig. 1. WAY-362450 requires FXR for CYP8B1 repression and regu-
lation of bile acid pool composition. A: C57BL/6J wild-type (gray bars)
or FXR2/2 mice (black bars) on a standard chow diet were treated
by daily oral gavage with vehicle (2) or 30 mg/kg WAY-362450 (1)
for 7 days. Two hours following the final dosing, mice were eutha-
nized and livers removed for RNA analysis. SHP and CYP8B1 expres-
sion was quantified by real-time PCR and normalized for GAPDH
expression. Expression levels in C57BL/6J wild-type mice females
were defined as 1.0. Values are the mean 6 SEM (n 5 6–7 animals
per group). * P, 0.01 for regulation byWAY-362450. B:Male C57BL/
6J wild-type (gray bars) or FXR2/2 mice (black bars) treated as in A
were euthanized and a portion of the liver, the gall bladder, and the
complete small intestine were removed. The contents of the taurine
conjugates TCA, TCDCA, and TbMCA in these tissues were deter-
mined by LC/MS/MS and are reported as nmoles of conjugated bile
acid per gram of body weight. Values are the mean 6 SEM (n 5 3
animals per group). * P , 0.05 for regulation by WAY-362450.

1092 Journal of Lipid Research Volume 50, 2009
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Fig. 2. WAY-362450 inhibition of dyslipidemia and aortic atherosclerosis. Female or male LDLR2/2 or apoE2/2 mice 8–10 weeks of age
were fed a chow diet, a Western diet containing 0.2% cholesterol, or the Western diet supplemented to deliver ?30 mg/kg body weight of
WAY-362450. LDLR2/2 mice were fed the diets for 12 weeks; apoE2/2 mice were fed the diets for 6 weeks. At the completion of the study,
mice were euthanized, with aortas harvested for lesion analysis, liver and ileums frozen in liquid nitrogen for RNA analysis, and plasma
collected by retro-orbital puncture for lipid analysis. Plasma total TG and total cholesterol contents were quantified using a Roche 912
Clinical Chemistry analyzer. Non-HDL (summed VLDL1 LDL cholesterol) and HDL cholesterol levels were determined by fast performance
liquid chromatography as previously described (17). Aortas were stained by oil red O, and the percentage of area covered was determined.
* P , 0.01 for WAY-362450 treatment versus Western diet alone; n 5 5–7 mice per group.

FXR activation prevents atherosclerosis 1093
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mice treated with WAY-362450. In contrast, the levels of
TCDCA and TbMCA, products of the acidic pathway, were
not altered or slightly increased. Importantly, WAY-362450
had no effect on bile acid composition in FXR2/2 mice.

To determine whether activation of FXR would have
protective effects against dyslipidemia and atherosclerotic
lesion formation, apoE2/2 or LDLR2/2mice of both sexes
were fed a chow diet, Western diet, or Western diet sup-
plemented to deliver 30 mg/kg WAY-362450. Treatment
with WAY-362450 had no effect on body weight (data not
shown). In both genetic dyslipidemia models, the Western
diet significantly increased plasma TG levels and non-HDL
cholesterol levels (Fig. 2). The one exception was female
apoE2/2 mice, in which plasma TG levels were not in-
creased. In all instances, WAY-362450 treatment produced
plasma TG and non-HDL cholesterol levels comparable to
the levels in chow-fed mice. A trend toward WAY-362450
reduction of HDL cholesterol occurred in LDLR2/2,
although achieving significance only in males. In apoE2/2

mice, HDL cholesterol levels were very low, as previously
reported (22), and WAY-362450 produced a small increase
in males. The Western diet increased TG and total choles-
terol content of the liver (Table 1). The increase in total
cholesterol levels correlated with diminished expression of
cholesterol-regulated genes, such as HMG-CoA synthase
and PCSK9.WAY-362450 treatment strongly inhibited the in-
crease in hepatic TG, maintained hepatic total cholesterol
levels comparable to those seen in chow-fed mice, and
blocked the repression of HMG-CoA synthase and PCSK9
expression. Finally, en face aortic lesion analysis demon-
strated that WAY-362450 reduced aortic lesion size by 86 to
95% in female or male LDLR2/2 or apoE2/2mice (Fig. 2).

