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Abstract
Research has suggested that lycopene may be metabolized by eccentric cleavage, catalyzed by β-
carotene oxygenase 2 (BCO2), resulting in the generation of apo-lycopenals. Apo-6′-lycopenal and
apo-8′-lycopenal have been reported previously in raw tomato. We now show that several other apo-
lycopenals are also present in raw and processed foods, as well as in human plasma. Apo-lycopenal
standards were prepared by in vitro oxidation of lycopene, and a high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) method using atmospheric pressure
chemical ionization in negative mode was developed to separate and detect the apo-6′-, 8′-, 10′-, 12′-,
14′-, and 15′-lycopenal products formed in the reaction.

Hexane/acetone extracts of raw tomato, red grapefruit, watermelon, and processed tomato products
were analyzed, as well as plasma of individuals who had consumed tomato juice for eight weeks.
Apo-6′-, 8′-, 10′-, 12′-, and 14′-lycopenals were detected and quantified in all food products tested,
as well as plasma. The sum of apo-lycopenals was 6.5 µg/100 g ‘Roma’ tomato, 73.4 µg/100 g tomato
paste, and 1.9 nmol/L of plasma. We conclude that several apo-lycopenals, in addition to apo-6′- and
8′-lycopenal, are present in lycopene containing foods. In addition, the presence of apo-lycopenals
in plasma may derive from the absorption of apo-lycopenals directly from food and/or human
metabolism.
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INTRODUCTION
Epidemiological studies have repeatedly correlated increased consumption of tomato and
tomato products with reduction in the incidence of a number of cancers and other chronic
diseases (1–5). Many researchers have suggested that lycopene, the most abundant carotenoid
in red tomatoes, may be responsible for this effect (6–8). It has also been suggested that
metabolites of lycopene may be bioactive (9,10). Khachik et al. (11) first reported lycopene
derivatives in human blood plasma, which were later identified as two diastereomeric forms
of 2,6-cyclolycopene-1,5-diol (12). These researchers proposed that these two structures were
either absorbed from tomato products in the diet, or were metabolic products of 2,6-
cyclolycopene-1,5-epoxide, a compound which has been identified in raw tomatoes, tomato
juice, and tomato paste (13).

Lycopene may be metabolized in humans by a mechanism analogous to that of β-carotene,
another C40 hydrocarbon carotenoid. The most widely characterized pathway of β-carotene
metabolism is the formation of two molecules of retinal by the cleavage of β-carotene at the
central double bond by β-carotene oxygenase 1 (BCO1) (14). A second enzyme, β-carotene
oxygenase 2 (BCO2), has been shown to cleave β-carotene eccentrically (15). Interestingly, a
central cleavage product of lycopene has never been identified in a mammalian system. Thus,
a focus upon BCO2 cleavage has stimulated efforts to oxidize lycopene to produce aldehydes
which could result from BCO2 cleavage. Kim and colleagues (16) produced a series of
aldehyde cleavage products of lycopene using a variety of oxidative methods. Likewise, a
similar series of aldehyde derivatives were generated by Caris-Veyrat et al. (17) using
potassium permanganate as an oxidant.

We have limited knowledge of lycopene metabolites in mammals. Apo-lycopenals have been
reported in laboratory animals consuming high lycopene diets. Apo-10′-lycopenol was found
in the lung tissue of ferrets consuming a high lycopene diet for 9 weeks (18). In a separate
study, apo-8′-lycopenal, and putatively apo-12′-lycopenal were observed in the hepatic tissue
of rats consuming a high lycopene diet for 30 days (19). Interestingly, these apo-lycopenal
products are not limited to mammalian systems. Apo-6′-lycopenal and apo-8′-lycopenal were
previously identified in extracts of tomato paste (20) and raw tomatoes (21).

Given the highly unsaturated structure of lycopene, containing 11 conjugated double bonds
available for oxidative cleavage, we hypothesized that an array of apo-lycopenals, in addition
to apo-6′- and apo-8′-lycopenal, might be present in tomatoes or tomato products, and possibly
as mammalian metabolites. We chose to focus our search on the long chain non-volatile
products (> 20 carbons, i.e. acycloretinal or longer) that would result from a double bond
cleavage and apply highly sensitive and selective tandem HPLC-MS/MS techniques to detect
and identify apo-lycopenals by comparison to synthesized compounds and authentic standards.
We also sought to identify and quantify apo-lycopenals in other lycopene-containing foods
(red grapefruit, watermelon). Additionally, we identified and quantified apo-lycopenals in the
plasma of humans consuming a daily serving of tomato juice.

