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Abstract Atherosclerosis is characterized by the pathologi-
cal accumulation of cholesterol-laden macrophages in the
arterial wall. Atherosclerosis is also the main underlying
cause of CVDs, and its development is largely driven by ele-
vated plasma cholesterol. Strong epidemiological data find
an inverse association between plasma B-carotene with ath-
erosclerosis, and we recently showed that 3-carotene oxygen-
ase 1 (BCO1) activity, responsible for 3-carotene cleavage to
vitamin A, is associated with reduced plasma cholesterol in
humans and mice. In this study, we explore whether intact
B-carotene or vitamin A affects atherosclerosis progression
in the atheroprone LDLR-deficient mice. Compared with
control-fed Ldlr’~ mice, B-carotene- -supplemented mice
showed reduced atherosclerotic lesion size at the level of the
aortic root and reduced plasma cholesterol levels. These
changes were absent in Ldlr~ = / Bcol™’™ mice despite accu-
mulating -carotene in plasma and atherosclerotic lesions.
We discarded the implication of myeloid BCO1 in the devel-
opment of atherosclerosis by performing bone marrow
transplant experiments. Lipid production assays found that
retinoic acid, the active form of vitamin A, reduced the se-
cretion of newly synthetized triglyceride and cholesteryl es-
ter in cell culture and mice.lll Overall, our findings provide
insights into the role of BCOI1 activity and vitamin A in ath-
erosclerosis progression through the regulation of hepatic
lipid metabolism.
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Carotenoids, a group of bioactive compounds present in
most vegetables, are responsible for the yellow pigmenta-
tion of human plasma and atherosclerotic lesions (1). 8-
carotene is one of the most abundant dietary carotenoids,
with human plasma concentrations inversely associated
with a host of metabolic diseases, including obesity, non-
alcoholic fatty liver disease, and atherosclerotic cardio-
vascular disease (ASCVD) (2-6). 3-carotene is the primary
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precursor of vitamin A and its metabolite retinoic acid, a
potent nuclear receptor activator involved in the regula-
tion of lipid metabolism and antiinflammatory macro-
phage polarization (7).

The B-carotene oxygenase 1 (BCOI) catalyzes the con-
version of B-carotene to VA (8). Unlike humans, rodents do
not accumulate 3-carotene in tissues, which limits the feasi-
bility of studying whether intact B-carotene performs a bio-
logical activity other than VA production. Several years ago
we characterized BCO1-deficient mice, which overcome this
limitation; when fed B-carotene, Beol ’” mice accumulate
B-carotene in tissues and plasma, as it occurs in humans (9).

We recently showed that, in humans and mice, in-
creased BCOI activity is associated with a decrease in to-
tal plasma cholesterol and the cholesterol carried by the
non-HDL-C (10). However, we did not examine whether
the changes in plasma cholesterol affect the develop-
ment of atherosclerosis.

In this study, we crossed Bcol ~/~ mice with Ldlr /~ mice
to examine whether intact 3-carotene or its vitamin A me-
tabolites affect atherosclerosis progression and, if so, the
molecular mechanisms underlying these effects. Utilizing
cell- culture studies and animal models, we also studied the
mechanisms by which B-carotene and VA regulate plasma
cholesterol concentration and whether the specific abla-
tion of BCOI1 in myeloid cells affects atherosclerosis
development.

MATERIALS AND METHODS

Animals and diets

The studies were performed in compliance with the guidelines
published in the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals. The Institutional Animal Care and
Use Committees of the New York University School of Medicine
and the University of Illinois at Urbana-Champaign reviewed and
approved the protocol. In all studies, mlce were from a C57BL/6
genetic background. We obtained Ldlr " mice and wild-type
mice from Jackson Labs (Bar Harbor, ME). Beol /~ mice were
obtained from Case Western Reserve University (9). Mice were
maintained at 24°C on a 12 h light/dark cycle and had free access
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to food and water. We fed dams and pups a nonpurified diet con-
taining 15 IU VA/g (Teklad global 18% protein diet; Envigo, In-
dianapolis, IN). Pups were weaned at 3 weeks of age. For the
dietary interventions, mice were weaned onto the same diet for
another week before being switched to a VA-deficient (VAD) WD
containing 0.3% cholesterol, WD-B-carotene, or WD providing 4
IU retinyl acetate/g (WD-VA). B-Carotene was incorporated in
the diet using a water-soluble formulation of beadlets (DSM Ltd.,
Sisseln, Switzerland) and prepared by Research Diets (New Bruns-
wick, NJ) by cold extrusion to protect the -carotene from heat.
WD-VAD and WD-VA contained placebo beadlets (without (-
carotene) and were prepared as WD-B-carotene. The composition
of the diets is described in supplemental Table SI.

Mice were anesthetized with an 80 mg ip ketamine/kg body
weight injection and then euthanized. Blood was drawn directly
from the heart using EDTA-coated syringes and kept on ice. Mice
were then perfused with 10% sucrose in saline solution (0.9%
NaCl in water) for approximately 2 min. After perfusion, organs
and the aortic roots were harvested. Portions of the liver were
snap-frozen in liquid nitrogen and subsequently stored at —80°C.
Aortic roots were cleaned under a magnifying lens, embedded in
optimal cutting temperature (OCT) compound (Sakura, Tor-
rance, CA), and OCT blocks were immediately frozen at —80°C.

HPLC analysis of carotenoids and retinoids

Nonpolar compounds were extracted from 100 pl plasma or
tissue homogenates under a dim red safety light as described pre-
viously (11, 12). For molar quantification of B-carotene and reti-
noids, the HPLC was scaled with a standard curve using the parent
compound.

