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The chemistry of glucosinolates and their behavior during food From the Contents

processing is very complex. Their instability leads to the formation of

a bunch of breakdown and reaction products that are very often 1 Introduction 17431
reac.tzye themselves. Although excessive consumption of cabbage 2. Glucosinolates in Food Plants:
varieties has been thought for long time to have adverse, especially Transformations during Food
goitrogenic effects, nowadays, epidemiologic studies provide data that Processing 11437
there might be beneficial health effects as well. Especially Brassica

vegetables, such as broccoli, radish, or cabbage, are rich in these 3. Reactivity of Glucosinolate

] 4 7 o ’ ] 86 . ] o Breakdown Products 11441
interesting plant metabolites. However, information on the bioactivity

of glucosinolates is only valuable when one knows which compounds 4. Summary and Outlook 11445

are formed during processing and subsequent consumption. This
review provides a comprehensive, in-depth overview on the chemical

reactivity of different glucosinolates and breakdown products thereof 1,544 to have an anti (Z) configura-

during food preparation.

1. Introduction
1.1. History

Many vegetables that are a fundamental part of tradi-
tional diets are members of the order Brassicales.I' Plants that
belong to this order characteristically contain glucosinolates,
which are sulfur-containing secondary plant metabolites,
a fact that was established almost 200 years ago. The first
glucosinolates were discovered in the early 19th century: the
widely distributed prop-2-enyl glucosinolate (sinigrin, 1) was
isolated from black mustard (Brassica nigra) seed® and 4-
hydroxybenzyl glucosinolate (sinalbin, 2) from white mustard
(Sinapis alba) seed.”! Soon after, it was discovered that these
substances decompose under the influence of a constituent
called “myrosin”, now known as myrosinase. Myrosinase was
also isolated from black mustard seeds and is able to produce
the volatile mustard oils.! In 1897, Gadamer proposed
a general common structure for the class of glucosinolates.”!
However, the structure could not explain the occurrence of
nitriles that were by-products of the “myrosin”-induced
hydrolysis to mustard oils, which were primarily identified
as isothiocyanates. In 1956, Ettlinger and Lundeen revised
this general structure and proposed a modified structure for
the “prototype of mustard oil glucosides”, namely the
“myronate ion...sinigrin”, which comprises a [3-D-thioglucose
group, a side chain (R), and a sulfonated oxim moiety
(Figure 1b).

This structure was confirmed by synthesis in 1957.1°7
Finally, X-ray crystallographic studies showed the C=N
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Figure 1. Glucosinolate structure according to a) Gadamer! and b) Ett-
linger und Lundeen.”” R' =side chain.
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tion.®! Therefore, glucosinolates are

also  called PB-p-thioglucoside-N-

hydroxysulfates,  (Z)-(or  cis)-N-

hydroximinosulfateesters, or S-gluco-
pyranosylthio hydroximates. The side chain R is structurally
multifaceted and a variety of glucosinolates have been
described so far.”

Over the past 50 years, many reviews have summarized
studies of glucosinolate biochemistry and their physiological
effects™!”! and provided information on glucosinolate distri-
bution among the plants.l' 1% However, to date, only a limited
number of studies have addressed the reactivity of this
interesting group of secondary plant metabolites,!"!! which are
central to the regulation of the ecophysiological plant-—
environment interaction and the induction of dietary-medi-
ated adverse or positive physiological effects.

1.2. Structural Classification of Glucosinolates

To date, more than 200 glucosinolates have been identi-
fied in plants belonging predominantly to the order Brassi-
cales.! Glucosinolates are usually classified into aliphatic (1,
3-15), aromatic (2, 16, 17), and indole glucosinolates (18-21;
Figure 2). This classification is based on the variable side
chain of the basic chemical structure (Figure 1b) that results
from the amino acid precursor. About 50 % of the glucosi-
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nolates identified so far are aliphatic glucosinolates with
highly variable side chain structures. This class of glucosino-
lates can be subdivided into straight- or branched-chain
alk(en)yl glucosinolates without or with a hydroxy group (1,
3-6), and into a large group of those that contain an additional
sulfur atom in the side chain. Depending on the oxidation
state of this sulfur atom, the latter group can be further
subdivided into methylsulfanylalkyl- (S") (7, 8, 12), methyl-
sulfinylalkyl- (S") (9-11, 13), or methylsulfonylalkyl gluco-
sinolates (SV'). The major side-chain structures of glucosino-
lates from the Brassicales species are shown in Figure 2.

The structure of the different glucosinolate side chains can
be very complex. Moreover, functionalization at the C2' or
C6’ position of the (-p-thioglucose moiety by cinnamoyl-,
sinapoyl-, and benzoic acid salts or esters have also been
reported.””) Other “exotic” aromatic glucosinolates contain
O-glycosidically linked sugars, such as L-rhamnose, L-arabi-
nose, or D-apiose, at the aromatic ring of the side chain.!!
Finally, there are further sulfur-containing aliphatic glucosi-
nolates, such as dimeric 4-mercaptobutyl- 15, 4-(glucodisulfa-
nyl)butyl- 14, or 4-(cysteine-S-yl)butyl glucosinolate.

1.3. Glucosinolates in Plants: Biosynthesis, Hydrolysis, and
Function

In plants, glucosinolates are involved in the response to
biotic stress. Induced by herbivores!™ or fungal penetra-
tion,'® enzymatically formed breakdown products of gluco-
sinolates activate the defense system of the plant and act as
deterrents. Depending on insect species and plant geno-
type,'! a herbivorous attack leads to a jasmonic acid
mediated increase in glucosinolate concentration. This can
also be affected by UVB pretreatment!™®! or a lack of water.!"”
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As glucosinolates can contribute to the natural plant resist-
ance by reducing phytopathogen attacks, plants rich in
glucosinolates have some potential to be used as biofumigants
in agriculture by incorporating crushed plants into the soil.*"!

Amino acids are precursors for the biosynthesis of
glucosinolates. Aliphatic glucosinolates principally derive
from methionine, indole glucosinolates from tryptophan,
and aromatic glucosinolates mostly derive from phenylala-
nine. The biosynthesis proceeds through three separate
biosynthetic steps: 1) the chain elongation of selected pre-
cursor amino acids (relevant for methionine- and phenyl-
alanine-derived glucosinolates), 2)the formation of the
glucosinolate core structure, and 3) modifications of the side
chain.l%2! Glucosinolate biosynthesis starts with the con-
version of the precursor amino acids to the corresponding
aldoxime by cytochrome P450 monooxygenases of the CYP79
family. The aldoxime enters the glucosinolate core biosyn-
thesis pathway and is oxidized by CYP83s and conjugated to
the S donor, probably through a glutathione-S-transferase-
like enzyme.

Thiohydroximic acid is then formed by cleavage of the
thiohydroximate catalyzed by a C-S lyase. Finally, glucose is
coupled by an S-glucosyltranferase to the sulfur atom and the
resulting desulfoglucosinolate is then sulfonated by a sulfo-
transferase to form the final glucosinolate. Secondary modi-
fications of aliphatic glucosinolates include oxygenation,
hydroxylation, alkenylation, and benzoylation, while indole
and aromatic glucosinolates can undergo hydroxylation and
methoxylation.”” Although glucosinolates are present in all
plant organs,® their concentrations and composition can vary
enormously within the plant and ontogenetic changes can
lead to fluctuating glucosinolate profiles that depend on the
stage of plant development. Seeds usually have the highest
glucosinolate contents, which comprise especially aliphatic or
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Figure 2. Major glucosinolate side-chain structures of Brassica species.
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aromatic glucosinolates.>?! After germination, total gluco-
sinolate contents decline but can later increase again, and
indole glucosinolates are formed that dominate especially in
root tissues.>*! Glucosinolates finally accumulate in the
inflorescences and fruits containing the unripe seeds.**?"

In addition to the (onto)genetic background, glucosino-
late synthesis is strongly regulated by ecophysiological factors
such as plant nutrition and water availability. Fertilization
with sulfur increases aliphatic, methionine-derived glucosi-
nolates when the nitrogen level is moderate, whereas nitrogen
supply can enhance indole glucosinolate levels and even
decrease aliphatic glucosinolates when sulfur supply is low.?!
Both effects are based on amino acid metabolism and
glucosinolate biosynthesis, as the reduction of sulfur-contain-
ing cysteine to methionine is nitrogen dependent®” and
indole glucosinolate biosynthesis from L-tryptophan is limited
by the sulfur donor for the thiohydroximate.”®! Furthermore,
the water supply greatly affects glucosinolate contents and
water-limited conditions can increase especially aliphatic
glucosinolates.'”>*! The effect is influenced by ontogeny,
genotype, and the growing season.”! Topsoil drying was
shown to be a modern technique to enhance aliphatic
glucosinolates without a reduction in biomass.*” Temperature
or radiation affect glucosinolates as well.”") For example, in
field-grown broccoli the content of aliphatic methylsulfinyl
glucosinolates increased with decreasing temperature and
increasing radiation. Broccoli grown at daily mean temper-
atures of less than 12°C combined with increasing radiation
(up to 100 molm~2d~") produced high contents of alkyl
glucosinolates.'*!