A major FXR regulatory pathway is mediated via induc-
tion of SHP, which represses expression of CYP7A1, de-
creasing the bile acid pool size, and the expression of
CYP8B1, decreasing the hydrophobicity of the bile acid
pool. These bile acid pool alterations lead to decreased
cholesterol absorption. To determine if the beneficial ef-
fects mediated by WAY-362450 required activation of the
SHP pathway, SHP2/2 mice were backcrossed to LDLR2/2

or apoE2/2 mice to generate LDLR2/2SHP2/2 and
apoE2/2SHP2/2 mice. SHP expression was not detected
in the liver or ileum of the LDLR2/2SHP2/2 or apoE2/2

SHP2/2 mice (Table 2). SHP expression was induced in
liver and ileum of LDLR2/2 or apoE2/2 mice treated with
WAY-362450. Known FXR-mediated inductions of BSEP in
the liver (23) and IBABP in the ileum (24) occurred to a
similar magnitude with WAY-362450 treatment in LDLR2/2

SHP2/2 compared with LDLR2/2 mice and in apoE2/2

SHP2/2 compared with apoE2/2 mice (Table 2).
Feeding the Western diet increased plasma TG and non-

HDL cholesterol levels in the LDLR2/2SHP2/2 mice to a
similar magnitude as observed in LDLR2/2 mice (Fig. 3).
The Western diet also induced aortic lesion formation in
LDLR2/2SHP2/2 mice, although the lesion size was re-
duced by .50% in LDLR2/2SHP2/2 as compared with
the LDLR2/2 mice (21% aortic area in LDLR2/2 vs. 7%
aortic area in LDLR2/2SHP2/2 for female mice and 25%
aortic area in LDLR2/2 vs. 11% aortic area in LDLR2/2
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SHP2/2 for male mice). In apoE2/2SHP2/2 mice, plasma
levels of non-HDL cholesterol were slightly greater in
chow-fed animals and were also increased by the Western
diet. Surprisingly, when fed a chow diet, the absence of
SHP resulted in increased lesion size (2.4% aortic area in
apoE2/2 vs. 12% aortic area in apoE2/2SHP2/2 for female
mice and 0.7%aortic area in apoE2/2 vs. 5.6% aortic area in
apoE2/2SHP2/2 for male mice). When fed a Western diet,
the loss of SHP did not affect lesion size in apoE2/2 mice.
Thus, in all cases significant dyslipidemia occurred
and aortic lesions were still formed in the absence of SHP,
allowing the role of SHP in WAY-362450 protection to
be delineated.

TheWestern diet increasedplasmaTG levels in LDLR2/2

SHP2/2 or apoE2/2SHP2/2 mice, and WAY-362450 treat-
ment still strongly decreased plasma TG levels in these mice
(Fig. 3). Similarly, theWestern diet-mediated increase in he-
patic cholesterol content and repression of HMG-CoA synth-
ase and PCSK9 gene expression was largely blocked by
WAY-362450 treatment of LDLR2/2SHP2/2 or apoE2/2

SHP2/2 mice (Table 3). Similar trends were observed for
hepatic TG content, with the exception of male LDLR2/2

SHP2/2 mice, in which treatment with WAY-362450 did not
decrease TG content. This set of WAY-362450 protective ef-
fects thus appeared to be largely independent of the SHP
regulatory pathway.

