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Abstract

Mammals and higher vertebrates including humans have only three members of the carotenoid
cleavage dioxygenase family of enzymes. This review focuses on the two that function as
carotenoid oxygenases. B-Carotene 15,15’-dioxygenase (BCO1) catalyzes the oxidative cleavage
of the central 15,15 carbon-carbon double of B-carotene bond by addition of molecular oxygen.
The product of the reaction is retinaldehyde (retinal or B-apo-15-carotenal). Thus, BCOL1 is the
enzyme responsible for the conversion of provitamin A carotenoids to vitamin A. It also cleaves
the 15,15’ bond of B-apocarotenals to yield retinal and of lycopene to yield apo-15-lycopenal.
B-Carotene 9’,10°-dioxygenase (BCO2) catalyzes the cleavage of the 9,10 and 9°,10” double bonds
of a wider variety of carotenoids, including both provitamin A and non-provitamin A carotenoids,
as well as the xanthophylls, lutein and zeaxanthin. Indeed, the enzyme shows a marked preference
for utilization of these xanthophylls and other substrates with hydroxylated terminal rings. Studies
of the phenotypes of BCO1 null, BCO2 null, and BCO1/2 double knockout mice and of humans
with polymorphisms in the enzymes, has clarified the role of these enzymes in whole body
carotenoid and vitamin A homeostasis. These studies also demonstrate the relationship between
enzyme expression and whole body lipid and energy metabolism and oxidative stress.

In addition, relationships between BCO1 and BCO2 and the development or risk of metabolic
diseases, eye diseases and cancer have been observed. While the precise roles of the enzymes
in the pathophysiology of most of these diseases is not presently clear, these gaps in knowledge
provide fertile ground for rigorous future investigations.

1. INTRODUCTION

1.1. Historical Background

Early studies on carotenoid metabolism in animals focused on provitamin A carotenoids
and their enzymatic conversion to vitamin A. The first jn vitro studies published in 1965
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used extracts from rat liver and intestinal mucosa to demonstrate enzymatic oxidative
cleavage of B-carotene at the central double bond to yield retinal [1,2]. In 2000, the enzyme
responsible for the conversion of B-carotene to retinal was identified in Drosophila[3] and
chicken [4], and was initially named B-carotene-15,15"-oxygenase (BCO1). BCO1 has also
been identified in humans [5-7], mice [8,9], rat [10], cows [11], zebrafish [12] and C.
elegans [13]. In 2001, another carotenoid cleavage enzyme that catalyzes eccentric cleavage,
B-carotene-9”,10"-oxygenase (BCO2), was identified in human, mouse and zebrafish [14].
The action of BCO1 and BCO2 on p-carotene are shown in Figure 1.

As discussed in the review by Polikov et al. in this issue, carotenoid cleavage oxygenase
family members are present in all kingdoms of life. Mammals and higher vertebrates have
only 3 family members. These are BCO1 and BCO2, which catalyze oxidative cleavage of
carbon-carbon double bonds. The third is the retinoid isomerohydrolase that catalyzes the
concerted hydrolysis of all-trans retinyl ester to yield 11-cis-retinol in the visual cycle [15].
The details of the role of this enzyme in vision is presented in the reviews on carotenoids

in vision in this issue and is not covered here. The focus of this review is on the enzymatic
properties and functions of BCO1 and BCO2 in higher vertebrates and mammals, including
humans. Details of the protein structures and enzyme reaction mechanisms are presented

in the review by Kiser in this issue. A number of previous reviews have summarized

earlier work on the role of mammalian carotenoid oxygenases in carotenoid and vitamin A
homeostasis [16,17], the molecular regulation of BCO1 [18,19], and aspects of the substrate
specificity and properties of BCO1 and BCO2 [20]. This review will focus mainly on
research published in the last decade.

2. PROPERTIES AND SUBSTRATE SPECIFICITY OF ISOLATED ENZYMES
2.1. p-Carotene 15, 15’ oxygenase (BCO1)

In 2013, Kowatz et al. reported on the properties and cellular localization of human BCO1
expressed in Sf9 insect cells [21]. They reported that the enzyme functioned as a monomer
with a MW of 60 kDa. The enzyme had a K, of 14 uM, and a V5% of 390 pmoles

of retinal x min~1 x mg™! using B-carotene as the substrate. That same year we reported
that human BCO1 expressed in E. coli and purified to homogeneity had a K, of 17 uM
and Vpmax of 3290 pmoles of retinal x min~1 x mg= [22]. The enzyme was also able

