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Abstract

Carotenoids are currently investigated regarding their potential to lower the risk of chronic disease and to combat vitamin A
deficiency. Surprisingly, responses to dietary supplementation with these compounds are quite variable between individuals.
Genome-wide studies have associated common genetic polymorphisms in the BCO1 gene with this variability. The BCO1 gene
encodes an enzyme thatis expressed in the intestine and converts provitamin A carotenoids to vitamin A-aldehyde. However, it
is not clear how this enzyme can impact the bioavailability and metabolism of other carotenoids such as xanthophyll. We here
provide evidence that BCO1 is a key component of a regulatory network that controls the absorption of carotenoids and fat-
soluble vitamins. In this process, conversion of p-carotene to vitamin A by BCO1 induces via retinoid signaling the expression of
the intestinal homeobox transcription factor ISX. Subsequently, ISX binds to conserved DNA-binding motifs upstream of the
BCO1 and SCARB1 genes. SCARB1 encodes a membrane protein that facilitates absorption of fat-soluble vitamins and
carotenoids. In keeping with its role as a transcriptional repressor, SCARB1 protein levels are significantly increased in the
intestine of ISX-deficient mice. This increase results in augmented absorption and tissue accumulation of xanthophyll
carotenoids and tocopherols. Our study shows that fat-soluble vitamin and carotenoid absorption is controlled by a BCO1-
dependent negative feedback regulation. Thus, our findings provide a molecular framework for the controversial relationship

between genetics and fat-soluble vitamin status in the human population.

Introduction

Carotenoids affect a rich variety of physiological functions in na-
ture and are beneficial for human health (1). For instance, the
xanthophyll carotenoids lutein, zeaxanthin and meso-zeax-
anthin accumulate in the macula lutea of the primate eyes (2-5)
where they protect the retina against damaging stress by their
antioxidant and light-filtering properties (6,7). Additionally, caro-
tenoids serve as precursors for apocarotenoid cleavage products,
including retinoids (vitamin A and its derivatives) (8,9).

Low carotenoid status, especially blood and tissue levels of
xanthophylls, has been associated with a number of degenera-
tive diseases such as cardiovascular disease, cognitive im-
pairments and the age-related macular degeneration (AMD)

(6,10-13). Studies indicating that zeaxanthin and lutein can re-
duce the risk and progression of AMD have attracted broad clin-
ical interest (11,14-16). Surprisingly, plasma and tissue levels of
carotenoids are only weakly correlated with dietary intake (17—
19). Genome-wide and candidate gene association studies have
identified single-nucleotide polymorphisms (SNPs) in BCO1
gene to be correlated with this variability (20-24). The BCO1
gene (also known as BCMO1 gene) encodes a p-carotene-15,15'-
dioxygenase that converts provitamin A carotenoids into retinal-
dehyde (vitamin A-aldehyde) (25-28). From the primary cleavage
products, all biologically active retinoids can be synthesized in-
cluding the visual chromophore (11-cis-retinal) and the vitamin
A hormone (all-trans-retinoic acid) (29). The enzyme localizes to
the cytoplasm and is expressed in the intestine and various
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other tissues (30,31). Intervention studies in female volunteers
suggest that carriers of the SNPs display altered conversion
rates of absorbed dietary B-carotene to vitamin A (32). However,
how BCO1 affects the bioavailability and metabolism of xantho-
phylls such as zeaxanthin and lutein that are not substrates of
the enzyme remains elusive.

Carotenoids are absorbed in the intestine and together with
other dietary lipids delivered to the organism as triglyceride-
rich lipoproteins. Carotenoids interact at many stages of this
transport process (33). Thus, the association between BCO1 and
xanthophyll homeostasis may be mediated by an indirect effect
of provitamin A. Recently, we reported that intestinal vitamin A
production is under negative feedback regulation (34,35). In this
regulatory process, retinoic acid via retinoic acid receptors
(RARSs) induces the expression of the intestine-specifichomeobox
transcription factor ISX. In turn, ISX binds to a conserved DNA-
binding motif upstream of the BCO1 gene and suppresses the
intestinal expression of the vitamin A-forming enzyme (35).
Besides BCO1, ISX also controls the expression levels of the
gene encoding the scavenger receptor class B Type 1 (SCARB1)
in the intestine (34,36). The SCARB1 protein localizes to the mem-
branes of the apical surface of absorptive epithelial cells, and its
levels decrease from the duodenum to ileum (37,38). This recep-
tor facilitates the intestinal absorption of various essential diet-
ary lipids including carotenoids and fat-soluble vitamins [for
recent review, see (39)]. Thus, BCO1 activity via ISX signaling
could control SCARB1 activity and be a critical modulator of carot-
enoid and fat-soluble vitamin absorption in the intestine (Fig. 1).

To test this hypothesis, we employed the B-carotene-9,10-di-
oxygenase deficient (Bco2™'~) mouse model recently generated in
our laboratory (40). This enzyme resides in the inner membrane
of mitochondria (41) and was initially cloned from mouse,
human and zebrafish (42). Biochemical studies with the recom-
binant enzyme from mouse and ferret revealed that BCO2 dis-
plays a broad substrate specificity and converts the carotenes,
B-carotene and lycopene as well as the xanthophylls, zeaxanthin
and lutein to apocarotenoid products (40,43,44). Accordingly,
BCO2-deficient mice accumulate xanthophylls in plasma and
peripheral tissues including the retina (40,45). To study xantho-
phyll absorption and body distribution, we crossed the Bco2
knockout allele into the genetic background of the previously de-
scribed Scarb1 ™~ (46), Isx~’~ (36) and Bcol ™~ (47) mouse lines. Our
analyses in respective single and compound mouse mutants re-
vealed that BCO1 is a key component of a diet-responsive regula-
tory network that controls intestinal SCARB1 expression and the
absorption of carotenoids and other lipid-soluble antioxidants.

