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This work describes the development and utilization of a plant cell culture production approach to
biosynthesize and radiolabel phytoene and phytofluene for prostate cancer cell culture studies. The
herbicide norflurazon was added to established cell suspension cultures of tomato (Lycopersicon
esculentum cv. VFNT cherry), to induce the biosynthesis and accumulation of the lycopene precursors,
phytoene and phytofluene, in their natural isomeric forms (15-cis-phytoene and two cis-phytofluene
isomers). Norflurazon concentrations, solvent carrier type and concentration, and duration of culture
exposure to norflurazon were screened to optimize phytoene and phytofluene synthesis. Maximum
yields of both phytoene and phytofluene were achieved after 7 days of treatment with 0.03 mg
norflurazon/40 mL fresh medium, provided in 0.07% solvent carrier. Introduction of 14C-sucrose to
the tomato cell culture medium enabled the production of 14C-labeled phytoene for subsequent prostate
tumor cell uptake studies. In DU 145 prostate tumor cells, it was determined that 15-cis-phytoene
and an oxidized product of phytoene were taken up and partially metabolized by the cells. The ability
to biosynthesize, radiolabel, and isolate these carotenoids from tomato cell cultures is a novel, valuable
methodology for further in vitro and in vivo investigations into the roles of phytoene and phytofluene
in cancer chemoprevention.
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INTRODUCTION

An abundance of epidemiological evidence suggests that a
diet rich in fruits and vegetables is associated with a reduced
risk of several forms of cancer (1-3). Phytochemicals present
in fruits and vegetables have been proposed to provide protection
from carcinogenesis through various biological actions (4). With
respect to tomatoes, increased consumption of tomatoes and
tomato products has been significantly associated with a reduced
risk of prostate cancer in several epidemiological studies (5).
Carotenoids are natural yellow, orange, and red pigments present
in tomatoes and possess a wide range of proposed biological
functions, including antioxidant and anticarcinogen properties
and immunoprotection (6). Lycopene, the most abundant tomato
carotenoid (7), has been the primary focus of both in vitro and
in vivo studies examining the relationship between increased
intake of tomatoes and reduced risk of prostate cancer. However,
recent studies suggest that other tomato phytochemicals may

also modulate prostate cancer. We demonstrated that in an
N-methyl-N-nitrosurea-androgen-induced rat carcinogenesis
model, a diet containing whole tomato powder significantly
inhibited the development of prostate cancer as compared to a
control diet, whereas a lycopene-supplemented diet was not as
effective (8). Small, short-term clinical studies with prostate
cancer patients have found therapeutic benefits with tomato
supplementation, including a reduction in prostate and leukocyte
DNA damage, reduced prostate specific antigen levels, positively
modulated volume and grade of prostate intraepithelial neoplasia,
and altered biomarkers of prostate cell growth and differentiation
(9, 10). These studies indicate that tomato phytochemicals, in
addition to lycopene, may also modify prostate carcinogenesis.

Phytoene and phytofluene, biosynthetic carotenoid precursors
of lycopene, are also present in mature tomatoes, although
approximately 5- and 11-fold less than that of lycopene,
respectively (7). The predominant isomer of phytoene in
tomatoes is 15-cis-phytoene, whereas severalcis-phytofluene
isomers are present in smaller quantities (11-14). Significant
quantities of both phytoene and phytofluene have been detected
in human serum and tissues including liver, lung, breast, skin,
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colon, and prostate (15,16). With a 4 week dietary supplemen-
tation of tomato juice in healthy volunteers, mean changes from
baseline plasma concentrations of phytoene and phytofluene
were greater than that of lycopene, even though tomato juice
concentrations of phytoene and phytofluene were less than that
of lycopene (15). Furthermore, in rats fed a tomato carotenoid
extract for 10 weeks, phytoene and phytofluene uptake by the
liver were much greater than expected, based on the relatively
low percent of these carotenoids in the tomato extract (17).
Overall, these studies suggest preferential uptake of phytoene
and phytofluene, as compared to lycopene. Additionally, both
phytoene and phytofluene have demonstrated anticarcinogen and
antioxidant properties in vitro (18-20). Because of the con-
siderable quantities of phytoene and phytofluene in tomatoes,
their relative bioavailability, and potential bioactivity, it is
essential to begin elucidating the potential health benefits of
these carotenoids. However, studies examining the roles of
phytoene and phytofluene in prostate cancer prevention have
been limited, primarily because these carotenoids are not
commercially available, especially in their natural isomeric
conformations, for in vitro or in vivo experiments.