to catalyze the 15,15’ bond cleavage of a-carotene, B-cryptoxanthin, g-apo-8’-, —10’-,
-12’-, -14’-carotenals, and all-#rans lycopene but not zeaxanthin nor lutein, which contain
hydroxylated p- and e-rings [22]. Amengual et al. (2013) further showed that human BCO1
expressed in Sf9 cells also cleaved the 15,15” bond of p-apo-10’-carotenol and p-apo-12’-
carotenoic acid [23]. This substrate specificity suggests that BCO1 has an active site that
can only accommodate carotenoids with an unsubstituted B-ring (as in a- and p-carotene,
B-cryptoxanthin or the p-apo-carotenals) or an uncyclized terminus that can adopt such

a conformation (as in lycopene). This suggestion was indeed demonstrated in the recent
elegant work by von Lintig and colleagues [24] in which they studied the products formed
from B-cryptoxanthin by human BCO1 and mouse BCO2 (as discussed below).
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2.2. B-Carotene 9’, 10’ oxygenase (BCO2)

In contrast to BCO1, BCO2 is a mitochondrial protein that can utilize a wide variety of
substrates and cleave them at the 97,10” bond. Kelly et al. [24] showed that while BCO2
can catalyze the cleavage of both the 9,10 bond and the 9710’ bond of B-cryptoxanthin
there is an order of magnitude higher catalytic efficiency for cleavage at the latter. Thus,
BCO2 shows strong substrate specificity for substrates with 3-hydroxy-p-ionone rings. This
explains why both mouse, ferret and chicken BCO2 catalyze cleavage of the xanthophylls,
lutein and zeaxanthin [25-27]. Our work on purified chicken BCO2 agrees with that

of Kelly et al. on the substrate specificity of mouse BCO2. Namely, we observed the
cleavage of the 9,10 and 97,10’ bond of both provitamin A carotenoids (viz., p-carotene,
a-carotene, and pB-cryptoxanthin) and of the xanthophylls, zeaxanthin and lutein [27].
Likewise, we found that the 3-hydroxy substrates are much preferred to p-carotene with
its non-hydroxylated rings. Figure 2 shows the cleavages catalyzed by vertebrate BCO1
and BCO2 as determined by the various studies cited here. Figure 3 shows the products of
BCO2-catalyzed cleavage of substrates other than p-carotene.

While it is clear that purified murine and avian BCO2 catalyze efficiently the oxidative
cleavage of xanthophylls, whether the human enzyme does so is still a matter of some
debate. Before turning our attention to expressing the avian enzyme, we attempted to do

the same with the five isoforms of human BCO2 but were unable to isolate active enzyme
[27]. All five isoforms have a GKAA insertion that differentiates them from other BCO2
vertebrate orthologs including mouse and chicken. However, another primate, the macaque
also has the GKAA insertion, and yet that protein displays robust activity [28]. Nonetheless,
Li et al. (2014) have shown that deletion of the GKAA cannot convert their human BCO?2 to
an active enzyme, and conversely demonstrated that insertion of GKAA into mouse BCO2
was able to inactivate it [29]. Their structural homology modeling did suggest that the
insertion led to a structural change that might be relevant to activity. Consistent with this
hypothesis, they found that the binding affinities of xanthophylls to the human enzyme was
10-40-fold weaker than those for the mouse enzyme, causing them to conclude that the lack
of activity of the human enzyme leads to the accumulation macular carotenoids in the human
retina. In contrast, structural homology modeling data from Babino et al. [28] indicated that
the GKAA in the human enzyme did not significantly alter the overall structure as compared
to the macaque protein. Similarly, no change in overall structure was observed when the
GKAA insertion was deleted from the two proteins. Thus, they suggest that the presence

of the insertion into primate BCO2s does not cause inactivation of the enzyme. The bulk

of available evidence is consistent with that suggestion. Given that an important general
function of BCO?2 is protection of mitochondrial oxidative stress [26], it is unclear how loss
of function could be tolerated in humans. Thus, it will be important to clarify the exact
nature of the activity of BCO2 in humans and primates, and its regulation in various tissues.

3. FUNTIONAL STUDIES OF VETEBRATE BCO1 AND BCO2 USING
TRANSGENIC AND KNOCKOUT MODELS

As with many enzymes, understanding of the physiological roles of BCO1 and BCO2
benefits from the careful study of the phenotype of knockout and transgenic animal models.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2023 November 17.
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Johannes von Lintig and his colleagues, who have generated BCO1 null, BCO2 null,

and double knockout mice and generously provided them to investigators in the field,
initiated this work. They themselves have conducted seminal investigations of these models
to assess the role of the carotenoid dioxygenases in mammalian nutrition, physiology,

and pathophysiology. In this section, we review the recent literature using these models
beginning with the insights provided on the enzymes’ roles in carotenoid and vitamin A
homeostasis. We then discuss phenotypes of BCO1/2 null animals that are not obvious
and/or directly related to carotenoid and retinoid metabolism and action or to the known
substrates or products of these enzymes. Finally, we consider briefly recent work on BCO1
and/or BCO2 in animals other than mice.

