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Abstract

Background: Phytoene is a tomato carotenoid that may contribute to the apparent health benefits of tomato consumption.

Although phytoene is a less prominent tomato carotenoid than lycopene, it is amajor carotenoid in various human tissues. Phytoene

distribution to plasma lipoproteins and tissues differs from lycopene, suggesting the kinetics of phytoene and lycopene differ.

Objective: The objective of this study was to characterize the kinetic parameters of phytoene absorption, distribution, and

excretion in adults, to better understand why biodistribution of phytoene differs from lycopene.

Methods: Four adults (2 males, 2 females) maintained a controlled phytoene diet (1–5 mg/d) for 42 d. On day 14, each

consumed 3.2 mg 13C-phytoene, produced using tomato cell suspension culture technology. Blood samples were

collected at 0, 1–15, 17, 21, and 24 h and 2, 3, 4, 7, 10, 14, 17, 21, and 28 d after 13C-phytoene consumption. Plasma-

unlabeled and plasma-labeled phytoene concentrations were determined using ultra-HPLC–quadrupole time-of-flight-

mass spectrometry, and data were fit to a 7-compartment carotenoid kinetic model using WinSAAM 3.0.7 software.

Results: Subjects were compliant with a controlled phytoene diet, consuming a mean6 SE of 2.56 0.6 mg/d, resulting in

a plasma unlabeled phytoene concentration of 71 6 14 nmol/L. A maximal plasma 13C-phytoene concentration of 55.6 6

5.9 nM was achieved 19.8 6 9.2 h after consumption, and the plasma half-life was 2.3 6 0.2 d. Compared with previous

results for lycopene, phytoene bioavailability was nearly double at 58%6 19%, the clearance rate from chylomicrons was

slower, and the rates of deposition into and utilization by the slow turnover tissue compartment were nearly 3 times

greater.

Conclusions:Althoughonly differing from lycopeneby4double bonds, phytoeneexhibitsmarkedly different kinetic characteristics in

humanplasma, providing insight intometabolic processes contributing to phytoeneenrichment in plasmaand tissues comparedwith

lycopene. This trial was registered at clinicaltrials.gov as NCT01692340. J Nutr 2016;146:368–76.
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Introduction

Phytoene is a colorless carotenoid found in tomatoes, which may
contribute to observed epidemiologic associations correlating

greater tomato intake with reduced risk of cancers and cardi-
ovascular events (1–8). Like other carotenoids, phytoene is a
scavenger of singlet oxygen-free radicals (9), inhibits lipoprotein
oxidation (10), and demonstrates an array of bioactivities in
preclinical studies associated with anticancer action (11–
14). Furthermore, there is marked interest in the ultraviolet
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B–absorbing properties of phytoene because it is deposited
in skin and may contribute to photoprotection associated
with tomato product consumption in humans (15).

Phytoene is the first carotenoid in carotenogenesis and is thus
found in many carotenoid-containing fruits and vegetables (16,
17), with appreciable amounts (0.5–5 mg/serving) occurring in
tomatoes, apricots, carrots, papaya, sweet peppers, and winter
squash (16). In the United States, tomatoes are the second most
consumed ‘‘vegetable’’ (18) after potatoes, with 31.1 lb (14.1 kg)
of fresh and canned tomatoes consumed per capita in 2012.
Tomatoes are assumed to be the major phytoene source for
Americans. Although phytoene is not currently included on the
USDANutrient Database (19), estimates of American intake can
be based on the ratio of phytoene to lycopene in red tomatoes
of 1:6, based on an analysis of commonly consumed tomato
products (16). Thus, American phytoene intake is estimated to be
0.75–1.1mg/d, with lycopene being 4.5–6.5mg/d (20). This estimate
corresponds with 2.0 mg phytoene/d reported in Luxembourg (17).

Phytoene in human liver, breast, and lung is found at
concentrations similar to other major dietary carotenoids
(lutein, a- and b-carotene, lycopene, and a- and b-cryptoxan-
thin) (16). These tissue sites are also those where tomato
consumption is associated with reduced disease risk (2, 21, 22).
However, phytoene tissue concentrations differ from those of
structurally similar lycopene. Relatively higher concentrations
of phytoene are found in the lung, liver, and skin when adjusted
for intake (16). Phytoene circulates in primarily LDL and VLDL
cholesterol fractions, whereas lycopene is primarily in LDL and
HDL cholesterol fractions (23). Phytoene is hypothesized to be
more bioaccessible/available than lycopene due to a lesser
tendency to crystallize. This behavior is predicted due to the
‘‘bent’’ conformation and greater rotational bond freedom
(flexibility) of the predominant geometric isomer in foods, 15-
cis-phytoene. In contrast, the most common lycopene isomer in
tomato is in the all-trans configuration, containing a long
conjugated polyene chain, making it straight, rigid, and thus
highly crystallizable (Supplemental Figure 1) (24). The hypoth-
esis that cis isomerization improves bioavailability is supported
by a recent report of the greater bioavailability of tetra-cis-lycopene
compared with all-trans-lycopene from tomato juice (24). Together,
differences between phytoene and lycopene tissue and lipoprotein
distribution patterns, along with rodent biodistribution and short-
term kinetic findings (25, 26), suggest kinetic differences in their
bioavailability, tissue uptake, or metabolism. Overall, very little
is known about human phytoene kinetics, making it difficult to
propose mechanisms underlying tissue and lipoprotein distribu-
tion patterns and to rationally design clinical trials to study its
bioactivity in humans.