To discern the biological roles of phytoene and phytofluene
in prostate cancer inhibition, the pure compounds must be
administered in the same natural isomeric forms found in
tomatoes and tomato products. Through utilization of radio-
labeled carotenoids, in vitro or in vivo metabolism studies can
be conducted to quantify the extent to which carotenoids and
their metabolites accumulate in the prostate (21, 22). The overall
goals of the current work were to develop a novel tomato cell
culture system to produce and radiolabel 15-cis-phytoene and
subsequently determine if 15-cis-phytoene could be taken up
and metabolized by a human prostate cancer cell line, DU 145.
Our first objective was to modify the biosynthesis of carotenoids
in a tomato cell suspension culture system with the utilization
of a phytoene desaturase inhibitor, norflurazon, to consequently
accumulate 15-cis-phytoene andcis-isomers of phytofluene in
vitro. Furthermore, it was our second objective to biosynthesize
radiolabeled 15-cis-phytoene, by providing uniformly labeled
14C-sucrose as a carbon source to the tomato cell suspension
cultures, for subsequent isolation through reverse phase prepara-
tory high-pressure liquid chromatography (HPLC) analysis.
Finally, 14C-15-cis-phytoene was utilized to evaluate the uptake
and metabolism of 15-cis-phytoene by human prostate DU 145
cancer cells.

MATERIALS AND METHODS

Tomato Cell Suspension Culture and Norflurazon Treatment.
Tomato cell suspension cultures were established using a method
previously described (23). Tomato callus was induced from sepal
explants of greenhouse-grown tomato plants,Lycopersicon esculentum
cv. VFNT Cherry, on agar-solidified medium. The medium used for
callus induction contained Murashige and Skoog basal salts (24),
Nitsch’s vitamins (25), myo-inositol (100 mg L-1), and 3% sucrose,
supplemented with plant growth regulators 2,4-dichlorophenoxyacetic
acid (2 mg L-1) and 6-benzylaminopurine (0.1 mg L-1). Callus was
subcultured by transferring 1 cm3 portions to fresh media every 2 weeks.
Once friable callus was obtained, approximately 2.0 g of callus was
transferred to 40 mL of liquid suspension induction media, which was
identical to callus induction media, contained in 125 mL Erlenmeyer
flasks, and placed on a rotary shaker at 150 rpm. The resulting cell
suspension cultures were maintained by transferring 6.0 mL aliquots
of established culture (2.0 mL settled cell volume) to fresh media at 2
week intervals.

To induce carotenoid accumulation, cells were transferred to a
production medium identical to liquid suspension induction medium
but replacing the plant growth regulators with indole-3-acetic acid (5

mg L-1) and all-trans-zeatin (2 mg L-1). Cultures were maintained by
subculturing at 2 week intervals to fresh liquid production media for
the duration of the experiments. All phases of cell culture growth
occurred at 24°C with light exclusion to protect the carotenoids from
photodegradation.

Norflurazon (a gift from Syngenta, Greensboro, NC) stock solutions
were prepared in either ethanol or dimethyl sulfoxide (DMSO), filter
sterilized, and aseptically added to liquid suspension cultures at final
culture concentrations of 0.3, 0.03, or 0.003 mg/40 mL fresh media.
The duration of culture exposure to norflurazon was for 3, 5, 7, or 9
days.

14C-Labeling of Tomato Cell Suspension Cultures.To biosyn-
thesize radiolabeled 15-cis-phytoene in vitro, the described carotenoid
biosynthesis protocol was combined with radiolabeling techniques,
which provide uniformly labeled14C-sucrose as a carbon source to cell
suspension cultures (26,27). Cell cultures were placed in an enclosed
Plexiglass labeling chamber, which was constructed to provide safe
containment of any respired14C-radiolabeled CO2 produced by the cell
cultures through utilization of NaOH traps (26). Uniformly labeled14C-
sucrose with a specific activity of 370 MBq/mmol (10 mCi/mmol) in
a crystalline solid form (ICN Biomedicals Inc., Irvine, CA) was used
as a source of radiolabel for the tomato cell cultures.14C-sucrose stock
solutions were prepared in sterile double-distilled water (pH 5.7), and
the stock solution was filter sterilized before medium incorporation.
Concentrated media containing all components except14C-sucrose were
prepared by bringing the media to 90% of the final volume. The media
were then dispensed and autoclaved at 72 mL per 250 mL flask. After
creating new cell suspension cultures by inoculating the concentrated
media with 6 mL of cells and media from established cultures, 8 mL
of the 14C-sucrose stock solution was added bringing the final14C-
radiolabel concentration to approximately 181.3 kBq/mL. Tomato cell
cultures were then incubated in the enclosed chamber for 7 days,
removed, and treated with norflurazon (0.06 mg/80 mL), and incubated
again for another 7 days. All suspension cultures were grown on a 160
rpm rotary shaker at 24°C in the dark. Two14C-labeled culture runs
were conducted in the labeling chamber, each run containing 11 labeled
and one unlabeled control culture flasks.