MATERIALS AND METHODS
Chemicals

Apo-6′-lycopenal, apo-8′-lycopenal, apo-12′-lycopenal, and β-apo-12′-carotenal were
purchased from Carotenature (Lupsingen, Switzerland). Pure lycopene was isolated and
crystallized from tomato paste following a procedure outlined below. Acetone, acetonitrile,
butylated hydroxytoluene (BHT), calcium carbonate, chloroform, dichloromethane, hexane,
methanol, methyl tert.-butyl ether, potassium hydroxide, te trahydrofuran, and toluene were
purchased from Fisher Scientific (Pittsburgh, PA). Tetrahydrofuran was stabilized before use
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by passing the solvent through a column of alumina. Formic acid, ethylenediaminetetraacetic
acid (EDTA), diatomaceous earth, β-apo-8′-carotenal, and β-carotene were purchased from
Sigma Aldrich (St. Louis, MO).

Isolation of lycopene from tomato paste
We found it necessary to isolate pure lycopene from tomato paste due to our observation that
analytical grade lycopene standard purchased from two commercial sources contained
detectable levels of apo-lycopenals. Sixty grams of tomato paste was blended in an Oster
blender with 12 g CaCO3, and 250 mL of MeOH to dehydrate the tissue. The homogenate was
filtered through a Whatman #1 filter using a Buchner funnel. The MeOH rinse was discarded,
and the filtrant was then mixed with 150 mL of acetone and filtered again. The acetone rinse
was also discarded. The filtrant was then mixed with 150 mL of hexane/acetone (1:1) and
filtered again. Next, the hexane/acetone filtrate (containing carotenoids and lipids) was placed
into an Erlenmeyer flask and 75 mL of 30% KOH in MeOH solution was added in addition to
a stir bar. The Erlenmeyer flask was placed into a large beaker containing ice, and the mixture
was stirred on a stir plate for 2 h to saponify the components. The mixture was then transferred
to a 2 L separatory funnel and washed three times with water. The aqueous phase was drained
and discarded, and the hexane was placed in a 500 mL round bottom flask and dried under
reduced pressure in a 40 °C water bath.

The dried extract was removed from the round bottom flask, transferred to a vial, and 1:1
chloroform/MeOH solution was added. The vial was placed into a 55 °C water bath, and the
mixture was stirred until all of the dried extract dissolved. The water bath containing the
dissolved lycopene was removed from the heat so urce and allowed to slowly cool to room
temperature to induce lycopene crystallization. The sample was then transferred to the −20 °
C freezer for two hours to facilitate further crystallization. Afterwards, the supernatant was
filtered off and the crystals were washed four times with ice cold MeOH. The crystals were
dried under vacuum and analyzed for apo-lycopenals using the LC-MS/MS method detailed
below. Purity was determined by HPLC-photodiode array (PDA).

