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Abstract
Farnesoid X receptor (FXR), a bile-acid-activated transcriptional factor and a member of the hormone
nuclear receptor superfamily, is essential in regulating bile-acid, cholesterol, and triglyceride
homeostasis. Disruption of the FXR gene in mice results in a proatherosclerotic lipid profile with
increased serum cholesterols and triglycerides. However, the role of FXR in foam-cell formation and
atherosclerosis development remains unclear. Our current study showed that the peritoneal
macrophages isolated from FXR-null mice took up less oxidized LDL-cholesterol (oxLDL-C), which
was accompanied by a marked reduction of CD36 expression in these cells. This result appears to
be FXR-independent, as FXR was not detected in the peritoneal macrophages. To assess to what
extent FXR modulates atherosclerosis development, FXR/ApoE double-null mice were generated.
Female mice were used for atherosclerosis analysis. Compared to ApoE-null mice, the FXR/ApoE
double-null mice were found to have less atherosclerotic lesion area in the aorta, despite a further
increase in the serum cholesterols and triglycerides. Our results indicate that deletion of the FXR
gene could attenuate the atherosclerosis development, most likely resulting from reduced oxLDL-C
uptake by macrophages. Our study cautions the use of serum lipid levels as a surrogate marker to
determine the efficiency of FXR modulators in treating hyperlipidemia.

Keywords
FXR; nuclear receptor; atherosclerosis; cholesterol; cytokines

The abbreviations used are
ACAT: acyl coenzyme; A: acylcholesterol transferase; FXR: farnesoid X receptor; FAS: fatty-acid
synthase; LOX-1: oxidized LDL receptor-1; LPL: lipoprotein lipase; LPS: lipopolysaccharide; LXR:
liver X receptor; oxLDL-C: oxidized LDL cholesterol; PLTP: phospholipid transfer protein;
PPARγ: peroxisome proliferator-activated receptor γ; SR: scavenger receptors; SREBP1c: sterol-
response-element-binding protein 1c; VCAM-1: vascular cell adhesion molecule-1

Address correspondence to: Frank J. Gonzalez, Bldg. 37, Rm. 3106B, NCI, NIH, 9000 Rockville Pike, Bethesda, MD, (Tel) 301-496-9067,
(Fax) 301-496-8419, (E-mail) fjgonz@helix.nih.gov.
4Present address: Department of Pharmacology, Toxicology, and Therapeutics, University of Kansas Medical Center, Kansas City, KS
66160,
5Present address: Department of Metabolic Disorders, Merck Research laboratories, Rahway, NJ 07065

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2007 December 1.

Published in final edited form as:
Biochim Biophys Acta. 2006 December ; 1761(12): 1401–1409.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Some individuals are less prone to atherosclerosis despite high cholesterol intake or
hypercholesterolemia with elevated LDL-cholesterol (LDL-C), suggesting that factors in
addition to hypercholesterolemia contribute to the development of atherosclerosis. The current
consensus is that atherosclerosis is an inflammatory disease. Although promoted by
hypercholesterolemia, the development of atherosclerosis is initiated by foam-cell formation,
(1,2).

The sequence of events that lead to the generation of the earliest visible lesion of
atherosclerosis, the fatty-streak lesion, starts from the formation of lipid-laden macrophages,
the foam cells. Foam cells were formed from accumulation of oxidized LDL-C (oxLDL-C)
that serves as an inflammatory stimulus and induces the expression of vascular cell adhesion
molecule-1 (VCAM-1) on the endothelial cells in the main arteries (3). Expression of VCAM-1
assists in recruiting inflammatory cells from the circulation, and facilitates their subsequent
transendothelial migration. The inflammatory cells are composed mainly of monocytes and T
cells (4,5). Once the monocytes penetrate and reside in the subendothelial space, they become
activated and differentiate into macrophages. Macrophages are crucial for atherosclerosis
because they express cell surface scavenger receptors (SR), such as CD36 that recognizes the
altered molecular pattern on oxLDL-C. Binding of oxLDL-C to CD36 leads to the subsequent
internalization of oxLDL-C, which provides a prerequisite for lipid accumulation in
macrophages.