Tomato Cell Harvest. After a 2 week growth cycle, nonlabeled
and 14C-labeled cells were harvested and separated from the growth
media using Whatman no. 4 filter paper and gentle vacuum until no
liquid was expressed for 30 s. Collected cells were weighed and then
frozen at -80 °C until extraction, to prevent degradation of the
carotenoids.

Carotenoid Extraction of Tomato Cells. Carotenoids were ex-
tracted from nonlabeled and14C-labeled tomato cells by placement of
0.25-1.0 g of cells and 5 mL of ethanol, containing 0.1% butylated
hydroxytoluene, into a 35 mL centrifuge tube. To promote disruption
of cell membranes, samples were thoroughly mixed on a vortex, briefly
homogenized (<5 s) on low speed (Kinematica PCU1; Brinkmann,
Westbury, NY), and then placed in a water bath at 60°C for 30 min,
with intermittent mixing. Samples were then immediately placed on
ice, and 2 mL of HPLC grade water was added to provide for separation
of layers. Subsequently, 6 mL of hexane was added, and samples were
mixed on a vortex for∼30 s and then centrifuged for 10 min at 4°C.
The organic, hexane phase of the extract, containing the carotenoids,
was removed and reserved. The process of hexane addition, mixing,
and centrifugation was completed three times. Extracts were pooled
and dried in a Speedvac concentrator (model AS160; Savant, Farm-
ingdale, NY), flushed with argon, and stored at-80 °C.

High-Pressure Liquid Chromatography-Photodiode Array
(HPLC-PDA) Analysis of Phytoene and Phytofluene.An HPLC-
PDA analytical method was adapted from a method employed in our
laboratory for the isolation of all-trans and cis isomers of lycopene
(22, 28). Samples from each carotenoid-enriched extract were dissolved
in 32-40µL of methyl-tert-butyl ether (MTBE) and injected onto a
C30, 4.6 mm× 150 mm analytical column (YMC, Wilmington, NC)
maintained at 25°C. The HPLC mobile phases and gradient procedure
utilized have been previously described (28). Qualitative and quantita-
tive analysis was conducted with a HPLC-PDA system consisting of a
Waters 991 detector (Millipore, Milford, MA) monitored at 200-600
nm, a Rainin Dynamics gradient pump system model SD-200 (Walnut
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Creek, CA), and a Varian Prostar pump model 210 (Woburn, NC).
Phytoene and phytofluene isomers were qualitatively identified through
comparison to UV spectra (11, 29) and retention times of analytical
phytoene and phytofluene standards (BASF, Ludwigshafen, Germany).
The major phytoene isomer and two distinct phytofluene isomers present
in the norflurazon-treated tomato cells eluted at approximately 9.0, 10.5,
and 12.0 min retention times, respectively. Quantification of phytoene
and phytofluene was carried out with analytical standards (phytoene
λmax ) 286 nm, A1cm

1% ) 1250 in petroleum ether; phytoflueneλmax )
348 nm, A1cm

1% ) 1350 in petroleum ether) (30).

Isolation of 14C-15-cis-Phytoene from Harvested14C-Labeled
Tomato Cells.14C-15-cis-phytoene was extracted and isolated through
preparatory reverse phase, HPLC-PDA. Each14C-15-cis-phytoene-
enriched extract was dissolved in 50µL of MTBE and injected onto a
C30 preparative column, S-5 micron (YMC), maintained at 25°C. The
HPLC-PDA system and HPLC mobile phases utilized are described
above. The gradient procedure utilized for preparatory HPLC-PDA has
been previously described (31). HPLC-PDA eluents containing14C-
15-cis-phytoene were collected and dried in a Speedvac concentrator
(model AS160; Savant), flushed with argon, and stored at-80 °C.

Analysis of 14C in Samples.To measure the amount of radioactivity
in the cells or extracts, a known amount of sample (µL or mg) was
added to BioSafe II liquid scintillation cocktail (10 mL) (Research
Products International Corp., Mount Prospect, IL), and the two
components were thoroughly mixed on a vortex. Radioactivity was
determined using a Beckman liquid scintillation counter, model LS-
6500 (Bakersfield, CA).

Prostate Cancer Cell Culture.DU 145 human prostate adenocar-
cinoma cells were obtained from American Type Culture Collection
(Rockville, MD). Low passage cells (<8 passages) were utilized, and
cells were maintained in Roswell Park Memorial Institute (RPMI) 1640
medium, with 0.25% glucose, 0.238% HEPES, 0.011% sodium
pyruvate, 0.15% NaHCO3, and 10% fetal bovine serum and kept in a
humidified incubator at 37°C with 5% CO2. Cells were subcultured
when 75 mm flasks were∼90% confluent.

