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Abstract The pregnane X receptor (PXR, also known as
SXR) is a nuclear hormone receptor activated by xenobiotics
as well as diverse sterols and their metabolites. PXR functions
as a xenobiotic sensor to coordinately regulate xenobiotic
metabolism via transcriptional regulation of xenobiotic-
detoxifying enzymes and transporters. Recent evidence in-
dicates that PXR may also play an important role in lipid
homeostasis and atherosclerosis. To define the role of PXR
in atheroscler051s, we generated PXR and apoE double knock-
out (PXR™/ apoE 7) mice. Here we show that deficiency
of PXR did not alter plasma triglyceride and cholesterol
levels in apoE™’~ mice. However, PXR ™/ apoE ™'~ mice had
significantly decreased atherosclerotic cross-sectional lesion
area in both the aortic root and brachiocephalic artery by
40% (P < 0.01) and 60% (P < 0.001), respectively. Interest-
ingly, deficiency of PXR reduced the expression levels of
CD36, lipid accumulation, and CDSG-medJated ox1d1zed LDL
uptake in peritoneal macrophages of PXR™/ apoE mice.
Furthermore, immunofluorescence staining showed that PXR
and CD36 were expressed in the atherosclerotic lesions of
apoE mice, and the expression levels of PXR and CD36
were diminished in the lesions of PXR™’ apoE ~ mice 10
Our findings indicate that deficiency of PXR attenuates ath-
erosclerosis development, which may result from decreased
CD36 expression and reduced lipid uptake in macrophages.—
Sui, Y., J. Xu, J. Rios-Pilier, and C. Zhou. Deficiency of PXR
decreases atherosclerosis in apoE-deficient mice. J. Lipid
Res. 2010. 51: 1652-1659.
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Despite enormous research efforts and advances in
treatments over the past few decades, atherosclerotic car-
diovascular disease remains the leading cause of death in
the developed world (1, 2). Nuclear receptors have be-
come attractive targets for the development of therapeutic
agents for treatment of atherosclerosis (3, 4). A number of

This work was supported in part by National Institutes of Health Grant
P30HL101300 and American Heart Association Grant 09SDG2150176. Its
contents are solely the responsibility of the authors and do not necessarily repre-
sent the official views of the National Institutes of Health or other granting
agencies.

Manuscript received 19 May 2011 and in revised form 14 June 2011.

Published, JLR Papers in Press, June 18, 2011
DOI 10.1194/jr MO17376

1652 Journal of Lipid Research Volume 52, 2011

nuclear receptors, such as liver X receptor (LXR) and per-
oxisome proliferator-activated receptors (PPARs), are key
regulators of lipid homeostasis and inflammation and play
important roles in atherosclerosis development (3-6).
The pregnane X receptor (PXR; also known as steroid
and xenobiotic receptor, or SXR) is a nuclear receptor ac-
tivated by a diverse array of endogenous hormones, dietary
steroids, pharmaceutical agents, and xenobiotic compounds
(7-9). PXR functions as a xenobiotic sensor that regulates
clearance via induction of genes involved in drug and xe-
nobiotic metabolism, including oxidation (e.g., cytochrome
P450), conjugation (e.g., glutathione transferase), and trans-
port (e.g., multidrug resistance 1) (9, 10). The broad re-
sponse profile of PXR has led to the development of “the
steroid and xenobiotic sensor hypothesis.” In the past de-
cade, PXR’s function in drug and xenobiotic metabolism
has been extensively studied by many laboratories (9).
Recent evidence indicates that PXR may also play an im-
portant role in lipid homeostasis and atherosclerosis. Many
clinically relevant PXR ligands (e.g., rifampicin, ritonavir)
have been shown to affect lipid levels in patients and may
have pro-atherogenic effects (11-15). In addition to playing
an important role in xenobiotic metabolism, PXR can me-
diate sterol-regulatory element binding protein (SREBP)-
independent lipogenic pathways by activating the FFA
uptake transporter CD36 and several accessory lipogenic
enzymes, such as stearoyl CoA desaturase-1 and long-chain
FFA elongase (16, 17). We also found that chronic activa-
tion of PXR increases CD36 expression and lipid accumu-
lation in peritoneal macrophages of wild-type (WT) and
apoE knockout (apoEf/f) mice (15). Moreover, acute
PXR activation can regulate SREBP-dependent lipogenic
pathways by inducing Insig-1 expression, resulting in
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decreased levels of active SREBP-1 and reduced triglycer-
ide synthesis (18). We and other groups have shown that
activation of PXR also affects the expression of other he-
patic genes involved in lipid homeostasis, including apoA-1V,
oxysterol 7a-hydroxylase (CYP39A1), and 7-dehydrocholes-
terol reductase (DHCR?7) in several animal models includ-
ing WT, apoEf/f, or LDL receptor knockout (LDLRf/f)
mice (9, 19, 20). These studies indicate that PXR can me-
diate cholesterol and lipid homeostasis at multiple levels.