Recent advances in tomato cell culture technology provide a
source of highly enriched isotopically labeled carotenoids for
kinetic studies in humans (27, 28). Physiologic compartmental
modeling of tracer kinetics provides insights into bioavailability,
the rates at which carotenoids are distributed to and cleared from
tissues and blood, and estimated tissue pool sizes. Here we define
phytoene kinetic parameters in humans employing 13C-phytoene
and address the hypothesis that the kinetic parameters of 13C-
phytoene differ from those reported for lycopene, explaining
differences in plasma kinetics and tissue distribution patterns.

Methods

Participants. In brief, men and women between 21 and 70 y who were

not taking carotenoid-containing dietary supplements were recruited by

word of mouth. Adults meeting the following criteria for metabolic

status and clotting ability at the enrollment visit were invited to

participate: BMI (in kg/m2) between 18 and 27 (inclusive), Eastern

Cooperative Oncology Group status of 0, and normal kidney function,
liver function, lipids, blood counts, and clotting times as assessed by

standard clinical laboratory procedures. Exclusion criteria included

a known allergy or intolerance to tomatoes, a history of nutrient

malabsorption or metabolic disorders with special diet recommenda-
tions, uncontrolled hyperlipidemia (serum total cholesterol >200 mg/dL,

HDL cholesterol >160 mg/dL, and TGs >200 mg/dL), being a current

smoker, having a history of endocrine disorders other than diabetes or

osteoporosis requiring hormone administration, use of medications that
interfere with dietary fat absorption, or use of any complementary or

alternative medication that may interfere with carotenoid absorption or

metabolism. The study was approved by and conducted in compliance
with the ethical standards of The Ohio State University Institutional

Review Board (#2009C0104), and written informed consent was

obtained from all subjects. The trial was registered at clinicaltrials.gov

(NCT01692340).

Blood chemistry measurements. Serum samples were analyzed in

singular in the Ohio State Clinical Research Center Analytical Labora-

tory using the Dimension Xpand Clinical Chemistry System (Siemens
Medical Diagnostics). The analytical sensitivity was 3.0 mg/dL for HDL

cholesterol, 5 mg/dL for LDL cholesterol, 50 mg/dL for total cholesterol,

15 mg/dL for TGs, 0.05 mg/dL for creatinine, 14 U/L for alanine

transaminase, and 5 U/L for aspartate aminotransferase.

Study design and specimen collection. To establish steady-state

absorptive and metabolic conditions, 2 male and 2 female subjects were
asked to incorporate foods from a provided list to target a daily intake of

1–5 mg (inclusive) phytoene beginning 2 wk before consumption of the
13C-phytoene test meal. Subjects tracked their phytoene intake from
7 fruit and vegetable categories (Supplemental Table 1) on a daily

worksheet (Supplemental Table 2). The worksheets were developed

based on available published food phytoene concentrations (16, 17).

Phytoene concentrations were not available for 3 commonly consumed
tomato food products (pico de gallo, salsa, and tomato soup), and

therefore estimates were made based on the assumption that phytoene is

generally present at one-sixth the concentration of the known lycopene

concentration in these products (16). On day 0, fasted subjects reported
to the Clinical Research Center, provided a baseline blood sample, and

then consumed 3.1 mg 13C-phytoene in 15.0 mL extra-light olive oil

(Pompeian, Inc.) on one English muffin (Thomas� Original; Bimbo
Bakeries) under subdued lighting within 5 min and then consumed a low-

carotenoid breakfast (Supplemental Table 3) within the next 20 min. The

low-carotenoid breakfast provided 29 g fat (including the olive oil dose

carrier). The 3.1-mg 13C-phytoene dose was selected as a physiologically
relevant amount easily obtained from a 1-cup (243-g) serving of tomato

juice or 1/2-cup (132-g) serving of a tomato-based marinara pasta sauce

(16). Timing for blood draws began when the dose was completely

ingested. Blood was drawn (21 mL) hourly for 15 h, then at 17, 19, 21,
and 24 h postdosing. During the initial 24-h stay at the Clinical Research

