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Carotenoid oxidation products: From villain to
saviour?*
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Abstract: Carotenoid oxidation products have various structures, among which epoxides and
apo- or seco-carotenoids are the two main families. Although both these compound types are
widely found in the natural world, the sensitivity of carotenoids to oxidation means they can
also be an unwanted presence in in vitro assays. On the other hand, carotenoid oxidation
products have also provided chemists with useful chemical tools for the structural identifica-
tion of carotenoids, and in the natural world they are important biological mediators for
plants and animals. In vitro, carotenoid oxidation products have been found to exert various
effects which are either potentially beneficial or, on the contrary, detrimental to human
health. However, to date, few carotenoid oxidation products have been found in humans.

In order to isolate and characterize carotenoid oxidation products and identify their
mechanism of formation, we set up two chemical oxidation systems. Lycopene was oxidized
with potassium permanganate in a biphasic system to produce the fullest possible range of
apo-lycopenals and some diapocarotene-dials. Biomimetic chemical systems of a heminic
enzyme center were shown to oxidize lycopene and B-carotene into different families of mol-
ecules. Analysis by high-performance liquid chromatography coupled with a diode array-
UV/vis detector and a mass spectrometry detector (HPLC-DAD-MS) was used to gain in-
sight into the possible mechanisms of formation of the carotenoid oxidation products formed
by these biomimetic systems.

Keywords: carotenoids; seco-carotenoids; apo-carotenoids; lycopene; biomimetic; apo-lyco-
penals.

Carotenoid oxidation products are derived from naturally occurring carotenoids by a chemically or en-
zymatically driven oxidation reaction. The carotenoid polyene system is structured in such a way that
epoxide functions are frequently formed on the polyene skeleton. The most stable and, thus, the most
frequently observed of these functions are the monoepoxide in 5,6- and the diepoxide in 5,6;5',6' posi-
tions, or their rearrangement products, creating a furanoid cycle in 5,8 and/or 5',8' positions (Fig. 1). We
chose to enlarge the definition of carotenoid oxidation products to compounds derived from a
carotenoid by at least one oxidation step, but other reactions may also occur, such as a carbon—carbon
bond cleavage, thus forming apo-carotenoids (Fig. 1). Any of the carbon—carbon double bonds of the
carotenoid are susceptible to cleavage. When the fission occurs on a cyclic bond, the C-40 carbon skele-
ton is retained and the products are called seco-carotenoids (Fig. 1). This paper focuses on apo- and
seco-carotenoids formed through a formal oxidative cleavage and which will be considered carotenoid
oxidation products.

*Paper based on a presentation at the 14™ International Symposium on Carotenoids, Edinburgh, Scotland, 17-22 July 2005. Other
presentations are published in this issue, pp. 1477-1557.
fCorresponding author: E-mail: caris @avignon.inra.fr
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Fig. 1 Chemical structures of carotenoid epoxides: B-carotene-5,6-epoxide (213), B-carotene-5,6;5',6'- di-epoxide
(257), and B-carotene-5,8-epoxide (239 = mutatochrome), apo-carotenals: B-apo-8'-carotenal (482) and retinal
(= B-apo-15-carotenal = vitamin A aldehyde), and a seco-carotenoid: B-carotenone (562). The compound numbers
correspond to those used in ref. [1].

There are 70 naturally occurring carotenoid epoxides [1], 43 of which have been fully character-
ized. These compounds can be formally considered as oxidation products as defined above, but they
first have the status of carotenoids. They are indeed found in vivo and are possibly biosynthesized from
the corresponding nonoxidized carotenoid. Some 117 naturally occurring apo-carotenoids, 88 of which
have been fully identified, and another 6 naturally occurring seco-carotenoids have been referenced as
carotenoids [1], thus representing around 15 % of the carotenoids numbered so far. This subfamily of
carotenoids would be even larger with the addition of compounds that are presently excluded by nomen-
clature rules [2,3] that dictate that they are not deemed to be carotenoids in the absence of two central
methyl groups [at C20 and C20'], as in retinal (Fig. 2). However, carotenoid oxidation products are not
always natural, and the sensitivity of carotenoids to oxidation means they can be formed during exper-
iments with carotenoids, e.g., extraction from natural matrices. Thus, carotenoid oxidation products
carry a “negative” image and are often associated with the carotenoid degradation process. However,
these compounds, particularly apo-carotenoids, have a complex history and may be much more than
simple villains.