Modulation of PXR activity has been found to affect
plasma lipid levels in several animal models. Activation of
PXR by pregnenolone 16a-carbonitrile (PCN) treatment
can increase plasma total cholesterol and VLDL levels in
apoE*3-Leiden (E3L) mice and decrease HDL levels in
E3L mice with human cholesteryl ester transfer protein
(E3L.CETP)-transgenic mice, a well-established model for
human-like lipoprotein metabolism (19). We found that
chronic activation of PXR by feeding apoE_/ " mice the
PXR agonist PCN can decrease HDL levels without affect-
ing total cholesterol levels (15). Another report showed
that short-term activation of PXR increases plasma triglyc-
eride levels but decreases LDL cholesterol levels in LDLR /™
mice (20). Similar treatment also caused increased plasma
triglyceride levels in apoEf/ ~ mice (20). Interestingly, a re-
cent meta-analysis of seven genome-wide association studies
indicates that common genetic variants in PXR can strongly
affect plasma lipid levels in humans, and 19 PXR single
nucleotide polymorphisms were determined to significantly
affect plasma LDL cholesterol levels (21). All of the evidence
suggests that modulation of PXR activity may regulate lipid
homeostasis and affect atherosclerosis development.

The identification of PXR as a xenobiotic sensor has
provided an important tool for studying new mechanisms
through which diet, drugs, and chemical exposures might
impact human health. Several nuclear receptors (LXR,
PPAR) that regulate lipid metabolism and modulate in-
flammation have been extensively studied for their roles
in atherosclerosis (3, 4). However, the role of PXR in ath-
erosclerosis remains to be determined. In our previous study,
we found that chronic activation of PXR by feeding apoE "
mice the PXR agonist PCN significantly increases athero-
sclerosis (15). To further define the role of PXR in athero-
sclerosis, we generated PXR and apoE double knockout
(PXR™/~apoE /") mice. HereweshowthatPXR ™~/ “apoE /"~
mice had significantly decreased atherosclerotic cross-sec-
tional lesion area in both the aortic root and brachio-
cephalic artery, without altering plasma lipid levels. Fresh
isolated peritoneal macrophages from PXR ™’ 7ap0E7/ N
mice showed reduced expression of CD36 mRNA and lipid
accumulation compared with apoFf/f mice. Deficiency of
PXR also decreased CD36-mediated oxidized LDL (ox-
LDL) uptake in peritoneal macrophages. Furthermore,
immunofluorescence staining showed that PXR was pres-
ent in the atherosclerotic lesions of apoE_/_ mice, and the
expression levels of CD36 were diminished in the lesions
of PXR™“apoE ™/~ mice. Our findings indicate that defi-
ciency of PXR attenuates atherosclerosis development,
which may result from decreased expression of CD36 and
reduced lipid uptake in macrophages.

