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ABSTRACT: A mechanism of action of chemopreventive glucosinolates/isothiocyanates, established largely in vitro, is to
modulate carcinogen-metabolizing enzymes. Extrapolation in vivo involves relating in vitro concentrations to plasma/tissue
concentrations attained in vivo, thus assuming that even transient exposure modulates enzyme activity. To test this hypothesis,
precision-cut rat liver slices were incubated with glucosinolates for up to 24 h, and the O-dealkylation of methoxyresorufin and
ethoxyresorufin was determined; increased activities were observed only at incubations of at least 6 h. To evaluate phase II
enzymes, isothiocyanates, namely, sulforaphane, erucin, and phenethyl isothiocyanate, were similarly incubated; quinone
reductase increased after incubation for 6 h or longer. When glutathione S-transferase was monitored, the phenethyl
isothiocyanate-manifested rise necessitated at least a 6 h incubation, whereas in the case of sulforaphane and erucin, the activity
was elevated after only 2 h. It is inferred that a rise in carcinogen-metabolizing enzymes by glucosinolates/isothiocyanates
necessitates tissue exposure of at least 6 h.
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H INTRODUCTION relevant plasma/tissue concentrations that are achieved in vivo.
The approach is to relate the in vitro biologically active
concentrations to maximum plasma concentrations (C,y,,,) that
are attained following therapeutic or dietary intake. Inherent to
such an approach is the assumption that even transient tissue
exposure to the biologically active concentrations is sufficient
for a complete in vivo response to be manifested. To test this
assumption in relation to glucosinolates/isothiocyanates,

Strong epidemiological evidence has linked the consumption of
cruciferous vegetables, such as broccoli, to lower cancer
incidence at a number of sites," * and this effect is believed
to be due to glucosinolates that are present in these vegetables
in substantial amounts.” When these vegetables are disturbed,
for example, during mastication, the enzyme myrosinase (/-
thioglucoside glucohydrolase) is released and converts
glucosinolates to the corresponding isothiocyanates, which are
believed to mediate most of their biological activity; microbial
myrosinase in the human intestine also contributes to this
breakdown.®

Experimental evidence has been published indicating that a
number of mechanisms are likely to underpin the chemo-
preventive activity of isothiocyanates, including modulation of B MATERIALS AND METHODS
carcinogen-metabolizing enzyme systems so as to facilitate their
detoxification at the expense of activation, thus attenuating the
availability of genotoxic metabolites.”~” Moreover, isothiocya-

precision-cut rat liver slices were incubated with these
compounds for different periods of time, and their ability to
modulate carcinogen-metabolizing enzyme systems was inves-
tigated. The objective was to delineate the minimum period of
exposure that is necessary for a biological response to be
elicited.

Chemicals. Phenethyl isothiocyanate, ethoxyresorufin, methoxyr-
esorufin, resorufin, 1-chloro-2,4-dinitrobenzene (CDNB), antimouse
and antigoat antibodies (Sigma Co. Ltd, Poole, Dorset, United

nates also act at the postinitiation stages of carcinogenesis, Kingdom), R,S-sulforaphane and erucin (LKT Laboratories, MN),

inducing apoptosis, cell cycle arrest, and inhibition of histone anti-CYP1A1 (AMS Biotechnology, Abingdon, United Kingdom), and

deacetylase and suppressing the conversion of benign tumors to anti-CYP1A2 (Chemicon International Inc, Hampshire, United

carcinomas. %! Kingdom) were all purchased. Antibodies to human quinone
The vast majority of experimental studies carried out to reductase, lactate dehydrogenase, and p-actin were obtained from

define the chemopreventive action of glucosinolates/isothio-

cyanates have been performed in animal cells/tissues either in Received: January 13, 2012

vitro or ex vivo. To extrapolate such findings to the in vivo Revised: ~ May 16, 2012

situation and to further relate these to humans, the accepted Accepted: May 18, 2012