3.1. Phenotypic Changes in BCO1 Knockout Mice

One of the first important insights provided by the study of BCO1 knockout mice was
unambiguous demonstration of the primary pathway of vitamin A biosynthesis from

dietary provitamin A carotenoids. Thus, BCO1 deficiency completely abolished vitamin

A production from dietary p-carotene, indicating that BCO1 is both necessary and sufficient
for the process, and further indicating that other possible pathways are of little physiological
relevance [30]. BCO1 deficiency also had more modest but important effects on whole
body lipid metabolism. Specifically, the knockout mice developed fatty livers, altered

levels of serum lipids, and elevation of PPAR-activated genes related to adipogenesis. This
suggested that accumulation of tissue carotenoids (normally converted to vitamin A), or
their metabolites, may play a role as regulators of lipid metabolism in both liver [30] and
adipocytes [31]. Another report demonstrated elevation of hepatic triglyceride accumulation
and elevation in PPARy in BCO1 deficient mice and demonstrated that BCO1 (both mRNA
and protein) was highly enriched in hepatic stellate cells as compared to hepatocytes [32].
BCOL1 deficient mice also have significantly altered lipid and retinoid metabolism in the
heart associated with compromised heart function, characterized by reduced contractility
[33]. Thus, BCO1 deficiency leads to multiple tissues with aberrant carotenoid, retinoid, and
lipid metabolism and signaling.

3.2. Phenotypic Changes in BCO2 Knockout Mice

Generation of the BCO2 null [26] and the BCO1/BCO2 double knockout mouse [23] has
provided novel and important insight into the possible physiological role of this carotenoid
oxygenase and the consequences of either B-carotene or xanthophyll accumulation in
tissues. In addition to demonstrating the mitochondrial localization of the enzyme and

its broader substrate specificity as discussed above, Amengual et al. [26] suggested

an important role for BCO2 in protecting mitochondria from oxidative stress. Thus,
carotenoid (xanthophyll) accumulated in several tissues, including liver. In liver, this
induced mitochondrial dysfunction and reduced rates of respiration. The normal presence

of BCO2 thus initiates the degradation of the carotenoids and protects the mitochondria from
oxidative damage.

Ford et al. [34] found that BCO2 knockout mice accumulate lycopene after consuming a
tomato-supplemented diet containing primarily all-trans lycopene, suggesting that it is a
substrate for BCOZ2. However, this hypothesis is not consistent with the observed substrate
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specificity of purified chicken BCO2, which did not utilize all-#rans lycopene as a substrate
[27], as also reported by Hu et al. [35] for the ferret enzyme. However, ferret BCO2 did
cleave 5-cis- and 13-c/s-lycopene [35], so the accumulated lycopene seen by Ford et al.
could be due to accumulation of cis-isomers.

3.3. Effects of BCO1 and BCO2 on Carotenoid and Lipid Metabolism

BCO1 knockout mice have elevated expression of BCO2 and vice versa [23,36,37]. Upon
[B-carotene supplementation, BCO1 KO mice accumulate B-apo-10’-carotenol, the alcohol
form of the BCO2 cleavage product of p-carotene, namely p-apo-10’-carotenal [23,26].
BCO2 knockout mice accumulate 3,3’-didehydrozeaxanthin and 3-dehydrolutein upon
supplementation with zeaxanthin and lutein, respectively [26]. This is consistent with the
biochemical findings that BCO1 cannot utilize xanthophylls as substrates.

Using the BCO1/BCO2 double knockout the von Lintig laboratory was able to use whole
genome microarray analyses to assess the effects of either p-carotene or zeaxanthin feeding
on the liver transcriptome [38]. B-Carotene accumulation resulted increases in hepatic
triglycerides and cholesterol, whereas zeaxanthin accumulation resulted in increased serum
cholesterol levels. Accumulation of either carotenoid slightly reduced both whole body
respiration and energy expenditure. Both the changes in lipid and energy metabolism could
be interpreted in terms of the transcriptomic and pathway analyses, and the approach offers
to reveal more insight into roles of carotenoids in whole body metabolism.

