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Abstract Vitamin A was recognized as an essential nutrient
100 years ago. In the 1930s, it became clear that dietary (-
carotene was cleaved at its central double to yield vitamin A
(retinal or B-apo-15-carotenal). Thus a great deal of research
has focused on the central cleavage of provitamin A carote-
noids to form vitamin A (retinoids). The mechanisms of for-
mation and the physiological role(s) of noncentral (eccentric)
cleavage of both provitamin A carotenoids and nonprovitamin
A carotenoids has been less clear. It is becoming apparent that
the apocarotenoids exert unique biological activities them-
selves. These compounds are found in the diet and thus may
be absorbed in the intestine, or they may form from enzymatic
or nonenzymatic cleavage of the parent carotenoids. The
mechanism of action of apocarotenoids in mammals is not
fully worked out. However, as detailed in this review, they have
profound effects on gene expression and work, at least in part,
through the modulation of ligand-activated nuclear recep-
tors.ll Understanding the interactions of apocarotenoids with
other lipid-binding proteins, chaperones, and metabolizing en-
zymes will undoubtedly increase our understanding of the bio-
logical roles of these carotenoid metabolites.—Eroglu, A., and
E. H. Harrison. Carotenoid metabolism in mammals, including
man: formation, occurrence, and function of apocarotenoids.
J- Lipid Res. 2013. 54: 1719-1730.
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Carotenoids are isoprenoids, and over 700 are found in
nature (1-5). Carotenoids are synthesized biochemically
from eight isoprene (C5HS8) units. Oxygenated carote-
noids are called xanthophylls, and nonoxygenated, hydro-
carbon carotenoids are called carotenes. The characteristic
feature of the carotenoids is the polyene chain (long con-
jugated double-bond system) that allows them to absorb
light with UV absorption maxima between 450 and 570 nM.
Chlorophyll also absorbs light in this range, and carotenoids
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can serve as accessory pigments to enhance light harvest-
ing in photosynthesis. In 1930, Moore demonstrated that
orally fed carotene was converted into the colorless form
of vitamin A found in the liver of rats (6). At the same
time, the Swiss organic chemist Karrer elucidated the
structures of B-carotene and vitamin A (7).

Carotenoids occur naturally in fruits and vegetables, and
they are synthesized in plants and microorganisms. The first
C40 carotenoid in the biosynthetic pathway is phytoene.
Phytoene is dehydrogenated to other acyclic carotenoids,
including lycopene, and ultimately cyclized to carotenes (2).
B-Carotene, a-carotene, B-cryptoxanthin, lycopene, and
lutein are the primary carotenoids found in human
plasma (8). Among them, B-carotene, a-carotene, and [3-
cryptoxanthin are provitamin A carotenoids, the others are
nonprovitamin A carotenoids; lycopene is the acyclic carote-
noid and lutein has two hydroxlated rings. To exhibit provi-
tamin A activity, the carotenoid molecule must have at least
one unsubstituted B-ionone ring and the correct number
and position of methyl groups in the polyene chain (9).
Hence, a-carotene and B-cryptoxanthin show 30-50% of
provitamin A activity (10, 11), and 9-¢is and 13-cis isomers of
B-carotene less than 10% (12) of provitamin A activity of all-
lrans-3-carotene.

This review focusses on the metabolism of carotenoids,
especially B-carotene, in higher vertebrates, including man,
with a particular focus on the formation, occurrence, and
function of apocarotenoids. The term “apocarotenoid” is a
trivial, nonsystematic nomenclature that refers to any cleav-
age product of a parent 40-carbon carotenoid. Fig. 1 shows
all of the possible cleavage products of 3-carotene that can
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Fig. 1. Structures and nomenclature of the B-apocarotenoids. All
possible B-apocarotenoids arising from oxidative cleavage of B-
carotene. Initial products are -apocarotenals (aldehydes, R= CHO)
and, in some cases, B-apocarotenones (ketones). (Top) Cleavages
are shown between carbon atoms at the following positions in the
B-carotene molecule: (a) 7/, 8 (b) 9°, 10”; (c) 117, 12; (d) 1%, 14
and (e) 15, 15”. It is possible that in cells the aldehydes can be re-
duced to the corresponding alcohols by aldehyde reductases and/or
alcohol dehydrogenases and can be oxidized to the corresponding
carboxylic acids (R= COOH) by aldehyde dehydrogenases.

arise from oxidative cleavage of the double bonds in the
polyene chain. The initial products are aldehydes or ke-
tones. Thus, “B-apo-8-carotenal” (8"-apo-B-caroten-8-al) is
the longer fragment that arises from cleavage of the 7', 8
double bond of B-carotene; the shorter fragment is {3-
cyclocitral. The naming would be the same for other carote-
noids; for example, zeaxanthin, the symmetric xanthophyll
that differs from B-carotene by having hydroxyl groups on
both B-ionone rings, when cleaved at the 7/, 8 double bond
yields 3-hydroxy-B-apo-8-carotenal and 3-hydroxycylocitral.

ABSORPTION, METABOLISM, TRANSPORT, AND
TISSUE DELIVERY OF -CAROTENE AND VITAMIN A

Provitamin A carotenoids are partly converted to vita-
min A (as retinyl esters) in the intestinal mucosa. In
the enterocytes, both carotenoids and retinyl esters are
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incorporated into chylomicrons and secreted into lymph
for delivery to the blood (13, 14). Following consumption
of carotenoid-containing foods, carotenoids are released
from their food matrix and incorporated into mixed mi-
celles consisting of lipids and bile components (14). The
intestinal absorption of carotenoids occurs via passive dif-
fusion or through facilitated transport via scavenger recep-
tor class B, type 1 (SR-B1) (15-18). In humans, some of
the absorbed [-carotene is cleaved oxidatively by [3,3-
carotene-15,15"-monooxygenase 1 (BCMO1) into two mol-
ecules of all-transretinal (atRAL), which can be either
further oxidized irreversibly to all-transretinoic acid
(atRA) or reduced reversibly to all-transretinol (18). The
intact, absorbed B-carotene molecule can accumulate in
humans in the blood and tissues, which also occurs in
other mammals, such as horses and ferrets (19). In ro-
dents, it has been reported that almost all of the -carotene
present in foods is converted to vitamin A (20).