Center, subjects were provided with a morning snack, low-carotenoid

lunch, dinner, and evening snack at 3, 6, 10, and 13 h after test meal
consumption, providing a total of 1933 kcal for the day (Supplemental

Table 3). Subjects resumed recording their compliance to the controlled,

1- to 5-mg phytoene/d diet from days 1–28 and, with exception to the

dosing day, consumed a daily multivitamin providing ~100% of the US
FDA Daily Value for most micronutrients (One Daily Multiple Plus

Minerals; CVS Caremark) from enrollment to day 28. The daily

multivitamin was provided to ensure sufficient micronutrient status

across subjects and provided 50% of the Daily Value of vitamin A with
80% as retinyl acetate and 20% as b-carotene. Fasted subjects returned

to the Clinical Research Center for single blood draws 2, 3, 4, 7, 10, 14,

17, 21, and 28 d after consuming the test meal. To assess potential

toxicity, blood count and liver function assays were repeated on day 28.
Adverse events or unintended effects were evaluated using the National

Cancer Institute�s Common Terminology Criteria for Adverse Events,

version 4.0 by the study staff and were reported to the Ohio State
University Institutional Review Board as appropriate.
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13C-phytoene biolabeling and isolation from tomato cell suspen-
sion cultures. 13C-phytoene was produced from tomato cell suspension

cultures using a previously described ‘‘13C-loading and 13C-labeling’’
approach (27) with several modifications. Liquid 13C-glucose–containing

carotenoid production growth medium was inoculated with ‘‘Ailsa Craig’’

hp-1 tomato cells for a 7-d-long 13C-loading phase, during which tomato

cells incorporated available 13C. These pretreated cells were used to
inoculate fresh liquid 13C-glucose–containing carotenoid production

growth media, cultures were grown for 7 d, and then the phytoene

desaturase inhibitor, norflurazon, was added as previously described (29).

Cultures were grown another 11 d, and cells were harvested by vacuum
filtration and stored at 280�C until phytoene isolation.

The carotenoid-containing fraction was isolated from tomato cells

using a previously published, optimized extraction method for tomato
cell culture carotenoids (30), which was scaled up 10 times. Pooled,

filtered extracts were concentrated to dryness and stored under argon gas

until isolation of phytoene by semipreparatory HPLC, described below.

Isolation of phytoene by semipreparatory HPLC photodiode array.
Phytoene was isolated from the carotenoid-containing extract using a

semipreparatory gradient HPLCmethod. The HPLC systemwas equipped
with a photodiode array detector (PDA 2996; Waters), and separations

were achieved using a Waters Sunfire Prep C18 OBD column (150 mm 3
10 mm ID, 5-mm particle size) maintained at 30�C preceded by a C18

guard column. The carotenoid-containing extract was dissolved in 0.5 mL
ethyl acetate, centrifuged, and injected, and a gradient elution method

using 2 mobile phases (A: 90% acetonitrile, 10% water; B: 100% ethyl

acetate) was used to separate phytoene from other lipophilic extract

components. The gradient method was eluted at 10 mL/min and initiated
with 25%B; transitioned to 45%B over 13min, to 50%B over 7min, and

to 100% B over 3 min; and then instantaneously returned to 25% B and

was held at 25% B for 4 min. The phytoene-containing eluent was
collected and concentrated under reduced pressure, and phytoene was

extracted from the concentrate using hexanes. Hexanes were removed

from the fractions under reduced pressure and then a stream of argon, and

the pooled, isolated 13C-phytoene was stored at 280�C. All solvents were
HPLC grade and were obtained from Fisher Scientific.

13C-phytoene dose. On the morning of dosing, 13C-phytoene was
solubilized in extra-light olive oil by first dissolving in methylene

chloride and mixing with olive oil, and methylene chloride was removed

by evaporation under a stream of nitrogen with gentle heating (40�C),
followed by brief exposure to reduced pressure on a lyophilizer. Solvent
removal was confirmed gravimetrically. An aliquot of the 13C-phytoene

was reserved to be used for an external calibration curve for mass

spectrometric analysis of plasma 13C-phytoene concentrations. Biolabeling
yielded a distribution of isotopologues (Figure 1). Based on mass spectro-

metric analysis of the dose using the ultra-HPLC–quadrupole time-of-flight-

mass spectrometry system described below, >99.5% of the phytoene was
13C-labeled, with 47% of the labeled phytoene present as the uniformly
labeled isotopologue (13C40H56), as determined by relative peak areas of the

detectable isotopologues.