Evaluation of Uptake and Metabolism of14C-15-cis-Phytoene by
DU 145 Cells.Prior to media incorporation,14C-labeled phytoene and
nonlabeled phytoene were aliquoted into glass tubes to be used in culture
media. Three flasks (25 cm2) of DU 145 cells were plated at∼1 × 109

cells/L and incubated for 2 days. On day 3, the conditioned media were
removed and fresh media containing both14C-radiolabeled and
unlabeled 15-cis-phytoene were added to the cells. The14C-labeled
phytoene and nonlabeled phytoene were incorporated into the medium
using THF, with a final solvent concentration of 0.1%. The conditioned
media taken from each of the cell flasks were also incubated with14C-
radiolabeled and unlabeled 15-cis-phytoene in a new, sterile flask (25
cm2). Each flask of cells and conditioned medium contained∼0.2
µmol/L 15-cis-phytoene, with a total radioactivity of∼222 Bq. All
flasks were incubated for an additional 2 days after carotenoid treatment.
At harvest, medium was collected from all flasks, and cells were
trypsinized and pelleted. All samples were flushed with argon,
parafilmed, and stored in-80 °C in glass, screw cap tubes.

Extraction and HPLC-PDA Analysis of DU 145 Cells and Media.
14C-Labeled phytoene treated DU 145 cells were extracted with the
addition of 1 mL of ethanol, containing 0.1% butylated hydroxytoluene,
to the cell pellet. Saturated KOH (200µL) was added, and the mixture
was vortexed and saponified for 20 min at 60°C. After samples were
cooled on ice, 200µL of HPLC grade water was added. After equal
amounts of hexane were added, the samples were vortexed thoroughly
(30 s) and centrifuged at 4°C at 2400 rpm for 3 min. The organic,
hexane phase of the extract, containing the carotenoids, was removed
and reserved. The process of hexane addition, mixing, and centrifugation
was completed three times. Extracts were dried in a Speedvac
concentrator (model AS160; Savant), flushed with argon, and stored
at -80 °C. Culture media (1 mL) were extracted by adding 1 mL of
ethanol, containing 0.1% butylated hydroxytoluene. Without saponifica-
tion or KOH addition, the extraction procedure proceeded for culture
media with the addition of equal volumes of hexane as stated above.
Quantitative and qualitative analysis were conducted through reverse
phase, HPLC-PDA analysis, as described above. HPLC-PDA eluent

fractions were collected every 30 s in glass scintillation vials and
evaluated for radioactivity using liquid scintillation counting.

Statistical Analysis.The tomato cell suspension culture experiment
examining norflurazon treatments was conducted in duplicate runs, each
run contained 3-5 replicates of each treatment, and the data were
analyzed together. For this study, mean differences were analyzed by
one-way analysis of variance, and group mean comparisons were further
analyzed by the posthoc least significant difference test withR ) 0.01.
All statistical analyses were conducted with SAS (version 8.1; SAS
Institute, Cary, NC). Results were expressed as means( standard errors
of the mean (SEM), unless otherwise indicated.

RESULTS

Production of Phytoene and Phytofluene in Tomato Cell
Suspension Cultures. Figure 1depicts the biosynthetic scheme
of carotenoids in plants. The carotenoid biosynthetic enzyme,
phytoene desaturase, causes two consecutive desaturation reac-
tions to convert phytoene toú-carotene, with phytofluene as an
intermediate product (32,33). Norflurazon is a known inhibitor
of phytoene desaturase (34-36). Therefore, we hypothesized
that through the provision of norflurazon to this tomato cell
suspension culture system, this enzyme would be primarily
blocked at the first desaturation step, thus ultimately eliciting
phytoene production within the tomato cells. Subsequently,
phytofluene was expected to accumulate to a lesser extent than
phytoene in the tomato cells following norflurazon addition.

In preliminary trials, experiments were conducted to deter-
mine whether various concentrations of norflurazon and duration
of culture exposure to norflurazon affected tomato cell yield of
phytoene. Tomato cells were treated with norflurazon (0.3, 0.03,
and 0.003 mg norflurazon/40 mL fresh media, with final media
concentration of 0.29% ethanol) for 3, 5, 7, or 9 days. Results
indicated that a norflurazon treatment of 0.03 mg norflurazon/
40 mL fresh media for 7 days provided the highest phytoene
yield (170.3µg phytoene/L tomato cell suspension), as compared
to the other treatments (data not shown). The addition of
norflurazon to the tomato cell cultures was effective in the
inhibition of phytoene desaturase, as no quantities ofú-carotene
or lycopene were detected in the treated cells. Data from these

Figure 1. Inhibition of phytoene desaturase by norflurazon for elicitation
of phytoene and phytofluene in tomato carotenoid biosynthesis. Phytoene
desaturase is used in two consecutive desaturase reactions to insert two
double bonds, thus ultimately converting phytoene to ú-carotene, with
phytofluene as an intermediate. Norflurazon (Norf) inhibits both desaturase
reactions, thus eliciting phytoene and phytofluene production.
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preliminary trials were utilized to conduct further experiments
in this tomato cell suspension culture system.