After being absorbed, vitamin A (retinol), either pre-
formed or resulting from cleavage of B-carotene, under-
goes esterification with long-chain fatty acids, particularly
with palmitic acid, by the enzyme lecithin:retinol acyltrans-
ferase (LRAT), which utilizes the acyl group at the sn-1
position of phosphatidylcholine as a source of fatty acids
(18, 21-23). A second enzyme activity has been named
and described, acyl-CoA:retinol acyltransferase (ARAT),
which utilizes fatty acyl-CoAs, and is likely due to the en-
zyme diacylglycerol acyltransferase 1 (DGATI1) (24, 25).
LRAT clearly functions when physiological amounts of vi-
tamin A are consumed, and DGAT1 may play are role in
the reesterification of very large (pharmacological) doses
of vitamin A (25). Retinol binds with high affinity to spe-
cific cytoplasmic proteins, the cellular retinol-binding pro-
teins, CRBPI and CRBPII (26). CRBPII plays primary roles
in the regulation of retinol absorption into enterocytes
and its intracellular metabolism, also acting on the reac-
tion of retinaldehyde reduction to retinol (27-29). CRB-
PII directs the RAL more specifically toward microsomal
reductase, thus preventing its free access to cytosol re-
ductases (28).

Retinyl esters formed in the intestine are incorporated
into chylomicrons for absorption into the lymph (18, 30).
The carotenoids present in the chylomicron remnants
may be converted to retinoids in the liver or be incorpo-
rated into very low density lipoproteins (VLDL) and trans-
ported to peripheral cells (31). Low-density lipoprotein
(LDL) is the major carrier of B-carotene in fasting plasma
(8).

It has been observed that the liver is the major site of
B-carotene accumulation in the organism when diets sup-
plemented with this carotenoid are administered to vari-
ous species, such as ferrets, rats, and chickens (20, 32).
Liver is also the major site of vitamin A storage in the ani-
mal. Stellate cells are the major cellular site of vitamin A
storage in the liver, containing 80-90% of total hepatic
retinol, which is present in the form of retinyl esters (33).
For retinol to be released from stellate cells into the circu-
lation, the stored retinyl esters must first be hydrolyzed.
Retinol then associates with the plasma retinol-binding



protein (RBP) in hepatocytes and is secreted from the
liver. The retinol-RBP complex (holo RBP) in the blood
associates with the thyroxine-binding protein transthyre-
tin (TTR) (34, 35). It is in this form that retinol is deliv-
ered to peripheral sites of action. The metabolism and
transport of vitamin A are thoroughly discussed in the ac-
companying review by O’Byrne and Blaner (35).

Recently, the stimulated by retinoic acid gene 6 protein
(STRAG6) was identified as the RBP receptor that is a widely
expressed, multitransmembrane domain protein (36). It
mediates cellular uptake of vitamin A by removing retinol
from the RBP complex and transporting it across the
plasma membrane, where it can be metabolized. Addition-
ally, STRA6 was found to localize to the cellular locations
expected of the RBP receptor in tissues (36). It is likely
that nonreceptor-mediated pathways are also involved in
retinol delivery to cells.

After delivery to peripheral cells, retinol can be con-
verted to the biologically active hormone atRA. After 1987,
with the important discovery of the existence of nuclear
retinoic acid receptors (37, 38), researchers started to de-
vote more time to studies related to the mechanisms in-
volved in the regulation of the intracellular concentrations
of atRA. Conversion of retinol to atRA initially involves the
oxidation to atRAL and subsequent oxidation of the reti-
nal to atRA. In this respect, the enzymes alcohol dehydro-
genases (ADH) and retinol dehydrogenases (RDH) have
been reported to act in the formation of retinal (39). Reti-
nal dehydrogenases (RALDH) catalyze the oxidation of
retinal to retinoic acid. Collectively, all these enzymes, in-
cluding ADHs, RDHs, and RALDHSs, are involved in the
interconversion of various isomers of ROL, RAL, and atRA.
The pathways and enzymes involved in the conversion of
retinol to atRA have been recently reviewed (40) and are
presented in more detail in the accompanying review by
Kedishvili (39).

CLEAVAGE AND OXIDATION OF CAROTENOIDS
TO APOCAROTENOIDS

Apocarotenoids are molecules resulting from the oxida-
tive cleavage of double bonds in the carotenoid molecule.
These apocarotenoids are formed by chemical reactions
in foods that contain carotenoids or by enzymatic cleavage
of intact carotenoids. To date, a plethora of apocarote-
noids has been identified in both plants and animals.
In plants, abscisic acid (ABA) is the physiologically impor-
tant phytohormone derived from 9-cisvioloxanthin and
9-cisneoxanthin (41). Another example of plant apocaro-
tenoids are strigolactones that can serve as signaling mol-
ecules and as shoot branching regulators (42-44). In
animals, the best-known apocarotenoids are vitamin A and
its derivatives (retinoids). The first study that a carotenoid
is the precursor of vitamin A came from Moore (6) where
he described conversion of B-carotene to vitamin A in the
rat. Then, the structure of B-carotene was elucidated
and the central cleavage mechanism at the central carbon
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double bond (15’, 15”) of B-carotene for its conversion to
vitamin A was proposed (7). Goodman and Huang (45)
and Olson and Hayaishi (46) characterized the respective
enzymatic activity in cell-free homogenates from rat small
intestine and showed that the activity required iron.