MATERIALS AND METHODS

Animals

ApoEiF mice on the C57BL/6 background (stock no. 002052)
were purchased from The Jackson Laboratory. PXR™/" mice
were originally generated in the laboratory of Dr. Ronald Evans
at Salk Institute (22) and were backcrossed with C57BL/6 for
several generations before we obtained them. These animals were
backcrossed five additional generations onto the C57BL/6 back-
ground (>99% C57BL/6) using the marker-assisted Microsatellite
Genotyping technique (15). PXR™/“apoE /™ mice were gener-
ated by crossing PXR™/~ with apoE ™/~ mice and maintained on
standard chow diet. All animals were housed by the Division of
Laboratory Animal Resources, University of Kentucky, in a spe-
cific pathogen-free environment with a 12 h light-dark cycle, and
approved by the Institutional Animal Care and Use Committee.
Four week-old experimental male apoE ™/~ or PXR_/_apoE_/_
littermates were weaned and fed a modified semisynthetic low-fat
AIN76 diet containing 0.02% cholesterol (Research Diet; New
Brunswick, NJ) (23, 24) for 12 weeks until euthanasia at 16 weeks
of age.

Tissue preparation

On the day of euthanasia, mice were fasted for 6 h following
the dark (feeding) cycle. Immediately prior to euthanasia,the
fasting plasma glucose was measured, and mice were then anes-
thetized by intraperitoneal injection with sodium pentobarbital
(Henry Schein; Melville, NY). Mice were exsanguinated by left
ventricular puncture, and blood was collected into EDTA-con-
taining syringes. Plasma was prepared by spinning at 16,000 g for
10 min. The circulation was flushed with PBS, and the heart was
removed and stored frozen in Tissue-Tek OCT compound as de-
scribed previously (15). Liver and other tissues were collected and
stored in RNAlater solution (Life Technologies; Carlsbad, CA).

Plasma analysis

Plasma total cholesterol and triglyceride concentrations were
determined enzymatically by colorimetric methods as described
previously (Roche; Indianapolis, IN) (15). Plasma from multiple
mice (n = 6) was pooled, and plasma lipoprotein cholesterol dis-
tributions were determined by fast-performance liquid chroma-
tography (FPLC). Lipoprotein fractions were also isolated by
centrifuging at 70,000 rpm for 3 h in a Beckman Optima TL-100
tabletop ultracentrifuge at its own density (1.006 g/ml). Then
the infranatant was adjusted to a density of 1.063 g/ml with solid
KBr in order to harvest the HDL fraction by spinning at 70,000 rpm
for 18 h. The cholesterol content of HDL infranatant was mea-
sured enzymatically.

Quantification of atherosclerosis

To quantify the lesion areas at the aortic root, OCT compound-
embedded hearts were sectioned at a 12 pm thickness, keeping
all three valves of the aortic root in the same plane, and stained
with Oil Red O as described previously (15, 23). To quantify ath-
erosclerosis at the brachiocephalic artery, the OCT-embedded
brachiocephalic artery was sectioned distal to proximal at a thick-
ness of 10 pm. Atherosclerotic lesions lumenal to the internal
elastic lamina were quantified in three equidistant Oil Red
O-stained sections 200, 400, and 600 pm proximal from the branch-
ing point of the brachiocephalic artery into the carotid and sub-
clavian arteries (15).

RNA isolation and quantitative real-time PCR Analysis

Total RNA was isolated from mouse tissues using TRIzol Reagent
(Life Technologies) as per the manufacturer-supplied protocol.
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Quantitative real-time PCR (QPCR) was performed using gene-
specific primers and the SYBR green PCR kit (Life Technologies)
in an ABI 7900 system (Life Technologies) as described previ-
ously (15). All samples were quantified using the comparative Ct
method for relative quantification of gene expression, and nor-
malized to GAPDH (25). The primer sets used in this study are
shown in supplementary Table I.