The radiation-induced effects are based on light-depen-
dent flavin monooxygenases that are involved in the biosyn-
thesis of methylsulfinyl glucosinolates.*” Additionally, high-
energy UVB radiation is able to induce the formation of
glucosinolates in ecologically relevant doses."®* This effect is
mediated by the UVRS8 receptor, which initiates signaling and
plant response,**! thus triggering glucosinolate biosynthesis
through signaling pathways involving jasmonic and salicylic
acid.['®3%35] Therefore, external application of these signaling
molecules leads to a distinct increase of certain glucosinolates
as well.F>

1.3.1. Enzymatic Degradation

Glucosinolates are stored in the plant vacuole, separately
from the endogenous glucosinolate-hydrolyzing enzyme myr-
osinase (a f3-p-thioglucosidase).! Upon cell rupture, myro-
sinase can come into contact with the glucosinolates and the
enzymatic degradation (Scheme 1) is initiated, resulting in
a variety of breakdown products.

In a first step, the enzyme cleaves the glucosinolate to give
[-D-glucose 22 and an unstable thiohydroximate-O-sulfonate.
The aglucon is then transformed to the isothiocyanate in the
so-called Lossen rearrangement, or decomposes to the
corresponding nitrile and molecular sulfur (Scheme 2). As
low pH values inhibit the Lossen rearrangement, isothiocya-
nates are usually formed under more neutral conditions.””!
However, some plants modulate this transformation by
specific proteins, such as the epithiospecifier protein
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Scheme 1. Formation of enzymatic-breakdown products of glucosino-
lates. ESP: epithiospecifier protein; TFP: thiocyanate-forming protein;
ESM: epithiospecifier modifier protein; NSP: nitrile-specifier proteins.
R: variable side chain; R': alkenyl side chain.
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Scheme 2. Lossen rearrangement of the thiohydroximate-O-sulfonate
to the isothiocyanate. R: variable side chain

(ESP),®¥ the nitrile specifier proteins (NSPs),® or the
thiocyanate-forming protein (TFP),*” which can interact
with the unstable aglucon and favor the formation of nitriles.
Iron(II) influences the activity of ESP and NSPs and can
induce the formation of nitriles by itself.?”**** Additionally,
the ESP protein promotes the formation of epithionitriles
from unsaturated aliphatic glucosinolates such as 1.544
The presence of TFP can generate thiocyanates from 1, benzyl
glucosinolate (16), and 4-methylsulfanylbutyl glucosinolate
(8) or favor the formation of the nitrile from other glucosi-
nolates.™ On the other hand, the epithiospecifier modifier
protein (ESM) blocks the formation of epithionitrile and
nitrile in favor of the isothiocyanate.* For detailed informa-
tion about the enzymatic hydrolysis of glucosinolates and the
function of the specifier proteins, the reader is referred to
reviews from Burow and Wittstock. !

Some glucosinolates form unstable isothiocyanates. While
2-hydroxyalkenyl isothiocyanates cyclize to oxazolidine-2-
thiones (Scheme 1), the 4-hydroxybenzyl isothiocyanate 23
and the very reactive indole isothiocyanates decompose,
probably via an indol-3-ylmethyl carbocation, to their corre-
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sponding alcohols, thereby releasing the thiocyanate ion.*!

For example, indole-3-carbinol 24 can then, probably again
through the formation of the carbocation, readily react with
water, further molecules of 24 or other nucleophiles to form
a variety of oligomers (Scheme 3).[46¢47)

HO NuH

C; ]’ Nu C; T OH
HN ’ HN l 24

Scheme 3. Decomposition of indole-type glucosinolates and reactions
of breakdown products. NuH: nucleophilic compound, 25: indol-3-
acetonitril. Modified following Ref. [46c].

From the hydrolysis products, isothiocyanates are espe-
cially responsible for the pungent flavor of several Brassica
vegetables, and for their antimicrobial,*®! antifungal,*’ and
antiherbivorous properties.”” In addition, there is increasing
evidence that these glucosinolate breakdown products might
have several beneficial health effects in humans, for example
through cancer prevention or anti-inflammatory effects.['%¢!]

1.3.2. Metabolism of Glucosinolates

During chewing of raw Brassica vegetables or later in the
stomach, glucosinolates are partly hydrolyzed as a result of
plant tissue disruption, and subsequent liberation and
absorption was shown to be dependent on the food
matrix.”? Because of the apolarity of the formed isothiocya-
nates, they can be absorbed passively through the membrane
of the enterocyte, after which they are rapidly transformed.
They are conjugated with glutathione and accumulate in the
enterocytes.”*! The resulting dithiocarbamates are able to re-
release the isothiocyanates which can bind to other thiols or
proteins!®**> or will be excreted by the multidrug-resist-
ance-associated protein 1 into the blood or back into the gut
lumen.* The glutathione adducts are further metabolized

Angew. Chem. Int. Ed. 2014, 53, 11430 —11450
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through the mercapturic acid pathway and excreted as N-
acetyl-L-cysteine conjugate in the urine.’ The bioavailability
of free isothiocyanates is comparatively high, and concen-
trations of metabolites in human plasma reach a maximum
between one and six hours after vegetable consumption.[>7!
Concentrations of single metabolites in the plasma can reach
16 pm, however in most studies metabolite concentrations
range between 1-3 um.P®®%1 Additionally, up to 85% of
ingested glucosinolate/isothiocyanate were shown to be
excreted with the urine.””

The fate of intact, nonhydrolyzed glucosinolates is still
discussed controversially. The prerequisite for the hydrolysis
not to take place is the inactivation of the myrosinase, which
can be achieved by thermal treatment, for example, blanch-
ing. However, a certain percentage of the glucosinolates seem
to be hydrolyzed in the stomach,”™ or absorbed in the
stomach by passive transport (protonated form) or by
facilitated uptake (diffusion) in the small intestine.* Finally,
in the colon, several bacteria strains are able to hydrolyze
glucosinolates to form isothiocyanates, amines, or nitriles
depending on the type of bacterial myrosinase-like activity
involved.® Furthermore, a recent study in gnotobiotic
(sterilely kept) mice showed that intact glucosinolates can
also be excreted through feces.”*! If hydrolyzed, the isothio-
cyanates will then be absorbed, metabolized, and excreted
through the urine."

To date, information about the uptake, metabolism, and
excretion of nitriles and epithionitriles is even more limited.
Because of their structure and molecular size, it is hypothe-
sized that they are absorbed passively.'"*® Similar to
isothiocyanates, epithionitriles are known to be conjugated
with glutathione and excreted as their corresponding mer-
capturic acids in urine.’>% In contrast, aliphatic nitriles are
metabolized in the liver, resulting in the release of an
aldehyde and cyanide ion. Organic thiocyanates are also
metabolized by gluthathione-S-transferases resulting in the
cyanide ion.[*! The latter can be metabolized and excreted as
thiocyanate ion through the urine.®!

1.3.3. Physiological Effects of Glucosinolates and Implications for
Health Prevention

In the past, glucosinolates and their breakdown products
were mainly considered to be toxic and goitrogenic (goiter-
producing) compounds.®**%!  Especially enzymatically
derived oxazolidine-2-thiones were shown to be potent
goitrogens in animal studies.®®*®) The thyroid hormone axis
is also significantly inhibited by a competitive effect of
thiocyanate ions and iodine, especially in situations when
iodine malnutrition is manifested.™ However, with regard to
the chemical structure, only a few glucosinolates are able to
preferably form oxazolidine-2-thiones (glucosinolates 5 and
6) and thiocyanate ions (glucosinolates 2, 18-21). As these
goitrogenic compounds are all products from chemically
unstable isothiocyanates (Scheme 1 and 3), the occurrence of
these substances is dependent on enzymatic degradation,
protein cofactors, and processing conditions (see also chap-
ters 1.3.1 and 2). Therefore, as most vegetables rich in 2-
hydroxyalkenyl glucosinolates, such as Brussels sprouts, are
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cooked prior to consumption, goitrogenic effects should be of
no concern in an average human diet.”) Adverse effects
however may still play a role in some parts of the world where
low iodine supply is still of a problem. Additionally, goiter was
induced by carry-over of oxazolidine-2-thiones into cow milk,
and this way of exposition should still be considered and
monitored.™ Furthermore, goitrogenic effects played an
important role in animal nutrition when feeding rapeseeds
rich in glucosinolate 5. However, by reducing the glucosino-
late content and supplementation of iodine, malnutritional
effects can be avoided.[*”>5571]