process is to relate the concentrations used in vitro to the Published: May 18, 2012
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Figure 1. Effect of incubation time on the up-regulation of methoxy- and ethoxyresorufin O-deethylase activities by glucosinolates. Precision-cut rat
liver slices were incubated with either glucoraphanin or glucoerucin (2.5 M) for 0.5—24 h. At the end of the incubation, slices were pooled,
microsomes were isolated, and the O-dealkylation of methoxy- and ethoxyresorufin was determined. Results are presented as means + SDs for three
pools of slices, each comprising 10 slices. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

abcam (Cambridge, United Kingdom), antibody to GSTa was from
Calbiochem (Lutterworth, United Kingdom), and donkey antigoat and
goat antirabbit antibodies were from Santa Cruz Biotechnology (CA).
Glucoraphanin and glucoerucin were isolated from Brassica oleracea L.
var. acephala sabellica (Cavolo nero di Toscana) and Eruca sativa ripe
seeds, respectively, supplied by SUBA & UNICO (Longiano, Italy),
according to a procedure developed at CRA-CIN of Bologna, Italy, as
previously described.'* The seeds were ground to a fine powder and
defatted using hexane. Following removal of the solvent, each
glucosinolate was extracted using boiled 70% ethanol to deactivate
rapidly the endogenous myrosinase and homogenized using an
Ultraturrax homogenizer at a medium speed for 15 min. The resulting
homogenate was centrifuged at 17700g for 30 min, and the isolation of
glucosinolate from the extract was carried out by one-step anion-
exchange chromatography, employing DEAE-Sephadex A-25 (Amer-
sham Biosciences, Milan, Italy). The glcosinolate was eluted using
potassium sulfate (0.2 M), and the solution was concentrated to
dryness using a rotary evaporator at 60—70 °C under vacuum. The
glucosinolate was then solubilized by three subsequent extractions
with about 200 mL in total of boiling methanol, and the alcoholic
extract was filtered and concentrated to 15—20% of the initial volume.
The solution was warmed and slowly added, dropwise, to 200 mL of
99.9% ethanol that was previously cooled to —20 °C. This led to the
precipitation of a white powder. After centrifugation, the solid
glucosinolate (as potassium salt) was dried, and further purification
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was carried out by gel filtration using an XK 26/100 column packed
with Sephadex G10 (Amersham Biosciences, Milan, Italy) connected
to a AKTA-FPLC (Amersham Biosciences, Milan, Italy), using high
purity water as eluent. Fractions containing pure GL were pooled,
freeze-dried, and sealed under vacuum to prevent moisture uptake by
the highly hygroscopic compound. Both glucosinolates were
characterized by 'H and *C NMR spectroscopy, and purity (95—
99%) was assayed by high-performance liquid chromatography
(HPLC) analysis of the desulfo-derivative according to the ISO
9167-1 method (EEC Regulation 1864/90, 1990).

Preparation and Incubation of Precision-Cut Rat Liver
Slices. Male Wistar albino rats (200—250 g) were obtained from
Charles River UK Ltd. (Margate, Kent, United Kingdom). The
animals were housed at 22 + 2 °C, 30—40% relative humidity, in an
alternating 12 h light:dark cycle with light onset at 07.00 h. Rat liver
slices (200—300 ym) were prepared from 8 mm cylindrical cores using
a Krumdieck tissue slicer (Alabama Research and Development
Corporation, Munsford, AL) as previously described."® The multiwell
plate procedure, using 12-well culture plates, was used to culture the
slices in the presence of phenethyl isothiocyanate (1 M), erucin (10
uM), sulforaphane (10 M), glucoraphanin (2.5 M), or glucoerucin
(2.5 pM). One slice was placed in each well, in 1.5 mL of culture
medium. Slices were incubated under sterile conditions for up to 24 h
on a reciprocating plate shaker housed in a humidified incubator, at a
temperature of 37 °C, and under an atmosphere of 95% air/5% CO.,.

dx.doi.org/10.1021/jf3011195 | J. Agric. Food Chem. 2012, 60, 5556—5564
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Figure 2. Effect of incubation time on up-regulation of CYPIAI and CYP1A2 expression by glucosinolates. Precision-cut rat liver slices were
incubated with either glucoraphanin or glucoerucin (2.5 uM) for 0.5—24 h. At the end of the incubation, slices were pooled, and microsomes were
isolated. The immunoblot analysis was carried out by exposure to mouse antirat CYP1Al and CYP1A2 followed by the appropriate peroxidase-
labeled secondary antibody. Each lane was loaded with 30 ug of total protein. The blots were stripped and reprobed with anti-f-actin antibody to

normalize for differences in protein loading.

