
Bioavailability of Phytochemical Constituents From a Novel Soy
Fortified Lycopene Rich Tomato Juice Developed for Targeted
Cancer Prevention Trials

Torsten Bohn,
Department of Food Science and Technology, The Ohio State University, Columbus, Ohio, USA

Michelle Blackwood,
Division of Hematology and Medical Oncology, Department of Internal Medicine, The Ohio State
University, Columbus, Ohio, USA

David Francis,
Department of Horticulture and Crop Science, The Ohio State University, Columbus, Ohio, USA

Qingguo Tian,
Department of Food Science and Technology, The Ohio State University, Columbus, Ohio, USA

Steven J. Schwartz, and
Department of Food Science and Technology, The Ohio State University, Columbus, Ohio, USA

Steven K. Clinton
Division of Hematology and Medical Oncology, Department of Internal Medicine, The Ohio State
University, Columbus, Ohio, USA

Abstract
Studies suggest that tomato and soy foods may contribute to a lower risk of certain cancers. We
developed a novel soy germ tomato juice to be used in controlled cancer prevention trials. This
study describes an initial test of compliance, phytochemical bioavailability, and effects on
biomarkers of blood lipids. Healthy men and women (n = 18) consumed a soy germ-fortified juice
daily (300 mL supplying 66 mg isoflavones and 22 mg lycopene) for 8 wk. A single-dose
bioavailability study was completed on day 1 and isoflavones in plasma and urine, and lycopene in
the plasma, were measured. All subjects completed the trial, with 97.7% ± 3.5% (mean ± SD) of
the scheduled juice consumed. No adverse effects were documented. The postprandial study
indicated that 3.1% ± 2.3% of lycopene was absorbed and that 49.3% ± 12.1% isoflavones
ingested were recovered in 24-h urines. Lycopene plasma concentration changed from 0.60 ± 0.22
to 1.24 ± 0.30 μmol/L during 8 wk of consumption. Juice consumption significantly improved
resistance of LDL+VLDL-C to Cu2+-mediated oxidation (P = 0.039), HDL-C (47.3 ± 15.8 to 51.7
± 14.8 mg/dL, P < 0.001), and the ratio of total-C/HDL-C (4.25 ± 1.59 to 3.63 ± 1.16, P < 0.001)
at 8 wk. A well-characterized soy-fortified tomato juice can be produced in large scale for
multiinstitutional long-term cancer prevention trials and showed excellent compliance with no
toxicity, while demonstrating absorption of biologically active phytochemicals.
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INTRODUCTION
Based on extensive epidemiologic and laboratory investigations, governmental agencies and
expert committees recommend a diet rich in fruit and vegetables as a foundation for public
health guidelines for cancer prevention. Among the plant food items that have received
increased attention are tomatoes and their products, as their consumption has been
associated with a number of health benefits, such as decreased incidence of cardiovascular
diseases (1,2) and prostate and other cancers (3–5). Among the possible bioactive agents
responsible for these observations is lycopene, the predominant carotenoid in tomatoes. This
lipophilic antioxidant compound has also been discussed for its use as a pharmacologic
agent and examined as a chemopreventive drug; however, stronger evidence supports an
anticancer benefit of whole tomato products with their diverse array of phytochemicals. For
example, rodent studies suggested that whole tomato powder may be more effective for the
inhibition of prostate carcinogenesis (3,6) and tumorigenesis (7) than pure lycopene, perhaps
due to added or synergistic effects with other compounds present in tomato. In addition to
their potential beneficial health effects, tomato and its products can mask undesirable
flavors, such as found in soy (8) or other potential anticancer ingredients. Processed and
homogenized tomato products such as soup, sauce, and juice provide also relatively high
phytochemical bioavailability, particularly for carotenoids when provided with a source of
lipid (9,10).

Similar as for tomatoes, it has been hypothesized that consumption of isoflavone-rich soy
foods are associated with reduced risk for certain cancers, especially prostate cancer (11–
13), as well as other diseases (14,15); albeit more recently, adverse effects have also been
reported, especially with respect to tumor progression in breast cancer (16). However,
consumption of soy foods in Western cultures remains very low compared to Asian
countries, where consumption of soy isoflavones is about 10 to 100 times higher, providing
approximately 20–100 mg/d (17). Attempts to increase soy consumption by making them
more appealing include soy incorporation into bread (18), beverages (19), and cookies (20).
Unfortunately, addition of high amounts of soy to foods often results in a characteristic bitter
soy flavor, which is not desirable (21).

Thus, both soy and tomato have been discussed for their employment in cancer prevention
trials. Unfortunately, randomized intervention studies for cancer prevention using specific
fruits and vegetables or their components targeting specific cancers are rare, and quantitative
estimates of individual or societal benefits remain speculative. This is in contrast to
chemoprevention strategies using established principles of clinical pharmacology, with pure
agents, precise dosing, and pharmacokinetic validation of exposure, some of which have
shown great promise in carefully controlled human studies (22,23). Dietary intervention
studies suffer from obstacles such as participant education to achieve compliance with
assigned dietary changes, variations in bioactive compounds, and their imprecise
quantification. Our laboratory has considered many of these concerns during the
development of a phytochemical rich tomato product, combined with soy components,
designed to serve as an intervention agent for clinical trials.

In this study, we investigated the combination of soy and tomato components in a single
juice-based product for its use in future clinical trials targeting disease endpoints and safety.
Juice was chosen as it showed to be a popular approach to increasing tomato intake (24),
able to provide 1) precisely defined components, 2) convenient size that can be incorporated
into a daily routine, and 3) stability over time. The present study describes the short-term
compliance and safety of a soy-rich tomato juice. We describe the bioavailability of tomato
carotenoids based upon postprandial examinations and the overall plasma response over 8
wk. Soy components were measured in blood and urine as an indicator of absorption and
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metabolism. In addition, changes in blood lipids and oxidative stress markers over the 8-wk
intervention period were monitored to assess biological activity.

