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Proposed Mechanisms for the Formation of Synthetic and Naturally
Occurring Metabolites of Lycopene in Tomato Products and Human

Serum
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Oxidation of lycopene (1) with m-chloroperbenzoic acid has been previously shown to yield lycopene
1,2-epoxide (1) and lycopene 5,6-epoxide (111) as major products and lycopene 1,2;5,6-diepoxide
(1V), lycopene 1,2;5',6'-diepoxide (V), lycopene 5,6;5',6'-diepoxide (V1), and lycopene 1,2;1',2'-diepoxide
(VI1) as minor products. Similarly, the acid-catalyzed rearrangement products of these epoxides
have been identified as 2,6-cyclolycopene-1,5-epoxide A (VIII) and B (IX), 2,6-cyclolycopene-1,5-
diol A (X) and B (XI), 1,16-didehydro-2,6-cyclolycopen-5-ol (XI1), and lycopene 1,6;2,5-diepoxide (XI11).
On the basis of the stereochemistry of the observed products (VI11—XI), here, it is proposed that
the acid-catalyzed rearrangement of lycopene 5,6-epoxide may be proceeded by Sn1- and/or Sy2-
type mechanisms, whereas an Sy2-type mechanism is preferred for the rearrangement of lycopene
1,2-epoxide. Details of the acid-catalyzed rearrangement of lycopene epoxides by Sy1- and Sn2-
type reactions are presented. Although Il and VII—XI are present in tomato products at low
concentrations, only X and XI are found in human serum. Possible pathways leading to the formation
of the synthetic compounds and the oxidative metabolites of lycopene in tomato products and human
serum are discussed.

Keywords: 1,16-Didehydro-2,6-cyclolycopen-5-ol; 2,6-cyclolycopene-1,5-diol; 2,6-cyclolycopene-1,5-
epoxide; lycopene 1,6;2,5-diepoxide; lycopene 1,2-epoxide; lycopene 5,6-epoxide; lycopene oxidation

products; new serum carotenoids; carotenoid metabolites

INTRODUCTION

The nutritional significance of lycopene in the preven-
tion of cancer has recently been demonstrated in an
epidemiological study of prostate cancer (Giovannucci
et al., 1995) and in an in vivo study of colon cancer
involving rodents (Narisawa et al., 1996). We recently
reported on the identification of two oxidative metabo-
lites of lycopene, with a novel five-membered ring end-
group, in human serum and milk (Khachik et al., 1997).
These metabolites were identified as a pair of diaster-
eomeric 2,6-cyclolycopene-1,5-diols A (X) and B (XI).
Because only the relative but not the absolute config-
uration of the asymmetric centers at C(2), C(5), and C(6)
for these metabolites were established, each diastere-
omer may exist as a pair of enantiomers. To establish
the structure of the lycopene metabolites, we recently
reported a convenient method for the partial synthesis
of these compounds from lycopene (Khachik et al., 1998).
This involved oxidation of lycopene with m-chloroper-
benzoic acid (MCPBA) followed by acid-catalyzed rear-
rangement of the resulting lycopene epoxides. The
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major products of the reaction of lycopene (I) with
MCPBA were lycopene 1,2-epoxide (11) and lycopene 5,6-
epoxide (I11). However, a number of diepoxides of
lycopene were also formed as minor products; these were
lycopene 1,2;5,6-diepoxide (1V), lycopene 1,2;5',6'-diep-
oxide (V), lycopene 5,6;5',6'-diepoxide (V1), and lycopene
1,2;1',2'-diepoxide (VII). All compounds with a 5,6- or
5',6'-epoxy group were only tentatively assigned and
could not be isolated due to their instability. The acid-
catalyzed rearrangement products of these epoxides
were identified by 'H and 13C NMR spectroscopy as 2,6-
cyclolycopene-1,5-epoxide A (VIII) and B (IX), 2,6-
cyclolycopene-1,5-diol A (X) and B (XI1), 1,16-didehydro-
2,6-cyclolycopen-5-ol (XI11), and lycopene 1,6;2,5-diepoxide
(X11I). Although detailed identification of the lycopene
derivatives obtained by partial synthesis was provided
in our previous publication, the reaction pathways
leading to the formation of these compounds were not
described (Khachik et al., 1998).