The slices were initially preincubated for 30 min to slough off any dead
cells due to slicing. Subsequently, slices were incubated for 0, 0.5, 1, 2,
4, and 6 h in the presence of the appropriate glucosinolate/
isothiocyanate; at the end of the incubation period, slices were
removed and placed into fresh medium lacking the glucosinolate/
isothiocyanate and incubated for a further period so that the total
incubation time was always 24 h. Finally, a set of slices were incubated
with the glucosinolate/isothiocyanate for the complete 24 h period.
Three different slice pools, each comprising 10 rat liver slices, were
used in each of the seven time points to obtain sufficient material for
all of the analyses to be performed, so that the total number of slices
used per compound was 210.

Enzyme Assays. Following incubation, slices were removed from
culture media, homogenized in 1.0 mL of 0.1 M Tris-HCI buffer, pH
7.4, and postmitochondrial supernatants were prepared and stored at
—80 °C. When required, microsomes and cytosol were isolated by
centrifugation (105000g X 1 h). The dealkylations of methoxy-'* and
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ethoxyresorufin'® were determined in the microsomal fraction. The
incubation mixture comprised 0.1 M Tris-HCl buffer, pH 7.8 (1.85
mL), 0.1 mM methoxyresorufin/ethoxyresorufin (0.01 mL), and
microsomes (0.10 mL); the reaction was initiated by the addition of 50
mM NADPH (0.01 mL), and the generation of resorufin at 37 °C was
monitored spectrofluorimetrically for 10 min. The following
determinations were carried out in the cytosolic fraction: quinone
reductase (NQO1)*¢ and glutathione S-transferase activity'” moni-
tored using CDNB. For the determination of quinone reductase
activity, the incubation mixture comprised 25 mM Tris-HCI
conatining 0.083% Tween 20 (0.80 mL), 100 mM 3-(4,5-
dimethylthiazol-2-y1)2,5-diphenyl tetrazolium bromide in 70% ethanil
(0.006 mL), SO0 mM NADPH (0.006 mL), and cytosolic fraction
(0.050 mL); the reaction was inititated by the addition of 10 mM
menadione (0.006 mL), and the production of blue formazan followed
for a minute in a dual beam spectrophotometer. For the determination
of glutathione S-transferase activity, the incubation mixture comprised

dx.doi.org/10.1021/jf3011195 | J. Agric. Food Chem. 2012, 60, 5556—5564
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Figure 3. Influence of incubation time on the isothiocyanate-mediated up-regulation of quinone reductase activity and expression. Precision-cut rat
liver slices were incubated with either sulforaphane (10 4M), erucin (10 uM), or phenethyl isothiocyanate (1 uM) for 0.5—24 h. At the end of the
incubation, slices were pooled, the cytosolic fraction was isolated, and the quinone reductase activity was determined. The immunoblot analysis was
carried out by exposure to rabbit antirat NQO1 primary antibodies followed by the appropriate peroxidase-labeled secondary antibody. Each lane
was loaded with 30 g of total protein. The blots were stripped and reprobed with anti-LDH antibody to normalize for differences in protein loading.
Activity results are presented as means + SDs for three pools of slices, each comprising 10 slices. *, P < 0.05; **, P < 0.01; *** P < 0.001.
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Figure 4. Influence of incubation time on the isothiocyanate-mediated up-regulation of glutathione S-transferase activity and expression. Precision-
cut rat liver slices were incubated with either sulforaphane (10 M), erucin (10 M), or phenethyl isothiocyanate (1 uM) for 0.5—24 h. At the end of
the incubation, slices were pooled, the cytosolic fraction was isolated, and the glutathione S-transferase activity was determined using CDNB as the
substrate. The immunoblot analysis was carried out by exposure to rabbit antirat GSTAI-1 primary antibodies followed by the appropriate
peroxidase-labeled secondary antibody. Each lane was loaded with 30 ug of total protein. The blots were stripped and reprobed with anti-LDH
antibody to normalize for differences in protein loading. Activity results are presented as means & SDs for three pools of slices, each comprising 10
slices. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