Enzymatic cleavage of carotenoids

The molecular characterization of a carotenoid-cleaving
enzyme was achieved first in plants (41) by analyzing the
ABA-deficient maize mutant, vpI4 (viviparous 14). ABA is
a plant growth regulator involved in the induction of seed
dormancy and in adaptation to various stresses, such as
drought (47). Vpl4 protein cleaves 9-cisneoxanthin and
9-cisviolaxanthin to form xanthoxin and a C25 by-product
in the ABA synthesis pathway (41). The product of this
cleavage reaction is cisxanthoxin, which is readily con-
verted to ABA. The molecular identification of vpl4led to
the findings of related carotenoid cleavage enzymes in
other organisms, including bacteria (48), fungi (49), and
animals (50, 51). These are nonheme iron oxygenases
containing a ferrous iron as an essential cofactor for the
reaction as well as four conserved histidines and a gluta-
mate residue. There are three different family members of
these enzymes encoded in mammals. First, the retinal pig-
ment epithelium protein of 65 kDa (RPE65), which cata-
lyzes the concerted hydrolysis and isomerization of
all-transretinyl palmitate to 1l-cistetinol, was identified
(52). The other two members incorporate molecular oxy-
gen into their substrates and catalyze the oxidative cleav-
age of double bonds of the polyene chain of carotenoids.
Mammalian BCMO1 uses mostly provitamin A carotenoids
as substrates, and it cleaves them at the central 15,15" dou-
ble bond to yield RAL (Fig. 2). It has been reported that
BCMOI only catalyzes the cleavage of B-carotene, o-
carotene, and B-cryptoxanthin and requires substrates
having at least one nonsubstituted B-ionone ring (53).

The other carotenoid-cleaving oxygenase catalyzes the
eccentric (asymmetric) cleavage of B-carotene and is
known as B-carotene-9’-10"-dioxygenase (BCDOZ2). This
reaction results in the formation of B-apo-10’-carotenal
and B-ionone (54) (Fig. 2). Later on, it was found that this
enzyme could also catalyze the eccentric cleavage of xan-
thophylls, such as zeaxanthin and lutein (55, 56), and the
acyclic carotenoid lycopene (57). The cellular localization
of these two enzymes is different; whereas the central
cleavage enzyme, BCMOI, is a cytosolic protein (53), the
eccentric cleavage enzyme, BCDOZ2, is localized to mito-
chondria (55).

The mechanism of the central cleavage is still unclear.
Originally, the enzyme was thought to be a dioxygenase
(46, 47). However, one study presented evidence that it
acts as a monooxygenase (58). In this latter proposed reac-
tion, a number of points still need to be clarified, such as
the nature of the metal complex involved in the epoxida-
tion as well as the extents of oxygen exchanges between
species during the 7.5 h enzyme reaction at 37°C. Indeed,
it has been reported that most of the oxygen of retinal
exchanged with water during 14 days in H2'*0O (59). It is
clear that more detailed information is needed on the
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Fig. 2. Central and eccentric cleavages of B-carotene. Oxidative cleavage of B-carotene at the 15, 15" dou-
ble bond is catalyzed by the enzyme B-carotene 15, 15-oxygenase 1 (BCO1) and leads to the generation of
two molecules of retinal (B-apo-15-carotenal). Cleavage at other double bonds leads to the formation of -
apocarotenals and B-apocarotenones. For example, the cleavage at the 9°, 10" double bond is catalyzed by
B-carotene 9'10"-oxygenase 2 (BCO2) and leads to the formation of B-apo-10-carotenal and B-ionone. Ec-
centric cleavage at other double bonds may occur nonenzymatically or may be enzyme catalyzed.

catalytic mechanism of both the central cleavage enzyme
and the eccentric cleavage enzyme. It is unfortunate that
the genes for these enzymes were named with “monooxyge-
nase” and “dioxygenase,” respectively, as this has given rise
to a somewhat confusing nomenclature in which authors
use different names for these enzymes. Given the lack of
definitive information on the reaction mechanisms, we use
B-carotene-oxygenase 1 (BCO1) forBCMO1 and B-carotene-
oxygenase 2 (BCOZ2) for BCDO2. BCOI1 has been cloned
from the Drosophila melanogaster (51), chicken (50), mouse
(60-62), and human (63). BCO2 has been identified and
cloned from mice, humans, and zebrafish (54).

First, it was thought that the eccentric cleavage of B-
carotene was an alternative pathway to produce retinoids
and vitamin A (64). However, BCO1l-knockout mice that
are fed B-carotene become vitamin A deficient despite the
expression of BCO2, suggesting that BCO1 is the primary
enzyme for retinoid production and BCO2 is responsible
for different physiological functions (65). Also, it was seen
that while both BCO1 and BCO2 are expressed in human
tissues in kidney tubules, exocrine pancreas, Leydig and
Sertoli cells in the testis, small intestinal and stomach mu-
cosa, adrenal gland, and epithelium in the eye, only BCO2
is expressed in cardiac and skeletal muscle, prostate and
endometrial connective tissue, and the endocrine pan-
creas, suggesting that BCO2 has a function independent
of vitamin A production (66). Two excellent recent reviews
discuss in detail the regulation and physiological functions
of the mammalian carotenoid oxygenases (67, 68).
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It has been recently shown that there is negative feed-
back regulation of B-carotene conversion and intestinal
absorption. This may occur via regulation of intestine-
specific homeobox (ISX), an intestine-specific transcrip-
tion factor (69). It was found that BCOl and SR-BI
expression in the intestine was increased in ISX-deficient
mice (70). Thus, intestinal B-carotene absorption and B-
carotene conversion to retinoids were inhibited in the
presence of increasing cellular levels of atRA (71).