MATERIALS AND METHODS
Production of Soy-Fortified Tomato Juice

The soy-fortified tomato juice (Table 1) was developed and produced at The Ohio State
University (OSU) pilot plant of the Food Science and Technology Department, following
guidelines of good manufacturing practice. A series of preliminary studies were conducted
using a variety of food components in order to establish a juice product with acceptable
sensory characteristics and properties that would allow future large-scale production for
clinical studies. All individual ingredients used were considered “generally recommended as
safe” by regulatory agencies and the food industry (25). After screening and sensory testing
of a variety of soy components, soy germ was chosen as a source of phytochemcials due to
its lower viscosity compared to soy protein or similar components available, thus making the
product more palatable in our taste-testing panels (data not shown). In addition, we observed
that adding soy germ to tomato juice improved its rheological properties (26).

The tomato juice was prepared from tomatoes grown by the Department of Horticulture and
Crop Science at OSU. Among the hundreds of varieties of tomatoes available, we selected
the high carotenoid tomato variety FG99-218, homozygous for the dark green gene and for
the old-gold crimson gene, which has excellent juice-producing properties and grows
successfully at locations in Ohio. Plants were grown with 30 cm within-row spacing and 1.5
m between-row spacing at OSU North Central Agricultural Research Station (near Fremont,
OH), following standard practices. Tomato juice was produced by a hot-break treatment
(27), using fully ripe, sorted, washed, chopped, and blended tomatoes that were filled in salt-
added cans (white/pln, 300 × 407; Ball Corporation, Columbus, OH), with 1 salt tablet
(Canning Tablets for Tomatoes, Morton, Chicago, IL) added per can. Cans were then steam
sealed and retorted (Food Machine and Chemical Corporation, Hoopeston, IL) at 105°C for
30 min. The final product was produced following the addition of 0.2% lemon juice powder
(Blue California, Tomas, CA), 1.2% sucrose, and 1% extra virgin olive oil (Bertolli,
Secaucus, NJ) to enhance taste and palatability, and 1.5% soy germ (Soylife Complex SG,
Acatris, Inc., Minneapolis, MN) on weight basis. The mixture was then homogenized at
60°C for 10 min and then retorted at 100°C for 15 min in an agitated steam-jacketed vessel
and hot-filled into small cans (6-oz cans). All constituents used for the juice production
originated from single batches of ingredients. After sealing and cooling in an upside-down
position, this product was stored at room temperature until the beginning of the study. The
final juice product, per 100 mL volume, contained 96.2% tomato juice and contained 34
kcal, 1.1 g protein, 1.1 g fat, 5.6 g carbohydrate, and <0.6 g dietary fiber. The final
isoflavone and lycopene content of the soy-tomato juice were 22 mg/100 mL and 7.3 mg/
100 mL, respectively. Thus, two 6-oz cans containing 294 mL of juice provided 66 mg
isoflavones as aglycon equivalents and 22 mg lycopene.

Subjects
The human trial was approved by the Institutional Review Board (IRB) of OSU. Healthy
subjects (9 men, 9 women) were recruited for the study. Mean age was 28 ± 5 yr (range 21–
40) and mean body mass index (BMI) 25.4 ± 4.1 kg/m2 (range 17.5–33.9). Exclusion
criteria for participating in the study were as follows: pregnancy, lactation, any history of
chronic malabsorption or metabolic disease causing digestive disturbances, smoking,
following a therapeutic diet, taking antibiotics within the past 6 mo, consuming dietary
supplements containing carotenoids or soy isoflavones, history of alcohol or drug abuse,
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consumption of medications other than for oral contraception, thyroid disease, and anemia
(hematocrit <35% and/or hemoglobin <12.0 g/100 mL).

Study Design
The 9-wk study was a single-arm phase II trial with a 1-wk washout and a subsequent 8-wk
intervention period. During washout (Week -1 to Week 0), individuals consumed a
carotenoid and isoflavone restricted diet devoid of colored fruits and vegetables, and foods
or processed products containing soy isoflavones. During Week 0 to 8, each subject
consumed 2 of the 6-oz cans of soy-fortified tomato juice/day, a total of 66 mg isoflavones
as aglycon equivalents and 22 mg lycopene per day. The subjects were permitted to
consume their usual diets but were asked to refrain from foods containing soy and lycopene
for the duration of the study. Blood samples were collected on the morning starting the
washout (Week 1), at the end of the washout (Week 0), and after Weeks 4 and 8 of
consuming the juice. Blood samples were procured and processed at the General Clinical
Research Center (GCRC) at OSU after a 12-h overnight fast. In addition, complete 24-h
urine samples were collected starting the day prior to the subject’s appointment at the GCRC
on Week -1, 4, and 8, and for the first 24 hrs after starting consuming the product (Week 0).
In addition, weight, pulse, and blood pressure were measured at each appointment at the
GCRC.

