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Abstract
Broccoli consumption may reduce the risk of various cancers and many broccoli supplements are
now available. The bioavailability and excretion of the mercapturic acid pathway metabolites
isothiocyanates after human consumption of broccoli supplements has not been tested. Two
important isothiocyanates from broccoli are sulforaphane and erucin. We employed a cross-over
study design in which 12 subjects consumed 40 grams of fresh broccoli sprouts followed by a 1
month washout period and then the same 12 subjects consumed 6 pills of a broccoli supplement.
As negative controls for isothiocyanate consumption four additional subjects consumed alfalfa
sprouts during the first phase and placebo pills during the second. Blood and urine samples were
collected for 48 hours during each phase and analyzed for sulforaphane and erucin metabolites
using LC-MS/MS. The bioavailability of sulforaphane and erucin is dramatically lower when
subjects consume broccoli supplements compared to fresh broccoli sprouts. The peaks in plasma
concentrations and urinary excretion were also delayed when subjects consumed the broccoli
supplement. GSTP1 polymorphisms did not affect the metabolism or excretion of sulforaphane or
erucin. Sulforaphane and erucin are able to interconvert in vivo and this interconversion is
consistent within each subject but variable between subjects. This study confirms that
consumption of broccoli supplements devoid of myrosinase activity does not produce equivalent
plasma concentrations of the bioactive isothiocyanate metabolites compared to broccoli sprouts.
This has implications for people who consume the recommended serving size (1 pill) of a broccoli
supplement and believe they are getting equivalent doses of isothiocyanates.
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1. Introduction
Epidemiological studies have shown an inverse association between cruciferous vegetable
intake and cancer risk in many tissues including lung, bladder and prostate [1–3]. A recent
analysis of the EPIC-Heidlberg cohort study showed that the risk of prostate cancer
decreased significantly over the quartiles of total glucosinolate intake [1]. Importantly,
glucosinolates are not the putative bioactive compounds in cruciferous vegetables, rather the
hydrolysis products of glucosinolates, the isothiocyanates (ITCs), are the putative bioactive
compounds. This is important because hydrolysis of the glucosinolate to the ITC is
dependent upon a β-thioglucoside glucohydrolase enzyme called myrosinase. When humans
consume cruciferous vegetables the only sources of myrosinase activity are from plant
endogenous enzymes and from intestinal microflora; there is no evidence that mammalian
cells are capable of metabolizing glucosinolates. Within cruciferous vegetables there are
many different glucosinolates, each yielding a different ITC. In broccoli and broccoli
sprouts two of the most abundant glucosinolates are glucoraphanin and glucoerucin [4] and
myrosinase hydrolysis of these glucosinolates form sulforaphane (SFN) and erucin (ERN),
respectively. Some of the ITCs have been investigated for their anti-cancer properties and
there is a preponderance of evidence from in vitro studies in cell culture and in vivo studies
in rodent models of cancer that SFN is an effective anti-cancer agent with the ability to both
prevent and fight many types of cancer [5–7]. Thus far ERN has not been widely studied but
similar results are reported for bioactivity of ERN, although the potency and specific targets
are variable between the two ITCs [8–12]. An important area of research about cruciferous
vegetables and cancer prevention is a better understanding of the bioavailability of bioactive
ITCs after human consumption of glucosinolates.

There are many factors that can affect the bioavailability of bioactive dietary constituents
including food matrix, cooking, co-ingestion of other factors or the presence of proper
enzymes for metabolism. Lycopene is a well known example where heat processing the
tomato juice yields a 2–3 fold increase in serum concentrations whereas the unprocessed
tomato juice produces no change in serum concentrations [13]. In the case of lycopene,
cooking and coingestion of fats are both believed to increase its bioavailability. For
glucosinolates it has been shown that cooking of cruciferous vegetables inactivates the
myrosinase and decreases the bioavailability of ITCs [14–16]. In contrast, coingestion of a
myrosinase source with glucosinolates has been reported to increase ITC bioavailability
[17]. For consumers who do not enjoy eating broccoli but still want the benefits of ITCs in
their diet, many different broccoli supplements have become available on the market.
Importantly these supplements often do not contain active myrosinase and therefore will
likely not produce an equivalent amount of bioavailable ITCs.