In this paper, we discuss the possible mechanisms of
acid-catalyzed rearrangement of synthetic lycopene
epoxides based on the stereochemistry of the observed
products from these reactions. At present, it is not clear
if lycopene metabolites (X and XI) in human serum are
due to the in vivo oxidation of lycopene or if these
compounds may be of dietary origin. Therefore, here,
we describe some of the possible pathways that may
explain the presence of the oxidative metabolites of
lycopene in tomato products and human serum.

© 1998 American Chemical Society

Published on Web 11/04/1998



4886 J. Agric. Food Chem., Vol. 46, No. 12, 1998

17 18 19 20

W A 2 8 N
TS A 2 2 Y V. Y I Vs Ve VR ~
2 6 15 w 7
19"

18 17"

20"
Lycopene (I)
17 19 20
1 7 1 15 [ 2 e
2 6N AN N NN Y > ~)
16 omls 15 1 e
""" 18 20' 19 1@ 7

2,6-Cyclolycopene-1,5-epoxide A (VIII)
17

1 7
e N0 Y Ve Vi V76 2 S0 i N ~
16 Omy5

iy 18

2,6-Cyclolycopene-1,5-epoxide B (IX)

HO
4 7
R 0 Y . Wre P Ve e e 2 N AN
HQ,

2,6-Cyclolycopene-1,5-diol A (X)

4 7
w\a\\ ) Y S e W ~
,.....ou

2,6-Cyclolycopene-1,5-diol B (XI)

He
7
:.:"'"--*\“\“ ) P W NS Yo e P N N

i 18

1,16-Didehydro-2,6-cyclolycopene-5-ol (XII)

s, 7
NG\ Vo Yo Vo Vg e \DFs g W \UZa N AN
2\l O

L Lycopene 1,6;2,5-diepoxide (XIIl)

Figure 1. Chemical structures of lycopene and the acid-
catalyzed rearrangement products of lycopene epoxides pre-
pared by partial synthesis. Only the relative but not the
absolute configurations of the asymmetric centers at C(2), C(5),
and C(6) for lycopene derivatives with novel five-membered
ring end-group are known.

EXPERIMENTAL PROCEDURES

The details of the reactions of lycopene with MCPBA and
the acid-catalyzed reactions of lycopene oxides have been
described previously (Khachik et al., 1998). Therefore, only a
brief summary of the reaction conditions that promote the
rearrangement of lycopene epoxides is described here.

Flash Chromatography on n-Silica Gel. A crude mix-
ture of lycopene 1,2-epoxide and lycopene 5,6-epoxide that
contained minor quantities of several diepoxides of lycopene
was passed through a flash column containing n-silica gel (60—
200 mesh, J. T. Baker, Phillipsburg, NJ) using petroleum
ether/acetone in the range of 90:10 to 80:20 as eluent.

Dilute Sulfuric Acid. A crude mixture of lycopene ep-
oxides was treated with 1% sulfuric acid in acetone for 15 min
or with aqueous sulfuric acid (0.1%) for 24 h at room temper-
ature under an atmosphere of nitrogen.

RESULTS AND DISCUSSION

The major products of the reaction of lycopene with
MCPBA were identified as lycopene 1,2-epoxide and
lycopene 5,6-epoxide. In addition, a number of lycopene
diepoxides were formed as minor products. Purification
of a crude mixture of these epoxides by flash chroma-
tography on n-silica gel resulted in the formation of a
number of rearrangement products (VII=XII) with
novel five-membered ring end-groups, which are shown
in Figure 1. These lycopene derivatives are presumably
formed due to the acidic nature of the hydroxyl groups
on specific sites of n-silica gel that may promote these
reactions. The acid-catalyzed reactions of carotenoid
epoxides are not unprecedented, and the most promi-
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nent example is the rearrangement of 5,6-epoxides to
the corresponding 5,8-epoxides (Karrer and Jucker,
1946). We found lycopene 1,2-epoxide to be fairly stable
during flash chromatography on n-silica gel, and it only
partially rearranged to compounds VIII and IX. How-
ever, numerous attempts to isolate and purify lycopene
5,6-epoxide by flash chromatography and preparative
HPLC on various adsorbents were unsuccessful. On the
basis of these observations, we concluded in our earlier
publication that the observed 2,6-cyclolycopene-1,5-
epoxide A (VII1) and B (IX) and their respective diols
(X) and (XI), for the most part, result from the rear-
rangement of lycopene 5,6-epoxide (Khachik et al.,
1998).