Macrophages use two mechanisms to reduce high cholesterol levels that are toxic to cells. First,
excess free cholesterol undergoes re-esterification by acyl coenzyme A: acylcholesterol
transferase (ACAT) to form cholesterol esters. Second, cholesterol efflux pathways are
activated to transport free cholesterol out of the cell. Two efflux pathways exist, one is an active
transport pathway that is mediated by the ABCA1 transporter and facilitated by ApoA-I, and
the other one is a passive transport pathway facilitated by ApoE that transfer cholesterols to
HDL, which then transports cholesterol back into the liver, a process termed reverse cholesterol
transport. These two pathways collaborate to reduce the content of intracellular cholesterol
(6).

Several lines of evidence show that the processes of uptake and/or efflux of cholesterol from
macrophages are regulated by nuclear receptors, a superfamily of ligand-activated transcription
factors that are involved in various developmental, physiological, and toxicological processes.
The expression of CD36 is directly activated by peroxisome proliferator-activated receptor γ
(PPARγ) (7). The expression of ABCA1 and ApoE is directly activated by liver X receptor
(LXR), and indirectly via a PPARγ-LXR-ABCA1/ApoE cascade (8,9). FXR is another member
of the nuclear receptor supefamily that regulates cholesterol and bile acid metabolism and
transport (10). Bile acids were identified as endogenous ligands for FXR and indeed FXR was
found to be essential in regulating bile-acid homeostasis (11–14). Apart from playing a critical
role in regulating bile-acid biosynthesis, metabolism, and transport, FXR is also important in
regulating the homeostasis of cholesterol and triglycerides. There are two mechanisms by
which FXR regulates cholesterol metabolism. One mechanism is to regulate the genes involved
in bile-acid metabolism that catalyzes the elimination of cholesterol, since cholesterol is the
precursor for bile-acid synthesis. The other mechanism is to directly regulate the genes involved
in transport of cholesterol and bile acids. The emerging evidence demonstrates that FXR
regulates several key components involved in maintaining cholesterol homeostasis,
particularly those of HDL. FXR induces the expression of the phospholipid transfer protein
(PLTP) (15), which encodes an enzyme involved in the transfer of phospholipids from very-
low-density lipoproteins (VLDL) and LDL to HDL, indicating that activation of FXR induces
PLTP levels to promote HDL formation. FXR also induces hepatic scavenger receptor B1 (SR-
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B1), which is the HDL-uptake receptor in liver and other peripheral tissues to remove
cholesterol from the circulation; thus serves as an important component in reverse cholesterol
transport (16). However, activation of FXR might result in reduction of HDL by suppressing
ApoA-I, the major component of HDL, via binding as a monomer to a negative response
element in the ApoA-I promoter region (17).

FXR appears to regulate serum and hepatic triglyceride levels. Activation of FXR induces the
expression of ApoC-II and concurrently reduces expression of ApoC-III (18). ApoC-II is an
activator, and ApoC-III is an inhibitor of lipoprotein lipase (LPL), which hydrolyzes
triglycerides to free fatty acids to remove triglycerides from the blood. Disruption of the FXR
gene in mice results in upregulation of the expression of two genes critical for hepatic
lipogenesis, sterol-response-element-binding protein 1c (SREBP1c) and fatty-acid synthase
(FAS) (19,20), indicating that FXR inhibits the de novo lipogenesis in liver. Mice with a
targeted disruption of the FXR gene clearly revealed a critical role for this receptor in
maintaining the homeostasis of bile acids, cholesterol and triglycerides (13,16).

Although disruption of the FXR gene in mice results in a proatherosclerotic lipid profile, the
role of FXR in foam-cell formation is unclear. Elucidation of the role of FXR in the formation
of foam cells as well as in the development of atherosclerotic plaques is critical in understanding
the role of FXR in regulating lipid metabolism. This knowledge will also provide a scientific
basis for future design of FXR modulators. Therefore, the current study was designed to
investigate to what extent loss of FXR function in vivo affects the formation of foam cells, and
furthermore, to elucidate the role of FXR in the development of atherosclerosis using the ApoE-
deficient genetic model for accelerated atherosclerosis.

MATERIALS AND METHODS
Materials

Lipopolysaccharide (LPS) was purchased from Sigma (St. Louis, MD). Tissue culture reagents,
unless otherwise indicated, were obtained from Invitrogen (Carlsbad, CA). Nutridoma HU was
purchased from Roche (Indianapolis, IN). OxLDL was obtained from INTRACEL (Fredrick,
MD), [3H]cholesterol was purchased from Perkin-Elmer Life and Analytical Sciences, Inc.
(Boston, MA). ApoA-I and HDL3 were purchased from Calbiochem (San Diego, CA) and
Sigma (St. Louis, MO), respectively. ELISA kits for cytokine measurement were obtained
from Pierce (Rockford, IL).

