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Scope: The isothiocyanate sulforaphane (SF) from broccoli is one of the most potent known
inducers of the cytoprotective phase 2 response. Its role in a host of biochemical pathways
makes it a major component of plant-based protective strategies for enhancing healthspan.
Many nutritional supplements are now marketed that purport to contain SF, which in plants
exists as a stable precursor, a thioglucoside hydroxysulfate. However, SF in pure form must be
stabilized for use in supplements.
Methods and results: We evaluated the stability and bioavailability of two stabilized SF
preparations—an �-cyclodextrin inclusion (SF-�CD), and an SF-rich, commercial nutritional
supplement. SF-�CD area-under-the-curve peak serum concentrations occurred at 2 h, but
six of ten volunteers complained of mild stomach upset. After topical application it was not
effective in upregulating cytoprotective enzymes in the skin of SKH1 mice whereas pure SF
was effective in doing so. Both of these “stabilized” SF preparations were as potent as pure
SF in inducing the cytoprotective response in cultured cells, and they were more stable and as
bioavailable.
Conclusion: Our studies of a stabilized phytochemical component of foods should encourage
further examination of similar products for their utility in chronic disease prevention and
therapy.
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1 Introduction

Sulforaphane (SF; 4-methylsulfinylbutyl isothiocyanate; 1-
isothiocyanato-4-methylsulfinylbutane) is a dietary phyto-
chemical that is present in plants as its biologically inactive
precursor. This precursor, glucoraphanin, is a member of
a large family of phytochemicals called glucosinolates which
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are all rapidly converted to their cognate isothiocyanates by an
enzyme called myrosinase, upon mastication of the plant tis-
sue by humans (or pathogens or predators) [1,2]. Myrosinase
is also present in human gut microbiota [3]. Glucoraphanin
occurs in particularly high concentration in broccoli seeds
and sprouts (young plantlets [4]). We have extensively stud-
ied the effects of SF on a variety of biochemical and molecular
biomarkers including those associated with oxidative stress,
antioxidant capacity, defects in reduced glutathione synthe-
sis, mitochondrial dysfunction and low oxidative phosphory-
lation, increased lipid peroxidation, and neuroinflammation
[5]. Further, SF can cross the blood–brain barrier and can exert
its protective effects in the central nervous system [6–8]. It has
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potent and selective antibiotic activity, in particular, against
Helicobacter pylori, a risk factor for gastric cancer [9, 10].

Since the re-discovery of SF in 1992 [11], at which time
the primary interest was in its potency for cancer prevention,
it has been tested in a variety of cancer prevention, cancer
therapy and other chronic disease prevention and treatment
bioassays. This work has been extensively reported and re-
viewed [12–15] and we are aware of no other natural product
that is as potent an inducer of the so-called phase 2 cytopro-
tective, antioxidant/detoxification system [16, 17], which is
primarily regulated by the Keap1/Nrf2/ARE pathway [18,19].
We have long been interested in SF as a prototypical phyto-
chemical component of foods that might be utilized either
by prescribing increased consumption of the foods contain-
ing it, given as a nutritional supplement or applied topically
[13,20,21,26,30] and we have administered an extract of broc-
coli sprouts in many small clinical studies (discussed further,
below).

SF is an inherently reactive small molecule that is tem-
perature sensitive and degrades in many solvents includ-
ing water [22, 23]. Due to the high chemical reactivity of its
–N=C=S or isothiocyanate moiety with organics (e.g. macro-
molecules such as proteins, carbohydrates, or nucleic acids)
SF elicits a wide spectrum of biological activities [24], but
the fate of the molecule in food and supplement prepa-
rations is not well understood. A variety of approaches to
stabilize SF and plant extracts containing SF have been ex-
amined in order to facilitate its administration to animals
and to human volunteers. We initially delivered boiling water
extracts of broccoli sprouts to volunteers [13, 25], but ulti-
mately utilized freeze-dried powders of similarly prepared
extracts for both topical and systemic protection of animals
and humans [26–44]. The disadvantage of all of these SF-
rich broccoli sprout extracts is that they are extraordinarily
hygroscopic and degrade rapidly. We report on the stability
of SF herein, as have others [22, 23, 45, 46]. We were initially
attracted by the methods for preparing inclusion complexes
of SF in �-cyclodextrin (�CD) posted in the patent litera-
ture [47], but which to our knowledge have not appeared in
the peer-reviewed literature. Similarly, a group in Zhejiang,
China has utilized standard methodologies for encapsulat-
ing SF in hydroxypropyl-�-cyclodextrin [48, 49] and for spray
drying those inclusion complexes [50]. We thus produced an
inclusion complex of SF-�CD from a purified SF-rich broc-
coli sprout extract and we report here on its stability in solid
phase and in solution, as well as the pharmacokinetics of
this complex when applied to mouse skin, and when de-
livered systemically to mice and to ten human volunteers
under an IND from the US Food and Drug Administration
(FDA).