Western blot analysis of murine plasma RBP4

RBP4 plasma levels were quantified as described previously
(13). Briefly, samples were subjected to SDS-PAGE and then elec-
troblotted onto a PVDF membrane. Membranes were blocked
and incubated overnight with a rabbit anti-human RBP4 serum
(DakoCytomation, Denmark). We visualized RPB4 using a sec-
ondary antibody conjugated to a fluorophore (Li-Cor Biosciences,
Lincoln, NE). Ponceau S staining solution (Boston BioProducts,
Ashland, MA) served as a loading control for albumin visualiza-
tion. Scanned immunoblots were quantified with Image] software

(14).

Lipid and lipoprotein analysis

Plasma total cholesterol, the cholesterol carried by HDL-C, and
triglyceride concentrations were measured by colorimetric assays
(FUJIFILM Wako Diagnostics, Mountain View, CA) according to
the manufacturer’s instructions. Non-HDL-C was determined by
subtracting HDL-C from the total cholesterol concentration.
Plasma lipoproteins were separated using fast-performance LC
with two Superose 6 10/300 GL columns (GE Healthcare, Boston,
MA) on a Shimadzu HPLC system (Columbia, MD).

Bone marrow transplant experiments

Eight-week-old male and female Ldly ™ / Beol ~/~ mice were le-
thally irradiated with a double dose of 550 rads (5.5 GY) from a
cesium source 4 h apart. Ten hours later, mice were transplanted
with freshly isolated bone marrow from donor wild-type or Beol s
mice in sterile cell-culture growth medium containing 100 U/ml
penicillin/100 pg/ml streptomycin. Each recipient mouse was
anesthetized with isofluorane and injected with approximately 2 x
10° bone marrow cells through retro-orbital injection. For the ath-
erosclerosis studies, 4 weeks after bone marrow transplantation,
mice were fed WD-f3-carotene for 16 weeks. The mice were eutha-
nized for analysis at the end of the 16 weeks.

1492 J- Lipid Res. (2020) 61(11) 1491-1503

Flow cytometry

In parallel to the atherosclerosis studies, Ldly™"™ /Beol ™~
(CD45.2) recipient mice were irradiated and injected with bone
marrow from CD45.1 mice (Jackson Labs) to determine bone
marrow transplant efficiency. Eight weeks after transplantation,
the grafting efficiency was quantified in white blood cells from
freshly collected blood using CD45.1 conjugated to Alexa488 (Bi-
oLegend, San Diego, CA) and CD45.2 conjugated to Brilliant Vio-
let 421 (BioLegend). Flow cytometry was performed on an LSR
HTS (BD Biosciences), and the data were analyzed in Flow]Jo.

Cell-culture experiments: steady-state labeling studies and
retinoic acid treatment

McArdle RH-7777 (McA) cells obtained from the ATCC were
grown in culture plates coated with type I collagen from calfskin
(Sigma-Aldrich; St. Louis, MO). McA cells were cultured in DMEM
supplemented with 10% FBS (Gemini; Alachua, FL), 10% horse
serum (Gemini), 1% ;-glutamine, and 100 U/ml penicillin/100
wg/ml streptomycin at 37°C with 5% COs,.

Cholesteryl ester and triglyceride labeling was performed on
independent experiments using 0.1 pCi [*H]cholesterol or 0.25
1uCi [Clglycerol in each well for 4 h, respectively. Total lipids in
the media and cell lysates were extracted using Dole’s method
(15) and separated on a silica gel TLC (Thermo Fisher Scientific
Inc., Waltham, MA) using a mixture of hexane-diethyl ether-ace-
tic acid (78:20:2) as a mobile phase.

apoB labeling was performed as previously described (16).
Briefly, McA hepatocytes were preincubated for 2 h in amino acid-
starvation DMEM without methionine-cysteine, 1% FBS, 1% -
glutamine, and penicillin-streptomycin). After preincubation, we
added 120 p.Ci/ml of the S protein labeling mix (PerkinElmer,
Waltham, MA) for 4 h. After incubation, conditioned media and
cell lysates were used for the immunoprecipitation of labeled
apoB, and quantification was performed as previously described
(16). Albumin was used as a loading control.

Retinoic acid (2 pM) (Cayman Chemicals, Ann Arbor, MI) was
dissolved in DMSO (Sigma-Aldrich). Vehicle (DMSO) in control
wells was added to a maximum volume of 0.1% in treatment
media.

Determination of triglyceride, cholesterol, and apoB100
secretion rates in mice

After an overnight fasting period, 6-week old wild-type mice fed
a standard chow diet were given an intraperitoneal injection of
retinoic acid dissolved in DMSO and emulsified in PBS (1:10) or
vehicle (DMSO + PBS). The dose, 30 mg retinoic acid/kg body
weight, was selected on the basis of previous publications (11, 17—
20). The maximum injection volume was 150 pl. Two hours later,
we added 200 pCi of the 3 protein labeling mix (PerkinElmer)
combined with 1,000 mg/kg pluronic F127 poloxamer-407 (Sigma-
Aldrich) to inhibitlipoprotein clearance from plasma, as described
previously (16). Blood samples were collected every hour from the
tail to determine the secretion rate of triglyceride and total choles-
terol using commercially available kits (FUJIFILM Wako Diagnos-
tics, Mountain View, CA). apoB secretion rates were quantified by
subjecting 1 pl plasma to 8% SDS-PAGE. Gels were fixed, dried,
and imaged using the Typhoon Trio laser scanner (GE Health-
care). Gel loading was normalized to total labeled protein ob-
tained after precipitation with the trichloroacetic acid method.
Secretion rate data are represented as the average result for each
time point and as the average of the slope.