Peritoneal macrophage isolation and staining

Mice were injected intraperitoneally with 1 ml of 3% thiogly-
collate, and peritoneal macrophages were collected 4 days later as
described previously (15). After centrifugation at 500 g for 5 min,
the cells were resuspended in DMEM. Three to five million peri-
toneal macrophages from each group were allowed to attach to
cither coverslips or one 10 cm culture dish for 4 h. Then the culture
dishes and coverslips were washed three times with PBS to re-
move nonadherent cells. RNA was isolated from the macrophages
on culture dishes, and Oil Red O/hematoxylin staining was per-
formed on the macrophages adhering to one coverslip. Cells con-
taining lipid droplets (>10) were counted as foam cells and at least
10 fields per condition were counted (26, 27). The macrophages
on the other coverslip were incubated with DMEM containing
100 pg/ml of oxLLDL (Biomedical Technologies, Inc.; Stoughton,
MA) for 24 h, followed by washing with PBS and staining with Oil
Red O/hematoxylin. Macrophages were also stained with FITC-
conjugated monocyte/macrophage antibody MOMA-2 (AbD
Serotec; Raleigh, NC) or CD36 antibody (AbD Serotec), followed by
Alexa 488-conjugated secondary antibody (Life Technologies).

Immunohistochemistry

Immunohistochemistry was performed on 12 um sections of
aortic roots freshly embedded in OCT. Sections were first fixed
in 100% ice-cold acetone for 15 min and then washed with PBS
for 20 min. Sections were permeabilized with PBS + 0.1% Triton
X-100 (PBST) for 10 min. Nonspecific binding was reduced by
incubating slides in 10% rabbit sera diluted in PBST for 20 min
at room temperature. Sections were then incubated with rat anti-
mouse monocyte/macrophage marker MOMA-2 antibody conju-
gated with FITC (1:100; AbD Serotec), rabbit anti-mouse PXR
antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), or
rat anti-mouse CD36 antibody (1:100; AbD Serotec) at 4°C for
12—15 h. Sections were rinsed with PBS and incubated with Alexa
594-labeled goat anti-rabbit (for PXR) or Alexa 488-labeled don-
key anti-rat (for CD36) secondary antibodies (1:500; Life Tech-
nologies). The nuclei were stained by mounting the slides with
4’,6-diamidino-2-phenylindole (DAPI) medium (Vector Labora-
tories; Burlingame, CA). Images were acquired with a Nikon fluo-
rescence microscope (Nikon; Melville, NY).

Statistical analysis

All data are expressed as mean + SD unless indicated other-
wise. Statistically significant differences between two groups were
analyzed by ttest for data normally distributed and by the Mann-
Whitney test for data not normally distributed, using Prism soft-
ware, version 5.0. A Pvalue of less than 0.05 was considered to be
significant.

RESULTS

Deficiency of PXR does not affect plasma lipid profile in
apoE =/~ mice

To determine the role of PXR in the development of
atherosclerosis, we generated PXR “apoE - double knock-
out mice by crossing PXR™/™ mice with apoE ~ mice.
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PXR ™/ “apoE ™/~ mice are variable and appear indistin-
guishable from apoE "~ mice. To investigate whether defi-
Clency of PXR affects atherosclerosis, male apoE /" and
PXR™/ apoE " mice were fed a low-fat semi-synthetic
AIN76a diet containing 0.02% cholesterol for 12 weeks. The
low-fat and low-cholesterol AIN76a diet has been successfully
used to mduce atherosclerosis development in apoE " or
LDLR /™ mice without i increasing obesity and 1nsu11n re-
51stance (15, 23, 24). At 16 weeks of age, apoE and
PXR ™/ “apoE =/~ mice had similar body weights and fasting
blood glucose levels (see supplementary Fig. I). The effect
of deficiency of PXR on plasma lipid and lipoprotein levels
was next examined. As shown in Fig. 1, deficiency of PXR
did not affect plasma triglyceride and total and HDL choles-
terol levels in PXR™/“apoE ™/~ mice. In addition, FPLC anal-
ysis showed that apoE ™~ and PXR™“apoE™~ mice had
similar plasma cholesterol distribution patterns (Fig. 1D).