Synthesis of apo-lycopenals for identification
A series of apo-lycopenals was generated from lycopene using ozone as an oxidant. The
lycopene used for this oxidation was isolated as above with modifications. That is, the initial
blending of 360 g of tomato paste with MeOH (600 mL) and CaCO3 (70 g) also included 100
g of diatomaceous earth. Further, once the combined acetone/hexane 1:1 filtrate was prepared,
it was washed with 3 × 100 mL portions of saturated NaCl solution and the organic layer was
evaporated. The resulting crude tomato oleo resin was transferred to a LiChroprep RP-18, 40–
63 µM, reverse phase column (EM Separations, Gibbstown, NJ) which was washed with 150
mL of MeOH/acetonitrile/CH2Cl2 45:45:10 (22) and then pure CH2Cl2 to elute 188 mg of
lycopene which as used as obtained. For ozonolysis, according to the procedure of Schwartz
et al. (23), 4 mg (0.01 mmol) of this lycopene and 4-methylmorpholine-N-oxide (40 mg; 0.34
mmol) were dissolved in 8mL of CH2Cl2 and the solution divided into 4 × 2mL aliquots.
Phosphate buffer (2 mL of 25 mM, pH 6) was also added to each aliquot. Ozone was generated
by a model T-816 laboratory ozonator (Welsbach, Philadelphia, PA) with oxygen pressure of
8 psi, dielectric voltage of 105 V, and ozone was bubbled into CH2Cl2 for 30 s. Different
aliquots (0.5, 1, 1.5 and 2 mL) of this saturated ozone solution were added to the four lycopene
containing vials which were immediately shaken to mix with the buffer and quench the reaction.
The CH2Cl2 layers were then separated, concentrated, and the residues subjected to HPLC-
MS/MS analysis as described below.
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HPLC-MS/MS Method for separating apo-lycopenals in the oxidized lycopene mixture
An HPLC method was developed to resolve long-chain apo-lycopenals produced in the mixture
of lycopene oxidation products. The mixture was separated by a model 2996 HPLC (Waters)
connected to a model 2996 PDA (Waters) using a 150 mm × 4.96 mm i.d., 5 µm, YMC C30
column (Waters Corp., Milford, MA). Composition of solvents was as follows: A= 88:5:5:2
MeOH/water/methyl tert.-butyl ether/0.1% aq. formic acid solution; B = 78:20:2 methyl tert.-
butyl ether/MeOH/0.1% aq. formic acid solution. A gradient of A and B was used to separate
the synthesized compounds at a flow rate of 1.3 mL/min, column temperature was 30 °C. The
gradient was as follows: isocratic at 0% B for 1 min, ramp to 4.5% B over 0.1 min, linear
gradient to 90% B over 19.9 min, linear gradient to 100% B over 6 min, and 4 min to return
to 0% B. The HPLC was interfaced with a Q-Tof Premier quadrupole time-of-flight hybrid
mass spectrometer (Micromass UK Ltd., Manchester, UK) interfaced using an atmospheric
pressure chemical ionization (APcI) source operated in negative ion mode. Additional settings
were as follows: corona current = 30 µA, cone = 35 V, desolvation temp. = 400 °C, desolvation
gas flow = 300 L/h, and gas for collisionally induced dissociation (CID) was argon at 4
×10−3 bar.

Extraction of foods
Foods used for analysis were purchased from a local supermarket (Columbus, OH). Three
different brands of each processed tomato product (catsup, spaghetti sauce, pizza sauce, tomato
soup, tomato paste, tomato juice) were tested. Raw red vine ripened tomatoes, cherry tomatoes,
‘Roma’ tomatoes, ruby red grapefruit, and watermelon were also tested. Raw fruits were
purchased, diced, and mixed in an Oster blender to produce a puree before extraction.

Foods were extracted following the method developed previously (24). All extractions were
performed under red light. Hexane extracts were dried immediately under argon gas and stored
at −80 °C for not more than one week before analysis. Samples were reconstituted in 1:1 methyl
tert.-butyl ether /MeOH before being injected into the UPLC for analysis. Each extraction of
food products was performed in duplicate.

UPLC-MS/MS Method for Food
A method was developed to quantify the apo-lycopenals present in lycopene-containing foods.
Separation was performed on a Waters Acquity UPLC (Waters Corp., Milford, MA). The
column used was a 50 mm × 2.1 mm i.d., 1.7 µm particle size, BEH C18 (Waters Corp., Milford,
MA). Solvent A = 80:20 MeOH/0.1% aqueous formic acid solution. Solvent B = 85:15 MeOH/
tetrahydrofuran. Flow rate was 0.7 mL/min, column temperature = 40 °C. Gradient was as
follows: 0% B to 90% B over 1 min, to 95% B over 0.7 min, to 100% B over 0.8 min which
was held for 0.5 min, then quickly back to 0% B for 2 min. Quantitation of compounds was
performed on a Quattro Ultima triple quadrupole mass spectrometer (Micromass UK Ltd.,
Manchester, UK) interfaced with the UPLC via an APcI source operated in negative ion mode.
The mass spectrometer was operated in selected reaction monitoring (SRM) mode transmitting
the radical ion form of the parent [M•−] in the first quadrupole, fragmenting it by collision
induced dissociation (argon-filled chamber at 3×10−3 mBar) and selecting the corresponding
[M-69]− daughter ion with the last quadrupole to deliver to the detector. Mass transitions were
as follows: 284>215, 310>241, 350>281, 376>307, 416>347, 442>373, 536>467 for
acycloretinal, apo-14′ -12′, -10′, -8′, -6′-lycopenal and lycopene, respectively. Instrumental pa
rameters included: corona current = 30 µA, cone =35 V, desolvation temp. = 400 °C,
desolvation gas flow = 700 L/h.
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Plasma analysis
Seven human plasma samples from a previous dietary intervention study were analyzed for
apo-lycopenals. In this study, healthy men and women consumed a diet supplemented with
soy-fortified tomato juice for 8 weeks (delivering 21.9 mg of lycopene/day). Blood was
sampled after 8 weeks of juice consumption. Samples were collected into 10 mL EDTA tubes,
centrifuged immediately to remove red blood cells, and stored at −80 °C until extraction.
Written informed consent was obtained from all study participants, and this study was approved
by the Institutional Review Board of the Ohio State University, protocol # 2004H009.