RETINOIC ACID RECEPTORS AND RETINOID X
RECEPTORS

atRA acts through ligand-regulated trans-acting tran-
scription factors that bind to cis-acting DNA regulatory ele-
ments in the promoter regions of target genes. Retinoic
acid receptors (RAR) are members of the steroid/thyroid
hormone family of nuclear receptor that consist of RARa
(NR1B1), RARB (NR1B2), and RARy (NR1B3) (36, 37,
72-74), which form heterodimers with retinoid X recep-
tors (RXR). atRA is the physiological ligand of RARs, and
upon binding to receptor, atRA signaling occurs, which
leads to the transcription of target genes involved in vari-
ous cellular events, such as cellular differentiation, prolif-
eration, and apoptosis (74). atRA is the major biologically
active retinoid by virtue of activating the RARs globally
and thereby exerting pleiotropic events in cell growth and



differentiation in embryonic development and adult phys-
iology (75, 76). Mechanisms of RAR signaling are reviewed
in detail in the accompanying review by Al Tanoury et al.
(74).

Nuclear receptors, including RARs and RXRs, are com-
posed of modular structural/functional domains denoted
A to F (74, 77), with different regions corresponding to
autonomous functional domains that can be interchanged
between related receptors without loss of function. The
N-terminal A/B region contains a ligand-independent ac-
tivation function (AF-1). The DNA-binding domain (DBD)
is the most conserved domain of nuclear receptors, and it
is responsible of recognition of specific DNA sequences
called hormone response elements: retinoic acid response
elements (RARE) and retinoid X response elements
(RXRE). The E region contains the moderately conserved
and largest domain, the ligand-binding domain (LBD). It
consists of a ligand-binding pocket, a dimerization surface,
and a ligand-dependent transcriptional activation func-
tion (AF-2). The short D region (linker domain) is not
well conserved among the different receptors and serves as
a hinge between the DBD and the LBD, allowing rotation
of the DBD. The C-terminal F domain is present in RARs
but not in RXRs and has no clear function.

Like other nuclear receptors, retinoid receptors regu-
late transcription by binding to specific DNA sequences
in target genes known as hormone response elements
(HRE). RARs and RXRs recognize response elements
composed of two direct repeats of the consensus se-
quence 5-AGGTCA-3" separated by one to five base pairs,
known as the 1-5 rule (77, 78). In the case of RAR-RXR
heterodimers, the response element can be distinguished
as either DR1 or DR5; the preferred HRE for the RARs is
DR5. RAREs are found in the promoters of a large num-
ber of atRA target genes implicated in a wide variety of
functions.

The LBDs are formed by 12 conserved a-helical regions
(H1 to H12) and a B-turn (situated between H5 and H6).
The LBD contains the ligand-binding pocket (LBP), the
main dimerization domain, and the ligand-dependent ac-
tivation function-2 (AF-2). LBP consists of hydrophobic
residues. It is involved in selectivity of ligand binding, max-
imizing hydrophobic contacts, and its shape matches the
volume of the ligand (79-81). The C-terminal helix 12 or
HI12 (AF-2) is the key mediator between active (recruit-
ment of coactivators) and inactive configuration (pres-
ence of corepressors) of these nuclear receptors. Upon
agonist binding to receptor, there is a conformational
change in H12 that induces an a-strand to 3-helix transi-
tion leading to H11 formation, which in turn stimulates
release of corepressors, and H12 repositions itself so it can
contact coactivators through their LXXLL motifs (82, 83),
where L represents leucine and X represents any amino
acid.

Because B-apocarotenoids are retinoid analogs, it is pos-
sible that they can serve as ligands for the retinoid recep-
tors. Evidence for this possible role is discussed below,
although the exact modes of interaction with the receptor
LBDs are not known.

Formation, occurrence, and function of apocarotenoids

OCCURRENCE AND FUNCTIONS OF
APOLYCOPENOIDS AND B-APOCAROTENOIDS
IN FOODS AND IN MAMMALIAN TISSUES
AND PLASMA

Occurrence of apolycopenoids

The occurrence of apolycopenoids such as apo-6-
lycopenal and apo-8™lycopenal in tomato extracts and to-
mato paste (84) and in raw tomatoes (85) was reported
some time ago. Recently, in addition to apo-6™- and 8-
lycopenal, apo-10"-, 12", and 14"lycopenals were found in
both raw and processed food products (86) (Fig. 3). The
sum of the lycopenals was 6.5 pg/100 g Roma tomato and
73.4 pg/100 g tomato paste. These amounts are about
0.2% of the lycopene content of these foods. Also, in the
same study, all of these apolycopenals (apo-6-, 8-, 10%,
12’-, and 14’-lycopenal) were detected in human plasma at
a total concentration of about 2 nM, also about 0.2% of
the plasma lycopene concentration. Whether the plasma
apolycopenals originated from enzymatic cleavage of lyco-
pene or from consumption of apolycopenal-containing
fruits and vegetables is not clear.