Deﬁciency of PXR significantly decreases atherosclerosis
in apoE mice

The apoE ™/~ and PXR™/“apoE™/~ mice were eutha-
nized at 16 weeks of age, and atherosclerotic lesion areas
were determined in the aortic root and brachiocephalic ar-
tery as shown in Fig. 2. ApoE mice have a mean athero-
sclerotic lesion area of 202, 405 + 49,489 uM” in the aortic
root and 44,945 + 18,344 MM in the brachlocephahc ar-
tery. Compared with apoE mice, PXR ™/ apoE mice
had significantly decreased cross-sectional lesion areas of
40% at the aortic root (121,713 + 69,511 MM2; P<0.01) and
60% at the brachiocephalic artery (17,899 + 11,918 MMQ;
P < 0.001) (Fig. 2A, B, respectively). Thus, deficiency of
PXR decreases atherosclerosis in apoE " mice.

Peritoneal macrophages of PXR™’~apoE ™'~ mice have
reduced lipid accumulation and CD36 mRNA levels

To elucidate possible molecular mechanisms through
which PXR deficiency decreases atherosclerosis, a panel of
hepatic atherosclerosis modifier genes were measured by
QPCR. As shown in supplementary Fig. II, the expression
levels of the selected genes, including SREBP1a, SREBPIc,
SREBP2, HMGCR, LDLR, and SR-BI, did not change in
the liver of PXRf/fapoEf/f mice.

In addition to liver, PXR is also expressed in immune
cells such as T cells, B cells, monocytes, and peritoneal
macrophages (15, 28-31). Macrophages play a critical role
in atherogenesis, and accumulation of lipid-loaded mac-
rophages is a hallmark or atherosclerosis (1, 32). We have
previously reported that activation of PXR increases CD36
expression and ll/pld accumulation in peritoneal mac-
rophages of apoE ’ mice, which may contribute to the pro-
atherogenic effects of PXR (15). To investigate whether
deficiency of PXR affects macrophage function, peritoneal
macrophages from 16week-oldapoE ™~ and PXR ™/ “apoE ™"~
mice fed an AIN76a diet for 12 weeks were isolated and
allowed to adhere to coverslips for 4 h. We performed Oil
Red O staining to assess neutral lipid levels and foam
cell formation in peritoneal macrophages. As shown in
Fig. 3A, B, the lipid accumulation and foam cell formation
in peritoneal macrophages were substantially reduced in
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peritoneal macrophages of PXR™/“apoE™ ™ mice. Gene ex-
pression analysis indicates that the CD36 mRNA levels were
significantly decreased in fresh isolated macrophages from
PXR ™/ “apoE™” mice (Fig. 3C). Consistent with QPCR re-
sults, immunofluorescence staining showed that CD36 ex-
pression was decreased in macrophages from PXR~/ ~apoE ™/~
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mice (see supplementary Fig. III). CD36 is a member of the
scavenger receptor class B family and might play an impor-
tant role in atherosclerosis-related processes (33, 34). The
decreased CD36 expression is consistent with decreased lipid
accumulation in those cells. In contrast, the expression levels
of another scavenger receptor, SR-A, and ABC transporters
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Fig. 2. Decreased atherosclerotic lesions in PXR™/“apoE /~ mice. Four week-old male apoE '~ and
PXR ™/ “apoE ™’ mice were fed a semi-synthetic 0.02% cholesterol AIN76a diet for 12 weeks. A, B: Quantitative
analysis of the lesion size in the aortic root (A) and brachiocephalic artery (B) of apoE_/ “and PXR™/ _apoE_/ N
mice (n=9-17; *¥P<0.01 and ***P< 0.001). C, D: Representative Oil Red O-stained sections of atherosclerotic
lesion area in the aortic root (C) and brachiocephalic artery (D) from apoE ’~ and PXR ™/ “apoE /" mice.