0.1 M potassium phosphate buffer, pH 7.5 (1.0 mL), 25 mM CDNB in cytosol (0.05 mL); the formation of the glutathione conjugate was
70% ethanol (0.0S mL), 25 mM reduced glutathione (0.25 mL), and monitored for 1 min in a dual beam spectrophotometer. The protein

5560 dx.doi.org/10.1021/jf3011195 | J. Agric. Food Chem. 2012, 60, 55565564
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concentration was determined in both cellular subfractions using
bovine serum albumin as the standard.'® Finally, to monitor whether
an increase in enzyme activities reflects, at least partly, a rise in enzyme
availability, Western blot analysis was performed by pooling all slices
(a total of 30 slices). Hepatic microsomal or cytosolic proteins from
pooled slices were loaded on to 10% (w/v) SDS-PAGE and then
transferred electrophoretically to Hybond-P polyvinylidene difluoride
membrane. The immunoblot analysis of rat proteins was carried out by
exposure to the primary antibodies followed by the appropriate
peroxidase-labeled secondary antibody. Lactate dehydrogenase (LDH)
and f-actin antibodies were used as the housekeeping proteins for the
cytosolic and microsomal proteins, respectively, to normalize protein
loading. Immunoblots were quantitated by densitometry using the
GeneTool software (Syngene Corporation, Cambridge, United
Kingdom), with the control band designated as 100%.

Statistical Evaluation. Enzyme activities are presented as means
+ standard deviations (SDs) of three pools, each comprising 10 slices.
Statistical evaluation was carried out by one-way analysis of variance
(ANOVA) followed by the Dunnett's test.

B RESULTS

Studies with Glucosinolates. The glucosinolates glucoer-
ucin and glucoraphanin, when incubated with precision-cut rat
liver slices, elevated the O-dealkylation of methoxy- and
ethoxyresorufin, markers for CYPl-dependent oxidative
metabolism; the effect was manifested following exposure of
liver slices to these compounds for 6 or 24 h (Figure 1). The
rise in activity was more pronounced after the longer
incubation. Both compounds increased CYP1A1 and CYP1A2
apoprotein levels, but a clear rise in expression was seen only
after a 6 h incubation in the case of glucoerucin and a 24 h
incubation in the case of glucoraphanin (Figure 2).

Studies with Isothiocyanates. All three isothiocyanates
increased quinone reductase activity when incubated for 6 h or
longer, which was accompanied by a rise in protein expression
with maximum increase in expression being evident at the 24 h
incubation point (Figure 3). When the glutathione S-transferase
activity was monitored using CDNB as a probe substrate,
incubation of liver slices with phenethyl isothiocyanate led to a
significant rise in activity following incubation periods of 6 or
24 h. However, in the case of erucin, a modest, statistically
significant rise in activity was noted following a 4 h incubation,
with the effect being far more pronounced following 6 and 24 h
incubations (Figure 4). Finally, sulforaphane elicited the most
rapid rise in glutathione S-transferase activity, with a statistically
significant increase in activity being apparent as early as 2 h.
When the levels of GSTa were determined immunologically, a
gradual rise in expression, observable after only 1 h of exposure,
was seen for both erucin and sulforaphane, whereas in the case
of phenethyl isothiocyanate, a rise was only evident following 6
and 24 h of exposure.

