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Myeloid-specific deficiency of pregnane X receptor
decreases atherosclerosis in LDL receptor-deficient mice®

Yipeng Sui,* Zhaojie Meng,*"' Se-Hyung Park,* Weiwei Lu,* Christopher Livelo," Qi Chen,’

Tong Zhou,’ and Changcheng Zhou "*’

Department of Pharmacology and Nutritional Sciences,* University of Kentucky, Lexington, KY 40536;
Division of Biomedical Sciences,’L School of Medicine, University of California, Riverside, CA 92521; and
Department of Physiology and Cell Biology,” Reno School of Medicine, University of Nevada, Reno, NV 89557

Abstract The pregnane X receptor (PXR) is a nuclear re-
ceptor that can be activated by numerous drugs and xenobi-
otic chemicals. PXR thereby functions as a xenobiotic sensor
to coordinately regulate host responses to xenobiotics by
transcriptionally regulating many genes involved in xenobi-
otic metabolism. We have previously reported that PXR has
pro-atherogenic effects in animal models, but how PXR con-
tributes to atherosclerosis development in different tissues
or cell types remains elusive. In this study, we generated an
LDL receptor-deficient mouse model with myeloid-specific
PXR deficiency (PXR*™WLDLR /") to elucidate the role of
macrophage PXR signaling in atherogenesis. The myeloid
PXR deficiency did not affect metabolic phenotypes and
plasma lipid profiles, but PXR****LDLR /"~ mice had signifi-
cantly decreased atherosclerosis at both aortic root and bra-
chiocephalic arteries compared with control littermates.
Interestingly, the PXR deletion did not affect macrophage
adhesion and migration properties, but reduced lipid accu-
mulation and foam cell formation in the macrophages. PXR
deficiency also led to decreased expression of the scavenger
receptor CD36 and impaired lipid uptake in macrophages of
the PXR*""LDLR ™/~ mice. Further, RNA-Seq analysis indi-
cated that treatment with a prototypical PXR ligand affects
the expression of many atherosclerosis-related genes in mac-
rophages in vitro.lll These findings reveal a pivotal role of
myeloid PXR signaling in atherosclerosis development and
suggest that PXR may be a potential therapeutic target in
atherosclerosis management.—Sui, Y., Z. Meng, S-H. Park,
W. Lu, C. Livelo, Q. Chen, T. Zhou, and C. Zhou. Myeloid-
specific deficiency of pregnane X receptor decreases athero-
sclerosis in LDL receptor-deficient mice. J. Lipid Res. 2020.
61: 696-706.
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Despite major advances in developing diagnostic tech-
niques and effective treatments, atherosclerotic CVD is
still the leading cause of mortality and morbidity world-
wide (1). Atherosclerosis is a complex chronic disease
involving the interaction of genetic and environmental
factors over many years. Nuclear receptors are one of the
largest groups of transcriptional factors that function as
master regulators of many genes involved in metabolic
control, including fat, glucose, cholesterol, bile acid, and
xenobiotic metabolism (2, 3). Several nuclear receptors,
including LXR and PPARs, that play key roles in lipid
homeostasis have been demonstrated to regulate athero-
sclerosis development in multiple animal models (4, 5).

The pregnane X receptor (PXR) is a unique nuclear
receptor that can be activated by numerous endogenous
hormones, dietary steroids, pharmaceutical agents, and
xenobiotic chemicals (6-9). PXR is expressed at high levels
in liver and intestine where it can regulate many genes re-
quired for xenobiotic metabolism, including cytochrome
P450 (CYP) enzymes (e.g., CYP3A4), conjugating enzymes
(e.g., glutathione transferase), and ABC family transporters
(e.g., multidrug resistance 1) (7-10). Because it was first
identified in 1998, the role of PXR in the regulation of xeno-
biotic metabolism has been extensively studied by many labo-
ratories including ours, and PXR has also been established as
a xenobiotic sensor to mediate xenobiotic responses (7-9).

In addition to xenobiotic metabolism, recent studies
have discovered novel functions of PXR in lipid homeostasis

Abbreviations: a-SMA, a-smooth muscle actin; BCA, brachiocephalic
artery; BMM, bone marrow-derived macrophage; DEG, differentially
expressed gene; EC, endothelial cell; FC, fold change; FDR, false discov-
ery rate; GO, Gene Ontology; NPC1L1, Niemann-Pick Cl-like 1; oxLLDL,
oxidized LDL; PCN, pregnenolone 16a-carbonitrile; PM, peritoneal
macrophage; PXR, pregnane X receptor; RNA-Seq, RNA sequencing;
SMC, smooth muscle cell.
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and atherogenesis (9, 11-14). For example, we previously
demonstrated that PXR has pro-atherogenic effects in
mouse models (11, 12) and found that ligand-mediated
PXR activation increased plasma total cholesterol levels
and atherogenic lipoproteins such as LDL levels in wild-
type mice (11, 13-16). Interestingly, chronic activation
of PXR also significantly increased atherosclerosis in
atherosclerosis-prone ApoEf/ "~ mice (11). To further study
the role of PXR in atherosclerosis, we also generated
PXR™/“ApoE ™/~ double knockout mice and found that
whole-body PXR deficiency signiﬁcantly decreased ath-
erosclerosis in PXR™/“ApoE /" mice without affecting
the plasma lipid profile (12).