Deficiency of PXR decreases atherosclerosis 1655



PXR’-ApoE’ B
a'..' :\s .:\}

Foam cells (%)
3

1 ApoE™
Bl PxRApoE™

*

—
<

mRNA expression
o -
x 2

CD36

e
(=)

SR-A  SR-B1 ABCA1 ABCG1

Fig. 3. Reduced lipid accumulation and CD36 mRNA levels in
peritoneal macrophages of PXR ™/ “apoE /~ mice. A: Fresh isolated
peritoneal macrophages from apoE ’~ and PXR ™/ “apoE™/ ™ mice
fed AIN76a diet for 12 weeks were stained with Oil Red O and he-
matoxylin. Magnification, x400. B: Foam cell quantification from
peritoneal macrophages in studies described in A (n =5, *P<0.05).
C: Total RNAs were isolated from peritoneal macrophages of
apoE /" and PXR ™/ apoE /" mice. The expression levels of indi-
cated genes were analyzed by QPCR (n = 5 per group; *P < 0.05).
Error bars indicate SD.

ABCALI and ABCGI were not significantly affected in mac-
rophages derived from apoE™/~ and PXR™ “apoE ™~ mice
(Fig. 3C).

Deficiency of PXR prevents oxLDL uptake and foam cell
formation in peritoneal macrophages

In vitro CD36 was shown to mediate uptake of oxLLDL by
macrophages, a critical step in foam cell formation (26).
oxLLDL is a modified form of LDL that has been consid-
ered the most important atherogenic LDL (35). To deter-
mine whether disruption of the PXR gene affects foam cell
formation, peritoneal macrophages were isolated from
PXR_/_apoE_/_ and apoE_/_ mice and incubated with
oxLDL overnight. Oil Red O staining showed that the up-
take of oxLDL was significantly decreased in peritoneal
macrophages isolated from PXR ™’/ 7apoE_/ ~ mice, which
indicates that deficiency of PXR prevents foam cell forma-
tion in vitro (Fig. 4A, B).

PXR ™/ “apoE™’” mice have diminished CD36 expression
in the atherosclerotic lesions

The significantly decreased CD36 mRNA levels and re-
duced lipid accumulation and uptake in the peritoneal
macrophages of PXR_/_apoE_/_ mice prompted us to in-
vestigate the protein content of CD36 in the atheroscle-
rotic lesions. PXR has been found to be expressed in
vascular tissue (36), butitis not clear whether PXR is present
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in atherosclerotic lesions. Immunofluorescence staining
showed that PXR is present in the lesions of apoE_/_ mice
but not in those of PXRf/fapoEf/f mice. Moreover, the
protein levels of CD36 were substantially decreased in the
atherosclerotic lesions of PXRf/fapoEf/f mice compared
with ap0E7/7 mice (Fig. 5). Thus, the decreased athero-
sclerotic lesions in PXR ™/ “apoE’~ mice may be associ-
ated with decreased CD36 expression and inhibited foam
cell formation in macrophages.