B DISCUSSION

In studies conducted nearly four decades ago, a relationship was
observed between the biological half-life of a compound and
the potency of induction of cytochrome P450 enzymes. Using a
series of barbiturates as model compounds, a direct relationship
was established between biological half-life and potency of
induction of cytochrome P450 activities, such that phenobarbi-
tal, characterized by the longest half-life, was the most effective
inducer of these enzymes.”*° Clearly, the length of time a
compound resides in the body intact is an important
determinant of the extent of induction.
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A major mechanism of action of chemopreventive
isothiocyanates is up-regulation of detoxification enzyme
systems such as glutathione S-transferases and quinone
reductase.””*> Recent studies have also indicated that
glucosinolates, the precursors of isothiocyanates, not only can
be absorbed following oral intake, at least in rats and dogS,B’24
but also possess biological activity that can contribute to the
modulation of such detoxifying enzyme systems.'>*>*¢ As most
work concerned with this mechanism, as well as other
mechanisms of chemoprevention such as cell cycle arrest and
induction of apoptosis, has been carried out largely in vitro, the
relevance of such studies can only be evaluated in association
with achievable plasma/tissue levels. Almost always, the in vitro
effects are related to the C_,,, the highest plasma concentration
achieved following dietary levels of intake. In doing so,
however, the assumption is made that even a transient
attainment of the C,, is sufficient to provoke a complete
and sustained up-regulation of the enzyme systems.

The purpose of this study was to test this hypothesis using
glucosinolates/isothiocyanates, incubating them for different
time periods with precision-cut tissue slices, an in vitro system
that lends itself to such type of investigations. The
glucosinolate/isothiocyanate concentrations were chosen on
the basis of our previous studies, are at levels known to elicit
marked induction of the relevant enzyme systems,'>*"** and
can also be achieved by normal levels of intake. In the case of
phenethyl isothiocyanate (1 M), administration to rats of a
single oral dose, equivalent to the human dietary intake,
achieves such a plasma concentration.”” In the case of
sulforaphane (10 yM), a single modest intake of only 100 g
of broccoli soup achieved a plasma concentration of about 2
UM in volunteers.”’ Bearing in mind that the clearance of
sulforaphane in rats is about four times faster than in
humans,”®**” the concentrations used in the present study are
physiological. Morever, one would expect that plasma levels
increase on repeated intake or in individuals consuming
glucosinolate supplements. In the case of erucin (10 4uM), no
pharmacokinetic studies have, to our knowledge, been
published. However, erucin is structurally very closely related
to sulforaphane. Finally, intact glucosinolates have been
detected in the plasma of rat and dogs, but no pharmacokinetic
studies have been carried out. No information has been
published on plasma concentrations of glucosinolates in
humans.

For glucosinolates to induce significantly the dealkylation of
the two alkoxyresorufins, used as probes for the Ah-regulated
CYP1 family,*>*" it was essential for the slices to be in contact
with the inducing agent for at least 6 h; the rise in CYP1Al and
CYP1A2 apoprotein levels observed in the pooled slices
indicates that increased enzyme availability is at least partly
responsible for this effect. Although erucin and R-sulforaphane,
the isothiocyanates emanating from glucoerucin and glucor-
aphanin, respectively, also up-regulate the CYP1 family at the
protein level, no increase in activity can be discerned as these
compounds are also effective mechanism-based inhibitors,**
and for this reason, the dealkylation of alkoxyresorufins was not
assessed in the current studies following incubation with the
isothiocyanates.

When the isothiocyanates were incubated with precision-cut
liver slices and quinone reductase activity was monitored, a
similar picture emerged as to the time required for an increase
in activity to be manifested. All three isothiocyanates up-
regulated quinone reductase activity in rat liver slices, and in all

dx.doi.org/10.1021/jf3011195 | J. Agric. Food Chem. 2012, 60, 5556—5564
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cases, a minimum exposure of 6 h was essential. However, it
should be noted that at the protein level, the aliphatic
isothiocyanates gave rise to a very modest rise in expression
at earlier time points. Glutathione S-transferase activity was
monitored using CDNB, a nonspecific substrate whose
conjugation with glutathione is catalyzed by a number of
glutathione S-transferases isoenzymes.>> As in previous
studies,*"** the activity of this enzyme was elevated when
slices were incubated with any of the three isothiocyanates, but
the incubation time required for the rise in activity to be
manifested varied with the isothiocyanate, ranging from 2 h in
the case of sulforaphane to 6 h in the case of phenethyl
isothiocyanate; clearly, the nature of the side chain is important
in the up-regulation of this enzyme by isothiocyanates. The
decreased exposure period required to elicit an increase in
glutathione S-transferase activity as compared to other
xenobiotic-metabolizing enzymes studied herein may reflect
the fact that, in contrast to the other enzymes studied, which
are regulated by the Ah receptor, the glutathione S-transferase
subunits are subject to regulation by other transcription
factors.®* Bearing in mind that sulforaphane has been
demonstrated to be an effective antagonist of PXR,* a nuclear
receptor involved in transcriptional regulation of several
glutathione S-transferase family members, it is unlikely that
PXR mediates the observed effects. However, glutathione S-
transferase is also under control of the Nrf2 transcription factor
that acts as a sensor of cellular stress.* It is, hence, tempting to
speculate that this early induction of GST expression is
mediated via Nrf2, either through direct agonism of the
receptor itself or indirectly through depletion of glutathione
pools due to rapid conjugation with sulforaphane.®” The levels
of GSTa, one of the classes contributing to the metabolism of
CDNB,*® were also elevated by the three isothiocyanates
implying increased enzyme concentration.