Although some glucosinolates provide goitrogenic poten-
tial, epidemiological data and preliminary research indicated
that glucosinolates might also have beneficial health
effects.” Since then, adverse and beneficial health effects
of glucosinolate have been the topic of a controversial
scientific debate.™

Several epidemiological studies reported an inverse
correlation between the intake of Brassica vegetables and
the risk for several types of cancer.™ In 1992, Zhang et al.
identified 4(R)-4-methylsulfinylbutyl isothiocyanate (sulfor-
aphane) 26, a breakdown product of 4-(methylsulfinyl)butyl
glucosinolate (10), as a principle cause of the cancer
preventive effects.” Since then, such effects of this and
other isothiocyanates were exhaustively investigated. It was
shown that isothiocyanates inhibit the development of cancer
in several organs in rats and mice, including bladder, breast,
colon, lung, stomach, and liver.” Also, short-term interven-
tion studies using xenobiotic enzyme modulation and cyto-
genetic endpoints, such as micronuclei and DNA damage
induction, provide first indications on the chemopreventive
effects of isothiocyanate-containing foods in humans."
Meanwhile, the first clinical phase I studies have been
accomplished to establish the safety and tolerance of gluco-
sinolates and isothiocyanates of broccoli sprouts,”” and based
on promising preclinical findings, clinical trials with isothio-
cyanate 26 and broccoli sprouts are running for prevention or
treatment of lung, breast, and prostate cancer.”

A large number of studies have been conducted to
identify the factors determining the bioactivity of isothiocya-
nates and shed light on the behaviour of their structures in
cellular compartments and organisms.””! Basically, isothio-
cyanates react with electrophilic substitutes such as thiol,
amine, and hydroxy groups, for example, the phenolic group
of tyrosine.” The reaction with thiol groups is 10° to 10* times
faster than with amine or hydroxy groups.*! While the
conjugation of isothiocyanates with small thiol moieties is
reversible, isothiocyanates are thought to form irreversible
thiourea derivatives with amino groups. Glutathione is the
most abundant thiol-containing antioxidant molecule within
the cell and its coupling reaction and consequent efflux out of
the cell presents the first step of the inactivation of
isothiocyanates. This in turn leads to changes in the redox-
equilibrium state of the cell, thus demanding for compensa-
tory mechanisms such as new synthesis of glutathione.
However, at increasing isothiocyanate concentrations, gluta-
thione is depleted and coupling with other cellular proteins
dominates the reaction, which then results in controlled or
finally uncontrolled cell death.””! A recent proteomic analysis
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led to the identification of more than 30 proteins of the
cytoskeleton, redox regulation, proteasome, and apoptosis/
cell survival signaling as targets for intracellular isothiocya-
nate interaction.”®!! The intensity of isothiocyanate reactivity
with thiol moieties and consequently their bioactivity greatly
varies and depends on the carbonyl chain length, substituents,
molecular geometry, and chemical stability.””

The process of carcinogenesis can be subdivided into three
phases: initiation, promotion, and progression (Figure 3). A
cell can be initiated by carcinogen binding and irreversible

5 oa v phase | enzyme
primary —
prevention °“°’ 4 phase Il enzymes
o’ A DNA repair
normal cells  HDACs, DNA methylation
bactericidal (H. pylor)
@ » ) Initiation
initiated cell
y proliferation
4 apoptosis
yinflammation
secondary HDACs, DNA methylation
prevention +angiogenesis (HIF-dependent and
independent pathways)
dysplasia Promotion

tertiary prevention/
adjunctive therapy

ycell cycle

4 apoptosis

y inflammation

+HDAC5‘ DNA methylation

+angiogenesis (HIF-dependent and
independent pathways)

Progression

neoplasia

invasive cancer

Figure 3. Modes of action of isothiocyanates-mediated cancer prevention.
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damage to the DNA. In the promotion phase, clones of
initiated cells expand as a result of functional loss of
regulatory proteins and cellular checkpoints that are impor-
tant for proliferation and apoptosis. Progression defines the
stage in which the tumor cells have irreversibly altered
phenotypically and genotypically and demonstrate increased
growth speed and invasiveness. In this model, isothiocyanates
are identified as pleiotropic acting biochemicals that interfere
with all three steps of chemoprevention. The best investigated
mechanisms of action for blocking initiation include the
tandem and cooperating inhibitory effects of isothiocyanates
on phase-I cytochrome P450 metabolizing enzymes. This
effect is probably mediated by a combination of enzyme
suppression and direct inhibition of their catalytic activities.*
Thereby, the levels of ultimately formed carcinogens within
the cell are lowered, and the chances of mutagenic events that
lead to cell initiation are reduced. The activation of phase-II
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enzyme expression through the KEAP1/Nrf2/ARE pathway
is another important mechanism that protects the cell from
initiation as a result of elevated detoxification of carcinogenic
compounds. For compound 26, evidence for phase-1I enzyme
induction is available from in vitro studies in animals and
humans.®® Mechanisms for preventing promotion and pro-
gression involve the inhibition of events that are controlled by
cascades of cellular signal-transduction molecules. Besides
hormones or growth factors, inflammations are regarded as
important tumor-promoting stimuli and anti-inflammatory
effects through the inhibition of the NF-kB pathway have
been clearly identified for isothiocyanates.®™ Recent findings
suggest that Brassica-vegetable-derived isothiocyanates are
also regulators of epigenetic mechanisms; they may inhibit
histone deacetylase transferases (HDAC) and aberrant CpG
island methylation of various genes, but also short noncoding
microRNAs. !

Isothiocyanates prevent the growth and survival of cells
that are predetermined to become malignant. Thus, the
treatment with isothiocyanates results in an increased sensi-
tivity of cancer cells to growth arrest at the G1, S, or G2ZM
phase,® and apoptosis (intrinsic and extrinsic) is triggered,
even in chemoresistant cancer cells that express high levels of
anti-apoptotic bcl-2 family members.’”! Moreover, isothio-
cyanates, and in particular isothiocyanate 26, were shown as
inhibitors of anti-apoptotic telomerase enzyme in different
cancer cells.®™ Furthermore, hypoxia inducible factors (HIF)
may be key targets mediating the anti-angiogenic activity of
isothiocyanates, that is, the inhibition of the formation of new
blood vessel in preneoplastic tissue or neoplasia, but HIF-
independent pathways have also been described.® These
include other transcription factors, such as NF-xB, API,
MYC, and tubulin. The critical question is whether a normal
dietary intake of Brassica vegetables might deliver sufficient
amounts of isothiocyanates to transfer in vitro/in vivo results
to the human situation, or if pharmacological application of
purified isothiocyanates will be necessary. As indicated above,
some cancer-preventive mechanisms have already been
verified in humans following Brassica-vegetable consump-
tion. However, further investigations are needed to determine
minimum necessary consumption levels to achieve such
protective effects, but should also investigate upper dosing
limits. Because of their reactivity, isothiocyanates are in
principle able to act genotoxic, form DNA adducts, and
induce DNA mutations. Some studies even report on
carcinogenic effects.”"!