DISCUSSION

It was previously shown that clinically relevant PXR li-
gands affect plasma lipid levels in patients and that activa-
tion of PXR may have pro-atherogenic effects in animals
(11, 13, 15, 16, 37, 38). However, the role of PXR itself in
atherosclerosis has not been thoroughly investigated. In
the current study, we investigate the pathological effects of
PXR deficiency on the development of atherosclerosis in
apoFf/ ~ mice. PXR ™/ 7apoE7/ ~ double knockout mice were
generated, and the atherosclerosis lesion areas were com-
pared between apoEﬁf and PXRf/fapoFf/f mice in a
well-controlled feeding study. PXR™’“apoE ™~ mice have
similar plasma lipid levels and cholesterol distribution pat-
terns compared with apoE™~ mice but significantly de-
creased atherosclerotic lesion areas in both the aortic root
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Fig. 4. Decreased lipid uptake and foam cell formation in perito-
neal macrophages of PXR ™’ “apoE /~ mice. A: Fresh isolated peri-
toneal macrophages from apoE™/~ and PXR™/ “apoE ™/~ mice were
incubated with oxLLDL (100 pg/ml) for 24 h, and stained with Oil
Red O and hematoxylin. Magnification, x400. B: Foam cell quanti-
fication from peritoneal macrophages in studies described in A
(n=3-5; ¥P<0.05).
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and brachiocephalic artery. We found that CD36 expres-
sion and lipid accumulation were reduced in fresh isolated
peritoneal macrophages from PXR ™ “apoE ™'~ mice. Defi-
ciency of PXR also decreased oxLDL uptake in peritoneal
macrophages, which may be due to diminished CD36
expression. We also found that PXR and CD36 were ex-
pressed in the atherosclerotic lesions of apoEik mice, but
the expression levels of CD36 were diminished in the le-
sions of PXRf/fapoEf/f mice. To our knowledge, this is
the first study to investigate the effects of PXR deficiency
on atherosclerosis in animal models.

We previously reported that chronic activation of PXR
increases atherosclerosis in ApoEf/ “mice (15). Activation
of PXR reduces HDL cholesterol levels without altering
plasma triglyceride and total cholesterol levels (15). The de-
creased atherosclerosis in PXRf/fapoEf/f mice reported
here confirms the pro-atherogenic effects of PXR. How-
ever, we found that the plasma lipid levels and cholesterol
distribution pattern were not altered in PXRf/fapoEf/f
mice. Furthermore, PXR deficiency did not alter expres-
sion levels of hepatic genes such as SREBP1, SREBP2,
HMGCR, and LDLR involved in lipid homeostasis. There-
fore, the decreased atherosclerosis in PXRf/fapoEf/f
mice could not be explained by unchanged plasma lipid
levels and unaffected hepatic lipid homeostasis.

PXR can directly regulate the transcription of CD36, a
FA transporter, and activation of PXR promotes CD36-
mediated hepatic lipid accumulation (16). CD36 is also a
member of the scavenger receptor class B family and might
play an important role in atherosclerosis-related processes
such as macrophage lipid uptake and foam cell formation
(33). We previously found that activation of PXR increases
CD36 expression and lipid accumulation in peritoneal
macrophages of apoEik mice (15). In the current study,
the expression levels of CD36 and lipid accumulation were
significantly decreased in the peritoneal macrophages of
PXRf/fapoEf/f mice. Deficiency of PXR prevented the
modified lipid uptake and foam cell formation of peritoneal
macrophages in apoEf/ " mice. It was previously reported
that PXR ligands can induce ABCAI and ABCGI1 expres-
sion and stimulate cholesterol efflux in intestinal cells, but
not in other cells, such as liver cells (39). We found that
deficiency of PXR did not affect the basal expression levels

Fig. 5. Immunohistochemistry of PXR and CD36 in
atheroscleroticlesions ofapoE ™~ and PXR ™/ “apoE ™~
mice. Sections of atherosclerotic lesion area in the
aortic root of apoE /~ and PXR™/ apoE ’~ mice
were stained with anti-monocytes/macrophages
(MOMA-2) (A, B), anti-PXR (C, D), or anti-CD36
(E, F) primary antibodies, followed by fluorescein-
labeled secondary antibodies. The nuclei were
stained with DAPI (blue). Magnification, x100.

of ABCAI and ABCGI in macrophages. The decreased
CD36 expression in macrophages may contribute to the
decreased atherosclerosis in PXR ™/ “apoE ™~ mice.

