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The basis for the vivid color of carotenoids and their antioxidant activity is the multiple
conjugated double bonds, which are characteristic for these phytonutrients. Moreover, the
cleavage of these oxidation-prone double bonds leads to the formation of apocarotenoids. A
large number of carbonyl-containing oxidation products are expected to be produced as a
result of carotenoid oxidation and these can be further metabolized into the corresponding
acids and alcohols. As discussed in this review, many, but not all, of these potential products
have been detected and identified in plants as well as in human and animal plasma and
tissues. Some of these compounds were found to be biologically active as anticancer agents.
In addition to the inhibition of cancer cell proliferation, several carotenoid metabolites were
shown to modulate the activity of various transcription systems. These include ligand-
activated nuclear receptors, such as the retinoic acid receptor, retinoid X receptor, peroxisome
proliferator-activated receptor and estrogen receptor, as well as other transcription systems
that have an important role in cancer, such as the electrophile/antioxidant response element
pathway and nuclear factor-xB. Therefore, apocarotenoids can be considered as natural
compounds with multifunctional, rather than monofunctional, activity and, thus, can be
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useful in the prevention of cancer and other degenerative diseases.
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1 Introduction

Carotenoids are lipophilic plant pigments typically contain-
ing a series of conjugated double bonds, which makes them
susceptible to oxidative cleavage. For example, lycopene
contains 11 conjugated double bonds, which are accessible
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to oxidative cleavage. Indeed, arrays of apolycopenals, the
products of such oxidation, were found in tomatoes, tomato
products and in mammalian tissues. This suggests that
apolycopenals and other carotenoid oxidation products have
biological roles and therefore studying their biological
effects is of great importance and is a major subject of this
review. In addition, we will address the formation of caro-
tenoid cleavage products by chemical and enzymatic oxida-
tion and their presence in eatable plants and in animal
plasma and tissues.

The most studied and known carotenoid derivatives are
those related to vitamin A. Retinal or related compounds,
such as 3-hydroxyretinal, serve as the chromophores of
various visual pigments (thodopsins) throughout the animal
kingdom. Retinal oxidation by aldehyde dehydrogenase
leads to the formation of retinoic acid, a nuclear receptor
ligand that is a major signal controlling a wide range of
transcriptional processes. In humans, four carotenoids
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(B-carotene, o-carotene, y-carotene and PB-cryptoxanthin) are
pro-vitamin A compounds (meaning they can be converted
to retinol). As these derivatives were the focus of many
excellent reviews (for example, see [1, 2]) they will not be
discussed here any further.

2 Formation of carotenoid oxidation
products

Cleavage and oxidation of carotenoids can occur by chemical
reactions in plants or in foods containing carotenoids.
Alternatively, intact carotenoids, which are absorbed into the
body, can be converted enzymatically into these derivatives.
The various routes for carotenoid oxidation and the resulting
derivatives are discussed below.

Two different nomenclatures can be used for the oxidized
carotenoid derivatives. One is the generic chemical
nomenclature that describes the carbon chain and its
substitutions. The second is based on the numbering of the
30 carbons in the backbone of the major dietary carotenoids,
as exemplified below for the structural formula of lycopene.
In this nomenclature, the number of the oxidized carbon is
given together with the nature of the oxidized group,
namely, aldehyde (-al), ketone (-one) or acid. For example,
the derivative resulted from oxidation of lycopene to a
dialdehyde at the 5-6 and 13’-14’ double bonds is termed
diapocarotene-6-14'-dial (Fig. 1). In the same way, a
monoaldehyde formed at carbon 10" is termed apo-10'-
lycopenal, and a similar derivative from B-carotene is termed
B-apo-10'-carotenal. This nomenclature will be wused
throughout the review.
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Figure 1. Structural formulae of lycopene and representative
apocarotenals. The formulae depict part of the carbon numbers
to highlight the positions of the double bonds that are cleaved
(dashed lines) in the formation of the indicated lycopenals. The
numbering is from 1 to 15 up to the center of the molecule and
then from 15’ to 1’ toward its opposite end.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2012, 56, 259-269

2.1 Chemical cleavage of carotenoids

To study the biological activities of carotenoid oxidation
products, they were produced by various chemical reactions.
Two different methods of lycopene oxidation were used by
Caris-Veyrat and colleagues and yielded a myriad of degra-
dation products [3]. One method used potassium perman-
ganate and the other atmospheric oxygen in the presence of
metalloporphyrin, which served as a catalyst. Oxidation of
lycopene with potassium permanganate produced 11
apolycopenals/ones and 6 diapocarotene-dials [3]. The latter
products are of special interest as these diapocarotene-dials
were found to have biological activities (see Section 4). The
diapocarotene-dials are formed from the cleavage of two
carbon—carbon double bonds. It is interesting that only the
double bonds 5-6 (or 5-6), 7-8 (or 7'-8), 9-10 (or 9-10')
and 11-12 (or 11'-12") were cleaved. Diapocarotene-dials
that may result from the cleavage of the double bonds
located either at the center of the molecule (15-15" double
bond) or closer to its end (i.e. the 1-2 double bond) were not
detected. Surprisingly, the expected diapocarotene-10-10'-
dial was not detected as well. Oxidation of lycopene by
atmospheric oxygen catalyzed by a metalloporphyrin
(a model system of the active center of cytochrome P450
enzymes) resulted in isomerization to cis-isomers and then
in the addition of oxygen to double bonds and their cleavage
to a series of apolycopenals. No diapocarotene-dial products,
which can result from a double oxidative cleavage, were
detected over the 96-h period, although almost all the
apolycopenals/ones that were obtained by oxidation of
lycopene with potassium permanganate were detected.
Similarly, production of apolycopenal (apo-6-lycopenal)
without diapocarotene-dials was obtained also by another
oxidation method of lycopene using full spectrum light
irradiation (incandescent tungsten lamp) in an atmosphere
of oxygen and in the presence of a sensitizer (methylene
blue [4]). In contrast, a dialdehyde derivative was obtained by
complete oxidation of lycopene with hydrogen peroxide/
osmium tetroxide [5]. This dialdehyde was identified as
2,7,11 trimethyltetradecahexaene-1,14-dial (diapocarotene-
6-12'-dial) and was shown to have a biological activity
(see Section 4.1). It could be formed by a fragmentation at
the 5,6 and 12/,11’ positions. These positions are preferred
targets of oxidants within the lycopene molecule since apo-
12'-lycopenal, apo-6'-lycopenal and the 5,6-epoxides have
been identified as decomposition products of lycopene [6].
Nara et al. [7] have reported that the tomato acyclic
carotenoids lycopene, phytoene, phytofluene and {-carotene
are unstable when incubated in regular tissue culture
medium. These carotenoids were completely lost within 5h
of incubation. On the other hand, B-carotene was stable
when incubated in similar conditions. Oxidation mixtures of
phytoene, phytofluene, C-carotene and lycopene were
prepared by incubation at 37°C in toluene for 24h [7] and
were found to inhibit cell growth stronger than each of the
intact carotenoids alone. The potentially active compounds
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from the oxidation mixtures of the acyclic carotenoids were
not isolated. However, Kim et al. [6] identified acyclo-retinal,
apolycopenals and acyclo-retinoic acid as products of auto-
xidation of lycopene in toluene. The identified apolycopenals
correspond to the products formed by cleavage of the
respective 11 conjugated double bonds of lycopene and
include apo-14'-lycopenal, apo-12-lycopenal, apo-10'-lycope-
nal, apo-8'-lycopenal and apo-6'-lycopenal, which are similar
to those obtained from lycopene by the other oxidation
methods discussed above. However, it was not mentioned
whether diapolycopene-dials were generated by oxidation in
toluene. Autoxidation of B-carotene [8] resulted in apocar-
otenals that were similar to the apolycopenals identified by
Kim et al. [6], except for a compound that cannot be obtained
by the cleavage between carbons 5 and 6 because these
carbons are part of the PB-ionone ring of B-carotene. In
another study, the same group reported that autoxidation of
lycopene at positions 5,6 and 13,14 produced a diapolyco-
pene-dial — (E,E,E)-4-methyl-8-ox0-2,4,6-nonatrienal (diapo-
carotene-6-al,13-one) [9]. To induce this autoxidation,
purified lycopene was treated with toluene or ozone. Inter-
estingly, only few carotenoids other than lycopene, such as
neurosporene and y-carotene, have the potential structure to
produce this oxidation product, which was found to cause
apoptosis of leukemic cells (see Section 4.1).

