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Sulforaphan und verwandte Senféle im Fokus
der Pravention und Therapie von Krebs

Zusammenfassung Die Pflanzenfamilie Brassicaceae,
mit dlterem Namen Cruciferae, enthiélt Senfolglykoside,
woraus durch enzymatische Hydrolyse Senfole entste-
hen, welche Schutz vor Frafifeinden, Mikroorganismen
und Pilzen bieten. Uber 120 verschiedene Senféle mit
vielféltigen biologischen Funktionen sind bekannt. Seit
der Antike kommen diese Substanzen in der Heilkunde
als natiirliche Antibiotika, Virostatika und Anti-Mykoti-
ka zum Einsatz. Der antioxidative Effekt von Senfélen
trdgt zum Schutz vor DNA-Schiden bei. Epidemiologi-
sche und experimentelle Studien belegen eine priventi-
ve und therapeutische Wirkung von Gemiise der Kreuz-
bliitlerfamilie und isolierter Substanzen daraus. Beson-
ders gut untersucht ist das Senfdl Sulforaphan, das in
hoher Konzentration in Brokkoli und seinen Sprossen
enthalten ist. Wie an Méusen nun gezeigt wurde, greift
Sulforaphan sogar die besonders bdsartigen Krebs-
stammzellen an, denen konventionelle Tumortherapien
nichts anhaben. Aufgrund dieser vielversprechenden
Ergebnisse sind nun in den USA erste prospektive Klini-
sche Studien mit Sulforaphan-angereicherten Brokkoli-
sprossen bei Krebspatienten angelaufen.

Schliisselworter: Sekundare Pflanzenstoffe, Brassica,
Brokkoli, Glukosinolate, Sulforaphan

Summary The plant family Brassicaceae, formerly Cru-
ciferae, contains mustard oil glycosides, from which
mustard oils are enzymatically hydrolyzed. Mustard oils
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offer protection from pests, microorganisms and fungi.
More than 120 different mustard oils with various bio-
logical functions are known. Since ancient times, these
substances are used as natural antibiotics, antiviral
drugs and antimycotics. The antioxidative effect of mus-
tard oils contributes to protection from DNA damage.
Epidemiological and experimental studies have shown
preventive and therapeutic effects of crucifers or iso-
lated substances thereof. Particularly well studied is the
mustard oil sulforaphane, which is contained in high
concentrations in broccoli and its sprouts. As has been
shown in mice recently, sulforaphane also targets the
most malignant cancer stem cells, which are not affect-
ed by conventional cancer treatments. Based on these
promising results, the first prospective clinical studies
with cancer patients and sulforaphane-enriched broc-
coli sprouts have now been initiated in the United States.

Keywords: Phytonutrients, Brassicaceae, Broccoli, Glu-
cosinolates, Sulforaphane

Introduction

Cabbage and other members of plant family Brassica-
ceae are well known as vegetables and food products.
What we have largely forgotten is the irrefutable fact that
this plant family possesses a tremendous healing power.
Since ancient times, the beneficial effects of crucifer-
ous vegetables have been used therapeutically [1]. Cato
the Elder (234-149 bc), a Roman statesman, noted in his
book about medical plants that cabbage, eaten crude
with vinegar or cooked with oil or fat, banishes and cures
all, ‘from crapulence after exceeding wine consumption
up to serious diseases like cancer! He writes: ‘If a can-
cerous ulcer appears upon the breasts, apply a crushed
cabbage leaf and it will make it well’ [2]. Physicians took
advantage of this traditional knowledge in the Second
World War when medicaments were rare. They put sauer-
kraut or minced cabbage directly to abscesses, festering
or open wounds and frostbites or prescribed the intake of
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raw cabbage or derived juice to alleviate gastrointestinal
disorders, high blood pressure, obesity, diabetes, inflam-
mation and many other diseases [3]. The reported heal-
ing effects were overwhelming, and traditional healers
still use cabbage and other crucifers as potent remedies.

Brassicaceae family contains more than 330 genera,
with the well-known species Brassica oleracea (broccoli,
cabbage, cauliflower and Brussels sprouts), Brassica rapa
(Chinese cabbage and turnip), Brassica napus (rapeseed
and canola), Raphanus sativus (radish), Armoracia rus-
ticana (horesradish), Lepidium sativum (garden cress),
Tropaeolum (nasturtium), Nasturtium officinale (water-
cress), Eruca sativa (rocket and arugula), Sinapis alba
(white mustard) and Brassica nigra (black mustard) [4].
Cruciferae is the former name, meaning ‘cross-bearing,
and describes the four petals of the flowers of Brassica-
ceae. Latest evidence for the therapeutic effects of cru-
cifers comes from epidemiological studies, in which
associations are reported between consumption of cru-
ciferous vegetables and reduction in cancer risk at sev-
eral sites, including the lung, breast, colon and rectum
and prostate [5]. Certain studies have specifically quan-
tified broccoli consumption, as opposed to crucifers in
general, and shown that a diet rich in broccoli can reduce
cancer risk [6]. Remarkably, among several vegetables,
evidence for a cancer protective role is strongest and
most consistent for vegetables in the Brassicaceae plant
family [7-9].