Plasma (2 mL) was extracted using HEAT (hexane/ethanol/ acetone/toluene; 10:6:7:7, v/v/v/
v) as the extraction solvent (25). Briefly, plasma was mixed with an equal volume of ethanol
containing 0.1% butylated hydroxytoluene, 0.5 mL of a saturated NaCl solution, and 10 mL
of HEAT. The mixture was vortexed and then centrifuged for 5 min at 300 × g. The upper non-
polar layer was removed with a glass pipette and the remaining aqueous plasma mixture was
extracted two more times. The non-polar layers were combined and dried under argon. The
dried extract was stored at −80 °C until analysis by HPLC-MS/MS.

HPLC-MS/MS method for human plasma
The C30 HPLC method used to separate the lycopene oxidation mixture was also used to
separate apo-lycopenals present in human plasma extracts with slight modifications (solvent
A for plasma analysis was 80:20 MeOH/0.1% aqueous formic acid solution). Both the C30
and the C18 methods were tested with plasma extracts, and the C30 method provided twice
the sensitivity of the C18 method. This superior sensitivity was likely due to matrix components
which were diluted or resolved from analytes in the longer C30 method. Since levels of apo-
lycopenals are low in plasma, the more sensitive C30 method was chosen for quantitation of
these compounds in plasma.

The C30 method was run on a UPLC instrument, which is capable of operating under the same
parameters as a traditional HPLC system. A Waters Acquity UPLC (autosampler, pump, and
PDA detector) was interfaced with the Quattro Ultima mass spectrometer (operated using the
same settings as for food analysis) to quantify apo-lycopenals in the plasma extracts.

Recovery Experiments
Recovery experiments help validate that analytes are not being lost during extraction. Since
aldehydes (i.e. apo-lycopenals) have the ability to react with nucleophiles, we hypothesized
that the aldehydes might covalently bind to protein in the food or blood plasma matrix and be
underestimated. To determine whether such reactions were occurring during our extraction
process, we performed the lipophilic extraction of both the plasma and the food in the presence
of excess formaldehyde.

Data Analysis
Quantification of compounds in plasma and food samples is based on external calibration
curves of apo-6′-, 8′-, 12′-lycopenal from Carotenature, and all-trans-lycopene purified by
crystallization. Peak areas of the [M-69]− daughter fragment (see UPLC-MS/MS Method for
Food) were used to generate the calibration curves. Concentrations of lycopene and apo-
lycopenals in the samples were calculated by comparing their peak areas to the respective
calibration curve. In lieu of authentic apo-10′-lycopenal standard, apo-10′-lycopenal levels
were estimated using the average response of apo-8′-lycopenal and apo-12′-lycopenal
standards. In lieu of authentic apo-14′-lycopenal standard, levels of apo- 14′-lycopenal were
estimated using the response of apo-12′-lycopenal standard.
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Values for apo-lycopenals in raw fruits and vegetables are the average of duplicate extractions.
Apo-lycopenal levels in processed products are the average from the measurement of three
different brands of product extracted in duplicate.

