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Review

Translating knowledge generated by
epidemiological and in vitro studies into dietary
cancer prevention

Elizabeth H. Jeffery and Anna-Sigrid Keck
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Epidemiological studies have identified an inverse relationship between ingestion of plant foods and
cancer risk. However, only ~2/3 of such studies show this association. Clinical trials based on epide-
miological findings require preclinical studies to provide insight into reproducibility. The beta caro-
tene story is an example of clinical trials based on epidemiological data, before mechanism, dose or
the bioactive component had been clearly identified. Results showed rather than prevention, an
increase in lung cancer in smokers. Epidemiological studies are used successfully to generate hypoth-
eses for in vitro mechanistic studies of isolated components from plant foods, such as sulforaphane
from broccoli. Yet even these studies are insufficient to plan clinical trials of whole foods, since bio-
availability, disposition, dose, and effects of the food matrix remain unknown. Evidence-based infor-
mation, from animal and small clinical studies carried out prior to clinical trials can assure an optimal
design. Research into effects of broccoli and sulforaphane make an excellent example of how data
gaps have closed between epidemiology and clinical trials. Data on efficacy of broccoli in animal
cancer prevention studies are strong, and small clinical studies are emerging. The time is right for

clinical trials of purified and semipurified sulforaphane, as well as whole broccoli.
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1 Introduction

A growing number of scientists are studying dietary cancer
prevention, yet often data are missing on how to translate
much of the research generated into clear guidelines for the
consumer. For example, “broccoli may decrease risk for
prostate cancer” sounds clear, but leaves both the consumer
and the clinician interested in designing a robust clinical
trial unsure of dose, frequency of inclusion into the diet, or
whether variety or preparation method is important for
gaining the health benefit, or even if a sulforaphane (SF)
supplement could replace whole broccoli. This lack of
detail is very different from guidelines for use of drugs,
where directions about frequency, dose, contra-indications,
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and potential adverse side effects to watch for are clearly
outlined by the manufacturer on the package insert. Also,
generic alternatives are carefully evaluated for equivalency.
As a result of this lack of information on foods that have
health benefits, neither the clinician nor the consumer has
any knowledge of an effective dose. This is of particular
concern when considering cancer prevention, since there is
no easy, short-term endpoint/health outcome in order to
judge effectiveness, such as plasma cholesterol levels for
cardiovascular health. Clinical trials carried out prior to fill-
ing these knowledge gaps may not be optimized for these
parameters and may provide confusing, disappointing, and
maybe even harmful results [1].

If diet is to play a meaningful role in cancer prevention in
the US, clear guidelines, based on consistent clinical trials
must be developed for the consumer. Substantial data gaps
must be filled, to provide the detailed, evidence-based infor-
mation necessary for the optimized design of these clinical
trials:
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*Because supplements and other foods help maintain health in a normal population,

phase II clinical trials in patient populations, are not appropriate.

(1) Epidemiological data alone cannot provide the infor-
mation necessary to design a robust clinical trial.

(1) In vitro data, even based on epidemiological studies,
cannot provide the necessary detail or justification for
designing a robust clinical trial.

(iii)) Animal modeling of efficacy, bioavailability, and
kinetics are essential for designing a robust clinical trial.

This paper will discuss these issues and use research on
broccoli and cancer prevention as a working example,
where scientists are aiming to close these data gaps.

Methods for the evaluation of safety and efficacy of
drugs undergoing development typically start with in vitro
screening assays. All steps are well established, as outlined
in Fig 1A. In contrast, identification of health benefits of
plant foods more typically begins with an epidemiological
study, possibly based on historical use of a food for health
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line represent common practice and a dotted line
represent less frequent occurrence.

maintenance, and either moves directly to marketing or to a
clinical trial based on the epidemiological data, Fig 1B.
Sometimes this confirms the hypothesized benefit, as with
cranberry juice [2], but at other times, because there are no
data on dose, bioavailability or kinetics, the study may not
be optimized to show the expected benefit. Clinical trials
are expensive in time and money. Also, once a trial fails to
show the proposed health benefit, the impact of this infor-
mation on consumers and physicians is so great that it can
take years and more than one robust clinical trial to correct.
An early example of the negative impact of a clinical study
without optimal design was the “bursting of the oat bran
bubble” — where healthy young nurses were used to evalu-
ate whether oat bran could lower cholesterol, and the oat
bran diet was found to have no effect [3]. Today we know
that bioactive foods often normalize parameters such as
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Table 1. Dietary crucifer intake associated with lowered cancer risk