As shown inFigure 2A,B, HPLC separation and analysis of
carotenoid extracts from control tomato cells at 286 nm
wavelength showed very little production of phytoene; yet, when
tomato cells were treated with norflurazon for 7 days (0.03 mg
norflurazon/40 mL fresh media), there was a dramatic increase
in phytoene accumulation, with a retention time of 9.0 min.
The absorbance spectrum of the phytoene isomer present in
norflurazon treated cells has inflections and maxima at 276.5,
286.3, and 298.2 nm (Figure 2C). Through comparison to
analytical standards and a lesser pronounced inflection at 298.2
nm, the compound has been identified as 15-cis-phytoene (11,
29, 30).

Figure 3A,B illustrates similar results for phytofluene
analysis, monitored at 348 nm wavelength. Extracts from control
cells contained only trace quantities of phytofluene isomers, but
when tomato cells were treated with norflurazon for 7 days (0.03
mg norflurazon/40 mL fresh media), there was a marked
increase in two separate phytofluene isomers, with retention
times of 10.5 and 12.0 min.Figure 3C shows two distinct
phytofluene spectra obtained from cells treated with norflurazon,
both with inflections and maxima at 331.5, 348.2, and 365.8
nm. Both isomers appear to be in thecis-conformation, due to
the appearance of absorption peaks at the lower end of the
spectra (∼250-290 nm).

Table 1 represents experiments conducted to determine
whether different solvent concentrations or solvent carriers for
delivery of the norflurazon have an influence on tomato cell
yield of phytoene and phytofluene. Tomato cells were treated
with norflurazon (0.03 mg norflurazon/40 mL fresh media)
provided in either ethanol or DMSO (final solvent concentration
of 0.07 or 0.29% in culture) and incubated for 7 days.
Norflurazon treatment significantly increased both phytoene and

phytofluene yields, as compared to the nontreated controls.
Delivery of norflurazon in the DMSO carrier at the reduced
solvent concentration (0.07%) produced the highest phytoene
yield, as compared to the other treatments tested. As was the
case for phytoene, the yield of phytofluene was enhanced when
norflurazon was administered in a lower solvent concentration
(0.07 vs 0.29% final solvent concentration). However, while
the use of DMSO enhanced the production of phytoene, the
type of solvent carrier did not significantly influence phytofluene
yield. The norflurazon-treated tomato cells produced greater
quantities of phytoene than phytofluene, which was expected.

Production of 14C-Labeled 15-cis-Phytoene in Tomato Cell
Suspension Cultures.Tomato cells grown for 14 days in the
labeling chamber accumulated∼17.5% of the administered14C-
sucrose dose, as the majority of the14C-labeled dose remained
in the filtered media (Table 2). The average total cell weight
of the two runs (11 flasks each) was 60.6 ((4.8) g. The average
phytoene concentration of the14C-labeled tomato cell cultures
was 1.0 ((0.4) µg/g, and the specific activity of phytoene
produced from the14C-labeled cultures was 407 Bq/µg ((111
Bq). The total recovery of14C-labeled 15-cis-phytoene from
both runs was 40.5µg of 15-cis-phytoene with a total
radioactivity of 19.1 kBq.

14C-Labeled 15-cis-Phytoene Uptake by DU 145 Prostate
Tumor Cells. Approximately 23% of the administered 15-cis-
phytoene was taken up by the DU 145 prostate tumor cells,
whereas∼59% remained in the cell media, as demonstrated by
cell and media extract separation and analysis (Table 3). These
results also suggest that∼19% of the administered 15-cis-
phytoene was degraded due to incubation conditions during the
2 day period. In contrast, the conditioned media (flasks without
DU 145 cells) contained only∼28% of the administered 15-
cis-phytoene after 2 days of incubation, indicating a substantial
degradation of 15-cis-phytoene in the absence of cells. The

Figure 2. Representative HPLC chromatograms of tomato cell extracts measured at 286 nm of tomato cells treated (A) in the absence of norflurazon
(control cells) or (B) with norflurazon (0.03 mg/40 mL fresh media). Phytoene is elicited with addition of norflurazon to tomato cells, as shown by the large
peak with a retention time of approximately 9.0 min. (C) Representative UV spectrum of the phytoene isomer present in tomato cells treated with
norflurazon (0.03 mg/40 mL fresh media). The spectrum has been identified as 15-cis-phytoene, the natural isomer of phytoene present in tomatoes.
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accumulation of 15-cis-phytoene in cells and media was
confirmed through detection of the characteristic absorption
spectrum of 15-cis-phytoene within the cell and media extracts
(data not shown) (11,29, 30).