RESULTS AND DISCUSSION
Synthesis of apo-lycopenals

Figure 1 displays the structures of all-trans lycopene and the long chain apo-lycopenals
observed after oxidation of lycopene with ozone. Oxidation occurs at each double bond in the
chain, leading to the series of products detected. Figure 2 shows an HPLC-MS chromatogram
of the separated mixture of apo-lycopenals and lycopene after lycopene ozonolysis. All apo-
lycopenals in the series (apo-6′-, 8′-, 10′-, 12′-, 14′-, and 15′-lycopenal) display the
characteristic isoprenyl loss upon CID in the mass spectrometer (M-69) (26). The m/z of the
synthesized apo-lycopenals were within 2 ppm mass accuracy of the respective theoretical m/
z values and elute in order of increasing molecular weight as expected. Identity of apo-6′-, 8′-,
and 12′-lycopenal were confirmed by retention time (RT) and ultraviolet (UV) spectra
coincident with commercial standards. MS/MS chromatograms for the m/z values consistent
with apo-10′-,14′-, and 15′-lycopenal were observed in the oxidation mixture and tentatively
identified based on anticipated RT (relative to the RT of the apo-6′-, 8′-, and 12′-lycopenal
standards), UV spectra, and characteristic M-69 MS/MS transition.

Since many of the foods and blood plasma samples that we analyze contain a significant amount
of β-carotene in addition to lycopene, it is necessary to develop HPLC methods that separate
apo-lycopenals from potential apo-carotenals which are isobaric, e.g. apo-8′-lycopenal and β
-apo-8′-carotenal. In addition, it is desirable to distinguish these species according to their MS/
MS behavior. β -carotene was oxidized with ozone and examined using the HPLC-MS/MS
method detailed above. The β -apo-carotenals observed were found to have different retention
times than their corresponding apo-lycopenals (data not shown). Furthermore, HPLC-MS/MS
analysis revealed that the β-apo-carotenals do not produce the M-69 fragment due to cyclization
of the terminal isoprenyl group into an ionone ring. Commercial standards of β-apo-8′-
carotenal and β -apo-12′-carotenal were further used to verify the RT and UV spectra of the
compounds produced in the β-carotene oxidation mixture.

Apo-lycopenals in food extracts
Initial tests showed that the concentrations of apo-lycopenals in food extracts were far below
the PDA detection limit necessitating the selectivity and sensitivity of mass spectrometry.
Consequently, apo-lycopenals were analyzed using HPLC-MS/MS and identified by
coincident behavior with the apo-lycopenal standards according to retention time, accurate
mass, and MS/MS fragmentation patterns. Lycopene, apo-6′-, 8′-, 10′-, 12′-, and 14′-lycopenal
were observed in all food tested. Interestingly, apo-15′-lycopenal was not detected in any of
the food products although it was generated in the lycopene oxidation mixture. Quantities of
food apo-lycopenals are listed in Table 1.

The mass spectrometric method was very sensitive to, and selective for, apo-lycopenals.
However, there were mass spectrometer performance limitations in terms of day-to-day and
run-to-run variability. To mitigate this instability, standards were run daily. In addition, we
investigated a number of possible internal standards (etretinate, astaxanthin, 13C40 β-carotene)
yet none of these candidates improved run-to-run relative standard deviation (RSD). The best
solution is to use stable isotopes of the apo-lycopenals as int ernal standards, and efforts are
being made to synthesize these for future studies.
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Lycopene was present at levels roughly ~1000 times higher than each apo-lycopenal observed.
Apo-8′-lycopenal was the predominant apo-lycopenal found in all foods, followed by apo-6′-
lycopenal and apo-12′-lycopenal. In contrast, apo-10′- and 14′-lycopenal were present in
smaller quantities. The levels of apo-lyocopenals varied across three different commercial
manufacturers of a given product, as reflected in higher standard deviations in certain products.

Apo-lycopenals in human plasma
Apo-6′-,8′-,10-′,12′-, and 14′-lycopenal were observed in the plasma of all seven individuals
tested who consumed tomato juice daily for eight weeks. Figure 4 shows a chromatogram of
lycopene and apo-lycopenals observed in one subject, representative of all plasma samples
analyzed. Table 2 provides the average concentration and the standard deviation of apo-
lycopenals observed over seven individuals of apo-lycopenals observed over seven individuals.
Apo-15′-lycopenal was not detected in the plasma of any of the seven subjects. As shown in
Table 2, apo-8′- and 12′-lycopenal were the predominant apo-lycopenals observed in blood.
Relative to lycopene, apo-lycopenals were present at levels roughly 1,000 times lower, similar
to their relative abundance in food.