Aortic root analysis

Aortic roots were removed after perfusion with 10% sucrose/
saline, embedded in OCT, and frozen at —80°C. Serial sections of
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6 pm thickness were cut and stained for CD68 (AbD Serotec,
Oxford, UK) and hematoxylin/eosin, as described previously
(21), or neutral lipids using Oil Red O (ORO) (Sigma-Aldrich).
ImagePro Plus 7.0 (Media Cybernetics, Rockville, MD) was used
with brightfield images of CD68-stained slides at 10x magnifica-
tion to determine the percentage of CD68" staining in the athero-
sclerotic lesion. Cholesterol crystal images were acquired using an
Axioscan microscope (Carl Zeiss, Jena, Germany) using a 10x air
objective. Cholesterol crystal images were captured using polar-
ized light and represented as the percentage of plaque area as
previously described (22). Nuclear staining with DAPI (Sigma-
Aldrich) was used as a counterstain.

Laser-capture microdissection and RNA sequencing

CD68' cells were isolated from atherosclerotic lesions using la-
ser-capture microdissection as described previously (21). Briefly,
we collected sections of the aortic root on polyethylene naphta-
late membrane slides (Life Technologies, Carlsbad, CA), and
CD68" cells from each animal were pooled. RNA was isolated and
purified using the PicoPure Kit (Thermo Fisher Scientific) treated
with DNase. The quality and quantity were determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). RNA samples with an RNA integrity number above six were
amplified using the Automated Nugen Ovation Trio Low Input
RNA kit (Nugen, Manchester, UK). Samples were sequenced us-
ing the HiSeq 4000 Paired-End (Illumina, San Diego, CA), and
the results were analyzed using gene set enrichment analysis
(Broad Institute Inc., Cambridge, MA).

RNA sequencing data analysis

Sequencing reads were mapped to the reference genome
(mm10) using STAR aligner version 2.5.0c (23). Alignments were
guided by a gene transfer format file. The mean read insert sizes
and their standard deviations were calculated using Picard tools
(version 1.126). The read count tables were generated using
HTSeq version 0.6.0 (24) and normalized on the basis of their li-
brary size factors using DEseq2 (25), and differential expression
analysis was performed. The read per million normalized BigWig
files were generated using BEDTools version 2.17.0 (26) and
bedGraphToBigWig version 4. To compare the level of similarity
among the samples and their replicates, we used two methods:
principal-component analysis and Fuclidean distance-based sam-
ple clustering. All downstream statistical analyses and generating
plots were performed in R version 3.1.1.

Real-time PCR analyses

Quantitative real-time PCRs of liver and intestine were per-
formed using TagMan Fast Advanced Master Mix (Applied Bio-
systems, Foster City, CA) and the following primers (Integrated
DNA Technologies, Coralville, IA) and probes (Applied Biosys-
tems): mouse intestine-specifichomeobox (Isx; 5-ATCTGGGCTT-
GTCCTTCTCC-8" and 5-TTTTCTCTTCTTGGGGCTGA-3"),
mouse tubulin (5-CAGGGCTTCTTGGTTTTCC-3" and 5-GGTG-
GTGTGGGTGGTGAG-3"), mouse scavenger receptor class B
type 1 (Sr-bl, Mm00450234_m1), mouse cytochrome P450 26al
(Cyp26al, MmO00514486_m1l), mouse apoC-III (apoC-II,
MmO00445670_m1), mouse microsomal triglyceride transfer pro-
tein (Mitp, Mm00435015_m1), mouse apoB (Mm01545150_m1),
mouse lecithin-retinol-acyltransfease (Lrat; 5-GGAACAACTGC-
GAACACTTTG-3" and 5-CCAGACATCATCCACAAGCA-3’), rat
Cyp26al (Rn00590308_m1), rat tubulin (Rn01431594_m1), rat
apoC-III (Rn00560743_g1), rat Mitp (Rn01522963_m1), and rat
apoB (Rn01499054_m1). Gene expression analyses were per-
formed with the StepOnePlus Real-Time PCR System (Applied
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Biosystems) and the AACt calculation method using tubulin as
housekeeping gene.

Cholesterol absorption dual-isotope method

Four-week-old Ldlr /" mice were fed either WD-VAD or WD-VA
for 12 weeks prior to quantifying cholesterol absorption by the
fecal dual-isotope method (27). At the end of this intervention,
mice were gavaged 200 pl olive oil containing 1 pCi [*C]choles-
terol (American Radiolabeled Chemicals, St. Louis, MO) and 2
pCi [BH]Sitostanol (American Radiolabeled Chemicals). We esti-
mated cholesterol uptake by either pooling all of the feces at the
end of 4 days (n =5 mice/group) or by collecting the feces every
24 h during 4 consecutive days (n = 4 mice/group).

In both experiments, feces were dried using a SpeedVac vac-
uum concentrator (Eppendorf, Hamburg, Germany) and ground
into powder. We weighted approximately 100 mg feces per sam-
ple and dissolved them overnight with 1.5 ml distilled water. Sam-
ples were saponified in 3 ml ethanol, 300 pl 12% pyrogallol
(Sigma-Aldrich) in ethanol, and 600 pl 30% potassium hydroxide
in water at 37°C for 2 h. The total lipid content was extracted
twice with a mixture of diethylether:hexane:ethanol (66:33:1).
The supernatants of all samples were collected and evaporated in
a SpeedVac and resuspended in scintillation liquid cocktail
(PerkinElmer). ["*C]cholesterol and [*H]sitostanol were mea-
sured with an LS6500 scintillation counter (Beckman, Brea, CA).
The calculation of the percentage of cholesterol absorption fol-
lowed Wang and Carey’s methodology (27).

Statistical analyses

Data are expressed as means + SEMs. Statistical differences
were analyzed using GraphPad Prism software (GraphPad Soft-
ware Inc., San Diego, CA). The normal distribution of the sample
groups was analyzed using the D’Agostino-Pearson omnibus and
Shapiro-Wilk normality tests. Data were analyzed either using two-
way ANOVA (GraphPad Prism) with Dunnett’s multiple compari-
son testing or repeated-measures two-way ANOVA with Sidak’s
multiple comparisons test. Statistical significance was set at P <
0.05.