A human feeding trial was performed to determine if there is a difference in the
bioavailability of ITCs between a whole food source and a supplement source. To date a few
studies have examined differences between ITC levels in humans that have consumed either
fresh or cooked broccoli [14,15,18] and another study directly tested a powder similar to
broccoli supplements in that there is no active myrosinase [17]. The limitation of these
studies was the use of the cyclocondensation assay or other means of surrogate ITC
measurements, which do not directly measure and distinguish between different ITCs and
their metabolites of which there are five main compounds of interest for each ITC. Herein,
we quantify SFN and ERN metabolites with the specificity of UHPLC-MS/MS in both
plasma and urine in a cross-over study design. It is hypothesized that polymorphisms in
glutathione-S-transferase (GST) enzymes may impact ITC metabolism and excretion [19].
To date, mixed results have been reported depending on the GST analyzed, glucosinolate
source and study methodologies. As a component of this study we compared the metabolism
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of ITCs in relation to the glutathione-S-transferase-P1 (GSTP1) polymorphism, since this is
hypothesized to affect ITC metabolism.

2. Materials and Methods
2.1. Participants

Sixteen subjects, aged 19–50 years were recruited in and around Corvallis, Oregon. The
study was conducted in the Nutrition and Exercise Sciences department’s metabolic kitchen
and clinical collection lab at Oregon State University. Exclusion criteria included: smokers,
vegetarians, anemic, engaged in vigorous activity for more than 6 hours (h) per week, or
history of viral diseases, high blood pressure, high blood cholesterol, abnormal blood
chemistries or urinary tract problems. All subjects gave written, informed consent to
participate in the study. The study protocol was reviewed and approved by the Institutional
Review Boards at Oregon State University and the Ohio State University.

2.2. Interventions
Subjects were randomized into two groups and processed through a blinded cross-over study
design. One group (n=12) received broccoli sprouts in the first phase followed by
BroccoMax®, a commercially available broccoli supplement, in the second phase. The other
group (n=4) receiving alfalfa sprouts in the first phase followed by placebo pills in the
second phase. This group was included as a negative control for glucosinolate consumption.
Subjects were not told which type of sprouts or pills they received. A single lot of broccoli
sprouts were obtained from Sprouters Northwest, Inc (Kent, WA). A single lot of alfalfa
sprouts were obtained from a local grocery store. BroccoMax® pills and placebo pills was
obtained from Jarrow Formulas (Los Angeles, CA) and were designed to be
indistinguishable from each other. Sprouts and supplements were quality controlled for
glucosinolate content both before and after trial by methods described below. Subjects
avoided eating foods, such as other cruciferous vegetables, that contain glucosinolates or
isothiocyanates for 24 h prior to the beginning of the study and throughout the duration of
the study. Subjects participated in a pre-study meeting in which the protocol was explained
and subjects were taught how to accurately keep dietary records by a registered dietician
(RD). The RD was available throughout the study to assist with diet records. Subjects kept
3-day dietary records during the study period. Subjects fasted every morning prior to sprouts
or supplement and blood draws. On the first day of the first phase subjects consumed 40 g of
broccoli sprouts (150 and 71 μmoles glucoraphanin and glucoerucin, respectively) or alfalfa
sprouts. On the first day of the second phase subjects consumed 6 BroccoMax® pills (~3 g
of freeze dried broccoli sprouts) (121 and 40 μmoles glucoraphanin and glucoerucin,
respectively) or 6 placebo pills during the second phase with a breakfast consisting of bagels
with cream cheese and orange juice every morning. Days 2 and 3 the same breakfast was
served except without sprouts or pills.