The postprandial kinetic component of the study was performed on the first day of product
consumption after washout. Subjects were monitored at OSU GCRC for 10 h, starting at 8
a.m. Venous blood samples were drawn immediately before consumption of the test meal,
and at 2, 3, 4, 5, 6, 8, and 10 h following the test meal. Test meals served as breakfast (8
a.m.) after an overnight fast, consisted of 259 ± 15 mL soy-fortified tomato juice (with
variation due to residual juice in glasses), 50 g white wheat bread with 22 g cream cheese,
and 200 g water. The meal provided 369 kcal, 11 g protein, 19 g fat, and 41 g carbohydrates
and was consumed within 20 min under observation. After 4 h, lunch was provided,
consisting of 200 mL mushroom soup, 1 banana, 1 can caffeine-free soft drink, 1 turkey
sandwich (50 g white wheat bread, 85 g turkey, 1 portion Italian dressing of 12 g), providing
718 kcal, 27 g protein, 23 g fat, and 103 g carbohydrates. No additional foods or beverages,
besides water, were allowed during the 10-h stay.

Compliance
A screening questionnaire was filled out by each subject prior to the study to assess
anthropometric data, age, race, exercise habits, allergies and chronic diseases, typical
lifestyle and dietary habits, which included smoking and drinking habits, taking dietary
supplements, use of antibiotics, consumption of isoflavone and carotenoid containing fruits
and vegetables, or following specific diets, as described previously (28). A notebook, with
calendar and appointments, was provided to participants along with a compliance form
called “Keeping Score” that was filled out daily during the study, to record the time and
amount of soy-fortified tomato juice consumed. In addition, participants were educated
regarding foods containing soy components and were instructed to avoid foods containing
soy isoflavones during the entire study. The daily compliance worksheet provided
participants a mechanism to record the frequency and amount of consumption of the soy and
tomato product.

Blood and Urine Sampling
Venous blood samples (3 × 10 mL) were placed (Week 0) into prelabeled 10 mL EDTA
vacutainer tubes (BD, Franklin Lakes, NJ), and plasma was immediately separated from
blood cells by centrifugation at approximately 1000 × g for 10 min at 4°C (Bamon/IEC
division, Needham, MA). Blood cells for isoflavone analysis were washed 3 times with
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physiological saline (0.9%) to obtain the erythrocyte fraction and stored at −80°C for further
analysis. Aliquots of plasma for determination of carotenoids in the TRL fraction, and Cu2+-
mediated oxidation of the LDL+VLDL-C were used immediately for analyses. The
remaining plasma was stored at −80°C for analysis.

Complete 24-h urine pools were collected in preweighed 3-L polyethylene terephthalate
(PET) containers (Fisher Scientific, Pittsburgh, PA). Each container contained 1 g ascorbic
acid and 2 g boric acid as preservatives to prevent bacterial growth and oxidation of unstable
compounds. Following collection, containers were reweighed, volume derived, and 50 mL
aliquots of each 24-h urine pool were stored at −80°C for later analysis.

Isoflavone Analysis
All chemicals used were of analytical grade or superior. Plasma and urine were analyzed
based on a modified published method (29). In brief, 100 μL ascorbic acid solution (10 g/
100 mL), 0.4 mL acetate buffer (pH 5.5), and 100 μL of a suspension of glucuronidase/
arylsulfatase (Cat. No. 127060, Hoffman La Roche, Basel, Switzerland) were added to 2.0
mL urine and 1.5 mL plasma aliquots. This was followed by 3-h incubation in a shaking
water bath at 37°C under light exclusion. After extracting the aglycones twice with 5 mL
diethylether, the extracts were evaporated under nitrogen and reconstituted in 350 μL
methanol.

Juice samples (2 mL) and washed red blood cells (0.5 mL) were extracted as described
previously (18) with 7 and 4.5 mL acetonitrile, respectively, in graded centrifuge vials, to
which 100 μL 1 mol/L HCl was added. In addition, 100 μL of ascorbic acid solution (10 g/
100 mL) was also added to the red blood cells. Dried blood cell sample extracts were
reconstituted in 0.9 mL acetate buffer (pH 5.5), 100 μL ascorbic acid (10 g/100 mL), and
100 μL glucuronidase/arylsulfatase and treated as described above for plasma samples. Juice
extracts were reconstituted in 350 μL methanol/water 80:20 (v/v). All samples were stored
at −80°C until analysis.

Isoflavones were separated by HPLC (Waters 2996, Milford, MA) and detected either by
photo-diode-array detector (Waters, 2996), or (for plasma and red blood cells) by mass
spectrometry (Quattro Ultima, Micromass, Ltd., Manchester, UK). Standards were
purchased from Sigma [daidzein, genistein, glycitein, equol, daidzin, genistin, glycitin (St.
Louis, MO); Plantech: dihydrodaidzein (DHD), dihydrogenistein (DHG), and O-
desmethylangolensin (O-DMA) (Reading, UK)] or LC-Labs [acetyldaidzin, acetylgenistein,
acetylglyciten, malonlylgenistein, malonylgicitin, malonyldaidzin (Woburn, MA)].
Quantification was based on external standard calibration curves of each respective
compound. An internal standard, 2′,4′ dihydroxy-2-phenylacetophenone (Indofine,
Hillsborough, NJ) was used during extraction and analysis as a control. The internal
standard (50 μL containing 8.2 nmol) was added to individual samples prior to sample
preparation. Isoflavones in juice were analyzed as described previously (18). For all other
samples, a Hydrobond RP-18 (150 × 3 mm, 3-μm particle size, Mac-Mod, Chadds Ford, PA)
HPLC column was used. Mobile phase consisted of a mixture of MeOH/ACN/1% aqueous
acetic acid (10:15:75, v/v), which was changed to 15:20:65 within 5 min, then to 20:20:60 at
min 10, then to 25:25:50 at min 13, changed to 45:45:10 at min 14, changed to 45:50:5 at
min 18, changed to 10:15:75 at min 20, holding this for the next 5 min (total 25 min). Flow
rate was 0.55 mL/min, injection volume was 15 μL, and temperature was 30°C.