Extraction and ultra-HPLC–quadrupole time-of-flight-mass spec-
trometry analysis of plasma phytoene. Plasma 13C-phytoene was

extracted from plasma (1 mL) mixed with ethanol (1 mL) containing

0.1% butylated hydroxytoluene (wt:vol) with 5 mL of a hexane:ethanol:

acetone:toluene solvent mixture (10:6:7:7; vol:vol:vol:vol) followed by
sonication and centrifugation (20003 g, 2 min at ambient temperature)

for phase separation. The hyperphase was reserved and the hypophase

was reextracted twice more. Pooled hyperphases were combined and

solvent was removed under a stream of nitrogen. The analyses of plasma
phytoene were conducted using an Agilent 1290 Infinity UHPLC System

with a photodiode array detector coupled to an Agilent 6550 iFunnel

Q-TOF-MS. The plasma extract was dissolved in 300 mL of 1:1 methyl

tert-butyl ether:methanol, and 5 mL was injected onto an Agilent Zorbax
Eclipse Plus C18 Rapid Resolution HD column (1.8 mm; 2.13 150 mm)

maintained at 40�C. The gradient elution method consisted of 2 mobile

phases (A: 60%methanol, 35%methyl tert-butyl ether, 5%water, 0.1%
formic acid; B: 20% methanol, 78% methyl tert-butyl ether, 2% water,

0.1% formic acid), which were eluted at 0.6 mL/min, starting with 0% B

for 6 min, then increasing to 100% B over 1 min, holding at 100% B for

2min, and reequilibration at 0%B for 2min. Ionizationwas achieved using

atmospheric pressure chemical ionization operated in positive ion mode.
MS parameters were optimized for the detection of phytoene and were as

follows: sheath gas temperature, 500�C; drying gas temperature, 290�C;
gas flow rate, 13 L/min; nebulizer pressure, 20 psig; Vcap, 3500 V; and

corona current, 40mA. Photodiode array andmass spectrometric data were

FIGURE 1 Mass chromatogram of 13C-phytoene isolated from

tomato cell suspension cultures (A) and mass spectra of most enriched

mass isotopologues in the 13C-phytoene dose (B) and in plasma of a

subject after he consumed 13C-phytoene (C). In the spectra, m/z 585.64

represents the uniformly labeled (13C40H56) isotopologue, and each peak

to the left represents a successively less-enriched isotopologue. EIC,

extracted ion chromatogram.
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acquired using Agilent MassHunter Data Acquisition software and

analyzed using Agilent MassHunter Qualitative Analysis software. Plasma
13C-phytoene concentrations were calculated from the extracted ion
chromatogram peak area of 13C-phytoene in plasma at the monoisotopic

mass [13C40H64; m/z 585.6428 (M+H)+] using a 13C-phytoene external

calibration curve. Similarly, plasma unlabeled phytoene concentrations

were calculated from the extracted ion chromatogram peak area of
unlabeled phytoene at the monoisotopic mass [C40H64; m/z 545.5086
(M+H)+] using a phytoene external calibration curve. The phytoene limit of

quantitation was 1.15 nmol/L, and the limit of detection was 0.38 nmol/L.

Primary kinetic parameter estimation. The mean time of maximal

plasma 13C-phytoene concentrations and the meanmaximal plasma 13C-

phytoene concentrations were calculated for the 4 subjects based on the
observed data. The AUC of the time-plasma 13C-phytoene concentration

curves was calculated using the log-linear trapezoidal rule (31).

Physiologic compartmental model of phytoene kinetics. Plasma-
unlabeled and plasma-labeled phytoene data were analyzed using a

previously developed 7-compartment model for lycopene (28), a structur-

ally similar tomato carotenoid, using WinSAAM modeling software

(version 3.0.7). Physiologic compartmental modeling provides a means to
noninvasively estimate the rate at which an analyte (in this case, phytoene)

is exchanged between different physiologic compartments as well as to

estimate the mass of analyte found within different compartments over
time. A compartment can represent either a physically distinct pool of

phytoene (i.e., plasma phytoene) or a pool of analyte found in multiple

physical locations in the body for which all of the phytoene molecules

display the same kinetic behaviors within a given time frame (i.e., a fast- or
slow-turnover tissue pool of phytoene). The compartments in the model

are ‘‘connected’’ by differential equations representing the rate of phytoene

transfer between compartments. This rate of transfer is expressed as a

fractional transfer coefficient (FTC), which represents the fraction of
phytoene within a given compartment (J) transferred to another compart-

ment (I) per unit time and is denoted as an L(I,J) in WinSAAM notation.

Accordingly, the flow rate of phytoene between compartments is calcu-

lated by multiplying the FTC by the mass of phytoene in the donor
compartment. The initial FTC estimates for the phytoene compartmental

model were based on the FTCs for 13C-lycopene and unlabeled lycopene

kinetics in 8 healthy adults (28), with the exception that the FTC for
chylomicron uptake from the plasma by the fast turnover tissue pool was

based on chylomicron clearance in subjects consuming olive oil (32). In

addition, a parallel model of tracee (unlabeled phytoene) kinetics was

included, with data inputs for plasma unlabeled phytoene concentrations
measured in collected plasma and steady-state intakes and compartmental

phytoene masses calculated from the tracer model. The model parameters

for each subject were then adjusted in physiologically meaningful ways

until the predicted plasma phytoene concentrations were in accord with
the experimentally measured unlabeled and labeled phytoene concentra-

tions and the model resulted in predicted tissue phytoene masses that were

physiologically plausible, based on the literature (16). A least squares
fitting routine was used to determine the final values of model parameters

to produce the closest fit between observed data and model prediction of

plasma-labeled and plasma-unlabeled phytoene concentrations.