Mustard oil bomb

In addition to vitamins and minerals, such as vitamin
C, folate and other B vitamins, B-carotene, potassium,
calcium and iron, cruciferous vegetables contain abun-
dant fibre and phytochemicals. The most dominant
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Fig. 1 The Mustard Oil Bomb. Glucosinolates and myrosinase
are stored in separate cell compartiments. Break down of the
cell, e.g. by chewing, cutting or heating, leads to the release of
glucosinolates and myrosinase. Myrosinase causes hydrolytic
cleavage of glucosinolates as exemplified for glucoraphanin
present in high concentration in broccoli. The resulting mus-
tard oil is the isothiocyanate sulforaphane

components of Brassicaceae are the mustard oil glu-
cosinolates that contain sulphur and nitrogen and are
derived from glucose and an amino acid [10]. The plants
have [-thioglucosidase enzyme myrosinase, which
cleaves the glucose group from glucosinolate upon
hydrolysis (Fig. 1). The remaining molecule then quickly
converts to an isothiocyanate, a nitrile or a thiocyanate;
these are the active substances and are called ‘mustard
oils! These hot, spicy or bitter tasting molecules serve the
plant as defence system against insects, mites, rodents
and pathogens like bacteria, viruses or fungi. To prevent
damage to the plant itself, myrosinase is physically segre-
gated from glucosinolates and released first upon dam-
age to the cells, e.g. by microbial attack, insect predation
or mechanical food processing, such as chewing or food
preparation. Importantly, myrosinase acts on all major
classes of glucosinolates. Intriguingly, a crucifer special-
ist insect, diamondback moth (Plutella xylostella), has
the ability to disarm this so-called “mustard oil bomb” by
production of glucosinolate sulphatase [11]. Sulphatase
activity of this moth enzyme largely prevents the forma-
tion of toxic hydrolysis products arising from the plant’s
defence system.

Properties and biological activity
of glucosinolates

About 120 different glucosinolates are known to be pres-
ent in different amounts in the numerous representatives
of Brassicaceae [12]. Glucosinolates can be classified by
their precursor amino acid and the types of modifica-
tion to the R group. Compounds derived from alanine,
leucine, isoleucine, methionine or valine are called ali-
phatic glucosinolates, those derived from phenylalanine
or tyrosine are called aromatic glucosinolates, and those
derived from tryptophan are called indole glucosino-
lates. In the past decade, certain glucosinolates of the
120 different known ones have been identified as potent
anti-inflammatory, cancer-preventive and cancer thera-
peutic agents or are of agricultural interest (Table 1). In
the past 30 years, glucosinolates have gained significant
agricultural importance regarding rapeseed, which is
suitable not only for the production of biodiesel but also
for the production of canola oil for human consumption
and of protein-rich seed cake (the residue after crushing
for oil extraction) for animal feed [12]. As wild rapeseed
contains high amounts of sharp-tasting glucosinolates,
plant breeders have drastically reduced the levels of seed
glucosinolates to improve the taste and to lower the tox-
icity. One of the predominant rapeseed glucosinolates,
progoitrin, which is also present in broccoli, cabbage
and arugula, reduces the production of thyroid hor-
mones, causes goitre and has other harmful effects on
animal nutrition after high consumption [13]. However,
struma formation due to high intake of cabbage has not
been detected in humans to date. The distinct taste and
flavour of glucosinolates is primarily due to their isothio-
cyanate hydrolysis products. Indole glucosinolates are
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Table 1. Common mustard oil glucosinolates and derived mustard oils out of the 120 known ones

Mustard oil glucosinolate

Chemical rest

Mustard oil

Sources

Sinigrin

Sinalbin
Glucotropaeolin
Gluconasturtiin
Gluconapin
Glucoraphanin
Glucoraphanin

Glucobrassicin
Glucobrassicanapin
Progoitrin

Glucoiberin

Glucoibeverin
Glucocapparin
Glucolepidin

Glucoerucin
Glucoraphasatin
Glucoalyssin
4-Hydroxy-glucobrassicin
4-Methoxy-glucobrassicin
Glucosativin (dimer)
6-Methylsulfinyl-hexyl-GLS

2-Propenyl, Allyl

4-Hydroxybenzyl

Benzyl

2-Phenylethyl

3-Butenyl
4-Methylsulfinyl-3-butenyl
4-Methylsulfinylbutyl

3-Indolylmethyl
4-Pentenyl
(2R)-2-Hydroxy-3-butenyl
3-Methylsulfinylpropyl
3-Methylthiopropyl
Methyl

Ethyl

4-Methylthiobutyl
4-Methylthiobut-3-enyl
Methylsulfinylpentyl
4-0H-3-indolylmethyl
4-Methoxy-3-indolylmethyl
4-Mercaptobutyl
6-Methylsulfinylhexyl

Allyl isothiocyanate

4-Hydroxybenzyl isothiocyanate
Benzyl isothiocyanate, tropaeolin
Phenylethyl isothiocyanate
3-Butenyl isothiocyanate, napin
Sulforaphane, sulforaphane nitrile
Sulforaphane

Indol-3-carbinol

Brassicanapin

Goitrin

Iberin

Ibe(r)verin

Methyl isothiocyanate, capparin
Lepidin

Erucin, erucin nitrile
Raphasatin

Alyssin

4-Hydroxy-brassicin
4-Methoxy-brassicin

Sativin

6-Methylsulfinylhexyl isothiocyanate

Black mustard, horesradish, wasabi,
broccoli, Brussels sprouts, cabbage

White mustard

Nasturtium, garden cress
Horseradish, water cress, broccoli
Rapeseed, Chinese cabbage, cabbage
Radish

Broccoli, radish, white cabbage,
cauliflower, cabbage, arugula

Cabbage, broccoli, cauliflower
Chinese cabbage

Broccoli, cabbage, rapeseed, arugula
Broccoli, cabbage

Cabbage

Capers

Garden cress

Arugula, cabbage

Radish

Rapeseed, pok choi, arugula
Cabbage

Cabbage

Arugula

Wasabi

Selection of the most common glucosinolates including those with anti-inflammatory, cancer preventive and therapeutic activity. For references and detailed

descriptions, see text

especially known for causing bitterness (cabbage, broc-
coli and cauliflower) [14]. Sinigrin and the derived allyl
isothiocyanate are responsible for the pungent taste of
black mustard seeds, horseradish and wasabi. Hence,
synthetic allyl isothiocyanate is used in agriculture as
an insecticide, a bactericide [15] and a nematocide, and
also for certain cases of crop protection [16]. Sinalbin and
glucotropaeolin and the derived benzyl isothiocyanates
are found in high concentration in seeds of white mus-
tard, nasturtium and garden cress. Gluconasturtiin and
the derived phenethyl isothiocyanate are predominantly
present in horseradish and watercress. In vitro, benzyl
mustard oils have been proven to be effective against
bacteria, virus and fungi [17]. In vitro studies demon-
strate that a combination of benzyl and phenylethyl
mustard oils possesses a broad antibacterial spectrum
towards at least 13 clinically relevant bacterial strains
[18]. Other experimental studies demonstrate that these
mustard oils from nasturtium and horseradish inhibit
the increase of influenza virus HIN1 in human lung cells
to about 90 % [19, 20]. Therefore, nasturtium is used in
combination with horseradish powder as phytothera-
peutics for treatment and prophylaxis of respiratory and
urinary tract infections (Angocin® Anti Infekt N). Another
crucifer-based plant medicament contains glucosinolate
gluconasturtiin together with myrosinase purified from
watercress (Cressana®). The derived phenethyl isothio-

cyanate is reported to possess strong anti-infective activ-
ity in humans and to act as cancer preventive agents in
mouse models [21].