For LC-MS/MS analyses, selected reaction monitoring was conducted using the following
transitions that had been determined during positive ion electrospray ionization: DHD (257
→ 123), daidzein (255 → 199), glycitein (285 → 270), DHG (273 → 123), equol (243 →
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123), genistein (271 → 153), and O-DMA (259 →121). An ionization energy of 25 eV was
used for all analytes.

Carotenoid and Tocopherol Analysis
Lycopene, its cis-isomers, beta-carotene, and α-, γ-, and δ-tocopherols in plasma samples
from the 8-wk intervention period, juice, and standards (Sigma) were analyzed following a
modified method described by Ferruzzi et al. (30). Lycopene in the TRL fractions of plasma
obtained during the postprandial part of the study was isolated by ultracentrifugation and
extracted as described earlier (31). Detection and quantification were achieved by HPLC in
combination with a coulometric detector (Coul Array Detector, ESA, Chelmsford, MA).
Eight coulometric channels were set to 60-mV increments, starting from 200 mV. For HPLC
separation, a YMC carotenoid C-30 column (150 × 4.6 mm, 5-μm particle size, Waters) was
used in combination with gradient elution: Mobile phase A was methanol:MTBE:water:1
mol/L ammonium acetate (88:5:5:2), B was methanol:MTBE:water:1 mol/L ammonium
acetate (17:78:3:2), starting with 100%A, switching to 85% B within 9 min, switching to
100% B until min 14, keeping this until min 20.5, switching back to A until min 22, holding
this until min 27. Quantification was based on external calibration curves, using their
specific absorption coefficients.

Analysis of Blood Biomarkers
Total cholesterol (total-C), HDL-C, LDL-C, triacylglycerols (TG), and urine creatinine were
determined based on spectrophotometric methods using a Synchron LX 20 (Beckman
Coulter, Inc., Fullerton, CA). C-reactive protein was measured by a Beckman Coulter Image
based on nephelometry. Hematocrit and hemoglobin were measured using a Beckman
Coulter LH755. All analyses followed the manufacture’s recommendations. A–I and B
apolipoproteins were analyzed only prior to washout and at the end of the study and sent to
Mayo Medical (Rochester, MN). Determination of Cu2+-mediated oxidation of LDL
+VLDL-C was carried out as described earlier (32). Concentrations of LDL+VLDL-C were
also determined during this analysis, using a commercial cholesterol enzymatic assay
(Cholesterol SL-Assay, Diagnostic Chemicals, Ltd., Oxford, CT).

Total plasma antioxidant capacity and that of a lipid plasma extract were measured similar
as described by Popov et al. (33). To obtain the lipid extract, 150 μL plasma was mixed with
150 μL ethanol and 300 μL water. After extraction with 2 times 2 mL hexane/acetone (3:1,
v/v), the extract was dried under nitrogen and resolubilized in 200 μL hexane. A 15 μL
aliquot was then analyzed in a Photochem detector (Analytic Jena AG, Jena, Germany). The
luminescence intensity was compared to a standard compound (Trolox). For total
antioxidant capacity of plasma analysis, 200 μL plasma was diluted with 800 μL water and
the mixture directly measured by the Photochem instrument and compared to ascorbic acid.

Statistical analysis
Data were analyzed by SPSS 14.0 (SPSS, Inc., Chicago, IL), using a general linear
multivariate model, with observed parameters (such as isoflavone and carotenoid
concentrations in the respective biological fluids, biometrical data and biological markers)
as dependent variables, and treatment time and subject as independent fixed factors. The
influence of gender, equol producer status, initial cholesterol status (either >200 mg/dL or
<200 mg/dL), initial LDL-C, age, BMI, and area under curve (AUC) response of lycopene
and isoflavones (determined by trapezoidal approximation) were studied by including them
into the model as either fixed factors (non-scaled factors) or covariates (scaled factors).
Fisher F tests were followed by post hoc tests (Tukey’s) for treatment time to compare
effects for different durations (−1, 0, 4, 8 wk). Assumption of normality was verified by Q-Q
plots and Kolmogorov-Smirnoff tests, and homogeneity of variance by box plots and
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Levene’s test. Nonnormal distributed data was log transformed. A P value of <0.05 was
considered statistically significant (2-sided). Unless otherwise stated, all presented results
are arithmetic means ± SD, and correlation coefficients are Pearson.

RESULTS
Compliance and Tolerance

All subjects completed the 9-wk study. Compliance questionnaires obtained after the
washout period indicated excellent adherence to the dietary restrictions. The participants
reported no obstacles for juice consumption at the requested rate during the intervention
trial. The daily compliance questionnaires indicated that 97.7 ± 3.5% of the juice cans
provided were consumed. The remaining cans were returned by the subjects for counting
and were in agreement with daily records. No adverse effects using standard NIH-NCI
toxicology criteria (34) were reported while consuming the juice for 8 wk.

Isoflavone and Lycopene Kinetics and Metabolism Following a Single Meal
All major isoflavones (daidzein, genistein, and glycitein), except for their bacterial
metabolites, were detected in plasma within 2 h of test meal consumption and remained
elevated compared to time zero throughout the 10-h sampling period (Fig. 1). The
metabolites were detected at 3 h post-intake and remained elevated throughout the next 7-h
sampling period. DHD was the most abundant metabolite in plasma and urine, while little
DHG was detected (Fig. 1, Tables 2 and 3). When adjusted for the amount of isoflavones
ingested, genistein and daidzein showed considerably higher plasma responses, 0.053 ±
0.018 and 0.048 ± 0.011 μmol.h/(L.μmol) compared to glycitein, 0.010 ± 0.005 μmol.h/
(L.μmol).