Metabolites derived from indole glucosinolates show
different modes of action. In an aqueous environment and
in acidic gastric juice, carbinol 24, which derives from
glucosinolate 18, is converted to numerous condensation
products, of which the dimer 3,3-diindolylmethane is the most
active and effective metabolite.” Moreover, studies in
humans implicate that 24 serves as the prodrug for the
therapeutically active dimer.”? To date, both compounds
have been demonstrated to possess cancer-preventive proper-
ties in numerous epidemiological and preclinical studies. The
modulation of multiple signaling pathways that control DNA
repair, inflammation, cell growth, apoptosis, and angiogenesis
are made responsible for these effects.”'* However, the
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basis for its potency against hormone-dependent cancers, such
as breast, cervical, and prostate cancer, is thought to be the
ability to modulate the estrogen metabolism. This effect,
observed in vitro and in vivo, has been confirmed in human
clinical trials.*"¥ Both compounds negatively regulate estro-
gen receptor oo (ERa) signaling and alter the cytochrome
P450 mediated estrogen metabolism.”™ Ligand-independent
activation of ERf has also been shown for the 3,3-diindolyl-
methane.”! Currently available clinical data on these com-
pounds indicate a good safety profile and only minor adverse
effects.””) However, the promotion of cancer was found in rat
liver after treatment with carbinol 24.°®! Moreover, break-
down products of glucosinolate 21 were shown to exert
genotoxic and mutagenic effects in bacterial and mammalian
cells.” The extremely unstable isothiocyanate can interact
with the DNA by forming a resonance-stabilized carbocation
that readily reacts with nucleophilic structures®"!%
(Scheme 3). Additionally, the corresponding 1-methoxy-
indole-3-carbinol can be activated by human sulfotransferase
hSULT1A1 to the sulphate, which can also decompose to the
reactive carbocation.”*°!) However, whether glucosinolate
21 exerts a carcinogenic risk to humans is still unknown.
Clearly, genotoxic effects of isothiocyanates have hampered
the clinical development of purified isothiocyanates as
chemopreventive agents. However, at dietary consumption
levels, such toxicities from stable isothiocyanates such as
isothiocyanate 26 are unlikely to occur in humans. With
regard to the chronic consumption of dietary supplements or
botanical products that are highly enriched with isothiocya-
nates, a more thorough toxicological evaluation is critical to
meet safety requirements and promote acceptance. In con-
trast to isothiocyanates and 24, knowledge about possible
beneficial health effects of nitriles and epithionitriles is
limited. According to some studies, they play only a minor
role in Brassica-vegetable-based cancer prevention,!'"
whereas other studies have reported a moderate induction
of phase-II enzymes, for example, by the nitrile of 2(R)-2-
hydroxybut-3-enyl glucosinolate (5).'%1%] These studies
have led to the assumption that nitriles show pronounced
differences in their functionality depending on the chemical
structure of their side chain.

Therefore, the metabolism of glucosinolates is strongly
dependent on either the occurrence of myrosinase or related
bacterial enzymes or further chemical transformations prior
to consumption. However, most Brassica vegetables are
consumed after domestic processing, such as cooking, a pro-
cess that can inactivate myrosinase. Therefore, it is important
to ascertain the fate of glucosinolates during food preparation
and determine the factors that influence the glucosinolate
breakdown and formation of breakdown products and the
stability of these compounds themselves. Without this knowl-
edge, it seems to be impossible to gain any deeper insight into
mechanisms of how (a mixture) of glucosinolates and their
degradation products might act physiologically with a corre-
sponding risk-benefit evaluation of Brassica-vegetable-based
food.

Here, we provide details on the reactivity of glucosino-
lates and their breakdown products in foods with special
reference to the food matrix.
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2. Glucosinolates in Food Plants: Transformations
during Food Processing

With a worldwide production of 100 million tons in 2011,
Brassica species, and hence glucosinolates, are an integral part
of human nutrition."" Distribution and concentrations of
glucosinolates in important, highly consumed vegetables of
the Brassica family are provided in the Supporting Informa-
tion. The average daily intake of glucosinolates in the
German population was estimated to be 14.2 mg for men
and 14.8 mg for women, approximately 10% of which is
glucosinolate 10. Broccoli, Brussels sprouts, cauliflower, and
radish contributed the most to the total intake of glucosino-
lates in Germany.'™ Broccoli is rich in glucosinolate 10 (11-
34 mg/100 g fresh weight (FW)) and 18 (7-17 mg/100 g
FW).10319] Bryssels sprouts on the other hand contain
mainly glucosinolates 1 (22-45 mg/100 g FW), 5 (7-14 mg/
100 g FW), 9 (6-14 mg/100 g FW), and 18 (25-44 mg/100 g
FW).B1a1%]1 Cayliflower also contains mainly glucosinolates
1 (1-6 mg/100 g FW), 9 (0-6 mg/100 g FW), and 18 (5-19 mg/
100 g FW).B12105:191 Contrarily, radish is very rich in glucosi-
nolate 12 (50-119 mg/100 g FW).P'*1%! Some of those vege-
tables are ingested raw, for example, radish, rocket salad,
sprouts, cress, mustard, or cabbage salads, but usually they are
consumed after a preparation procedure. Such food process-
ing can have a pronounced impact on the concentration of
glucosinolates and their corresponding breakdown products.

As pre- and postharvest influences and changes on
glucosinolate levels induced by processing, and the genetic
influence of processing procedures on vegetable quality have
been reviewed recently,'”) this present review focuses on the
chemical changes of glucosinolates and mechanisms along
with the reactivity of glucosinolate breakdown products in
food.

Storage usually decreases glucosinolate levels,'® and
freezing of raw Brassica vegetables causes enzymatic degra-
dation of glucosinolates induced by freeze—thaw fractures of
the plant cells.'” However, glucosinolates of blanched
vegetables are not affected when stored in a freezer.'""!
Furthermore, cutting results in the same enzymatic degrada-
tion and thus in severe loss of glucosinolates. However, the
cutting of the vegetables into bigger slices and their storage
for 48h can even increase indole glucosinolate levels.'!"
Fermentation, as is common for white cabbage in Germany
(“Sauerkraut”), includes two different ways of degradation:
1) enzymatic degradation by myrosinase, resulting from soft-
ening or disruption of the cell wall, and 2)microbial
degradation when microorganism possess myrosinase-like
enzymes."**""2 The major breakdown products in fermented
white cabbage are aliphatic isothiocyanates, and ascorbigen,
derived from 24 and nucleophilic ascorbic acid (compare
Scheme 3, ascorbic acid =NuH)."™?! In addition, heat treat-
ments, such as blanching, cooking, or canning, will modulate
the enzymatic degradation mechanism differently, and influ-
ence glucosinolate content and the formation of breakdown
products. For example, while maintaining myrosinase activity,
mild heat treatment inactivates the ESP protein, thus leading
to an increase in the formation of isothiocyanates."™™ Longer
heat treatment will also inactivate myrosinase and therefore
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inhibit enzymatic breakdown more or less completely.!"¥

Moreover, gentle microwave cooking and steaming were
shown to preserve most of the glucosinolates,!® 113 114a.115]
while blanching and domestic cooking can result in a gluco-
sinolate loss of more than 50 %, a process mainly caused by
leaChing.[wg’lls’Mé]

However, the inactivation of myrosinase by the cooking
process does not necessarily mean that the breakdown of
glucosinolates is stopped. Glucosinolates are not inert sub-
stances, but are degraded depending on several other
conditions such as strong acids or bases or different types of
metal salts.[*!"71#11"] Proton-catalyzed hydrolysis will lead to
the formation of carbonic acids and sugar 22,*!"8] whereas
bases hydrolyze the glucosinolate through a Neber-type
rearrangement and form the alkyl amino acid and 1-f-p-
thioglucose 28 (Scheme 4).'™! Therefore, in addition to
leaching and enzymatic degradation, a thermally induced
chemical degradation might also occur during food prepara-
tion, especially with longer cooking times and higher temper-
atures as during canning (e.g. “broccoli soup”), baking (e.g.
“brocceoli gratin”), frying (e.g. “stir-fried broccoli”), or deep-
frying (e.g. “broccoli tempura”).
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Scheme 4. Base-catalyzed Neber-type rearrangement of glucosinolate
1 to an amino acid and sugar 28. Modified following Ref. [117b], R:
CH,=CH,.

2.1. Thermal Stability of Individual Glucosinolates and
Formation of Thermally Induced Degradation Products

From most studies of cooked Brassica vegetables, con-
tribution of enzymatic breakdown, leaching effects, or

thermally induced degradation cannot be separated sharply.
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Therefore, in this section, only studies are discussed that
excluded leaching or enzymatic breakdown, so that thermal
degradation is clearly the main influence. With such a diversity
of structurally different glucosinolates present in Brassica
species, it is not unexpected that glucosinolates differ in their
susceptibility toward heat. It is now widely accepted that
during heat treatment of Brassica vegetables, indole glucosi-
nolates are thermally less stable than aliphatic ones.'"” Since
indole glucosinolates are able to form resonance-stabilized
products, their reactivities differ significantly from aliphatic
glucosinolates. 4-Hydroxyindol-3-ylmethyl glucosinolate (19)
was least stable when Brassica crops were heated under
conditions that excluded losses as a result of leaching and
enzymatic degradation.''*4¢<! On the other hand, 1-methox-
yindol-3-ylmethyl glucosinolate (21) and 3-indolylmethyl
glucosinolate (18) were less susceptible,'**4l as was predicted
by McDanell etal. in 1988."* In 1989, Slominski and
Campbell studied the thermally induced degradation of
indole glucosinolates in Brassica species and identified the
corresponding indole-3-acetonitriles as the main products of
thermal breakdown.!'? In contrast, Chevolleau et al. (1997,
2002) studied the thermal stability of the pure glucosinolate
18 and observed only 10 % degradation when heated in water
for 60 min. Furthermore, this group did not detect nitrile 25,
but 2-(indolyl-3"-methyl)indolyl-3-methyl glucosinolate as the
only reaction product.['??]