2.3. Study protocol
Complete urine and whole blood were collected at different times in the study. On day 1
urine was collected prior to consumption of sprouts or pills and total urine was collected
during the following time blocks: 0–3, 3–6, 6–12, 12–24, and 24–48 h after sprouts or pills.
Each urine bottle contained granulated boric acid to acidify the urine immediately upon
collection to stabilize the isothiocyanate compounds. Urine volume was recorded and
aliquots were frozen at −80°C until analysis. Ten mL of whole blood were collected by
venipuncture into a vacutainer containing EDTA at the same time points urine samples were
collected. An additional tube of whole blood was collected at time zero during the first
phase of the study for isolation of genomic DNA and subsequent analysis of GSTP1
polymorphisms. Immediately following each blood draw, 1 mL of whole blood was
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removed from the vacutainer and centrifuged at high speed for ~1 min. The plasma was
removed and acidified with trifluoroacetic acid (TFA) to a final concentration of 10% (v/v).
The plasma was then centrifuged at 11,600 × g for 5 min at 4°C and the resulting
supernatant was used for ITC metabolite analysis on the UHPLC-MS/MS system described
below. Phlebotomy was performed in the Nutrition and Exercise Sciences Department
Clinical Collection Lab by a trained phlebotomist.

2.4. DNA isolation and GSTP1 PCR-restriction fragment length polymorphism genotyping
Genomic DNA from whole blood was extracted using the DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA), and used to determine the genotypes of the GSTP1 gene using the
PCR-RFLP method [20]. The GSTP1 polymorphism screened was a guanine to adenine
transition at nucleotide 313 (A313G) that results in an isoleucine to valine substitution at
codon 105 (I105V), which is located in the substrate binding site of GSTP1. The primers for
the PCR reactions were GSTP1 (sense) 5′-CCAGTGACTGTGTGTTGATC-3′ and
(antisense) 5′-CAACCCTGGTGCAGATGCTC-3′ (189-bp fragment). The PCR reactions
were carried out in a 20 μL mixture containing 50 ng sample DNA, 2X Taq polymerase
master mix (New England Biolabs, Ipswich, MA), and 0.5 M of each oligonucleotide
primer. Amplification was achieved by 5 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at
62°C, and 30 s at 72°C, followed by a final extension step for 7 min at 72°C. PCR product
was subjected to BsmAI enzyme (New England Biolabs) digestion and analyzed by gel
electrophoresis on 3% low-melt agarose gel. The presence of the polymorphic BsmAI
restriction site yields 148- and 41-bp fragments, indicating the presence of at least one G
allele and GSTP1105Val genotypes.

2.5. Glucosinolate analysis
Glucoraphanin and glucoerucin were purchased from The Royal Veterinary School of
Denmark. Extraction: Fresh broccoli sprouts were freeze-dried, ground to a powder with
mortar and pestle and stored at −80°C until analysis. A portion of the powder (0.25 g) was
dispersed in 10 mL of boiling water and boiled for five minutes by immersing the loosely
capped vials containing the sprout suspension in a boiling water bath. Samples were cooled
to room temperature and centrifuged for 5 min at 20,000 × g. The pellet was resuspended in
10 mL of water and extracted a second time for 10 min at room temperature. Samples were
centrifuged again and extracted once more for 10 min before pooling the three extracts. An
aliquot of the pooled extract was diluted 100-fold with 0.1 %(v/v) formic acid in water for
HPLC-MS/MS analysis. A portion of the Broccomax supplement (0.25g) was extracted
three times with 10 mL of water in the same way as described above for the freeze-dried
broccoli sprout powder.

UHPLC-MS/MS: Quantitative HPLC-MS/MS analysis for glucosinolates was conducted
with a UHPLC (Agilent 1200 SL+, Agilent, USA) coupled to a quadrupole/ion trap hybrid
mass spectrometer (QTrap 5500, AB Sciex, Concord, Canada) operated as a triple
quadrupole instrument in electrospray negative mode. Reversed phase chromatography
employed a cyanopropyl column (250 × 4.6 mm, 5 μm; Zorbax Stable Bond CN, Agilent,
USA) with a gradient of 0.1 % (v/v) formic acid in water (A) versus 0.1 % (v/v) formic acid
in acetonitrile (B) at 1.5 mL/min and 30°C. The initial condition was 0% B held isocratically
for 3 min then increased linearly to 10% B at 4 min, 50% B at 8 min and then re-equilibrated
by 12 min. Mass spectrometer source settings and MS/MS transitions were optimized for
selected reaction monitoring of each glucosinolate based on common liberation of the
HSO4- anion (m/z 97) from each glucosinolate (glucoraphanin 436>97 and glucoerucin
420>97) with dwell times of 140 ms. Instrumental parameters included turbospray
desolvation at 550°C, declustering potential 70 V, entrance potential 10 V, exit potential 11
V, collision energy 30 eV, ion spray 4.5 kV, gas 1 60 psi, gas 2 55 psi, curtain gas 30 psi.
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Extinction coefficients used for external calibration of the three glucosinolates were as
described in Tian et al. [4].