Results

SCARBI facilitates zeaxanthin uptake and is an ISX target
gene

Previous studies suggest that SCARB1 facilitates the intestinal ab-
sorption of various essential dietary lipids including B-carotene
and tocopherols (39,48,49). However, direct in vivo evidence that
SCARB1 facilitates the uptake of xanthophylls is yet to be pro-
vided. Thus, we established Scarb1™~/Bco2™~ compound mutant
mice by appropriate crossings. We subjected these mice and
Bco2”/~ single mutant control mice to dietary intervention with
zeaxanthin (150 mg/kg). We chose zeaxanthin as a model xan-
thophyll for our studies because mice express a zeaxanthin-bind-
ing protein that may help sequester this lipid in peripheral
tissues including the retina (45). After 10 weeks, mice were sacri-
ficed and serum and liver were collected. HPLC analysis revealed
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Figure 1. Scheme of the putative regulation of intestinal fat-soluble vitamin and
carotenoid absorption by retinoid and ISX signaling. In this process, SCARB1
facilitates the absorption of fat-soluble vitamins and carotenoids. Absorbed
B-carotene is converted to retinal by the enzyme BCO1. Retinal is either
converted to retinyl esters or retinoic acid. Retinyl esters together with fat-
soluble vitamins and carotenoids are packaged into chylomicrons for secretion
into the lymph. Retinoid acid via retinoid acid receptor signaling (RAR/RXR)
induces the expression of the intestine-specific homeobox transcription factor
ISX. ISX is a transcriptional repressor and binds to elements upstream of the
BCO1 and SCARBI genes.

that Scarb1™~ /Bco2 ™/~ compound mutant mice displayed signifi-
cantly lower levels (8-fold and 2-fold in the liver and serum, re-
spectively) when compared with Bco2™~ single mutant mice
(Fig. 2A), indicating that SCARB1 is required for xanthophyll
uptake. As previously described zeaxanthin underwent oxida-
tion and existed in the form of its 3,3’-didehydro-derivative in
mice (40).

The transcription factor ISX has been indicated as key regula-
tor of intestinal SCARB1 mRNA expression (36). To provide evi-
dence for such a role of ISX, we employed the previously
published Isx™~ and Bco2™~ mouse models (36,40) and estab-
lished Isx~/Bco2™~ compound mutant mice by conventional
cross-breeding. Sex- and age-matched mice were then subjected
to avitamin A-sufficient diet (4000 IU vitamin A/kg diet) that con-
tained zeaxanthin (50 mg/kg). Throughout the experimental per-
iod of 10 weeks, no significant differences were observed between
genotypes in food intake and/or weight gain. After 10 weeks,
mice were sacrificed and serum and tissues were collected for
further analyses. We first analyzed by immunoblot analysis
how intestinal SCARB1 protein levels were affected by different
genotypes. For this purpose, we prepared protein extracts from
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Figure 2. SCARBI1 facilitate intestinal xanthophyll uptake, and its expression is regulated by ISX. (A) Serum (top) and hepatic (bottom) levels of 3,3'-didehydrozeaxanthin in
Bco2”/~ and Scarbl™~/Bco2 ™/~ mice fed a zeaxanthin diet free of preformed vitamin A for 10 weeks. (B) Total protein of different mice genotype under zeaxanthin diets was
obtained from jejunum and subjected to immunoblot analysis and subsequently probed with SCARB1 antibodies. Values indicate means + SD of three female mice per
genotype. Mean with different letters (a to c) differ significantly. Statistical significance was assessed by ANOVA followed by Scheffe tests using software origin 9, with

threshold of significance set at P <0.05.

the jejunum of different mice. This analysis demonstrated that
intestinal SCARBI1 protein levels were ~3-fold higher in ISX-defi-
cient mice (Isx™~ single and Isx/~/Bco2™/~ compound mutants)
when compared with ISX-sufficient mice [Bco2™~ single mutant
and wild-type (wt) mice] (Fig. 2B).

We next wondered whether the interaction between ISX and
the SCARB1 gene occurred via direct protein-DNA interaction.
Thus, we searched the SCARB1 promoter for the ISX-binding
motif that we previously identified in the BCO1 gene (35). This
analysis identified a 30-bp-long region ~5 kb upstream of the
translational start site of the SCARB1 gene (Fig. 3A). This putative
ISX-binding region upstream of SCARB1 gene shared 70% se-
quence identity with the ISX-binding motif upstream of the
BCO1 gene (Fig. 3A). The core ISX-binding sequence (8 bp) was
completely conserved in both regions (Fig. 3A, underlined). To
test whether ISX binds to this DNA sequence, we performed elec-
trophoresis mobility shift assay (EMSA). We tested biotin-labeled
DNA fragments containing the putative ISX-binding motif (frag-
ment 2) or the upstream and downstream flanking DNA regions
(fragments 1 and 3). These experiments revealed that recombin-
antISX protein bound specifically to fragment 2 that harbored the
ISX-binding motif. No binding was observed with fragments 1
and 3 (Fig. 3B). To confirm that the binding of ISX to DNA frag-
ment 2 was specific, we added a molar excess of unlabeled frag-
ment 2 as competitor. Almost complete competition was
observed at 200-fold molar excess of the none-labeled DNA frag-
ment (Fig. 3B, far right lane). To further confirm the specificity of
ISX binding, we incubated the biotin-labeled fragment 2 with a
molar excess of unlabeled DNA containing the ISX-binding
motif of the murine BCO1 gene (35). Again, the unlabeled DNA
fragment competed for binding of ISX protein, indicating that

ISX binding to DNA fragment 2 depends on the identified motif
(Fig. 3C, Lanes 7 and 8).