Surprisingly, the results for WAY-362450 regulation of
non-HDL cholesterol levels depended upon the sex of
the animals. Thus, in male LDLR2/2SHP2/2 or apoE2/2

SHP2/2 mice, WAY-362450 still strongly reduced non-HDL
cholesterol levels (Fig. 3). In contrast, in female apoE2/2

SHP2/2 mice, WAY-362450 had no significant effect on
non-HDL cholesterol levels, and in LDLR2/2SHP2/2,
WAY-362450 only partially reduced non-HDL cholesterol
levels. En face aortic lesion analysis showed the same sex
dependence, with WAY-362450 reducing lesion area by 100
and 88% in male LDLR2/2SHP2/2 or apoE2/2SHP2/2

mice, respectively, but having no effect on lesion size in fe-
male LDLR2/2SHP2/2 or apoE2/2SHP2/2 mice.

While bile acids can still repress CYP7A1 and CYP8B1 ex-
pression in SHP2/2 mice, the synthetic FXR agonist
GW4064 does not repress either gene in SHP2/2 mice
(3, 25). This raised the possibility that the dyslipidemia
and aortic lesion protective activity of WAY-362450 in male
LDLR2/2SHP2/2 or apoE2/2SHP2/2 mice could be in-
dependent of FXR repression of CYP7A1 and CYP8B1. In
apoE2/2 and LDLR2/2 mice, WAY-362450 strongly re-
pressed CYP7A1 and CYP8B1 expression in both female
and male mice (Fig. 4A). In female LDLR2/2SHP2/2 or
apoE2/2SHP2/2 mice, WAY-362450 did not significantly
repress CYP7A1 expression and produced only a slight de-
crease in CYP8B1 expression. In contrast, inmale LDLR2/2

SHP2/2 or apoE2/2SHP2/2 mice, WAY-362450 repressed
both CYP7A1 and CYP8B1 expression to nearly the same
magnitude as seen in the male apoE2/2 or LDLR2/2mice.
In agreement with these results, expression of genes in-
duced by cholesterol [via oxysterol activation of liver X re-
ceptor (LXR)] in the ileum, such as ABCG5 and ABCA1,
was reduced in LDLR2/2 and apoE2/2 mice of both sexes
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Fig. 3. Requirement of SHP for WAY-362450 inhibition of dyslipidemia and aortic atherosclerosis. SHP2/2 mice in a 129 strain background
(18) were backcrossed to C57BL/6J mice for four generations using speed congenics to maximize the C57BL/6J background at each cross.
The resultingmice were then bred toC57BL/6J LDLR2/2mice to generate LDLR2/2SHP2/2mice. Similarly, SHP2/2mice were backcrossed
to C57BL/6J apoE2/2 mice for six generations to generate apoE2/2SHP2/2 mice. The LDLR2/2SHP2/2 and apoE2/2SHP2/2 were analyzed
as described in Fig. 2.
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by treatment with WAY-362450 (Fig. 4B). In LDLR2/2

SHP2/2 or apoE2/2SHP2/2 mice, WAY-362450 treatment
reduced ileumABCG5 and ABCA1 expression inmalemice
but not in female mice. Although cholesterol content of the
ileum could not bemeasured directly due to residual diet in
the lumen, these gene expression results suggest a reduc-
tion of cholesterol content in enterocytes in all mice in
which hepatic CYP7A1 and CYP8B1 expression was re-
duced. Thus, repression of CYP7A1 and CYP8B1 expression
correlated precisely with protection from dyslipidemia and
atherosclerotic lesion formation.