Results

Production of 13C-phytoene from tomato cell suspension
cultures. Using a 2-phase, 13C-loading and 13C-labeling tomato
cell culturing strategy, 8.72 L of tomato cell suspension cultures
were harvested, yielding 2.53 kg of biomass and 14.4 mg of
13C-phytoene, which was >99.5% 13C-labeled and 47%
uniformly labeled, with each subsequent isotopologue decreas-
ing in abundance by ~50% (Figure 1).

FIGURE 2 Percent contribution of recorded food categories providing

dietary phytoene, during a 6-wk controlled phytoene dietary intervention

(A), daily intake of phytoene recorded by subjects and resultant plasma

unlabeled phytoene concentrations over 4 wk after 13C-phytoene con-

sumption (B), and the time-plasma 13C-phytoene concentration curves

over the first 3 d (C) and 28 d after 13C-phytoene consumption (D). See

Supplemental Table 1 for specific foods included in each category in

panel (A); ‘‘Other’’ is the combined contributions of melons and citrus,

because no papaya was consumed during the study period. Values in

panel (A) are means, n = 4; values in panels (B–D) represent themeans6
SEMs, n = 4.
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Subject characteristics and controlled diet compliance.
Baseline subject anthropometric measures and blood lipid
profile are summarized in Supplemental Table 4. Subjects were
able to comply with the controlled phytoene diet, reporting a
mean6 SEM phytoene intake of 2.56 0.6 mg/d, with the group
means ranging from 0.87 to 4.8 mg/d. Most dietary phytoene
intake came from tomato products, followed by sweet bell
peppers and winter squash (Figure 2). Tomato soup was the
single greatest dietary source of phytoene, providing a mean of
22 mg to each subject over the 6-wk period, and the most
frequently consumed source of phytoene was raw tomato,
constituting 19% of phytoene-containing food servings (a mean
of 10 servings � person21 � 6 wk21), which provided 17 mg
phytoene to each subject over the 6-wk period. These mean
intakes resulted in mean native plasma phytoene concentrations
of 71 nmol/L (ranging from 74 to 81 nmol/L) over the course of
the 4-wk post–13C-phytoene consumption (Table 1).

Noncompartmental kinetic parameters for 13C-phytoene.
Plasma 13C-phytoene was first quantifiable 1 h after 13C-
phytoene consumption, and plasma concentrations reached an
early maximum at 3 h and a later maximum at 24 h, which were
nearly equivalent in magnitude (Figure 2). 13C-phytoene was last
quantifiable in all subjects on day 7 (or day 8 for one subject who
had to provide blood on day 8 instead of day 7) and was last
quantifiable in any subject 17 d after dosing (Figure 2). The
plasma half-life, maximal concentration, and time of maximal
concentration for 13C-phytoene are presented in Table 1.

Compartmental model of phytoene kinetics. The previously
established 7-compartment model of lycopene kinetics proved to
be a good starting point for phytoene kinetic modeling (Figure
3), but to improve the statistical certainty of the models, one
parameter constraint, for L(5,6), or recycling of phytoene from
lipoproteins back to the fast turnover tissue phytoene compart-
ment, was included to be 0.462 [fractional standard deviation
(FSD) = 0.17], which is the fractional catabolic rate for LDL
cholesterol in healthy individuals (33). However, to remain
conservative and allow the modeling process to lead to novel
phytoene kinetic data-based kinetic parameters, no other statis-
tical constraints were placed on the model. This approach
worked well for 3 subjects but did lead to some statistical
uncertainty around the terms describing efflux of phytoene from
the slow turnover pool to the lipoproteins L(6,7) and irreversible
loss from the slow turnover phytoene compartment L(0,7) for
1 subject. Other than these parameters for 1 subject, all other

subject parameters had low FSDs (#0.6) and low correlation
(#0.8). The predicted model data fit the observed tracer and
tracee data well (Figure 4). The proportion of the phytoene dose
predicted to be in the plasma and tissue compartments over time
is shown in Figure 4, as well as the model-predicted steady-state
plasma phytoene mass over time. The plasma and fast-turnover
tissue phytoene pools show an early peak at;1.5 d, whereas the
slow-turnover phytoene pool shows a peak phytoene mass
occurring ;4 d after dose consumption, with phytoene clear-
ance occurring at a slower rate from the slow turnover pool than
from the fast turnover pool, as expected. The final population
mean FTCs and intercompartmental phytoene flow rates for the
4 subjects are presented inTable 2, estimated phytoene masses in
each compartment during steady-state feeding conditions are
found in Table 3, and estimated gastrointestinal delay time,
phytoene bioavailability, and steady-state phytoene intake are
found in Table 4. For this initial 13C-phytoene modeling effort,
empirical data for LDL- or VLDL-associated phytoene was not