The Isx genotype impacts zeaxanthin absorption

Next, we determined the effect of the ISX genotype on zeax-
anthin serum and tissue levels in different mouse lines. HPLC
analysis revealed that Isx”/~ and Bco2™~ single mutant as well
as Isx/~/Bco2 ™~ compound mutant mice displayed higher carot-
enoid serum levels when compared with wt mice (Fig. 4A). Inter-
estingly, parent zeaxanthin was the major compound in serum of
Isx™~ mice, whereas 3,3'-didehydrozeaxanthin was the predom-
inant form of this xanthophyll in Bco2™~ and Isx/~/Bco2™'~ mice.
When we analyzed the livers, only Bco2~~ and Isx™~/Bco2™/~ mice
accumulated large amounts of zeaxanthin in the form of 3,3'-di-
dehydro-derivative. Despite high serum levels of zeaxanthin, no
hepatic accumulation of xanthophyll was found in Isx/~ mice.
These mice displayed similar low levels of hepatic carotenoid le-
vels as wt mice (Fig. 4B). Thus, we concluded that zeaxanthin ab-
sorption into the circulation is enhanced in ISX deficiency
through increased intestinal SCARB1 expression. Tissue accumu-
lation of this xanthophyll, however, only occurred in BCO2
deficiency and was accompanied by the oxidation of the
parent zeaxanthin to its 3,3’-didehydro-derivative. Accordingly,
Isx™/~/Bco2™/~ compound mutant mice with enhanced absorption
and tissue accumulation showed the highest levels of hepatic
xanthophylls. Similar results were found when we analyzed the
gonadal white adipose tissue (WAT) (Fig. 5A). However, additional
peaks beside the previously identified metabolite: 3,3'-didehy-
drozeaxanthin (40) appeared in the chromatogram. We per-
formed LC-MS/MS analyses to identify the chemical identity of
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Figure 3. ISX protein binds to the SCARB1 promoter fragment. (A) The mouse SCARB1 gene is flanked by a putative ISX-binding site, which shows ~70% sequence homology
to the previously identified ISX-binding site upstream if the BCO1 gene. Nucleotide sequence similarities between the putative ISX-binding sites upstream of the BCO1 and
SCARB1 genes are underlined. Genomic DNA was isolated from mouse intestine and using primer pairs listed in Materials and Methods. Three overlapping fragments (F1-
F3) were amplified as indicated in Materials and Method. Individual DNA fragment sizes ranged from ~540 to 730 bp. The 8-bp core ISX-binding nucleotide sequence within
fragment 2 (5147 to —5140) is underlined. Individual SCARB1 fragment sizes and positions are given relevant to the SCARB1 ATG start site. (B and C), in EMSA, individual
biotin-labeled SCARB1 fragments were incubated with supernatant protein fraction of BL21 cells that expressed recombinant ISX. SCARB1 fragment F2 shifted in the
presence of protein extracts containing ISX protein as indicated by the arrow. No such shift in electro-mobility was observed with fragments 1 and 3 (F1 and F3).
Unlabeled SCARB1 fragment 2 [S0-200 molar (M) excess] competed with the ISX binding, as shown in the right most lanes of the EMSA gels. Unlabeled SCARB1
fragment 2 and/ or unlabeled BCO1 fragment containing the previously identified ISX-binding nucleotide sequence competed with ISX binding to labeled SCARB1
fragment 2. M represents molar excess concentrations of unlabeled fragments as indicated. In all EMSAS, biotin-labeled SCARB1 promoter fragments (+ISX protein)
were resolved on 6% PAGE gels, and labeled fragments were visualized by chemo-luminescence. The figures shown are representatives of images from at least two
independent experiments using different ISX protein crude extract preparations.

these compounds. These zeaxanthin metabolites had a molecu-
lar mass of 562.33 Da (m/z =563.33 MH*) and thus had lost six
mass units when compared with parent zeaxanthin. Based on
the characteristic absorbance spectrum and molecular mass
(50), they were identified as 3,3’-didehydro-4,5'-retro-zeaxanthin
(Fig. 5B). This newly identified zeaxanthin metabolite displayed
identical spectral characteristics and molecular mass as rhodox-
anthin. This carotenoid has been previously described in several
birds and fishes (50).Thus, zeaxanthin, after being fed to mice,
went through further metabolic transformations (retro re-
arrangement and oxidation) in WAT resulting in rhodoxanthin
production.

BCO1 controls xanthophyll absorption

SNPs in the human BCO1 gene have been associated with circu-
lating carotenoid levels and macular pigment optical density
(20-22). This association could be explained by a responsiveness
of carotenoid absorption to diet (34). In this process, BCO1-de-
pendent retinoid production via retinoid signaling may impact
intestinal ISX mRNA expression. In turn, ISX would suppress

SCARBI1 activity and carotenoid absorption. To test this putative
interaction, we employed Bcol™~ and Bco2 ™~ mice as well as the
corresponding compound mutant mice (Bcol™~/Bco2™/7) (51).
Age- and sex-matched animals were fed a diet that contained
both zeaxanthin and B-carotene (75 and 25 mg/kg for each carot-
enoid, respectively). Except for p-carotene, the diet contained
no other source for vitamin A. After 10 weeks, mice were sacri-
ficed and serum and tissues were collected. HPLC analysis re-
vealed that serum and liver levels of B-carotene were highest
in Bcol™" single and Bcol™~/Bco2™/~ compound mutant mice
(Fig. 6A), indicating that p-carotene accumulated in a BCO1-
dependent fashion. HPLC analyses for zeaxanthin showed that
this xanthophyll accumulated BCO2 dependently (Fig. 6B).
These findings confirmed that BCO1 and BCO2 are the major
metabolizing enzymes for p-carotene and zeaxanthin, respect-
ively. The genetic inactivation of both the BCO1 and BCO2
genes had a striking effect on zeaxanthin accumulation. The
compound mutant mice displayed ~12- and 8-fold higher levels
of xanthophylls than the BCO2 single mutant mice in serum and
liver, respectively (Fig. 6B). The effect of BCO1 genotype on xan-
thophyll accumulation could be explained by the conversion of
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Figure 4. ISX genotype impacts zeaxanthin absorption. Wild type, Bco2™~, Isx™/~, and Isx~/Bco2™/~ mice were fed for 10 weeks a zeaxanthin diet based on AIN93G.
(A) Serum levels of 3,3'-didehydrozeaxanthin (blue bars) and parent zeaxanthin (orange bars) (left). HPLC profile at 450 nm of serum extracts from Bco2 ™~ (black line),
Isx”/~ (blue line) and Isx/~/Bco2™/~ (red line). The inset shows the chemical structure of 3,3'-didehydrozeaxanthin (blue highlight) and parent zeaxanthin (orange
highlight) (right). (B) Hepatic levels of 3,3'-didehydrozeaxanthin (blue bars) and parent zeaxanthin (orange bars). The inset shows the liver of Isx”/~/Bco2™~ mice (left).
HPLC profile at 450 nm of hepatic lipid extracts from Bco2™/~ (black line), Isx/~ (blue line) and Isx”~/Bco2~/~ (red line). The inset reveals the spectral characteristics of
the 3,3’-didehydrozeaxanthin (blue highlight) peak and parent zeaxanthin (orange highlight) peak (right). Values indicate means + SD from at least five female mice
per serum or tissue and genotype. Mean with different letters (a to c) differ significantly. Statistical significance was assessed by one-way ANOVA followed by Scheffe