DISCUSSION

Numerous lines of evidence have suggested that in-
creased CYP7A1 expression leads to diminished plasma
cholesterol levels and ultimately protection from athero-
sclerosis. For example, hamsters, which express low levels
of cholesterol-7-a-hydroxylase activity, are susceptible to
diet-induced dyslipidemia, while mice or rats, which ex-
press high levels of cholesterol-7-a-hydroxylase activity, are
resistant to diet-induced dyslipidemia (26). Adenovirus-
mediated overexpression of CYP7A1 in the hamster reduces
plasma LDL cholesterol in direct proportion to the magni-
tude of increase in cholesterol-7-a-hydroxylase activity (27).
Similarly, transgenic overexpression of CYP7A1 blocks diet-
induced atherosclerosis in wild-type and LDLR2/2 mice
(28, 29). Generally in these studies, CYP7A1 has been
expressed at ?10-fold elevated levels over the already high
levels present in the mice. Conversely, CYP7A12/2 mice
have been reported to be hypercholesterolemic by some
but not all groups (8, 30). In humans, CYP7A1 deficiency
also results in a hypercholesterolemic phenotype in a single
kindred (31). Conversely, bile acids are essential for absorp-
tion of cholesterol from the diet. Thus, CYP7A12/2 mice
have almost no intestinal absorption of dietary cholesterol
(8), and CYP8B12/2 mice also have reduced cholesterol
absorption (32). Furthermore, humans with an absence of
bile acids also have almost no cholesterol absorption (33,
34). In animal studies, until recently the major tool to re-
press CYP7A1 and CYP8B1 expression has been bile acid
feeding, which while repressing expression of these genes
will also promote increased cholesterol absorption.

Expression of CYP7A1 is controlled predominantly at
the transcriptional level through multiple nuclear recep-
tors including the LXR, which induces CYP7A1 transcrip-
t ion in rodents (35), and FXR, which represses
transcription of CYP7A1 (36) via induction of SHP (3,
25). FXR2/2 mice have both increased intestinal choles-
terol absorption and a pro-atherogenic plasma lipid pro-
file, including increased non-HDL cholesterol and TG
levels (37). The initial potent synthetic activator of FXR,
GW4064 (38), lowers plasma cholesterol levels in mice
(39). Another recently identified FXR agonist, WAY-362450,
has been shown to protect against dyslipidemia in wild-type
mice but not in FXR2/2mice (17). Thus, studies on FXR ac-
tivation generally suggest a beneficial effect in regard to the
plasma lipid profile.
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In regard to atherosclerosis, the role of FXR has been
unclear. In apoE2/2 mice, the loss of FXR either increases
atherosclerotic lesions in mice fed a high 1.25% cholesterol
diet (15) or reduces atherosclerotic lesions in mice fed a
high fat diet with no added cholesterol (14). In LDLR2/2

mice fed a diet with 1.25% cholesterol, loss of FXR reduced
atherosclerotic lesion size in male mice but not in female
mice (16). To ascertain the effects of FXR activation by a
synthetic agonist on atherosclerotic lesion development,
LDLR2/2 and apoE2/2 mice of both sexes were fed a
Western diet containing 0.2% cholesterol and treated with
WAY-362450. In all instances, WAY-362450 protected against
diet-mediated increases in plasma non-HDL cholesterol
(Fig. 2), hepatic cholesterol (Table 1), and aortic lesion for-
mation (Fig. 2). As expected, WAY-362450 activation of FXR
induced SHP expression (Table 2), repressed hepatic
CYP7A1 and CYP8B1 expression (Fig. 4), and decreased
the hydrophobicity of the bile acid pool.

To determine whether the repression of bile acid syn-
thetic gene expression was essential to the observed pro-
tection, LDLR2/2SHP2/2 and apoE2/2SHP2/2 mice of
both sexes were treated with WAY-362450. As predicted
by the canonical model, in female LDLR2/2SHP2/2 or
apoE2/2SHP2/2 mice, WAY-362450 no longer significantly
repressed CYP7A1 or CYP8B1 expression (Fig. 3), reduced
non-HDL cholesterol levels only slightly, and did not re-
duce aorta lesion size (Fig. 3). Surprisingly, in male
LDLR2/2SHP2/2 or apoE2/2SHP2/2 mice, WAY-362450
still repressed CYP7A1 and CYP8B1 expression by 10-fold,
strongly reduced non-HDL cholesterol levels, and nearly
abolished aorta lesion formation. Other transcriptional
pathways can lead to the repression of CYP7A1 or CYP8B1
gene expression. For example, the pregnane X receptor
(PXR) agonist pregnenolone-16a-carbonitrile strongly re-
duces CYP7A1 expression (40). In rodents, FXR induces
expression of PXR (41), although conversely SHP induc-
tion can inhibit the ability of PXR to activate gene expres-
sion (42). We observed WAY-362450 induction of the PXR
target gene CYP3A11 in the livers of male and femalemice to
a similar extent in all genotypes (data not shown), suggesting
this pathway may not be responsible for the repression
of CYP7A1 and CYP8B1 observed in the male LDLR2/2