Multivariate ANOVA was performed to analyze the differences
in plaque area and total cholesterol levels in mice fed WD-VAD or
WD-B-carotene simultaneously, followed by univariate one-way
ANOVA to test individually each dependent variable (R Studio
software version 3.6.2).

For the RNA sequencing data, we used the false-discovery rate
approach to reduce the number of false positives in multiple test-
ing. Statistical significance was set at P< 0.05.

RESULTS

Effects of B-carotene supplementation on f3-carotene and
retinoid levels in Ldlr '~ and Ldlr '~ /Beol '~ mice

Unlike rodents, humans accumulate B-carotene in tis-
sues, plasma, and atherosclerotic lesions (1). To model the
human accumulation of B-carotene and to understand the
role of B-carotene in the development of atherosclerosis, we
generated an atherogenic mouse model (Ldlr ") capable
of accumulating B-carotene (Bcol -/ ). Ldlr "~ /Beol /~
mice were born at the expected Mendelian ratio and did
not show any detectable morphological or behavioral ab-
normalities (data not shown). To assess the effect of 3-
carotene to lesion progression, Ldly”’" and Ldlr "~ /Beol -/~
mice were fed WD-VAD or WD-3-carotene for 12 weeks
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(Fig. 1A). En face visualization of the aortic arch showed
that Ldlr 7~ / Beol /" mice fed WD-B-carotene accumulate
B-carotene, in line with the accumulation of 3-carotene in
human atherosclerotic lesions (1) (Fig. 1B). HPLC quanti-
fication confirmed this finding and showed a 10-fold higher
B-carotene content in the aortic arch than the Ldly”’~ mice
fed the same diet (Fig. 1C).

No significant changes between groups were observed in
systemic vitamin A levels (all-frans retinol) or the vitamin A
carrier RBP4 (Fig. 1D, E). Plasma -carotene was approxi-
mately 100-fold higher in Ldlr '~ /Bcol”’~ mice fed WD-B-
carotene than in Ldlr /" mice fed the same diet (Fig. 1F).
We next quantified hepatic retinyl esters, the main vitamin
A reservoir in the body (6, 28). Hepatic retinyl ester stores
showed a trend toward increasing in Ldlr /~ mice fed
WD-B-carotene compared with Ldl’~ mice fed WD-VAD
(Fig. 1G). This trend was accompanied by the increased
expression of the retinoic acid target gene Cyp26al (Fig.
1H), a surrogate marker of vitamin A status (29). We did
not observe significant differences between Ldlr’™ mice
fed WD-VAD and Ldlr /~/Bcol '~ mice fed either WD-VAD
or WD-B-carotene in either hepatic retinyl esters or hepatic

Cyp26al expression (Fig. 1G, H). On the contrary,
Ldlr /"~ /Beol /" mice fed WD-B-carotene presented approxi-
mately a 6-fold increase in B-carotene stores compared with
Ldlr " mice fed the same diet (Fig. 1I). Together, these
results show that B-carotene was converted to vitamin A in
Ldlr '~ mice but not in Ldlf/f/Bcolf/f mice, although
none of the experimental groups suffered from systemic
or hepatic vitamin A deficiency during the dietary
intervention.

B-Carotene supplementation delays atherosclerosis
progression in Ldlr~’~ mice but not in Ldlr '~ /Bcol™’~
mice

Next, we analyzed plasma cholesterol partitioning in
pooled samples (n = 5 mice/group) by fast-performance
LC. Ldlr "~ mice fed WD-B-carotene showed a decrease in
the amount of VLDL-C and LDL-C compared with those fed
WD-VAD. We did not observe differences in HDL-C con-
centrations (Fig. 2A). The presence of dietary B-carotene,
however, did not affect plasma cholesterol distribution in
Ldlr’" /Beol”’~ mice (Fig. 2B). We confirmed these re-
sults in the entire mouse cohort (n = 9-12 mice/group) by
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Fig. 1. Effects of B-carotene dietary supplementation on B-carotene and vitamin A levels in Ldly '~ and Ldlyr '~ /Bcol ’~ mice. A: Experi-
mental design. For 12 weeks, 4-week-old male and female Ldb™"" and Ldly’~ /Beol /" mice were fed WD-VAD or WD-B-carotene. B: En face
visualization of atherosclerotic lesions in the aortic arch of Ldlr’~ and Ldly " /Bcol '~ fed WD-B-carotene. C: HPLC quantification of -
carotene in the aortic arch. D, E: All-frans retinol in plasma and its carrier RBP4 quantified by HPLC and Western blot, respectively. F: HPLC
quantification of plasma (-carotene. G: Hepatic retinyl ester stores. H: Hepatic mRNA expression of Cyp26al. I: B-carotene hepatic stores.
Values are represented as means = SEMs (n = 9-12 mice/group). Statistical differences were evaluated using two-way ANOVA (P < 0.05).
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Fig. 2.