Prior to culture administration of14C-labeled 15-cis-phytoene,
there was a small quantity of14C-labeled 15-cis-phytoene
unintentionally degraded to an oxidized14C-labeled phytoene
product (Figure 4A). Because this product was in such small
quantities, it was not detected by HPLC-PDA analysis (data
not shown). Liquid scintillation counting analysis shows the
presence of14C-labeled 15-cis-phytoene in the DU 145 cell
extract, as well as oxidized or metabolic14C-labeled polar
products of phytoene (Figure 4B). These polar products were
identified based on relative elution times, in addition to what
has been reported for lycopene metabolism, a similar acyclic
carotenoid (22, 31). The oxidized14C-labeled phytoene product
present in the administered dose appeared to increase through
the 2 day incubation period, as seen in the conditioned media
(flasks without DU 145 cells) (Figure 4C). Surprisingly, this
oxidized product was completely absent in the media from flasks
containing DU 145 cells (Figure 4D), suggesting that DU 145
cells took up this oxidized product, in addition to 15-cis-
phytoene.

Figure 3. Representative HPLC chromatograms of tomato cell extracts measured at 348 nm of tomato cells treated (A) in the absence of norflurazon
(control cells) or (B) with norflurazon (0.03 mg/40 mL fresh media). (C) Two distinct phytofluene isomers are produced with addition of norflurazon to
tomato cells, as shown by two separate peaks with retention times of approximately 10.5 and 12.0 min. The spectra displays two separate cis-phytofluene
isomers, also naturally present in tomatoes.

Table 1. Effects of Different Concentrations of Norflurazon Carrier
(Ethanol or DMSO) at a Final Culture Concentration of 0.07 or 0.29%
on Yield of Phytoene and Phytofluene

treatment

µg/L suspension culture0.03 mg norflurazon/
40 mL culture, 7 days phytoenea phytofluenea

control 5.1 ± 0.8 d 6.1 ± 0.8 d
control (ethanol, 0.07%) 4.8 ± 0.6 d 5.4 ± 0.7 d
control (ethanol, 0.29%) 5.3 ± 1.2 d 7.3 ± 2.3 d
control (DMSO, 0.07%) 3.9 ± 0.5 d 5.1 ± 0.7 d
control (DMSO, 0.29%) 3.4 ± 0.5 d 4.4 ± 0.8 d
norflurazon (ethanol, 0.07%) 522.3 ± 83.5 b 100.9 ± 15.5 b
norflurazon (ethanol, 0.29%) 230.6 ± 15.3 c 51.8 ± 6.2 c
norflurazon (DMSO, 0.07%) 633.7 ± 99.2 b 88.2 ± 18.0 b,c
norflurazon (DMSO, 0.29%) 523.4 ± 59.9 b 83.4 ± 9.9 b,c

a Values are mean yields ± SEM; n ) 6−9. Means within a column without a
common letter are statistically different; P < 0.01.

Table 2. Percent Distribution of 14C in Cells, Media, or Respired CO2

Following Growth of Tomato Cell Suspension Cultures in a Labeling
Chamber on Media Containing 14C-Sucrose for 14 Days

sample % of 14C-sucrose dose

final 14C distributiona

cell mass 17.5 ± 3.1
media remainder 69.9 ± 4.9
respiration 12.6 ± 1.8

a Values are mean percentages ± SD of total administered radioactivity in two
runs (166.5 MBq 14C dose per run).

Table 3. Percent Distribution of 15-cis-Phytoene in DU 145 Prostate
Tumor Cells, Cell Media, or Degraded in Flasks Incubated with
14C-Radiolabeled 15-cis-Phytoene for 2 Days

sample % of 15-cis-phytoene dose

incubated flasks with DU 145 cellsa

DU 145 cells 22.8 ± 4.7
cell media 58.6 ± 12.9
degradation 17.4 ± 6.9

incubated flasks with conditioned mediaa

media 28.1 ± 4.7
degradation 71.9 ± 4.7

a Values are mean percentages ± SEM of total administered 15-cis-phytoene
(0.2 µmol/L); n ) 3 flasks.
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DISCUSSION