Lycopene preservation during extraction
Lycopene is extremely sensitive to degradation by heat, light, and oxygen; therefore, the
presence of apo-lycopenals in such small quantities stimulated our concern that they may form
as degradation products during sample processing and analysis. During extraction, we
maintained standard precautions to assure chemical stability, including minimizing handling
time, extracting under red light, drying samples under nitrogen, and storing immediately at
−80 °C until ana lysis. We also performed several experiments to determine if specific technical
procedures impacted apo-lycopenal levels. First, we extracted raw tomato with 2% BHT in the
extraction solvent as BHT is commonly used as an antioxidant in the extraction of compounds
sensitive to oxidation. The presence of BHT did not change the amount of apo-lycopenals
observed in the extract. We also performed the extraction of raw tomato with EDTA at various
concentrations to determine if the apo-lycopenal formation was catalyzed by free metals or
metal-dependent enzymes (e.g. oxidases) during extraction. There was no change in the amount
of apo-lyocopenals observed between the no EDTA condition and as a function of EDTA
concentration. In fact, neither BHT nor EDTA appear to protect against such generation. In
summary, apo-lycopenals were likely not generated artifactually during extraction through free
radical or metal-catalyzed reactions. However, we were able to increase the level of apo-
lycopenals if we kept a closed vial containing lycopene dissolved in tetrahydrofuran or
CH2Cl2 at room temperature overnight.

Another possible route to the formation of apo-lycopenals is by metal independent enzymes
native to the native food sample matrices which may have the capacity to generate apo-
lycopenals during extraction. To test whether samples had this capacity, we added exogenous
lycopene (prepared in-house) and performed the extraction. We observed slight changes in
apo-lycopenal levels. We also performed the same experiment using blood plasma samples by
spiking with a 200-fold excess of lycopene over unspiked plasma samples. We observed no
change in the amount of apo-lycopenals as compared to unspiked plasma samples.

Recovery Experiments
No significant improvement in recovery was observed (data not shown). Thus, it appears we
are not losing apo-lycopenals due to aldehyde reactivity with the sample matrices during
extraction.

Lycopene metabolism in mammals is poorly understood, and the role of metabolites as
biomarkers of metabolic degredation pathways or potentially bioactive metabolites remains
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speculative. Researchers have suggested that lycopene may be metabolized into aldehyde
derivatives, and previous reports have identified a few apo-lycopenal products in tomatoes
(13), tomato paste (12), and in tissues of rodents fed lycopene (10,24). We now document that
several apo-lycopenals are present in a variety of raw and processed foods containing lycopene.
In addition, we report for the first time the presence of a series of apo-lycopenals in human
plasma.

The hypothesis that oxidative metabolites of lycopene have biological activity is supported by
a few in vitro studies. The products of lycopene oxidized with hydrogen peroxide were shown
to increase gap junction communication in rat liver epithelial cells (27). In a separate study,
the lycopene derivative 2,6-cyclolycopene-1,5-diol was shown to increase connexin 43 levels
in vitro in murine and human cells to a greater extent than the parent lycopene molecule (28).
Apo-10′-lycopenoic acid was also shown to inhibit growth of human bronchial cells in vitro
and to reduce the number of lung tumors in mice injected with the cancer inducing chemical
4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (29). As pure compounds
become available, additional studies of bioactivity in experimental models will be a high
priority.