Similarly, lycopene isomers in the TRL fraction showed a significant increase over baseline
in the 2- and 3-h samples following juice intake, with a downward trend at 4-h postprandial,
followed by a second peak an hour after the lycopene-free midday meal (Fig. 2). Mean
fractional absorption of lycopene (Table 2) from baseline corrected AUC (nmol.h/L) was
calculated using an equation published by O’Neill and Thurnham (35):

with  being the half-life of carotenoids in chylomicrons (0.192 h), plasma volume (mL)
calculated as 927 + 31.47 × mean body weight (kg), oral dose the amount lycopene (nmol)
in the test meal, and the molecular weight of lycopene being 536.9 g/mol.

Even though 89% of lycopene in the soy-fortified tomato juice was present in the all-trans
form, the plasma TRL fractions indicated that 59.3 ± 4.4% lycopene present were cis-
isomers (with 51.0 ± 5.5% 5-cis lycopene of total lycopene). The fraction of the sum of cis-
isomers of total lycopene in plasma TRL dropped immediately after test meal consumption,
from 69.2 ± 4.1% (Hour 0) to 63.9 ± 3.3% (Hour 2, P < 0.001, Student paired, 2-tailed t-
test), and slightly increased thereafter until hour 10 (66.6 ± 2.6%).

Isoflavone and Carotenoid Concentrations in Biological Samples
The total and individual isoflavone concentrations measured in 24 h urine changed
significantly over the 4 sampling points (Table 3). Urine isoflavones after 7 days on a soy-
free diet (the 24 h prior to the initial exposure to juice) were detected in only 4 out of 18
subjects, whereas all participants showed detectable isoflavones in the urine during the
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subsequent 24 h period following consumption of juice on Day 1. The serum and urinary
isoflavones reflected the pattern found in the juice (Tables 1 and 3). The major metabolite
detected throughout the study and in all subjects was DHD. At the 4-wk interval, we
observed that 5 (3 women, 2 men) of the 18 subjects (28%) were equol producers, defined
by the presence of equol in the urine at a concentration exceeding >1,000 μg/L (36). By 8
wk, 2 additional subjects (1 man, 1 women) became equol producers (39%). There were no
significant differences between equol producers and nonequol producers at the onset and
during the study for any observed parameters, except that equol producers had significantly
higher plasma lycopene concentrations (P = 0.019, Fisher F test) and tended to absorb more
lycopene (P = 0.064, Fisher F test). The highest O-DMA concentrations in urine (up to 38
μmoL/24 h urine) were found in subjects not producing equol. No isoflavones or isoflavone
metabolites were detected in the red blood cells at any time point. No significant correlation
was found between isoflavone concentrations in 24-h pools and the observed blood lipid and
oxidative stress markers, with the exception of weak, negative correlations of genistein and
total-C (R = −0.282, P = 0.016) and genistein and LDL-C (R = −0.259, P = 0.028).

There was a significant decrease in total lycopene, all-trans lycopene, and 5-cis lycopene
plasma concentrations during the 7-day washout, and a nearly 3-fold increase in serum
concentrations between Week 0 to Weeks 4–8 (Table 3). The predominant lycopene isomer
in plasma at both Weeks 4 and 8 was 5-cis lycopene (45 ± 2 and 43 ± 3% of total plasma
lycopene, respectively), and its relative abundance did not change significantly during the
study, with exception to a slight decrease after washout [Week 0, where it was 39 ± 2% (P <
0.001, Tukey’s), compared to Week −1 (45 ± 3%)]. The percentage of all-trans lycopene of
total lycopene did not change significantly during the study, with exception to Week -1,
where it was higher [25 ± 5% versus 18 ± 2% (Weeks 4 and 8), P < 0.001, Tukey’s)].
Interestingly, a nearly 2-fold increase in β-carotene was also observed following juice
consumption (P < 0.05).

Biomarkers
Age, gender, BMI, equol producing status, and initial total-C and LDL-C did not interact
significantly in the statistical model with time. This suggests that there was no effect on the
outcomes reported in Table 4, with the exception that the increase in urinary daidzein and
total isoflavones were less in subjects with higher BMI (P = 0.007 and 0.035, respectively,
Fisher F test), and that the decrease in LDL-C during washout and the first 4 wk of juice
consumption combined was more pronounced in men than in women (P = 0.049, Fisher F
test). When results were stratified for gender, only males (P = 0.042, Fisher F test) showed
reduced plasma LDL-C concentrations during this period. However, the sum of VLDL and
LDL-C measured in parallel dropped significantly (Table 4). In addition, Cu2+-mediated
oxidation of LDL and VLDL-C improved significantly from Week -1 to Week 8, consistent
with an antioxidant effect of juice consumption.

DISCUSSION
In the present study, a tomato variety rich in phytochemicals, with growth characteristics
suitable for Ohio agriculture, was combined with soy germ to result in a final product with a
well-characterized dose of phytochemicals. Tomato profiles can be influenced by both
horticultural conditions such as cultivars, soil, growth conditions, and further by food
processing techniques, selectively enhancing phytochemical rich fractions or altering their
chemistry to favor absorption and bioactivity (37,38). Thus, from a horticultural, food
science, and consumer perspective, tomatoes provided an ideal platform for developing a
product enriched with anticancer food components.
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The initial human study showed that the soy-fortified tomato juice, consumed twice daily
(total of 300 ml) for 8 wk, was easily incorporated into a daily diet, allowed excellent
compliance, and was very well tolerated by healthy men and women without any
documented adverse effects. In general, regulatory agencies consider the consumption of soy
isoflavones (39) and tomato carotenoids (40) to be safe over a large range, with few, if any
acute side effects. However, a careful documentation of compliance and toxicity is a
prerequisite for proposing longer-term studies.