Animals and Treatment
B6;129-Fxrtm1Gonz (FXR-null) mice were backcrossed to a C57BL/6 genetic background for
10 generations and genotyped by a PCR-based method as described previously (13). C57BL/
6 mice were used as wild-type controls. The ApoE-null mice in a C57BL/6 genetic background
were obtained from The Jackson Laboratory (Bar Harbor, ME). FXR/ApoE double-null mice
were generated by cross-breeding between FXR-null and ApoE-null mice. All the animals were
housed in a pathogen-free animal facility under a standard 12 hr light/12 hr dark cycle with
access to chow and water ad libitum. All protocols and procedures were approved by the NCI
Animal Care and Use Committee and are in accordance with the NIH and ALAC Guidelines.
For the atherosclerosis study, female FXR/ApoE double-null and ApoE-null mice were
randomly divided into two groups when weaned at three weeks of age (n=8 to 13/group). To
develop spontaneous atherosclerosis, one group of mice from each strain was placed on a
control diet and the tissues were collected at 20 weeks of age. To develop high-fat-induced
atherosclerosis, the other group of mice from each strain was placed on an AIN-93G-modified
35% high fat (HF) diet (F4048, Bio-Serv, Frenchtown, NJ) for ten weeks and the tissues were
collected at 13 weeks of age. Food intake and body weight were monitored every week.

Guo et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2007 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Overnight fasting blood was collected before the animals were killed and the tissues collected.
Serum was separated by a Microtainer serum separating tube (BD Biosciences). Plasma levels
of total cholesterol and total triglycerides were quantified by commercially available kits
(Wako, VA).

Fast Protein Liquid Chromatography (FPLC)
FPLC separation of serum lipoproteins from pooled plasma samples (60 μl; n=8 to 14) was
achieved by gel filtration using two Superose 6HR 10/30 columns (GE Bioscience) in series
as previously described (13,21).

Macrophage Isolation
For macrophage isolation, groups of 8- to 12-week-old female mice were used for all
experiments. On day 0, mice were injected intraperitoneally with 2 ml of 3% thioglycolate
(Becton Dickinson, Cockeysville, MD), and peritoneal macrophages were collected on day 4
as described (7). After centrifugation at 1000 × g for 5 min, the cells were resuspended into
RPMI 1640 media containing 10% fetal bovine serum (FBS) and 100 U/ml of penicillin-
streptomycin, 3 to 5 million cells were plated onto 100-mm Petri dishes. The non-adherent
cells were removed and the culture media were changed fresh after 4 hrs incubation at 37 °C.

Cholesterol Loading and Efflux
Peritoneal macrophages were seeded at 50 to 70% confluence for 2 days (0.2 million/well in
12 well plate), then the cells were washed twice with 1X PBS, followed by incubation in RPMI
1640 supplemented with 1% Nutridoma HU, ox-LDL (50 μg/ml), and 2 μci/ml [3H] cholesterol.
After a 48-hr incubation period, cells were washed twice with 1X PBS, and the medium was
changed into RPMI 1640 supplemented with or without ApoA-I (50 μg/ml) or HDL3 (50 μg/
ml) and incubated for another 24 hrs. The radioactivity of 3H was measured by liquid
scintillation counting in centrifuged media as well as in cell samples lysed in 0.2 ml of 1M
NaOH. The percentage of efflux is the ratio of counts in the supernatant to the total counts,
and ApoA-I or HDL3–mediated cholesterol efflux were determined as the fraction of total
radiolabeled cholesterol in the supernatant in the presence of ApoA-I or HDL3 after subtraction
of values for ApoA-I- or HDL3-free media. Each experiment was carried out in triplicate and
repeated four times.