2.2 Enzymatic cleavage of carotenoids

In mammals, including humans, two homologous genes
exist that encode enzymes responsible for carotenoid
oxidative cleavage: J,B-carotene-15,15" monooxygenase
(BCMO1) catalyzes retinal production from pro-vitamin A
carotenoids, while a second carotenoid-oxygenase, -
carotene 9'-10"-dioxygenase (BCDO?2), catalyzes asymmetric
cleavage of carotenoids to apocarotenoids.

Enzymatic central cleavage of carotenoid molecules is a
major pathway leading to vitamin A formation. The enzyme
BCMO1 was cloned and was shown to cleave B-carotene at
the 15,15'-double bond [10, 11]. The enzyme localizes to the
cytoplasm and converts limited types of carotenoids into
retinoids [12]. Studies in knockout mice showed that
BCMOT1 is a major enzyme for vitamin A production as its
deficiency abolishes vitamin A generation from B-carotene
and alters lipid metabolism in mice [2, 13, 14]. Recombinant
human BCMO1 catalyzes the cleavage of pro-vitamin A
carotenoids with at least one nonsubstituted B-ionone ring,
such as B-carotene, a-carotene and B-cryptoxanthin, but fails
to promote cleavage of nonprovitamin A carotenoids such as
lycopene or zeaxanthin [12].

Besides the symmetric cleavage, an asymmetric cleavage
of B-carotene is carried by the other carotenoid-oxygenase,
BCDO2. This enzyme has been cloned from human, mouse,
zebrafish and ferret sources, and recombinant ferret and
mouse BCDO2 have been biochemically characterized
[15, 16]. Recombinant ferret BCDO2 catalyzed the formation
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of B-apo-10'-carotenal and P-ionone [15], suggesting that
BCDO2 is a carotenoid 9'-10’ oxygenase. Besides B-carotene,
the acyclic carotenoid lycopene is also a substrate for this
enzyme. The ferret BCDO2 cleaved 5-cis- and 13-cis-isomers
of lycopene but not the all-trans stereoisomer [15]. The
physiological function of BCDO2 is less well understood.
Such eccentric cleavage has been suggested as an alternative
route for vitamin A production. However, BCMO1 knock-
out mice become vitamin A deficient despite the expression
of BCDO2, suggesting a different physiological function of
the latter enzyme [14]. Indeed, BCDO2 was shown recently
to be localized in the mitochondria and to have broad
substrate specificity, including lycopene and xanthophylls
such as lutein [17]. In BCDO2-deficient mice, carotenoid
metabolism was abrogated leading to deranged carotenoid
homeostasis and their accumulation in several tissues with
remarkable consequences [17]. For example, in hepatic
mitochondria, the accumulated carotenoids reduced rates of
ADP-dependent respiration. This was associated with
induction of various markers for oxidative stress. Mamma-
lian cells thus express a mitochondrial carotenoid-oxygenase
that degrades carotenoids to protect these vital organelles. In
addition to these mitochondrial functions, several publica-
tions have shown that various apocarotenals, which can be
produced by BCDO2, modulate major cellular processes (see
Section 4).

The role of lycopene cisisomers in apolycopenal
production is of special interest. All-trans lycopene supple-
mentation in ferrets and humans [18] resulted in a signifi-
cant accumulation of cis-isomers of lycopene. Hu et al. [15]
demonstrated that the recombinant ferret BCDO2 catalyzes
the eccentric cleavage of both all-trans p-carotene and the
5-cis and 13-cis isomers of lycopene at the 9',10" double bond
but not all-trans lycopene. The cleavage activity of ferret
BCDO2 was higher toward lycopene cis-isomers as the
substrate than toward B-carotene. In addition, in vitro
incubation of apo-10'-lycopenal with the post-nuclear frac-
tion of hepatic homogenates of ferrets resulted in the
production of both apo-10'-lycopenoic acid and apo-
10"-lycopenol. These authors suggested that the bioconver-
sion of cis-isomers of lycopene into apo-10-lycopenoids by
BCDO?2 is substantial because these are the predominant
isomeric form of lycopene in mammalian tissues and
apolycopenoids may have specific biological activities related
to human health.

3 The presence of carotenoids oxidation
products in foods, and in mammalian
plasma and tissues

Carotenoid oxidation products, apo-6'- and apo-8'-lycopenal,
were reported to be present in raw tomatoes already in the
early 1970s [19]. Recently, several other apolycopenals were
found in both raw and processed foods as well as in human
plasma, including apo-10'-, apo-12'-, apo-14’- and apo-15'-
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lycopenal [20]. Some of these metabolites were found in
individual’s plasma who had consumed tomato juice for
8wk. These include apo-6'-, apo-8'-, apo-10'-, apo-12- and
apo-14’-lycopenals, which were detected and quantified in all
tested food products as well as in plasma. The concentration
of these apolycopenals in foods is very low and amount to
roughly 1000 times lower than that of lycopene. Similar
relative concentrations were found in human plasma.
Interestingly, apo-15'-lycopenal, which is equivalent to
retinal, was not detected in the plasma of any of the seven
subjects included in that study [20]. This is in agreement
with the facts that this central cleavage product is not found
in foods and that lycopene is not a good substrate for
BCMOI, the central cleavage enzyme, and thus there is no
valid source for apo-15'-lycopenal in the human body. As
discussed above (Section 2.1), lycopene oxidation leads to
the formation of diapocarotene-dials in addition to the
mono-apolycopenals; however, such dialdehydes were not
detected in animal and human tissues. The reason may
stem from the high reactivity of the diapocarotene-dials in
biological systems. For example, it was suggested that they
are highly reactive toward SH groups present in various
regulatory proteins [21] (see Section 4.2.2.1).