Carotenoid oxidation products were first used as tools for the structural identification of
carotenoids [4]. Carotenoids were oxidized expressly to form small fragments which could be analyzed
with the techniques available at the time. The chemical structure of the parent carotenoids was deduced
from those of its oxidation products. For instance, the number of side-chain methyl groups was first de-
termined by oxidation using potassium permanganate in alkaline solution, thus forming acetic acid
[5,6]. Step-wise degradation by oxidation with alkaline potassium permanganate or chromic acid as
well as ozonolysis were used to obtain larger fragments that could be used to deduce the carotenoid
structure [4]. The formula of lycopene was even confirmed in 1935 by obtaining long-chain degrada-
tion products through chromic acid oxidation [7]. More recently, oxidation by manganese dioxide was
used as a chemical derivatization in microscale tests to elucidate the presence of allylic primary and sec-
ondary hydroxy groups in carotenoids, with the allylic aldehyde or ketone formed exhibiting a
bathochromic-shifted UV/vis spectrum [8]. Carotenoid oxidation products can also act as markers of
the antioxidant activity of carotenoids [9]. Carotenoid oxidation products can, therefore, be analyzed to
gain insight into the antioxidant mechanism of carotenoids. In the natural world, carotenoid oxidation
products are important mediators presenting different properties. Volatile carotenoid-derived com-
pounds such as norisoprenoids are well known for their aroma properties [10]; examples include the
cyclic norisoprenoid B-ionone (Fig. 2) or the noncyclic pseudoionone or neral potentially derived from
lycopene [11] (Fig. 2). Carotenoid oxidation products are also important bioactive mediators for plant
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Fig. 2 Chemical structures of some of the carotenoid oxidation products of biological interest.

development [12-14], the best known example being abscisic acid (Fig. 2). Apo-carotenoids act as vi-
sual and volatile signals to attract pollination and seed dispersal agents in the same way as carotenoids
do, but they are also plant defense factors and signalling molecules for the regulation of plant architec-
ture.

With the exception of retinoids, it is only about 10 years ago that other carotenoid oxidation prod-
ucts were first thought to possibly exert biological effects in humans, being implicated in either the pre-
vention [15,16] or promotion of degenerative diseases. X. D. Wang [17] has published an excellent re-
view on this topic. The underlying mechanisms involved in the activities of carotenoid oxidation
products are either due to a possible role as precursors of retinoids, which would be the active species
for positive effects, or to their own, specific activities. This latter case is illustrated by the activity of
non-provitamin A carotenoid oxidation products, such as those derived from lycopene. Different types
of apparently beneficial activities have been demonstrated in vitro for carotenoid oxidation products, in-
cluding induction of gap-junctional communications [18,19], growth inhibition of leukaemia [20] and
cancer cells [21-23], induction of apoptosis in cultured cells [24-26], and gene activation [27,28].
However, to date, none of the compounds tested in the cited studies have been detected in vivo in hu-
mans, neither in human plasma or other biological fluids, nor in human tissues, but the oxidative
metabolite of lycopene, 2,6-cyclolycopene-1,5-diol found in humans and tomato products [29-31] also
showed in vitro upregulation of connexin43 gene expression [32] and in vitro growth inhibition of
human prostate cancer cells [33]. Carotenoid oxidation products are also suspected to be involved in the
adverse effects of high doses of B-carotene supplementation in smokers and asbestos workers (ATBC
[34] and CARET [35] studies), as well as in smoke-exposed ferrets [36]. The mechanisms potentially
involved have been investigated in vitro. B-apo-8'-carotenal, an eccentric cleavage oxidation product of
[B-carotene, was shown to be a strong inducer of CYP1A1 in rats, whereas B-carotene itself was not ac-
tive [37]. Cytochrome P450 (CYP 450) enzymes thus induced could enhance the activation of carcino-
gens and the destruction of retinoic acid [38]. Another study showed that a mixture of oxidative metabo-
lites of B-carotene, but not 3-carotene, was able to increase the binding of benzo[a]pyrene to DNA [39].
Other mixtures of B-carotene cleavage products have been shown to induce oxidative stress in vitro
[40], exert cytotoxic and genotoxic effects [41], and inhibit gap junction intercellular communications
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[42]. It has been suggested that these detrimental effects could possibly occur in vivo following the in-
take of high doses of carotenoids.