While examining the SF-�CD inclusion complex, a nu-
tritional supplement became available on the retail market
in Europe. This supplement, Prostaphane R© (Nutrinov, Noyal
sur Vilaine Cedex, France), was used in a well-documented
multicenter prostate cancer prevention study [51]. Although
details regarding precisely how SF is stabilized in this sup-

plement are proprietary, it appears not to be stabilized as a
cyclodextrin inclusion product [52]. We therefore evaluated
the stability and bioavailability of Prostaphane R© in a separate
pilot study of ten volunteers, under IND from the FDA, and
those data are included in this report.

2 Materials and methods

2.1 Reagents and supplies

All reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA), JT Baker (Center Valley, PA, USA), Fisher (Hamp-
ton, NH, USA), or Pierce (Waltham, MA, USA) unless oth-
erwise indicated. Cyclodextrin was purchased from Wacker
Chemical Corp. (Adrian, MI, USA), and Prostaphane R© was
provided by Nutrinov (Rennes, France).

Cultures of Hepa1c1c7 murine hepatoma cells used for
the Prochaska bioassay [53, 54] were originally gifts to our
laboratory and have been maintained at JHU for over 25 years.

2.2 SF-�CD preparation and analysis

Material used to evaluate temperature stability, biological ac-
tivity in vitro, and in mouse skin was prepared from pure
SF (LKT Labs, St. Paul, MN, USA) which was complexed
with food grade �CD (Cavamax W6 from Wacker Chemical
Corp.). For studies of stability in solution, SF and Cavamax
were mixed directly together in water in a stoichiometric ra-
tio according to the following rationalization: the anhydrous
molecular weight (MW) of �CD is 973, and it is common to
assume that the commercial material is hydrated (6·H2O) and
that the hydrated MW is 1081. Since the MW of SF is 177,
a stoichiometric complex will contain (177)/(1081 + 177) ×
100% = 14.1% SF by weight.

The material used for clinical study was prepared by mak-
ing an SF-rich broccoli sprout extract, as described previously
[34,35,37,38]. In brief, 3-day-old broccoli sprouts were grown
commercially using seeds that had been pre-analyzed for glu-
coraphanin content. These sprouts were plunged into boiling
water, boiled, cooled, filtered, treated with myrosinase (the
enzyme which catalyzes conversion of glucoraphanin to SF),
and lyophilized. The lyophilized extract was redissolved in
water at a concentration of 200 mg/mL, stirred at 37�C for
75 min, cooled to ambient (�22�C), pH adjusted to about 7.2
with solid KOH, frozen and thawed, centrifuged at 4300 × g
for 50 min at room temperature (�22�C). The clarified su-
pernatant was applied to conditioned, and rinsed (water)
PCA-433 (a strong basic anion exchange resin) in 2.5 cm
columns poured to a height of 6 cm (30 mL bed volume).
Twenty mL of supernatant (containing about 800 �mol SF)
were loaded to each column and eluted sequentially with
water, 50% ethanol, and 100% ethanol. Fractions eluted im-
mediately after switching to 100% ethanol contained about
80% of the SF and these were lyophilized in the dark to
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an oily brownish liquid. Stoichiometric quantities of �CD
(Cavamax W6) in water (145 mg/mL) were added to the com-
bined lyophilized fractions, incubated in the dark with shak-
ing, first at �22�C for 4–5 h, then overnight at 4�C. This
product was finally evaporated to dryness by lyophilization,
and the powder was stored at 4�C.