Although it has been shown that BCDO2 cleaves both
B-carotene and lycopene at the single 9'-10" double bond
[15], an array of different derivatives was found in human
and animal plasma and tissues [15, 20, 22] This suggests
further metabolism of BCDO?2 cleavage products. Feeding of
lycopene to ferrets resulted in the detection of apo-10-lyco-
penol in the lung tissue, which probably is the reduction
product of the aldehyde apo-10'-lycopenal [15]. In addition,
the liver of rats consuming a lycopene-containing diet for 30
days produced apo-8'-lycopenal and putative apo-12’-lycope-
nal [22]. It was suggested that the presence of apolycopenals
in the plasma and tissues, either from the diet or as meta-
bolic products of enzymatic cleavage, supports a hypothesis
that these compounds may have bioactivity and potentially
mediate some of the health-promoting beneficial effects
proposed for tomato products [20, 22-24].

4 Biological activities of carotenoid
oxidation products

Anticancer activity is probably the best characterized
biological activity of carotenoid and their derivatives.
This includes inhibition of cancer cell proliferation and
induction of cell death by activation of apoptosis program.
Another frequent effect is the modulation of the activity of
various transcription factors, e.g. nuclear factor E2-related
factor 2 (Nrf2), which activates the electrophile/antioxidant
response element (EpRE/ARE), nuclear factor-kB (NF-kB),
as well as nuclear receptors, such as the retinoic acid
receptor (RAR), retinoid X receptor (RXR), peroxisome
proliferator-activated  receptor (PPAR) and estrogen
receptor. These transcription factors regulate the expression
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of genes that are closely related to carcinogenesis and its
prevention.

4.1 Inhibition of cancer cell proliferation

Nara et al. [7] have reported that oxidized derivatives
produced by incubation of tomato carotenoids (lycopene,
phytoene, phytofluene and (-carotene) with toluene inhibit
the growth of HL-60 leukemia cells to a greater extent than
each of the intact carotenoids. For example, lycopene at
10 uM showed a slight inhibitory effect, whereas a remark-
able growth inhibition was caused by the oxidation mixture
of lycopene containing various apolycopenals, as described
above (Section 2.1). The authors suggested that the inhibi-
tion of cell growth by acyclic carotenoids is mediated by
their oxidation products through the induction of apoptosis
[7]. This was further studied by Zhang et al. [9] who found
that a specific diapocarotenoid (diapocarotene-6-al,13-one)
produced by autoxidation of lycopene with toluene or ozone
(see Section 2.1) induced apoptosis in HL-60 leukemia cells.
In addition to the identified diapocarotenoid, other, not
identified, derivatives were also produced during lycopene
autoxidation, and it is remarkable that the mixture of lyco-
pene oxidation products was more active than the isolated
derivative alone, indicating the presence of other unidenti-
fied active oxidation products in that mixture.

We have determined the effects of synthetic diapocar-
otene-dials on the growth of estrogen-dependent breast
(MCEF-7, T47D) and androgen-dependent prostate (LNCaP)
cancer cells [21]. These compounds, diapocarotene-10-10'-
dial, diapocarotene-8-12'-dial, diapocarotene-8-8-dial and
diapocarotene-12-12'-dial, can potentially be derived from
double oxidative cleavage of lycopene. We observed similar
relative potencies of these four derivatives to inhibit cancer
cell growth and to induce the EpRE/ARE transcription
system (see more details in Section 4.2.2.1). It is not clear
whether there is a direct connection between the EpRE/ARE
system and regulation of cell growth. However, these results
suggest that in addition to activating EpRE/ARE
(as discussed below) the carotenoid derivatives containing
conjugated carbonyls can affect other cellular processes.
Interestingly, acyclo-retinoic acid, a central cleavage product
of lycopene, which is an open chain analog of retinoic acid,
was also found to inhibit cancer cell proliferation [25, 26].
This putative lycopene metabolite was not detected yet in
biological tissues and since its potency in inhibition of
cancer cell growth was similar to that of lycopene [26], it is
probably not an active metabolite of this carotenoid.

In a recent study, it was reported that treatment of
androgen-independent DU145 prostate cancer cells by
supra-physiological levels of lycopene and apo-12'-lycopenal
reduced cell proliferation. However, it is not clear if the
lycopenal’s effect is physiologically important. The inhibi-
tion of cell growth was achieved through inhibition of the
normal cell cycle progression but not by the induction of the
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gap junction protein, connexin 43 [27]. In contrast, another
study has shown that a lycopene oxidation product can
induce gap junctions. This compound, diapocarotene-6-12'-
dial, obtained by complete oxidation of lycopene with
hydrogen peroxide/osmium tetroxide (see Section 2.1) was
found to enhance cell-to-cell communication via induction
of gap junctions [5]. Similarly, Bertram et al. [28] found that
another type of oxidation product of lycopene, 2,6 cycloly-
copene-1-5-diol, which was found in both tomato products
and human serum, had somewhat greater activity than
lycopene to induce connexin 43 in mouse and human cells.
This activity was previously suggested to partially explain the
anticancer activity of carotenoids [29]. It is interesting to
note that although the up-regulation of connexin 43 by
retinoids involves RAR transactivation, its induction by the
carotenoids astaxanthin or lycopene is not RAR-dependent
[30]. In contrast, connexin 43 induction by astaxanthin, but
not by a specific retinoid, was inhibited by an antagonist of
the nuclear receptor PPAR-y, indicating separate molecular
mechanisms of gap-junctions control by pro-vitamin A and
non-pro-vitamin A carotenoids.

It may be concluded from the above studies that carote-
noid oxidation products inhibit cancer cells growth to a
greater extent than the intact carotenoids. The physiological
significance of these findings and the mechanism of action
of these carotenoid derivatives are only partially understood
and should await further research.

4.2 Modulation of transcription
4.2.1 Nuclear receptors

Nuclear receptors which reside inside the cells are ligand-
activated transcription factors. The hydrophobic nature of
carotenoids and their oxidation derivatives makes them good
candidates for interaction with nuclear receptors, which
bind ligands that easily transverse the cell membrane.
Indeed, carotenoid derivatives other than the known reti-
noids were shown to affect the activity of several nuclear
receptor families such as RAR, RXR, PPAR and estrogen
receptor. However, it is not yet clear if the observed changes
in the transcriptional activity of these nuclear receptors are
related to direct interaction of carotenoid derivatives with the
relevant receptors as ligands (as suggested for RXR and
PPARSs; see Sections 4.2.1.1 and 4.2.1.2) or to their indirect
effects, which may result from modulation of other cellular
pathways (as suggested from our findings regarding estro-
gen receptor; see Section 4.2.1.3).

4.2.1.1 Retinoid receptors

Retinoid receptors are composed of two families of nuclear
receptors, RAR and RXR. When a ligand binds to a member
of the RAR family, the receptor hetero-dimerizes with a
member of the RXR family and attaches to the retinoic acid
response element in the promoter region of RAR target
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genes. RARP, one of these target genes [31], has been
suggested to be a tumor suppressor gene, playing a critical
role in mediating the growth-inhibitory effects of retinoids
in various cancer cells [32].