The in vivo role of CD36 in atherosclerosis remains un-
clear and controversial. Febbraio and colleagues reported
that targeted disruption of CD36 in vivo protects against
atherosclerotic lesion development in apoEfF mice (35,
40). However, Moore et al. showed that CDS67/7ap0E7/7
mice have increased atherosclerosis in the aortic sinus ar-
eas (41). More recently, the same group reported that loss
of CD36 and scavenger receptor A activity reduces athero-
sclerotic lesion complexity without affecting atheroscle-
rotic lesion size in apoEﬁf mice (42). These data suggest
that the role of CD36 in atherosclerosis remains unre-
solved. However, it is undisputable that CD36 plays an im-
portant role in macrophage lipid accumulation in vitro
and in vivo (26, 41). Furthermore, a recent report indi-
cates that CD36 signaling in response to oxLDL modulates
macrophage migration and contributes to macrophage
trapping in atherosclerotic lesions (43). We also observed
decreased CD36 expression in the atherosclerotic lesions
of PXRf/fapoEf/f mice. Therefore, a plausible explana-
tion for the decreased atherosclerosis observed in
PXRf/fapoEf/f mice is the reduction of CD36 expression
and its mediated macrophage lipid uptake or migration.

It is intriguing that deficiency of PXR only affects the
expression levels of CD36 in the macrophages but not in
other tissues such as liver. In addition to PXR, the CD36
gene can be regulated by many other transcription factors
or mediators, including PPARy, LXR, transforming growth
factor-B, interferon-y, and glucocorticoids (17, 44-46).
For example, PPARY is required for basal expression of
CD36 in macrophages, and expression of CD36 is dimin-
ished in PPARy-null mice (46, 47). Therefore, the altered
environment and other transcriptional factors may also be
involved in the downregulation of CD36 in the mac-
rophages of PXR "’/ 7ap0E7/ " mice. Furthermore, we have
previously reported that PXR can regulate target gene ex-
pression in a tissue-specific manner (48). PXR may be im-
portant for basal expression of CD36 in the macrophage
but not in the liver. Interestingly, deletion of FXR, a PXR
closely related nuclear receptor, also decreases CD36 ex-
pression and reduces lipid accumulation in the mac-
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rophages of LDLR /™ (49) or apoE_/_ (50) mice. Unlike
PXR-deficient mice, deficiency of FXR increases plasma
cholesterol and triglyceride levels in apoFf/ " mice (50),
and increases plasma triglyceride levels but decreases LDL
and HDL levels in LDLR /™ mice fed a high-fat diet (49).
However, both studies showed that deficiency of FXR re-
duces atherosclerosis in these mice. It is likely that de-
creased atherosclerosis in PXR- or FXR-deficient apoEik
mice is mediated by similar mechanisms involving mac-
rophage lipid uptake, and additional studies will be neces-
sary to determine the role of those nuclear receptors in
foam cell formation and atherosclerosis development.

The precise mechanisms through which PXR modulates
atherosclerosis in different animal models and in humans
remain to be determined. It would also be interesting to
investigate the effects of deficiency of PXR on lipid levels
and atherosclerosis in different animal models such as
LDLR /™ mice. Nevertheless, our study provides critical
insight for understanding the role of PXR in atherosclero-
sis and, for the first time, showed that deficiency of PXR
decreases atherosclerosis in animal models.

In summary, we generated PXR ™/ _apoE_/ ~ double knock-
out mice to study the role of PXR in atherosclerosis devel-
opment. PXR ™/ _apoE_/ "~ mice had significantly reduced
atherosclerosis, which may result from decreased expression
of CD36, and reduced lipid uptake in macrophages. Our
findings suggest an important role of PXR in atherosclerosis
and provide evidence for a potential link between xenobiotic
metabolism and atherosclerosis. The discovery and pharma-
cological development of new selective PXR antagonists
could represent an interesting and innovative therapeutic ap-
proach to combating atherosclerosis. Bl
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