All steps were performed in good manufacturing prac-
tice (GMP) facilities—the first step (broccoli sprout extract
production) at Oregon Freeze Dry (Albany, OR, USA) and
subsequent steps in a GMP compliant facility in Baltimore,
MD, USA. Pilot runs using essentially this protocol were per-
formed in a non-GMP laboratory and produced material used
only for temperature stability testing of the SF-�CD powder,
or topical application to mouse skin.

Measurement of SF and its metabolites by cyclocondensa-
tion reaction was performed as previously described [28, 55,
56]. This method has been shown to quite accurately mea-
sure the sum of SF and its major metabolites (N-acetyl-SF,
cysteinyl-SF, cysteinyl-glycine-SF, and glutathione-SF) [37].
In cases where SF alone was measured chromatographically
by HPLC, methods previously described were used [27,57,58].
The SF-�CD preparations contained no fiber or other ad-
ditives, whereas Prostaphane R© is reported by its manufac-
turer to contain 342 mg of microcrystalline cellulose per two
tablets.

2.3 In vitro efficacy

NAD(P)H quinone acceptor oxidoreductase 1 (EC 1.6.99.2)
(NQO1) inducer activity of redissolved SF-�CD, and of
extracts made from Prostaphane R© tablets, was measured
by the Prochaska assay [53, 54]. Briefly, samples are se-
rially diluted in a microtiter plate containing Hepa1c1c7
cells. After 48-h incubation, the enzyme activity was deter-
mined spectrophotometrically. One unit of inducer activ-
ity is defined as the concentration that doubles the NQO1
specific activity in a microtiter well containing 150 �L of
medium. This concentration has been designated the con-
centration required for doubling the NQO1 specific activity
in Hepa1c1c7 cells (CD) value. Hence, a compound with a CD
of 1.0 �M has a potency of 6667 units of inducer activity per
micromole.

2.4 Mouse skin application

Ten female SKH1 immunocompetent hairless mice (Charles
River Laboratories, Wilmington, MA, USA) were treated as
follows: five animals were treated bilaterally by applying 50%
acetone to a 1 × 5 cm (5 cm2) rectangle of dorsal skin on the
right side of the centerline, and 200 nmol/cm2 of SF (100 �L
of 10 mM SF) in 50% acetone to the contralateral side. Five
separate animals were treated as above, with �CD in 50%
acetone on the right side and 200 nmol/cm2 SF-�CD on the
left side. These treatments were repeated once a day for each

of 3 days. Twenty-four hours after the final treatment, mice
were euthanized and sections of skin were taken to compare
NQO1 activity in homogenates of the treated skin. Animal
studies were approved by the JHU Animal Care and Use
Committee (Protocol no. MO08M469).

2.5 Human studies

Ten healthy adult participants between the ages of 27 and 68
years, not taking any antibiotics or other medications, were
recruited for each study by word-of-mouth and posted flyers.
Accordingly, the ten volunteers for the SF-�CD substudy were
of mean age 51.9, range 45–61 years, three males and seven
females, six African Americans and four Caucasians. The
ten volunteers for the Prostaphane R© substudy were of mean
age 46.5, range 27–68 years, two males and eight females,
four African Americans and six Caucasians. Subjects were
screened after providing written informed consent based on
whether they were able to comply with the dietary restric-
tions and medication exclusions. They were asked to refrain
from consuming cruciferous vegetables and condiments (e.g.
mustard, horseradish, wasabi) that might contain isothio-
cyanates or glucosinolates for 3 days before and during the
study. The participants fasted overnight and received at 8
a.m., by mouth, their oral doses of SF either in the form of
SF-�CD or Prostaphane R©. The participants provided a pre-
dosing urine sample, and the entire urine excreted during the
first 8 h and for the following 16 h were also collected. The
total dithiocarbamate (DTC) excretion was measured [55, 56]
in each urine sample (three per subject) and an aliquot of
each urine was sent to Meritus Medical Laboratories (Hager-
stown, MD, USA) for determination of creatinine concentra-
tion. Both clinical studies were approved by the Johns Hop-
kins University Institutional Review Board (NA_00045538
and IRB00060447), and each study was the subject of an
“Investigational New Drug” (IND) application to the US
FDA.