2.6. Isothiocyanate metabolite standard preparation
Sulforaphane (SFN) and erucin (ERN) were purchased from LKT laboratories Inc (St. Paul,
MN). SFN-cysteinylglycine (SFN-CG), ERN-glutathione (ERN-GSH), ERN-
cysteinylglycine (ERN-CG), ERN-cysteine (ERN-Cys) and ERN-N-acetylcysteine (ERN-
NAC) were prepared following methods described by Vermeulen et al. [21] in which
isothiocyanates and their respective conjugate groups were reacted, to generate the various
metabolites, e.g. SFN + CG for SFN-CG. The reaction mixtures were purified by semi-
preparative reversed phase chromatography (250 × 10 mm, 5 μm C18 Bondapak, Waters
Corp, Milford, MA) with a water/acetonitrile mobile phase. ACN in metabolite fractions
was removed by Rotovap and the remaining aqueous phase freeze-dried to achieve a
powder. Powders were weighed and extinction coefficients at appropriate wavelengths
determined as the average of triplicate determinations. Each metabolite displayed spectra
with two characteristic UV features at 250 and 270 nm. UHPLC was performed and
compounds were shown to be spectrally pure (all >95%). The molar extinction coefficients
at 270 nm in methanol, in M−1·cm−1, were 7551 SFN-Cys, 4796 SFN-CG, 7334 SFN-GSH,
6832 SFN-NAC, 2302 ERN-CG, 1609 ERN-Cys, 1653 ERN-GSH, and 3391 ERN-NAC.

2.7. Analysis of isothiocyanate metabolites
For sample preparation, urine was diluted 1:10 with 0.1 % (v/v) formic acid in water.
Plasma processing was slightly modified from that of Janobi et al. [22]. Cold TFA (0°C) was
added to 10 % (v/v) to plasma that had been pre-chilled on ice. After five minutes on ice the
cloudy suspension was centrifuged at 16,000 × g for 5 min to pellet the proteins and recover
metabolites in the supernatant. Supernatant was injected directly (10 μL) for UHPLC-MS/
MS analysis.

UHPLC chromatography was performed as follows: Acquity BEH C18 (100 × 2.1 mm, 1.7
μm) with a mobile phase of 0.1 % (v/v) formic acid in water versus 0.1 % (v/v) formic acid
in acetonitrile at 0.45 mL/min at 40°C. Five uL was injected onto the column. Initially, the
mobile phase was 0% B increased linearly to 10% B at 1min, 33.3% B at 2.5 min, 72% B at
4 min (curve 7) and returned to 0% B by 6 min controlled by MassLynx software (v.4.1,
Micromass, UK). HPLC eluent was interfaced without flow splitting to a triple quadrupole
mass spectrometer (Quattro Ultima, Micromass, UK) via an electrospray probe operated in
positive mode. Selected reaction monitoring (SRM) MS/MS transitions were developed for
each of 9 analytes using collision induced dissociation (CID) – sulforaphane (178>114),
SFN-GSH (485>136), SFN-CG (356>136), SFN-Cys (299>136), SFN-NAC (341>114),
ERN-ERN (469>179), ERN-CG (340>103), ERN-Cys (283>103), and ERN-NAC
(325>164) with dwell times of 80–150 ms. Source parameters included capillary 3.2 kV,
desolvation temperature 450 °C, cone voltage 35 V, RF1 12.5 V, collision energy (10–18
eV), and CID argon pressure (3×10−3 mBar). Reproducible chromatography and MS
response could not be achieved with free ERN and thus it was omitted from the analysis.

2.8. Statistical analysis
For subject demographics and macronutrient intake, Student’s t-test was performed
comparing each category between the broccoli and alfalfa groups. Repeated measures two-
way ANOVA was performed in Tables 2, 3, and 4 to determine if there is an effect of
GSTP1 genotype, glucosinolate source (treatment group) or an interaction between those
effect on ITC abundance and metabolism. The percent excreted was calculated by dividing
the total μmoles of SFN or ERN excreted by the total μmoles of glucoraphanin or
glucoerucin, respectively, consumed during the 24 h after sprouts or supplement
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consumption. Linear regression was performed to test a correlation between the ERN/SFN
ratio during the supplement phase to the ERN/SFN ratio during the sprout phase for plasma
and urine separately.