tests using software origin 9, with threshold of significance set at P <0.01.

B-carotene to retinoids. In turn, retinoids induce ISX expression
that suppresses intestinal SCARB1 expression and carotenoid
absorption. Hence, we prepared protein extract from the je-
junum of different mouse strains and performed immunoblot
analysis for ISX and SCARB1. This analysis revealed that the pro-
tein levels of ISX were BCO1 dependently increased, and on the
contrary, SCARB1 protein levels were BCO1 dependently de-
creased (Fig. 6C). Thus, we provided evidence that intestinal
BCO1 activity impacts intestinal zeaxanthin absorption via ret-
inoid and ISX signaling.

The ISX genotype affects fat-soluble vitamin status more
generally

Evidence has been provided that SCARB1 also facilitates the
intestinal absorption of other fat-soluble vitamins including
tocopherols (39,49). Additionally, intestinal overexpression of
SCARBI1 in a transgenic mouse model revealed increased ab-
sorption of dietary lipids including fatty acids and cholesterol
(52). As ISX controls intestinal SCARB1 activity, we next ana-
lyzed whether ISX deficiency affected fat-soluble vitamins and
lipid status more generally. For this purpose, we analyzed wt,
Bco2~/~, Isx~/~ and Isx/~/Bco2 ™~ mice raised on a AIN93G diet
containing 75 IU vitamin E/kg diet supplemented or not sup-
plemented with zeaxanthin (50 mg/kg). Consistent with the

ISX-dependent suppression of intestinal SCARB1 gene ex-
pression, the hepatic o-tocopherol was about 2-fold elevated
in compound mutant mice when compared with wt mice
(Fig. 7A). The Isx single-knockout mice also displayed higher
levels but less pronounced than in compound mutant mice.
This difference in a-tocopherol levels was not dependent on
zeaxanthin status of the diet. Accordingly, SCARB1 protein
was also ISX dependently elevated in mice fed the zeax-
anthin-free diet (Fig. 7B). Total liver cholesterol (Fig. 7C) was not
altered dependently on the genotype and diet. Triacylglycerol
level (Fig. 7D) of all mutants mice fed the zeaxanthin diet
were lower when compared with wt mice. However, this finding
was not reproduced in the mice fed the zeaxanthin-free diet.
No significant differences between diets and genotypes were
found in serum cholesterol (Fig. 7E) and triacylglycerol levels
(Fig. 7F).

The BCO1 and ISX genotypes affect xanthophyll
homeostasis of the eyes

Since genetic variability in the BCO1 gene is not only associated
with plasma carotenoid levels but also with macular pigment op-
tical density in humans (20,21), we next analyzed whether the ISX
and BCO1 genotypes affected ocular carotenoid homeostasis in
the BCO2-deficient mouse model. Hence, we performed HPLC
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analyses with whole eyes and isolated retinas of Bcol™~, Bco2 ™~ feeding. If increased intestinal absorption via SCARB1 accounts
and Bcol™/Bco2™~ mice supplemented with B-carotene and for increased ocular xanthophyll levels, Isx~~/Bco2™/~ mice
zeaxanthin together (see above). Xanthophylls were detectable should display significantly higher levels when compared with
in the eyes of Bco2™~ mice and Bcol™~/Bco2™/~ mice but not in Bco2 ™'~ mice. In fact, HPLC analyses confirmed this assumption
Bcol™~ mice (Fig. 8A). Notably, most of zeaxanthin existed in by showing 3-fold higher amounts of xanthophyll in the
the form of its 3,3'-didehydro-derivative in the eyes. Again, the Isx™/~/Bco2™’~ compound mutant when compared with Bco2™/~
BCO1 genotype had a strong impact on this accumulation. single mutant. Again, zeaxanthin existed mainly in the form of
Bcol™/~/Bco2™/~ mice showed 8-fold higher levels of xanthophylls its 3,3’-didehydrozeaxanthin derivative (Fig. 8B). Thus, we con-
than Bco2™/~ single mutants. A similar picture emerged when we cluded that augmented intestinal absorption results in signifi-
analyzed the xanthophyll content of the retinas of these mice. cantly increased levels of ocular xanthophyll.
Though the overall xanthophyll content was significantly lower To analyze whether gross xanthophyll accumulation had
when compared with the whole eyes, Bcol™/Bco2™~ mice dis- adverse effects on the mouse eyes, we performed scanning
played significantly higher levels of this compound in the retina laser ophthalmoscopy (SLO) and optical coherence tomography
than Bco2™~ mice. (OCT) analyses. These analyses revealed that the overall
To analyze directly whether the ISX genotype determines morphology of different retinal layers was not affected by xan-
ocular carotenoid levels, we measured ocular xanthophyll levels thophyll accumulation (Fig. 8C). Additionally, the RPE, choroid

in Isx™/~, Bco2 ™~ and Isx/~/Bco2 '~ mice subjected to zeaxanthin and retinal vascularization appeared normal in these mice.
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Figure 6. BCO1 controls xanthophyll absorption. Bcol ™, Bco2™~ and Bcol ™ ~/Bco2 ™'~ mice were fed for 10 weeks a zeaxanthin and p-carotene mixed diet, with the vitamin A
source solely from p-carotene. (A) Serum (left) and hepatic (right) levels of p-carotene. (B) Serum (left) and hepatic (right) levels of 3,3'-didehydrozeaxanthin (gray bars) and
zeaxanthin (black bars). Values indicate means + SD from at least five female mice per serum or tissue and genotype. Mean with different letters (a to b) differ significantly.
Statistical significance was assessed by one-way ANOVA followed by Scheffe tests using software origin 9, with threshold of significance set at P <0.05. (C) Total protein
of these different mice genotype was obtained from jejunum and subjected to immunoblot analysis and subsequently probed with ISX (left) and SCARB1 (right) antibodies.