For the SF-�CD substudy, 200 �mol of SF was contained
in about 350 mg of SF-�CD powder dissolved in 25 mL of dis-
tilled water, which subjects were given to drink upon arrival
at the clinic. Subjects then drank another 50 mL of water. In
addition to urine collection, venous blood samples (2–3 mL
each of clotted and anticoagulated blood) were collected im-
mediately before and at 2, 4, 6, 8, and 24 h after administration
of the SF-�CD preparation. All blood samples were collected
in syringes that were entirely made of polyethylene in order
to avoid contamination by small amounts of DTC present in
rubber septa (as vulcanization accelerators). Blood sera were
obtained from clotted blood, and their DTC concentrations
were determined [56].

For the Prostaphane R© substudy, the dose (two Pros-
taphane R© tablets containing 100 �mol of SF; lot PO50V, expi-
ration 02/2017) was given to participants with water as above.
Only urine was collected from subjects (no venipuncture) for
this study.
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Figure 1. Stability of sulforaphane in aqueous solution, and of SF-�CD in solution and as a dry powder. (A) Stability of pure synthetic (R,S)-
SF (LKT Laboratories, St. Paul, MN, USA) in dilute aqueous solutions at −20�C (�), 4�C (O), 22�C (�), and 37�C (�). Solutions all contained
1 mg (5.65 �mol) SF in 1.0 mL of water, and were incubated for 8 weeks, and assayed weekly for SF. Half-life was less than 1 week at 37�C.
(B) Stability of pure synthetic (R,S)-SF in dilute aqueous solution in the presence of �-cyclodextrin (�CD). The solutions all contained 1 mg
(5.65 �mol) SF and 103 �mol �CD in 1 mL of water, and were incubated at −20�C (�), 4�C (O), 22�C (�), and 37�C (�) for 8 weeks. About
75% of the SF remained after 8 weeks at 37�C. (C) Stability of dry SF-�CD powder at 4�C (O), 22�C (�), and 50�C (♦). SF concentration was
essentially unchanged after 8 weeks at 4 and 22�C, and declined by only about 20% when stored at 50�C.

3 Results and discussion

In our previous studies of bioavailability, participants con-
sumed a self-monitored crucifer-free diet for the 3 days pre-
ceding a single dose of the challenge agent that consisted of
either glucoraphanin or SF in the form of a broccoli sprout
or seed extract, or a nutritional supplement containing glu-
coraphanin [29,37,59]. The present study was conducted in a
similar manner.

3.1 SF-�CD

3.1.1 SF-�CD stability

The stability of SF-rich broccoli sprout extracts (freeze-dried
powders) that we have made over the years for use in clinical
trials is excellent when these powders are maintained under
freezing conditions and protected from humidity. For exam-
ple, one lot that was measured 21 times over 5 years main-
tained a concentration of 228 ± 19 �mol/g (1 SD). However,
their hygroscopicity and the need for rigorous maintenance
at cold temperatures limit their utility in population-based
interventions. SF-�CD was evaluated over a range of temper-
atures, and it was more stable than pure SF when maintained
at either room temperature or elevated temperatures (22 or
37�C, respectively) for any extended period (Fig. 1A and B).
SF is rapidly degraded in aqueous solution (�5 mM starting
concentration) such that after 1 week at 37�C only half of the
original concentration remains, whereas the half-life of pure
aqueous SF at 22�C is 8 weeks (Fig. 1A). In contrast, after

8 weeks incubation of SF-�CD in aqueous solution at 37�C,
about 70% of starting SF remains and there is essentially
no loss of SF concentration after 8 weeks at 22, 4, or –20�C
(Fig. 1B). An “accelerated aging” storage protocol (50�C) is
required to promote appreciable loss in concentration (about
an 11.5% per month reduction) of SF-�CD from the dry,
powdered, nonhydrated material (Fig. 1C).

3.1.2 In vitro efficacy of SF-�CD

The induction by SF of NQO1, the prototypical phase 2 cy-
toprotective enzyme, resulted in a CD of 0.22 �M, whereas
two separate preparations of SF-�CD inclusion product were
measured in the same assay to have CDs of 0.18 and 0.22 �M,
respectively, thus confirming equivalent in vitro bioavailabil-
ity and potency to the unprotected parent compound.