Effects of B-carotene dietary supplementation on atherosclerosis progression in Ldr’"" and

Ldlr ™~ /Beol /" mice. For 12 weeks, 4-week-old male and female Ldlr”’" and Lalr ™~ / Beol /" mice were fed
WD-VAD or WD-B-carotene. A, B: Lipoprotein profiles from Ldl™"" and Ldly~ /Beol ~/~ mice fed WD-VAD
or WD-B-carotene (data pooled from 5 mice/group). C, D: Non-HDL-C and HDL-C levels, respectively. E, F:
Correlation between total plaque area and total cholesterol plasma levels in Ldly’" and Ldlr '~ /Bcol””~ mice
fed WD-VAD and WD-B-carotene. (G) Representative images and quantifications for the relative (H) macro-
phage (CD68" area; red), (I) lipid (ORO; red), and (J) cholesterol crystal (CC; white) area content. Values
are represented as means + SEMs (n = 9-12 mice/group. Statistical differences were evaluated using two-way
ANOVA (P<0.05). *P< 0.05, **P< 0.01, and ***P < 0.005 considering Ldly '~ WD-VAD-fed mice as a refer-
ence group. Correlation between total cholesterol and plaque area was determined using multivariate
ANOVA. Size bar = 200 pm.
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measuring non-HDL-C and HDL-C concentrations. Ldlr ™
mice fed WD-B-carotene showed 30% lower non-HDL-C
levels than WD-VAD-fed mice. Ldlr "’ -/ Beol ”” mice did
not show differences between groups, although non-HDL-C
concentrations were lower than Ldlr /~ mice fed WD-VAD
(Fig. 2C). We did not observe changes in HDL-C between
genotypes or diets (Fig. 2D).

Next, we quantified total plasma cholesterol concentra-
tions and the atherosclerotic lesional areas (plaque area) at
the level of the aortic root. In Ldlr /™~ mice, WD-B-carotene
reduced total plasma cholesterol (WD-VAD = 1,229 + 101.5
mg/dl; WD-B-carotene = 892.2 + 62.6 mg/dl; P = 0.008)
and total plaque area (WD-VAD = 0.351 + 0.018 mm?*; WD-
B-carotene = 0.249 + 0.01 mm? P = 0.0004). On the con-
trary, Lalr '~ / Beol””~ mice showed no significant
differences in total plasma cholesterol (WD-VAD = 703.6 +
63.4 mg/dl; WD-B-carotene = 738.9 + 49.2 mg/dl; P=0.66)
and total plaque area (WD-VAD = 0.309 + 0.03 mm?*; WD-B-
carotene = 0.301 + 0.03 mm2; P = 0.85). To determine
whether plasma cholesterol levels correlated to plaque
size, we plotted these measurements for both genotypes.
The reduction in total plasma cholesterol in Ldly’~ mice
fed WD-B-carotene correlated with a reduction in plaque
size area (P=0.0003) (Fig. 2E). We did not observe a cor-
relation between plasma cholesterol and plaque size in
Ldlr -/ Beol’” mice fed the same dietary regimens (P =
0.24) (Fig. 2F). These results were comparable when we
evaluated the correlation between non-HDL-C and }Jlaque
size for Ldlr '~ mice (P=0.0005) and Ldlr /" /Bcol ’~ mice
(P=0.89) (data not shown).

To determine the stage of the atherosclerotic lesions, we
analyzed the macrophage content in the plaques by stain-
ing the aortic roots with an antibody against CD68. Foam
cell content was quantified by staining neutral lipids with
ORO, and the presence of cholesterol crystals was deter-
mined by polarized light microscopy (Fig. 2G). The per-
centage of the lesion area positive for the macrophage
marker CD68 was significantly increased in Ldlr '~ mice
fed WD-B-carotene compared with Ldlr /" mice fed WD-
VAD (Fig. 2H). Neutral lipid content quantification showed
the same trend as observed for CD68 content (Fig. 2I).
Opverall, these results indicate that the lesions present in
Ldly™’™ mice fed WD-B-carotene are smaller and enriched
in macrophages and foam cells (Fig. 2E, G-I), a character-
istic feature of early, progressing plaques (30). Neither the
macrophage (CD68" area) nor the neutral li/pid (ORO*
area) contents were altered in Ldlr /™ /Bcol /~ mice fed
WD-VAD or WD-B-carotene compared with Ldlr /" mice
fed WD-VAD (Fig. 2H, I). Cholesterol crystal content re-
mained unchanged among all groups (Fig. 2J).

Vitamin A supplementation reduces plasma cholesterol
independently of intestinal cholesterol absorption

In line with our recent report (10), our results show that
BCOL activity reduces plasma cholesterol concentrations
(Fig. 2). To examine whether dietary vitamin A can also
reduce plasma cholesterol, we compared Ldlr”’™ mice after
12 weeks on WD-VAD, WD-B-carotene, or 4 IU/g WD-VA.
Both WD-B-carotene and WD-VA favored a reduction in
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plasma cholesterol, which was already significant for
WD-VA after 4 weeks (Fig. 3A).

Next, we determined whether vitamin A regulates intes-
tinal cholesterol uptake. First, we measured the levels of
Isx, a transcription factor responsible for the intestinal reg-
ulation of SR-bI (31, 32), a multiligand receptor for choles-
terol and other lipids including carotenoids (33, 34). Isx
mRNA levels were upregulated in the duodenum of mice
fed WD-VA compared with those fed WD-VAD (Fig. 3B).
Accordingly, Sr-bI expression was suppressed in mice fed
WD-VA compared with those fed WD-VAD (Fig. 3C).

To evaluate whether dietary vitamin A affects cholesterol
uptake, we gavaged Ldlr '~ mice fed WD-VAD or WD-VA (n
= b5 mice/group) with a single dose of ["H]sitostanol and
[14C]cholesterol. Next, we collected mouse feces accumu-
lated over 4 days and measured sitostanol and cholesterol
following established protocols (27). In a second experi-
ment (n =4 mice/group), we collected the feces every day.
In both experimental cohorts, excreted cholesterol re-
mained unchanged between groups, indicating that di-
etary vitamin A does not affect intestinal cholesterol uptake
in mice (Fig. 3D, E).