SHP2/2 and apoE2/2SHP2/2 mice.
In addition to cholesterol regulation, activation of FXR

reduces plasma TG levels via multiple proposed mecha-
nisms. ApoCII expression is induced by FXR (9), while
apoCIII expression is repressed by FXR, not through regu-
lation of SHP expression but rather via a negative FXR re-
sponse element in which FXR binding displaces HNF4a
(10). ApoCII is an activator of lipoprotein lipase activity,
while apoCIII inhibits lipoprotein lipase activity. The net
effect of FXR activity is thus to enhance the activity of lipo-
protein lipase, resulting in enhanced hydrolysis of TG in
the plasma. Alternatively, it has been proposed that FXR
reduces plasma TG levels via induction of SHP, which then
represses LXR-mediated expression of SREBP-1c (11).
Here, FXR activation by WAY-362450 greatly attenuated
Western diet-mediated increases in plasma TG levels
(Fig. 2), and this effect was largely maintained in

Fig. 4. WAY-362450 repression of diet-induced gene expression. A:
Total liver RNA prepared from apoE2/2, LDLR2/2, apoE2/2

SHP2/2, and LDLR2/2SHP2/2 mice was analyzed for mRNA lev-
els of CYP7A1 and CYP8B1 by real-time PCR. Expression values for
all samples were normalized for expression of GAPDH. The expres-
sion observed in female apoE2/2 or LDLR2/2 mice was defined as
1.0 for each panel. Values are the mean 6 SEM. B: Total RNA was
prepared from ileum and analyzed as above for expression of ABCG5
and ABCA1. * P , 0.01 for effect of WAY-362450 on gene expression.

1098 Journal of Lipid Research Volume 50, 2009

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
0.DC1.html 
http://www.jlr.org/content/suppl/2009/01/29/M800619-JLR20
Supplemental Material can be found at:

http://www.jlr.org/


LDLR2/2SHP2/2 and apoE2/2SHP2/2 mice (Fig. 3). In
concordance with a SHP-independent mechanism, apoCII
expression was induced by WAY-362450 treatment (data
not shown). Recently, several clinical trials have pointed
to the importance of plasma TG levels as a risk factor for
development of cardiovascular disease (43–45), suggesting
the potent lowering of elevated plasma TG levels by syn-
thetic FXR agonists, such as WAY-362450, will provide further
benefit beyond cholesterol lowering.

Numerous pharmacological paradigms have been tested
for reduction of atherosclerosis in mice [reviewed in (46)].
Due to the use of various genetic models and diets, it is
difficult to directly compare the magnitude of effects of
various treatments. However, the near complete preven-
tion of lesion formation seen here compares favorably with
the magnitude of effects seen for ezetimibe, a potent inhib-
itor of cholesterol absorption (13) or for synthetic LXR
agonists (47), thought to act largely through activation of
cholesterol efflux from foam cells (48, 49). Human bile acid
physiology and regulation have notable differences from
mouse. Of particular relevance here, FXR represses
CYP8B1 expression via induction of SHP in mouse, whereas
FXR directly stimulates CYP8B1 expression through an FXR
response element in humans (50). Whether these species
differences will attenuate the protective effect of FXR ago-
nists against dyslipidemia or atherosclerosis in humans will
require further study.

The authors thank Paige Mahaney for providing WAY-362450,
KehDih Lai for assistance with aorta dissections, Ted Simon for
breeding of the apoE2/2SHP2/2 mice, Wyeth Bioresources for
animal husbandry, and Doug Harnish for helpful discussions.
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