Aliphatic glucosinolates are more stable in comparison to
indole glucosinolates. Hanschen et al. (2012) observed that
the structure of the glucosinolates determines the degradation
rate of aliphatic glucosinolates during the heating of pow-
dered broccoli sprouts. Within the group of sulfur-containing
aliphatic glucosinolates, the methylsulfinylalkyl glucosino-
lates were more stable than the methylsulfanylalkyl glucosi-
nolates.'*¢1%] In these studies, 3-(methylsulfanyl)propyl
glucosinolate 7 was identified as the most unstable aliphatic
glucosinolate and 59% were degraded after one hour of
cooking at 100°C at the natural pH value of 5.3.'%) The
unsaturated 4-(methylsulfanyl)but-3-enyl glucosinolate (12)
is very labile as well. Within 15 min of steaming of fresh
kaiware daikon radish at 121°C in an autoclave, 22 % of this
glucosinolate were converted from the naturally occurring
Eisomer to the Zisomer, and 18% were completely
degraded. After 90 min of this treatment, 89 % were degraded
completely.['?*

With regard to structure—activity relationships, it was
generally observed that glucosinolates with a hydroxy func-
tion in the side chain, for example, glucosinolates 5 or 19, are
more labile compared to their corresponding nonhydroxy-
lated relatives, for example, but-3-enyl glucosinolate 3 and
18.11%4123] The study of Oerlemans et al. (2006) gave com-
parable results with regard to the order of stability (below
110°C). However, using kinetic modeling, this group showed
that when starting at temperatures above 110°C in aqueous
media, the degradation kinetics of aliphatic and indole
glucosinolates will equalize.'® Therefore, the temperature
can affect the thermal degradation kinetic as well. On the
other hand, during a dry heat treatment (roasting), aliphatic
and indole glucosinolates in broccoli sprouts showed different
thermal stabilities, both at 100°C and at 130°C.[1"*4
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When undergoing a thermally induced degradation pro-
cess, aliphatic glucosinolates form isothiocyanates and
nitriles. In 1970, MacLeod and MacLeod proposed nitriles
to be the predominant thermal degradation products of
glucosinolates,'* and later proved their theory by heating the
pure glucosinolates 1, 16, and 2-phenylethyl glucosinolate
(17) on a gas chromatography column. The glucosinolates
were predominantly decomposed to nitriles. Isothiocyanates
appeared at higher temperatures (>150°C).'?) Moreover,
when the natural plant matrix was treated directly, nitriles
were the major thermally induced degradation prod-
ucts,'»1%"] and isothiocyanates were only detected at a com-
paratively “low” temperature of 100°C, but not at all at
higher temperatures.!'>!

2.2. Other Factors that Influence Thermally Induced Degradation

The formation of chemical breakdown products of
glucosinolates is determined by the chemical structure of
the glucosinolate, the thermal treatment conditions, and
additional factors, such as the surrounding matrix, water
content, iron concentration, and the pH value.

2.2.1. Influence of the pH Value

When Brassica vegetables were cooked at the natural
pH value of the plant of 5.3, glucosinolates were compara-
tively stable. Contrarily, at higher pH values (pH > 8.0),
aliphatic and indole glucosinolates are less stable.[!%¢1%
The recovery of the nitriles, the main thermally induced
degradation products under such conditions, was lower
compared to the slightly acidic environment, suggesting
a thermal instability of the nitriles themselves.'”) However,
pure glucosinolates are more stable in comparison,['* and the
percentage of isothiocyanates as breakdown products is
higher.'”%8] Gronowitz et al. (1978) reported a higher ther-
mal stability of the pure glucosinolate 5 at a pH value of 8
compared to that at pH 5.1%! These different results clearly
point to a “plant matrix effect” that influences glucosinolate
stability. Furthermore, a severe influence of buffer solutions
on the thermal model experiments was also reported. For
example, sodium tetraborate buffer was shown to degrade
glucosinolates very effectively, even at room temperature.'”’]

2.2.2. Influence of the Food Matrix

Dekker etal. (2009) demonstrated the “plant matrix
effect” by cooking five different Brassica vegetables. They
observed that the thermal susceptibility of glucosinolates
differed within the vegetables, but that the order of stability
remained the same (3> 18> 20)."""! Lately, a similar study
with four Brassica vegetables also described different thermal
stabilities in the cooking water by kinetic modeling.*
Moreover, Hennig et al. (2012) reported that glucosinolates
in different Brassica vegetables grown at the same site and
during the same season show the same thermal stability;
however, stabilities differed between vegetables grown in
different seasons.®" This finding implies that the thermal
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degradation is influenced by growing conditions rather than
by the genotype of the vegetable. Further studies from the
same group showed that the thermal stability of glucosino-
lates seems to be also regulated genetically.*?) However, to
date, the specific genes involved in this regulation are
unknown.

2.2.3. Influence of the Water Content of the Plant Material

The water content of the plant material also affects the
thermally induced degradation of glucosinolates. Glucosino-
lates in plant samples with low water content were most labile
at 120°C, compared to those with higher water content,
whereas at 100 °C, the degradation was lower in samples with
low residual moisture.!'>12133] With regard to the chemical
structure, the chain length of methylsulfanylalkyl and meth-
ylsulfinylalkyl glucosinolates did not affect the thermal
stability of wet broccoli sprout samples, but did when heating
dry ones.">

2.2.4. Influence of Iron Concentration

Another factor that influences thermally induced degra-
dation is the concentration of iron ions in the samples. It is
known that Fe" can degrade glucosinolates in a non-enzy-
matic pathway. For example, in 1967, Youngs and Perlin
demonstrated that glucosinolate 1 was degraded by Fe™. As
degradation products, they detected but-3-enenitrile (29) and
bis(B-p-glucopyranosyl)disulfide and proposed that prior to
the degradation, a glucosinolate-metal complex is formed,
consisting of two glucosinolate molecules and the Fe' ion.3!
This complex was proposed based on a description of a stable
1:2 complex of Ni'! and methylthiohydroxamic acid,'*! which
has similar structural features compared to the glucosinolate.
On the other hand, hydroxyalkenyl glucosinolates are
affected by Fe in a different way, and next to the nitrile,
the thionamide can be found as a major breakdown prod-
uct.*! Heat increases this degradation reaction, a phenom-
enon that is also observed for indole glucosinolates.'7-134137]
At equimolar Fe" concentrations, 14 min at 95°C were
sufficient to completely degrade (S)-2-hydroxybut-3-enyl
glucosinolate (epiprogoitrin).'** Based on the complex
postulated by Youngs and Perlin (1967),"3* Bellostas et al.
(2008) proposed a mechanism for this non-enzymatic degra-
dation pathway (Scheme 5).01%!

The effect of low, but plant-relevant, Fe"" concentrations
on the thermal degradation of glucosinolates was studied by
adding the 1.3-fold concentration of soluble Fe or the 1.3-fold
of the total Fe concentration present in broccoli sprouts as Fe™
ions. A reduced stability of the glucosinolates and a two- and
even three-fold increase in nitrile formation was observed."*
The influence of Fe™ or Fe™ as well as the broccoli sprout
matrix or vitamin C addition on the thermally induced
degradation of pure glucosinolate 1 was studied with model
experiments.['?®! Fe!' has no effect on the thermally induced
degradation process at all, whereas Fe', even at very low
concentrations (0.008 mol equivalents of Fe), decreased the
thermal stability of the glucosinolate and accelerated the
formation of the nitrile, which correlated well with the
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Scheme 5. Mechanisms of Fe”—catalyzed non-enzymatic degradation of
glucosinolates. A) Degradation of a 2-hydroxyalkenyl glucosinolate to
nitrile and 28. B) Degradation of 2-hydroxyalkenyl glucosinolates to
thionamides and 22. Based on the mechanism proposed in Ref. [138].

formation of sugar 28 instead of the release of 22.1%

Vitamin C can promote the Fe'-catalyzed degradation as
a result of redoxcycling."® Moreover, other antioxidant
compounds, such as kaempferol or quercetin derivatives, were
recently shown to be linked with thermal stability, and it was
suggested that they also act through redoxcycling of Fe™ to
FeII.[132b]

Thus, in addition to temperature, the plant matrix and
therefore the presence of Fe ions also have a strong influence
on the stability of glucosinolates during thermal food
preparation of Brassica vegetables. Unravelling the under-
lying mechanisms behind these influencing factors would
therefore be a key step to advance understanding of (thermal)
glucosinolate stability and in predicting outcomes.

F.S. Hanschen et al.