In addition to liver and intestine, PXR is also expressed
in immune cells including T cells, B cells, and macrophages
(11, 17-22). Macrophages play a key role in atherosclerosis
initiation and development, and accumulation of lipid-
loaded macrophages is a hallmark of atherosclerosis (23, 24).
While our previous studies indicate that PXR may regulate
macrophage functions to affect atherosclerosis development
(11, 12), the role of macrophage PXR in atherosclerosis
remains obscure partly due to the lack of conditional PXR
knockout mice.

To define the functions of macrophage-derived PXR
in atherogenesis, we developed a novel LDLR-deficient
mouse model with myeloid-specific PXR deficiency
(PXR*™WLDLR /7). Here, we demonstrate that deficiency
of myeloid PXR decreases atherosclerosis in LDLR /"~
mice, which is likely due to reduced macrophage lipid
uptake and foam cell formation.

MATERIALS AND METHODS

Animals

Mice carrying PXR flox alleles (PXR™") were generated by
using mouse embryonic stem cell clones containing condi-
tional PXR flox alleles (C57BL/6N background) as previously
described (18, 14). PXR™" mice were then backcrossed to
C57BL/6] mice for at least six generations prior to further
crossing. Myeloid-specific PXR knockout (PXR*™) mice were
generated by crossing PXR"" mice with LysM-Cre transgenic
mice (Jackson Laboratory) (25, 26). To increase susceptibility to
atherosclerosis development, the PXR*™ mice were crossed to
LDLR " mice (Jackson Laboratory) to generate PXR***LDLR "/~
and PXR"LDLR™/~ mice. Because PXR"" and LysM-Cre
transgenic mice have mixed C57BL/6] and C57BL/6N back-
ground, PXR*™LDLR/~ and PXR"LDLR ™/ littermates
were used in this study. All experimental mice had PXR""
LDLR ™/~ double-mutant background, and PXRLDLR ™/~
mice carried heterozygous knock-in for LysM-Cre. For athero-
sclerosis study, 4-week-old male PXR*LDLR /™ and PXR"*
LDLR /" littermates were fed a low-fat and low-cholesterol
semi-synthetic AIN76a diet (27, 28) for 12 weeks until eutha-
nasia at 16 weeks of age. Body composition was measured
by EchoMRI (Echo Medical System) and an intraperitoneal
glucose tolerance test was performed as previously described
(29, 30). All animals were housed in a pathogen-free environ-
ment with a light-dark cycle under a protocol approved by
the University of Kentucky Institutional Animal Care and Use
Committee.

Plasma analysis

Plasma total cholesterol and triglyceride concentrations were
determined enzymatically by colorimetric methods as described
previously (12, 26). FPLC was used to analyze plasma lipoprotein
cholesterol distributions in the pooled plasma samples from mul-
tiple mice (n = 6) (12, 26).

Quantification of atherosclerosis

The atherosclerotic lesions were quantified as previously de-
scribed (12, 26). To quantify the lesion areas at the aortic root,
OCT-compound-embedded hearts were sectioned at a 12 pm thick-
ness keeping all three valves of the aortic root in the same plane, and
stained with Oil Red O as described before (12, 26). To quantify
atherosclerosis at the brachiocephalic artery (BCA), the OCT-
embedded BCAs were sectioned from 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 sec-
tions 200, 400, and 600 wm proximal from the branching point of
the BCA into the carotid and subclavian arteries (12, 26).

Macrophage isolation and function assays

Macrophages were isolated as previously described (26, 31).
Mice were injected intraperitoneally with 1 ml of 3% thioglycol-
late, and peritoneal macrophages (PMs) were collected with PBS
4 days later. The PMs from each genotype were allowed to attach
to coverslips for 4 h and stained with Oil Red O/hematoxylin.
Cells containing lipid droplets (>10) were counted as foam cells.
Bone marrow-derived macrophages (BMMs) were isolated from
the femurs and tibias of the mice and cultured in DMEM medium
supplemented with 10 ng/ml recombinant mouse macrophage
colony-stimulating factor (Invitrogen) for 8-10 days. For adhe-
sion assay, calcein acetoxymethyl-labeled PMs were incubated
with primary porcine endothelial cells (ECs) (a gift from Dr.
Bernhard Hennig at the University of Kentucky). The attached
cells were fixed and counted via microscope. Migration assays were
performed using transwells with 8 wm pore polycarbonate mem-
brane inserts (Corning). Macrophages with serum-free medium
were seeded on the transwell filters, and the lower chambers were
filled with the complete medium including 10% FBS (Sigma-
Aldrich) as a chemoattractant. After 16 h, the cells were removed
from the upper surface of the insert using Q-Tips. The membranes
were fixed with 1% glutaraldehyde (Sigma), stained with hema-
toxylin (Leica), and mounted on the slides using glycerol gelatin.
Hematoxylin-stained cells were counted under the microscope.
For lipid uptake assay, macrophages were incubated with serum-
free DMEM containing 100 wg/ml of oxidized LDL (oxL.DL)
(Biomedical Technologies) for 24 h, followed by staining with Oil
Red O/hematoxylin. The number of foam cells was counted.