Studies in humans confirm a preventive and
therapeutic effect of crucifers in cancer

An extensive review of epidemiologic studies published
prior to 1996 reported that the majority (67 %) of 87 case-
control studies found an inverse association between
some type of cruciferous vegetable intake and cancer risk
[22]. Several newer epidemiological studies in humans
support these results and demonstrate associations
betweendietsrichin cruciferousvegetablesand areduced
risk for different cancer entities. Significant results were
obtained for cancer of stomach, colorectum, lung, pros-
tate, breast, bladder and endometrium, as summarized
in a recent review article [23]. The systematic literature
review published by the World Cancer Research Fund
(WCRF)/American Institute for Cancer Research (AICR)
in 2007 evaluated two cohort studies and six case-con-
trol studies in which there was a tendency for an inverse
relationship between cruciferous vegetables and risk of
pancreatic cancer [24]. One well-designed large popula-
tion-based case-control study found that frequent con-
sumption of cruciferous vegetables (i.e. more than four
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servings per week) had a 50 % reduction in risk of pancre-
atic cancer [25]. In another large population-based case
control study, the risk of developing pancreatic cancer in
people consuming more vegetables (i.e. more than five
servings per day), specifically cruciferous vegetables, was
half of that in people consuming less vegetables. Data
from a prospective Canadian epidemiological study sug-
gest that high consumption of cruciferous vegetables is
associated with inhibition of metastasis [26]. In the lat-
ter study, dietary patterns of 1,138 men with prostate
cancer were evaluated with a median follow up of 4.2
years. While vegetables in general significantly reduced
the relative risk (RR) of metastasis to 0.41, cruciferous
vegetables had the highest effect among all vegetables
(crucifers in general RR=0.60; cabbage RR=0.64; cauli-
flower RR=0.48; broccoli RR=0.55). Among all members
of the cruciferous vegetables, broccoli and cauliflower
were most effective with a significant effect at almost one
serving per week; three to five servings were more effec-
tive. In a similar study, Richman et al. [27] prospectively
examined the post-diagnostic intake of vegetables, spe-
cifically cruciferous vegetables, and the relation to risk
of prostate cancer progression. These authors reported
a 59 % reduced risk of prostate cancer progression after
cruciferous vegetable intake after diagnosis in men, while
inverse association for total vegetables was non-signifi-
cant. Arecent pilot intervention study in five participants
found a significant up-regulation of manganese superox-
ide dismutase (1.56-fold) along with down-regulation of
the heat shock 70-kDa protein (hsp70; 2.27-fold) in white
blood cells after consumption of Brussels sprouts [28].
Both proteins play a role in malignant transformation
of cells. These findings indicate that the alteration of the
synthesis of these proteins may be involved in the anti-
carcinogenic effects of cruciferous vegetables, which
was observed in earlier laboratory studies with animals.
Together, these data confirm that bioactive compounds
of crucifers have potent cancer preventive and therapeu-
tic effects in humans.

Sulforaphane: a well-examined mustard oil
with anticancer properties

Glucoraphanin (4-methylsulfinyl butyl glucosinolate)
and the derived isothiocyanate, sulforaphane, are one of
the best-studied compounds with high anticancer activ-
ity. Sulforaphane was first isolated in 1959 from a weed
known as hoary cress [29]. Sulforaphane can also be iso-
lated from broccoli, cauliflower, radish, cabbage and aru-
gula [30]. The current consensus is that flower buds and
sprouts of broccoli are the best source of sulforaphane
[31, 32]. Prochazka and Koversova [33] identified a potent
antimicrobial activity of sulforaphane in 1959, which was
much more extensively characterized by Dornberger et
al. 1975 [34]. In addition, antioxidant functions of sulfora-
phane have been detected, which are due to inhibition
of phase I enzymes and induction of phase II enzymes
[30]. However, in contrast to vitamin C, vitamin E or

[-carotene, sulforaphane does not eliminate free radicals
directly, but indirectly mainly by raising cellular glutathi-
one levels via induction of phase II enzymes. In this way
sulforaphane is involved in detoxification and prevents
formation of carcinogen-induced DNA adducts, formed
by heterocyclic amines [35]. Diverse in vitro and animal
studies identified a protective and therapeutic effect of
sulforaphane in a variety of cancer entities [23, 36]. Sul-
foraphane induces apoptosis and inhibits cell prolifera-
tion and angiogenesis [5, 37]. In addition, sulforaphane
has been shown to reduce nuclear factor-kB (NF-«B)
activity and to affect expression of NF-xB-mediated
genes encoding adhesion molecules, inflammatory cyto-
kines, growth factors and antiapoptotic factors [38].