3.4. Effects of BCO1 and BCO2 on Hepatic Steatosis and Liver Cancer

Given the rather consistent observations that BCO1/2 ablation in mice leads to fatty liver
and changes in lipid metabolism, it is not surprising that investigators have used these
mouse models to study the underlying mechanisms involved in the development of hepatic
steatosis and its sequellae including formation of liver tumors. The carotenoids most studied
in this regard are lycopene and more recently p-cryptoxanthin. Indeed, the review by Wang
in this issue discusses this extensive literature in detail. Here we only briefly summarize

a few recent studies to demonstrate the complexity of the mechanisms by which BCO1/2
impact the development of metabolic disorders and cancer. In one recent study, Wang

and colleagues [39] studied the induction of hepatic steatosis in male BCO1/2 double
knockout mice. The knockout animals showed increased liver steatosis and increases in
hepatic triglycerides and cholesterol levels as previously demonstrated by the work of
Palczewski et al. [38] just discussed. Wang and colleagues also observed elevations in
cholesterol metabolism, fatty acid synthesis, and oxidative stress [39]. Importantly they
observed decreases in the nuclear farnesoid X receptor (FXR) and decreases in microRNAS
(miR-33 and miR-122) that are downstream targets of FXR and activators of sirtuin 1
(SIRTY). They propose that the BCO1/2 knockout inactivates the FXR/miR34a/SIRT1
signaling pathway and that the role of BCO1/2 may be independent of their carotenoid
cleavage activity. Subsequent work by the same group [40] showed that supplementation
of B-cryptoxanthin inhibits dietary-induced fatty liver disease via different mechanisms in
wild type and BCO1/2 knockout mice. They again give evidence that FXR and SIRT1 are
involved in this differential response. The very complex emerging picture of the roles of
BCO1 and/or BCO?2 in disease calls for continued research.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2023 November 17.
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3.5. Summary of Murine Knockout Studies

In summary, studies of the metabolism of carotenoid and retinoids in in BCO1 null,

BCO2 null and double knockout mice has provided important insight into the roles

that these mammalian carotenoid oxygenases play in whole body physiology due to

their tissue distribution, subcellular localization, and utilization of specific carotenoid
substrates. The phenotypes of the various knockout mice in terms of more global effects
on the transcriptome, metabolome, signaling pathways, and ultimately on the development
of disease are more difficult to understand in terms of the current knowledge of the
enzymology of the carotenoid oxygenases. It may be that there are yet unrecognized
substrates for these enzymes that act either directly, or act when converted to metabolic
products. These relatively small molecules could affect physiology in any of the ways that
other hormones and bioactive molecules do. This review argues that a search for these other
substrates would be worthwhile. Alternatively, it may be that the proteins themselves have
direct activity unrelated to their function as enzymes. For example, there is evidence that
BCO2 can act directly as a tumor suppressor in prostate cancer (see reference [41]). These
two alternatives are not mutually exclusive and both deserve continued investigation.

4. ROLE OF BCO1 IN HUMAN CAROTENOID METABOLISM

4.1. Correlation with Circulating Carotenoid Concentrations

Evidence of a carotenoid cleavage enzyme influencing circulating f-carotene and vitamin
A concentrations in humans has been observed for many years. Case studies dating back

to 1958 identified individuals presenting with carotenemia (orange skin resulting from
excess deposition of B-carotene in subcutaneous adipose stores) but typical p-carotene
intakes, in combination with either deficient blood retinol concentrations (i.e. <0.70 uM)
[42-45], or marginal but clinically “sufficient” retinol concentrations [42,46,47]. A number
of these studies also tested first degree relatives of the patients in question, and observed
the same disparity in high p-carotene and lower-than-average blood retinol concentrations,
highlighting the heritability of this phenomena [42,43,47]. It is now believed that this
disparity can be attributed to single nucleotide polymorphisms (SNPs) in the BCO1 gene,
which influence the ability of the BCO1 enzyme to produce vitamin A from B-carotene [48].

Focused efforts to identify SNPs in or near BCOZ influencing circulating carotenoid and/or
and retinol concentrations in humans have been published since 2009. This review will
focus on “functional variants”, i.e. BCOZ SNPs which correlate with or influence carotenoid
concentrations in humans. However, it should be noted that the references cited herein

also investigated multiple BCOZ SNPs for which no relationship was observed. Ferrucci

et al. initially used a genome-wide association approach to identify common genetic
variants associated with circulating carotenoid concentrations in 1,190 participants of the
INCHIANTI study [49]. Polymorphisms in 5 BCO1 SNPs were significantly associated
with plasma B-carotene and/or lutein concentrations (Table 1). Follow-up analyses in a
subset of participants from the Women’s Health and Aging Studies | and the placebo

arm of the a.-Tocopherol, p-Carotene Cancer Prevention Study found the most consistent
association with G-allele carriers of rs6564851, increasing plasma p-carotene and decreasing
lutein concentrations in all groups studied [49]. The same SNP was also significantly