Acyclo-retinoic acid, the open chain analog of retinoic
acid, was shown to activate RAR transcriptional activity and
to inhibit cancer cell proliferation [25, 26]. These effects
were compared with those of retinoic acid in human
mammary cancer cell line (MCF-7) [26]. Acyclo-retinoic acid
transactivated a reporter gene containing the retinoic acid
response element with a 100-fold lower potency than reti-
noic acid suggesting that activation of RAR is not an
important function of this derivative. In contrast to the
results of the transactivation studies, acyclo-retinoic acid,
retinoic acid and lycopene inhibited cell growth with a
similar potency. These results show that RAR does not
mediate the growth inhibitory effect of acyclo-retinoic acid.

A similar experimental approach was followed by Lian
et al. [33]. Apo-10'-lycopenoic acid (an eccentric cleavage
product of lycopene) was found to transactivate the promo-
ter of the RARP gene and to induce the expression of this
receptor. Previously, it was demonstrated by the same group
that lycopene can be converted to apo-10'-lycopenoids
(including apo-10'-lycopenoic acid) in mammalian tissues
both in vitro and in vivo [15]. Apo-10'-lycopenoic acid was
also shown to inhibit the growth of several normal and
malignant lung cell lines; however, some of these results
were achieved at high concentrations of this molecule [33].
The transactivation of RAR by apo-10"-lycopenoic acid,
although with a much lower potency as compared to all-
trans retinoic acid, and the induction of expression of RARB
may provide at least partial explanation for the described
growth inhibition of lung cancer cells [33]. These observa-
tions demonstrate that apo-10'-lycopenoic acid is a biologi-
cally active metabolite of lycopene and suggest that it is a
potential chemopreventive agent against lung tumorigen-
esis.

Marsh et al. [34] have recently tested the hypothesis that
apocarotenoids formed by asymmetrical cleavage of -
carotene are able to stimulate transcription by activating
RARs. The effects of long- and short-chain apocarotenals
and apocarotenoic acids such as B-apo-8'-carotenoic acid, p-
apo-14'-carotenoic acid and [-apo-13-carotenone were
examined on the transactivation of RARa and RARP. None
of these apocarotenoids showed significant effect when
compared with all-trans retinoic acid. The results suggest
that biological effects of these apocarotenoids are through
mechanisms other than activation of RARa and RARP. In a
more recent study, the same group determined the effects of
these eccentric cleavage products of B-carotene on RXRo
signaling [35]. None of the products tested activated RXRa.
However, B-apo-13-carotenone was found to antagonize the
activation of RXRa by 9-cis-retinoic acid and was effective at
concentrations as low as 1nM. Molecular modeling studies
revealed that P-apo-13-carotenone should be capable of
acting as an RXRa antagonist. This prediction, together with
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the low effective concentration of this specific apocar-
otenoid, suggests that it has a physiological role in RXR
regulation.

4.2.1.2 PPARs and LXR (liver X receptor)

PPARs are a subfamily of nuclear receptors activated by
various lipids and other biologically active molecules [36,
37]. Long-chain fatty acids have been proposed as natural
PPAR ligands, and indeed, specific endogenous pathways of
lipid metabolism can activate distinct PPAR responses. All
three PPAR isomers, PPARa, PPARB/S and PPARYy, are
involved in gene expression in multiple aspects of fatty acid
[38] and glucose metabolism [39] as well as in inflammation
[40].

The possibility that carotenoid oxidation products may
regulate PPAR activity stems from their structural simila-
rities to the natural ligands of this family of receptors.
B-Carotene can undergo asymmetric cleavage, producing a
series of apocarotenals with varying chain length [41].
Ziouzenkova et al. [42-44] suggested that apocarotenals
might be involved in transcription. One specific apocar-
otenal, B-apo14'-carotenal, but not other structurally similar
apocarotenals, could inhibit PPARy, PPARa, and RXR
activation [42]. Inhibition of PPARy and RXR activity by this
derivative in adipocytes resulted in the suppression of both
adipogenesis and the expression of the PPARYy target genes
Fabp4 and adiponectin. In endothelial cells, B-apol4’-caro-
tenal inhibited PPAR« activation and augmented expression
of vascular cell adhesion molecule-1 (VCAM-1), which was
previously shown to be reduced by PPARx [42]. In addition
to P-apol4’-carotenal, retinaldehyde, the product of the
central cleavage of B-carotene found in fat, was shown to
inhibit RXR and PPARy activation in vitro and PPARy-
induced adipogenesis both in vitro and in vivo [43]. These
data indicate that specific apocarotenals might act as biolo-
gically active mediators in transcription regulation. This
suggestion is supported by our findings [21] showing that
the EpRE/ARE transcription system could be activated by a
series of apocarotenals (see below).

The above studies by Ziouzenkova et al. established the
role of B-carotene derivatives in inhibition of PPARs activity.
A recent study stressed the role of PPARy and LXRa acti-
vation in the lycopene inhibition of prostate (LNCaP) cancer
cell proliferation [45], although the role of lycopene deriva-
tives was not examined in this study. Lycopene significantly
increased the protein and mRNA expression of PPARy and
LXRa. The reduced prostate cancer cell proliferation
observed in the presence of lycopene was restored by specific
antagonists of PPARy and LXRo. In addition, LXRo
knockdown by siRNA significantly enhanced the prolifera-
tion of LNCaP cells, whereas si-LXRa knockdown followed
by incubation with lycopene reduced cell proliferation.

4.2.1.3 Estrogen receptors
It is well known that endogenous or exogenous estrogens
are crucial risk factors for the development and progression
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of breast cancer [46]. Therefore, inhibition of estrogenic
activity by antiestrogens is an important treatment for breast
cancer and can also be used for prevention of the disease in
women who are at high risk for this malignancy [47, 48].
The probability that carotenoids can attenuate estrogenic
activity was suggested by a study that found that an inverse
association of breast cancer risk with dietary intake of
carotenoids (a-carotene, f-carotene and lycopene) exists for
postmenopausal ~women  with  hormone-dependent
mammary tumors but not for other breast cancer patient
groups [49]. We tested the ability of carotenoids to inhibit
estrogenic signaling in estrogen-dependent cancer cells [50],
which could explain the reduction in cancer risk by dietary
intake of carotenoids. Indeed, the tomato carotenoids lyco-
pene, phytoene, phytofluene and B-carotene inhibited
estrogen-induced breast and endometrial cancer cell prolif-
eration. Moreover, these carotenoids inhibited transactiva-
tion of the estrogen response element by both estrogen
receptor alpha and beta [50]. In a more recent study, we
found that synthetic diapocarotene-dials also inhibited
estrogen receptor transactivation in breast cancer cells [51].
Although the action of estrogens in breast and endometrial
cancer is harmful, it is beneficial for bone formation. Thus,
we examined the effects of lycopene derivatives on estro-
genic activity in osteoblasts which are bone forming cells.
We found that the diapocarotene-dials, which inhibited
estrogenic activity in cancer cells, did not inhibit and even
stimulated estrogen receptor transactivation and the
expression of estrogen-responsive genes in the bone cells
[51].