Retinoic acid, the transcriptionally active form of vitamin A,
reduces hepatic lipoprotein secretion

To determine whether vitamin A reduces plasma choles-
terol concentration by regulating VLDL secretion, we used
MCcA rat hepatocytes, a well-characterized model of VLDL
assembly and secretion (16, 35). We cultured McA cells in
the presence of retinoic acid, the transcriptionally active
form of vitamin A. As expected, McA cells exposed to 2 pM
retinoic acid for 6 h showed marked induction of Cyp26al
(Fig. 4A). Under these experimental conditions, we quanti-
fied the secretion of newly synthesized cholesteryl esters by
adding [SH]cholesterol to the cell media for 4 h. Cells ex-
posed to retinoic acid showed approximately 30% reduc-
tion of [SH]cholesteryl ester in the media compared with
vehicle-treated cells. These changes occurred without
changing the radiolabeled cellular content of [SH]choles-
teryl ester (Fig. 4B). To determine whether retinoic acid
also decreased hepatic triglyceride secretion, the major
lipid component of VLDL (36), we exposed McA cells to
retinoic acid for 2 h and [14C:| glycerol for the remaining 4
h of treatment. Cells exposed to retinoic acid had 30%
lower hepatic triglyceride secretion than DMSO-exposed
cells. Intracellular [14C]triglyceride in lysates remained un-
changed between groups (Fig. 4C).

We next analyzed apoB100 secretion, an indicator of the
number of VLDL particles, in the presence of a mixture of
[SBS]Met/ Cys for 4 h and used apoB48 and albumin as in-
ternal controls in the media (Fig. 4D) and cell lysates (Fig.
4E). McA cells exposed to retinoic acid showed a reduced
apoB100 secretion without affecting the apoB100 cellular
content (Fig. 4F). Retinoic acid did not significantly affect
the secretion or the intracellular levels of apoB48 and albu-
min (Fig. 4G, H).

Next, we determined whether retinoic acid also affects
hepatic lipid secretion in mice. Livers of mice exposed to
retinoic acid (30 mg/kg) for 6 h showed an upregulation
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of Cyp26al comparable to that shown in McA cells exposed
to 2 pM retinoic acid for the same amount of time (Fig. 4A,
I). Under these experimental conditions, retinoic acid-
treated mice showed a reduction in cholesterol and triglyc-
eride secretion rates compared with vehicle-treated mice
(Fig. 4], K). apoB100 secretion in vivo did not show sig-
nificant changes upon retinoic acid treatment (Fig. 4L),
suggesting that retinoic treatment regulated the lipid com-
position of VLDL particles and not the number of particles
in mice.

BCO1 myeloid-specific deletion does not affect
atherosclerosis development

A previous report indicates that macrophages express
BCOI, and its enzymatic activity prevents foam cell forma-
tion in cultured macrophages (37). To determine the role
of BCOI in plaque macrophages and its contribution to
atherosclerosis progression and foam cell formation in vivo,
we transplanted bone marrow cells from either wild-type or
Beol™’~ donor mice into lethally irradiated Ldly '~/ Beol '~
mice. After a recovery period, recipient mice were fed
WD-B-carotene for 16 weeks (Fig. 5A). The lack of reliable
BCOI1 antibodies for flow cytometry prompted us to vali-
date bone marrow transplant efficiency in parallel experi-
ments utlhzmg Cd45.1 mice as bone marrow donors and
irradiated Ldlr /~/Bcol "/~ (Cd45.2) recipient mice. Under
our experimental conditions, we observed a transplant ef-
ficiency of greater than 98% (i.e., 98% of the myeloid cells
were CD45.1") (supplemental Fig. S1).

At the time the mice were euthanized, we did not find
significant differences in total cholesterol or triglyceride
plasma concentrations (supplemental Fig. S2A, B), or
plasma {-carotene (supplemental Fig. S2C). To evaluate
the effect of myeloid-specific BCO1 expression on plaque
progression, we measured total plaque area, CD68" cell
content, and ORO" area at the level of the aortic root (Fig.
5B). Findings indicated no differences between the groups,
either in plaque size (Fig. 5C), CD68" area (Fig. 5D), or foam
cell content (Fig. 5E). To determine whether the absence
of BCOL affects the gene expressmn profile in the plaque
myeloid cells, we isolated CD68" cells from Ldlr / ~/Beol .
recipient mice transplanted with either wild-type or Beol e
bone marrow from the aortic root by laser-capture micro-
dissection and performed RNA sequencing.

RNA sequencing data showed a total of 983 genes dif-
ferentially regulated (P<0.05), with 386 genes upregulated
and 597 genes downregulated in BCO1l-deficient plaque
cells compared with wild-type plaque cells (Fig. 5F, G).
Consistent with the absence of BCO1, the retinoic acid tar-
get gene Cyp26al was suppressed significantly in BCO1-
myeloid-deficient plaque cells compared with macrophages
from wild-type donors (Fig. 5H). Similarly, the aldehyde
dehydrogenase 1 family member A2 (Aldhla2), which is a
rate-limiting enzyme in retinoic acid synthesis (38), was
also downregulated in BCOl-deficient plaque cells (Fig.
5H). Gene set enrichment analysis pathway analysis showed
significantly different regulation of seven distinct pathways.
The TGFB pathway was the top downregulated pathway in
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Fig. 4. Retinoic acid reduces apoB100 secretion in cultured hepatocytes and mice. A: mRNA expression of
Cyp26al McA rat hepatic cells cultured in a normal growth medium and exposed to 2 pM retinoic acid or
DMSO (vehicle control) for 6 h. B, C: McA cells exposed to 2 PM retinoic acid or DMSO (vehicle control)
were subjected to steady-state metabolic labeling with either [*H]cholesterol or ["* ]glycerol for the last 4 h
of treatment After incubation, cell media and lysates were collected, and radiolabeled [ H]Cholesteryl esters
or [ Cltriglyceride were separated by TLC and quantified using a scintillation counter. D, E: Representative

¥S-radiolabeled blots of McA cells media and lysates exposed to 2 pM retinoic acid or DMSO (vehicle control)
subjected to steady-state metabolic labeling with [ S]Met/(,ys mixture. F-H: Corresponding protein quanti-
fications for apoB100, apoB48, and albumin in the media and cell lysates. Radiolabeling experiments were
performed in separate experiments in triplicate. I: mRNA expression of Cyp26al in age and sex-matched
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BCOl-deficient myeloid cells (P=0.0001) (Fig. 5I). BCO1-
deficient plaque myeloid cells showed a downregulation of
the several genes involved in the TGFB pathway compared
with wild-type cells (Fig. 5]).