Another study revealed the presence of apo-8”-lycopenal
and, putatively, apo-12”-lycopenal in the liver of 14C—lyco-
pene-fed rats (87). The authors estimated the concentra-
tion of apo-8™lycopenal at about 250 ng/g liver, or about
0.4% of the hepatic lycopene concentration. Apo-10™-
lycopenal was not detected in this study. Apo-10"-lycopenal
was likewise not detected in the lung tissues of lycopene-
supplemented ferrets, but the reduction product of this
apolycopenoid, apo-10"-lycopenol, was observed at a con-
centration of about 8 pmol/g tissue (57).
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Fig. 3. Series of apolycopenals. The apo-6"-, apo-8’-, apo-10"-,
apo-12-, and apo-14"lycopenals were found in tomato products
and in human plasma (154).
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Biological activities of apolycopenoids

Lycopene oxidation products, including apolycope-
noids, may be responsible for some of the biological activi-
ties attributed to lycopene (88, 89). There are number of
reports indicating that apolycopenoids are biologically ac-
tive compounds both in vitro and in vivo.

Gap junction communication (GJC) plays a role in the
control of cell growth via differentiation, proliferation,
and apoptosis (90). The central cleavage of lycopene yields
acycloretinoic acid (ACR), the linear analog of atRA,
which was shown to enhance GJC at supraphysiological
concentrations (50 M) in human fetal skin fibroblasts
(91). ACR was also found to reduce cell viability by induc-
ing apoptosis in human prostate cancer cells but not at
physiological concentrations (92). In another cell-based
study, this metabolite was shown to inhibit cell growth in
human mammary MCF-7 cells (at 1 pM and above); in the
same study, it was observed that ACR activates RARE but at
a 100-fold lower potency than atRA (93).

The eccentric cleavage of lycopene catalyzed by BCO2
yields apo-10"-lycopenal that can be either further oxidized
into apo-10"-lycopenoic acid or reduced to apo-10’-
lycopenol, depending on whether NAD" or NADH is pres-
entasa cofactor (57). Apo-10"lycopenoic acid is implicated
as the biologically active apolycopenoid, particularly in
lung carcinogenesis, both in vitro and in vivo by inducing
phase II enzymes (94); a process is mediated through anti-
oxidant response elements (ARE) and activation of ARE
transcription factor nuclear factor E2-related factor 2
(Nrf2). These effects were generally found with concentra-
tions of the metabolite in the micromolar range. The same
group studied the effects of apo-10"-lycopenoic acid on
adipose tissue. In this study, they found that apo-10-
lycopenoic acid induced RAR activation both in vitro and
in vivo and that this apolycopenoid displayed a similar ef-
fectas atRA in adipocyte tissue biology. However, although
this apolycopenoid showed an anti-inflammatory response
in adipose tissue, it did not have any effect on adipogenesis
(95). All of these experiments utilized a 2 pM concentra-
tion of apo-10"lycopenoic acid or atRA.

Sirtuin 1 (SIRT1), a key regulator of lipid metabolism
(96), is involved in attenuating adipogenesis and inducing
fat mobilization (97, 98). In a recent study, it was reported
that apo-10"-lycopenoic acid led to the increase in SIRT1
enzyme activity by treatment with this metabolite in ob/ob
mice, resulting in prevention of fatty liver (99). In this
study the compound was fed in the diet at 40 pg/g diet (or
240 pg/kg body weight/day).

Interestingly, there is accumulating evidence that mod-
ulation of BCO2 activity in the intact animal alters lyco-
pene metabolism and has profound effects on whole-body
physiology (67, 68, 88, 89).

Occurrence of 3-apocarotenoids

In 1970s, Ganguly and coworkers (100, 101) reported
studies regarding the existence and possible biological ac-
tivities of B-apocarotenoids. In one of them, B-apo-8-,
B-apo-10-, and B-apo-12’-carotenal were tested in the cura-
tive-growth assay in rats. The assay was performed in which
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the total gain in weight of vitamin A-deficient rats receiving
B-carotene and B-apo-8™-, B-apo-10-, and B-apo-12’-carotenal
was assessed and the biopotencies of these B-apocarotenoids
were calculated against B-carotene taken as 100%, on a mo-
lar basis. The biopotencies found were 72 + 4, 78 + 3, and 72
+ 5 for B-apo-8’-carotenal, B-apo-10"-carotenal, and B-apo-
12’-carotenal, respectively (100). In the same study, they
demonstrated that B-apocarotenals can be oxidized to the
corresponding B-apocarotenoic acids in mitochondrial and
microsomal fractions of the homogenates of rat and chicken
liver and that addition of either NAD" or NADP" produced
an increase in the aldehyde oxidase activity in both species.
Another study by the same group identified retinal and -
apo-8-, B-apo-10’-, and B-apo-12’-carotenal from the intestine
of chickens fed B-carotene using thin-layer chromatogra-
phy and spectroscopic analysis (101).

The formation of B-apocarotenoids can occur enzymati-
cally, as shown in a study that utilized human, monkey,
ferret, and rat tissue homogenates. These homogenates
were incubated with B-carotene in the presence of NAD and
dithiothreitol. Significant amounts of B-apo-8-, B-apo-10-,
and B-apo-12’-carotenal as well as retinal and retinoic acid
were found (102). There were no B-apocarotenals or retin-
oids detected in the control incubations without tissue ho-
mogenates. Moreover, the amounts of (3-apocarotenals
and retinoids formed were markedly reduced when NADH
or when dithiothreitol and cofactors were deleted from
the incubation and replaced by NAD. Both 3-apocarotenals
and retinoid production were inhibited completely by
adding disulfiram, an inhibitor of sulfydryl-containing en-
zymes (102).