TABLE 1 Native phytoene plasma concentrations and non-
compartmental, single-dose kinetics in human subjects after oral
ingestion of 13C-phytoene1

Native phytoene Values

Plasma native phytoene, nM

Baseline (day 0) 73.2 6 14.2

Final (day 28) 74.3 6 6.6
13C-phytoene

Cmax, nM 55.6 6 5.9

Tmax, h 19.8 6 9.2

AUC (0–672), nmol � h � L21 4900 6 1060

T1/2, d 2.3 6 0.2

1 Values are means 6 SEMs, n = 4. Cmax, maximal concentration; T1/2, half-life; Tmax,

time of maximal concentration.

FIGURE 3 Compartmental pharmacokinetic model of phytoene

absorption, distribution, and clearance. Arrows represent the mathe-

matically modeled direction of phytoene exchange between compart-

ments. Ovals represent compartments, or kinetically homogeneous

pools of phytoene. The dashed line delineates the measured plasma

compartment, but phytoene within lipoproteins and chylomicrons were

not measured separately. The solid rectangle represents a delay

element to account for interindividual variability in the time between

ingestion and plasma appearance, likely correlating with gastrointes-

tinal transit times. 13C-phytoene tracer is introduced into compartment

1; bold numbers inside ovals represent the compartment number

used in the compartmental analysis. GI, gastrointestinal.
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incorporated in the model, and therefore the kinetics of
phytoene as it is associated with different lipoprotein particle
classes were not decisively characterized. However, because
carotenes are known to be primarily associated with plasma
lipoproteins, the physiologic processes underlying changes in
plasma phytoene concentrations are understood to be the result
of lipoprotein-tissue interactions, and in that way, the model and
the data were interpreted in the context of lipoprotein kinetics.

Discussion

Phytoene is a commonly consumed and bioactive carotenoid

that is readily accumulated in some tissues, yet little is known

about its absorptive and distributive kinetics in humans. In this

report, we used tomato cell suspension culture technology (27,

29, 34) to generate highly enriched, 13C-phytoene to follow

kinetics in humans.We also developed a novel phytoene scoresheet

FIGURE 4 Model-predicted plasma (A, B) and tissue phytoene (C–E) plots over time. Examples of the fit of the observed to compartmental

model-predicted data for plasma tracer phytoene concentrations (A) and plasma tracee (native) phytoene concentrations over 28 d (B) for

1 subject. Model calculated data based on population analysis of 4 subjects of the predicted fraction of 13C-phytoene tracer dose in plasma (C),

fast-turnover tissue phytoene compartment (D), slow-turnover tissue phytoene compartment (E), and the predicted level of plasma tracee

phytoene in subjects consuming the controlled phytoene, steady-state diet (F). PE, phytoene.

TABLE 2 Compartmental kinetic parameters for model of phytoene disposition in human subjects after
13C-phytoene consumption1

From donor compartment (compartment no.)
To recipient compartment

(compartment no.)
Flow rate,
nmol/d

Fractional transfer
coefficient, d21

Gastrointestinal tract (1) Irreversible loss (0) 3070 6 2460 83.1 6 37.8

Gastrointestinal tract (1) Delay compartment (2) 1680 6 430 117 6 37.8

Delay compartment (2) Enterocyte (3) 1680 6 430 33.9 6 2.21

Enterocyte (3) Chylomicrons (4) 1680 6 430 1.06 6 0.201

Chylomicrons (4) Fast-turnover tissue pool (5) 1680 6 430 93.7 6 16.2

Fast-turnover tissue pool (5) Lipoproteins (6) 1760 6 440 0.860 6 0.179

Lipoproteins (6) Fast-turnover tissue pool (5) 89 6 20 0.390 6 0.0443

Lipoproteins (6) Slow-turnover tissue pool (7) 2680 6 780 11.7 6 2.69

Slow-turnover tissue pool (7) Lipoproteins (6) 1010 6 360 0.145 6 0.0579

Slow-turnover pool of tissue phytoene (7) Irreversible loss (0) 1680 6 430 0.218 6 0.0563

1 Values are means 6 SEMs, n = 4.
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using available food phytoene concentration data to achieve
steady-state phytoene intake and plasma concentration condi-
tions in our subjects during the 42-d study duration. Further-
more, we defined the noncompartmental plasma kinetic parameters
for phytoene. Using physiologic compartmental modeling, we
found that the bioavailability of phytoene (58%) to be much
greater than that of lycopene (23%) (28) and that several key FTCs
for phytoene transfer into and out of tissue compartmentsmarkedly
differed from that of lycopene, potentially explainingwhy phytoene
is relatively enriched in many tissues, although it is less abundant in
the diet than lycopene.