Results from this work demonstrate that the addition of
norflurazon to tomato cell cultures significantly enhances
production of both phytoene and phytofluene, as compared to
the control tomato cells. Although other methods have been
developed previously for lycopene production under artificial
laboratory or in vitro conditions (23,37-39), to our knowledge,
this is the first reported method specifically designed for
phytoene and phytofluene biosynthesis using tomato cell
cultures. The carotenoids produced by tomato cells treated with
norflurazon have been identified as 15-cis-phytoene and two
cis-phytofluene isomers. The exact locations of cis-double bonds
within naturalcis-phytofluene isomers have not been adequately
reported in the literature. It is important to note that 15-cis-
phytoene is the major natural phytoene isomer present in tomato
fruit (11-14), while severalcis-phytofluene isomers also
naturally accumulate in the tomato (11-14,40). Thus, the
application of this methodology makes available, for the first
time, a source of these carotenoids in the same natural, isomeric
conformations present in tomatoes for additional studies. As
predicted, the quantity of phytoene produced from the treated
cells was far greater than that of phytofluene; thus, further
experiments were focused on production and isolation of
radiolabeled 15-cis-phytoene.

Previous cell suspension culture studies have established that
∼30 and∼34% of the initially supplied14C-label is effectively
incorporated into cell systems of grape (Vitis Vinifera) and ohelo

(Vaccinium pahalae), respectively (26), whereas∼14-15% of
the administered radioactivity was recovered in the flavonoid-
rich fractions of these cultures (27). Although the efficiency of
radiolabeling 15-cis-phytoene in this work was less than that
of 14C-flavonoid production in other systems, these studies
provided sufficient quantities of14C-labeled 15-cis-phytoene for
prostate cancer cell uptake studies. Further studies will be
conducted by our laboratory to more effectively incorporate the
initially supplied14C-label into this tomato cell culture system,
with the goal of increasing the efficiency of14C-label incorpora-
tion into 15-cis-phytoene.

To begin elucidating the role of 15-cis-phytoene in prostate
cancer prevention, it is essential to initially determine if this
carotenoid isomer or its metabolites accumulate in prostate cells.
Thus,14C-labeled 15-cis-phytoene biosynthesized from tomato
cell cultures was further utilized to determine the potential
cellular uptake and metabolism of 15-cis-phytoene by DU 145
prostate tumor cells. Results from these studies indicate that
prostate tumor cells took up∼23% of the administered 15-cis-
phytoene over a 2 day period. The accumulation of 15-cis-
phytoene in the tumor cells was confirmed through detection
of the characteristic absorption spectrum of the isomer within
the cell extract.

In addition, data from this work suggest that prostate tumor
cells took up an oxidized product of 15-cis-phytoene originally
present in the administered dose. Unfortunately, because 15-
cis-phytoene is highly labile, there was some unintended

Figure 4. Distribution of radioactivity in (A) the media with added 14C-labeled phytoene prior to incubation, (B) the DU 145 cellar extract following 2 days
of incubation with 14C-labeled phytoene, (C) the media incubated with 14C-labeled phytoene for 2 days in the absence of DU 145 cells, and (D) the media
incubated with 14C-labeled phytoene for 2 days in the presence of DU 145 cells. Pooled extracts of media and cells were separated by HPLC, collected
in 30 s aliquots, and analyzed for radioactivity. An oxidized product of 15-cis-phytoene eluted at ∼3 min, unidentified polar metabolic products eluted
at ∼4−8 min, and 15-cis-phytoene eluted at ∼11 min.
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degradation of14C-labeled 15-cis-phytoene to an oxidized14C-
labeled phytoene product prior to culture administration of the
dose. Because of small quantities, this oxidized product had
not been detected through HPLC-PDA analysis. This oxidized
14C-labeled product increased through the 2 day incubation
period, as seen in the conditioned media (flasks without DU
145 cells), suggesting increased oxidation of 15-cis-phytoene
due to incubation conditions. To our surprise, this14C-labeled
oxidized product of phytoene was completely absent in the cell
media of the flasks containing prostate tumor cells, suggesting
that DU 145 cells took up this oxidized product, in addition to
15-cis-phytoene. Furthermore, analyses also illustrate the pres-
ence of several unidentified polar14C-labeled products of
phytoene in the cancer cells, likely as a result of the metabolism
of 14C-labeled 15-cis-phytoene and/or the14C-labeled oxidized
phytoene product present in the administered dose. Because of
small quantities of these polar products, decipherable spectra
of these metabolic products could not be obtained. Future work
will be conducted to more effectively examine the potential
metabolism of this compound in this prostate cell culture line
and others.