3. Results
Table 1 shows the subjects demographics and percent of required dietary intake for calories,
protein, carbohydrates and fat. There were no statistical differences between the two
treatment groups in these measures. We also tested the percent of required dietary intakes
across phases of the study and did not see any statistical differences.

Following consumption of 40 g of alfalfa sprouts or 6 placebo pills, no SFN or ERN
metabolites were detected in plasma or urine from the four subjects in the control group
(Figure 1). In contrast subjects who consumed 40 g of broccoli sprouts (150 and 71 μmoles
glucoraphanin and glucoerucin, respectively) or 6 supplement pills (121 and 40 μmoles
glucoraphanin and glucoerucin, respectively) had considerable amounts of SFN and ERN
metabolites in both plasma and urine. During the first phase of the study (broccoli sprouts),
total SFN metabolite and total ERN metabolite concentrations in plasma were highest at 3 h
post consumption and were almost completely cleared from the plasma by 24 h (Figure 1A).
Urinary excretion during this phase peaked between 3 and 6 h (Figure 1B). In contrast,
during the supplement phase (phase 2) of the study total SFN metabolite and total ERN
metabolites in the plasma were at the highest concentrations 6 h post consumption (Figure
1A). The peak in urinary excretion was delayed for supplements such that the peak did not
occur until between the 6 and 12 h time points (Figure 1B). Although similar doses of
glucoraphanin and glucoerucin were given in the sprouts and supplement, the total amounts
of SFN and ERN metabolites in the plasma and urine were much lower in the supplement
group compared to the sprout group. Two-way ANOVA analysis of the total 24 h urinary
excretion for the total SFN metabolites showed that the source of glucosinolates had a
significant effect (Table 2). However, GSTP1 genotype (homozygous wild-type (n=7)
versus heterozygous polymorphic (n=5)) had no effect on excretion. The same results were
observed for the total 24 h urinary excretion for ERN metabolites (Table 2).

We were able to quantify all of the major metabolites for both SFN and ERN in plasma and
urine. The relative abundance of each metabolite of SFN and ERN in plasma (Table 3) and
urine (Table 4) was analyzed by 2-way ANOVA. GSTP1 genotype did not have an effect on
the relative abundance of each metabolite but glucosinolate source had a significant effect
for all metabolites except SFN glutathione (GSH). In the plasma the most abundant
metabolite for SFN and ERN was the cysteine-glycine (CG) conjugate, representing ~85 and
~70% of the respective totals, and the percentage of the CG conjugates was larger when
subjects consumed supplement compared to sprouts (Table 3). Similar to what was observed
in the plasma, within the urine GSTP1 genotype did not have an effect on the relative
abundance of each metabolite but glucosinolate source had a significant effect in several of
the metabolites. Consistent with previous reports, the most abundant urinary metabolites for
SFN and ERN, were the N-acetylcysteine (NAC) conjugates, which were not significantly
different between the treatment groups. The free SFN and the SFN-Cysteine (Cys) had the
largest shift in percentages; free SFN increased and SFN-Cys decreased when subjects
consumed supplement compared to sprouts (Table 4).