Cancer site Intake Risk p-value
Bladder[10] >5 Serving/week RR 0.49 0.008

Lung [60] =0.5 Serving/day ORO0.31 Cl(0.1 - 0.92)
Lymphoma [70] >5 Serving/week RR0.67 0.03

Prostate [12] >3 Serving/week OR0.59 0.02

Prostate [71] =5 Serving/week ORO0.61 0.006

Breast [72] Quartile 4 ORO0.50 0.01

Kidney [73] Quartile 4 ORO0.53 0.001

Ovarian [74] >0.83 Serving/day HRO0.75 0.03

OR, odds ratio; HR, hazard ratio; RR, relative risk; Cl confidence interval.

cholesterol [4, 5], and thus would be seen to have little
effect on these young women with normal-range choles-
terol levels. But at the time, the trial results were interpreted
to mean that oat bran cannot lower plasma cholesterol,
regardless of the starting level. Preclinical studies, followed
by small clinical studies, can provide much needed data for
development of a full randomized placebo control clinical
trial, Fig 1C.

2 Epidemiological data alone are not
sufficient to design a clinical trial

Evidence-based medicine cautions the use of epidemiologi-
cal studies alone to set policy for therapeutic care [6].
Whereas epidemiological studies are an excellent source of
material for hypothesis generation, basing marketing, or
lifestyle guidelines on epidemiological data alone may not
always prove useful. A recent report even suggested that
epidemiological studies are considerably less than 50%
reproducible [7]. This low reproducibility might be due to
our lack of knowledge of different aspects of the food under
study, such as changes in the content of bioactive compo-
nents with plant variety or cooking method. Of all the epi-
demiological studies reviewed in the WCRF/AICR report
in 1997, only 80% of vegetable studies and 69% of the cru-
ciferous vegetable studies showed significant protection
[8]. The rest of the studies showed no effect or even adverse
effects. Evidence-based medicine has grown to be synony-
mous with the ranking of clinical data into categories based
on their freedom from bias. Thus the strongest evidence for
clinical practice—and by extension for dietary guidelines
for health and wellness—comes from double blind placebo-
controlled trials involving a homogeneous population, and
in the case of foods for wellness, involving individuals in
good health. By contrast, epidemiological studies rank low,
with substantial potential for bias.

Epidemiological studies suggest that cruciferous vegeta-
bles, including broccoli, may provide more protection than
fruits and vegetables in general, against many different can-
cers [9], making them excellent candidates for dietary can-
cer prevention if clear direction for use is given to the con-
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sumer. Multiple studies suggest that 3—5 servings a week
can provide significant protection (Table 1). For example,
in the Health Professionals Follow-Up Study that monitored
47909 men over 10 years and reported 252 cases of bladder
cancer, analysis of food frequency questionnaires collected
thrice revealed a significant 51% reduction in risk for blad-
der cancer (relative risk, RR 0.49, p = 0.008) in individuals
ingesting five or more servings of cruciferous vegetables a
week, compared to those ingesting one or fewer servings/
week (Table 1 [10]). Consumption of green leafy vegetables
(RR=0.99, 0.63—1.56, p = 0.81) or all fruit and vegetables
(RR=0.72,C10.47-1.09, p = 0.09) did not show a signifi-
cant risk reduction [10]. Interestingly, in many studies com-
paring all fruit and vegetable intake with incidence of can-
cer, cancer risk is lowered by 20—40% in the highest intake
group, compared to the lowest [11], whereas separating out
the data for consumption of crucifers, those eating 3—5
servings of crucifers a week (the highest US intake group),
are often associated with a 50%, or even 60% decrease in
risk compared to those who eat fewer than one serving of
crucifers per week [10].