Macrophage Lipid Analysis by Oil-Red O Staining
Peritoneal macrophages were collected (n=3) and seeded in 35 mm × 10 mm tissue culture
dishes in RPMI 1640 with 1% Nutridoma HU at 1 million cell/dish density for 24 hrs before
fresh media were changed with or without 50 μg/ml oxLDL. After another 24 hrs, the cells
were washed twice with 1X PBS and fixed in 3.7% formaldehyde at room temperature for 1
hr. The cells were then washed three times with 1X PBS and stained with 2 ml of oil red solution
for 1 hr at room temperature. For quantification of oil red O staining, 0.5 ml of isopropanol
was added to each dish, and oil red was extracted into isopropanol. The degree of oil red staining
was measured at 518 nm by a DU800 spectrophotometer (Beckman Coulter, Fullerton, CA).

Macrophage Cholesterol Analysis
Peritoneal macrophages from each mouse (n=6/group) were collected and seeded in 100 mm
× 10 mm tissue culture dishes in RPMI 1640 with 1% Nutridoma HU at 1 million cell/dish
density for 24 hrs before fresh media were changed with or without 50 μg/ml oxLDL. After
another 24 hrs, the cells were washed twice with 1X PBS. The cells were lysed with 1 ml of 1
× PBS and 1% triton-X 100 and the protein concentrations were determined by BCA method.
The cellular lipids were extracted according to the method published previously (13), and the
total cholesterol levels were determined by a commercially available kit (Wako, VA).
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Northern Blot Analysis of RNA
Peritoneal macrophages were collected and cultured as described in the previous section. The
cells were washed once in 1X PBS, and total RNA were prepared using Trizol reagent
(GIBCO–BRL, Grand Island, NY) and analyzed by electrophoresis of 5 μg total RNA in 0.22
M formaldehyde-containing 1% agarose gels. The cDNA probes and detailed northern blot
analysis procedures were described (7). Probes were 32P-labeled by the random primer method
using Ready-to-Go DNA labeling beads (Amersham-Pharmacia Biotech, Piscataway, NJ). The
bands were quantified using a phosphoimager and the values expressed as fold of changes after
corrected for β-actin RNA levels.

Flow Cytometry
The peritoneal macrophages were collected from wild-type and FXR-null female mice (n=3/
genotype) as described in the previous section. 0.5 × 106 cells from each mouse were used and
rat anti-mouse-FcγRIII/II-blocking reagent (BD Biosciences, San Jose, CA) was used to block
non-specific staining. The cells were subsequently stained by anti-CD36-PE antibody (2 μg/
half million of cells; Santa Cruz, Santa Cruz, CA) and analyzed by a flow cytometers (Becton
Dickinson).

ELISA Assay for Cytokines
The peritoneal macrophages were collected and cultured as described in the previous section.
The cell culture supernatants were collected after incubation with LPS (1 μg/ml) overnight
(about 16 hrs), and kept frozen at − 80 °C until the cytokine levels (IFNγ, TNFα, IL-6, and
IL-1β) were determined by ELISA assays according to the manufacturer’s instructions.

Aortic Lesion Analysis
The heart and the attached section of the ascending aorta were prepared and analyzed as
described (22). Briefly, after blood was collected, the heart and aorta were carefully removed
and transferred to 37 °C saline for 20 min. Afterwards, the samples were transferred to 4%
PBS-buffered formaldehyde for 24 hrs before being permanently fixed in 10% PBS-buffered
formaldehyde. Serial 10-μm-thick sections from the middle portion of the ventricle to the aortic
arch were collected and mounted on poly-D-lysine-coated slides. In the region from the
appearance to the disappearance of the aortic valves, every other section was collected. In all
other regions, every fifth section was collected. Sections were stained with oil red and
hematoxylin, counterstained with fast green, and lesion areas were examined by light
microscopy followed by quantification and analysis with NIH image quantification software
(http://rsb.info.nih.gov/nih-image).

Statistics
Unless otherwise stated, all values were expressed as the mean + SE. All data were analyzed
by the unpaired Student’s t-test for statistical significance between WT or null mice. For the
comparison among multiple groups, one-way ANOVA followed by Duncan’s test were
performed.

RESULTS
OxLDL-C uptake in peritoneal macrophages

Deletion of the FXR gene in mice leads to disruption of the homeostasis of bile acids,
cholesterols, and triglycerides. Macrophages are critical in cholesterol metabolism and
alterations in the uptake, metabolism, and efflux of cholesterol in macrophages could affect
foam-cell formation, a prerequisite for atherosclerosis development. To determine if deletion
of the FXR gene affects foam-cell formation, we examined the accumulation of oxLDL-C in
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peritoneal macrophages from wild-type and FXR-null mice. OxLDL-C is a modified form of
LDL which is considered the most relevant form of LDL to contribute to foam-cell formation.
The uptake of oxLDL-C in peritoneal macrophages isolated from FXR-null mice was
significantly reduced, as determined by oil-red staining (Fig 1A and B) and total cholesterol
measurement (Fig 1C).