3.1.3 Mouse skin efficacy: Topical application of

SF-�CD

We have previously demonstrated that by application of broc-
coli sprout extracts rich in SF to the skin of hairless, immuno-
competent, female SKH-1 mice, the NQO1 activity could be
induced in the skin of those mice, and that applying once
per day for 3 consecutive days led to an enhanced induction
of the response compared to a single application [30]. We
used this protocol to investigate the topical efficacy of SF-
�CD inclusions. Control values (solvent alone and solvent
containing only �CD) were virtually identical to our previ-
ously published values with this model, and NQO1 activity
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Figure 2. NQO1 activity following topical treatment of mouse
dorsal skin with SF formulations. The dorsal area of each SKH-1
hairless mouse was topically treated bilaterally either with 200
nmol/cm2 SF in 50% acetone (vol/vol) on one side and solvent
only on the other side (n = 5), or with 200 nmol/cm2 SF-�CD in
50% acetone on one side and �CD in 50% acetone on the other
side (n = 5) over a 5.0 cm2 area for three doses at 24-h intervals.
Mice were euthanized 24 h after the last dose, and dorsal skin was
harvested. NQO1 specific activity was measured in supernatant
fractions of homogenates of skin sections treated with solvent
(control), SF, �CD, or SF-�CD. Means ± SD are shown.

induced by SF alone was also similar to our reports [30]. In
contrast, SF-�CD inclusions whereby SF was at an equimo-
lar concentration to SF alone as used in this experiment
(200 nmol/cm3 × 3 daily applications) were completely inef-
fective in inducing NQO1 (Fig. 2), thus suggesting that form-
ing the cyclodextrin inclusion product somehow occludes or
prevents SF from penetrating the stratum corneum and en-
tering the epidermis.

3.1.4 Human study: SF-�CD pharmacokinetics

Ten healthy volunteers consumed a single dose of about 200
�mol SF-�CD (Table 1). The 24 h excretion of urine DTCs
varied between 19.5 and 86.9% of dose, with a mean of 62.3%

of dose (Fig. 3A), which was higher than the intersubject
range observed in other studies [29, 37, 59]. Total (24 h) uri-
nary creatinine measurements ranged from 1032 to 3671 mg
with a mean of 1649 mg, and there was no correlation be-
tween creatinine levels and DTC. The half-life of SF in the
body was 2.07 ± 0.26 h (Table 1) as calculated from serum
area-under-the-curve determinations (Fig. 4). Serum and total
urinary (24 h) levels of SF metabolites or DTCs were highly
correlated (pwcorr = 0.757; Fig. 5), as expected. Six of the
ten subjects (participants 5–10, Table 1) complained of mild
stomach upset.

3.2 Prostaphane R©

3.2.1 Prostaphane R© stability

Prostaphane was obtained directly from its manufacturer
(Nutrinov), and was immediately analyzed. Initial mea-
surements confirmed that there was about 55 �mol of SF
per tablet—in accordance with the manufacturer’s claim
of 10 mg SF (56.5 �mol) per tablet. We did not measure
SF in these tablets over a range of storage conditions such
as temperature and humidity, but used the conditions we
typically use for storing broccoli seed and sprout extracts
(note: the manufacturer’s recommendations are actually to
store at a less-stringent temperature of 4–8�C—a household
refrigerator). The ingredients that the manufacturer lists
as being used in the manufacture of Prostaphane R© tablets
gives no indication as to the use of anything particularly
unique in their composition, though they claim that
their process of stabilization is covered by two patents
(http://www.prostaphane.com/prostaphane/what-is-prostap
hane.html). One of these patents clearly suggests that
preservation of SF (i.e. shelf-life of a tabletized product)
is in part governed by the encapsulation (a film-coating)
applied to that tablet [52]. In their posted composition
(http://www.prostaphane.com/buy-prostaphane/prostaphan
e.html), the manufacturers list a film-coating agent. Although
they do not clearly indicate what the “film” is, they also list

Table 1. Age, gender, and urine and serum DTC measurements for ten volunteers who consumed a single dose of about 200 �mol SF-�CD
prepared from an SF-enriched broccoli sprout extract

Participant Age Gender Half-life (h) Percentage of dose excreted in urine Peak serum DTC (�M)