4.2.2 Non-ligand activated transcription factors

In this review, we will discuss primarily two major
transcription systems that are important in malignant
processes — the EpRE/ARE system and its major
transcription factor, Nrf2, and the NF-xB system. The
EpRE/ARE mediates induction of detoxifying and anti-
oxidant enzymes, which are responsible for reducing the
mutagenic effects of carcinogens and reactive oxygen
species [52]. In contrast, activation of the NF-xB transcrip-
tion system contributes to cancer progression and also
exerts harmful effects on bone health [53]. Interestingly,
under un-stimulated conditions, both Nrf2 [52] and the
NF-xB transcription factors [54] are retained in the cyto-
plasm by their respective inhibitory proteins, Keapl
and IkB (inhibitor of NF-kB), which harbor cysteine thiols.
The interaction of various electrophiles, including
dietary derived compounds, with these cysteines
results in activation of Nrf2 [52] and inhibition of NF-kB
activity [54]. The opposite modulation of these two tran-
scription systems by dietary compounds including carote-
noids and their derivatives can partially explain the
prevention of cancer and the improvement of bone health by
various carotenoids.
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4.2.2.1 The electrophile/antioxidant response
element transcription system

Under resting conditions, Nrf2 is bound to its cysteine-rich
partner, Keapl, which is known to repress Nrf2 activity.
Various phytonutrients, such as polyphenols and isothio-
cyanates [52, 55], interact with Keapl and activate Nrf2 and
EpRE/ARE. Inducers of this system are diversified in their
chemical structure but all are chemically reactive and nearly
all are electrophiles, which react with Keapl to disrupt its
inhibitory activity on Nrf2. However, hydrophobic carote-
noids such as lycopene lack any electrophilic group and,
thus, are unlikely to interact directly with Keapl. Therefore,
we hypothesized that oxidation products are the active
mediators in the stimulation of the EpRE/ARE transcription
system by carotenoids. To identify the putative activators, we
collaborated with H. Ernst (BASF, Ludwigshafen, Germany)
and C. Caris-Veyrat (INRA and Avignon University,
Avignon, France) to design a series of pure synthetic and
fully characterized apocarotenoids that can potentially be
derived from in vivo metabolism of lycopene and other
carotenoids or during their spontaneous oxidation [21]. The
ability of these compounds to stimulate the EpRE/ARE
system was determined in order to elucidate the structure-
activity relationship of these derivatives and their mechan-
ism of action at the molecular level. We have demonstrated
that oxidized derivatives, extracted by ethanol from partially
oxidized lycopene, transactivated EpRE/ARE in HepG,
human hepatocellular carcinoma cells [56] with a potency
similar to that of the unextracted lycopene mixture, whereas
the intact carotenoid showed a small insignificant effect [21].
The modest activation of EpRE/ARE by the intact lycopene
could result from oxidation of the carotenoid in the course of
the experiment or from its enzymatic cleavage by cellular
BCDO?2. Indeed, transfection of T47D breast cancer cells
with BCDO2 increased the activity of intact lycopene
(Salman et al., unpublished results). Using the series of
characterized mono- and diapocarotenoids described above,
we demonstrated that aldehydes, and not acids, are the
active molecules which stimulate EpRE/ARE and that this
activity depends on the relative position of the methyl group
to the terminal aldehyde, which determines the reactivity of
the conjugated double bond.

As discussed previously in this review, various apolyco-
penals are found in tomatoes and in human serum and
tissues [20, 22, 57]. These oxidized derivatives, for example,
apo-8'- and apo-12'-lycopenals [22], are similar to some of
the molecules that were shown in our study to activate
EpRE/ARE. Furthermore, such oxidation products can be
formed by spontaneous oxidation [7], or after chemical [3, 5]
or enzymatic [58] oxidation, as described above (Section 2).
For example, Caris-Veyrat et al. [3] have reported that lyco-
pene is readily oxidized with potassium permanganate
giving rise to a range of apocarotenals and diapocarotene-
dials, such as apo-10"-lycopenal and diapocarotene-10,
10'-dial [16]. It is important to emphasize that this diapo-
carotene-dial can be formed not only from lycopene but also
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from several other carotenoids by enzymatic or chemical
cleavage at the 10 and 10’ carbons of the molecule.

4.2.2.2 NF-xB

The NF-kB transcription system is important for the normal
functioning of the immune system but is also crucial for the
deleterious inflammatory response. NF-kB consists of five
homologous subunits (RelA/p65, c-Rel, RelB, p50 and p52),
which dimerize and are retained in the cytoplasm by specific
proteins, the IkBs. The IkB bound to an NF-kB dimer is
phosphorylated by the IkB kinase complex, which in turn is
activated by several receptor-activated pathways. The phos-
phorylated IxkBs are targeted to ubiquitination and degra-
dation by the 26S proteasome, and the liberated NF-kBs
translocate to the nucleus and regulate the expression of NF-
kB-dependent genes [54].

The attenuation of NF-kB activity by carotenoids, as part
of their intracellular activity, was suggested in several
studies. For example, lycopene decreased the invasive ability
of hepatoma cells by suppressing the activity of NF-kB [59].
This inhibitory effect of lycopene may be related to down-
regulation of the Insulin-like growth factor-I receptor.
Another study suggested that lycopene, via the inhibition of
NF-xB, might be useful in the treatment of benign prostate
hyperplasia, a non-malignant condition associated with
inflammation [60]. Inhibition by lycopene of this transcrip-
tion system in several cancer cell lines including prostate
(LNCaP and PC-3), colon (HCT-116 and HT-29) and lung
(BEN) was reported by Palozza et al. [61]. Interestingly, in
contrast to the inhibitory effect of lycopene on NF-xB
activity, the same group reported that p-carotene stimulated
NF-kB in human leukemic (HL-60) and colon adenocarci-
noma (LS-174 and WiDr) cells [62].

The role of NF-xB inhibition in the anti-inflammatory
activity of another carotenoid, astaxanthin, was studied in
vitro  (lipopolysaccharide-treated RAW264.7 cells and
primary macrophages) and in vivo (lipopolysaccharide-trea-
ted mice) [63]. The induction of various inflammatory
markers and cytokines by lipopolysaccharide was attenuated
by astaxanthin, and this was associated with inhibition of
NF-«xB activity. Moreover, astaxanthin blocked all the major
signaling events in NF-xB activation, namely IxB kinase
phosphorylating activity, IkBa degradation and the nuclear
translocation of the NF-kB p65 subunit.