Cholesterol efflux rate in peritoneal macrophages
A decrease in cholesterol accumulation in macrophages could also be due to decrease in
cholesterol uptake or increase in cholesterol efflux. Therefore, the rate of cholesterol efflux
from peritoneal macrophages isolated from WT or FXR-null mice was determined. Cholesterol
efflux mediated by ApoA-I mainly represents cholesterol excreted by the activate transporter,
ABCA1, whereas cholesterol efflux mediated by HDL3 represents both the active transport as
well as the passive diffusion that depends mainly on the levels of ApoE (23). We found no
difference in the cholesterol-efflux rate between macrophages from WT or FXR-null mice (Fig
2). Therefore, the reduced accumulation of oxLDL-C in macrophages isolated from FXR-null
mice was probably due to a decrease in cholesterol uptake.

Expression of genes involved in cholesterol homeostasis in peritoneal macrophages and
CD36 expression

Uptake of oxLDL-C in macrophages was mainly carried out by CD36, a fatty acid transporter,
although several other scavenger receptors (SR), such as SRA1, SRB1, and oxidized LDL
receptor-1 (LOX-1), are also involved. The efflux of cholesterol to HDL in macrophages
depends largely upon ABCA1 and ApoE. Thus, the mRNA levels of the aforementioned genes
were determined by Northern blot analysis. Whereas SRA1, SRB1, LOX-1, and ABCA1
mRNA levels were similar (data not shown), those of CD36 and ApoE were markedly reduced
in macrophages isolated from FXR-null mice compared to those from WT mice (Fig 3A). The
protein levels of CD36 on the surface of the macrophages were determined by flow-cytometry
analysis, which showed a significant reduction of macrophages expressing CD36 on their
surface (Fig 3B). FXR was not detected in macrophages by RT-PCR analysis and by Northern
blot analysis (data not shown) indicating that the reduction of CD36 and ApoE expression are
due to an indirect mechanism following the deletion of the FXR gene. CD36 is a target gene
of the nuclear receptor, PPARγ (7), and ApoE is a target gene of LXRα (24). Therefore,
PPARγ and LXR mRNA levels were determined in the macrophages from FXR-null and wild-
type mice, but no difference in the expression levels of these two nuclear receptors was found
(Fig 3A).

Levels of cytokines secretion from peritoneal macrophages
Besides the aforementioned nuclear receptors, the homeostasis of cholesterol in macrophage
is also maintained by immunological factors, such as cytokines. For example, treatment of
macrophages with IFNγ reduces the expression levels of CD36 and ApoE. Therefore,
peritoneal macrophages isolated from WT or FXR-null mice were stimulated overnight with
1 μg/ml LPS, followed by the measurement of the secretion of cytokines from these cells by
ELISA. The levels of secreted IL-1β tended to be lower in macrophages from FXR-null mice
than those from WT mice, while levels of IL-6 secretion were similar between macrophages
from the two mouse lines. However, the levels of TNFα and IFNγ secretion were markedly
increased in FXR-null macrophages compared to WT macrophages (Fig 4).