However, not all studies show a decrease in cancer risk
with increased crucifer intake. In a review of 87 case control
studies, although 58 showed an inverse association between
consumption of cruciferous vegetables and cancer risk,
only 39 of these showed a significant inverse risk [9]. Of the
seven cohort studies reviewed in the same article, only five
studies showed a significant decrease in risk with increased
crucifer consumption. This lack of reproducibility points to
the need for additional types of studies, in order to under-
stand and control variables. If a clinical trial were to be per-
formed based solely on the epidemiological studies, the
design might not be optimized correctly and might fail to
correctly test the efficacy of the broccoli or other crucifer
under study. For example, in two large studies evaluating
risk for prostate cancer in men consuming cruciferous veg-
etables, one reported that 3—5 servings of crucifers a week
compared to 1 serving or less lowers risk for prostate cancer
by 41% (95%CI 0.39-0.90, p =0.02; Table 1) [12]. The
other found that the effect of crucifers was not significant
except for a sub-set of men with early-stage cancer [13].
Furthermore, early prostate cancer screening may be a con-
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Table 2. Cancer-protective mechanisms reported for SF in cell culture studies

Endpoints Effect SF dose Cancer cell type References
Induce phase I T 2-Fold (24 h) 0.4-0.8 uM Liver (mouse, Hepa 1c1c7) [30]
Detoxification 11.5—2-Fold (48 h) 2-5uM Liver (human, HepG?2) [75]
11.3-1.6-Fold (24 h) 5-10 uM Colon (human, Caco-2) [75]
T1.1-2.1-Fold (24 h) 0.5-5uM Prostate (human, LNCaP, MDA PCa2b) [76]
Inhibit histone 1 30-40% 15uM Prostate (human, BPH-1, LNCaP, PC-3) [28]
Deacetylation 1 20-65% 5-25uM Breast (human, MCF-7, T47D, MDA-MB-231, [77
and 468)
Cellcyclearrest G2/Marrest (24—72h)  15uM Colon (human, HT29) [50]
G2/M arrest (24 h) 25-50 uM Colon (human, Caco-2) [78]
G2/M arrest (24 h) 10-40 uM Prostate (human, LNCaP) [79]
G2/M arrest (24 h) 15uM Breast (human, MCF-7) [52]
G2/M arrest (48 h) 30 uM T-cells (human, Junkat) [80]
Apoptosis 2-5-Fold (24—-72 h) 15 uM Colon (human, HT29) [50]
5-10-Fold (24 h) 10-20 uM Prostate (human PC3, LNCaP) [81,79]
8—16-Fold (24—-48 h) 30 uM T-cells (human, Junkat) [80]
Inhibit cell 1 50% 27 uM Bladder (human, T24) [82]
Growth 1 50% 40 uM Ovarian (human, SKOV3) [83]
1 50% 25 uM Ovarian (mouse, C3, T3)
1 50% 8-10 uM Breast (human, MCF-7, T47D, MDA-MB-231, [77
and 468)
1 75% 15 uM Breast (human, MCF-7) [52]
1 50-60% 10-30 uM T-cells (human, Junkat) [80]
1 50% 12 uM Bladder (human, RT4) [84]

founding influence, since only men who are screened for
prostate cancer are identified during early stage disease
[14].