2.3. Thermally Induced Degradation Pathways

A study of the thermally induced degradation of gluco-
sinolate 1 resulted in the identification of further degradation
products.'”® Hanschen et al. (2012) identified the desulfo-
prop-2-enyl glucosinolate 30 as one of the major breakdown
products after dry-heat treatment of 1.'* Consequently, the
authors proposed that 30 acts as an important intermediate
during the thermally induced degradation pathway and
proved their hypothesis by degrading desulfoglucosinolates
further to the corresponding nitriles. The formation of
a desulfoglucosinolate as a result of chemical degradation
was suggested by Shahidi and Gabon (1990), who treated
mustard seeds rich in glucosinolate 1 with a solvent mixture of
methanol/ammonia/water-hexane (at ambient temperatures)
to remove the glucosinolate, and detected minor amounts of
desulfoglucosinolate 30. The latter was suggested to be an
intermediate during this base-catalyzed degradation."'"

Three independent pathways were proposed to be of
importance for the thermally induced degradation of gluco-
sinolates (Scheme 6). Pathway A is similar to that of enzy-
matic degradation and occurs under aqueous conditions.
Sugar 22 is cleaved and nitrile 29 or the thermally labile allyl
isothiocyanate 31 is formed. The latter can further degrade
and form N,N'-1,3-diallylthiourea 32. Pathway B contains
steps from Fe'-catalyzed degradation and is based on the
mechanism proposed by Bellostas et al. (2008),*¥ in which
the nitrile and sugar 28 are formed. Pathway C can occur
during dry-heat treatment. Primarily by desulfatation, com-
pound 30 is formed and then degrades further to sugar 28 and
the nitrile 29.01%%)

The results for the thermal stability of glucosinolates and
the influencing factors lead to valuable suggestions for
chemical mechanisms, explaining the formation of the
thermally induced breakdown products. An interpretation
of the mechanisms is provided in the Supporting Information.

The thermally induced degradation of glucosinolates
during processing is therefore strongly influenced by the
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Scheme 6. Thermal degradation pathways (A-C) of aliphatic glucosinolates, presented for alkenyl glucosinolate 1 [according to Hanschen et al.
(2012)]."% A) Thermally induced degradation under aqueous conditions. B) Fe"-catalyzed degradation of glucosinolates. C) Thermally induced

degradation under dry conditions via the desulfoglucosinolate 30.

11440 www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2014, 53, 11430 —11450


http://www.angewandte.org

Glucosinolates in Foods

chemical structure, water content, and the pH value, as well as
the content of Fe" and vitamin C in the plant tissue.

3. Reactivity of Glucosinolate Breakdown Products

Glucosinolates are usually degraded to nitriles and
isothiocyanates. Nitriles are comparatively stable substan-
ces.’™ Even during heat treatments at temperatures higher
than 100°C, they were shown to hardly degrade any
further.'” Therefore, losses during cooking will predomi-
nantly occur because of their volatility. On the other hand,
isothiocyanates contain a very electrophilic carbon atom and
readily react with nucleophiles such as hydroxy, amino, or
thiol groups, thereby forming O-thiocarbamates, thiourea
derivatives, or  dithiocarbamates,  respectively®!4’l
(Scheme 7). A reaction with sulfite ions can lead to alkyl-
aminothiocarbonylsulphonates as shown for mustard
paste.[14!

R'-SH R2-NH,
H H H
/\/N\H/S‘W <—L /\/N\\C\\S L_> /\/N\H/N\Rz

Scheme 7. Reactions of isothiocyanates with nucleophiles.

Especially in plant-based foods, reactions with water,
amino acids, and proteins, and other thermally induced
degradation products of isothiocyanates might also be of
interest in better understanding glucosinolate-based bioac-
tivity and quality of foods.

3.1. Reactions of Isothiocyanates under Aqueous Conditions

As Brassica-vegetable-derived isothiocyanates are usually
formed under aqueous conditions, the reaction with water is
one of the most important ones, especially under thermal
processing conditions. Indole isothiocyanates are very labile
and decompose immediately in water to produce an alcohol
and a thiocyanate ion.**! It is postulated that indole
isothiocyanate decomposition proceeds via a resonance-sta-
bilized carbocation that is very reactive.”” %142l For example,
the carbocation of glucosinolate 21 reacts with selected DNA
bases, resulting in the formation of DNA adducts (compare
Scheme 3 in chapter 1.3.).1100:142]

Some ortho- or para-hydroxylated (or methoxylated)
benzyl isothiocyanates also form an alcohol and a thiocyanate
as degradation products.'¥ The presence of an electron-
donating group in the ortho or para position seems to
facilitate the formation of a resonance-stabilized carbocation
that has been postulated for this reaction pathway
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(Scheme 8).*! Other aromatic isothiocyanates, such as
benzyl- or 3-methoxybenzyl isothiocyanate and aliphatic
isothiocyanates, follow a different pathway. The latter form
an unstable O-thiocarbamic acid by attacking hydroxy ions or
water. The O-thiocarbamic acid decomposes quickly to the
amine and carbonyl sulfide, which is further degraded to
carbon dioxide and hydrogen sulfide. The amine might react
with aromatic isothiocyanates that are still present to the
corresponding N,N'-diaryl thioureas (see also
Scheme 9).%1 In the presence of methanol, the formation
of isothiocyanate-derived methyl-O-carbamates was also
reported in aqueous media.l"*!

Kawakishi and Namiki (1969) studied the aqueous
degradation of isothiocyanate 31, which results from the
enzymatic breakdown of glucosinolate 1. Isothiocyanate
31 was stored at 37°C for 10 days at pH 5.2. After this time,
75 % of the isothiocyanate 31 was degraded and a garlic-like
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Scheme 8. Degradation of unstable aromatic isothiocyanates to an
alcohol and a thiocyanate ion according to Ref. [143].
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odor was observed. Diallyldithiocarbamate (33), its degrada-
tion products diallyl tetrasulfide (34) and diallyl pentasulfide
(35), and molecular sulfur were also detected, as was
compound 32, deriving from the reaction of allyl amine (36)
and isothiocyanate 31.014¢)

Similar to the chemical degradation of glucosinolates, the
degradation of isothiocyanates in aqueous media is promoted
by higher pH values and temperatures.'*”! Therefore, heat
treatment such as cooking quickly degrades isothiocyanates,
and a variety of degradation products are formed (Scheme 9).
Furthermore, the thermal stability of isothiocyanates is
different. For example, isothiocyanate 31 was relatively
labile. Within 1 h at 100°C, the degradation of this substance
was 57% and 71% with a pHvalue of 53 and 7-7.3,
respectively."*%8] In contrast, isothiocyanate 26 is more
stable, as only 21 % (pH 5.3) or 39% (pH 7.3) were degraded
under the same conditions."**) Moreover, at higher temper-
atures, an isomerization reaction of isothiocyanates occurs
and the corresponding thiocyanate is formed. Consequently,
this aliphatic thiocyanate can react with isothiocyanates to
dithiocarbamates.'**1#! Until now, several breakdown prod-
ucts have been identified and their levels were also shown to
depend on pH values during the reaction.

The decomposition of isothiocyanate 31 at 80°C and
a pH value of 4 resulted in amine 36, carbon disulfide, and
allyl thiocyanate (37) as the main degradation products. At
80°C and pH 8§, even more amine, as well as dithiocarbamate
33 and compound 32 were present.'*”"! However, Chen and
Ho (1998) could not detect dithiocarbamate 33 after heating
isothiocyanate 31 for 1h at 100°C and at various pH val-
ues.'* Instead, they detected diallylsulfide (38), diallyldisul-
fide (39), and diallyltrisulfide (40) among the mayor volatile
breakdown products, and traces of diallyltetrasulfide (41).
Interestingly, compound 32 was the mayor nonvolatile break-
down product. In contrast to Pechacek et al. (1997), Chen and
Ho (1998) could not directly detect allyl mercaptan (42), but
they were able to find traces of its cyclization products: 3H-
1,2-dithiolene (43), 2-vinyl-4H-1,3-dithiin (44), 4H-1,2,3-tri-
thiin (45), and 5-methyl-1,2,3 4-tetrathiane (46; Sche-
me 9).4*1% Compounds such as 44 and the various allyl
sulfides also occur as breakdown products from alliin (S-2-
propenyl-L-cysteine sulfoxide), the precursor substance of the
aroma of garlic." The occurrence of these substances,
especially of sulfide 39,1°<! therefore explains the observed
garlic-like odor when heating isothiocyanate 31 in aqueous
medium as reported for mustard paste.™!]