B-actin served as a loading control.

Furthermore, xanthophyll accumulation did not disturb ocular
retinoid metabolism and the visual cycle as indicated by a nor-
mal retinoid composition of the eyes (Fig. 8D).

Discussion

Oxidative stress has been related to chronic disease including
cardiovascular disease, cancer and ocular diseases. Dietary anti-
oxidants such as carotenoids and tocopherols can scavenge free
radicals and reactive oxygen species thereby delaying disease
onset and progression. Surprisingly, the plasma and tissue con-
centration of these lipids are highly variable between individuals
and only weakly correlate with dietary intake. Genome-wide and
candidate gene association studies in various large cohorts indi-
cate that genetic polymorphism in the BCO1 gene affects plasma
and tissue levels of carotenoids. Here, we showed by genetic dis-
section in mouse models that fat-soluble vitamin and carotenoid
absorption is a regulated process and that intestinal BCO1 activ-
ity is a critical control element in this regulation. Thus, our
studies provide a molecular framework for the controversial

relationship between genetics and fat-soluble vitamin status in
the human population.

BCO1 is a key component of a regulatory network that
controls fat-soluble vitamin and carotenoid absorption

Previously, we provided evidence that intestinal vitamin A produc-
tion is under negative feedback regulation. In this process, the
homeobox transcription factor ISX suppresses the intestinal ex-
pression of the vitamin A forming enzyme BCO1 through a cross-
talk between retinoid and ISX signaling (34,35) (Fig. 1). ISX is a
homeobox transcription factor that is expressed in the epithelia
of the intestine already early in gut development (36,38). In tran-
scriptome analysis, the scavenger receptor SCARB1 also was iden-
tified as a target gene of ISX signaling (36,38). However, it has been
not demonstrated that ISX controls intestinal SCARB1 activity. We
here showed that SCARB1 protein levels are elevated in the intes-
tine of Isx/~ mice. We further provide evidence that the interaction
between ISX and the SCARB1 gene is direct as indicated by EMSA
experiments (Fig. 3). The identified ISX-binding site upstream of
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subjected to immunoblot analysis and subsequently probed with SCARB1 antibodies (B), hepatic total cholesterol (C) and triacylglycerol (D), and serum levels of
cholesterol (E) and triacylglycerol (F). Values indicate means+SD from at least three female mice per tissue and genotype or five female mice per serum and
genotype. Mean with different letters (a to c) differ significantly. Statistical significance was assessed by one-way ANOVA followed by Scheffe tests using software
origin 9, with threshold of significance set at P <0.05.

the SCARB1 gene shared sequence identity with identified binding
site upstream of the BCO1 gene and competed for ISX binding in
EMSA experiments. Consistent with its role as transcriptional re-
pressor, binding of ISX to this site was sufficient to suppress the

expression of a reporter gene in human Caco-2 cells (35), indicating
that the binding site is part of a repressor element.

SCARB1 was first described as a critical component of choles-
terol transport from circulating high-density lipoproteins (53).
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Over the years, experimental evidence accumulated that SCARB1
also mediates cellular uptake of other isoprenoid compounds in-
cluding tocopherols and carotenoids (reviewed in 39). Here, we
performed a genetic approach to show that SCARB1 deficiency re-
duced xanthophyll absorption in the intestine (Fig. 2). Converse-
ly, we demonstrated that increased intestinal SCARB1 protein
levels in ISX deficiency were correlated with increased xantho-
phyll absorption levels of mice (Fig. 4). Our studies further
showed that ISX controlled xanthophyll absorption whereas
BCO2 controlled xanthophyll levels in tissues. Accordingly, the
loss of both components led to enhanced xanthophyll absorption
and tissue accumulation as seen in the double-knockout mice
(Figs 4 and 5). We identified BCO1 as key component for this

regulation. For these experiments, we employed mice deficient
for BCO1 and BCO2 or either carotenoid oxygenase (Fig. 6). We
subjected these mice to a diet providing zeaxanthin and p-caro-
tene together. Analysis in different genotypes revealed that p-
carotene and zeaxanthin accumulated in Bcol™~ and Bco2™/~
mice, respectively. The BCO1 genotype had a tremendous effect
on zeaxanthin accumulation as seen in the double-knockout
mice. These mice displayed significantly higher levels of xantho-
phyll in tissues than Bco2™~ single-knockout mice (Fig. 6). The
impact of BCO1 on zeaxanthin tissue levels is in accordance
with B-carotene-dependent retinoid signaling that controls ISX
expression in the intestine. In fact, ISX protein was present
in the intestine of Bco2™~ mice but was below detection levels



in Bcol™~ mutants and double mutants that cannot convert
B-carotene to retinoids (Fig. 6). Again, SCARB1 protein levels
were dependent on ISX and showed the opposite pattern of
expression. In contrast to the effect of BCO1l on zeaxanthin
metabolism, BCO2 had no effect on B-carotene metabolism,
thus confirming previous studies of our laboratory (51). Thus,
our studies in mouse models indicated that the interaction
between BCO1 and xanthophyll metabolism is indirect and relied
on the role of retinoids in the control of intestinal ISX activity
which controls SCARB1 expression levels and carotenoid
absorption.