Acid-catalyzed reactions of the crude mixture of
lycopene mono- and diepoxides in dilute sulfuric acid
solutions resulted in the formation of similar rearrange-
ment products. However, lycopene 1,2-epoxide was
shown to be much more reactive in acidic solutions and,
along with lycopene 5,6-epoxide, was completely con-
verted to compounds VIII=XII. Another product of
these reactions was lycopene 1,6;2,5-diepoxide (XIII),
which was formed at low yields in dilute sulfuric acid
solutions. This compound is believed to result from the
acid-catalyzed rearrangement of the tentatively identi-
fied lycopene 1,2;5,6-diepoxide, which was one of the
minor products from the reaction of lycopene with
MCPBA.

In an another experiment, a purified sample of 2,6-
cyclolycopene-1,5-epoxide A (VI11) was shown to convert
to 2,6-cyclolycopene-1,5-diol A (X) in dilute sulfuric acid
(0.1%) almost quantitatively; similarly, epoxide IX
yielded diol XI. Therefore, when a crude mixture of
lycopene 1,2-epoxide (I11) and lycopene 5,6-epoxide (111)
is subjected to acidic media, these compounds would be
expected to first undergo rearrangement to epoxides
VIl and IX, which are then converted to diols X and
X1, respectively. However, as will be discussed later,
the direct formation of the diols X and XI from epoxides
Il and 111 without the involvement of epoxides V111 and
IX cannot be ruled out.

The relative stereochemistry of the diols X and XI
indicates that the hydroxylated isopropyl group at C(2)
and the hydroxyl group at C(5) are always in a trans
geometry. Although the relative stereochemistries of
these epoxides and diols at C(2), C(5), and C(6) have
been determined by NMR, the absolute configurations
of these compounds are not known at present (Khachik
et al.,, 1997b). Among all possible configurational
isomers of the diols X and XI, only four sterecisomers
(structures e—h, Figure 2) result in this stereospecific
arrangement. These isomers can be formed from acid-
catalyzed ring opening of two pairs of diastereomeric
epoxides VIII and IX as shown in Figure 2. Each of
these diastereomeric epoxides consisted of a pair of
enantiomers (structures a/b and c/d and e/f and g/h,
respectively, Figure 2). We have been able to separate
and characterize only two diastereomeric epoxides and
two diastereomeric diols. Therefore, each epoxide and
diol probably consists of a pair of its corresponding
enantiomer that could not be separated by HPLC.

Acid-Catalyzed Rearrangement of Lycopene Mo-
noepoxides. The mechanism of the acid-catalyzed
rearrangement of lycopene 5,6-epoxide (I11) and lyco-
pene 1,2-epoxide (I1), which are the major products of
oxidation of lycopene, is shown in Figure 3. The
protonation of lycopene 5,6-epoxide (111) may be followed
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Figure 3. Proposed pathways for acid-catalyzed rearrange-
ment of lycopene 5,6-epoxide and lycopene 1,2-epoxide to
diastereomeric 2,6-cyclolycopene-1,5-epoxides VI11 and IX with
the inversion of configuration at C(6). Reaction conditions are
described in the text.

by ring opening and cyclization by an Sy1-type mech-
anism to form the two five-membered ring intermediate
carbocations with epimerization at C(6). Cyclization of
the resulting carbocations yields the corresponding
epoxides VIII (major product) and IX (minor product).
The rearrangement of lycopene 5,6-epoxide according
to this mechanism may also be accompanied by epimer-
ization at C(2). Therefore, all of the resulting proto-
nated five-membered ring carbocations in which the
protonated isopropyl group at C(2) and the hydroxyl
group at C(5) are in a trans geometry and cannot cyclize
to epoxides VIII and IX can react with water to yield
diols X and Xl as well as their enantiomers. Proton
elimination from the five-membered-ring carbocations
with the correct relative stereochemistry can also ac-
count for the formation of another observed product,
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Figure 4. Rearrangement of 5E- and 5Z-lycopene 5,6-epoxides
by an Sn2-type mechanism. Only the major epoxide VIII and
the minor diol XI can be formed from 5E-lycopene 5,6-epoxide,
whereas the minor epoxide 1X and the major diol X would be
expected from 5Z-lycopene 5,6-epoxide.