Generation of FXR/ApoE double-null mice and characterization of their lipid profile
FXR is critical in regulating the homeostasis of cholesterol and triglycerides, and studies with
the FXR-null mice clearly revealed that deletion of the FXR gene results in a proatherogenic
lipid profile (13,16). However, primary macrophages isolated from FXR-null mice showed a
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marked reduction of CD36 expression and oxLDL-C uptake, thus less form-cell formation,
compared to wild-type mice. This indicates that deletion of the FXR gene may attenuate
atherosclerosis development, as foam-cell formation is a prerequisite for atherosclerosis
development. In order to determine the role of FXR in atherosclerosis, FXR/ApoE double-null
mice (FA DN) were generated by cross-breeding FXR-null with ApoE-null mice, both on a
C57BL/6 background. Following weaning, three-week-old male and female WT, FXR-null,
ApoE-null and FA DN mice were randomly divided into two groups (n=8 to 10/group). One
group of each strain was placed on a control chow diet until the mice were sacrificed at 20
weeks of age. The other group was fed a 35% high-fat diet for 10 weeks and the mice were
sacrificed at 13 weeks of age. Fasting serum were collected right before the mice were
sacrificed, and the serum lipid levels were determined. Fig 5 showed the serum total cholesterol
and triglyceride levels in these mice, with panels A (control diet) and B (high-fat diet) for total
cholesterols and C (control diet) and D (high-fat diet) for triglycerides. Regardless of the diet
type and gender, FXR/ApoE double-null mice had the highest serum total cholesterols and
triglycerides, followed by ApoE-null and FXR-null mice. The serum lipid contents and
lipoprotein profiles were further analyzed by FPLC using pooled serum samples from females
mice fed with the HF diet (Fig 6). For the result shown as FPLC analysis, the elution around
12–14 represents for VLDL, 18–22 for LDL, and 28–32 for HDL. Our result showed that
deletion of the ApoE gene increased the fraction of VLDL in serum, which was elevated
markedly with the deletion of the FXR gene. This was accompanied with a decrease in the
fraction of LDL (around 20%) and a slight increase in HDL portion.

Analysis of aortic atherosclerosis development in FXR/ApoE double-null mice
To investigate the role of FXR in modulating atherosclerosis development, the aortas of female
ApoE-null and FXR/ApoE double-null mice on the control diet (at 20 weeks of age) or on the
high-fat diet (at 13 weeks of age) were analyzed and the degree of atherosclerotic lesion
development was quantified by measuring the areas that were positive for staining of oil red
(Fig. 7). Female mice were chosen to be the gender of focus in this experiment because a
previous study indicated that female mice are more prone to atherosclerotic lesion development
compared to male mice (25). On the control diet, a trend toward a decrease in the mean aortic
lesion area in FXR/ApoE double-null mice compared to ApoE-null mice was noted (Fig 7A).
When the animals were fed a high-fat diet, the atherosclerotic lesion areas in FXR/ApoE
double-null mice were significantly reduced compared to that of ApoE-null mice (Fig 7B).

DISCUSSION
In the current study, primary peritoneal macrophages isolated from the FXR-null mice were
found to take up less oxLDL-C than those from the wild-type mice, which probably is due to
the reduced expression of CD36 in macrophages isolated from FXR-null mice. CD36 is the
main transporter in macrophages for the uptake of oxLDL-C. Although the FXR/ApoE double-
null mice demonstrate a proatherosclerotic serum lipid profile, they had less atherosclerotic
lesion area in the aorta. Our data clearly show that disruption of the FXR gene attenuates
atherosclerosis development, confirming the concept that foam-cell formation leads to the
initiation and progression of atherosclerosis.

CD36 expression increases as monocytes differentiate into macrophages (26). Surprisingly,
Northern blot or reverse-PCR analysis did not detect FXR mRNA expression in mouse
peritoneal macrophages (data not shown), and thus direct regulation of CD36 expression by
FXR seems unlikely. However, expression of the CD36 gene in macrophage could be inhibited
by increases in IFNγ, glucocorticoids, lipopolysaccharide (LPS), and transforming factor β
(27–29). Furthermore, emerging evidence strongly suggests that expression of the CD36 gene
in macrophages depends largely on levels of PPARγ, a ligand-activated transcription factor
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that belongs to the nuclear-receptor superfamily. Activation of PPARγ is involved in
macrophage cholesterol metabolism, adipocyte differentiation, and suppression of
inflammation (30,31). Expression of CD36 in macrophage is minimal with deletion of the
PPARγ gene and is strongly induced by PPARγ ligands (7,32). Moreover, expression and
activation of PPARγ is required to induce CD36 expression by several other factors, including
phorbol esters, macrophage colony-stimulating factors, and IL-4 (33). The reduced PPARγ
target gene expression could be due to a decrease in PPARγ activity or a reduction of
endogenous PPARγ ligands. Our results showed that the expression levels of PPARγ were
similar between wild-type and FXR-null macrophages; however, the activity of PPARγ could
be modulated upon post-translational events, including interactions with co-activators and co-
repressors, ligand availability, and phosphorylation status. For example, SHP, a target gene of
FXR, augments PPARγ transcription activity in hepatocytes by inhibiting binding of co-
repressors to PPARγ (34). Phosphorylation of PPARγ protein by mitogen-activated protein
kinase decreases PPARγ transcription activity (35,36). To what extent the activity of PPARγ
is altered in macrophages of FXR-null mice remains unclear and elucidation of which will aid
in understanding the mechanism by which CD36 is down-regulated in FXR-null macrophages.