Although limited prior work has been conducted, antioxidant
and cancer protective effects of phytoene have been shown with
the establishment of phytoene-producing mammalian cells
through the transfection of crtB gene, which encodes phytoene
synthase, into mouse embryo-derived NIH3T3 fibroblast cells
(18). In this culture system, phytoene demonstrated a 46%
cellular reduction in phospholipid hydroperoxidation when
compared to the control cells, thereby protecting the cells against
oxidative cellular stress (18). In addition, the phytoene-producing
cells had a decreased formation of transformed foci induced by
oncogene H-raswhen compared to the control cells, thus
demonstrating the potential anticancer effects of phytoene (18).
However, treatment of prostate cancer cell lines, including PC-
3, DU 145, and LNCaP, with phytoene (5, 10, or 20µmol/L)
did not significantly reduce cell growth, suggesting that phytoene
may not directly affect cell proliferation (19).

Various carotenoid metabolites have been identified in human
serum, milk, and prostate (10,16). In addition, previous results
from our laboratory indicate the presence of polar lycopene
metabolites in hepatic and extrahepatic tissues, including the
prostate and seminal vesicles (22), and recent data suggest that
polar metabolites of lycopene increase over time in the prostate
and seminal vesicles (31). Although the overall biological
significance remains to be determined, in vitro studies suggest
that oxidation products of carotenoids may activate the promoter
region of the retinoic acid receptor-â gene (41), enhance gap
junctional communication (42), and induce cellular differentia-
tion (43). More specifically, oxidized mixtures of phytofluene,
ú-carotene, and lycopene more strongly inhibited cancer cell
growth in HL-60 and LNCaP cells than the intact carotenoids,
and this growth inhibition was associated with the induction of
apoptosis (20,44). Collectively, these various studies suggest
that oxidative products of carotenoids may have a more profound
impact on cancer cells; yet, similar effects for phytoene oxidative
products have not been adequately studied (20).

Because of the potential accumulation of phytoene polar
products, as demonstrated in our work, biological effects of
phytoene oxidative products warrant further investigation. It is
important to note that although precisely controlled cell culture
conditions allow for the potential characterization of cellular
and molecular processes modulated by carotenoids, one must
take caution when directly correlating in vitro results to in vivo
activity. Furthermore, it is essential to quantify phytoene,

phytofluene, and their metabolites in the prostate in vivo before
a mechanism of action for these carotenoids can be elucidated
under in vitro conditions.

It is presently unclear the extent to which phytoene, phytof-
luene, and their metabolites accumulate in the prostate in vivo.
Fisher-344 rats supplemented with a tomato carotenoid extract
for 10 weeks had an accumulation of phytoene and phytofluene
in the liver, and the uptake of these carotenoids by the liver,
relative to lycopene, was much higher than expected, based on
the relatively low percent of these compounds in the tomato
extract (17). Given that the research focus of that work was
centered on lycopene, phytoene and phytofluene analysis of the
prostate or other tissues was not conducted. Another study
demonstrated that female Sprague-Dawley rats fed a phytoene
and phytofluene-containing algae diet for 2 weeks accumulate
phytoene and phytofluene in the plasma, liver, adrenal, kidney,
and spleen (45); yet, because this study utilized female rats,
analysis of the prostate was not possible. In addition, the algal
carotenoid isomers fed to these rats were not the same as the
natural phytoene or phytofluene isomers found in tomatoes, as
the study utilized all-trans and 9-cis isomers of both phytoene
and phytofluene. Because it is known that the type of carotenoid
isomers fed can have a profound effect on tissue accumulation
of carotenoids (46-48), it is essential that natural isomeric forms
of tomato carotenoids be provided to the animals when assessing
metabolic or health effects.

In conclusion, we have successfully developed a novel
approach to produce naturally accumulating tomato isomers of
phytoene and phytofluene in tomato cell suspension cultures
through the incorporation of a phytoene desaturase inhibitor to
the culture medium. Moreover, we have biosynthesized and
isolated14C-labeled 15-cis-phytoene through this culture system.
Preliminary data from a human prostate tumor cell type suggest
that indeed 15-cis-phytoene is taken up by cells, as well as a
potential oxidized product of 15-cis-phytoene, and are apparently
metabolized to unidentified polar phytoene metabolites. Through
biosynthesizing naturally accumulating isomers of radiolabeled
phytoene and phytofluene through in vitro plant techniques,
further in vitro and subsequent in vivo bioavailability and
metabolism experiments can be conducted (21, 22). Only then
can studies begin to adequately evaluate the potential roles of
phytoene, phytofluene, and/or their metabolites in health,
including prostate cancer prevention.
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HPLC, high-pressure liquid chromatography; HPLC-PDA,
high-pressure liquid chromatography-photodiode array.
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