Other investigators detected [-apocarotenoids ([3-
apo-8’, B-apo-10’, B-apo-12’, and B-apo-14" carotenal) in
intestinal preparations from vitamin A-deficient rats fed a
single dose of B-carotene, but they were presentin amounts
less than 5% of the retinoids formed in the same 3 h pe-
riod (103). Collectively, all the studies mentioned above
suggest that B-apocarotenals are formed as products of 3-
carotene oxidation in vivo.

B-Apocarotenoids can also be formed via autoxidation,
thermal degradation of B-carotene, or during food process-
ing. The spontaneous autoxidation of toluene solutions of
B-carotene with 100% oxygen at 60°C for 120 min yielded a
homologous series of carbonyl cleavage products of -
carotene, including RAL, B-apo-13-carotenone, B-apo-14-
carotenal, B-apo-12’-carotenal, and B-apo-10"-carotenal that
were separated by reverse-phase HPLC, and individual
peaks were characterized with an online diode array detec-
tor (104).

In a simulated deodorization using purified palm oil
and [-carotene in which the individual compounds
in fractions were isolated using a silicic acid column,
B-apo-13-carotenone, B-apo-14"-carotenal, and RAL were
identified by infrared spectroscopy and mass spectrometry
(105). In another food-related study, thermal degradation
(various heat treatments) of B-carotene yielded B-apo-8'-
carotenal, B-apo-10"-carotenal, B-apo-12’-carotenal, and
B-apo-14’-carotenal; these oxidation products were found
to be 5% of initial B-carotene (106).



B-Apocarotenoids are present in the diet (107, 108).
Processed mango juice, acerola juice, and dried apricots
were analyzed by TLC, HPLC, and visible absorption spec-
tra obtained by a photodiode array detector and mass
spectra. These processed foods were tested for the pres-
ence of B-apocarotenals, including B-apo-8-, B-apo-10™-,
B-apo-12”-, and B-apo-14carotenal derived from B-carotene.
None of these oxidation products was detected in acerola
juice or dried apricots, and only B-apo-12-carotenal was
found in mango juice (107).

We recently reported the existence of B-apocarotenoids
in orange-fleshed melons. The levels of B-apo-13-carotenone
and B-apocarotenals, including B-apo-8-, B-apo-10™-, B-
apo-12’-, and B-apo-14’-carotenal, in melons (a cantaloupe
and a greenhouse-grown Orange Dew) were measured by
LC/MS (108). In both melons, the five B-apocarotenoids
were each present at approximately 30 pmole/g wet weight
and in total represented about 1.5% the level of B-carotene
in the melons.

More recently, our collaborators developed sensitive
LC/MS procedures for detection of B-apocarotenoids in
human plasma. The specificity and sensitivity was assured
by multiple-reaction monitoring. Human plasma samples
from six free-living individuals were analyzed and the
plasma concentration of B-apo-13-caroteneone was found
to be about 4 nM (109).

Additionally, B-apocarotenoids can arise in humans
and rats from B-carotene metabolism. In one study, B-apo-
8’-carotenal was detected in the plasma of a healthy man
three days following ingestion of a small oral tracer dose
of [M'C] B-carotene (110). Given that this analysis used ac-
celerator mass spectrometry (and thus detected only
1A‘COQ in combusted samples), it was not possible to quan-
tify the level of the B-apocarotenoid in plasma. Our group
undertook a study in which the concentrations of -
carotene and B-apo-8™-, B-apo-10"-, B-apo-12”-, and B-apo-
14’-carotenal were measured both in serum and liver of
wild-type and BCO1 knockout mice that were on a [3-
carotene-containing diet (111). All four B-apocarotenals
were found in the diet (at 0.1, 0.2, 0.2, and 0.3 nmol/g,
respectively). However, only B-apo-10- and B-apo-12’-
carotenal were detected in serum (0.2-0.7 nM) and livers
from wild-type and BCO1 knockout mice, and only B-apo-
12’-carotenal levels were found to be significantly higher
in the liver of knockout mice compared with wild-type
(111).

Biological activities of 3-apocarotenoids in mammals

B-Carotene is one of the substances used in chemopre-
vention clinical trials against various types of cancers (112).
Chemoprevention can be defined as the application of
natural or synthetic molecules to prevent, inhibit, or re-
verse the carcinogenic machinery (113). Epidemiologic
studies demonstrated that individuals eating more fruits
and vegetables that are rich in carotenoids and people
having higher serum B-carotene levels have a lower risk of
cancer, particularly lung cancer (114). Two large random-
ized intervention trials of B-carotene supplementation
were designed to test whether (3-carotene could reduce
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the risk of lung cancer: the Alpha-Tocopherol, Beta-Caro-
tene Cancer Prevention (ATBC) Study and the Beta Caro-
tene and Retinol Efficacy Trial (CARET).

In 1994, ATBC reported its findings on more than
29,000 participants of a double-blinded, placebo-con-
trolled trial on the prevention of lung cancer and other
cancers by supplementation with micronutrients (115).
The results for B-carotene given at a dose of 20 mg in one
capsule taken daily for five to eight years were not expected
because they provided no evidence for benefit in the pre-
vention of lung cancer in older male cigarette smokers;
instead, there were more incidents of lung cancer diag-
nosed in those receiving -carotene supplements.

In the CARET study, B-carotene (30 mg) and retinyl
palmitate 25,000 IU (13,664 retinol equivalents) were
given to more than 18,000 men and women with a history
of smoking or asbestos exposure (116). Among them, 388
developed lung cancer, with a 28% increase in lung cancer
incidence in those who received the B-carotene and reti-
nyl palmitate combination daily for an average of four
years compared with participants who received placebo.
The study was halted ahead of schedule for this reason.