RNA isolation and quantitative real-time PCR analysis

Total RNA was isolated from mouse tissues or cells using
TRIzol reagent (Thermo Fisher Scientific, 15596026) and QPCR
was performed using gene-specific primers and the SYBR Green
PCR kit (Bio-Rad, 170-8886) as previously described (32). The
sequences of primer sets used in this study are listed in supple-
mental Table S2.

RNA sequencing and data analysis

PMs were isolated from PXR"*LDLR ™/~ and PXR**"“LDLR ™/~
mice. Cells were attached to cell culture plates for 4 h and were
then treated with 20 pM mouse PXR ligand pregnenolone 16a-
carbonitrile (PCN) or vehicle control (DMSO) for 12 h. Total
RNA was extracted, and RNA integrity was confirmed using a dual
Agilent 2100 bioanalyzer (Agilent Technologies Inc., Santa Clara,
CA). The creation of cDNA libraries and sequencing was performed

Role of myeloid PXR in atherosclerosis 697



using the Illumina standard operation pipeline as previously
described (33, 34). For data analysis, we applied the Sailfish tool
(35) to quantify the mRNA expression from the raw sequencing
data, using the Ensembl (36) mouse gene annotation (GRCm38).
Transcript per million reads (TPM) was used as the unit of mouse
gene expression level. We then used the edgeR algorithm (37) to
compare the groupwise transcriptomic pattern. We also applied
the TMM algorithm implemented in the edgeR package to perform
reads count normalization and effective library size estimation.
Group-wise differential expression was estimated by the likelihood
ratio test implicated in the edgeR package. The genes with a false
discovery rate (FDR) of <5% and a fold change (FC) of >1.5 were
deemed differentially expressed. All RNA sequencing (RNA-Seq)
datasets have been deposited in the Gene Expression Omnibus
(GSE145719). We further performed Gene Ontology (GO) analysis
upon the differentially expressed genes (DEGs) using the defini-
tion from the GO project (38).

Western blotting

Western blotting was performed as previously described
(39). Briefly, the cells or tissues were homogenized with Bullet
Blender (Next Advance BBX24, Averill Park, NY) in 0.5 ml of
ice-cold lysis buffer (Cell Signaling Technology, 9803) contain-
ing protease inhibitor cocktails (Roche, 11836153001) and phos-
phatase inhibitor cocktails (Sigma-Aldrich, P5726 and P0044).
After homogenization, lysates were centrifuged at 16,000 g for
15 min at 4°C to collect the supernatant. Protein concentrations
were measured by using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, 23225). Proteins were resolved on
SDS-PAGE and then transferred to nitrocellulose membrane.
The membrane was blocked in PBS solution with 0.05% Tween
20 (PBST, pH 7.4) containing 5% nonfat dry milk (Bio-Rad,
170-6404) for 1-3 h and then incubated with goat anti-PXR
antibodies (1:500, Santa Cruz Biotechnology, sc-7739) in PBST
containing 5% BSA at 4°C overnight. After the incubation,
the membrane was washed four times with PBST and incubated
with HRP-conjugated rabbit anti-goat secondary antibodies
(1:2,000; Sigma-Aldrich, A8919) in PBST with 5% nonfat dry
milk for 1 h at room temperature. After subsequent three-time
washing in PBST, the membrane was washed once in PBS
and developed using Pierce ECL. Western blotting substrate
(Thermo Fisher Scientific, 32209) and exposed to CL-XPosure
films (Thermo Fisher Scientific, 34099).

Immunohistochemistry

Immunohistochemistry was performed on 12 pm sections
of aortic roots freshly embedded in OCT. The slides were fixed
in ice-cold acetone for 15 min and permeabilized with PBS +
0.1% Triton X-100 (TPBS) for 15 min and blocked with TPBS
containing 5% BSA (Sigma-Aldrich, A9647) for 1 h at room
temperature. The sections were then incubated with rat anti-
CD68 antibody (1:100; AbD Serotec, MCA1957), rabbit anti-
PXR antibody (1:50; Santa Cruz Biotechnology, SC25381), rabbit
anti-aSMA antibody (1:200; Abcam, ab5694), or rat anti-mouse
CD36 antibody (1:100; AbD Serotec, MCA2683) at 4°C overnight.
The slides were rinsed with PBS and incubated with correspond-
ing secondary antibodies (1:500; Life Technologies). The nuclei
were stained by mounting the slides with DAPI medium (Vector
Laboratories). Images were acquired under a Nikon fluores-
cence microscope (Nikon). For collagen staining, Masson’s
Trichrome staining was performed following the standard pro-
cedure (40).