Perhaps the best justification for using epidemiological
data as hypothesis-generating but not for determining effi-
cacy in place of preclinical studies comes from the study of
the dietary supplement, beta carotene. In dietary intake
studies, carotenoids can be used as a biochemical measure
to check reported fruit and vegetable intake. In many such
epidemiological studies, serum beta carotene was found to
be inversely related to cancer incidence, suggesting that a
diet rich in fruits and vegetables and/or beta carotene is
associated with a lower risk for a number of cancers [15]. In
addition, not only was serum beta carotene found to be
lower in smokers than in nonsmokers, but the Linxian
Nutrition Intervention Trial found that total cancer mortal-
ity was decreased by 13% in those given selenium, beta-car-
otene, and vitamin E [16]. However, two large clinical trials
then found that beta-carotene supplements enhanced, rather
than prevented, the incidence of lung cancer in smokers.
Specifically, the alpha-tocopherol/beta carotene (ATBC)
study, a US/Finland joint study of dietary supplementation
and lung cancer prevention, found that in 59—65 year olds,
beta carotene increased lung cancer risk by 16%, almost
overshadowing a secondary finding that vitamin E supple-
mentation was associated with a >30% decrease in prostate
cancer incidence [1]. In the beta-carotene and retinol effi-
cacy trial (CARET), a combination of beta-carotene
(30 mg) and retinyl palmitate (25000 IU vitamin A) was
given daily to 18314 men and women at high risk for lung
cancer [17]. Due to increased lung cancer incidence (36%)
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and mortality (59%) in the combination arm compared to
the placebo arm, the trial was terminated 21 months early.
Since the early 90's, when fruits and vegetables were con-
sidered beneficial possibly because of their carotenoid con-
tent, numerous studies using cell cultures and animals have
helped to persuade scientists that plant foods contain secon-
dary metabolites with health-promoting activity [18]. Such
studies have helped bring the science to the point where
there is sufficient significant scientific agreement that indi-
viduals with a high intake of fruits and vegetables have a
lower risk for developing a number of cancers, that the
Food and Drug Administration has approved a health claim
to this effect (http://vm.cfsan.fda.gov/~dms/flg-6¢.html).
Whether this benefit truly stretches across all fruits and
vegetables, or whether the claim should be limited to a
select number of plant foods for which there are strong
data, has not been addressed. A very recent clinical trial, on
diet and recurrence of breast cancer, evaluated the effect of
a high fruit and vegetable diet, in addition to high fiber and
low fat, and found no effect of fruits and vegetables [19].
Yet a quick review of the study design shows that the women
were taking in 6—8 servings of fruits and vegetables before
the study started — and the control group continued this
diet, while the experimental arm improved their diet to 10—
12 servings of fruits and vegetables [19]. This design is not
supported by epidemiological data, which show differences
between very low intake (one or fewer servings/day) and an
intake resembling five-a-day [20, 21]. Furthermore, aver-
age intake in the US is 2—3 servings [22]. Unfortunately,
not recognizing the potentially confounding effect of the
very high control intake, the Womens’ Healthy Eating and
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Living (WHEL) study concluded that fruits and vegetables
are without benefit in regard to recurrence of breast cancer.
Such a message is both more than the study can say and
highly confusing to the consumer.

3 An important role for in vitro studies is to
determine mechanism

Mechanistic evidence for bioactivity is often derived from
in vitro studies of purified components isolated from foods,
and has gone far to persuade scientists of the potential bene-
fit of plant foods, even though cell culture studies do not
address disposition. For example, a large body of literature
shows that isothiocyanates added to cell culture are able to
upregulate the phase II detoxification enzymes glutathione
S-transferases and quinone reductase, supporting the sug-
gestion that in vivo they might enhance clearance of chemi-
cal carcinogens and thus block chemical carcinogenesis
[23]. Further in vitro studies revealed an Nrf2-dependent
mechanism for the upregulation of genes bearing an antiox-
idant response element (ARE) in the promoter region. Iso-
thiocyanates cause translocation of Nrf2 into the nucleus to
bind to the ARE. The exact manner by which isothiocya-
nates trigger Nrf2 translocation is still undetermined [24].
Yet cell culture studies have also revealed a role for isothio-
cyanates in pathways other than blocking carcinogenesis. I
vitro studies show that isothiocyanates can disrupt growth
of cancer cells, specifically arresting the cell cycle, slowing
or stopping proliferation, enhancing apoptosis, restoring
silenced glutathione-S-transferase P1 activity, and inhibit-
ing histone deacetylase activity [25—28]. It is not yet clear
if any of the enzymes involved in these reactions are Nrf2-
dependent and/or require higher concentrations than the
upregulation of detoxification enzymes [29]. The effects of
bioactive components on cellular physiology may change
with both dose and cell type (Table 2). Thus very low con-
centrations of the isothiocyanate SF, in the 0.4—0.8 uM
range, are able to trigger a number of Nrf2-dependent
changes in detoxification enzyme levels [30]. At somewhat
greater levels, the cell cycle is inhibited, cell growth is
inhibited, and apoptosis is seen to occur. Whether the con-
centrations necessary to cause these changes in cultured
cells reflect the necessary plasma levels for such activities
to occur in vivo is not known. Maximum plasma levels of
SF were only 7.3 uM, even when subjects drank a soup of a
hybrid broccoli with three times the typical level of glucosi-
nolates [31], bringing into question whether some cell stud-
ies reflect in vivo mechanisms when they use up to 100 uM
SF (Table 2). Upregulation of the apoptosis pathway has
been reported in animals following administration of Brus-
sels sprouts juice [32] and SF (600 ppm in the diet [33]),
suggesting that apoptosis occurs at lower concentrations in
vivo than in vitro, or possibly that SF concentrates in some
cell types [34]. Alternatively, the active form of the agent,
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and the potency, may differ between in vivo and in vitro. For
example, one possible bioactive form in vivo might be the
SF cysteine conjugate, which was detected in relatively
high concentration (0.8 uM) in human plasma after con-
sumption of a broccoli soup containing 100 g broccoli [35].
Growth of cancer cells is adversely affected at lower iso-
thiocyanate levels than is growth of nontransformed cells
[36, 37] or detransformed cells [38]. It remains to be deter-
mined what the margin of safety is between causation of
apoptosis in cancer cells and normal cells in vivo. These
data remind us that all compounds are toxic and that a safe
and tolerable upper level, typically referred to as “UL” (Fig.
1C) needs to be determined, particularly when bioactive
components are isolated from whole foods and provided as
dietary supplements. Toxicity is commonly evaluated in
cell culture by cell kill, but there may be a number of
responses to a bioactive agent that, under certain condi-
tions, are not of benefit. For example, by altering detoxifi-
cation enzymes, bioactive components may alter hormone
metabolism, something rarely evaluated in cell culture.
Some products of broccoli and of other bioactive foods
such as garlic can increase clotting time [39]. Similarly, SF
appears to trigger multidrug resistance, a useful system for
ridding the cell of foreign compounds except when one is
undergoing drug therapy [40]. Potential interactions with
drugs, dietary supplements and other bioactive food com-
ponents, positive or negative, may also be of concern, such
as vitamin K-rich Brussels sprouts and warfarin [41] or St.
John's wort and drugs undergoing metabolism through
CYP3A [42].