1 58 M 1.919 38.4 1.110
2 46 F 2.709 19.5 0.359
3 45 M 2.186 70.3 0.952
4 47 F 1.915 62.7 1.581
5 55 M 1.932 76.5 1.837
6 46 F 1.808 65.8 1.792
7 61 F 2.018 56.3 1.232
8 58 F 1.965 86.9 2.032
9 48 F 2.024 78.2 1.212
10 55 F 2.190 68.4 1.233
Average 51.9 2.067 62.3 1.334
SD 6.1 0.255 20.0 0.468
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Figure 3. Bioavailability of SF-�CD and Prostaphane R©. (A) Urinary excretion of SF and its metabolites following a single 200 �mol SF
dose delivered orally as about 350 mg of SF-�CD powder dissolved in 25 mL water. Complete urine collections were made for the first 8
h following dose (filled bars), then the following 16 h (shaded bars), for Subjects 1–4. Subjects 5–10 collected all urine for 24 h without
segregating collections (filled bars). Mean excretion for ten subjects was 62.3% of dose. (B) Urinary excretion of SF and its metabolites
following a single 94.4 �mol SF dose delivered as two Prostaphane R© tablets. Complete urine collections were made for the first 8 h
following dose (filled bars), then the following 16 h (shaded bars), with the exception of Subject 1 who collected all urine for 24 h without
segregating collections. Subject 6 was given a repeat challenge after a suitable washout period; urinary excretions were within about
11% of each other and the average values are plotted. Mean excretion for ten subjects was 71.4%. Panels A and B represent data from
completely different groups of volunteers.

Figure 4. Serum area under the curve following a single dose
of SF-�CD. SF concentrations were determined in blood taken
from ten volunteers who received a single, oral dose of SF-�CD.
Excretion was essentially complete by 8 h.

dicalcium phosphate, microcrystalline cellulose, magnesium
carbonate, diacetylated monoglycerides, silica, magnesium
stearate, and stearic acid. These listed ingredients are
consistent with our understanding of the way excipients
are generally added to such products, but we nonetheless
undertook to verify stability of the tablets in our own hands.
We therefore evaluated stability of the SF concentration in
these tablets when maintained at −20�C. The decline in SF
content in two separate lots, shipped in boxes containing

Figure 5. Comparison of serum and urinary DTC following a sin-
gle dose of SF-�CD. Urinary excretion as percent of dose (from
Table 1) is plotted against peak measured serum drug concentra-
tion (from Fig. 4). The two measurements are highly correlated
(pwcorr or pairwise correlation is 0.757, n = 10).

blisterpacks of tablets (Lot PO58T, expiration date 3/2014
and Lot PO50Y, expiration date 2/2017) measured over 1.5
years, equates to about 17.8% per year.

3.2.2 In vitro efficacy of Prostaphane R©

The induction by SF of NQO1, the prototypical phase 2 cy-
toprotective enzyme, was measured in Hepa1c1c7 cells and
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compared to the potency of SF delivered in Prostaphane R©

tablets that were homogenized and extracted in a variety of sol-
vents (e.g. ethyl acetate, water, or a mixture of four solvents ab-
breviated “1:1:1:1 solvent mixture of DMSO:ACN:DMF:H2O”
consisting of equal parts of dimethyl formamide, ACN,
DMSO, and water). SF is readily soluble in each of these sol-
vents, yet they can be expected to co-extract a variety of other
components of a complex supplement such as Prostaphane R©.
Should there have been enhanced activity over and above what
could be expected from SF alone, we would have had to further
examine the components of the tablets. There was none, and
SF accounted for all of the activity extracted into each of these
preparations (e.g. 0.22, 0.31, and 0.33 �M when ethyl acetate,
water, and 1:1:1:1 solvent mixture of DMSO:ACN:DMF:H2O,
respectively, were used as extractive solvents, compared to
0.28 �M for pure SF).