Statistical analysis

All data except the high-throughput sequencing data are pre-
sented as the mean + SEM. Individual pairwise comparisons were
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analyzed by two-sample two-tailed Student’s +test unless other-
wise noted, with P< 0.05 regarded as significant using GraphPad
Prism. Two-way ANOVA was done using SigmaPlot 13.0 when
multiple comparisons were made followed by a Bonferroni mul-
tiple comparisons test. Numbers of mice used are listed in figure
legends.

RESULTS

Generation of myeloid-specific PXR-deficient LDLR ™/~
mice

To investigate the role of PXR in macrophage func-
tions, we generated myeloid-specific PXR knockout mice
(PXR*™) by crossing PXR flox mice (PXR") (13, 14)
with LysM-Cre transgenic mice (25, 31) (supplemental
Fig. S1A). To study the functions of macrophage PXR in
atherosclerosis, PXR*™* mice were crossed with LDLR /"~
mice to generate PXR*W'LDLR ™/~ mice. PCR analysis
using genomic DNA demonstrated that the Cre recombi-
nation was specific to the PMs and BMMs (supplemental
Fig. SIB). QPCR assay suggested that the mRNA levels of
PXR significantly descended in both PMs and BMMs but
not in other major organs of PXR*LDLR /"~ mice com-
pared with PXR”"LDLR /" littermates (Fig. 1A). Consis-
tently, the protein levels of PXR were also decreased in
macrophages but not in liver of PXR**LDLR ™/~ mice
(Fig. 1B). These results demonstrated the sl\g)eciﬁc and
efficientPXR deletion in macrophages of PXR*™LDLR '~
mice.

PXR
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Fig. 1. Generation of LDLR /™ mice with myeloid-specific PXR
deficiency. A: mRNA levels of PXR in PMs, BMMs, and the other
major tissues of PXR"”'LDLR ™/~ and PXR*"W‘LDLR /" mice (n =
4-5,*#P<0.05). B: Immunoblotting for PXR proteins in PMs, BMMs,
and liver of PXR"'LDLR ™/~ and PXR**W*LDLR /" mice.



Deficiency of myeloid PXR does not affect metabolic
phenotypes and plasma lipid profiles in LDLR ™/~ mice

To investigate the role of macrophage PXR in athero-
sclerosis development, 4week-old male PXR*™WLDLR ™/~
and PXR"FLDLR /™ littermates were fed a modified
semisynthetic low-fat (4.3%) and low-cholesterol (0.02%)
AIN76 diet (27). This modified diet has been successfully
used by us and others to induce atherosclerosis in LDLR /"~
or Ap0E7/7 mice without eliciting obesity and associ-
ated metabolic disorders (12, 27, 28, 41). To determine
whether deficiency of myeloid PXR affects weight gain
and body composition, the body weight was measured
weekly and the body composition was measured by
EchoMRI. Deficiency of myeloid PXR did not affect the
growth curve (Fig. 2A) and the body composition including
fat and lean mass in PXR**WLDLR /™ mice (Fig. 2B).
Further, myeloid PXR deficiency did not affect the weight of
major organs including liver, kidney, and brown adipose tis-
suein LDLR /™ mice at the time of euthanasia (Fig. 2C).

In addition to similar bodky weight and composition,
PXR*LDLR ™/~ and PXR"'LDLR ™/~ mice had similar
plasma glucose levels (Fig. 2D), and glucose tolerance tests
also demonstrated that myeloid PXR deficiency did not
alter glucose tolerance in PXR*”LDLR ™/~ mice (Fig. 2D).
Further, myeloid PXR deletion did not alter plasma total
cholesterol and triglyceride levels (Fig. 3A, B) and FPLC
analysis also showed a similar cholesterol distribution pat-
tern between PXR*LDLR /™ and PXR”"LDLR ™/~ mice
(Fig. 3C).

Deficiency of PXR in macrophages decreased
atherosclerosis in LDLR mice

Although deficiency of myeloid PXR did not affect meta-
bolic phenotypes and plasma lipid levels, quantification of
cross-sectional lesion areas at the aortic root revealed that
PXR*WLDLR /™ mice had 50% decreased lesion size
(29,214 + 3,669 wm®) as compared with PXR"FLDLR /"~
littermates (58,189 + 9,692 p,m2) (Fig. 4A). Further, the
lesional areas at the BCA were decreased by 28% in

>
(9]

o

40+ -®- PXRFFLDLR™"
- PXR¥DLR™ 18] °

PXR*™WLDLR /™ mice (1,574 + 175 um?) as compared
with PXR”*LDLR /™ mice (2,179 + 190 wm®) (Fig. 4B). To
determine whether myeloid PXR ablation affected athero-
sclerotic lesion composition, we next examined the colla-
gen, smooth muscle cells (SMCs), and macrophages inside
the lesion area by immunostaining of macrophage marker,
CD68, and SMC marker, a-smooth muscle actin (a-SMA),
or Masson’s Trichrome staining. The results demonstrated
that PXR*LDLR ™/~ mice had decreased macrophage
contents but similar SMC and collagen contents within
lesions as compared with PXR”'LDLR ™/~ littermates
(Fig. 5A—C). Thus, myeloid PXR deficiency significantly
decreased atherosclerosis and macrophage contents in
LDLR ™~ mice without altering metabolic functions.