Many foods contain more than one bioactive component,
and yet scientists have a tendency to identify a major bioac-
tive and then equate effects of that individual component
with the effect of the whole food. An example is the highly
active and well-studied isothiocyanate SF [30]. Much of the
cell culture literature on mechanism infers that SF is
responsible for the bioactivity of dietary broccoli, whereas
there are other bioactives present in the whole food. One
major additional bioactive component is indole-3-carbinol,
the hydrolysis product of glucobrassicin [43]. Indole-3-car-
binol is bioactivated to a number of highly active acid con-
densation products as it passes through the acid stomach,
which process is difficult to model in cell culture. These
metabolites act very differently from SF, able to trigger the
aryl hydrocarbon receptor and cause upregulation of
CYPI1A through interaction of the receptor complex with a
specific gene sequence in the promoter region, the xenobi-
otic response element. Finding that components in broccoli
upregulate CYP1A, considered to activate dietary carcino-
gens such as 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP), is dichotomous given that both SF and
whole broccoli are associated with anticarcinogenic proper-
ties. This little-studied area is very much in need of work.
One elegant clinical study evaluated urinary PhIP and found
that consumption of 250 g of Brussels sprouts and broccoli
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Table 3. Efficacy of broccoli, broccoli sprouts and SF in animal studies of cancer prevention

Cancer Animal model Main protective effect Amount Duration Reference
Prostate Dunning rat 42% Less growth 10% Broccoli 18 wk [85]
52% Less growth 10% Broccoli and 10% tomato combo
Prostate PC-3 Mice Xen. 40% Less growth 443 ppm SF 21 days [28]
Small ApcMin/+ mice 25% Less multiplicity 300 ppm SF 3wk [86]
Intestine 47% Less multiplicity 600 ppm SF
Skin SKH-1 mice 50% Less incidence and 1 umol SF/mouse as broccoli sprout 11 wk [87]
(UV-trt) multiplicity extract (topical)
Skin CD-1 mice 61% Less incidence and 1 umol SF/mouse (topical) 15 wk [49]
(DMBA-trt) 81% multiplicity 5 umol SF/mouse (topical)
89% Lessincidence and 10 pmol SF/mouse (topical)
96% multiplicity
72% Less incidence and
98% multiplicity
Mammary F3II BALB/C 60% Less growth 15 nmol SF/mouse (i.v.) 13 days [52]
mice Xen.
Mammary SDrats 45% Less incidence and 25 umol Isothiocyanates (gavage)? 150 days [88]
(DMBA trt) 63% multiplicity 50 umol Isothiocyanates (gavage)?
66% Less incidence and 100 umol Isothiocyanates (gavage)?
69% multiplicity 25 umol Glucosinolates (gavage)?
89% Lessincidence and 100 umol Glucosinolates (gavage)?
91% multiplicity
89% Less incidence and
75% multiplicity
66% Less incidence and
75% multiplicity
a) Given as a 3-day-old broccoli sprout extract.
for 12 days significantly increased the urinary PhIP excre- |(|>
tion hence lowering the amount of PhIP retained in the AN /5 CaHin0s
body [44]. A recent study evaluated the interactive effect of RN )
SF and a major indole-3-carbinol metabolite di-i.ndo.lyl GIucoraphaninN—o_SOJ
methane [45]. They found that whether the combination
was antagonistic or synergistic depended upon the concen- Myrosinase
tration, showing the need for the study of whole food Gut microbial enzymes
extracts rather than single components. |<|>
Cell culture studies can be very informative about mech- Unstable Vi
. - aglveone | 7NN + CoHifOs
anism, but it is not enough to know that a component has gly QN
bioactivity in cell culture. Cell culture studies may use ’.‘ 090
. . . ] R
doses tha.t car%not be acfhleved p1.1y5101.0g1<.:a}11y, and t.h.ey can: <50% ’.. >50%
not provide information on bioavailability. Additionally, o)
they may miss interactions with additional components in ﬁ ﬁ
the whole food. For these reasons, in vitro studies do not /S\/\/\N_C_s /5\/\/\C_N