It is important to be able to control and monitor dietary
intake of phytochemicals during clinical pharmacokinetic or
pharmacodynamic studies. Using a dietary phytoene tracking
worksheet, subjects were able to comply with the controlled
phytoene diet (mean intakes within targeted 1–5 mg/d), resulting
in similar day 0 baseline and day 28 plasma phytoene concen-
trations (Table 1 and Figure 2). Furthermore, this worksheet can
be used for future clinical studies of bioactivity or kinetics that
require controlled phytoene intakes.

The early time-concentration curve of phytoene shows a very
rapid early increase in plasma phytoene concentrations to 3 h
followed by a rapid drop and gradual increase up to 24 h after
dosing (Figure 2). This differs from findings regarding lycopene
and b-carotene, for which an early peak occurs between 6 and
12 h, depending on the amount consumed (28, 35, 36). The early
peak likely corresponds with previous reports of early chylomi-
cron and VLDL-associated phytoene release into the blood (24).
The current compartmental modeling results indicate that
greater bioavailability of phytoene combined with a slower
clearance of chylomicron phytoene by the fast-turnover tissue
pool (93 pools of phytoene/d compared with 173 pools of
lycopene/d) may underlie a relatively greater early plasma
phytoene response compared with lycopene. Different rates of
clearance of chylomicron lycopene and chylomicron phytoene
would indicate differential clearance of these carotenoids from
the chylomicrons because the chylomicrons carrying the carot-
enoids are the same.

Phytoene has been hypothesized to be a more bioavailable
carotenoid than lycopene. This is because phytoene is naturally
found in a cis geometric conformation with relatively few
conjugated double bonds and greater rotational freedom,
keeping it in a noncrystalline form, which is thus more easily
incorporated into mixed micelles in the gastrointestinal tract
(24). Several previous observations support this hypothesis.
First, relatively low concentrations (5.8 mg/d) of phytoene in
tomato juice provided daily for 4 wk to healthy volunteers led to
a nearly equivalent increase in plasma phytoene concentrations
(0.19 mmol/L) as the change in plasma lycopene concentrations
(0.17 mmol/L) in response to a much greater amount of lycopene
(74.9 mg/d) in the juice (23). Second, although phytoene was a

minor carotenoid (3% of total carotenoid) in tomato powder fed
to gerbils for 4 wk and lycopene was the major carotenoid
(93%), phytoene represented >30% of the plasma carotenoids
(26). Also, a single dose of phytoene led to much greater
increases in gerbil plasma phytoene concentrations at 6, 12, and
24 h (570%, 340%, and 650%, respectively) after dosing than a
single lycopene dose (97%, 80%, and 39%, respectively) (26).
However, none of these findings provide a true measurement of
phytoene bioavailability. The current compartmental modeling
estimates suggest that phytoene may be more bioavailable
(58%) than lycopene (23%) (28). However, this result is
confounded by the differing dose levels in these 2 studies, with
3.1 mg 13C-phytoene being provided in the current study and
10.2 mg 13C-lycopene being previously provided (28). It was
previously shown that carotenoid bioavailability is inversely
related to dose amount (37). Nonetheless, at this time, it appears
that greater bioavailability could contribute to relatively
enriched plasma concentrations of phytoene in humans and
rodents compared with lycopene, but both absorptive and
metabolic differences should be further investigated.

The plasma half-life of a compound permits determination of
the frequency of consumption needed to attain a targeted plasma
concentration and how long it would take to achieve steady-
state conditions (31), both of which are key to rationally
planning dietary interventions to assess kinetics and bioactivity.
Interestingly, the current results suggest that the plasma half-life
of phytoene (2.3 d) is less than half that of lycopene (6.2 d). This
suggests that phytoene is not only more rapidly removed from
plasma than lycopene but also that steady-state plasma phytoene
concentrations may be achieved more rapidly with regular
consumption than lycopene (31).