Our study also revealed that the ISX-dependent regulation
of intestinal SCARB1 activity affected tocopherol levels in tissues
of mice (Fig. 7). However, the difference between hepatic
a-tocopherol levels in ISX deficient and sufficient animals
was not as pronounced as for carotenoids. The milder effect of
ISX deficiency on tocopherol levels might be explained by
additional proteins that contribute to the intestinal absorption
of this vitamin. These proteins may include ABC transporters
and Nieman Pick C1-like 1 protein (54). In contrast to tocopherols
and carotenoids, cholesterol levels in plasma and liver were not
affected by the ISX genotype (Fig. 7). This observation confirmed
a previous study that reports that ISX deficiency has no major
impact on cholesterol homeostasis of mice (36).

Individual genetics can affect the response to dietary
carotenoids

In humans, carotenoid and tocopherol plasma and tissue levels
are variable and weakly correlate with dietary intake (19,55-57).
The identification of molecular components of the path for fat-
soluble vitamin and carotenoid absorption and metabolism
revealed that genetics contributes to this variability (20-23). Com-
mon genetic polymorphisms in identified genes are associated
with carotenoid and tocopherol plasma and tissue levels. The
ISX-dependent regulation of carotenoid absorption and metabol-
ism adds an additional layer to the complexity of this phenom-
enon. The relevance of this regulation for human physiology
has just been indicated by the finding that genetic polymorphism
in ISX gene affects the bioavailability of the carotenoid lutein (55).
In previous studies, the BCO1 and SCARB1 genes already have
been associated with plasma levels of xanthophylls and macular
pigment optical density (20-23). Our genetic analyses in mice
provide a mechanistic explanation how intestinal BCO1 activity
can affect xanthophyll plasma and tissue levels though these
compounds are no substrates for the enzyme. As we showed
here, BCO1-dependent retinoid production from p-carotene
controlled xanthophyll absorption via ISX. This control did not
only affect plasma but also ocular levels of carotenoids in the
BCO2-deficient mouse model. Ocular levels of zeaxanthin and
its 3-oxo-metabolites were 8-fold higher in Bcol™~/Bco2™~ com-
pound mutants as compared with Bco2™/~ single mutants
(Fig. 8). Consistently, ocular xanthophyll levels were also higher
in Isx/"/Bco2™~ compound mutant mice when compared with
Bco2™/~ mice (Fig. 8). Notably, genetic polymorphisms in the
BCO1 gene also have been associated with a higher risk of the
blinding disease AMD (22), thus adding to the emerging body of
evidence for a retinal protective role of carotenoids. However,
this role of carotenoids is rather an assumption than an experi-
mentally proven fact. Testing this hypothesis was hampered by
the lack of small mammalian models with a carotenoid-rich ret-
ina. The generation of mouse models with a carotenoid-rich ret-
ina will allow us to evaluate the retinal protective role of these
pigments in an animal model with striking similarity to humans
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in anatomy, physiology and genetics. Though there are clear lim-
itations such as absence of a cone-rich fovea centralis, these
mouse models will allow exploring the role of carotenoids in ocu-
lar disease states related to oxidative stress and inflammation.

In conclusion, we provide evidence in mice that the homeo-
stasis of carotenoids and fat-soluble vitamins A and E is subject
to regulation at the level of intestinal absorption and identified
ISX, SCARB1 and BCO1 as key components for this process. The
existence of common genetic polymorphisms in these genes
and their association with plasma and tissue levels of these com-
pounds in humans demonstrate the clinical significance of our
findings. As human longevity and nutritional technology in-
crease, an improved understanding of the regulatory principles
governing the homeostasis of ‘tissue protective’ carotenoids
and fat-soluble vitamins will become a necessity. This knowl-
edge will help to appraise the consequences of common genetic
variability and eventually lead to personalized recommenda-
tions for nutrition/supplementation.

Materials and Methods

Animals, husbandry and experimental diets

Animal procedures and experiments were approved by the Case
Western Reserve University Animal Care Committee and con-
formed to recommendations of both the American Veterinary
Medical Association Panel on Euthanasia and the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research.
Animal experiments were carried out using 5-week-old female
Bco2~/~, Isx™/~, Isx/~/Bco2~/~ and wt control mice. All mice were
on a C57/BL6;129Sv mixed genetic background. The generation
of Bco2™/~ and Isx’~ mice has been previously described (36,40).
Double-knockout Isx~/Bco2~~ mice were established by conven-
tional cross-breeding. In all experiments, mice were maintained
at24°Cina12- to 12-hlight-dark cycle and had free access to food
and water. During the breeding and weaning periods (up to 5
weeks of age), mice were maintained on breeder chow containing
~29 000 IU vitamin A/kg diet (Prolab RMH 3000; LabDiet, St. Louis,
MO, USA). After 5 weeks of age, mice were fed experimental diet
based on AIN93G formulation containing 4000 IU vitamin A/kg
diet with added zeaxanthin or placebo beadlets as the control
diet for 10 weeks. The zeaxanthin diet contained 50 mg zeax-
anthin/kg diet. This diet was prepared by Research Diets, Inc.
(New Brunswick, NJ, USA) by incorporating a water-soluble for-
mulation of zeaxanthin or placebo beadlets (DSM Ltd., Sisseln,
Switzerland). After 10 weeks of dietary intervention, mice were
fasted overnight and anesthetized by intraperitoneal injection
of a mixture containing ketamine 15 mg, Xylazine 3 mg, Acepro-
mazine 0.5 mg and sterile water or saline, with a dose of 0.2 ml/
25 gof mouse. Blood was drawn directly from the heart by cardiac
puncture under deep anesthesia. Mice were then perfused with
20 ml of PBS (137 mm NaCl, 2.7 mm KCl, 4.3 mMm Na,HPO,, 1.4 mmMm
KH,PO,4, pH 7.3) and killed by cervical dislocation for further
tissue collection. To provide in vivo evidence that SCARB1 facili-
tates the uptake of xanthophylls, we produced double-knockout
Scarb1™~/Bco2™/~ mice by conventional cross-breeding. Scarb1™/~
mice (B6;12952-Scarb1™)) were obtained from Jackson
laboratory (stock number 003379). The dietary intervention was
performed as described earlier with an experimental diet contain-
ing zeaxanthin (150 mg/kg diet) with no source for preformed vita-
min A. Sex- and age-matched Bco2™~ mice were used as controls.
To confirm that BCO1 impacts xanthophyll absorption, we carried
out a dietary intervention study. We used 5-week-old female
Bcol™~, Bco2™’~ and Bcol™~/Bco2™/~ mice with a C56/BL6;129Sv
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mixed genetic background. The generation of Bcol™~, Bco2™~ and
Bcol™~/Bco2™/~ has been previously described (40,47,51). All other
conditions were the same as per above, except that mice were
fed an experimental diet containing a mixture of B-carotene and
zeaxanthin (25 and 75 mg/kg diet for each carotenoid, respective-
ly) for 10 weeks. The diet contained no other source of vitamin A
except for B-carotene.