The thermal degradation of the methylsulfinyl isothio-
cyanate 26 partially follows a different thermal degradation
pathway compared to isothiocyanate 31. As 31, most of
compound 26 is also hydrolyzed to the amine, which results in
the N,N'-di-(methylsulfinyl)butyl thiourea.*>32 However,
the proposed mechanism for the formed volatile breakdown
products differs significantly from the one proposed for
isothiocyanate 31, for which Jin etal. (1999) suggested
a mechanism involving radicals.'*?! The proposed cleavage
of the methylsulfinyl radical could also explain the observed
formation of but-3-enyl isothiocyanate, deriving from iso-
thiocyanate 26 in the injection port of a gas chromato-
graph.['>’]
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Additionally, Jin et al. (1999) suggested that the oxygen
atom of the methylsulfinyl group could form, via an epoxide,
a 4-methylsulfanyl-4-hydroxybutyl isothiocyanate that reacts
after the release of water to 4-methylsulfanyl-3-butenyl
isothiocyanate (47). The latter compound could release the
methylsulfanyl radical that, in addition to the methylsulfinyl
radical, could form the remaining degradation products that
were observed, namely dimethyldisulfide (48), 1,2,4-trithio-
lane, methyl(methylsulfanyl)methyl disulfide (49), or S-
methyl methylsulfanylsulfinate (50) and the corresponding
sulfonate 51 (Scheme 10). However, isothiocyanate 47, which
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S
Z
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/S\s/ H,O
50 \/\/\/N\
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Scheme 10. Pathways for the formation of volatile thermal degradation
products of isothiocyanate 26 according to Ref. [152].

is the major isothiocyanate derived from radish (Raphanus
sativus)P' as well as its oxidized sulfinyl analogue, are very
labile, even at room temperature.***13 The reactivity of 47
and analogues is clearly based on the double bond in
o position to the sulfanyl group, as this enables mesomerism
and the nucleophilic C atom in the f§ position can attack the
electrophilic isothiocyanate group. Therefore, several cyclic
products deriving from 47, such as 3-(hydroxy)methylene-2-
thioxopyrrolidine (52), (Z)-3-(methylsulfanyl)-methylene-2-
thioxopyrrolidine (53), its (E)-isomer 54, as well as 6-
[(methylsulfinyl)methyl]-1,3-thiazinan-2-thione  (55) from
the 4-(methylsulfinyl)but-3-enyl isothiocyanate, have been
observed (Scheme 11). The formation of the latter is initiated
by the addition of a hydrosulfide ion. Thus, the stability of
unsaturated sulfinyl isothiocyanates can be enhanced by
metal ions."*” Furthermore, one of the cyclic products of 47,
compound 52, was shown to readily react with tryptophan,
ascorbic acid, and several dihydroxyphenolic compounds to
form the yellow pigments that account for the yellowing of
processed radish.>! During the formation of compound 52,
methanethiol could be released and oxidized to the ill-
smelling sulfide 48 or react with the isothiocyanate 47 to form
the detected methyl (Z)-4-methylsulfanylbut-3-enyldithiocar-
bamate (56) and its (E)-isomer 57, or methyl 4-methylsulfa-
nylbutyldithiocarbamate (58).11435154

As there is a great diversity in the structure of Brassica-
vegetable-derived isothiocyanates and the degradation path-
ways of only some of them have been studied, it is very likely
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Scheme 11. Reactions of isothiocyanate 47 and analogues under aqueous conditions, modified according to Ref. [145b,154-156]. Compound 55
derives from 4-(methylsulfinyl)but-3-enyl isothiocyanate, all other compounds from 47.

that more possibilities for the formation of isothiocyanate
degradation products in water exist, all of them with the
potential to contribute to flavor, color, and even responsible
for physiological processes.

3.2. Reactivity of Isothiocyanates with Other Food Nucleophiles

In addition to the thermally induced hydrolysis, isothio-
cyanates also react with other nucleophiles that are present in
most foods in the form of amino acids, peptides, and proteins.
These contain amino, thiol, or hydroxy groups that can act as
electron donors. Several studies dealing with the kinetics of
the reactions of isothiocyanates with amines and thiols
showed that isothiocyanates react with the dissociated form
of amino, thiol, or hydroxy groups (free bases). Therefore,
a high pH value favors such nucleophilic addition reactions
for which the order of reactivity is as follows: thiol group >
amino group >hydroxy group.’®” The kinetics of the
reaction depends on 1) the pH value, as it influences the
first-order reaction of the amino or thiol group with the free
base, 2) the isothiocyanate structure, and 3) the nucleophilic
substituent/reaction partner.

The reactivity of amino or thiol compounds toward
isothiocyanates is higher with increasing basicity of these
nucleophiles."”*1* Moreover, it is dependent on the side-
chain structure of the isothiocyanates: their reactivity accel-
erates with smaller size and increasing electrophilic character
of the side chain. This means that a lower electron density at
the reacting carbon atom of the isothiocyanate function
promotes reactivity, as demonstrated by Drobnica and
Augustin (1965). They studied the reactivity of different
arylisothiocyanates with thioglycolate and glycine and found
that electron-withdrawing substituents improve the reactivity
remarkably.'*™! As such addition reactions were shown to be
of second order, their kinetics also depend on the concen-

tration of the reactants.'’2%!
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In foods, isothiocyanates react with free amino acids,
peptides, and proteins at even food relevant pH values (pH 4—
8). While the formation of thiourea resulting from the
reaction with amino groups of amino acids is slow and
needs at least neutral conditions to be of relevance,'* the
formation of dithiocarbamate with cysteine or glutathione is
comparatively fast in acidic media."**!>"2 Moreover, isothio-
cyanates not only react with free thiols, but can also cleave
disulfide bonds by oxidative scission, as shown for cystine and
oxidized glutathione."™™ As a result, the dithiocarbamate and
a sulfeno-compound are released (Scheme 12).

Furthermore, thiocyanate 37, formed by isomerization of
the corresponding isothiocyanate 31, was also shown to be
able to cleave the disulfide bond (Scheme 12b). The detection
of 2-amino-2-thiazoline-4-carboxylic acid (59) led to the
assumption that it is derived from cyclization and isomer-
ization of the cleavage product p-thiocyanoalanine (60).>!
The dithiocarbamates resulting from a reaction with cysteine
are able to cyclize to the 3(3H)-allyl-5,6-dihydro-5-amino-
2(2H)-thioxo-1,3-thiazin-4-one derivative 61 by releasing
water (Scheme 12, a;) or to the 2-allylamino-2-thiazoline-4-
carboxylic acid derivative 62 by releasing hydrogen sulfide
(Scheme 12, a,).[1%%<

However, as the nucleophilic addition is reversible,
dithiocarbamates can also decompose again to isothiocya-
nates and amino acids by base catalysis."®” This back reaction
also takes place under physiological conditions (pH 7.3,
37°C) and cysteine and glutathione dithiocarbamates are
described to be transporting agents for isothiocyanates
in vivo.l'!! The stability of these dithiocarbamates was studied
in detail by Conaway et al. (2001), who identified the cysteine
adducts of various isothiocyanates as being less stable
compared to glutathione adducts.” Furthermore, it was
also demonstrated that the concentration of the dithiocarba-
mates rapidly declines when competitive thiols that form
more stable dithiocarbamates or amino compounds are
present.'**1°] Nakamura et al. (2009) studied the exchange
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Scheme 12. Proposed reaction mechanism of cystine and isothiocya-
nate 31 according to Ref. [159a,c]. A) Cleavage induced by the isothio-
cyanate. The dithiocarbamate then cyclizes through the release of

a,) water or a,) hydrogen sulfide. B) Thiocyanate-induced cleavage of
the disulfide bond.

reaction between the 31-N%-acetyl-L-cysteine adduct and
synthetic N°-benzoyl-glycyl-L-lysine and observed that the
exchange reaction from the thiol to the amino group was
nearly 100 % after 24 h. As they performed the reaction under
more or less physiological conditions (pH 7.4, 37°C),['"! these
reactions could also be relevant in foods. Although the amino
groups of amino acids react more slowly, the reactions result
in stable adducts that can also be used as markers for an
isothiocyanate  (glucosinolate) exposition in human
plasma.[1®%]

Comparable with the above-mentioned dithiocarbamates,
the thiourea derivatives that derived from the reaction of
isothiocyanates with the amino group of peptides, are able to
cyclize and can form 2-thiohydantoins 63 with water or by
peptide-chain cleavage at the N-terminal end (Sche-
me 13).1°183] Formation of 63 is favored at higher pH values
(pH 8), but also occurs at a low level under acidic conditions
(pH 6).1""163 The formation of 63 by cleavage of the peptide
chain is also commonly known in amino acid sequencing of
proteins (during the so-called Edman degradation).'®¥l The
reactivity of the amino groups of amino acids is quite low and
Hanschen et al. (2012) showed that using synthetic lysine
derivatives at a pH value of 7.3 and room temperature the a-
amino group of lysine was more reactive toward isothiocya-
nates, such as isothiocyanate 31 or 26, than the e-amino
group.!* Therefore, at first glance, the e-amino groups of
lysine in food proteins seem to be a comparatively non-
attractive goal for isothiocyanate attack. However, as the e-
thioureas are more stable than o-thioureas, ™ lysine side

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F.S. Hanschen et al.