The plasma half-life of phytoene may be shorter than that of
lycopene because phytoene is deposited into tissues more rapidly
than the rate at which it is effluxed from tissues back into
plasma, which may be due to either a greater rate of phytoene
metabolism in the tissue or a slower transfer of phytoene from
tissues back to lipoproteins. The compartmental modeling
analyses suggest that both situations may be occurring, such
that phytoene is more slowly effluxed from the fast-turnover
tissue pool to lipoproteins (FTC = 0.86/d) than lycopene (FTC =
1.29/d), and phytoene is metabolically cleared >3 times as
rapidly (FTC = 0.218/d) from the slow-turnover tissue pool
than lycopene is (FTC = 0.061/d) (28). Slower efflux of phytoene
than lycopene from tissues may reflect differences in cell
membrane transporter affinity for these carotenoids. Findings
have revealed that lycopene transport into cells is mediated by
scavenger receptor class B, member 1 and CD 36 (38, 39), but
the mechanisms of lycopene efflux from tissues and the
mechanisms for phytoene uptake and efflux from cells remain
unknown. Future studies of the differential affinities of proteins

TABLE 3 Compartmental model-calculated steady-state phy-
toene masses in physiological compartments based on phytoene
kinetics in human subjects after 13C-phytoene consumption1

Compartment (no.) Steady-state phytoene mass, nmol

Chylomicrons (4) 19 6 4

Lipoproteins (6) 228 6 43

Fast-turnover tissue phytoene pool (5) 2020 6 95

Slow-turnover tissue phytoene pool (7) 9210 6 2310

1 Values are means 6 SEMs, n = 4.

TABLE 4 Additional compartmental model-estimated parame-
ters of phytoene kinetics in human subjects after 13C-phytoene
consumption1

Parameter Estimate

Gastrointestinal delay, min 43.0 6 2.8

Bioavailability, % absorbed 58.5 6 18.9

Estimated daily intake of tracee

nmol 4720 6 2390

mg 2.57 6 1.30

1 Values are means 6 SEMs, n = 4.
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involved in lipid transport for phytoene compared with
lycopene will elucidate why the kinetics and biodistribution
patterns of these 2 structurally similar, co-consumed carotenoids
differ.

The rapid plasma half-life and the relatively fast rate of
phytoene clearance from the slow-turnover tissue pool (mean 6
SEM: 0.218 6 0.056/d) indicates that a substantial amount
of phytoene metabolites may be found in tissues soon after
consumption of phytoene. However, the metabolism of
phytoene is currently unknown, and thus there remain many
questions regarding the identity of the metabolites produced and
their potential to demonstrate bioactivity. However, in vitro and
rodent 14C-phytoene studies suggest that phytoene metabolites
may occur in some tissues, such as the prostate (26, 40). Whether
phytoene is a substrate for either the b-carotene oxygenase 1 or 2
carotenoid cleavage enzymes is unclear at this time.We previously
reported lower hepatic phytoene concentrations in b-carotene
oxygenase 1 knockout mice, possibly suggesting that compen-
satory overexpression of b-carotene oxygenase 2 in these mice
could lead to greater rates of metabolism (41). To our knowl-
edge, there is no conclusive identification of phytoene metabo-
lites in human plasma, although such information would
provide insight into the mechanisms by which phytoene is either
enzymatically or nonenzymatically degraded before excretion.
We and others speculate the cleavage products of non–provitamin
A carotenoids may act as antagonists or agonists to multiple
transcription factors within the steroid receptor superfamily,
thereby affecting cell and tissue functions during health and
disease (42, 43).

This describes the first compartmental model of phytoene
kinetics. The compartmental modeling process used parallel
models of plasma phytoene data for both the 13C-labeled tracer
and the unlabeled tracee pools. With these data, the mean 6
SEM model-predicted daily phytoene intake was 2.57 6
1.30 mg/d, which was in very good accordance with the subjects�
reported daily intake of 2.5 6 0.6 mg/d, thus enhancing our
confidence in the model�s accuracy. Although this study was
small, being limited by the amount of 13C-phytoene available,
the kinetic parameters were defined with good statistical
certainty (<0.6 FSD) and provide a framework for future studies
of phytoene and carotenoid kinetics. Future phytoene kinetic
modeling efforts could be strengthened by having larger group
sizes, permitting a comparison of men and women as well as the
inclusion of comprehensive human tissue phytoene concentra-
tion data from banked tissues. In addition, analysis of phytoene
concentrations in plasma lipid fractions of the tracer-dosed
individuals would allow for more precise modeling of the
exchange of phytoene between tissues, chylomicrons, and
lipoproteins.

In conclusion, this study applied stable isotope technology to
define the noncompartmental and compartmental kinetic pa-
rameters of phytoene in humans and provides a foundation for
planning and interpreting future studies on phytoene pharma-
cokinetics and dynamics. The strengths of the current study
include the novel production and use of 13C-phytoene for kinetic
tracing in both men and women. In addition, the novel
development of a system to control phytoene intake promoted
steady-state absorptive and clearance conditions that were not
likely to be perturbed by the tracer dose, making conclusions
representative of steady-state phytoene kinetic processes. Future
studies using 13C-phytoene to study metabolism and the role
of interindividual genetic variation in determining kinetic re-
sponses to phytoene will define how metabolic processes may
affect phytoene bioactivity.
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