Immunoblotting

Immunoblot analysis was used to determine SCARB1 and ISX
protein levels of the small intestine (jejunum) from each
mouse. Tissues samples were homogenized in M-PER mamma-
lian protein extraction reagent (Thermo Scientific, Marietta, OH,
USA) following the manufacturer’s instructions. Total protein
concentration in the tissue extract was determined using the
Bio-Rad protein assay. Based on the method of Bradford (Bio-
Rad Laboratories, Hercules, CA, USA), 25 pg of total protein was
loaded per lane and separated by SDS-PAGE and then electro-
blotted onto PVDF membranes (Bio-Rad Laboratories). Mem-
branes were blocked with fat-free milk powder (5% w/v) dissolved
in Tris-buffered saline (15 mm NaCl and 10 mwM Tris-HCl, pH 7.5)
containing 0.05% Tween-20 (TBS-T), washed and incubated over-
night at 4°C with the goat SCARB1 antibody (NB400-131 from
Novus Biologicals, LLC., Littleton, CO, USA) or the rabbit ISX anti-
body (sc-86151 from Santa Cruz Biotechnology) with a 1: 1000 di-
lution followed by horseradish peroxidase-conjugated anti-goat
IgG (172-1034) or anti-rabbit IgG (170-6515) (Bio-Rad Laborator-
ies), respectively, at a dilution of 1:5000 and then visualized
using an ECL chemiluminescent detection kit (K-12042-D10
from Advansta, Inc., Menlo Park, CA, USA). B-Actin antibody
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at a dilution of
1:10000 served as a loading control.

HPLC separation of carotenoids

Carotenoids were extracted from tissues of mice (n=5 per geno-
type and diet) under a dim red safety light (600 nm) and quanti-
fied by HPLC. Briefly, 75 mg of liver or 100 pl of serum were
extracted using 300 pl of methanol, 600 pl of acetone, 300 pl of di-
ethyl ether and 400 pl of hexane. The organic phase was removed
and the extraction was repeated with additional 500 pl of hex-
anes. After centrifugation, organic layers were collected, pooled
and dried in a SpeedVac (Eppendorft, Hamburg, Germany) at
30°C and re-dissolved in HPLC mobile-phase solvent. For saponi-
fication, gonadal WATs were homogenized in 200 pl of 30% KOH
in water then incubated with 100 pl of 12% pyrogallol (Sigma) in
ethanol and 1 ml ethanol for 1 h at 60°C. After saponification,
2 ml of ethanol and 2 ml of H,O were added and samples were ex-
tracted twice with 3 ml of diethyl ether/hexane (2: 1, stabilized
with 1% ethanol). The organic layers were collected, pooled and
evaporated in a SpeedVac (Eppendorf, Hauppauge, NY, USA)
until near dry. The second extraction solution was then added
to the near dry solution. The extraction solution was composed
of 200 pl of water, 200 pl of methanol, 400 pl of acetone, 250 pl
of diethyl ether and 400 pl of hexane. The organic phase was
then removed, and the extraction was repeated with 500 pl of
hexanes. After centrifugation, organic layers were collected,
pooled and dried in a SpeedVac (Eppendorf) at 30°C and re-dis-
solved in HPLC mobile-phase solvent. The HPLC analysis was car-
ried out with an Agilent 1260 Infinity Quaternary HPLC system
(Santa Clara, CA, USA) equipped with a pump (G1312C) with an
integrated degasser (G1322A), a thermostated column compart-
ment (G1316A), an autosampler (G1329B), a diode-array detector

(G1315D) and online analysis software (Chemstation). The ana-
lyses were carried out at 25°C using a normal-phase Zorbax Sil
(5 um, 4.6 x 150 mm) column (Agilent Technologies, Santa Clara,
CA, USA) protected with a guard column with the same station-
ary phase. For xanthophyll separation, 30% of ethyl acetate was
mixed with 70% hexane. For B-carotene separation from the tis-
sues of mixed-diet mice, a step gradient of 1% ethyl acetate in
hexane over 5 min followed by 10 min with 10% ethyl acetate in
hexane and then 15 min with 40% ethyl acetate in hexane was
used. In both cases, the flow rate was 1.4 ml/min. For molar quan-
tification of carotenoids by UV/Vis absorbance, the HPLC was
scaled with zeaxanthin and p-carotene standards.

Tandem mass spectrometry (MS/MS)

Carotenoids and their metabolites were extracted and separated
on an 1100 Agilent HPLC series equipped with diode-array detect-
or and Zorbax Sil (5 pm, 4.6 x 150 mm) column (Agilent), equili-
brated with 30% ethyl acetate in hexane as described earlier.
The elute at a flow rate of 1.4 ml/min was directed into an LXQ lin-
ear ion trap mass spectrometer (Thermo Scientific, Waltham,
MA, USA) through atmospheric pressure chemical ionization
source working in the positive mode. To ensure optimal sensitiv-
ity, the instrument was tuned for zeaxanthin.

HPLC separation of a-tocopherol

HPLC analyses for a-tocopherol were carried out with the same sys-
tem as described earlier except that the mobile phase was hex-
ane: 2-propanol (99.2:0.8, v/v). The flow rate was 1.0 ml/min.
For the quantification of molar amounts, the HPLC system was
scaled with (z)-a-tocopherol. (+)-a-tocopherol (T3251) was obtained
from Sigma-Aldrich.

