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Dietary broccoli exposure modulates various cytochrome P-450 (CYP)-associated activities and antioxidant defense enzyme

activities in liver, colon, and kidney of rats. We present an analysis by the partial least-square method (PLS) of the contribution

of single glucosinolates in modulating xenobiotic metabolizing and antioxidant defense enzyme activities. Generally, mod-

ulation of colonic enzyme activities was well described (58% to 75%) by models consisting of 3 principal components (PCs).

The indolyl glucosinolates were not the only major contributors to the regulation of colonic 7-ethoxyresorufin O-deethylase

(EROD) and 7-methoxyresorufin O-demethylase (MROD) activities, as would be expected from results of previous experi-

ments testing the pure compounds, glucobrassicin (GB), neoglucobrassicin (NeoGB), and 4-methoxyglucobrassicin (4-

MeOGB). In hepatic and renal microsomes, the modulation of enzyme activities could be partly described for hepatic and renal

7-pentoxyresorufin O-deethylase (PROD) activities (42% to 44%, 3 to 4 PCs), hepatic superoxide dismutase activity (45%, 2

PCs), and renal glutathione peroxidase (GSH Px) and glutathione reductase (GSSG Red) activities (43%, 3 PCs). These results

indicate that substances other than glucosinolates in the complex mixtures modulate hepatic EROD, MROD, GSH Px, and

GSSG Red activities or that the active glucosinolate metabolites vary in their systemic disposition.

Copyright © 2001 by W.B. Saunders Company

D IETS HIGH IN FRUITS and vegetables reduce the inci-
dence of cancers in epidemiological studies and animal

models.1 Fruits and vegetables contain numerous chemical
components, of which several have anticarcinogenic activities
when administered in pure form at high concentrations in
animal models.2,3 The anticarcinogenic effect of fresh fruit and
vegetables is, however, unlikely to be caused by single or few
substances, but is more likely caused by the combined effect of
a multitude of substances.4 The combined effect of the various
active compounds in a mixture, eg, broccoli, may be quite
different from the effect of the single compounds. Additive,
antagonistic, and synergistic interactions between the different
substances may occur. Furthermore, the carcinogenic process
contains several distinct steps, and the different anticarcino-
genic compounds act simultaneously on several mechanisms.5

Cruciferous vegetables are a dominant source for human
intakes of glucosinolates, which have been shown to modulate
biomarkers of cancer development when administered in pure
form.3 Most experimental animal studies on cancer chemopre-
vention in relation to these compounds, including modulation
of xenobiotic metabolism, employed the pure indolyl and iso-
thiocyanate products formed during degradation of the glucosi-
nolates rather than the intact glucosinolates in complex mix-
tures. Several studies showed induction of various cytochrome
P-450 (CYP) enzymes by some of these substances, whereas
others report the major effect to be an inhibition of other CYP
enzymes. The content of CYP enzymes is highest in liver, lung,

and intestine, which are also the organs primarily exposed to
and responsible for the metabolism of xenobiotics.

Multivariate data analysis, in particular partial least-square
(PLS) regression, including principal component (PC) analysis,
is a powerful method for analysis of complex data structures,
originally developed for analysis of complex chromatographic
data.6 During the last decade, PC analysis has been employed
to examine complex data in all areas of the natural sciences,
including human and ecological toxicology,7,8 disease herita-
bility analyses,9 DNA sequence analysis,10 taxonomy,11 and
pathology and pathophysiology.12,13 To our knowledge, the
present report is the first employing PC analysis of biochemical
effects of complex dietary components. PC analysis is a linear
projection method that helps visualize all the information con-
tained in a data table followed by a regression analysis;14 using
PLS we attempted to identify possible relationships between
activities of CYP enzymes and the antioxidative defense en-
zymes superoxide dismutase, glutathione peroxidase (GSH Px),
and glutathione reductase (GSSG Red), and dietary intake of a
complex mixture of different glucosinolates from broc-
coli.5,15,16This was done by quantifying the modulating effects
of different dietary broccoli samples and identifying those
substances that most efficiently affected enzyme activity levels.