Carotenoids were readily absorbed from the soy-tomato juice. Lycopene was the major
carotenoid in the soy-rich tomato juice and was detected in the plasma-TRL fraction within
2 h following a single-dose test meal, which is in agreement with earlier observations with
other tomato products (10). Soy-tomato juice provided higher plasma-TRL lycopene
concentrations than tomato salsa with avocado (40 mg lycopene) (10) but was comparable to
lycopene capsules (38 mg) ingested with a complex meal (35). It has been suggested that the
efficiency of lycopene absorption declines with total dose but increases with concomitant fat
intake (41). Lycopene showed 2 absorption maxima, one in the immediate hours after the
test meal consumption and another one following the subsequent lycopene-free lunch,
possibly as lycopene from the first meal remained in the enterocytes until long-chain fatty
acids from a subsequent meal enables lycopene packaging into chylomicrons and movement
to the venous circulation via lymphatic flow through the thoracic duct.

During the course of the study, concentrations of lycopene and β-carotene in plasma
increased approximately 3-fold and 2-fold, respectively, at 4 and 8 wk compared to baseline.
Even though baseline values (both prior and following washout) in the present study were
comparable to other intervention studies using tomato juice, the resulting increase in plasma
lycopene was somewhat higher than reported previously, typically being in the range of 0.5–
0.8 μmol/L (42–44). In some (42,43), but not all studies (32,44), these results were
attributable to lower lycopene intake. This indicates that the juice provided consistently
elevated and relatively high plasma lycopene concentration such as those reported to be
correlated with reduced risk of certain cancers (4,5).

The detected presence of carotenoid cis-isomers in vivo, the factors that influence their
formation and the biological relevance remain a source of debate. Although 5-cis lycopene
was not detectable in the juice, this isomer was the predominant one in the baseline
corrected TRL-AUC response. This indicates that conversion must have occurred at some
step following ingestion and entry into the circulation. The finding that 41% of total
lycopene was in the trans form in the baseline corrected TRL-AUC response following test
meal ingestion but was only 18% of total lycopene in whole plasma during the later part of
the study (Weeks 4 and 8), supports the hypothesis that lycopene is continuously isomerized
in vivo to cis-isomers.

For the native isoflavones daidzein and genistein (or their glycosides), a similar absorption
pattern following test meal consumption with 2 maxima was observed, perhaps due to
enterohepatic recycling (45), or absorption from the large intestine (46). Alternatively, fat or
other components provided by the second meal could have fostered absorption of
isoflavones, as suggested earlier (47,48). Contrary to earlier reports indicating highest
plasma appearance for genistein (49), we observed that daidzein and genistein were
absorbed to a similar extent, while glycitein appearance in plasma was lower, being in line
with previous reports (45,50). However, urinary excretion showed a higher recovery of
glycitein compared to genistein, also noted by others (45). It is possible that genistein was
more rapidly metabolized to undetected compounds such as p-ethylphenol.

Bohn et al. Page 9

Nutr Cancer. Author manuscript; available in PMC 2013 December 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Isoflavone concentrations in urine appeared to remain relatively constant at wk 4 and 8. We
observed an excretion level which is approximately 2 times higher than typically reported
for Asian populations consuming soy containing foods, i.e., ingesting around 20–100 mg
isoflavones/d (17). Thus, the soy-tomato juice product achieved excretion profiles similar to
populations experiencing lower risks of specific cancers and may provide a convenient way
to achieve a similar phytochemical exposure during long-term clinical trials.

The metabolism of soy isoflavones by humans and how it is modulated by genetics, dietary
patterns, and host factors remains an active and complex area of investigation. We observed
that 5 of the 18 subjects were equol producers after 4 wk of juice consumption, increasing to
7 subjects during 8 wk of consumption. This demonstrates that subjects do change their
isoflavone metabolic status, also suggested in other studies (51,52). As equol may exhibit
relatively strong estrogen activity compared with other isoflavonoids (36), it has been
speculated that equol producers may have unique biological effects—some potentially
beneficial (bone health in women), while others detrimental, such as the increased
tumorigenesis and breast cancer formation (16), albeit this is controversially discussed (53).
Additional work, such as more long-term studies in this area, is needed to judge on the
potential health benefits vs. adverse effects.

Although the main goals of this initial study with soy-tomato juice were compliance, safety,
and metabolism, we also assessed several biological responses. Following consumption of
soy tomato juice, biological changes observed included increased HDL-C, decreased ratio of
total-C/HDL-C and improved VLDL+LDL-C resistance to Cu2+-mediated oxidation. The
observed mean increase in plasma HDL-C (9%) in the present study after 8 wk of
intervention was in a similar range to that reported in a meta-analysis summarizing soy
feeding trials (14). It was also found that LDL-C decreased to a greater extent in men than in
women. It has been reported that the cholesterol reducing effect of soy would be more
pronounced in subjects with hypercholesterolemia (14,54). One possible explanation is that
the slightly higher cholesterol concentrations in men at the onset of the study responded
stronger to the intervention.