extrapolate directly to dietary effects. The greatest gap in
our understanding of health effects of bioactive food com-
ponents may be details on disposition: bioavailability from
different products, distribution, and metabolism, the effec-
tive dose and the tolerable upper level. Animal studies can
provide information on many of these questions to permit
moving forward to small clinical studies.

4 Animal studies for determining efficacy,
bioavailability, and kinetics

Animal studies can compare the purified component(s)
used in cell culture with the complex foods in our diet, con-
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Sulforaphane
(active, anticarcinogenic)

Sulforaphane Nitrile

(inactive)

Figure 2. Hydrolysis of glucoraphanin to SF and SF nitrile.

firming (or refuting) the mechanisms identified in cell cul-
ture. Although animal studies do not always reflect in vitro
findings, it is imperative to compare similar doses, forms,
and extent of exposure before rejecting in vitro findings.
Animal studies can highlight or dismiss concerns over bio-
availability, efficacy, and kinetics. Frequently only a frac-
tion of a dietary dose is absorbed. Animal studies can pro-
vide information about digestion, kinetics, and metabolism
that may, for example, suggest specific processing methods
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to optimize bioavailability. Once a metabolic pathway is
identified in animals, detecting and confirming it in a small
clinical study can be relatively straightforward.

Effective cancer prevention by bioactive foods can be
evaluated directly in animal feeding studies, as shown for
studies involving broccoli, a broccoli sprouts extract, or the
purified components glucoraphanin or SF (Table 3). These
studies can be used to relate urinary and plasma levels of a
bioactive component to changes in biomarkers of efficacy.
Animal studies can also identify toxicities associated with
high doses, providing signals for potential adverse events in
future clinical studies. Very high crucifer consumption has
been associated with changes in thyroid hormones in ani-
mals [46], but this was not seen when a group of subjects
were given broccoli sprouts extract [47].

Animal studies, like cell culture studies, have long con-
firmed that SF and other isothiocyanates can modify detox-
ification enzymes, increasing phase II detoxification, and
inhibiting phase I carcinogen activation, and lower DNA
adduct formation. But unlike cell culture, animal studies
also show increased clearance of carcinogens from the
body, confirming an anti-initiation mechanism [48]. Once
considered limited to anti-initiation, more recently animal
studies have confirmed suggestions from cell culture stud-
ies that SF can inhibit all stages of the carcinogenic process
[49—-52]. In fact, SF may be more effective against promo-
tion than initiation [49]. In light of increasing evidence for
an antitumorigenic role for SF, it becomes even more
important to understand SF availability from whole foods,
to offer the general public this mechanism for decreasing
risk.