Sulforaphane for targeting of cancer stem cells

More recent experimental studies suggest that sulfora-
phane may even target the highly aggressive cancer
stem cell (CSC) population [39]. This is extremely impor-
tant because this subpopulation does resist conven-
tional chemo- and radiotherapy [40]. According to the
hypothesis, CSCs are a minority population of cancer
cells within a tumour mass that possess characteristics
associated with normal stem cells. CSCs have the abil-
ity to self-renew and differentiate in therapy-sensitive
daughter tumour cells, which form the major tumour
population. However, only the CSCs are thought to be
tumourigenic and responsible for tumour growth and
metastasis. CSCs, but not the derived daughter tumour
cells, are highly resistant to conventional tumour thera-
peutics. Thus, shrinkage of a tumour mass after chemo-
therapy is often observed and may be due to elimination
of daughter tumour cells. However, CSCs survive and
may be responsible for relapse. It is estimated that with
each new cycle of chemotherapy, the population of CSCs
is enriched. This explains the often observed failure of
chemotherapy after several cycles of chemotherapy,
although the tumour was responsive to the first cycles
[40]. Development of specific therapies for targeting of
CSCs is urgently needed for improvement of survival and
quality of life of cancer patients, especially for sufferers
of metastatic disease. Sulforaphane may be a candidate
substance, which fulfils these requirements. Accord-
ing to recent data, highly tumourigenic pancreatic can-
cer stem-like cells are protected from chemotherapy by
up-regulation of the master transcription factor NF-kB
[39]. Sulforaphane down-regulated NF-xB activity and
thereby restored sensitivity of CSCs for gemcitabine,
sorafenib and other cancer therapeutics [39, 41, 42]. This
was associated with a sulforaphane-mediated inhibition
of typical CSC features, such as self-renewal potential, in
vivo growth in mice and others. Most interestingly, sul-
foraphane in therapeutic concentrations exhibited no
pronounced side effects in non-malignant cells or mice
[39, 41]. Targeting of CSCs by sulforaphane has been con-
firmed in the meantime for prostate and breast cancer
by laboratory and animal studies [41, 43, 44], indicating
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that sulforaphane may be suited for eliminating CSCs in
several tumour entities. It is tempting to speculate that
a cheap nutrition strategy may be able to overcome the
serious therapeutic problem of efficient treatment of
advanced metastatic cancer.

Broccoli is a rich source of sulforaphane

Experimental sulforaphane concentrations that inhib-
ited growth of human pancreatic cancer xenografts in
mice were 4.4 mg/kg/day [39]. Extrapolating this exper-
imental concentration to humans suggests a dose of
0.36 mg/kg according to the body surface area normal-
ization method [45]. This corresponds to 25 mg/70 kg
human. The question arises how much intake of crucifer-
ous vegetables is necessary to reach this concentration.
This is not easy to answer for the following reasons. First,
the bioavailability of sulforaphane upon cabbage con-
sumption is highly variable among different consumers
[46]. Second, the presence of glucoraphanin in differ-
ent Brassica oleracea varieties is highly variable [46]. The
variation of glucoraphanin in six cultivars of broccoli
ranged from 12.2 to 119.4 mg/100 g fresh weight, with
an average of 60 mg/100 g serving. Comparable or even
higher amounts of glucoraphanin were detected in some
but not all cultivars of cabbage and kale, with a special
recommendation for black kale of Italian origin (Cavolo
nero). An ecological cultivation method (‘aus kontrolliert
biologischem Anbau’) seems to enhance the content of
indolyl glucosinolates but not of glucoraphanin in broc-
coli [47]. Therefore, hybrid high-glucosinolate broccoli
(HG broccoli) with enhanced levels of glucoraphanin
has been developed by introgressing genomic segments
from the wild ancestor Brassica villosa [48]. These hybrid
lines generate about three-fold higher levels of sulfora-
phane than conventional varieties. Commercial freez-
ing processes and storage of HG broccoli maintains the
high level of glucosinolates compared with standard
cultivars, although the blanching process denatures the
endogenous myrosinase activity [48]. Thus, blanching
or cooking destroys myrosinase in fresh vegetables and
generation of sulforaphane then depends on thiogluco-
sidase activity of the intact gut microflora [49, 50]. How-
ever, this HG broccoli is commercially available only
in the United States and the UK so far and is still not a
commercially marketed form of broccoli over the world.
Nevertheless, consumption of standard broccoli will still
provide plenty of glucosinolate phytonutrients necessary
for cancer prevention.

Broccoli sprouts may provide highest
sulforaphane

Broccoli sprouts and seeds have gained increased scien-
tific attention because they usually contain about 10-100
times more glucoraphanin, on a weight basis, than
mature broccoli florets [32]. Subsequently, work with dif-

ferent broccoli seeds has stimulated commercial interest
in broccoli sprouts as new food products [51]. Inexpen-
sive open pollinated cultivars (e.g. Calabrese or DeCicco)
with highly variable glucoraphanin content due to the
genotypically very heterogeneous mixture were used for
examination. An alternative source of inexpensive broc-
coli seed is derived from self-compatible inbreds with a
double haploid genotype ensuring genetically homog-
enous seed and uniform sprouts with uniform gluco-
raphanin levels. The amount of glucoraphanin in these
seeds is influenced significantly by environmental factors
such as growth in a greenhouse or an outdoor cage envi-
ronment. However, the main factor, which determines
glucoraphanin levels in broccoli seed, remains the geno-
type [51]. Broccoli hybrids with high glucosinolate levels
in the seeds have been produced, e.g. ‘Pinnacle’ or ‘Mara-
thon’-derived F2 hybrid [48, 51, 52]. However, the authors
are not aware that seeds of these improved hybrids are
commercially available. What are commercially avail-
able are fresh broccoli sprouts derived from such hybrids
(e.g. BroccoSprouts®). Fresh broccoli sprouts may be con-
sumed between day 2 and 12, as recent data demonstrate
that the glucoraphanin content of broccoli sprouts grown
between day 2 and 12 does not differ. Also, growth until
day 8 and subsequent cold storage until the day 12 did not
lower glucosinolate contents [53]. An alternative to con-
suming mature broccoli for high intake of sulforaphane
may be intake of special freeze-dried broccoli sprouts or
broccoli seed extract preparations. Such sprouts, seeds
and derived extracts are available from several manufac-
turers, which promise standardized high sulforaphane
levels. Among them are ‘Sulforaphan Brokkoli Extrakt’
(source: The Nutri Store, 50 mg sulforaphane/500 mg
capsule), “Broccoli sprouts extract” (source: Supersmart,
10 mg sulforaphane/500 mg capsule), ‘Broccoraphan®
freeze-dried broccoli sprouts (source: Deiters, 9 mg sul-
foraphane/500 mg sprouts), ‘BroccoMax” broccoli seed
extract (source: Jarrow®, 9 mg sulforaphane/500 mg cap-
sule), ‘Brassica Nr. 2’ freeze-dried sprout extract from
a crossbreeding of broccolixgreen cabbagexBrussels
sprouts (source: Agrinova, 2.5 mg sulforaphane/500 mg
capsule). The concentrations given here are taken from
the analysis certificates of the manufacturers.