3.2.3 Human study: Prostaphane R© bioavailability

Ten healthy volunteers consumed a single dose of 94.4 �mol
SF as Prostaphane R© (two tablets). All participants’ baseline
excretion measured as urinary DTC level, was judged to be ac-
ceptably low (�2 nmol DTC/mg creatinine; data not shown)
to support the conclusion that they had adhered to a crucifer-
free diet. DTC excretion for ten participants was measured
over 24 h, divided into two collections—the first 8 h and
the second 16 h. Mean excretion was 67.4 �mol or 71% of
dose, range: 48–96% of dose (Fig. 3B). The participant with
the highest excretion (91.2 �mol) was re-tested and her re-
peat score (81.6 �mol) confirmed her ranking relative to the
other participants. None of the participants in this substudy
had participated in the evaluation of SF-�CD bioavailability
described in Section 3.1.4. All participants consumed study
drug as evidenced by direct observation by the investigators.
Compliance with urine collection instructions was presumed
to be excellent based upon creatinine measures in all but one
subject whose total 24 h urinary creatinine measurement was
481 mg (which may indicate an incomplete urine collection).
Values ranged from 481 to 1886 mg, with an uncensored
mean of 1238 mg, and there was no correlation between
creatinine levels and DTC. Thus, bioavailability of SF from
Prostaphane R© was consistent with all other clinical evalua-
tions of the bioavailability of SF from broccoli [3,29,37,56,59].
Since we have previously demonstrated the pharmacokinet-
ics following oral (nonstabilized) SF delivery [56], we did
not repeat this work with Prostaphane R©. There were no
adverse events and Prostaphane R© was well tolerated by all
participants.

4 Concluding remarks

The bioavailability of stabilized SF is identical to that of less-
stable preparations made by simple extraction and freeze-
drying or spray-drying of broccoli sprouts or seeds [59].

Bioavailability of oral SF is on average about seven times
that of its phytochemical precursor glucoraphanin, and twice
that of glucoraphanin with added myrosinase (the enzyme re-
sponsible for converting glucoraphanin to SF both in crushed
plant tissue and in the human gut microbiota). We have pre-
viously reported about 70% bioavailability for SF compared
to 10% for glucoraphanin on average [25,29,34,35,37,59,60].
However, there is great person-to-person variability for both
SF and glucoraphanin metabolism as shown for the nonstabi-
lized materials in those reports. For example, an examination
of data from the first figure in our 2015 publication [59] (re-
drawn in the graphical abstract of this paper) highlights the
fact that the variance in bioavailability is a much greater per-
centage of the mean (the standard error of the mean) for
glucoraphanin than it is for SF. However, the interquantile
ranges (the absolute span between the 25th and 75th per-
centile) are in fact much the same with glucoraphanin and
SF. As we now show, there is ample variability in the bioavail-
ability of stabilized SF: a range from 19.5 to 86.9% of dose
(mean of 62.3% of dose) for SF-�CD, and a range from 48 to
96% of dose (mean of 71% of dose) for Prostaphane R©. Lack
of tolerance of SF-�CD in six of ten subjects, combined with
its lack of dermal efficacy in our hands, suggests that this ap-
proach to stabilization may not be ideal. On the other hand,
although precise details regarding the method of stabilizing
the commercial supplement are not known, it clearly holds
promise for further (see [51]) evaluation of its pharmacody-
namic efficiency.

Our previous study did suggest that males are more ef-
ficient converters of glucoraphanin to SF, but could discern
no effect of BMI, race, age, or stool frequency as a proxy for
microbial metabolism [37]. The results reported herein from
our small pilot studies are not powered to detect demographic
effects on bioavailability.

We have highlighted the fact that availability and activity
of myrosinase plays a controlling role in SF bioavailability
when supplied as its precursor, glucoraphanin [59]. Dramat-
ically reducing the intestinal bacterial populations in human
volunteers completely eliminated their ability to convert glu-
coraphanin to SF, and this ability returned as the intestinal
microbiome became re-established [3]. Given the differing
magnitude of the interindividual variation in SF and glu-
coraphanin bioavailability, we must also consider the pos-
sibility that real differences in the innate mammalian SF
metabolism, i.e. genetic, metagenetic, epigenetic, and con-
stitutive functional differences exist which could even tran-
scend or eclipse the variations due to differences in gut
microbiota. These differences in SF bioavailability may be
due to differences in gut microbial metabolism, in the lev-
els of drug metabolizing enzymes (e.g. well-known polymor-
phisms of glutathione S-transferases that catalyze the conju-
gation of SF with glutathione), and in excretion kinetics. This
pharmacogenetic component has become quite clear in the
current study using only SF, and it should be interpreted
apart from the variation in microbiome-myrosinase cat-
alyzed glucoraphanin hydrolysis. The two effects appear to be
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additive when glucoraphanin alone is supplied in food or
supplements, but innate metabolic differences must not be
discounted when assessing the metabolism of SF alone, de-
livered in supplements.
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