The current study further confirms that the formation of foam cells precedes the initiation and
development of the atherosclerotic lesion. Lack of FXR decreases the accumulation of
cholesterol in macrophages, indicating that inhibition of FXR could reduce foam-cell
formation, resulting in attenuation of the development of atherosclerotic lesions. However, the
serum lipid profile of FXR-null mice indicates that loss of the FXR actually increases levels
of cholesterol and thus results in a proatherosclerotic lipid profile (13). Although a balance
between reduced foam-cell formation and increased serum cholesterol and triglycerides will
ultimately determine the outcome of atherosclerosis development in FXR-null mice, current
theory for the initiation of atherosclerosis development emphasizes the importance of foam-
cell formation, rather than hypercholesterolemia. To understand to what extent FXR modulates
atherosclerosis development is critical as there is a growing effort in designing and identifying
FXR modulators to treat diseases that are caused by abnormal levels of bile acids and/or lipids,
such as cholestasis and hyperlipidemia (37). The current study demonstrates that while FXR/
ApoE double-null mice clearly have increased levels of serum cholesterol and triglycerides
compared to either ApoE- or FXR-null mice, analysis of the aortic lesion area reveals that FXR/
ApoE double-null mice have less atherosclerotic lesions compared to ApoE-null mice.
Therefore our results indicate that activating FXR could facilitate rather than attenuate
atherosclerosis development. On the contrary, inhibition of FXR perhaps through the use of
an antagonist could reduce atherosclerosis development despite a proatherosclerotic serum
lipid profile. In addition, the FXR/ApoE double-null mice showed a slight increase in HDL,
which might also contribute to the reduction in atherosclerotic lesion formation.

Finally, human FXR has been detected in vascular smooth muscle cells and activation of FXR
was shown to promote apoptosis in this cell type (38). The current study indicates that FXR
could affect atherosclerosis development via multiple mechanisms including a role in
modulating the immune response. A marked change in cytokine secretion from the peritoneal
macrophages isolated from FXR-null mice was noted; both TNFα and IFNγ, two cytokines
known to be critical in the participation of innate immune defenses mediated by macrophages,
were increased compared to cells from wild-type mice. The role of FXR in the immune response
is largely undefined, however, one study indicates that FXR is involved in regulating immune
function (39).

After we submitted this manuscript, a paper from Peter Edwards’s group reported similar
findings in FXR/LDLr double knockout mice with reduced atherosclerosis development and
macrophage CD36 expression, in spite of a proatherosclerotic lipid profile (40). Token
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together, this emerging evidence suggests that FXR is involved in regulating foam-cell
formation and arthrosclerosis development.