Key studies in patients using broccoli sprouts
and derived extracts

Broccoli sprouts have been used in patient studies, which
may give hints to the therapeutically active doses. One
of these studies demonstrates inhibition of Helicobacter
pylori after consumption of 56 g glucoraphanin-rich
broccoli sprouts daily for a total of 1 week in three of nine
gastritis patients [54]. More promising results were found
in another small clinical trial with 48 patients, in which
a significant reduction of the H. pylori infection after
consumption of daily 70 g glucoraphanin-rich 3-day-old
broccoli sprouts corresponding to 183 mg glucoraphanin
[55]. Eight weeks after daily intake, it became evident
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that patients from the test group had fewer markers for
H.pylori in the breath and faeces test compared with the
placebo group. Simultaneously, reduction of the gastritis
was noticed, as concluded from the amount of detect-
able pepsinogen I and II [55]. An actual and ongoing pilot
study performed at the University of Pittsburgh, USA,
evaluates the effect of broccoli sprout extract to atypi-
cal nevi, which are precursor lesions and risk markers of
melanoma (ClinicalTrials.gov identifier: NCT01568996).
In this study, eighteen individuals in total receive oral
broccoli sprout extract rich in sulforaphane in concen-
trations of 50 pM (22 mg), 100 pM (44 mg) or 200 uM
(88 mg) capsules for 28 days. A different ongoing pilot
study at the Roswell Park Cancer Institute, Buffalo, New
York, USA, examines the effect of broccoli sprout extract
in patients with transitional cell bladder cancer undergo-
ing surgery (National Library of Medicine (NLM) identi-
fier: NCT01108003). Two hundred micromoles per day
(88 mg/day) is given for 14 days to patients destined to
undergo definitive bladder resection for bladder cancer.
Another ongoing clinical trial at the OHSU Knight Cancer
Institute, Portland, Oregon, USA, evaluates the effect of
broccoli sprout extract in patients with recurrent prostate
cancer (ClinicalTrials.gov identifier: NCT01228084). A
total of 200 pmol (88 mg) of sulforaphane is given daily
via four 50 pmol capsules taken once daily during 20
weeks. Results from these latter studies are not available
yet but are awaited with great interest.

Bioavailability of broccoli sprout extracts

One of the several challenges in design of clinical studies
using broccoli sulforaphane is the selection of the dose,
formulation, and dose schedule, whose optimum in
humans are unknown so far. Therefore, a recent clinical
trial compared the bioavailability and tolerability of sul-
foraphane from two broccoli-sprout-derived beverages:
one glucoraphanin-rich (G-rich) and the other sulfora-
phane-rich (S-rich). Sulforaphane was generated either
by the gut microflora of probands or formed by pre-treat-
ment of the G-rich drink with myrosinase from daikon
sprouts [56]. Fifty healthy participants randomized into
two treatment arms participated and consumed either
the G-rich or the S-rich drink for 7 days. Bioavailability
was measured by urinary excretion of sulforaphane and
its metabolites 12 h after dosing. Bioavailability of sul-
foraphane was substantially greater with the S-rich drink
(70 %) than with the G-rich drink (5 %). However, clear-
ance of glucoraphanin from the body was considerably
slower with the G-rich drink, allowing for achievement
of steady-state dosing as opposed to bolus dosing with
the S-rich drink. The conclusion from this study is that
optimal dosing formulations should consider blends of a
mixture of sulforaphane and glucoraphanin.

Tips for preparing and consumption of broccoli

To reach the highest possible levels of glucoraphanin,
florets and peeled stems should be cut into small pieces
for quick and even cooking. For heating broccoli, the
use of a steamer with a cooking time of 5 min is recom-
mended [57]. Microwaving should be avoided since the
bioactive ingredients of broccoli may be largely inacti-
vated and the water-soluble glucosinolates are leached
into the cooking water [58]. For that reason, the amount
of cooking water should be as low as possible and may
be used for preparation of a sauce or soup to save the
glucosinolates. There is a study of broccoli stir frying that
produced some fairly encouraging results with respect to
nutrient retention in broccoli [59]. Results showed that
during stir frying, phenolics and vitamin C were more
affected than glucosinolates and minerals. Stir fry cook-
ing with extra virgin olive, soybean, peanut, or safflower
oil did not reduce the total glucosinolate content of the
cooked broccoli compared with that of the uncooked
sample. The stir frying took place for 3.5 min in a fry-
ing pan heated to 120-140 K. Approximately two-thirds
or more of the nutrients examined (including vitamins,
minerals, phenols and glucosinolates) were retained
after stir frying. When calculating the amount of sulfora-
phane derived from glucoraphanin-enriched cabbage,
it should be considered that a maximum of 20 % of the
glucoraphanin precursor is bioavailable and transferred
to sulforaphane in the body [60-62]. Conversion of glu-
coraphanin can be increased by well chewing uncooked
cruciferous vegetables to ensure release of myrosinase.