It should be underlined that even though the chemical structures of the compounds named
“carotenoid oxidation products” leave little doubt as to the molecule from which they are derived, there
is still very little known about the mechanisms by which they are formed, and the biochemical path-
ways involved have only very recently been identified. A significant number of carotenoid cleavage
dioxygenases (CCDs) have been described in plants and microorganisms that can be classified into dif-
ferent families according to their substrate specificity or the position of the cleaved carbon—carbon dou-
ble bond. The 9-cis-epoxycarotenoid dioxygenases (NCEDs) cleave the 11,12 carbon—carbon double
bond of 9-(Z=cis)-carotenoids like 9-(Z)-violaxanthin, it was first found in maize [43] and is involved
in the abscisic acid biosynthetic route. NCEDs have also been found in Arabidopsis thaliana [44]. Other
CCDs cleave various carotenoids at different positions, e.g., the CCD from the cyanobacteria
Microcystis F at the 7,8 and 7',8' positions [45], and the CCD found in Crocus sativus (CsZCD) in which
it catalyzes the oxidative cleavage of zeaxanthin into crocetindial and B-cyclocitral [46]. A CCD found
in the tropical plant Bixa orellana cleaves lycopene in 5,6 and 5',6' positions, thus producing precursors
of the pigment bixin (annatto) [47]. Other CCDs cleaving various carotenoids symmetrically at the 9,10
and 9',10' positions have been identified in A. thaliana (AtCCD1) [48] and in grape berries from Vitis
vinifera L. [49]. In animals, the relationship between [3-carotene and vitamin A (= retinol), which was
suspected for almost 90 years [50], was proven to occur in vivo in 1930 [51]. The oxidative cleavage of
-carotene formally generates retinal, which is then reduced into retinol, but issues related to symmet-
rical vs. asymmetric cleavage and chemical vs. biochemical cleavage remained controversial for a long
time. Although chemical cleavage has not yet been shown to occur in vivo, cleavages catalyzed by en-
zymes have been identified. An enzyme catalyzing the central cleavage of -carotene was characterized
40 years ago [52,53] but could only recently be partially purified via cloning of its encoding cDNAs
from different organisms [54—-58]. This enzyme was shown to be a monooxygenase-type enzyme [59].
The only existing X-ray-based structural identification of a carotenoid cleavage enzyme was published
very recently, and concerns a retinal-forming carotenoid oxygenase from the cyanobacteria
Synechocystis sp. PPC 6803 [60]. Also very recently, a mammalian enzyme catalyzing the asymmetric
oxidative cleavage of B-carotene and lycopene at the 9',10' carbon—carbon double bond, thus forming
the corresponding PB-apo-10'-carotenoids and B(y)-ionone, has been characterized [61]. Asymmetric
cleavage of B-carotene was suspected to occur in vivo for almost 30 years since -apo-8-, -10'-, and
-12'-carotenals were isolated from the intestines of chickens and rats [62]. Later, B-apo-carotenoids and
retinoids were found in ferrets [63,64], which is an animal model for the study of carotenoid metabo-
lism in humans. The findings on the biosynthetic route to apo-carotenals in animals and the discovery
of an enzyme catalyzing the asymmetric cleavage of carotenoids have generated heightened interest in
carotenoid oxidation products and their possible biological role in vivo.

Chemists have also been able to obtain carotenoid oxidation compounds by either partial or total
synthesis or by direct oxidation of carotenoid precursors. Thus, apo-8'-lycopenal was able to be syn-
thesized in 1966 [65], followed by apo-6'-lycopenal a few years later [66]. More recently, the ozonide
of cantaxanthin was obtained by chemical oxidation of cantaxanthin [67]. The ready availability of
carotenoid oxidation products through chemical methods will facilitate their use as standard identifica-
tion tools in complex media such as biological fluids, and enable in vitro investigation of their biolog-
ical activity. Moreover, these studies can help in understanding the mechanisms by which they can be
either chemically or biochemically cleaved in vivo. In this context, we have developed and applied two
oxidation methods to lycopene and -carotene.