The absence of BCOI in myeloid cells did not affect sys-
temic vitamin A status (supplemental Fig. S2D) or hepatic
vitamin A or -carotene levels (supplemental Fig. S2E, F).
Accordingly, the expression of Cyp26al and Lrat, two classi-
cal retinoic acid target genes in the liver (29, 39), remained
unaltered between the two groups (supplemental Fig. S2G).

DISCUSSION

We recently described an association between BCO1 ac-
tivity and circulating cholesterol in mice and humans (10).
In our clinical study, subjects carrying at least one copy of
the BCO11rs6564851-T allele, which increases BCO1 activity
(40), showed a reduction in total serum cholesterol and
non-HDL-C concentrations. Similarly, we observed that
wild-type mice fed WD-f-carotene presented a decrease in
total cholesterol and non-HDIL-C concentrations com-
pared with congenic Beol /” mice subjected to the same
dietary regimen (10). These studies raised the question as
to what mechanism underlies this association and whether
these alterations in circulating cholesterol have a clinical
significance.

Our results show that the conversion of -carotene to vi-
tamin A delays atherosclerosis progression in Ldlr”’"" mice.
Compared with Ldl™"" mice fed WD-VAD, Ldlr’~ mice
fed WD-B-carotene presented smaller atherosclerotic plaques
that were enriched with macrophages and foam cells, a
characteristic feature of early-stage lesions (30). Plaque
area correlated with reduced plasma cholesterol in Ldlr =
mice (Fig. 2), and mice fed WD-VA showed similar results
on plasma cholesterol compared with those fed WD-@-
carotene (Fig. 3A). Ldl"~ /Bcol /" mice fed WD B-carotene,
which cannot convert -carotene to VA, do not show signifi-
cant differences either on atherosclerosis progression or
plasma cholesterol compared with those fed WD-VAD (Fig.
2). We observed that Ldlr /" /Bcol /™ mice, either fed
WD-VAD or WD-B-carotene, showed lower non-HDL-C
than Ldlr’~ mice fed WD-VAD (Fig. 2C), suggesting that
the absence of BCO1 alters cholesterol metabolism. Previ-
ous reports have shown alterations in lipid metabolism of
Beol " mice compared with wild-type controls, suggesting
that BCO1 plays a direct role on lipid metabolism, one that
is independent of its role in vitamin A production (9, 41,
42). Overall, this study demonstrates that the action of
BCO1 and its role in vitamin A production delays ath-
erosclerosis progression. These results paralleled those

observed with respect to obesity, in which wild-type mice
fed a diet containing 3-carotene showed a reduction in adi-
posity compared with those fed a control diet (43). In con-
trast, Bcol ~/~ mice fed the same dietary regimens did not
show differences in adiposity, despite Beol ~/~ mice accumu-
lating large amounts of B-carotene in their adipose tissue
(43).

Our results align with previous reports showing a reduc-
tion of plaque size in hypercholesterolemic mice fed diets
fortified with either a mixture of B-carotene and 9-cis 3-
carotene, or vitamin A (44, 45). However, these authors
utilized 100 times higher doses of provitamin A carotenoids
than our study, while we supplemented the diet with a com-
parable amount of B-carotene found in vegetables. Regard-
ing vitamin A, these authors utilized a diet containing over
three times higher vitamin A levels than our study (45),
which follows the guidelines of the American Institute of
Nutrition (46). Overall, our dietary interventions confirm
these previous findings on plasma cholesterol in mice,
even when -carotene and vitamin A are provided at physi-
ological concentrations.

Elevated dietary cholesterol drives atherosclerosis devel-
opment in Ldlr’~ mice (47), and it is a risk factor for the
development of ASCVD in specific populations (48).
Among the different molecular targets by which vitamin A
could modulate intestinal cholesterol uptake, the intestine-
specific transcription factor ISX caught our attention. ISX
is a retinoic acid-responsive gene that regulates the absorp-
tion and cleavage of B-carotene by modulating SR-BI and
BCOI expression, respectively (32, 49). Interestingly, the
binding site of ISX in the promoter region of the BCOI
gene coincides with the BCOI rs6564851 allele (49). As
have we described previously (10), the BCOI rs6564851 al-
lele is associated with circulating cholesterol in humans. To
determine whether dietary vitamin A reduces intestinal
cholesterol uptake by downregulating SR-BI or via other
mechanisms, we measured the cholesterol absorption rate
in Ldb’~ mice fed WD-VAD or WD-VA. However, our re-
sults indicate that vitamin A does not affect intestinal cho-
lesterol uptake (Fig. 3). These data support the results of
studies showing that the intestinal expression of SR-BI does
not significantly alter cholesterol absorption (50). They
also rule out dietary cholesterol absorption as the mecha-
nism by which B-carotene and vitamin A decreased plasma
cholesterol in Ldlr /™ mice.