Ablation of PXR reduces CD36 expression and
macrophage foam cell formation

To determine whether PXR signaling regulates macro-
phage functions related to atherosclerosis development,
we first investigated the effects of PXR deficiency on mac-
rophage adhesion and migration properties. Incubation of
freshly isolated PMs with primary ECs showed that ablation
of PXR did not affect adhesion of macrophages to ECs
(supplemental Fig. S2). We also examined the effects of
PXR deficiency on macrophage migration by transwell
assay. As shown in supplemental Fig. S3, PXR deficiency
did not affect macrophage migration ability either.

Accumulation of lipid-loaded macrophages is a hallmark
of atherosclerosis (23). We have previously demonstrated
that PXR can affect lipid accumulation and foam cell
formation in macrophages oproEiF mice (11, 12). We
then performed Oil Red O staining to assess neutral lipid
levels in freshly isolated PMs of PXR”'LDLR ™/~ and
PXR*WLDLR ™/~ mice. Consistently, deficiency of PXR
substantially reduced the lipid accumulation and foam cell
formation in PMs of PXR*LDLR ™/~ mice (Fig. 6A, B).
Gene expression analysis demonstrated that PXR ablation
significantly decreased the expression levels of scavenger
receptor CD36 that plays a key role in macrophage lipid
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Fig. 3. Deletion of PXR in myeloid cells has no effects
on plasma lipid Proﬁles in LDLR™~ mice. Four-week-
old male PXR"'LDLR ™/~ and PXR*"LDLR /" lit-
termate mice were fed an AIN76a diet for 12 weeks.
The plasma levels of cholesterol (A) and triglyceride
(B) were measured (n = 6), and plasma cholesterol
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uptake and foam cell formation (Fig. 6C) (9, 42, 43).
However, the expression levels of another scavenger
receptor, SR-A, and ABC transporters, ABCAl and ABCGI,
were comparable in macrophages of PXR"FLDLR '~
and PXR*WLDLR ™/~ mice (Fig. 6C). Consistent with
decreased macrophage CD36 expression, immunofluo-
rescence staining showed that CD36 proteins were also
decreased in the atherosclerotic lesions of PXR*LDLR /"~
mice (Fig. 7A, B). Thus, deficiency of PXR decreased
macrophage and lesional CD36 expression and reduced
macrophage foam cell formation in PXR***LDLR /"~ mice.

Because CD36 mediates macrophage uptake of oxLLDL,
which has been considered as the important atherogenic
LDL (42), we then performed oxLDL uptake assays in
control and PXR-deficient macrophages. As expected, the
uptake of oxLLDL was significantly decreased in PMs of
PXR*LDLR ™/~ mice as compared with those of PXR"*
LDLR ™/~ mice (Fig. 8A, B). In addition to PMs, deficiency
of PXR also decreased CD36 expression and oxLLDL uptake
in BMMs of PXR*™LDLR ™/~ mice (supplemental Fig. $4).
These results suggest that PXR-mediated CD36 expression
regulates foam cell formation in vitro.

PXR ligand treatment affects atherosclerosis-related
gene expression in macrophages in vitro

To further explore the role of PXR signaling in regu-
lating the macrophage transcriptome related to athero-
genesis, PMs were isolated from PXR"*LDLR ™/~ and
PXR*™LDLR ™/~ mice and then treated with vehicle con-
trol or a prototypical PXR ligand, PCN (9, 11), for RNA-
Seq analysis. We found that PCN treatment can significantly
induce 439 DEGs in macrophages of PXR”"L.DLR ™/~ mice
with a FDR of <5% and a FC of >1.5 as a cut-off threshold
(Fig. 9A). The volcano plot also showed the distribution of
DEGs, with 121 upregulated and 318 downregulated genes.
By contrast, PCN only induced 38 DEGs in PXR-deficient
macrophages (Fig. 9A, right panel), indicating the important
role of PXR in mediating PCN’s impact on the macrophage

transcriptome. GO analysis of those DEGs in control mac-
rophages revealed that DEGs were enriched in several
biological processes that may contribute to atherogenesis
(Fig. 9B). For example, lipid metabolic, cholesterol biosyn-
thetic, inflammatory response, and positive regulation of
cytokine secretion processes were significantly affected by
PCN treatment in macrophages of PXR”"LDLR ™/~ mice.
Many of those genes in lipid metabolism (e.g., Npclll, Jazf1,
Sphk1, Hsd17b1, and Sorll) and inflammatory responses
(e.g., Itgb6, Ccl2, Ccl3, Clec4e, Tnfrsfl4, Ccr2, Tirl, Tlr3,
and TIr11) were regulated by PCN in a PXR-dependent
manner (Fig. 9C, supplemental Table S1). Further, we
also checked the CD36 gene expression in control and
PXR-deficient macrophages. Consistent with our in vivo
data, CD36 mRNA levels were significantly decreased by
PXR deficiency in macrophaFges of PXR*™*LDLR ™ mice as
compared with those of PXR""LDLR ™/~ mice (supplemental
Table S1). However, PCN treatment did not further affect
CD36 expression in vitro, which is likely due to the different
in vitro and in vivo conditions as well as the selected PCN
dosage and treatment period. Collectively, these results
suggest that PXR signaling may affect multiple processes of
lipid homeostasis and inflammatory responses in macro-
phages that contribute to atherosclerosis development.