MATERIALS AND METHODS

The design of experiments and the specific analyses are described in
detail in an accompanying report.15 In brief, 8 different broccoli sam-
ples were used in the present studies (composed of 2 independent
experiments): 4 of the samples were obtained by growing the cultivar
Shogunat different sulfur (S)- and nitrogen (N)-fertilizer levels. In the
second experiment, 2 separate cultivars,EmperorandShogun, respec-
tively, were grown under different conditions (“organic” and “conven-
tional”) and at 2 different locations. The levels of 13 glucosinolates in
the 8 different broccoli samples were determined by high-performance
liquid chromatography (HPLC), as described previously.17

The effects of broccoli diets were tested in 2 separate experiments,
each containing 1 control group and 4 treatment groups (10% [wt/wt]
broccoli in diet), with 10 rats in each group. Various enzymatic anal-
yses were performed in liver, colon, and kidney. In all three organs,
7-ethoxyresorufin O-deethylase (EROD), 7-methoxyresorufin O-de-
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methylase (MROD), and 7-pentoxyresorufin O-depentylase (PROD)
activities were measured.15 Together with these phase I metabolic
activities, various antioxidant defense enzyme activities were reported
earlier.16

Statistics

The PLS analysis presented here was based on the levels of intact
glucosinolates in the broccoli samples, as our recent data showed that
ingestion of both degraded and intact indolyl glucosinolates by rats
induces hepatic CYP1A and CYP2B.18 The enzyme activities were
listed as relative values to those in the control groups to make the
activities of the 2 separate experiments comparable.

All glucosinolate level data were normalized using mean normaliza-
tion to get the data in the same scaling,

X ~i,k! 5
X ~i,k!

?x# ~i, z !?

where X(i,k) denotes the value of sample i, variable k, and
X(i, z ) denotes the ith sample vector.

PLS was performed using The Unscrambler software, ver-
sion 6.11 from CAMO ASA (Oslo, Norway). The PLS method
models both the X- and Y-matrices, glucosinolates and enzyme
activities, respectively, simultaneously to find the latent vari-
ables in X that will best predict the latent variables in Y. A
cross-validation method was used on centered data set,
weighted by 1/SD. The PLS method assumes data linearity.
Although this is plausible for dose-response relationship with a
single compound, it is not strictly guaranteed for the dose-
response relationship for a complex mixture.

The aim of the analysis was to make models where the
number of contributing factors, 13 glucosinolates, were re-
duced to few PCs. To avoid noise in modeling, only factors that
extracted more than 5% of the sample variance were taken into
account.

RESULTS

Eight broccoli samples, which differed in growing conditions
and in cultivars, were tested for their ability to alter different
CYP activities15 and antioxidative defense enzymes5,16 in rat

liver, colon, and kidney. The levels of specific glucosinolates
(Table 1 and Fig 1) were determined in these samples to study
relations between glucosinolate content and modulation of the
enzyme activities using a PLS method. The optimum is the
instance where a few components describe as much as possible
of the data variance.

Models for Regulation of CYP Enzyme Activities

Of the 3 organs analyzed, the activities of the colon were
well described using models including 3 PCs, where 65% and
75% of the variances of colonic EROD and MROD activities,
respectively, were described (Table 2). On the other hand, no
models could be established for the hepatic and renal EROD
and MROD activities. The PROD activities of all 3 organs were
partly explained by models consisting of 3 or 4 components
describing 44% to 58% of the data variation, which, surpris-
ingly, in liver and kidney were much better than the description
of EROD and MROD activities.

A colonic EROD activity model was established having 3
PCs describing 65% of the data variance with PC-1 and PC-2
describing most of the model (58%) (Table 3). Gluconapin
(GNAP), glucocheirolin, and 4-hydroxyglucobrassicin (4-
OHGB) are the major contributors in the positive direction of
PC-1, whereas gluconasturtiin (GNAS), glucoerysolin and neo-
glucobrassicin (NeoGB) are the major contributors of PC-2.