What these studies clearly indicate is that a transient
attainment of the biologically active concentration of
glucosinolates/isothiocyanates in a tissue is not sufficient to
lead to enhanced enzyme activity, but longer exposure may be
indispensable. A likely contributory mechanism may be related
to the fact that isothiocyanates attain very high intracellular
concentrations as a result of their interaction with gluta-
thione.*®** It has been demonstrated in in vitro studies that
peak intracellular concentrations of isothiocyanates are attained
within 3 h of exposure, and intracellular concentration may be
as much as 200-fold higher than extracellular concentration.*
Importantly, the ratio of parent compound to the glutathione
metabolite changes dramatically during this period; after 30
min of exposure, 95% of the intracellular sulforaphane is
present as the glutathione conjugate, whereas after 3 h, only
approximately $% remains in this form.>” It is thus feasible that
the temporal nature of the enzyme induction observed is a
consequence of these fluctuating ratios; at early time points,
production of glutathione conjugates and depletion of the
glutathione pool drive enzyme induction through the Nrf2
transcription factor, whereas at later time points, the increased
concentration of free parent compounds allows sufficient
activation of the Ah receptor to mediate increases in enzyme
systems such as quinone reductase. Indeed, the potential of
various isothiocyanates to induce quinone reductase and
glutathione S-transferase activities was correlated to their
intracellular concentration of the isothiocyanate and its
dithiocarbamate metabolites.*”* Phenethyl isothiocyanate, in
contrast to sulforaphane and erucin, failed to up-regulate
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glutathione S-transferase activity following short incubation
times and necessitated incubation for at least 6 h. Most likely,
this is due to the fact that first phenethyl isothiocyanate
penetrates the cell more slowly than sulforaphane, and more
importantly, the intracellular levels are maintained for at least
12 h,* implying poor metabolism by glutathione conjugation,
and second, the inducing concentration of phenethyl
isothiocyanate, through the Ah receptor, is much lower than
that of erucin and sulforaphane, being 1 and 10 uM,
respectively; as a result, no glutathione depletion occurs to
drive induction of this enzyme via the Nrf2 transcription factor.
It is relevant to point out that in pharmacokinetic studies
involving sulforaphane conducted in rats following intravenous
and oral dosing and human volunteers following consumption
of broccoli, a rapid marked drop was observed in the plasma
concentrations of sulforaphane probably representing intra-
cellular accumulation,”®*® whereas no such effect was observed
in the case of phenethyl isothiocyanate following oral
administration to rats.*”

In addition to the requirement for the inducing compound to
be present at sufficient concentrations to activate the Ah
receptor, it also may be argued that a sustained signaling
through this transcription factor may be required for the active
protein to be synthesized, which would necessitate a prolonged
association of the glucosinolate/isothiocyanate with the
appropriate receptor. In support for such a mechanism is the
observation that generally the activity/expression of the
enzymes increased when the incubation exposure period was
increased from 6 to 24 h. Finally, the possibility that small
increases in activity occurred at earlier time points but could
not be detected because of lack of sensitivity of the enzyme
assays can not be ruled out.

In conclusion, the current studies concerned with the
temporal induction of cytochrome P450 and phase II enzymes
by glucosinolates and isothioycanates, respectively, have
established that for an effective rise in the activity of these
enzymes to be manifested, tissue exposure of at least 6 h to the
appropriate inducing concentrations would be required.
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