Bioactive isothiocyanates such as SF are present in cru-
ciferous vegetables as thioglucoside precursors, glucosino-
lates, which must undergo hydrolysis to release isothiocya-
nates (Fig. 2). Human and other animal tissues contain no
thiohydrolase activity, and addition of glucosinolates to
cells in culture has no effect [53]. However, both crucifer-
ous plants and microbiota in the gut can hydrolyze glucosi-
nolates, releasing active isothiocyanates. When the plant
thiohydrolase, myrosinase, is added together with glucosi-
nolates into cell culture, isothiocyanates are released and
activity is seen [53]. In plant tissue, glucosinolates are spa-
tially separated from myrosinase. Thus glucosinolates
remain chemically stable until the plant tissue is disrupted
due to food preparation or chewing. When glucosinolates
come into contact with myrosinase, the S-glucose bond is
cleaved, leaving an unstable aglycone intermediate, which
rapidly rearranges nonenzymatically to form an isothiocya-
nate and/or one of several alternative products. We have
shown that glucoraphanin is hydrolyzed in part to SF, in
part to an inactive nitrile (Fig. 2) [54, 55]. For some time it
has been known that in plant tissue nitrile formation is
favored by low pH and free iron [56]. Recently we identi-
fied in broccoli a myrosinase cofactor, the epithiospecifier
protein (ESP), and showed that it supports nitrile formation
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at the expense of SF [57]. The importance of this is that SF
nitrile lacks bioactivity both in cell culture and in animals
[54], so when nitrile formation occurs at the expense of SF
formation, this results in lessening of the health benefit.
Choosing a broccoli variety low in ESP, or destroying ESP
through processing may greatly enhance bioactivity.
Unfortunately, preliminary data suggest that nitrile forma-
tion may also be supported by microflora in the gut [58].

5 Methods developed in animals can be
applied successfully in small clinical
studies

Once efficacy has been established in animal models, trans-
lation to humans requires measurement of exposure and
disposition, as well as measurement of efficacy. Whereas
animal studies do not always appear to translate success-
fully to clinical findings, this is often because of differences
in dose, exposure route, duration and frequency of expo-
sure, or genetic diversity within the human population
under study [59, 60]. Biomarkers of exposure that were
developed in animals, such as measurement of urinary SF
conjugates and plasma SF, have been utilized successfully
in small human clinical trials using broccoli and broccoli
preparations [47, 61] (Table 4). SF is metabolized to SF
mercapturate (N-acetyl cysteine conjugate) in animals [62].
These same metabolites are found in human urine. These
metabolites appear to be a better measure of systemic expo-
sure to SF than dietary intake, in most part because frac-
tional uptake varies considerably based on the food prepara-
tion. Preformed SF in a broccoli sprout matrix appears to be
highly bioavailable, with up to 80% of dietary intake
appearing in the urine [61]. In contrast, recovery from a
sprouts preparation with inactivated myrosinase was only
12%. Fresh sprouts chewed to allow hydrolysis in the mouth
provided an intermediate recovery of 42%. Similarly, stud-
ies of urinary recovery from ingested fresh broccoli and
steamed broccoli suggest that steamed broccoli provides a
recovery of only 12%, and fresh broccoli, which has the
active myrosinase at the time of ingestion, provides an
improved recovery of ~30% [63]. Given that hydrolysis in
the absence of an active myrosinase depends upon colonic
microbiota, these data suggest either that hydrolysis by
colonic microbiota is mostly to a product other than SF, or
that glucoraphanin is mostly absorbed and/or degraded
prior to reaching the colon.

Relatively few studies have evaluated plasma SF in ani-
mals or humans. When adult male F344 rats were provided
a single oral dose of 50 umol SF (~350 umol/kg rat),
plasma SF levels peaked around 20 uM at 4 h after dosing
[64]. The half life was reported as 2.2 h. However, this dose
is substantially greater than typically ingested by man. In a
small clinical study, subjects consumed ~200 g fresh broc-
coli (reported as 0.48 pumol SF/g fresh weight, which is
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Table 4. Small clinical studies of SF bioavailability and bioactivity using broccoli and broccoli sprouts