Both lycopene (9) and isoflavones (47) have reported antioxidant properties in chemical
assays and some data suggests the potential to exhibit similar properties in vivo (55,56). It
thus remains speculative which compounds in the soy-fortified tomato juice were
responsible for the improvements in the blood lipid profile and the antioxidant status as
measured by the LDL+VLDL-C oxidation. Consumption of tomato products has been
shown to reduce LDL-C oxidation ex-vivo (32). Supplementing soy appeared to have a
similar benefit, although isolated isoflavones typically failed to be effective (57,58). It has
been shown that incorporation of isoflavones into LDL-C particles is relatively modest (58)
in contrast to lycopene, a very hydrophobic compound (1). In other studies, isolated soy
isoflavones failed to exhibit beneficial effects on plasma cholesterol concentrations (14,57).
It has been suggested that both the presence of soy protein and isoflavones in soy products
are required to be effective (14). In our study, soy protein intake was only about 4 g/day,
suggesting that other factors were responsible for the observed effects on blood lipids.
However, the fact that isolated compounds often failed to be effective highlights the
importance of consuming whole foods containing a diverse array of components rather than
supplementing individual compounds alone (59).

In conclusion, this study demonstrates that a newly developed functional food, a soy germ-
fortified tomato juice, was palatable, convenient, safe to consume, and well tolerated with no
observed adverse effects. Furthermore, we demonstrated that lycopene and isoflavones were
readily absorbed, remained at relatively high levels in biological fluids similar to that found
in epidemiologic studies associated with lower cancer risk, and significantly improved blood
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lipid and antioxidant status during an 8-wk feeding trial in healthy subjects. This novel
approach demonstrates that tomato juice is an excellent vehicle for the development of
defined food products containing active phytochemicals. Future studies using new food
products to deliver defined amounts and patterns of bioactive phytochemicals for long-term
clinical trials targeting specific cancers are warranted.
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FIG. 1.
Plasma appearance curves for daidzein, genistein, glycitein, dihydrodaidzein (DHD),
dihydrogenistein (DHG), and O-desmethylangolensin (O-DMA) after consuming 255 mL
soy-fortified tomato juice containing 210.2 ± 12.4 μmol isoflavones at breakfast (8 a.m.),
followed by a standardized lunch (12:30 p.m.). Error bars represent SD (n = 18).
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FIG. 2.
Appearance of lycopene in plasma-TRL fractions after consumption of 255 mL soy-fortified
tomato juice containing 34.6 ± 2.1 μmol lycopene at breakfast (8 a.m.), followed by a
standardized lunch (12:30 p.m.). Error bars represent SD.
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TABLE 1

Isoflavone and carotenoid content of the developed soy germ-fortified tomato juice

Phytochemical Concentration* (μmol/100 mL)

Soy isoflavones

 Daidzein 3.16 ± 0.03

 Daidzin 29.05 ± 0.33

 Acetyldaidzin 9.99 ± 0.01

 Malonyldaidzin 1.06 ± 0.04

 Glycitein 8.92 ± 0.11

 Glycitin 15.69 ± 0.17

 Acetylglycitin 4.78 ± 0.13

 Malonylglycitin 0.22 ± 0.01

 Genistein 0.97 ± 0.03

 Genistin 8.25 ± 0.08

 Acetylgenistin 0.05 ± 0.01

 Malonylgenistin 0.32 ± 0.02

 Total Isoflavone Content 82.46 ± 1.20

Tomato carotenoids

 All-trans-lycopene 12.10 ± 0.29

 Total-cis-lycopene 1.54 ± 0.12

 Total lycopene 13.64 ± 0.21

 β-carotene 0.49 ± 0.04

 Sum (lycopene + β-carotene) 14.13 ± 0.25

*
Mean ± SD (n = 6).
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TABLE 2

Mean peak concentrations (Cmax) and baseline corrected area under the curve (AUC) responses after

consuming soy germ-fortified tomato juice for breakfast (8 a.m.)*

Compound AUC (0–10 h) (nmol.h/L) Cmax (nmol/L) Absorption† or urinary recovery‡ (% intake)

Lycopene

 All-trans-lycopene 34.4 ± 23.0 10.0 ± 6.1 N/A§

 Total cis-lycopenes 49.8 ± 33.7 15.0 ± 7.6 N/A

 Total lycopene 84.2 ± 56.3 27.7 ± 13.6 3.1 ± 2.3 (range 0.4–8.1)

Soy isoflavones

 Daidzein 5290 ± 1260 730 ± 310 69.5 ± 18.1||

 Genistein 1300 ± 440 180 ± 60 14.2 ± 6.2

 Glycitein 770 ± 370 130 ± 90 31.2 ± 14.7

 Dihydrodaidzein 630 ± 620 115 ± 72 N/A

 Dihydrogenistein 30 ± 50 5.0 ± 8.6 N/A

 O-desmethylangolensin 380 ± 510 82 ± 108 N/A

 Total isoflavones 8406 ± 2134 1180 ± 520 49.3 ± 12.1

Values are based on plasma triacylglycerol-rich lipoprotein fraction for lycopene and its isomers, and based on plasma for isoflavones and its
metabolites.

*
255 mL soy-fortified tomato juice containing 210.2 ± 12.4 μmol isoflavones, and 34.6 ± 2.1 μmol lycopene. All results represent mean ± SD.

†
For lycopene and isomers.

‡
For isoflavones.

§
Not applicable.

||
Includes also daidzein metabolites O-desmethylangolensin (O-DMA) and dihydrodaidzein (DHD).