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrison and Kopec

Page 7

associated with increased circulating a-carotene, and decreased lycopene and zeaxanthin
concentrations, with no association for B-cryptoxanthin nor retinol concentrations [49]. This
BCO1 SNP (rs6564851) is the best studied to date in all populations. GG homozygotes in

a group of 92 healthy Japanese adults also had significantly higher circulating g-carotene
concentrations as compared to T allele carriers [50]. Likewise, a study of the TwinsUK
cohort (n = 310) confirmed previous observations of circulating plasma lutein concentrations
and BCO1 SNP rs6564851[51]. A study of postmenopausal women (n = 1643) of the
Carotenoids in Age-Related Eye Disease Study also found serum concentrations of both
lutein and zeaxanthin to be correlated with rs6564851, as well as rs11645428 and rs7500996
[52].

Additional BCOI SNPs of interest were also identified by Hendrickson et al., who used both
GWAS and TagMan genotyped data of 1563 subjects of the Nurses’ Health Study (NHS)
[53]. Of the initial 224 BCO1 SNPs studied, 2—3 SNPs of greatest influence on circulating
carotenoid concentrations were sub-selected for each compound, and given a weighted gene
score. This predictive model was then validated in a new (validation) set of 781 NHS
subjects, and 15% — 48% of the difference in plasma carotenoid concentrations between the
highest and lowest plasma concentration quintiles were explained by these weighted scores
[53].

Notably, BCOI SNPs explained a greater percentage of the variation in circulating
carotenoid concentrations than carotenoid dietary intakes as assessed by food frequency
questionnaire in the Japanese [50] and NHS [53] cohorts (dietary intake x genotype was not
assessed by Ferrucci et al. [49]). Thus, genetic polymorphisms may be a better predictor

of plasma carotenoid status than traditional dietary assessment, and these results should be
replicated in additional populations to confirm the utility of BCOZ SNPs in determining
carotenoid status.

4.2. Postprandial and Short-Term Dietary Interventions

Functional variants of BCOZ1 have also been shown to influence inter-individual differences
of post-prandial carotenoid bioavailability following controlled dosing. In a study of 33
healthy French men, 69% of the inter-individual difference in newly-absorbed p-carotene
(0.4 mg dose) could be attributed to SNPs in 12 genes, one of which one was BCO1
rs7196470 [54]. However, no relationship between BCOI SNPs and postprandial lycopene
nor lutein absorption was observed in the same population [55,56]. Another study by Leung
et al. tested the effect of a single 120 mg dose of BC on the triglyceride-rich lipoprotein
(TRL) fraction of p-carotene and newly formed retinol (measured as retinyl esters) 3 hours
following consumption in 28 healthy women [57]. SNP in BCO1 rs7501331 alone and

in combination with rs12934922 led to a stepwise reduction in newly formed vitamin A
relative to B-carotene in the TRL fraction [57]. A secondary analysis of the same study
observed 1.5-2.5 fold more newly converted vitamin A for carriers of the BCOI SNPs
rs11645428-AA, rs6420424-GG, and rs6564851-TT, as compared to individuals carrying
the alternative homozygous allele (i.e. rs11645428-GG, rs6420424-AA, and rs6564851-GG)
[58].

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2023 November 17.
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SNPs in BCO1 have also been shown to influence changes in plasma carotenoid
concentrations over a short-term period of prospective dietary intervention. Healthy women
in the United Kingdom consumed one of three formulations of $-carotene (delivering 7
mg/day, n ~ 28 per formulation) for 46 days [59]. Significant interaction between plasma -
carotene and SNPs in BCO1 rs6564851 were observed for all three B-carotene formulations
[59]. Likewise, a study in prostate cancer subjects also observed the correlation between
BCO1rs6564851 as well as rs12934922 and change in plasma lycopene and pB-carotene
following 0, 1, or 2 cans of tomato juice (20.6 mg lycopene + 1.2 mg p-carotene/can)

daily for ~25 days [60]. Genotype alone was significantly correlated with change in plasma
[B-carotene, while genotype x diet interaction was correlated with change in plasma lycopene
concentrations. Following prostatectomy, B-carotene and lycopene concentrations were also
measured, with significant correlations observed with genotype and prostate lycopene and
[B-carotene concentrations, and a genotype X diet interaction also observed with prostate
[B-carotene concentrations [60].