N c=s
S R! S
2 3
Jl\NHJ\I(R - R\NHJI\NH
o RZ\V
v R

R3. )]\

N NH

O 63 R'

R

s R!

RS\NHJI\NHJ\’(O.

(0]

Scheme 13. Reaction of isothiocyanates and amino acids or peptides
under aqueous conditions to 2-thiohydanthoins 63 according to

Ref. [163]. R' =amino acid residue; R*= N-bound peptide (amino
acid), O~; R*=alkyl residue.

chains in proteins are modified with isothiocyanates none-
theless.["*:163]

As nucleophilic compounds in foods, proteins may also be
a target for an isothiocyanate attack. Therefore, several
investigations were performed on protein modifications
caused by Brassica-vegetable-released isothiocyanates. How-
ever, most of these studies used isolated proteins or dealt with
protein fractions, with only a few dealing with protein-rich
foods.[”19:1%6] However, as proteins are modified by isothio-
cyanate attack invitro'”! and even in vivo,'%*!%! these
reactions are very likely to take place in foods and are
worth to be considered. The proof of the presence of certain
amino acid adducts or protein modifications in complex food
or physiological matrices is still challenging, but the unsuc-
cessful approaches so far do not relativize the relevance of
such reactions. Moreover, they give evidence for the difficul-
ties of analyzing such complex reaction mixtures with several
hundreds of heterogeneous degradation and reactions prod-
ucts. As obvious from the literature, most studies have been
performed as model approaches to overcome the difficulties
“step-by-step”. Further work is needed to evaluate the
relevance for individual Brassica food and the influence of
these addition reactions on food quality.

Bjorkman (1973) studied the interactions between serum
albumin and rapeseed proteins with several *S-labeled
glucosinolates after the addition of myrosinase and at differ-
ent pH values. He observed that radioactivity increased
rapidly with the addition of isothiocyanates at pH values
higher than 6, and that the isothiocyanates mainly reacted
with the low-molecular-weight basic protein fraction.*”!
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The interaction of isothiocyanate 31 with the high-
molecular-weight protein fraction 12S (which is low in
cysteine) of mustard was studied by Murthy and Rao
(1986). At pH values higher than 7, they observed a reduced
content of available lysine as a result of the modification of e-
amino residue to thiourea-like derivatives. A second effect
was a reduced tryptic degradability, and the authors hypothe-
sized that some of the OH functions of tyrosine may be
modified.™ The reduced tryptic digestibility of proteins
caused by isothiocyanate modification at pH values between
7.5 and 9 was also reported by other groups and has been
attributed to a modification of lysine and probably arginine
side chains.'*!71 Additionally, the nitrogen atom of the
secondary amine tryptophan can also be a target for
modification by isothiocyanates. This has been shown for
myoglobin with only amino groups, but no thiol groups.*>17!]
In this study, MALDI-TOF mass spectrometry enabled the
identification of up to 16 molecules of benzyl isothiocyanate
being added to the amino groups of one molecule of
myoglobin.!'®!

Compared to the reactivity of amino groups, thiol groups
of cysteine protein side chains can be even more susceptible
to modification by isothiocyanates and react even in acidic
medium.[""1" Rade-Kukic et al. (2011) demonstrated that in
a first step isothiocyanates react with the thiols that are
present, and amino groups are only modified in excess
concentrations of the isothiocyanates.'” The release of
carbon disulfide from those proteins functions as a marker
for the formation of dithiocarbamate (and its further degra-
dation), as shown for egg white proteins and the enzyme
bromelain from pineapple (Ananas comosus).'***17% Fur-
thermore, Kawakishi and Kaneko (1987) studied the reac-
tions of isothiocyanate 31 with several food proteins at
pH values of 6-7.5. They found that especially bovine serum
albumin, which is comparatively rich in disulfide bonds,
quickly reacted with the isothiocyanate.!™"!

The cleavage of disulfide bonds caused by isothiocyanate
attack can also lead to protein polymerization.'"! As
a consequence of this isothiocyanate-mediated protein modi-
fication, a shift in the isoelectric range to lower pH values,
decreased solubility, and an unfolding and loosening of the
global protein structure as a result of reduced electrostatic
attraction and increased hydrophobicity were also
reported.®® 717 This will lead to modified technofunctional
properties or bioactivity of the “derivatized” proteins. For
example, heat aggregation behavior, foaming, and emulsify-
ing properties of 3-lactoglobulin—isothiocyanate adducts have
been modified."”” Moreover, the proteolytic enzyme brome-
lain lost its enzymatic activity.'’*) With regard to nutritional
aspects, an in vivo rat-feeding study showed a loss in available
lysine, resulting in a decreased bioutility of nitrogen, and total
protein digestibility was also found to be lower.'”?! To relate
this result to the human diet, a simple recipe can be taken into
account: In some parts of the world, eggs are consumed with
mustard. When eating one egg (60 g, 12.5% protein) with
a usual portion of mustard (10 g, 126.8 pmol of isothiocyana-
tes"l), 16.9 umol isothiocyanate are potential reactants per
gram of protein. Kroll et al. (1994) demonstrated that a similar
isothiocyanate concentration (15.2 umol benzyl isothiocya-
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nate per gram of protein) reduced the available lysine content
of the egg white by 6.6 %.[1%°! Therefore, these reactions will
occur in sulfur- or lysine-rich foods in a combination with
ingredients/side dishes from Brassica plants and for example
meat or eggs, and it is expected that modified proteins will be
of lower nutritional quality. In contrast, the reactions with
thiol groups of enzymes and proteins might be responsible for
the potential health-preventive effects of isothiocyanates
in vivo, as shown for the induction of phase-II enzymes,
induction of apoptosis, or antithrombotic effects. 1167174
Almost all of the experiments dealing with the reactivity
between isothiocyanates and food nuleophiles were carried
out in model systems and most of them under basic
conditions. However, foods usually have low pH values
(pH 4-6), and only very few, for example egg white, are
basic (pH up to 9.50™). Thiol groups react with isothiocya-
nates even under acidic conditions,"* sulfur-rich proteins
and thiols, such as cysteine or glutathione, are a target for
isothiocyanates in foods and will be easily modified.

4. Summary and Outlook

The concentration of glucosinolates and isothiocyanates
in Brassica-vegetable-based food is by far more variable than
previously thought. Both compound classes were shown to be
subject to a variety of changes during food processing. Among
other factors, thermal degradation leads to the transformation
of glucosinolates predominantly to nitriles through several
chemical mechanisms. Besides the chemical structure of the
glucosinolate, several conditions, such as pH value, plant
matrix, Fe' ions, vitamin C, other antioxidants, or the water
content, strongly affect the susceptibility and the pathway of
the reaction. Isothiocyanates, which are thought to provide
beneficial health effects, can be severely affected by thermal
treatment and decompose further to a variety of volatile and
nonvolatile compounds. Therefore, they will also have an
indirect impact on the flavor of cooked foods.

As these compounds react with amino acids and proteins
under food-relevant conditions, it is very likely that they
affect the nutritional quality and the technofunctional proper-
ties of proteins. In the human diet, lysine is the most limiting
amino acid and found in much lower concentrations in most
plant proteins compared to animal proteins."”! In developing
countries or more or less also in vegetarian diets, amino acid
intake often does not meet the daily recommendations of the
WHO.7*171 Additionally, high intake of Brassica vegetables
might decrease amino acid intake because of decreased
quality and digestibility of proteins. Further research is
needed to evaluate the impact of such reactions on the
overall quality of food. As the analysis of degradation and
reaction products is quite challenging, analytical strategies
and methodologies have to be improved or developed. With
regard to reaction products of isothiocyanates with proteins,
even traditional proteomics approaches showed only limited
success. Thus, innovative neoproteomics strategies with chro-
matographic and mass spectrometric techniques are required.

Therefore, proofing the health-preventive effects of these
compounds is a challenge and the outlook for nutritional
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science seems to be still disillusioning, as knowledge is
currently still insufficient. The high number of heterogenic
degradation and reaction products that might contribute to
the bioactivity complicates the risk—benefit evaluation. Thus,
future research approaches should focus on the chemical
mechanisms for solving the above-mentioned challenges.
Isothiocyanate and nitrile chemistry need to be reactivated
and integrated into glucosinolate research.

Please note: Changes have been made to this manuscript since its
publication in Angewandte Chemie Early View. The Editor.
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