XI1. Whereas only relative but not absolute chirality
at C(2), C(5), and C(6) is known for X1, its diastereomer
with the inversion of configuration at C(6) was not
among the observed products.

On the contrary, the formation of epoxides VIII and
IX from lycopene 1,2-epoxide (I1) must proceed by an
Sn2-type mechanism. This is because the ring opening
of the protonated lycopene 1,2-epoxide by an Sy1-type
mechanism would be expected to form a tertiary rather
than a secondary carbocation. In such a case, the
cyclization of the resulting intermediate cannot produce
the observed epoxides VIII and IX. Similarly, the fact
that purified lycopene 1,2-epoxide (I1) in dilute sulfuric
acid (1%) can be partially converted to XI1 suggests that
this compound results from the ring opening of the
epoxide V111, followed by proton elimination.

It is imperative to point out that Lu et al. (1995) and
Yokota et al. (1997) have also studied the oxidation
products of lycopene. However, these investigators have
reported on the isolation and characterization of only
epoxide VIII and diol X, whereas the corresponding
diastereomers of these compounds (epoxide 1X and diol
X1) as well as compounds XIlI and XIIl were not
observed. The rearrangement of lycopene 5,6-epoxide
to the observed products described above is similar to
the one proposed by Yokota et al. (1997). In addition,
these investigators suggested that cyclization of lyco-
pene 5,6-epoxide to epoxide VIII can proceed by either
Snl- or Sn2-type reaction.

The rearrangement of 5E- and 5Z-lycopene 5,6-
epoxide to the observed products by an Sy2-type mech-
anism would be expected to yield products with different
stereochemistry as shown in Figure 4. Cyclization of
the protonated 5E-lycopene 5,6-epoxide with epimer-
ization at C(2) results in the formation of two interme-
diates that can afford the major epoxide VIII and the
minor diol XI. On the other hand, the rearrangement
of the protonated 5Z-lycopene 5,6-epoxide with epimer-
ization at C(2) can yield the minor epoxide IX and the
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Figure 5. Rearrangement of lycopene 1,2-epoxides 1A and
1B by an Sy2-type mechanism. All of the observed lycopene
epoxides (VI and IX) and diols (X and XI) can be obtained
by this mechanism.

major diol X. Only one of the enantiomers of 5E- and
5Z-lycopene 5,6-epoxide is shown in the mechanism
depicted in Figure 4. The other enantiomers of these
compounds can rearrange by a similar mechanism to
give the enantiomers of epoxides VIII and IX as well
as diols X and XI. The purity of lycopene employed in
these reactions was shown to be 96% by spectrophoto-
metric, NMR, and HPLC-UV—vis/IMS as described
previously (Khachik et al., 1998). NMR analysis of the
crystalline sample of lycopene did not show the presence
of any significant amount of geometrical isomers. How-
ever, HPLC analysis of this sample according to the
method of Hengartner et al. (1992), which simulta-
neously separates 14 geometrical isomers of lycopene,
revealed the presence of 95% all-E- and 5% 5Z-lycopene.
Therefore, even though the lycopene employed as the
starting material for the partial synthesis of the ep-
oxides predominantly consisted of the all-E isomer, the
5E/5Z isomerization of this compound during the
epoxidation reaction cannot be ruled out. Consequently,
due to this complication, it is difficult to determine the
extent to which the rearrangement of lycopene 5,6-
epoxide to the observed products may proceed by Sy1-
and/or Sn2-type reaction.

As pointed out earlier, the rearrangement of lycopene
1,2-epoxide would be expected to proceed by an Sy2-
type reaction. This accounts for the formation of the
observed epoxides VII1 and IX (Figure 3) as well as diols
X and XI as shown in Figure 5. The rearrangement of
lycopene 1,2-epoxides 1A and I1B to the four possible
five-membered ring carbocation intermediates by an
Sn2-type reaction, followed by the addition of water and
deprotonation, results in the formation of eight diols.
The relative stereochemistry at C(2), C(5), and C(6) in
four of these diols is identical with that of the observed
diols X and XI.