Although only a few studies have been conducted to-date, it is clear that BCOI SNPs
influence postprandial carotene and retinol concentrations, as well as circulating and
prostate carotene concentrations following a short-term dietary intervention. However, the
effect of BCOZ SNPs on postprandial and short-term xanthophyll concentrations remains
underexplored. Likewise, the ability of carotenoid supplementation to “overcome” a low
provitamin A absorption and conversion phenotype arising from one or more BCOZ SNPs
remains largely unknown.

4.3. Correlation with Macular Pigment Optical Density

Particular interest exists in regards to BCO SNPs and macular pigment optical density
(MPQOD) due to the role lutein and zeaxanthin are believed to play in protection from
high-intensity blue light. The relationship between xanthophylls, and a carotenoid cleavage
enzyme for which they do not serve as a substrate, may initially seem perplexing [22,23].
However, the downstream product retinoic acid has been shown to impact expression of
uptake transporters (i.e. scavenger receptor class B type I, SR-B1) of the small intestine
[19]. SR-B1 is the main transporter which effects both dietary carotene and xanthophyll
absorption in human intestinal cells [61,62].

Feigl et al. studied BCOZI SNPs in 24 individuals with AMD vs. 20 healthy controls.

The healthy controls with rs6564851 GG, rs11645428 GG, or rs6420424 AA genotypes

had significantly lower MPOD compared to those with the other genotypes, while no
relationship was observed between the same SNPs and MPOD in those with AMD [63]. In
contrast, a second study by the same group in a different healthy cohort (n = 46 healthy men
and women) found contrary results, i.e. no relationship between the same BCOZ SNPs and
MPOD [64]. The disparity between these two studies may be due to the differences in the
average age of the healthy controls (56 vs. 23 years of age, respectively).

A couple studies have also been conducted in post-menopausal women from the Carotenoids
in Age-Related Eye Disease Study. In one study of CAREDS subjects who had both MPOD
tested and genotyping performed (n = 1585) [65], BCO SNPs rs11645428 and rs6564863
were significantly associated with MPOD and together explained 1% of the variability in
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MPOD observed [65]. Follow-up work from the same group investigated the relationship
between these SNPs and age-related macular degeneration (AMD), a disease for which
evidence suggests increased MPOD (reflective of increased macular concentrations of lutein
and zeaxanthin) may be protective. In this second CAREDS study (n = 1663), women with
one or two A alleles of rs11645428 had 20% lower odds for a diagnosis of AMD [52].

Studies of lutein and zeaxanthin supplementation x BCOZ1 SNP interaction have reported
mixed results on MPOD. Although baseline MPOD was significantly correlated with
rs6564851 in the a subset of subjects in the TwinsUK cohort (n = 310), no correlation

was observed with this SNP and MPOD following lutein and zeaxanthin supplementation
for 6 mo. (i.e. a supplement consumed 3 x daily containing 18 mg lutein and 2.4 mg
zeaxanthin) [51]. In contrast, a placebo-controlled, randomized study of 28 subjects from the
SU.VI.MAX consuming lutein (10 mg/day for 6 mo.) found a higher MPOD response in
subjects heterozygous for rs7501331, as compared to those who were homozygous for the
dominant allele [66].

Taken together, these studies suggest that certain BCO SNPs may influence lutein and
zeaxanthin concentrations, MPOD and/or AMD, and supplementation may alter status.
However, the disparity of results suggests that subgroups of “benefit” (defined by age,
disease status, or SNP) should be clearly defined in future work.

4.4. Relationship to Cancer Risk

Three studies have investigated how BCOI SNPs are associated with cancer risk [67—

69]. Hendrickson et al. examined the association between 4 BCO1 SNPs (see Table 1)

and both plasma BC and ROL levels in a subset of subjects from the National Cancer
Institute Breast and Prostate Cancer Cohort Consortium (NCI BPC3) [67]. No interaction
was observed between plasma carotenoids concentrations and individual BCOZ SNPs.
However, a significant interaction between plasma provitamin A carotenoids (i.e. B-carotene,
a-carotene, B-cryptoxanthin) and plasma retinol-weighted multi-SNP scores (rs6564851 +
rs12934922) was found on estrogen receptor positive breast cancer risk adjusted for alcohol
intake [67]. A significant interaction between provitamin A- and retinol-weighted multi-SNP
scores were also observed for overall breast cancer risk following adjustment for pack-

years of smoking (no interaction was observed for plasma xanthophylls) [67]. The Danish
Diet, Cancer and Health (DDCH) cohort examined prospective dietary data collected on
provitamin A and vitamin A consumption followed by 15 years of follow-up on colorectal
cancer risk [68]. No interaction was observed between any one of the 3 BCOZ SNPs

studied and dietary vitamin A intake on colorectal cancer risk. However, a statistical trend
emerged for an interaction between dietary vitamin A and multiple SNPs (i.e. rs4889286