Consistent with our recent publication (10), we show
that the conversion of 3-carotene to vitamin A reduces to-
tal plasma cholesterol by decreasing non-HDL-C levels
(Fig. 2). Under fasting conditions, non-HDL-C consists of
the cholesterol present in VLDL and its derivative LDL.
The hepatic secretion of VLDL depends, at least in part, on

wild-type mice after receiving a single intraperitoneal injection of an emulsion containing 30 mg/kg retinoic
acid dissolved in DMSO and PBS or vehicle (DMSO + PBS) for 6 h before tissue harvesting. (J) Total choles-
terol, (K) triglyceride, and (L) SBS—apoBIOO secretion rates were determined in vivo as described in the Materi-
als and Methods after 6 h of exposure to retinoic acid. Numerical data represent the means + SEMs of three
independent experiments (cell cultures; n = 5-6 mice/group). Statistical differences were evaluated by un-
paired Student’s ttest or by repeated-measures two-way ANOVA. ¥*P< 0.05, *¥P< 0.01, ***P<0.005, and **** P

< 0.0001.
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the intracellular apoB100 degradation rate, a complex pro-
cess regulated by factors such as autophagy and endoplas-
mic reticulum-associated degradation (51). Our results
indicate that Ldlr /~ mice fed WD-B-carotene have an in-
creased retinoic acid status in hepatocytes, as shown by
Cyp26al hepatic expression (Fig. 1H), which results in a
reduced non-HDL-C plasma levels compared with Ldlr"~
mice fed WD-VAD (Fig. 2A, C). These results are in agree-
ment with the effects that direct retinoic acid exposure has
on the reduction of hepatic lipid secretion (Fig. 4). These
results align with the role of retinoic acid and carotenoids
in obesity and ASCVD (7, 52), including fatty acid oxida-
tion in hepatocytes and other cell types (53-57). Most of
the effects of retinoic acid are derived from its role as a
nuclear receptor activator, which could explain our results
on hepatic lipoprotein secretion (Fig. 4). apoB is the main
protein component of VLDL (51); hence, we quantified
apoB expression in our cell culture and animal models. We
did not observe any alteration upon retinoic acid exposure
(supplemental Fig. S3). Next, we measured the expression
of Mitp, which transfers triglyceride and cholesteryl esters
to nascent VLDL (58). Costabile et al. (59) showed that 3-
carotene and retinoic acid regulate lipid transfer to the
embryo by modulating MTTP expression and activity in pla-
cental tissue. However, they showed that this mechanism
does not operate in the liver, in agreement with our find-
ings (supplemental Fig. S3). Another factor that may mod-
ulate VLDL secretion is apoC-lII, which facilitates the
assembly and secretion of VLDL in McA cells (60). A recent
study shows that retinoic acid decreases apoC-III expression
(61); however, we detected no significant impact upon reti-
noic acid exposure in either McA cells or mouse liver (sup-
plemental Fig. S3). Cell-type-dependent differences could
explain the lack of consistency between studies (61, 62).

Zolberg Relevy et al. (37) showed that BCOL1 is expressed
and active in cultured macrophages, where its activity on
provitamin A carotenoids inhibited foam cell formation.
The stimulatory effect of retinoids on cholesterol efflux
may mediate these effects (63), which would indicate that
macrophage-specific BCO1 expression contributes to the
delay of atherosclerosis progression in our model (Fig. 2).
To test this hypothesis, we performed bone marrow trans-
plants using wild-type and Bcol””~ as donor mice and
Ldly™""/Beol '™ as recipient mice (Fig. 5). Our histological
analyses showed that myeloid-specific ablation of BCO1 af-
fects neither atherosclerosis development nor plasma lipid
levels (Fig. 5, supplemental Fig. S2A, B). Our RNA se-
quencing data in plaque myeloid cells showed a decrease
in Cyp26al expression in BCO1-deficient plaque cells com-
pared with wild-type cells (Fig. 5H). We observed these re-
sults in the presence of circulating B-carotene, which is the
substrate of BCO1 and the precursor of vitamin A and reti-
noic acid (supplemental Fig. S2C) (52).

The downregulation of Aldhla2, a rate-limiting enzyme
of retinoic acid synthesis, could also explain the reduction
of retinoic acid signaling in BCO]l-deficient plaque cells
(Fig. 5H). Interestingly, AldhlaZ2 is also an anti-inflamma-
tory (M2) macrophage marker (64), and the correct mac-
rophage response to various infectious models requires its
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activity (65—67). Our RNA sequencing data are aligned
with a decreased M2-like phenotype in BCOI-deficient
plaque myeloid cells, as TGFf3 signaling is upregulated dur-
ing M2 macrophage polarization (68-70) (Fig. 51, ]).

Based on our data, BCO1 expression in myeloid cells
does not impact atherosclerosis progression in mice, even
in the presence of systemic B-carotene. Our HPLC and
gene expression analyses showing no differences between
groups in systemic or hepatic B-carotene levels, hepatic vita-
min A stores, or retinoic acid-responsive genes in the liver
support this outcome (supplemental Fig. S2G). The low ex-
pression of BCOI1 in myeloid cells may partially explain
these results. For instance, the absolute expression of BCO1
in wild-type plaque myeloid cells was modest (supplemental
Table S2), in agreement with our data utilizing bone mar-
row-derived macrophages in which we could not detect
BCO1 expression by mRNA sequencing (data not shown).

In summary, our results provide mechanistic insight on
our recent findings in mice and humans in which we showed
that BCOI activity modulates plasma cholesterol (10). This
study provides evidence that the conversion of -carotene
to vitamin A regulates hepatic lipoprotein secretion and
atherosclerosis development in mice. BCO1 activity, possi-
bly in the liver, mediates these effects, and they are indepen-
dent of myeloid-specific BCO1 and intestinal cholesterol
uptake. Future studies will aim to determine the molecular
mechanisms by which vitamin A modulates the lipid profile
and its pathological consequences in human subjects be-
yond alterations of plasma cholesterol. Nevertheless, this
study significantly extends the implication of B-carotene
and vitamin A in the risk of developing ASCVD.

Data availability

The data described in this article are presented in the
figures or supplemental material. The RNA sequencing
data have been deposited to NCBI's Gene Expression Om-
nibus and are accessible through GEO Series accession
number GSE157972 Bl
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