Acid-Catalyzed Ring Opening of 2,6-Cyclolyco-
pene-1,5-epoxide. The possible mechanisms of acid-
catalyzed ring opening of epoxide VIII are shown in
Figure 6. Following protonation, epoxide VIII can be
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Figure 6. Acid-catalyzed ring opening of 2,6-cyclolycopene-
1,5-epoxide A (VIII) to the observed products X and XII by
an Syl-type mechanism. Epoxide IX can form diol XI by a
similar mechanism. Reaction conditions are described in the
text.

converted to diol X by an Sy1-type reaction. Therefore,
in a stepwise mechanism, the protonated epoxide may
undergo ring opening by pathway A or B as shown in
Figure 6. Pathway A gives a tertiary carbocation, but
addition of water to this intermediate results in the
formation of a product in which the hydroxylated
isopropyl group at C(2) and the hydroxyl group at C(5)
are in a cis geometry. This is opposite to the stereo-
chemical arrangement in the observed diol (X). How-
ever, proton elimination from the carbocation formed
by pathway A is the most likely route to compound XI1,
which is one the major products of the acid-catalyzed
reactions of lycopene epoxides.

Pathway B results in a flat tertiary carbocation, but
in contrast to pathway A, upon addition of water, a new
asymmetric carbon is generated at C(5). Therefore,
according to pathway B, the inversion of configuration
at C(5), in addition to the observed product X, would be
expected to yield a diol, which has not been observed.
Nevertheless, pathway B is the most likely route from
epoxide V111 to diol X; diol XI can be formed by a similar
mechanism from epoxide IX.

Acid-Catalyzed Rearrangement of Lycopene
1,2;5,6-Diepoxide. The acid-catalyzed ring opening of
lycopene 1,2;5,6-diepoxide (1V), one of the minor prod-
ucts of the reaction of lycopene with MCPBA, is the most
likely source for the presence of compound X111 among
the observed products. As shown in Figure 7, the 5,6-
epoxy ring of XIIl would be expected to undergo
hydrolysis first due to its much greater reactivity than
the 1,2-epoxy ring. This has been clearly established
from the stability of a mixture of synthetic lycopene 1,2-
epoxide and lycopene 5,6-epoxide; whereas the former
was readily isolated and purified, the latter underwent
rearrangement during purification and could not be
isolated. The next steps of this rearrangement are
protonation of the 1,2-epoxy ring followed by ring
formation between the C(5) hydroxyl group and C(2).
After deprotonation, the allylic hydroxyl group of the
resulting substituted oxolane at C(6) undergoes proto-
nation followed by dehydration to yield an allylic car-
bocation. Finally, the formation of an oxygen bridge
between the C(1) hydroxyl group and C(6) and loss of a
proton can yield the observed product, XIII. It is
imperative to note that the presence of three asym-
metric centers in compound XIII, for which only the
relative but not the absolute configuration is known,
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offers many possibilities for the mechanism of cycliza-
tion. Therefore, in the absence of stereochemical con-
siderations, the true mechanism leading to the forma-
tion of compound XI1I, remains uncertain.