X r$6564851) on colorectal cancer risk [68]. Finally, a study conducted in an ethnic Han
Chinese population investigated the influence of dietary patterns and 3 BCOIZ SNPs (i.e.
rs6564851, rs12934922, and rs7501331) on lung cancer risk [69]. Immediately following
lung cancer diagnosis, in-person interviews were used to collect dietary information in 1,166
cases paired with 1,179 age- and gender-matched healthy controls [69]. A dose-dependent
inverse association between a “fruit and vegetable” dietary pattern and odds ratio of lung
cancer diagnosis was observed, irrespective of the SNP genotypes for any one of the 3 SNPs
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investigated (no multi-SNP interactions nor carotenoid intakes were studied in relation to the
SNPs in this study) [69]. Due to the historical evidence suggesting a relationship between
carotenoid intake and reduced cancer risk, additional studies in this area are certainly
warranted.

4.5. Relationship to Other Physiological Processes

SNPs in BCO1 have also been investigated in relation to other processes of human

health and disease, with mixed influence reported. Plasma concentrations of high density
lipoproteins (HDL) adjusted for sex and body weight were positively correlated with BCO1
rs6564851 in two independent populations of male and female Caucasians in Sacramento,
California (n = 249) and Beltsville, Maryland (n = 532) [70]. The mechanism(s) behind such
a relationship are not clear. Likewise, the interaction of BCOZ1 polymorphisms and serum
carotenoid status were observed in relation to HDL, metabolic disease, and symptoms of
depression in African-American adults, finding no statistically significant correlation [71].
The potential inverse relationship between BCO1 rs6564851 and Type 2 diabetes (T2D)

has also been explored. T2D is often accompanied with reduced circulating p-carotene
concentrations, a phenomena hypothesized by Perry et al. to be causal [72]. Data collected
from the INCHIANTI (9.4% T2D) and the Uppsala Longitudinal Study of Adult Men
(ULSAM) populations was used to study the effect of rs6564851 on T2D incidence

using a Mendelian randomization approach, with the model validated in Diabetes Genetics
Replication And Metaanalysis (DIAGRAM) Consortium (n = 4,549 T2D cases and 5,579
healthy controls)[72]. No association was observed, thus rs6564851 is likely not a causal
factor in T2D development[72]. Finally, BCO1 rs7501331 was also significantly associated
with decreased odds of polycystic ovary syndrome diagnosis in a cohort of Polish women (n
= 294 cases, 78 controls) [73].

5. ROLE OF BCO2 IN HUMAN AND ANIMAL CAROTENOID METABOLISM

The cell type-specific expression of BCO2 has been previously reported in humans [74],

but much remains to be learned about the relative importance of functional variants in the
gene itself [28], as well as post-transcriptional regulation [29], as discussed earlier. Here we
focus solely on BCOZ SNPs, and due to the limited number of studies on BCOZ SNPs in
humans, we summarize results of all variants (i.e. both functional and non-functional). Three
studies published by Borel and colleagues have investigated a potential relationship between
SNPs in BCOZ and postprandial carotenoid concentrations following a single meal [54-56].
Bioavailability of lutein, lycopene, and p-carotene in the newly absorbed TRL fraction of
blood were found to be unrelated to BCOZ2 SNPs in 33 healthy male subjects [54-56].
Likewise, two SNPs in BCO2were not correlated with circulating lutein or MPOD, but
weakly associated with AMD, in the CAREDS cohort described previously [52,65].

In other mammals, BCO2 SNPs play a particularly important role in adipose color. Sheep
which presented with yellow fat were also found to have a nonsense mutation in the BCO2
gene, believed to be the primary driver of lutein accumulation these tissues [75]. Likewise,
a deletion mutation in another portion of the gene is responsible for the “yellow-fat” trait
observed in rabbits, which results in ~3x more p-carotene and 14x more xanthophylls
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accumulating in perirenal adipose stores [76]. Similarly, a null mutation in the bovine BCO2
gene has also been linked to increased concentrations of B-carotene in both the milk and

the circulating serum of lactating animals [77]. Collectively, these results demonstrate that
mammals which carry these BCO2 mutations are apparently healthy (i.e. no obvious signs of
tissue or organ damage, are able to reproduce), and both xanthophylls and p-carotene can be
cleaved by BCO2 within a mammalian system.