ISX protein extracts for DNA-binding assays

ISX protein was obtained by the transformation of Escherichia Coli
BL21 cells with a bacterial expression vector containing the full-
length mouse ISX cDNA (pTrcHis2-WT-ISX) previously described
(35). Expression of ISX protein in different supernatant and pellet
fractions were determined by immunoblot analysis using an
anti-His antibody (Qiagen, Inc., Valencia, CA, USA). In subsequent
EMSAs, ISX protein in the supernatant fractions was used.

Cloning of the ISX-binding site upstream of the SCARB1
gene

The 5-upstream region of the mouse SCARB1 gene (-6.4 to
—4.5 kb, relevant to the SCARB1 ATG start site) was subdivided
into three overlapping DNA fragments (~540-730 bp in length).
Each fragment was PCR-amplified with genomic DNA isolated
from mouse intestine as template and oligonucleotide primer
pairs as follows: for SCARB1 fragment-1 (635 bp): SCARB1fragl-1-
Fwd 5 GCAGTGTAACCTCTCCTCTGT 3’ and SCARB1-frag-1-Rev 5’
TAAAGACCCAAGTCCTTGCT GT 3’; for Scarbl fragment-2
(730 bp): SCARB1-frag-2-Fwd 5’ GCCCATTGGCTTCCTGCTGA GT
3" and SCARB1-frag-2-Rev 5" ACCCTGGTGTGTCTGAAGACAGC 3/;
for SCARB1-fragment-3 (539 bp): SCARB1-frag-3-Fwd 5" GCATGG
TGGCACACACCTTGAA 3’ and SCARB1-frag-3-Rev 5 AGAAACTGC
TGAGGGCTGAGC 3’ by using PCR conditions as described previ-
ously (35,58). SCARB1-fragment 2 (nucleotides —5760 to —5030)
contained a putative ISX-binding site, with high sequence iden-
tity to the ISX-binding site upstream if the BCO1 gene (35).
SCARB1 promoter fragments 1 and 3 (lacking the consensus
ISX-binding sequences) flanked the SCARB1-fragment 2 and
served as controls in EMSA experiments. The individual SCARB1



fragments were cloned into the pTrcHis2 TOPO TA vector accord-
ing to the manufacturer’s protocols (Invitrogen, Carlsbad, CA,
USA). Appropriate construction and cloning of SCARB1 promoter
fragments were confirmed by direct sequencing of both nucleo-
tide strands.

Biotin 3’ end DNA labeling of individual SCARB1 promoter
fragments

The three individual SCARB1 fragments cloned into the pTrcHis2
TOPO TA vector were excised with Ncol and EcoRI restriction en-
zymes (New England BioLabs, Inc., Ipswich, MA, USA). Restricted
SCARBI1 fragments were gel-purified (Qiagen, Inc.) and eluted in
Tris-EDTA (TE) buffer. Following purification, individual SCARB1
DNA fragments were labeled using the non-isotopic Biotin 3
End DNA labeling kit as outlined by the manufacturer (Pierce/
Thermo Scientific, Rockford, IL, USA).

Electrophoresis mobility shift assays

Electrophoresis mobility shift assays were carried out according
to published procedures (35,59). Briefly, biotin-labeled SCARB1
fragments 1, 2 and 3) were incubated for 10 min at room tempera-
ture (RT) with crude ISX protein extract from BL21 cells in EMSA
buffer containing 10 mMm Tris-HCI, pH 7.5, 50 mM NaCl, 3 mm
MgC1,, 1 mmM EDTA and 10% glycerol. 6% non-denaturing poly-
acrylamide gels (PAGE) in 0.5x TBE buffer were pre-electrophor-
esed for 30 min at RT. Protein-DNA complexes were then
separated from unbound DNA on these 6% PAGE gels for 45—
60 min at RT. The PAGE gels containing protein-DNA complexes
were then transferred on to positively-charged nylon mem-
branes (Biodyne B membranes, Thermo Scientific) using the
Bio-Rad mini-gel transfer apparatus in 0.5x TBE buffer. Nylon
membranes were incubated with streptavidin-HRP and chemilu-
minescent substrate reagents (Pierce ECL from Thermo Scientific)
followed by exposure and visualization complexes by X-ray film
exposure. To prevent nonspecific binding of proteins to biotin-la-
beled DNA fragments, the synthetic heteropolymer poly dI-dC
was added at a concentration of 2 pg/ul per reaction. To confirm
that the observed protein-DNA complexes resulted from specific
binding, a 100-fold molar excess of the corresponding unlabeled
SCARBI1 fragments was added to compete with nonspecific pro-
tein-DNA binding. All EMSA images in relevant figures are repre-
sentative of at least two independent experiments.

SD-OCT and fundus acquisition

With pupils fully dilated with 1% tropicamide (Falcon Pharma-
ceuticals, Fort Worth, TX, USA), mice were anesthetized with an
intraperitoneal injection a mixture containing ketamine 15 mg,
Xylazine 3 mg, Acepromazine 0.5 mg and sterile water or saline,
with a dose of 0.2 ml/25 g of mouse. Whiskers were trimmed
carefully to avoid image artifacts. OCT images were acquired
with linear B-scan mode by employing ultra-high-resolution
SD-OCT (Bioptigen).

Mouse fundus imaging was then performed with a cSLO
(SpectralisHRA2, Heidelberg Engineering, Heidelberg, Germany)
with a 55° lens. The near infrared reflectance image (IR mode,
820 nm laser) was used to align the fundus camera relative to
the pupil to obtain an evenly illuminated fundus image.

Statistical analyses

Results are presented as means + SD, and the number of experi-
ments is indicated in the figure legends. The analysis technique
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was not sensitive enough to detect data point denoted ‘n.d.’ (not
detected) so the value of these points was forced to zero. Statistical
significance was assessed by one-way analysis of variance
(ANOVA) followed by Scheffe test tests using software origin 9
(OriginLab Corporation, Northampton, MA, USA), with threshold
of significance set at P <0.05.
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