Nutr Cancer. Author manuscript; available in PMC 2013 December 04.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bohn et al. Page 19

TABLE 3

Changes in isoflavone concentration in 24-h urine pools and plasma carotenoids in 18 subjects at enrollment,
at Day 1 after the 7-day washout and first day of feeding, and at 28 days (4 wk) and 56 days (8 wk) after
initiation of the daily intake of juice*

Compound(s) Day −1† Day +1† Day 28 Day 56

Soy isoflavones

 Total isoflavones (μmol) 9.0 ± 23.2A‡ 103.7 ± 26.7B 123.2 ± 36.2BC 132.7 ± 38.1C

 Daidzein (μmol) 5.0 ± 12.9A 53.4 ± 13.7B 52.4 ± 18.5B 59.0 ± 26.0B

 Genistein (μmol) 1.2 ± 3.2A 3.4 ± 1.4B 4.0 ± 1.7B 4.4 ± 2.6B

 Glycitein (μmol) 0.5 ± 1.3A 23.6 ± 11.2B 20.8 ± 7.6B 21.1 ± 5.4B

 Equol (μmol) nd§ nd 6.2 ± 12.3A 13.7 ± 19.5A

 Dihydrodaidzein (μmol) 1.5 ± 5.1A 20.4 ± 15.5B 27.1 ± 14.7B 23.2 ± 16.2B

 O-DMA|| (μmol) 0.8 ± 2.3A 2.9 ± 6.3A 12.7 ± 11.2B 11.3 ± 8.8B

Tomato carotenoids Day 7 Day 0** Day 28 Day 56

 Total lycopene (μmol/L) 0.60 ± 0.22A 0.44 ± 0.16B 1.28 ± 0.27C 1.24 ± 0.30C

 5-cis lycopene (μmol/L) 0.27 ± 0.10A 0.17 ± 0.07B 0.57 ± 0.12C 0.54 ± 0.14C

 All-trans-lycopene (μmol/L) 0.15 ± 0.06A 0.09 ± 0.04B 0.23 ± 0.06C 0.23 ± 0.07C

 Beta-carotene (μmol/L) 0.30 ± 0.17A 0.22 ± 0.13B 0.43 ± 0.16C 0.39 ± 0.16C

*
294 mL soy-fortified tomato juice/d containing 242 μmol isoflavones and 40 μmol lycopene. All values given as mean ± SD.

†
Urinary isoflavone values obtained from a 24-h urine collection for the day prior to starting the study, for the day following the test meal, and at 4

and 8 wk.

**
The values for carotenoids are obtained after the 7 day washout prior to test meal intake.

‡
Values in a row not sharing the same superscript are statistically significant different (P < 0.05, Tukey’s).

§
nd indicates not detected.

||
O-desmethylangolensin.
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TABLE 4

Observed anthropometric parameters and blood lipids in 18 subjects measured during the 9-wk study,
including a 1-wk washout and an 8-wk consumption period*

Parameter t = −1 wk t = 0 wk t = 4 wk t = 8 wk

Weight (kg) 78.9 ± 19.1A† 78.9 ± 19.0A 78.8 ± 19.1A 79.4 ± 19.5A

Pulse (beats/min) 67.2 ± 10.7A 67.2 ± 10.8A 68.5 ± 11.6A 67.4 ± 10.7 A

Blood pressure

 Systole (mmHg) 112.7 ± 14.4A 116.7 ± 12.6A 115.8 ± 12.3A 115.5 ± 10.9A

 Diastole (mmHg) 72.5 ± 8.8A 69.4 ± 10.0AB 66.9 ± 8.8B 69.3 ± 7.9AB

Triacylglycerols (mg/dL)‡ 110.3 ± 57.4A 104.2 ± 57.5A 110.1 ± 70.6A 102.8 ± 55.2A

Total-C§ (mg/dL) 181.0 ± 30.9A 163.9 ± 23.6B 176.7 ± 30.2A 175.7 ± 30.9AB

LDL-C (mg/dL) 111.6 ± 27.0A 100.8 ± 25.3B 106.2 ± 25.9AB 103.5 ± 26.6AB

HDL-C (mg/dL) 47.3 ± 15.8A 43.1 ± 15.9B 48.3 ± 13.6AC 51.7 ± 14.9C

Total-C/HDL-C 4.25 ± 1.59A 4.35 ± 1.86A 3.93 ± 1.31AB 3.63 ± 1.16B

VLDL+LDL-C (mg/dL) 126.8 ± 33.7A nm$ 111.8 ± 34.9AB 110.5 ± 33.4B

C-reactive protein (mg/L) 2.17 ± .2.18A nm 1.85 ± 2.11A 2.60 ± 3.53A

Cu2+-mediated oxidation of LDL+VLDL-C (min) 138.5 ± 18.2A nm 145.0 ± 19.3AB 146.3 ± 14.7B

Apolipoprotein A–I (mg/dL) 154.9 ± 38.1A nm nm 148.6 ± 45.9A

Apolipoprotein B (mg/dL) 76.6 ± 16.4A nm nm 71.8 ± 17.2A

8-iso-PGF2α (ng/mg creatinine)* 0.359 ± 0.303A nm 0.387 ± 0.414A 0.405 ± 0.324A

PLAC|| (nmol/L) 25.4 ± 11.5A nm 22.6 ± 10.1A 22.7 ± 7.0A

PWAC** (nmol/L) 200.1 ± 54.0A nm 200.4 ± 55.8A 199.3 ± 54.7A

*
Including 294 mL soy-fortified tomato juice/d containing 242 μmol isoflavones and 40 μmol lycopene. All values given as mean ± SD.

†
Values in a row not sharing the same superscript are statistically significant different (P < 0.05, Tukey’s).

‡
Triacylglycerols.

§
C = plasma cholesterol.

||
Plasma antioxidant capacity in lipid extract in trolox equivalent units.

**
Plasma antioxidant capacity in total plasma in ascorbic acid equivalent units.

$
nm indicates not measured due to limited amount of blood plasma or resources.
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