Side effects of broccoli florets and broccoli
sprouts consumption

Almost everyone knows the flatulent effect of cabbage.
Other known effects of cabbage to digestion are due to
the two atoms of sulphur in glucosinolates [12]. During
break down of cabbage by gut bacteria hydrogen sul-
phide is produced and is responsible for a ‘rotten egg’
odour. Additionally, sulforaphane acts as an indirect
antioxidant. Antioxidant supplements may help pro-
tect normal cells from oxidative damage and reduce the
short- and long-term harmful effects of cancer treatment
[63]. However, concern has been raised that antioxidant
supplements may also protect tumour cells during radio-
therapy and chemotherapy, thereby compromising treat-
ment efficacy [63, 64]. This has resulted in controversy
over guidelines for the use of vitamin supplements dur-
ing cancer treatment. We tested this issue in an experi-
mental human pancreatic cancer xenograft model in
mice. We found that sulforaphane increased the effect
of gemcitabine, cisplatin, doxorubicin, 5-fluorouracil,
sorafenib, TRAIL and quercetin for growth inhibition
of tumour xenografts [39, 41, 42, 65]. These laboratory
experiments are promising but cannot be directly trans-
ferred to the clinic. For a definite statement, we need the
data of a patient study in which sulforaphane is admin-
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istered together with chemotherapy. Regarding broccoli
sprouts, it should be considered that the sprouts may
be contaminated with dangerous gut bacteria or fungi
because of the warm and humid germination. In addi-
tion to glucoraphanin, broccoli contains the goitrogenic
glucosinolates glucobrassicin and progoitrin. However,
cabbage does not alter thyroid function in humans unless
massive amounts are consumed [66]. Notably, sprouts of
many broccoli cultivars contain negligible quantities of
glucobrassicin, which predominate in the mature veg-
etable [32].

Conclusions

It is increasingly clear that mustard oils and especially
sulforaphane possess cancer preventive and therapeu-
tic properties, of which the anti-CSC activity is of special
interest. However, sulforaphane from crucifers is not the
only naturally occurring plant substance with anti-CSC
activity, as recent studies suggest that additional foods
contain substances with anti-CSC activity. One is poly-
phenol quercetin, present in broccoli and many other
fruits and vegetables, which eliminates pancreatic CSC
characteristics and thereby enhances the effect of sul-
foraphane [65, 67]. Latest experimental data identified
anti-CSC activities in legumes (genistein from soybeans),
curcuma (curcumin, e.g. in curry), tomatoes (lycopene),
grapes, berries, plums and peanuts (resveratrol, e.g. in
grape seed oil, red wine), black pepper (piperin), green
tea (EGCG), and fish, egg yolk and cod liver oil (vitamin
D) [44]. Regarding vitamin D, it should be considered
that more than 80 % of this hormone is produced by solar
radiation on the skin [68]. The importance of sufficient
vitamin D levels in the body has been underlined by a
recent study, which clearly demonstrates that sufficient
plasma levels of 25-hydroxyvitamin D >75 nmol/L were
associated with a lower risk for pancreatic cancer among
participants in five large prospective cohorts [69]. The
actual available data reveal that a frequent intake of veg-
etables of the cruciferous family along with a colourful
selection of many other fruits and vegetables combined
with sufficient exposure to the sun may lower cancer risk
and prolong the life of patients.

Acknowledgements

This manuscript was supported by grants from the Ger-
man Cancer Aid (Deutsche Krebshilfe 109362), German
Research Community (DFG HE 3186/11-1) and German-
Israeli Foundation for Scientific Research and Develop-
ment (GIF 1058-7.11/2008).

Conflict of interest
The authors declare that there is no conflict of interest.

References

1. Fenwick GR, Heaney RK, Mullin WJ. Glucosinolates and
their breakdown products in food and food plants. Crit Rev
Food Sci Nutr. 1983;18:123-48.

2. Beliveau R, Gingras D. Krebszellen mogen keine Him-
beeren. Nahrungsmittel gegen Krebs. 13th ed. Miinchen:
Kosel; 2007.

3. Pechatschek H. Kohlblatt: Ein grofies Geschenk der Natur.
13th ed. Steyr: Ennsthaler; 1987/2009.

4. Rosa EAS, Heaney RK, Fenwick GR, et al. Glucosinolates in
crop plants. Hortic Rev. 1997;19:99-215.

5. Juge N, Mithen RF, Traka M. Molecular basis for chemopre-
vention by sulforaphane: a comprehensive review. Cell Mol
Life Sci. 2007;64:1105-27.

6. Joseph MA, Moysich KB, Freudenheim JL, et al. Crucifer-
ous vegetables, genetic polymorphisms in glutathione
S-transferases M1 and T1, and prostate cancer risk. Nutr
Cancer. 2004;50:206-13.

7. Hayes JD, Kelleher MO, Eggleston IM. The cancer chemo-
preventive actions of phytochemicals derived from gluco-
sinolates. Eur J Nutr. 2008;47 Suppl 2:73-88.

8. Higdon JV, Delage B, Williams DE, et al. Cruciferous vege-
tables and human cancer risk: epidemiologic evidence and
mechanistic basis. Pharmacol Res. 2007;55:224-36.

9. KeumYS, Jeong WS, Kong AN. Chemopreventive functions
of isothiocyanates. Drug News Perspect. 2005;18:445-51.

10. Fahey JW, Zalcmann AT, Talalay P. The chemical diversity
and distribution of glucosinolates and isothiocyanates
among plants. Phytochemistry. 2001;56:5-51.

11. RatzkaA, Vogel H, Kliebenstein D], etal. Disarming the mus-
tard oil bomb. Proc Natl Acad Sci U S A. 2002;99:11223-8.

12. Halkier BA, Gershenzon J. Biology and biochemistry of glu-
cosinolates. Annu Rev Plant Biol. 2006;57:303-33.

13. Griffiths DW, Birch ANE, Hillman JR. Antinutritional com-
pounds in the brassicaceae: analysis, biosynthesis, chemis-
try and dietary effects. ] Hort Sci Biotech. 1998;73:1-18.

14. Engel E, Baty C, Le Corre D, et al. Flavor-active compounds
potentially implicated in cooked cauliflower acceptance. J
Agric Food Chem. 2002;50:6459-67.

15. Shin IS, Masuda H, Naohide K. Bactericidal activity of
wasabi (wasabia japonica) against Helicobacter pylori. IntJ
Food Microbiol. 2004;94:255-61.