The first chemical oxidation method was performed in biphasic medium using the hydrophilic ox-
idant potassium permanganate [68]. The phase-transfer agent cetyltrimethylammoniumbromide was
used to achieve contact of the hydrophilic oxidant with the lipophilic carotenoid lycopene dissolved in
methylene chloride/toluene (50/50, v/v). The reaction mixture was analyzed after 1 h at room temper-
ature using high-performance liquid chromatography coupled with a diode array-UV/vis detector and a
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Fig. 3 UV/vis (I) and ESP+ mass chromatograms (II) of the lycopene oxidation products derived from oxidation
with potassium permanganate. Chemical structures of apo-lycopenals/ones and diapo-carotenedials tentatively
identified and shown in chromatogram (I). 1' and 1'" are (Z)-isomers of compound 1, while 2' and 2" are
(Z)-isomers of compound 2. Compound numbers inside brackets correspond to those used in ref. [1]. Reprinted
with permission from [68]. Copyright © 2003 American Chemical Society.
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mass spectrometry detector (positive electrospray mode; HPLC-DAD-MS) (Fig 3). Two types of prod-
ucts were tentatively identified by their UV/vis and mass spectra: (1) apo-lycopenals and apo-lyco-
penones derived from a single oxidative cleavage, and (2) diapocarotene-dials derived from a double
oxidative cleavage of lycopene (Fig. 3), which thus lost the two y-end groups of lycopene. No apo-lyco-
penoic acids were found in the reaction mixture, indicating that in our experimental conditions there
was no further oxidation of apo-lycopenals by potassium permanganate. The structures of one member
of each family, i.e., apo-11-lycopenal (8) and 8,6'-diapocarotene-8,6'-dial (14), were confirmed by
'H NMR analysis after isolation of the compounds. This oxidation method allowed us to produce the
complete range of the possible apo-lycopenals formed by oxidative cleavage of conjugated carbon—car-
bon double bonds of lycopene and also six diapocarotene-dials, including crocetindial (6b). According
to the HPLC chromatogram (Fig. 3), few if any (Z)-isomers were formed, and the peaks are all rather
well separated, which opens up the possibility of preparing these compounds by preparative HPLC for
further use.