DISCUSSION

As a xenobiotic sensor, the role of PXR in xenobiotic and
drug metabolism has been well defined. Recent studies from
us and other groups have revealed novel functions of PXR
beyond xenobiotic metabolism, and emerging evidence sug-
gests that PXR may also play an important role in regulating
lipid homeostasis and atherosclerosis (9). For example, we
have previously demonstrated the pro-atherogenic effects of
PXR signaling in ApoE_/ " mice and found that whole-body
PXR deficiency significantly decreases atherosclerosis in
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2 *k E * Fig. 4. Deficiency of myeloid PXR decreases athero-
@ %0 2 3,000+ o® sclerosis in LDLR /™ mice. Four-week-old male PXR"*
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2 o S2000f o — . fed an AIN76a diet for 12 weeks. Quantitative analysis
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S < 1,000+ & L and BCA (B) of PXR”'LDLR ’ and PXR™™LDLR
.1‘-3’ 8 mice (n=11-13; *P<0.05, *P<0.01). Representative
2 0 T images of Oil Red O-stained sections from each geno-
=y F type are displayed below the quantification data. Scale
\ ..,{[-, ’;;.:% bars, 500 pm (A) and 100 pm (B).
™ )_ - . }_
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ApoE7/7 mice (12). PXR is expressed in macrophages,
but the role of macrophage PXR signaling in atherosclerosis
remains elusive. In the current study, we generated novel
myeloid-specific PXR-deficient LDLR /" mice and demon-
strated, for the first time, that deficiency of myeloid PXR
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Fig. 5. Ablation of PXR reduces macrophage con-
tents without affecting SMC and collagen contents in
atherosclerotic lesions of LDLR ™/~ mice. Four-week-
old male PXR"'LDLR ™/~ and PXR**LDLR /"~ lit-
termate mice were fed an AIN76a diet for 12 weeks.
Representative images and quantification data of
CD68 (A) and a-SMA (B) immunofluorescence stain-
ing, and Masson’s Trichrome staining (C) at the aor-
tic root of PXR"'LDLR ™/~ and PXR*WLDLR /"
mice (n = 3-5, ¥*P< 0.05; scale bars, 100 pm).

significantly reduced atherosclerosis in LDLR ™/~ mice.
Myeloid PXR deficiency did not affect plasma lipid pro-
files but reduced macrophage lipid uptake and foam cell
formation, which likely contribute to the decreased ath-
erosclerosis development in those mice.

Fig. 6. Deficiency of PXR reduces foam cell for-
mation and CD36 expression in macrophages of
PXR*WLDLR /™ mice. A: Freshly isolated PMs from
PXR"'LDLR /" and PXR**™“LDLR /" mice fed an
AIN76a diet for 12 weeks were stained with Oil Red O
and hematoxylin (scale bars, 100 pm). B: Foam cell
quantification from PMs in studies described in
panel A (n =7, ¥%P < 0.001). C: Total RNAs were
isolated from freshly isolated PMs of PXR""LDLR /"~
and PXR*LDLR "~ mice, and the expression levels
of the indicated genes were analyzed by QPCR (n =5,
*P<0.05).
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Macrophages play a central role in atherosclerosis initia-
tion and progression. The innate immune response cell
monocytes are recruited by the endothelium, derive into
macrophages in the plaque, and contribute to the initiation,
progression, and eventual rupture of atherosclerotic lesions
(44, 45). The generation of foam cells is the initial and
critical step in the development of atherosclerosis (46).
Macrophages can uptake modified LDL, such as oxLDL,
by a family of scavenger receptors, among which CD36 and
SR-A are principal contributors to oxLDL uptake (47-49).
In the current study, we found that deficiency of PXR
decreased macrophage CD36 expression but did not affect
the expression of SR-A and other genes regulating macro-
phage cholesterol efflux, including ABCAl and ABCG1.
CD36 has been shown to mediate macrophage lipid uptake
and foam cell formation in vitro and in vivo (42, 50-53).
Indeed, we found that PXR-deficient macrophages also
had reduced lipid accumulation and foam cell formation.
Consistently, PXR*LDLR /™ mice had decreased CD36
protein levels and macrophage contents within the athero-
sclerotic lesions as compared with control littermates.