Pathways Leading to the Formation of Lyco-
pene Metabolites in Tomato Products and Human
Serum. The origin of the lycopene metabolites X and
X1 in human serum is not very well understood at
present. This is primarily due to the instability of
lycopene, which makes this compound readily suscep-
tible to oxidation. A systematic outline of some of the
possible scenarios that may contribute to this complica-
tion is depicted in Figure 8. The comparative profile of
the synthetic derivatives of lycopene with the distribu-
tion of the lycopene metabolites in tomato paste, tomato
juice, and human serum is summarized in Table 1. This
can help to provide some insight into various processes
that may be ultimately responsible for the presence of
the lycopene metabolites in human serum. Lycopene
1,2-epoxide and lycopene 5,6-epoxide are undoubtedly
the precursors of the lycopene metabolites in human
serum. Lycopene 1,2-epoxide is found in tomato prod-
ucts (Khachik et al., 1992a; Tonucci et al., 1995),
whereas only epoxides VIII and IX, the rearranged
forms of lycopene 5,6-epoxide and lycopene 1,2-epoxide,
are found in tomato paste and tomato juice (Khachik et
al., 1998). The rearrangement of lycopene 5,6-epoxide
may be part of the natural metabolism in tomatoes and
due to the presence of acids in this fruit. Another likely
source for the formation of lycopene epoxides is the
preparation of tomato products by processing tomatoes
at relatively high temperatures, which can effect the
oxidation of lycopene to these compounds. Finally,
lycopene may also undergo in vivo oxidation in humans
as part of its normal metabolism to form these lycopene
epoxides. Conversion of lycopene 1,2-epoxide (I1) and
lycopene 5,6-epoxide (I11) to epoxides VIII and IX
followed by hydrolysis to diols X and XI may also take
place in the human stomach in the presence of acids.
The presence of low concentrations of some of the
lycopene metabolites in tomatoes and human serum
may also be related to the physiological function of
lycopene as a radical scavenger. Unfortunately, the fact
that diols X and XI are also found in tomato products
at low concentrations makes it difficult to differentiate
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Figure 8. Possible pathways for the formation of the oxidation
and acid-catalyzed rearrangement products of lycopene in
tomato products and human serum.

Table 1. Comparative Profile of the Synthetic
Derivatives of Lycopene with the Distribution of the
Lycopene Metabolites in Tomato Paste, Tomato Juice,
and Human Serum

tomato tomato human

compound? paste  juice  serum
lycopene (I) +4++b 4+
lycopene 1,2-epoxide (I1) +¢ + _d

lycopene 5,6-epoxide (111) — - -
lycopene 1,2;5,6-diepoxide (1V) - - -
lycopene 1,2;5',6'-diepoxide (V)
lycopene 5,6;5',6'-diepoxide (V1)
lycopene 1,2;1',2'-diepoxide (V1)
2,6-cyclolycopene-1,5-epoxide A (VIII)
2,6-cyclolycopene-1,5-epoxide B (1X)
2,6-cyclolycopene-1,5-diol A (X)
2,6-cyclolycopene-1,5-diol B (XI)
1,16-didehydro-2,6-cyclolycopen-5-ol
(X1
lycopene 1,6;2,5-diepoxide (XI11) - - -

I+ ++++
I+ ++++ 1

I+ + 1

aWith the exception of lycopene, which was isolated from
tomatoes, all other compounds have been prepared by partial
synthesis from lycopene. ? Indicates presence at high concentra-
tions. ¢ Indicates presence at low concentrations. 9 Indicates ab-
sence.

among the various processes that may ultimately be
responsible for the presence of these compounds in
human serum. If the in vivo oxidation of lycopene in
humans is indeed taking place, one would not expect to
find the resulting epoxides 11, 111, VIII, and IX in the
serum. This is because, to date, our extensive analysis
of the serum of human volunteers who consume large
guantities of fruits and vegetables rich in carotenoid
epoxides has not revealed the presence of these group
of carotenoids in humans (Khachik et al., 1992b, 1998).
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Therefore, the metabolic oxidation of lycopene in hu-
mans would be expected to involve enzymatic ring
opening of epoxides VIII and IX to the observed diols
X and XI. For example, the microsomal epoxide hydro-
lase has been reported to catalyze the trans-antiplanar
addition of water to epoxides to give vicinal diols by
involving an ester intermediate (Lacourciere and Arm-
strong 1993). Enzymes of this nature may also be
responsible for the rearrangement of lycopene epoxides
to 2,6-cyclolycopene-1,5-epoxides VIII and IX as well
as their respective diols X and XI. However, if lycopene
1,2-epoxide and lycopene 5,6-epoxide are the initial
products of in vivo oxidation of lycopene in humans, the
enzymatic conversion of these epoxides to epoxides VIl
and IX or their direct conversion to diols X and XI needs
to be first established. In the absence of human
metabolic studies with lycopene, labeled with a stable
isotope, that is, 13C, the in vivo oxidation of lycopene in
humans would be a difficult task to accomplish.
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