16. RomanowskiF, Klenk H. Thiocyanates and isothiocyanates,
organic. Weinheim: Wiley-VCH; 2005.

17. Schilcher H, Kammerer S, Wegener T. Leitfaden Phytother-
apie. 4th ed. Miinchen: Urban & Fischer; 2010.

18. Conrad A, Kolberg T, Engels I, et al. In-vitro-Untersuchun-
gen zur antibakteriellen Wirksamkeit einer Kombination
aus Kapuzinerkressenkraut (Tropaeoli majoris herb a) und
Meerrettichwurzel (Armoraciae rusticaneae radix). Arz-
neimittelforschung. 2006;56:842-9.

19. Stingl W. Influenza-Viren mit Phytotherapie bekdmpfen.
Arzte Zeitung.de. 2010 Oct 16.

20. Winter AG, Willeke L. Untersuchungen iiber den Einfluss
von Senfolen auf die Vermehrung des Influenza-Virus im
exembryonierten Hithnerei. Arch Mikrobiol. 1958;31:311-8.

21. Singh SV, Kim SH, Sehrawat A, et al. Biomarkers of
phenethyl isothiocyanate-mediated mammary cancer
chemoprevention in a clinically relevant mouse model. J
Natl Cancer Inst. 2012;104:1228-39.

22. Verhoeven DT, Goldbohm RA, van Poppel G, et al. Epide-
miological studies on brassica vegetables and cancer risk.
Cancer Epidemiol Biomarkers Prev. 1996;5:733-48.

23. Herr I, Biichler MW. Dietary constituents of broccoli and
other cruciferous vegetables: implications for prevention
and therapy of cancer. Cancer Treat Rev. 2010;36:377-83.

86  Sulforaphane and related mustard oils in focus of cancer prevention and therapy

@ Springer



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Forman D, BurleyV, Cade J, et al. The associations between
food, nutrition and physical activity and the risk of pancre-
atic cancer and underlying mechanisms. In: World Cancer
Research Fund. Food, nutrition, physical activity, and the
prevention of cancer: a global perspective. Washington,
DC: AICR; 2007

Silverman DT, Swanson CA, Gridley G, et al. Dietary and
nutritional factors and pancreatic cancer: a case-con-
trol study based on direct interviews. ] Natl Cancer Inst.
1998;90:1710-9.

Kirsh VA, Peters U, Mayne ST, et al. Prospective study of
fruit and vegetable intake and risk of prostate cancer. J] Natl
Cancer Inst. 2007;99:1200-9.

Richman EL, Carroll PR, Chan JM. Vegetable and fruit
intake after diagnosis and risk of prostate cancer progres-
sion. Int ] Cancer. 2012;131(1):201-10.

Hoelzl C, Lorenz O, Haudek V, et al. Proteome alterations
induced in human white blood cells by consumption of
Brussels sprouts: results of a pilot intervention study. Pro-
teomics Clin Appl. 2008;2:108-17.

Prochazka Z. Isolation of sulforaphane from hoary cress.
Collet Czech Chem Commun. 1959;24:2429-30.

Fahey JW, Talalay P. Antioxidant functions of sulforaphane:
a potent inducer of Phase II detoxication enzymes. Food
Chem Toxicol. 1999;37:973-9.

Zhang Y, Talalay P, Cho CG, et al. A major inducer of anti-
carcinogenic protective enzymes from broccoli: isolation
and elucidation of structure. Proc Natl Acad Sci U S A.
1992;89:2399-403.

Fahey JW, Zhang Y, Talalay P. Broccoli sprouts: an excep-
tionally rich source of inducers of enzymes that protect
against chemical carcinogens. Proc Natl Acad Sci U S A.
1997;94:10367-72.

Prochazka Z, Komersova I. Isolation of sulforaphane from
Cardaria draba and its antimicrobial effect. Cesk Farm.
1959;8:373-6.

Dornberger K, Bockel V, Heyer J, et al. Untersuchungen
iiber die Isothiocyanate Erysolin und Sulforaphan aus
Cardaria draba L. Pharmazie. 1975;30:792-6.

Shishu, Singla AK, Kaur IP. Inhibition of mutagenicity
of food-derived heterocyclic amines by sulphoraphene-
an isothiocyanate isolated from radish. Planta Med.
2003;69:184-6.

Herr I, Biichler MW. Glukosinolate der Kreuzbliitlerfami-
lie in Pravention und Therapie maligner Tumore. Dtsch Z
Onkol. 2009;41:109-14.

Bertl E, Bartsch H, Gerhauser C. Inhibition of angiogen-
esis and endothelial cell functions are novel sulforaphane-
mediated mechanisms in chemoprevention. Mol Cancer
Ther. 2006;5:575-85.

Myzak MC, Dashwood RH. Chemoprotection by sul-
foraphane: keep one eye beyond Keapl. Cancer Lett.
2006;233:208-18.

Kallifatidis G, Rausch V, Baumann B, et al. Sulforaphane
targets pancreatic tumour-initiating cells by NF-kappaB-
induced antiapoptotic signalling. Gut. 2009;58:949-63.
Abbott A. Cancer: the root of the problem. Nature.
2006;442:742-3.

Kallifatidis G, Labsch S, Rausch V, et al. Sulforaphane
increases drug-mediated cytotoxicity towards can-
cer stem-like cells of pancreas and prostate. Mol Ther.
2011;19:188-95.

Rausch V, Liu L, Kallifatidis G, et al. Synergistic activity of
sorafenib and sulforaphane abolishes pancreatic cancer
stem cell characteristics. Cancer Res. 2010;70:5004-13.

Li Y, Zhang T, Korkaya H, et al. Sulforaphane, a dietary
component of broccoli/broccoli sprouts, inhibits breast
cancer stem cells. Clin Cancer Res. 2010;16:2580-90.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li Y, Wicha MS, Schwartz SJ, et al. Implications of cancer
stem cell theory for cancer chemoprevention by natural
dietary compounds. ] Nutr Biochem. 2011;22:799-806.
Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from
animal to human studies revisited. FASEBJ. 2008;22:659-61.
Sasaki K, Neyazaki M, Shindo K, et al. Quantitative pro-
filing of glucosinolates by LC-MS analysis reveals several
cultivars of cabbage and kale as promising sources of sul-
foraphane. ] Chromatogr B Analyt Technol Biomed Life Sci.
2012;903:171-6.