CD36 has been identified as a direct transcriptional tar-
get of PXR, and activation of PXR can also promote CD36-
mediated hepatic lipid accumulation (54). We previously
also demonstrated that activation of PXR by several ligands
can increase CD36 expression and lipid accumulation in
macrophages of ApoE~’~ mice in vivo, which may contrib-
ute to the increased atherosclerotic lesions in those mice
(11,55). Consistentwith the currentstudy, PXR ™’/ _ApoE_/ B
mice also had decreased CD36 expression and CD36-
mediated lipid uptake in macrophages (12). Interestingly,
deficiency of another nuclear receptor, FXR, that is closely
related to PXR, also led to reduced CD36 expression
and lipid accumulation in the macrophages of LDLR /"~
(56) or ApoE_/_ (57) mice, which may contribute to the
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Fig. 7. Deficiency of myeloid PXR decreases athero-
sclerotic lesional CD36 expression in PXR*™WLDLR /"~
mice. A: Sections of atherosclerotic lesions at the aortic
root of PXR"*LDLR ™~ and PXR*"*LDLR ™’ mice
were stained with anti-mouse CD36 primary antibodies,
followed by fluorescein-labeled secondary antibodies.
The nuclei were stained with DAPI (blue). Scale bars,
100 pm. B: Quantification data of CD36 immunofluo-
rescence staining (n =5, ***P<(0.001).

decreased atherosclerosis in those mice. Therefore, it is
likely that decreased atherosclerosis in PXR**LDLR ™/~
mice was due, at least partially, to reduced CD36 expression
and CD36-mediated lipid uptake and foam cell formation.

The role of CD36 in the regulation of atherosclerosis de-
velopment has been extensively studied by several groups
in multiple mouse models. CD36 has been shown to pro-
mote macrophage foam cell formation and atherosclerosis
development in ApoE_/_ mice (58), and deficiency of
CD36 significantly decreased atherosclerotic lesion area
at both aortic surface and aortic sinus in ApoE_/_ mice
(51, 53). Consistently, depletion of CD36 in macrophages
by bone marrow translation also resulted in significantly
decreased atherosclerosis in Ap0E7/7 mice and reintro-
duction of macrophage CD36 led to increased atheroscle-
rosis in those mice (59). In addition to Ap0E7/7 mice,
CD36 can also contribute to atherosclerosis development
in LDLR ™/~ mice fed a cholesterol-enriched diet (43).
Interestingly, another study found that CD36 '~ ApoE /™
mice had increased rather than decreased atherosclerosis in
the aortic sinus areas as compared with ApoEf/ ~ mice (52).
Loss of CD36 and SR-A has also been shown to reduce
atherosclerotic lesion complexity without affecting athero-
sclerotic lesion size in ApoE /™ mice (60). Despite the dis-
crepancy, strong evidence suggests that CD36 plays an
important role in macrophage lipid accumulation and foam
cell formation in vitro and in vivo (42, 52). CD36 signaling in
response to oxLDL can modulate macrophage migration
and contribute to macrophage trapping in atherosclerotic
lesions (61). A recent study also demonstrated that oxLDL-
bound CD36 can recruit NA/K-ATPase complex in macro-
phages to promote atherosclerosis (62). Collectively, these
studies suggest that functions of CD36 in atherosclerosis are
complex, and multiple factors, such as dietary cholesterol,
can affect CD36-mediated atherogenesis.

*okok Fig. 8. PXR-deficient macrophages have impaired
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lipid uptake properties. A: Freshly isolated PMs from
PXR"'LDLR ™/~ and PXR*WLDLR /" littermates
were incubated with oxLLDL (100 pg/ml) for 24 h and
stained with Oil Red O and hematoxylin (scale bars,
100 pm). B: Foam cell quantification from PMs in
studies described in panel A (n =5, *#*P<0.001).
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Fig. 9.

PXR ligand treatment affects atherosclerosis-related gene expression in macrophages in vitro. PMs were isolated from

PXR"”'LDLR /" and PXR**LDLR /"~ mice. Macrophages were treated with 20 uM of the PXR ligand, PCN, or vehicle control (DMSO)
for 12 h and total RNA was isolated for RNA-Seq analysis (n = 3-6). A: Volcano plots of DEGs in control and PXR-deficient macrophages
after PCN treatment. Orange dots indicate upregulation; blue dots indicate downregulation; and gray dots indicate nonsignificance
relative to cut-off criteria for DEG significance. The significance threshold used was FDR of <5% and FC of >1.5. The y axis displays
the —log;,P value for each gene, while the x axis displays the log, FC for that gene relative to control. B: The GO biological process
terms significantly associated with the DEGs in control macrophages after PCN treatment. The P-values were computed by Fisher’s
exact test. The vertical dashed line indicates the significance level of a = 0.05. The y axis displays the GO biological process terms
while the x axis displays the P-values. C: Heatmap representation of DEGs involved in the biological processes of “Lipid metabolic
process,” “Cholesterol biosynthetic process,” “Inflammatory response,” and “Positive regulation of cytokine secretion” shown in panel
B. Each row shows one individual gene and each column a biological duplicate of the mouse.