A different phenomena has been observed in domestic chickens, where the species typically
used in Occidental regions for commercial production of eggs and meat has yellow

legs, while its junglefowl ancestors have gray/white legs [78]. Surprisingly, Eriksson

and colleagues revealed that in the yellow-legged phenotype carrying both the “white”

and “yellow” alleles, tissue-specific expression of BCOZtranscripts occurs, presumably
inactivating BCO2 in the skin (i.e. permitting carotenoid accumulation and thus the yellow
color) while BCO2 in the liver remains active (i.e. resulting in carotenoid catabolism) [78].
It is also possible that differential transcript expression could occur in different humans.

6. SUMMARY AND PERSPECTIVES

Multiple experiments have demonstrated the importance of BCOL1 in catalyzing the
oxidative cleavage of the central 15,15’ carbon-carbon double of carotenoids containing
an un-substituted p-ionone ring, as well as the 15,15’ bond of B-apo-carotenals, to produce
retinal. This reaction is essential for vitamin A production from provitamin A carotenoids,
and the loss of BCO1 in rodent models has been shown to impact both vitamin A
metabolism and whole body lipid and energy metabolism. BCO1 has also been shown to
cleave lycopene to produce apo-15-lycopenal, although the relevance of this metabolite

is less understood. In contrast, BCO2 catalyzes asymmetric carotenoid cleavage, i.e.
cleavage of the 9,10 and 97,10’ double bonds, of a variety of carotenes and xanthophylls
(and potentially other substrates). BCO1 null mice accumulate metabolites believed to
arise from BCO2 cleavage, a hypothesis supported by the increase in BCO2 expression

in these models. BCO1/2 double knockout mice have more dramatic changes in liver

lipid accumulation and dysregulated energy metabolism, highlighting their importance in
maintaining lipid homeostasis.

The majority of human studies conducted to-date have focused on the relationship

between BCO1 SNPs (especially rs6564851) with circulating or postprandial carotenoid
concentrations or MPOD. Most studies demonstrate a correlation of 2-3 of the investigated
SNPs and carotenoid concentrations of interest, highlighting the role that genetics play in
interindividual response to a given intake level. Exploration of the role of BCOZ SNPs

in health and disease (i.e. metabolic disease, AMD, cancer) have only recently begun,

and many diseases and populations have not yet been investigated. Likewise, although the
studies conducted on BCOZ SNPs in humans have observed little correlation with carotenoid
concentrations, only a limited number have been conducted in primarily healthy populations.

Abbreviations:

AC a-carotene
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Highlights-BBALIP-19-415

. \ertebrates have two carotenoid cleavage enzymes, a family widespread in
other taxa
. BCOL1 catalyzes central cleavage of dietary provitamin A carotenoids to

retinaldehyde

. BCO2 catalyzes eccentric cleavage of a wider variety of carotenes and
xanthophylls

. BCO1/2 function in vitamin A, carotenoid, lipid, energy, and oxidative
homeostasis

. BCO1/2 SNPs in humans are associated with metabolic, eye, and neoplastic
diseases
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B-carotene

Retinal
(Vitamin A aldehyde) 2

B-ionylidene-
acetaldehyde

(0] WX

p-apo-14'-carotenal pB-apo-13-
carotenone

Figure 1.
Central and eccentric cleavages of B-carotene. Oxidative cleavage of B-carotene at the 15,

15’ double bond is catalyzed by the enzyme p-carotene 15, 15’-oxygenase 1 (BCO1) and
leads to the generation of two molecules of retinal (B-apo-15-carotenal). The cleavage at the
9, 10’ double bond is catalyzed by p-carotene 9’,10’-oxygenase 2 (BCO2) and leads to the
formation of B-apo-10’-carotenal and p-ionone. Cleavage at other double bonds can occur
non-enzymatically but may also be enzymatic, as noted by the question marks in blue.
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Substrate Chemical structure
-carotene X N SN N
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OH
B-cryptoxanthin N g %
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Lulein B ANV Ve T B
HO

9-cis B-carotene

Figure 2.

Cleavage sites of various substrates by BCO2 and BCO1. The red bars represent the
cleavages observed with BCO2, and the blue bars, BCO1.
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a-carotene

B-ionone a-apo-10-carotenal B-apo-10"-carotenal a-ionone
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0 N N N N~ ) N N N O BN ~ - - - -~ - N N~ N N N N N
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Figure 3.
Structures of the 9,10 and 97,10’ cleavage products of a-carotene, B-cryptoxanthin,

zeaxanthin, lutein by avian BCO2.
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