The apo-lycopenals we observed in raw and processed fruits could be the result of enzyme-
catalyzed metabolism of lycopene. In fact, nine carotenoid cleavage dioxygenase enzymes
(CCD) have been identified in the genome of Arabidopsis (30). Of these nine, five enzymes
are reportedly involved in the synthesis of abscisic acid, an important hormone regulating
multiple plant functions (31). The other four CCD enzymes are being more fully characterized.
CCD1 from maize has been shown to cleave lycopene at the 5′-6′ position and 9′- 10′ position
(32). While only the short, volatile products of these cleavages were determined by GC-MS
(pseudo-ionone and 6-methyl-5-heptene-2-one), the complementary long-chain products of
these enzymatic cleavages were likely apo-6′-lycopenal and apo-10′-lycopenal, respectively.
CCD7 appears to cleave the 9′-10′ double bond of lycopene, but the resulting product has only
tentatively been identified with UV spectroscopic data and retention time (30). It is not clear
if CCD8 cleaves lycopene, and there is no literature discussing the ability of CCD4 to act on
lycopene. It is also possible that the apo-lycopenals observed in these foods might be formed
by enzymes involved in the abscisic acid pathway. In contrast to specific biosynthesis, these
aldehydes could be the result of a non-specific lipoxygenase cleavage (33,34), or produced
from photo-oxidation in the fruit (35).

The presence of apo-lycopenals in plasma could be due to enzymatic cleavage of lycopene. It
has been demonstrated that BCO1 cleaves β-carotene at the 15-15′ double bond to produce two
molecules of retinal in vertebrates (14). In addition, a second carotenoid oxygenase (BCO2),
has been shown to eccentrically cleave β-carotene to produce β-apo-10′-carotenal (15). In vitro,
BCO2 from ferret has also been shown to cleave both β-carotene and lycopene at the 9′-10′
double bond (18). However, a single cleavage site would not explain the array of aldehydes
we observed in plasma.

The feeding of lycopene (as Lycovit 10%) to ferrets resulted in the detection of apo-10′-
lycopenol in lung tissue (18). This alcohol was presumed to be a metabolite of the aldehyde
(apo-10′-lycopenal) formed enzymatically in vivo. In addition, the liver of rats consuming a
lycopene containing diet for 30 days produced apo-8′-lycopenal and putative apo-12′-lycopenal
in this tissue (19,36). These products were also hypothesized to be the result of enzymatic
cleavage in the animal.

In summary, we have observed a full series of apo-lycopenals in foods, processed food
products, and analytical grade lycopene standard. In addition, we have documented the
presence of multiple apo-lycopenals in the plasma of humans consuming tomato juice. This
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evidence suggests that these products may in fact be absorbed from the food and not solely a
product of metabolism in vivo. The presence of apo-lycopenals in the plasma, either from the
diet or as metabolic products, supports a hypothesis that these compounds may have bioactivity
and potentially mediate some of the health promoting beneficial effects proposed for tomato
products. In addition, the development of analytical methods for the measurement of apo-
lycopenals in mammalian systems provides a tool for the investigation of lycopene metabolism.
The continued improvement of analytical approaches provides investigators with new
approaches that will help to determine the importance of apo-lycopenals from the diet or as a
product of enzymatic cleavage in vivo.
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Figure 1.
Series of apo-lycopenals produced after ozone treatment of lycopene.
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Figure 2.
An HPLC-MS chromatogram of the products resulting from the oxidation of lycopene with
ozone acquired on a quadropole-time-of-flight mass spectrometer (QTof Premier, Micromass,
Beverley, MA). The chromatogram displays the sum of ion intensities for the radical anions
of lycopene and apo-lycopenals in APcI negative (note: HPLC gradient slightly modified from
that used for blood plasma analysis – see methods). 1 = all-trans-lycopene (536.44), 1’ = cis-
lycopene isomers (536.44), 2 = apo-6′-lycopenal (442.32), 3 = apo-8′-lycopenal (416.31), 4 =
apo-10′-lycopenal (376.28), 5 = apo-12′-lycopenal (350.26), 6 = apo-14′-lycopenal (310.23),
and 7 = apo-15′-lycopenal (284.21).
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Figure 3.
Standard calibration curves for the quantification of lycopene (○), apo-6′-lycopenal (●), apo-8′-
lycopenal (□), and apo-12′-lycopenal (■)
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Figure 4.
HPLC-MS/MS analysis of lycopene and apo-lycopenals in the blood plasma extract of one
representative individual. (A) MS chromatogram of the collection of SRM channels for all-
trans lycopene (536>467), apo-6′- (442>373), -8′- (416>347), and -12′-lycopenal (350>281)
standards and (B-G) lycopene and apo-lycopenals in blood plasma. Parent radical anion m/z
values are shown in the upper right of each trace, with the respective transition to M-69 daughter
ions that were monitored.
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