To assess the possibility of SFN and ERN interconversion in vivo we calculated the ratio of
ERN metabolites to SFN metabolites in the plasma and the urine. To obtain this ratio we
divided the sum of ERN metabolites by the sum of SFN metabolites for each subject at each
time point. In the broccoli sprouts the ratio of glucoerucin to glucoraphanin was 0.47 and in
the broccoli supplement it was 0.32, indicating that more glucoraphanin was present than
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glucoerucin in both sprouts and supplement. Interestingly, the ratio of ERN metabolites to
SFN metabolites in the plasma and urine increased compared to the ratio of glucoerucin to
glucoraphanin in the broccoli sprouts or broccoli supplement in nearly all subjects
suggesting that some SFN was converted to ERN (Figure 2). Approximately 150% of the
ERN dose was recovered in the urine after subjects consumed broccoli sprouts, providing
further evidence that ERN is being formed by in vivo conversion (Table 2). The ratio in
plasma for a particular subject during the sprout phase correlated to the ratio in plasma for
the same subject during the supplement phase indicating that within each subject there was a
consistent interconversion across treatments and a one month period of time (Figure 2A). A
similar ERN/SFN metabolite ratio correlation between phases was also found in urine
samples (Figure 2B). Since the sprout absorption occurred predominantly in the upper GI
tract (3–6hr) and supplement ITC absorption likely in the colon (6–12hr) with no difference
in the ERN/SFN ratio, this argues that the interconversion was not mediated by microflora
and rather occurred post-absorption. Although the ERN/SFN ratios within each subject were
consistent, there was large inter-subject variation in ratio suggesting individual differences
in the ability to interconvert SFN and ERN.

4. Discussion
This cross-over study compared SFN and ERN bioavailability from a whole food source and
a dietary supplement. We demonstrate that the whole food had both higher bioavailability
and altered kinetics compared to a myrosinase-inactivated supplement. The whole food,
which contains myrosinase, produced peak plasma concentrations that were 7 and 12-fold
higher for SFN and ERN, respectively, compared to peak plasma concentrations after
consumption of the broccoli supplement, which did not contain myrosinase. Similarly in the
urine total 24 h excretion was 5 and 8-fold higher for SFN and ERN, respectively, when
subjects consumed the whole food versus the supplement. In this study we also show that
subjects heterozygous for the (A313G) transition in GSTP1 had similar metabolism and
excretion of ITCs as subjects homozygous for fully functional GSTP1 alleles. It has been
reported that GSTM1 polymorphism had a significant effect on metabolism and excretion of
SFN after broccoli consumption [23] Due to the contribution of several GST isoforms to the
metabolism of ITCs, further investigation into the role of other GSTs is an important area of
research. These data are the first to show detailed UHPLC-MS/MS analysis of both SFN and
ERN in human subjects after consuming broccoli sprouts and a broccoli supplement.

The necessity for myrosinase for ITC absorption has been considered in many different
studies involving glucosinolate and ITC metabolism [24] and in this report we provide
further evidence that myrosinase activity is necessary for maximal bioavailability of ITCs.
Lack of myrosinase can affect two main aspects of metabolism; bioavailability and kinetics.
For bioavailability, several studies in humans have examined the difference between cooked
and raw broccoli [14–16] and another even compared excretion when broccoli sprouts were
chewed versus swallowed intact [18]. In all cases it has been concluded that inactivation of
myrosinase led to lower plasma and urine concentrations of the ITCs. Recently a paper was
published testing the differences in absorption and excretion between a broccoli powder and
broccoli sprouts [17]. In this study the authors reported that only 19% of the SFN was
recovered after consumption of the broccoli powder compared to 74% recovery after
consumption of the broccoli sprouts. From these data we can conclude that the presence of
myrosinase is important for maximal bioavailability of ITCs.

Not only were the ITCs more bioavailable from the whole food source but the peak plasma
and urine concentrations occurred sooner when subjects consumed the whole food. Cramer
et. al. concluded that there was a delay in the appearance of SFN in subjects who consumed
the broccoli powder compared to those who consumed the broccoli sprouts [17]. In
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congruence with that report, herein we observed that the peaks in plasma concentrations and
urinary excretion were delayed when subjects consumed the broccoli supplement.

The lower bioavailability and delayed appearance of ITC metabolites in the plasma and
urine likely reflects the reliance on microflora in the colon for glucosinolate hydrolysis.
When subjects are given fresh sprouts the ITCs are formed and released when consumed and
are likely absorbed through the gut wall as well as in the jejunum [25]. In contrast,
unhydrolyzed glucosinolates need to be metabolized by gut microflora before the ITCs can
be absorbed. In fact, a recent report demonstrated that cecal microbiota can hydrolyze
glucosinolates and that SFN can be absorbed through the cecal enterocytes in rats [26].
These factors relating to glucosinolate metabolism and ITC absorption play important roles
in the bioavailability and kinetics of ITCs in humans.