In the second oxidation method, a metalloporphyrin was used in order to catalyze the carotenoid
oxidation by molecular oxygen. This kind of system is used to mimic the active heminic enzyme-type
center, such as CYP 450. The carotenoid oxygenases identified to date are not heminic enzymes since
the recent X-ray structure analysis of a carotenoid oxygenase showed the presence of 4 histidine
residues chelating the iron center [60]. However, it was recently shown that carotenoid hydroxylation
is catalyzed by CYP 450 in bacteria [69] and in plants [70,71]. A well-developed and elegant porphyrin
model of a catalytic system has been used to mimic the central cleavage of carotenoids [72]. The reac-
tion was about 40 % regioselective for the oxidative cleavage of B-carotene on its central (15,15') car-
bon—carbon double bond. Given that our focus was on the experimental modeling of the eccentric cleav-
age of carotenoids, we used more simple ruthenium porphyrins as models of iron porphyrins for the
oxidation studies on lycopene [68] and [(-carotene [73]. Ruthenium tetraphenylporphyrin catalyzed
lycopene oxidation by molecular oxygen, producing (Z)-isomers, epoxides, and apo-lycopenals/ones
from the longest apo-6'-lycopenal (1) to the shortest apo-9-lycopenone (9) (Fig. 3). All these products
had already begun to appear after just 1 h in the reaction medium, but presented different evolution pat-
terns over the 96 h of the reaction (Fig. 4). (Z)-isomers of lycopene were detected after 1 h, and had al-
most disappeared after 24 h (results not shown). Lycopene epoxide concentrations peaked after 1 h of
reaction and then progressively decreased until 96 h (Fig. 4 I). Concerning apo-lycopenals/ones, the
evolution of their concentrations in the reaction medium was structure-dependent. The amount of apo-
6'-lycopenal (1), which is the longest chain apo-lycopenal, increased over the first 5 h and then de-
creased continuously until complete disappearance at 96 h (Fig. 4 I). Concentrations of apo-8'-lyco-
penal (2), apo-10'-lycopenal (3), apo-12'-lycopenal (4), apo-14'-lycopenal (5), and apo-15-lycopenal
(6a) increased more or less regularly until 48 h and then decreased until 96 h, with the longest apo-lyco-
penals (2 and 3) disappearing completely (Figs. 4 I and III). Finally, concentrations of the shortest apo-
lycopenals, i.e., apo-13-lycopenone (7a), apo-11-lycopenal (8), and apo-9-lycopenone (9), increased
continuously from the beginning of the reaction until it was stopped at 96 h (Fig. 4 IV). These results
suggest a possible mechanism for the oxidation of lycopene by molecular oxygen catalyzed by a metal-
loporphyrin (Fig. 5). Lycopene (Z)-isomers would be the first products formed, and would be quickly
oxidized into lycopene “in-chain” epoxides, which in turn would undergo oxidative cleavage to form
apo-lycopenals/ones. The longer-chain apo-lycopenals (apo-15- to apo-6'-lycopenal, 6a to 1) could
themselves be oxidized by the metalloporphyrin/O, system and thus be cleaved into shorter apo-lyco-
penals/ones (apo-9- to apo-13-lycopenal/ones, 9 to 7a). A similar system, but with a more “hindered”
porphyrin (teramesitylporphyrin = tetraphenylporphyrin bearing 3 methyl substituents in ortho and para
positions on each phenyl group), was tested for B-carotene oxidation by molecular oxygen. This system
was chosen to slow the oxidation process and thus make it possible to identify possible intermediates
by HPLC-DAD-MS analysis. The system yielded the same product families as with lycopene, i.e.,
(2)-isomers, epoxides, and B-apo-carotenals, together with new products potentially corresponding to
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Fig. 4 Evolution patterns of lycopene oxidation compounds derived from ruthenium tetraphenylporphyrin-
catalyzed oxidation over 96 h. I: lycopene epoxides: + and apo-6'-lycopenal: x; II: apo-12'-lycopenal: A, apo-
10'-lycopenal: A and apo-8'-lycopenal: *; III: apo-15-lycopenal: ® and apo-14'-lycopenal: O; and IV: apo-
13-lycopenone: O, apo-11-lycopenone: ® and apo-9-lycopenal: <. Reprinted with permission from [68]. Copyright
© 2003 American Chemical Society.
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Fig. 5 Possible mechanism for the ruthenium tetraphenylporphyrin-catalyzed oxidation of lycopene by molecular
oxygen. Molecule parts in dotted lines indicate that the number of conjugated carbon—carbon double bonds can
vary. Reprinted with permission from [68]. Copyright © 2003 American Chemical Society.
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diapocarotene-dials and 5,6- and/or 5,8-epoxide of B-apo-carotenals (Fig. 6). The oxidation mechanism
thus appears more complex in this set-up, and may contain other routes (Fig. 6). 5,6-Epoxides of B-apo-
carotenals could be formed from either direct epoxidation of B-carotene followed by subsequent cleav-
age, or from epoxidation of B-apo-carotenals formed by a similar mechanism as described for lycopene.
5,6-Epoxy-B-apo-carotenals could then rearrange into 5,8-epoxy-f-apo-carotenals. Diapocarotene-dials
could either derive from B-apo-carotenals or their 5,6-(5,8)-epoxide.

(Z)-p-carotene isomers

B-carotene “in chain” epoxides

Fig. 6 Possible mechanism for the ruthenium mesitylporphyrin-catalyzed oxidation of B-carotene by molecular
oxygen. Molecule parts in dotted lines indicate that the number of conjugated carbon—carbon double bonds can

vary.

In conclusion, different metalloporphyrins were able to catalyze the oxidation of lycopene and
-carotene by molecular oxygen, producing different types of products. We tracked the appearance of
the different reaction products and detected intermediates. The putative identification of intermediates
led us to propose possible mechanisms of formation of the final products, i.e., apo-lycopenals and apo-
lycopenones.

Carotenoid oxidation products can thus be formed by different abiotic oxidation systems. These
findings could be useful for the identification of possibly bioactive carotenoid oxidation compounds in
vivo and thus further our understanding of their mechanisms of formation.
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