Oxidative stress plays an important role in the inflam-
matory process of celiac disease. Therefore, the effects of
several natural antioxidants including lycopene were studied
in a model system of the disease based on RAW 264.7
macrophages treated with a combination of interferon-y
plus gliadin [64]. This treatment enhanced the expression of
the inflammatory markers, inducible nitric oxide synthase
and cyclooxygenase-2, which was associated with increased
binding of NF-kB to DNA. Lycopene inhibited all these
effects, suggesting that the carotenoid can control the
expression of pro-inflammatory genes involved in celiac
disease.
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The growth of tumors and the development of metastases
are dependent on the formation of new blood vessels. For
this reason, the antiangiogenic effect of B-carotene was
evaluated using the in vivo model of B16F-10 melanoma in
mice and several in vitro models [65]. B-Carotene treatment
significantly reduced the number of tumor-directed capil-
laries accompanied by reduction of serum vascular endo-
thelial growth factor and the proinflammatory cytokines
Interleukin-1fB, TNFo and Interleukin-6. Moreover, similar
reduction of these cytokines was detected when the mela-
noma cells were treated with B-carotene in vitro. This
reduction was associated with inhibition of nuclear trans-
location and DNA binding of p65, p50 and c-Rel subunits of
NF-kB as well as of the activator protein-1 (AP-1) family
transcription factors (see below), which, similar to NF-xB,
are associated with inflammatory processes and cancer cell
growth. We have previously shown that the AP-1 tran-
scription system was inhibited by lycopene in MCEF-7
mammary cancer cells [66]. This inhibition was associated
with interference in Insulin-like growth factor-I receptor
signaling and inhibition of cell cycle progression.

Consistent with the findings showing inhibition of NF-
KB activity by various carotenoids, our preliminary studies
indicate that apocarotenals and diapocarotene-dials inhibit
the transcriptional activity of NF-kB as well as some of the
related upstream signaling events in both cancer and bone
cells (Linweill-Hermoni et al. unpublished results). The
opposite modulation of the EpRE/ARE and NF-xB tran-
scription systems by carotenoid derivatives can in part
account for the prevention of cancer and the improvement
of bone health by various carotenoids. It is interesting that a
mixture of aldehydes derived from oxidation of B-carotene,
lutein and zeaxanthin produced an opposite effect and
enhanced nuclear DNA binding of NF-kB and AP-1 in
human retinal pigment epithelial cells [67]. Some of the
aldehydes produced by B-carotene oxidation were B-apo-14'-
carotenal and PB-apo-13-carotenone discussed above
(Sections 4.2.1.1 and 4.2.1.2) but this mixture also included
other unidentified carbonyl-containing derivatives and, thus,
it is difficult to assess which oxidation products caused the
observed enhancement of NF-kB activity.

It is obvious that the few transcription systems described
above (EpRE/ARE, NF-xB and AP-1), which are important
in cancer and inflammatory processes, are not the only
transcription pathways modulated by carotenoid derivatives.
Thus, we expect that further studies will shed more light on
this subject. Furthermore, it is important to note that the
expression of BCDO2, the enzyme which is responsible for
the cellular production of apocarotenoids, is regulated by
carotenoid derivatives. For instance, Reynaud et al. [68] have
recently shown that apo-10'-lycopenoic acid and apo-
14'-lycopenoic acid up-regulate this carotenoid asymmetric
cleavage enzyme, BCDO2, while having no effect on
BCMO1 expression. Although the transcription systems
involved in the regulation of BCDO2 expression are not yet
known, the latter results point to the importance of feedback
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mechanisms by which apocarotenoids can regulate the
eccentric cleavage enzyme.

5 Concluding remarks

The basic idea that retinoic acid, a B-carotene metabolite, is a
ligand for the retinoid receptor family and by that modulates
the levels of multiple key cellular proteins was expanded in
the last 10 years to a myriad of carotenoid oxidation products
that modulate several other transcription systems. In this
review, we focused on apocarotenoids, which affect multiple
transcriptional pathways and, thus, can be considered as
natural compounds with multifunctional, rather than
monofunctional, activity. Such pleotropic action of these
metabolites may be used in the prevention of cancer and
other degenerative diseases. Although the studies reviewed
here contribute significantly to our understanding of the
mechanisms by which carotenoids and their oxidation
metabolites may affect health, more work is required in
order to establish their role in human physiology and in
various pathologies such as cancer and inflammation.

Potential conflict of interest statement: Yoav Sharoni and
Joseph Levy are consultants for Lycored Ltd., Beer Sheva, Israel.

6 References

[1] Mark, M., Ghyselinck, N. B., Chambon, P., Function of reti-
noid nuclear receptors: lessons from genetic and pharma-
cological dissections of the retinoic acid signaling pathway
during mouse embryogenesis. Annu. Rev. Pharmacol.
Toxicol. 2006, 46, 451-480.

[2

von Lintig, J., Colors with functions: elucidating the
biochemical and molecular basis of carotenoid metabolism.
Annu. Rev. Nutr. 2010, 30, 35-56.

Caris-Veyrat, C., Schmid, A., Carail, M., Bohm, V., Cleavage
products of lycopene produced by in vitro oxidations:
characterization and mechanisms of formation. J. Agric.
Food Chem. 2003, 51, 7318-7325.

[3

[4] Ukai, N., Lu, Y., Etho, H., Yagi, A. et al., Photosensitized
oxygenation of lycopene. Biosci. Biotech. Biochem. 1994,
58, 1718-1719.

[5] Aust, O., Ale-Agha, N., Zhang, L., Wollersen, H. et al.,

Lycopene oxidation product enhances gap junctional

communication. Food Chem. Toxicol. 2003, 41, 1399-1407.
[6] Kim, S. J., Nara, E., Kobayashi, H., Terao, J., Nagao, A.,
Formation of cleavage products by autoxidation of lyco-
pene. Lipids 2001, 36, 191-199.
Nara, E., Hayashi, H., Kotake, M., Miyashita, K., Nagao, A.,
Acyclic carotenoids and their oxidation mixtures inhibit the
growth of HL-60 human promyelocytic leukemia cells. Nutr.
Cancer 2001, 39, 273-283.

[8] Handelman, G. J., van Kuijk, F. J., Chatterjee, A., Krinsky,
N. I, Characterization of products formed during the

[7

www.mnf-journal.com



Mol. Nutr. Food Res. 2016, 56, 259-269

[9]

[10]

[111

[12]

[13]

[14]

[15]

[16]

[171

[18]

[19]

[20]

[21]

[22]

autoxidation of beta-carotene. Free Radic. Biol. Med. 1991,
10, 427-437.

Zhang, H., Kotake-Nara, E., Ono, H., Nagao, A., A novel
cleavage product formed by autoxidation of lycopene
induces apoptosis in HL-60 cells. Free Radic. Biol. Med.
2003, 35, 1653-1663.

Wyss, A., Wirtz, G., Woggon, W., Brugger, R. et al.,
Cloning and expression of beta,beta-carotene 15,15'-dioxy-
genase. Biochem. Biophys. Res. Commun. 2000, 271,
334-336.

von Lintig, J., Wyss, A., Molecular analysis of vitamin A
formation: cloning and characterization of beta-carotene
15,15’-dioxygenases. Arch. Biochem. Biophys. 2001, 385,
47-52.

Lindqvist, A., Andersson, S., Biochemical properties of
purified recombinant human beta-carotene 15,15-mono-
oxygenase. J. Biol. Chem. 2002, 277, 23942-23948.

Lindqvist, A., Sharvill, J., Sharvill, D. E., Andersson, S.,
Loss-of-function mutation in carotenoid 15,15-mono-
oxygenase identified in a patient with hypercarotenemia
and hypovitaminosis A. J. Nutr. 2007, 137, 2346-2350.

Hessel, S., Eichinger, A., Isken, A., Amengual, J. et al.,
CMO1 deficiency abolishes vitamin A production from beta-
carotene and alters lipid metabolism in mice. J. Biol. Chem.
2007, 282, 33553-33561.