Preparation Amount Duration Design Effects Reference
Broccoli sprouts 68 g (593 umol SF) 1 meal 18-55 years HDAC activity in PBMC inhibited 3  [28]
(n=3) and 6 h postmeal
Broccoli 500 g 6 days 5menand Liver CYP1A2 and 2A6 up-regulated [69]
5women
Broccoli sprout 200 pmol SF 1 meal 8 women 1 h postmeal: breast tissue [47]
contained 1.5—2 pmol/mg, plasma
0.9 uM and urine 159 uM
Broccoli sprouts 25 umol ITC 3x/day 11 menand Urinary recovery: 70% of the ITC, [47]
25 umol GS for 7 days 1 woman 20% of the GS as ITC. No adverse  [89]
effect on thyroid or liver enzymes
compared to placebo
Broccoli sprouts 200 umol ITC 1 meal 4 men Peak plasma, serum, and RBC [90]
(ITC): 0.9-2.3 uM at 1 h postmeal.
t1/2= 1.8+0.1h
Urinary recovery: 58% after 8 h
Broccoli 200 g fresh 1 meal 12men Urinary recovery: 19% recoveryas [63]
(136 pmol GP) SFM
200 g steamed Urinary recovery: 7% recovery as
(94 pmol GP) SFM
Broccoli sprouts 111 pmol ITC 1 meal 43-53 years, Urinary recovery: 80% recovery of  [61]
Broccoli sprouts 111 umol GS 1 meal crossover,n=4 ITC [61]
12 g (100 umol GS) 25-75 years, Urinary recovery: 12% recovery as
3—11 subjects ITC
Urinary recovery: 42% for chewed
vs. 26% for whole sprouts
Broccoli 5009 12 days n=18 CYP1A2 increased 19% [68]

2/16alpha-hydroxyestrone ratio
increased 29.5%

GP, glucoraphanin; GS, glucosinolates; HDAC, histone deacetylase; ITC, isothiocyanates; PBMC, peripheral blood mononuclear
cells; RBC, red blood cells; SF, sulforaphane; SFM, sulforaphane mercapturic acid.

roughly 1.5 umol SF/kg man); which resulted in elevated
plasma levels for 0—10 h postingestion (range 0.8—1.7 uM
isothiocyanate equivalents) compared to a premeal plasma
level of 0.6—1.1 uM isothiocyanate equivalents; no statisti-
cal analysis was reported [63]. In a more recent study using
MS/MS to enhance sensitivity, when subjects consumed
100 g broccoli as a soup, this gave peak free SF plasma lev-
els of 0.65 uM, and all forms of SF (free and conjugated)
~2 uM [35]. Particularly in light of the effective doses for
different bioactivities in cell culture (Table 2), it will be
interesting in the future to determine if the low plasma lev-
els of SF typical of dietary sources will provide selectivity
of effects and/or cell types. A recent small clinical study
found that 1 h after drinking a broccoli sprouts extract, nor-
mal breast tissue contained 1.5—2.0 pmol SF/mg, similar to
plasma levels, which were 0.9 uM [47].

Availability of robust biomarkers of efficacy in healthy
individuals is still extremely sparse. Whereas multiple bio-
markers for effective maintenance of health have been
developed in association with cardiac health, there remains
a lack of biomarkers for determining successful prevention
of cancers. As these are identified, it will be necessary to
determine how new biomarkers can best be utilized to help
the general public choose a diet that prevents cancer. One
example of a biomarker that may indicate an effective dose
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of the broccoli component indole-3-carbinol is a change in
the wurinary 2-hydroxy/l16alpha-hydroxy estrone ratio,
shown in animal studies to correlate with a decrease in
chemically induced mammary cancer [65]. When indole-3-
carbinol was given to women, a similar change was seen in
the urinary estrogen metabolites [66]. Furthermore, com-
paring women who have been diagnosed with breast cancer
and those that have not, there was a significant difference in
their urinary estradiol metabolite ratio [67]. One human
study giving 500 g broccoli daily for 12 days reported a sig-
nificant increase (29.5%) in 2-hydroxy/16alpha-hydroxy
estrone ratio [68] and they also found a significant increase
in CYP 1A2 activity which is considered the enzyme
responsible for increased production of 2-hydroxy estrone
[68]. A recent report used caffeine metabolism to confirm
that CYP1A2 is elevated after a broccoli meal [69]. Another
potential efficacy biomarker was recently reported. Three
individuals were given 68 g broccoli sprouts and inhibition
of histone deacetylase was seen 3 and 6 h after the meal.
This was a confirmation of findings in mice, and in cultured
cells treated with SF [28]. The extent to which acute inhibi-
tion of histone deacetylase activity plays a causative role in
cancer prevention remains to be determined.

In summary, it is essential to conduct detailed preclinical
studies and small human studies before taking the step to
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fully randomized, double blind placebo-controlled human
trials. Furthermore, data on efficacy of broccoli in animal
cancer prevention studies are strong, and small clinical
studies are emerging that show bioavailability, disposition,
and biomarkers. The time is right for clinical trials of puri-
fied and semipurified SE, as well as whole broccoli.

This work was supported by USDA National Research Ini-
tiative grant 05-02622.
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