The reason for the adverse effects of B-carotene ob-
served in the CARET and ATBC trials may be that the sub-
ject group in these trials was restricted to smokers. It is
possible that B-carotene could be easily oxidized under
the conditions of smoking and asbestos exposure. Also,
the doses given in these trials were supraphysiological lev-
els (20 mg in ATBC, and 30 mg in CARET).

The biological activities of -apocarotenoids were exam-
ined in a number of studies based on considering the
biological properties of the parental compound, i.e., 3-
carotene. In one study, the interaction between benzo[a]
pyrene (an important carcinogen found in cigarette
smoke) and B-carotene or B-apo-14-carotenoic acid in
normal human bronchial epithelial (NHBE) cells was ex-
amined (117). Also, tested was whether benzo[a]pyrene,
B-carotene, or B-apo-14’-carotenoic acid affected the ex-
pression levels of RARB in NHBE cells. It was found that,
although a carcinogen benzo[a]pyrene treatment led to
the downregulation of RARPB, B-carotene or B-apo-14-
carotenoic acid treatment, at 30 pM and 10 pM, respec-
tively, doubled the levels of RARB. Additionally, it was
observed that RARB downregulated by carcinogen was
completely reversed by treatment of 3-carotene or B-apo-
14’-carotenoic acid. In the same study, it was demonstrated
that B-apo-14"-carotenoic acid can transactivate RARB2,
but that it was 10- to 100-fold less than active than the phys-
iological agonist atRA. However, this transactivation seen
by B-apo-14’-carotenoic acid was suggested to be due to
its metabolism to atRA. The authors tested another (3-
apocarotenoid, B-apo-13-carotenone, in the same study,
and this compound did not display a significant transcrip-
tional activation of RARP.

It is known that aRA exhibits anticancer activities by re-
pressing activator protein-1 (AP-1) (118). The ability of
B-apocarotenoic acids, including B-apo-8-, B-apo-10™-, B-
apo-12’-, and B-apo-14’-carotenoic acid, to inhibit breast
tumor cell growth in both estrogen receptor-positive
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(MCF-7) and estrogen receptor-negative (Hs578T and
MDA-MB-231) human breast cancer cells, which express
RARs (119), was tested. It was observed that after two to six
days of treatment, none of the B-apocarotenoic acids and
atRA at various concentrations (10 nM, 100 nM, and 1 pM)
induced cell growth inhibition; however, nine days of treat-
ment with 1 pM B-apo-12- and B-apo-14-carotenoic acid
displayed half of the inhibition elicited by 1 pM atRA in
MCEF-7 cells on the basis of live cell calculations. Addition-
ally, 1 pM B-apo-14’-carotenoic acid exerted the growth-
inhibitory response in Hs578T cells. The induced
growth-inhibitory effect of B-apocarotenoids was associated
with repression of AP-1 activity, similar to the action of atRA,
but not dependent on RAR proteins. The authors con-
cluded that these B-apocarotenoic acids display antiprolif-
erative effects through anti-AP-1 activity and that these
compounds are biologically active in breast tumor cells.

Acute myeloid leukemia occurs as a result of the propa-
gation of cell clones that have a block in their differentia-
tion pathway to functional mature granulocytes or
monocytes (120). The human cell line HL-60 was devel-
oped (121) and has been widely used to examine the com-
pounds that induce maturation of these cells. atRA inhibits
proliferation of HL-60 cells and induces them to differen-
tiate into morphologically functional mature granulocytes
(122, 123). B-carotene and some of its metabolites were
tested in promyelocytic leukemia cell lines, such as
HL-60 cells and U937 cells, for their ability to function
as biologically active compounds on myeloid differentia-
tion. 3-Carotene inhibited proliferation and induced dif-
ferentiation of HL60 cells (125) and U937 cells (125).
B-Carotene cleavage products, such as -apo-14’-carotenoic
acid, were found to stimulate the differentiation of U937
leukemia cells (126), and B-apo-12’-carotenoic acid was ca-
pable of inhibiting the proliferation of HL-60 cells (127).

In addition to these ascribed anticarcinogenic proper-
ties of the parent compound, i.e., B-carotene, it was shown
that B-carotene can be an activator of the human preg-
nane receptor (PXR) (128). PXR, a member of the nu-
clear receptor family of ligand-activated transcription
factors, is involved in xenobiotic detoxification to pre-
vent accumulation of toxic substances in liver (129). It
was tested whether B-carotene cleavage products are bio-
logically active in terms of eliciting PXR activity. -
Apocarotenals, including B-apo-8”- and 12’-carotenal and
B-carotene (all at 10 pM), and a known PXR agonist (ri-
fampicin) were tested in reporter assays using Hep G2
liver cells. Although B-carotene itself elicited a 5- to 6-fold
reporter gene activity increase, 3-apocarotenals exerted
less or no activation compared with a 7-fold induction by
rifampicin (130).