Human studies have indicated a potential link between
CD36 expression and atherosclerosis development. An early
study on human atherosclerotic arteries showed that obese
people with dyslipidemia had increased CD36 expression
in macrophages within atherosclerotic plaques, whereas
the CD36 expression in macrophages without atheroscle-
rotic lesions was negligible (63). Handberg et al. (64) also
found a correlation between the plasma soluble CD36 lev-
els and carotid atherosclerosis in a human study through-
out 14 European countries. Elevated soluble CD36 levels
have also been detected in the monocytes of patients with
coronary artery disease (65) or acute coronary syndrome
(66). Future studies are required to investigate the detailed
mechanisms through which the PXR-CD36 axis regulates

atherosclerosis development in different animal models
and possibly in humans.

In addition to CD36, we and others have previously re-
ported that PXR can regulate multiple genes, including
SCD-1, DGATS, lipin-1, Insig-1, and squalene epoxidase,
that mediate lipid homeostasis in other tissues (9, 13, 14,
16, 54, 67-71). For example, we recently identified several
novel transcriptional targets of PXR, including cholesterol
transporter Niemann-Pick Cl-like 1 (NPC1L1) and micro-
somal triglyceride transfer protein (MTP), that play key
roles in regulating intestinal lipid absorption and lipo-
protein assembly and secretion (14, 16). Interestingly,
our RNA-Seq analysis of PMs treated with control or PXR
ligand PCN in vitro also demonstrated that PCN treatment
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can significantly affect many genes involved in lipid homeo-
stasis in macrophages of PXR""LDLR ™/~ mice but not in
that PXR**LDLR ™/~ mice. Consistent with our previous
results from other tissues and cell types (14, 16), NPC1L1 was
also upregulated by PCN-mediated PXR activation in control
but not PXR-deficient macrophages. In addition to regulat-
ing cholesterol uptake by enterocytes in the gut, NPCIL1 is
also expressed in human macrophages and NPCILI may
also contribute to class B scavenger receptor (e.g., CD36)-
dependent uptake of oxLDL in those macrophages (72).
Therefore, it is plausible that PXR may regulate multiple
pathways in macrophages that contribute to increased foam
cell formation and atherosclerosis development.

It is also intriguing that CD36 expression was downregu-
lated in PXR-deficient macrophages but was not upregu-
lated by PCN treatment in vitro based on the RNA-Seq
analysis. CD36 has been demonstrated to be regulated by
multiple pathways, including LXR, PPARvy, and inflamma-
tory signaling such as interferon-y (73-76). For example,
PPARY is required for maintaining basal expression of
CD36 in macrophages, and deficiency of PPARYy led to
reduced CD36 expression in PPARy-deficient mice (76, 77).
In addition, we and others have previously demonstrated
that certain PXR ligands can activate PXR and regulate its
target gene expression in a tissue-specific manner (9, 16,
78, 79). Thus, PXR signaling may be important for main-
taining basal CD36 expression in macrophages in vivo.
However, the different in vitro environment, the selected
PCN dosage, and treatment period may partially explain
that unaffected CD36 expression by PCN treatment in vitro.
It would be interesting to study how PXR and other sig-
naling pathways coordinately regulate CD36 expression
and the potential impact on atherosclerosis development
and CVD risk in humans in the future.

In addition to those lipogenic genes, PCN-mediated
PXR activation also affected inflammatory gene expres-
sion in vitro. We previously demonstrated that PXR can
cross-talk with the NF-kB signaling pathway to regulate
inflammatory responses (80). We have recently revealed
the complex role of NF-kB signaling in atherogenesis and
metabolic disorders, and found that NF-«kB signaling in dif-
ferent cell types (e.g., myeloid, SMCs, adipocytes) may
have pro- and anti-atherogenic effects (26, 29, 81, 82).
In addition to NF-«kB signaling, it has been reported that
PXR can also regulate innate immunity by activating the
NLRP3 inflammasome in other cell types, such as ECs (83).
Therefore, it is plausible that PXR signaling can also
regulate the NLRP3 inflammasome in macrophages and
that myeloid PXR may regulate atherogenesis at multiple
levels. Future studies are required to investigate the precise
mechanisms through which PXR signaling regulates mac-
rophage functions and atherosclerosis in different animal
models and humans.

In summary, we generated a novel PXR*™LDLR ™/~
mouse model to study the role of myeloid PXR signaling in
atherosclerosis. We found that myeloid-specific PXR defi-
ciency decreased atherosclerosis in lean LDLR™/~ mice
without affecting metabolic phenotypes and lipid profile.
Deficiency of PXR reduced macrophage lipid uptake and
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foam cell formation, which likely contribute to the decreased
atherosclerosis in PXR*YLDLR /™ mice. RNA-Seq studies
demonstrated that treatment with PXR ligand PCN affected
atherosclerosis-related gene expression in macrophages in
vitro. PXR is an important xenobiotic sensor that plays a
key role in mediating xenobiotic responses. Findings from
this study will hopefully stimulate further investigations of
the role of PXR in macrophage biology and atherogenesis,
and the perspective of PXR-mediated “gene-environment
interactions” in predisposing individuals to CVD.

Data availability

The RNA-Seq datasets have been deposited in the Gene
Expression Omnibus (GSE145719). Data that support the
plots within this publication and other findings of this study
are available from the corresponding author upon request.ill
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