In summary, disruption of the FXR gene in mice reduces the uptake of oxLDL and foam-cells
formation, which is likely due to a decreased CD36 expression. As a result, FXR/ApoE double-
null mice exhibit less aortic atherosclerotic lesions, despite a proatherosclerotic serum lipid
profile. Results from the current study further confirm the current concept that formation of
foam cells is prerequisite in leading to atherosclerotic development. The information obtained
from this study will be of great value in directing future efforts in the development of FXR
modulators to treat hyperlipidemia and cholestasis. This study suggests that only selective but
not pan-FXR modulators are beneficial in treating lipid disorders. In addition, this study
suggests that using serum lipid levels alone as a biomarker to predict the efficiency of FXR
modulators is not appropriate.
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Fig 1. ox-LDL Cholesterol loading in peritoneal macrophages from wild-type and FXR-null mice
Peritoneal macrophages from wild-type or FXR-null mice were incubated with oxLDL, and
the levels of cholesterol loading were determined by oil-red staining followed by spectrometric
quantification as shown in Panel A and B. Panel A consists of the pictures taken randomly
from three microscopic fields and panel B shows the quantification of oil-red staining following
normalization by protein content. Panel C is the total cellular cholesterol levels after incubating
with oxLDL. An asterisk indicates P<0.05.
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Fig 2. Rate of Cholesterol efflux in peritoneal macrophages from wild-type and FXR-null mice
Peritoneal macrophages were isolated and incubated with [3H]cholesterol. The efflux of
cholesterol was initiated by addition of ApoA-I or HDL3. The percentage of efflux is the ratio
of counts in the supernatant to the total counts, and ApoA-I- or HDL3–mediated cholesterol
efflux was determined as the fraction of total radiolabeled cholesterol in the supernatant in the
presence of ApoA-I or HDL3 after subtraction of values for ApoA-I- or HDL3-free media.
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Fig 3. The expression levels of genes involved in cholesterol metabolism in peritoneal macrophages
Peritoneal macrophages were isolated and pooled from a total of five wild-type and FXR-null
mice. Total RNA were isolated and subjected to Northern blotting analysis (Fig A). The cell
surface expression of CD36 was determined by flow cytometry (Fig B).
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Fig 4. The levels of cytokines secreted from peritoneal macrophages isolated from wild-type and
FXR-null mice
Peritoneal macrophages were isolated from wild-type and FXR-null mice. The cells were
incubated with LPS (1 μg/ml) overnight. The supernatant from the cell culture was collected
and the levels of cytokines, TNFα, IL-1β, IL-6 and IFNγ, were determined by ELISA analysis.
An asterisk represents P<0.05.
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Fig 5. Analysis of serum total cholesterol and triglycerides in wild-type, FXR-null, ApoE-null and
FXR/ApoE double-null mice
FXR/ApoE double-null mice were generated by cross-breeding of FXR-null and ApoE-null
mice. Serum was collected from male and female animals fed with a control diet at 20 weeks
of age, or a high-fat diet for 10 weeks at 13 weeks of age. The grey bar represents male mice
and the striped bar for female mice. (A) is for serum total cholesterol on control diet, (B) is for
serum total cholesterol on high-fat diet, (C) is for serum total triglyceride on control diet, and
(D) is for serum total triglyceride on high-fat diet. The cholesterol concentrations, in mg/dL,
for the control and high-fat fed male and female wild-type mice were: male wild-type = 52.9
+/− 3.4, female wild-type = 36.3 +/− 2.2 for the control diets, and male, wild-type = 92.5 +/−
9.3, female, wild-type = 64.1 +/− 5.0 for the high-fat diets. The triglyceride concentrations, in
mg/dL, for the control and high-fat fed male and female wild-type mice were: male wild-type
= 49.7 +/− 5.5, female wild-type = 37.1 +/− 3.2 for control diets, and male wild-type = 51.1
+/− 3.8, female wild-type = 36.8 +/− 4.6 for the high-fat diets. Data from each group are derived
from 8 to 14 mice. An asterisk indicates P<0.05 between FXR-null and FXR/ApoE double-
null mice. A # indicates P<0.05 between ApoE-null and FXR/ApoE double-null mice.
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Fig. 6. Analysis of serum lipid profiles in high-fat-fed female wild-type, FXR-null, ApoE-null, and
FXR/ApoE (FA) double-null mice
FPLC separation of serum lipoproteins from pooled plasma samples (60 μl, n=8 to 14) was
achieved by gel filtration using two Superose 6HR 10/30 columns in series. The concentration
of cholesterol, triglycerides, phospholipids, free cholesterol, and cholesterol ester was
indicated in the y axes. FPLC analysis is shown for wild-type mice, FXR-null mice, ApoE-
null mice, and FA DKO mice. Elution volume from 12–14 represents for VLDL, 18–22 for
LDL, and 28–32 for HDL.
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Fig 7. Analysis of aortic atherosclerotic lesion area for female ApoE-null and FXR/ApoE double-
null mice (FA DN)
Aortas and hearts that were harvested from female ApoE-null and FXR/ApoE double-null mice
at 20 weeks of age with a control diet (A) or at 13 weeks of age following a high-fat diet for
10 weeks (B). The numbers of mouse used per group are: 13 for ApoE-null mice on control
diet, 9 for FA-DN mice on control diet, 8 for ApoE-null mice on high-fat diet, and 8 for FA-
DN mice on high-fat diet. Five serial sections from each mouse were counted using oil-red O
staining. Lesion areas were examined by light microscopy followed by quantification and
analysis with NIH image quantification software. An asterisk indicates P<0.05 between ApoE-
null and FXR/ApoE double-null mice.
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