Whether B-apocarotenals are biologically active was also
studied by Ziouzenkova et al. (131). They tested whether
eccentric cleavage products of B-carotene, such as B-
apo-8-, B-apo-12”-, and B-apo-14'-carotenal, display any bi-
ological activity and whether they have any effect on gene
expression. Based on atRA being a suppressor in adipocyte
differentiation via peroxisome proliferator-activated re-
ceptor (PPAR)vy (132), they tested whether 3-apocarotenals
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displayed any activity on adipocyte differentiation assays
using 3TC3-L1 cells. They found that only B-apo-14-
carotenal decreased adipogenesis (lipid accumulation) in
a concentration-dependent manner (1-20 pM). Next, they
tested whether this suppression of adipogenesis is through
association with RARs, and they found that B-apo-14-
carotenal was a weak partial agonist (in the pM concentra-
tion range), suggesting a RARa-independent mechanism
leading to B-apo-14’-carotenal’s repression of adipogene-
sis. Since adipogenesis is also regulated by activation of
RXR and RXR-PPAR or RXR partnering with other nu-
clear receptors (133), they tested RXRa activation in the
presence of a synthetic agonist of RXR and B-apo-8™-, B-
apo-12’-, and B-apo-14'-carotenal in human bovine cells.
Only B-apo-14"-carotenal effectively inhibited agonist-in-
duced RXRa activation with inhibition constant (Ki) value
of 500 nM. In addition, RXR partner nuclear receptors
were tested, including PPARa, PPARS, and PPARYy. It was
found that B-apo-14-carotenal decreased agonist-induced
PPARa and PPARYy activation very effectively, and PPARS
modestly. Also, they found that B-apo-14’-carotenal dis-
plays an inflammatory response via PPAR«a inhibition in
vivo in wild-type mice and that this response was not ob-
served in PPARa-deficient mice. Most of the experiments
in this study were conducted with 1-10 pM B-apo-14-
carotenal.

The possibility that the B-apocarotenoids might func-
tion as antagonists rather than agonists of nuclear recep-
tors has been supported by the results of recent studies in
the authors’ laboratory. In one study, we investigated the
effects of B-apocarotenoids on RXRa signaling (134).
Transactivation assays were performed to test whether (3-
apocarotenoids activate or antagonize RXRa. Reporter
gene constructs (RXRE-Luciferase) and RXRa were trans-
fected into Cos-1 cells and used to perform these assays.
None of the B-apocarotenoids tested activated RXRa.
Among the compounds tested, B-apo-13-carotenone was
found to antagonize the activation of RXRa by 9-cisRA
and was effective at concentrations as low as 1 nM. B-Apo-
14’-carotenal and B-apo-8-carotenal were also found to be
antagonists of RXRa but with less potency than B-apo-13-
carotenone. Molecular modeling studies revealed that (3-
apo-13-carotenone makes molecular interactions like an
antagonist of RXRa.

In another study (109), we found that B-apo-14’-
carotenal, B-apo-14’-carotenoic acid, and B-apo-13-
carotenone antagonized atRA-induced transactivation
of all three of the RARs and were effective at nanomolar
concentrations. Competitive radioligand binding assays
demonstrated that these putative RAR antagonists com-
pete directly with retinoic acid for high-affinity binding to
purified receptors. The binding affinity for P-apo-13-
carotenone was 4-5 nM, close to that of atRA itself, while
that of B-apo-14-carotenal and B-apo-14'carotenoic acid
was 5-10 times lower (Fig. 4). Molecular modeling studies
confirmed that B-apo-13-carotenone can directly interact
with the ligand-binding site of the retinoid receptors. 3-
Apo-13-carotenone and the B-apo-14-carotenoids inhib-
ited ATRA-induced expression of retinoid-responsive
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B-Apo-12'-carotenoic acid 306 313 284
B-Apo-10-carotenoic acid 378 507 351

Fig. 4. [-Apo-13-carotenone is a high-affinity ligand for purified retinoic acid receptors and fits into the
ligand binding site. (A) Competitive displacement of 5 nM tritiated atRA from purified RAR proteins by

unlabeled atRA (filled diamond) as a positive control

, B-apo-13-carotenone (filled triangle), 14-CA (plus),

14-AL (cross), and 13-cis-RA (filled square) as a negative control for RARa (left) experiment, and CD 2665
(filled circle) and retinyl acetate (filled square) as a negative control for RARB (middle) and RARYy (right)
experiments. Points shown are means of n = 3 with a variance of less than 10%. (B) Binding affinities (in nM)
of B-apocarotenoids to RARs calculated from the data shown in (A) and additional experiments with

B-apo-12”-and B-apo-10"-carotenoic acids. For atRA and

-apo-13-carotenone, variance shown is for three inde-

pendent experiments. (C) Molecular modeling of the docking of atRA (red) and B-apo-13-carotenone (pur-
ple) into the ligand-binding site (protein backbone in green) of RARB (PDB entry:1xap) (left). Shown on the
right is the energy minimized then docked conformations of atRA (red) and (-apo-13-carotenone (purple)
overlaid onto the conformation of the agonist TTNPB (white) as observed in the X-ray structure (177).

genes in Hep G2 cells. Finally, as previously mentioned, we
found that 3-5 nM B-apo-13-carotenone was present in
human plasma. These findings suggest that 3-apocarotenoids
function as naturally occurring retinoid antagonists. The
antagonism of retinoid signaling by these metabolites may
have implications for the activities of dietary B-carotene as
a provitamin A and as a modulator of risk for cardiovascu-
lar disease and cancer.

Formation, occurrence, and function of apocarotenoids

CONCLUSION AND PROSPECTIVE

It is clear that much remains to be discovered about the
formation, occurrence, and function of apocarotenoids in
humans and other mammals. More information is needed
on the mechanisms of enzymatic and nonenzymatic for-
mation of the apocarotenoids. It is also important to have
a better quantitative assessment of the amounts of these
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compounds present in the diet and the mechanisms of
their intestinal absorption. More needs to be known
about the metabolism of the apocarotenoids themselves.
Very little information is available on the concentrations
of apocarotenoids in plasma and tissues, but the avail-
able evidence suggests that these will be in the nanomo-
lar or submicromolar range. Thus, proposed mechanisms
of action, such as nuclear receptor binding, must include
those that are sensitive to these low concentrations. Finally,
it will be important to understand the interactions of
apocarotenoids with other lipid-activated receptors, lip-
id-binding proteins, and lipid-metabolizing enzymes. il

The authors thank the students, fellows, and collaborators who
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