Hu, K. Q., Liu, C., Ernst, H., Krinsky, N. I. et al., The
biochemical characterization of ferret carotene-9/,10'-
monooxygenase catalyzing cleavage of carotenoids in vitro
and in vivo. J. Biol. Chem. 2006, 281, 19327-19338.

Kiefer, C., Hessel, S., Lampert, J. M., Vogt, K. et al., Identi-
fication and characterization of a mammalian enzyme
catalyzing the asymmetric oxidative cleavage of provitamin
A. J. Biol. Chem. 2001, 276, 14110-14116.

Amengual, J., Lobo, G. P., Golczak, M., Li, H. N. et al.,
A mitochondrial enzyme degrades carotenoids and
protects against oxidative stress. FASEB J. 2011, 25,
948-959.

Walfisch, Y., Walfisch, S., Agbaria, R., Levy, J., Sharoni, Y.,
Lycopene in serum, skin and adipose tissues after tomato-
oleoresin  supplementation in patients undergoing
haemorrhoidectomy or peri-anal fistulotomy. Br. J. Nutr.
2003, 90, 759-766.

Ben-Aziz, A., Britton, G., Goodwin, T. W., Carotene epoxides
of Lycopersicon esculentum. Phytochemistry 1973, 12,
2759-2764.

Kopec, R. E., Riedl, K. M., Harrison, E. H., Curley, R. W., Jr.
et al., Identification and quantification of apo-lycopenals in
fruits, vegetables, and human plasma. J. Agric. Food Chem.
2010, 58, 3290-3296.

Linnewiel, K., Ernst, H., Caris-Veyrat, C., Ben-Dor, A. et al.,
Structure activity relationship of carotenoid derivatives in
activation of the electrophile/antioxidant response element
transcription system. Free Radic. Biol. Med. 2009, 47,
659-667.

Gajic, M., Zaripheh, S., Sun, F., Erdman, J. W., Jr., Apo-
8'-lycopenal and apo-12’-lycopenal are metabolic products
of lycopene in rat liver. J. Nutr. 2006, 136, 1552-1557.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

267

Zaripheh, S., Boileau, T. W., Lila, M. A., Erdman, J. W., Jr.,
[14C]-lycopene and [14C]-labeled polar products are differ-
entially distributed in tissues of F344 rats prefed lycopene.
J. Nutr. 2003, 133, 4189-4195.

Zaripheh, S., Erdman, J. W., Jr., The biodistribution of a
single oral dose of [14C]-lycopene in rats prefed either a
control or lycopene-enriched diet. J. Nutr. 2005, 135,
2212-2218.

Kotake-Nara, E., Kushiro, M., Zhang, H., Sugawara, T. et al.,
Carotenoids affect proliferation of human prostate cancer
cells. J. Nutr. 2001, 131, 3303-3306.

Ben-Dor, A., Nahum, A., Danilenko, M., Giat, Y. et al., Effects
of acyclo-retinoic acid and lycopene on activation of the
retinoic acid receptor and proliferation of mammary cancer
cells. Arch. Biochem. Biophys. 2001, 391, 295-302.

Ford, N. A., Elsen, A. C., Zuniga, K., Lindshield, B. L.,
Erdman, J. W., Jr., Lycopene and apo-12'-lycopenal
reduce cell proliferation and alter cell cycle progression in
human prostate cancer cells. Nutr. Cancer 2011, 63,
256-263.

Bertram, J. S., King, T., Fukishima, L., Khachik, F., in: Sen,
C. K., Sies, H., Baeuerle, P. A. (Eds), Antioxidant and Redox
Regulation of Genes, Academic Press, London 2000, pp.
409-424.

Bertram, J. S., Carotenoids and gene regulation. Nutr. Rev.
1999, 57, 182-191.

Vine, A. L., Bertram, J. S., Upregulation of connexin 43 by
retinoids but not by non-provitamin A carotenoids requires
RARs. Nutr. Cancer 2005, 52, 105-113.

de The, H., Vivanco-Ruiz, M. M., Tiollais, P., Stunnenberg,
H., Dejean, A., Identification of a retinoic acid responsive
element in the retinoic acid receptor beta gene. Nature
1990, 343, 177-180.

Freemantle, S. J., Spinella, M. J., Dmitrovsky, E., Retinoids
in cancer therapy and chemoprevention: promise meets
resistance. Oncogene 2003, 22, 7305-7315.

Lian, F., Smith, D. E., Ernst, H., Russell, R. M., Wang, X. D.,
Apo-10’-lycopenoic acid inhibits lung cancer cell growth in
vitro, and suppresses lung tumorigenesis in the A/J mouse
model in vivo. Carcinogenesis 2007, 28, 1567-1574.

Marsh, R. S., Yan, Y., Reed, V. M., Hruszkewycz, D. et al.,
beta-Apocarotenoids do not significantly activate retinoic
acid receptors alpha or beta. Exp. Biol. Med. (Maywood)
2010, 235, 342-348.

Eroglu, A., Hruszkewycz, D. P., Curley, R. W., Jr., Harrison,
E. H., The eccentric cleavage product of beta-carotene, beta-
apo-13-carotenone, functions as an antagonist of RXRalpha.
Arch. Biochem. Biophys. 2010, 504, 11-16.

Krey, G., Braissant, O., L'Horset, F., Kalkhoven, E. et al.,
Fatty acids, eicosanoids, and hypolipidemic agents identi-
fied as ligands of peroxisome proliferator-activated recep-
tors by coactivator-dependent receptor ligand assay. Mol.
Endocrinol. 1997, 11, 779-791.

Kliewer, S. A., Forman, B. M., Blumberg, B., Ong, E. S. et al.,
Differential expression and activation of a family of murine
peroxisome proliferator-activated receptors. Proc. Natl.
Acad. Sci. USA 1994, 91, 7355-7359.

www.mnf-journal.com



268

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501]

[51]

[52]

Y. Sharoni et al.

Grimaldi, P. A., Peroxisome proliferator-activated receptors
as sensors of fatty acids and derivatives. Cell Mol. Life Sci.
2007, 64, 2459-2464.

Barish, G. D., Narkar, V. A., Evans, R. M., PPAR delta: A
dagger in the heart of the metabolic syndrome. J. Clin.
Invest. 2006, 116, 590-597.

Ziouzenkova, O., Plutzky, J., Lipolytic PPAR activation: New
insights into the intersection of triglycerides and inflam-

mation? Curr. Opin. Clin. Nutr. Metab. Care 2004, 7,
369-375.
Krinsky, N., Russell, R. M., Regarding the conversion of

beta-carotene to vitamin A. Nutr. Rev. 2001, 59, 309.

Ziouzenkova, O., Orashanu, G., Sukhova, G., Lau, E. et al.,
Asymmetric cleavage of B-carotene yields a transcriptional
repressor of RXR and PPAR responses. Mol. Endocrinol.
2007, 21, 77-88.

Ziouzenkova, O., Orasanu, G., Sharlach, M., Akiyama, T. E.
et al., Retinaldehyde represses adipogenesis and diet-
induced obesity. Nat. Med. 2007, 13, 695-702.