In this report we provide further evidence that SFN and ERN interconvert in humans. Only
one other study in humans has reported interconversion between SFN and ERN [27]. We
show for the first time that conversion is variable between subjects, but consistent within
subjects across time and glucosinolate source. In our study the ratio of glucoerucin to
glucoraphanin in the broccoli sprouts and broccoli supplement was 0.47 and 0.32,
respectively. This is significant because the ratio of ERN/SFN metabolites in the plasma of
most subjects was ≥ 0.4, indicating that some SFN had been converted to ERN. The
variability between subjects in the plasma ratio ranged from ~0.2 to ~1.2. The variability in
the urine ratio between individual subjects was even wider ranging from ~0.1 to ~2.3. The
conversion of SFN to ERN appears to occur after absorption because in the plasma the ratio
started ~0.4 and did not reach ~0.8 until 12 to 24 h post consumption. In contrast, regardless
of time, the average ratio in the urine was ~0.8. This implies that when the ITCs are
absorbed they are closer to the starting ratio of glucoerucin to glucoraphanin but as they are
metabolized and excreted in the urine some SFN is converted into ERN. It is not clear what
drives the conversion of the sulfoxide SFN to the thioether ERN but is an important area for
future research. Whether this conversion from SFN to ERN is important for the health
promoting effects of glucosinolate containing foods still remains to be determined although
several reports provide a glimpse into the possibility of differing activities between these
two ITCs. In regards to phase II enzyme induction similar induction of phase II enzymes has
been reported for ERN and SFN in rat lung [8], duodenum and urinary bladder [9], with
some tissue specificity noted. ERN has been reported to more potently induce phase III
transporters multidrug resistance pump 1 and 2 [10]. Another report indicated that ERN was
less potent in inhibiting proliferation and modulating p53 and p21 protein expression in
human lung cancer A549 cells [11]. In contrast, ERN was substantially more effective at
inducing G2/M cell cycle arrest, cell death, phase II enzymes and MRP2 in Caco-2 colon
cancer cells [12]. These reports indicate that the potency of ERN and SFN may be
dependent on the biological endpoint and/or cell line, although further investigation is
required.

In conclusion, our data provide further evidence that bioavailability of SFN and ERN is
dramatically lower when subjects consume broccoli supplements compared to fresh broccoli
sprouts. Furthermore, we provide strong evidence that the interconversion between SFN and
ERN is consistent within each subject but variable between subjects. There is increasing
evidence that isothiocyanates such as sulforaphane play an important role in human health
and the prevention of diseases such as cancer, ischemia reperfusion damage and others
[5,28,29]. The current study further characterizes the bioavailability and kinetics of ITCs
from a whole food source versus a dietary supplement, and have implications regarding
consumer choices of how to best incorporate the chemopreventive effects of sulforaphane
into their diets.
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Figure 1. Higher amounts of SFN and ERN metabolites in plasma and urine after consumption
of broccoli sprouts
Sum of all SFN metabolites (left) and sum of all ERN metabolites (right) in plasma (A) and
urine (B) after consumption of broccoli sprouts (closed circle), broccoli supplement (open
circle), alfalfa sprouts (closed square) or placebo pills (open square) throughout the course
of the study. (B) Sum of all SFN metabolites (left) and sum of all ERN metabolites (right) in
urine after consumption of broccoli sprouts (closed bars) and broccoli supplement (open
bars). No ITCs were detected in either plasma or urine from subjects who consumed alfalfa
sprouts or placebo pills. Sprouts and supplement n=12; alfalfa and placebo n=4.
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Figure 2. The ratio of ERN metabolites to SFN metabolites within the plasma and urine of a
subject during the sprout phase of the study correlates with the ratio within the plasma and
urine of the same subject in the supplement phase of the study
The ratio observed in both the plasma (A) and urine (B) during the sprout phase correlates
with the ratio observed in the plasma during the supplement phase. Each data point
represents the ratio of total ERN metabolites divided by the total SFN metabolites (without
free SFN) for one subject at the same time point in the sprouts phase (x-axis) and the
supplement phase (y-axis). The dashed lines indicate the ratios of glucoerucin to
glucoraphanin in the broccoli sprouts and broccoli supplement. The values for R2, slope and
test for linearity are shown in the table below the graphs.
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