Meyer M, Adam ST. Comparison of glucosinolate levels
in commercial broccoli and red cabbage from conven-
tional and exological farming. Eur Food Res Technol.
2008;226:1429-37.

Sarikamis G, Marquez J, MacCormack R, et al. High gluco-
sinolate broccoli: a delivery system for sulforaphane. Mol
Breeding. 2006;18:219-28.

Conaway CC, Getahun SM, Liebes LL, et al. Disposition of
glucosinolates and sulforaphane in humans after ingestion
of steamed and fresh broccoli. Nutr Cancer. 2000;38:168-78.
Li F, Hullar MA, Beresford SA, et al. Variation of glucora-
phanin metabolism in vivo and ex vivo by human gut bac-
teria. Br J Nutr. 2011;106:408-16.

Farnham MW, Stephenson KK, Fahey JW. Glucoraphanin
level in broccoli seed is largely determined by genotype.
HortScience. 2005;40:50-3.

Kensler TW, Chen JG, Egner PA, et al. Effects of glu-
cosinolate-rich broccoli sprouts on urinary levels of
aflatoxin-DNA adducts and phenanthrene tetraols in a
randomized clinical trial in He Zuo township, Qidong,
People’s Republic of China. Cancer Epidemiol Biomarkers
Prev. 2005;14:2605-13.

Rychlik M, Adam ST. Glucosinolate and folate con-
tent in sprouted broccoli seeds. Eur Food Res Technol.
2008;226:1057-64.

Galan MV, Kishan AA, Silverman AL. Oral broccoli sprouts
for the treatment of Helicobacter pylori infection: a prelim-
inary report. Dig Dis Sci. 2004;49:1088-90.

Yanaka A, Fahey JW, Fukumoto A, et al. Dietary sulfora-
phane-rich broccoli sprouts reduce colonization and
attenuate gastritis in Helicobacter pylori-infected mice and
humans. Cancer Prev Res (Phila Pa). 2009;2:353-60.

Egner PA, Chen JG, Wang JB, et al. Bioavailability of Sul-
foraphane from two broccoli sprout beverages: results of a
short-term, cross-over clinical trial in Qidong, China. Can-
cer Prev Res (Phila). 2011;4:384-95.

Yuan GE Sun B, Yuan J, et al. Effects of different cooking
methods on health-promoting compounds of broccoli. J
Zhejiang Univ Sci B. 2009;10:580-8.

Lopez-Berenguer C, Carvajal M, Moreno DA, et al. Effects
of microwave cooking conditions on bioactive compounds
present in broccoli inflorescences. J Agric Food Chem.
2007;55:10001-7.

Moreno DA, Lopez-Berenguer C, Garcia-Viguera C.
Effects of stir-fry cooking with different edible oils on
the phytochemical composition of broccoli. J Food Sci.
2007;72:5064-8.

Shapiro TA, Fahey JW, Dinkova-Kostova AT, et al. Safety,
tolerance, and metabolism of broccoli sprout glucosino-
lates and isothiocyanates: a clinical phase I study. Nutr
Cancer. 2006;55:53-62.

Shapiro TA, Fahey JW, Wade KL, et al. Chemoprotective
glucosinolates and isothiocyanates of broccoli sprouts:
metabolism and excretion in humans. Cancer Epidemiol
Biomarkers Prev. 2001;10:501-8.

Springer

Sulforaphane and related mustard oils in focus of cancer prevention and therapy 87




62.

63.

64.

65.

Shapiro TA, Fahey JW, Wade KL, et al. Human metabolism
and excretion of cancer chemoprotective glucosinolates
and isothiocyanates of cruciferous vegetables. Cancer Epi-
demiol Biomarkers Prev. 1998;7:1091-100.

Lawenda BD, Kelly KM, Ladas EJ, et al. Should supple-
mental antioxidant administration be avoided during
chemotherapy and radiation therapy? J Natl Cancer Inst.
2008;100:773-83.

D’Andrea GM. Use of antioxidants during chemotherapy
and radiotherapy should be avoided. CA Cancer J Clin.
2005;55:319-21.

Zhou W, Kallifatidis G, Baumann B, et al. Dietary polyphe-
nol quercetin targets pancreatic cancer stem cells. Int J
Oncol. 2010;37:551-61.

66.

67.

68.

69.

Verhoeven DT, Verhagen H, Goldbohm RA, et al. A review
of mechanisms underlying anticarcinogenicity by brassica
vegetables. Chem Biol Interact. 1997;103:79-129.
Adikrisna R, Tanaka S, Muramatsu S, et al. Identification of
pancreatic cancer stem cells and selective toxicity of che-
motherapeutic agents. Gastroenterology. 2012;143:234-45.
e7.

Rosen CJ. Clinical practice. Vitamin D insufficiency. N Engl
] Med. 2011;364:248-54.

Wolpin BM, Ng K, BaoY, et al. Plasma 25-hydroxyvitamin D
and risk of pancreatic cancer. Cancer Epidemiol Biomark-
ers Prev. 2012;21:82-91.

88

Sulforaphane and related mustard oils in focus of cancer prevention and therapy

@ Springer


https://www.researchgate.net/publication/233887225

	Sulforaphan und verwandte Senföle im Fokus der Prävention und Therapie von Krebs 
	Zusammenfassung
	Summary
	Introduction
	Mustard oil bomb
	Properties and biological activity of glucosinolates
	Studies in humans confirm a preventive and therapeutic effect of crucifers in cancer
	Sulforaphane: a well-examined mustard oil with anticancer properties
	Sulforaphane for targeting of cancer stem cells
	Broccoli is a rich source of sulforaphane
	Broccoli sprouts may provide highest sulforaphane
	Key studies in patients using broccoli sprouts and derived extracts
	Bioavailability of broccoli sprout extracts
	Tips for preparing and consumption of broccoli
	Side effects of broccoli florets and broccoli sprouts consumption
	Conclusions
	References