Ziouzenkova, 0., Plutzky, J., Retinoid metabolism and
nuclear receptor responses: new insights into coordinated
regulation of the PPAR-RXR complex. FEBS Lett. 2008, 582,
32-38.

Yang, C. M., Lu, I. H., Chen, H. Y., Hu, M. L., Lycopene
inhibits the proliferation of androgen-dependent human
prostate tumor cells through activation of PPARgamma-
LXRalpha-ABCA1 pathway. J. Nutr. Biochem. 2011, in press,
doi: 10.1016/j.jnutbio.2010.10.006.

Henderson, B. E., Ross, R., Bernstein, L., Estrogens as a
cause of human cancer: the Richard and Hinda Rosenthal
Foundation award lecture. Cancer Res. 1988, 48, 246-253.

Fisher, B., Costantino, J. P., Wickerham, D. L., Redmond,
C. K. et al., Tamoxifen for prevention of breast cancer:
Report of the National Surgical Adjuvant Breast and Bowel
Project P-1 Study. J. Natl. Cancer. Inst. 1998, 90, 1371-1388.

Cummings, S. R., Eckert, S., Krueger, K. A., Grady, D. et al.,
The effect of raloxifene on risk of breast cancer in post-
menopausal women: results from the MORE randomized
trial. Multiple outcomes of raloxifene evaluation. J. Am.
Med. Assoc. 1999, 281, 2189-2197.

Cui, Y., Shikany, J. M., Liu, S., Shagufta, Y., Rohan, T. E.,
Selected antioxidants and risk of hormone receptor-defined
invasive breast cancers among postmenopausal women in
the Women's Health Initiative Observational Study. Am. J.
Clin. Nutr. 2008, 87, 1009-1018.

Hirsch, K., Atzmon, A., Danilenko, M., Levy, J., Sharoni, Y.,
Lycopene and other carotenoids inhibit estrogenic activity
of 17B-estradiol and genistein in cancer cells. Breast Cancer
Res. Treat. 2007, 104, 221-230.

Veprik, A., Khanin, M., Linnewiel Hermoni, K., Danilenko, M.
et al., Polyphenols, isothiocyanates and carotenoid deriva-
tives enhance estrogenic activity in bone cells but inhibit it
in breast cancer cells. Am. J. Physiol. Endocrinol. Metab.
2011, in press, doi: 10.1152/apendo.00142.2011.

Dinkova-Kostova, A. T., Holtzclaw, W. D., Cole, R. N., Itoh, K.
et al., Direct evidence that sulfhydryl groups of Keap1 are
the sensors regulating induction of phase 2 enzymes that

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(53]

[54]

[55]

[561]

[571

[58]

[59]

[60]

[611

[62]

[63]

[64]

[65]

[66]

Mol. Nutr. Food Res. 2012, 56, 259-269

protect against carcinogens and oxidants. Proc. Natl. Acad.
Sci. USA 2002, 99, 11908-11913.

Kearns, A. E., Khosla, S., Kostenuik, P. J., Receptor activator
of nuclear factor kappaB ligand and osteoprotegerin regu-
lation of bone remodeling in health and disease. Endocr.
Rev. 2008, 29, 155-192.

Shen, G., Jeong, W. S., Hu, R., Kong, A. N., Regulation of
Nrf2, NF-kappaB, and AP-1 signaling pathways by chemo-
preventive agents. Antioxid. Redox Signal 2005, 7,
1648-1663.

Yu, S., Kong, A. N., Targeting carcinogen metabolism by
dietary cancer preventive compounds. Curr. Cancer Drug
Targets 2007, 7, 416-424.

Ben-Dor, A., Steiner, M., Gheber, L., Danilenko, M. et al.,
Carotenoids activate the antioxidant response element
transcription system. Mol. Cancer Ther. 2005, 4, 177-186.

Khachik, F., Carvalho, L., Bernstein, P. S., Muir, G. J. et al.,
Chemistry, distribution, and metabolism of tomato carote-
noids and their impact on human health. Exp. Biol. Med.
(Maywood) 2002, 227, 845-851.

Giuliano, G., Al-Babili, S., von Lintig, J., Carotenoid
oxygenases: cleave it or leave it. Trends Plant Sci. 2003, 8,
145-149.

Huang, C. S., Fan, Y. E., Lin, C. Y., Hu, M. L., Lycopene
inhibits matrix metalloproteinase-9 expression and down-
regulates the binding activity of nuclear factor-kappa B and
stimulatory protein-1. J. Nutr. Biochem. 2007, 18, 449-456.

Bonvissuto, G., Minutoli, L., Morgia, G., Bitto, A. et al., Effect
of Serenoa repens, lycopene, and selenium on proin-
flammatory phenotype activation: an in vitro and in vivo
comparison study. Urology 2011, 77, 248. e249-e216.

Palozza, P., Colangelo, M., Simone, R., Catalano, A. et al.,
Lycopene induces cell growth inhibition by altering meva-
lonate pathway and Ras signaling in cancer cell lines.
Carcinogenesis 2010, 317, 1813-1821.

Palozza, P., Serini, S., Torsello, A., Di Nicuolo, F. et al., Beta-
carotene regulates NF-kappaB DNA-binding activity by a
redox mechanism in human leukemia and colon adeno-
carcinoma cells. J. Nutr. 2003, 733, 381-388.

Lee, S. J., Bai, S. K., Lee, K. S., Namkoong, S. et al.,
Astaxanthin inhibits nitric oxide production and inflamma-
tory gene expression by suppressing l(kappa)B kinase-
dependent NF-kappaB activation. Mol. Cells 2003, 16,
97-105.

De Stefano, D., Maiuri, M. C., Simeon, V., Grassia, G. et al.,
Lycopene, quercetin and tyrosol prevent macrophage acti-
vation induced by gliadin and IFN-gamma. Eur. J. Phar-
macol. 2007, 566, 192-199.

Guruvayoorappan, C., Kuttan, G., Beta-carotene inhibits
tumor-specific angiogenesis by altering the cytokine profile
and inhibits the nuclear translocation of transcription
factors in B16F-10 melanoma cells. Integr. Cancer Ther.
2007, 6, 258-270.

Karas, M., Amir, H., Fishman, D., Danilenko, M. et al.,
Lycopene interferes with cell cycle progression and insulin-
like growth factor | signaling in mammary cancer cells.
Nutr. Cancer 2000, 36, 101-111.

www.mnf-journal.com



Mol. Nutr. Food Res. 2016, 56, 259-269 269

[67] Kalariya, N. M., Ramana, K. V., Srivastava, S. K, [68] Reynaud, E., Aydemir, G., Ruhl, R., Dangles, O., Caris-
van Kuijk, F. J., Carotenoid derived aldehydes-induced Veyrat, C., Organic synthesis of new putative lycopene
oxidative stress causes apoptotic cell death in human metabolites and preliminary investigation of their cell-
retinal pigment epithelial cells. Exp. Eye Res. 2008, 86, signaling effects. J. Agric. Food Chem. 2011, 59, 1457-1463.
70-80.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