In addition, colonic MROD activity was described by a 3-PC
model, explaining 75% of the variation, and the indolyl glu-
cosinolates contributed to the different PCs in the MROD
model: 4-OHGB to PC-1, NeoGB to PC-2, and 4-methoxyglu-
cobrassicin (4-MeOGB) to PC-3. Glucocheirolin plays a major
role in the regulation of MROD activity as it is the main
contributor to all 3 PCs. Besides glucocheirolin, other aliphatic
glucosinolates contributed to the model for MROD: glucoery-
solin and sinigrin are the major contributors to PC-1, whereas
glucoraphanin (GRAP) was a major factor for PC-2 (Table 4).
This model predicted well the combined effect of the 13 glu-
cosinolates on colonic MROD activity with a high correlation

Table 1. Glucosinolate Contents in the Eight Broccoli Samples

Glucosinolates

Broccoli Samples

S0 S1 N0 N1 E1 E2 H1 H2
(mmol/g broccoli powder)

Sinigrin nd nd nd 0.22 6 0.02 nd nd 0.25 6 0.18 nd
GNAP 0.43 6 0.23 0.39 6 0.01 0.34 6 0.08 0.23 6 0.06 nd nd 0.44 6 0.12 nd
Glucoiberverin 0.36 6 0.08 0.44 6 0.15 0.39 0.34 6 0.08 0.10 nd 0.38 6 0.11 nd
Glucoerucin 0.41 6 0.19 0.66 6 0.14 0.42 6 0.04 0.40 6 0.08 0.20 0.51 6 0.13 0.43 6 0.13 0.68 6 0.18
Glucoiberin 7.83 6 1.35 7.86 6 0.05 7.24 6 0.41 4.22 6 0.17 nd nd 7.3 6 2.08 11.4 6 2.43
GRAP 20.3 6 2.22 20.3 6 1.01 27.3 6 2.86 13.0 6 0.89 4.73 6 0.068 9.02 6 5.6 19.8 6 5.92 26.4 6 3.47
Glucocheirolin 0.31 6 0.33 0.64 6 0.80 0.099 6 0.015 0.11 6 0.015 nd nd 0.081 6 0.045 nd
Glucoerysolin 1.79 6 1.07 2.27 6 0.69 1.63 6 0.24 0.81 6 0.052 nd nd 1.16 6 0.33 nd
GNAS 0.59 6 0.08 0.37 6 0.13 0.42 6 0.13 0.29 6 0.073 0.46 6 0.37 0.23 6 0.20 0.52 6 0.15 0.81 6 0.22
GB 4.40 6 0.49 7.38 6 0.43 3.27 6 0.05 4.63 6 0.59 4.35 6 0.007 6.33 6 0.72 4.01 6 1.12 10.6 6 5.04
NeoGB 12.1 6 7.17 16.1 6 0.09 10.4 6 0.79 9.06 6 0.008 3.3 6 0.77 5.05 6 2.30 10.8 6 3.0 21.7 6 8.93
4-OHGB 0.087 6 0.05 0.061 6 0.01 0.050 6 0.006 0.027 6 0.007 nd nd nd nd
4-MeOGB 0.83 6 0.64 0.34 6 0.35 0.45 6 0.00 0.41 6 0.013 0.37 6 0.019 0.13 6 0.036 0.49 6 0.14 0.67 6 0.38

NOTE. Data from Vang et al.15

Abbreviation: nd, nondetectable level.
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coefficient comparing the observed and predicted values,r 5
.91 (Fig 2).

The major contributors to colonic PROD activity were
4-OHGB, 4-MeOGB, glucoerysolin, and GNAP to PC-1, and
glucoerysolin, GNAS, GRAP, and NeoGB to PC-2 (data not
shown).

Models for Regulation of Antioxidant Defense Enzyme
Activities

About 67% of the colonic GSH Px and GSSG Red activities
were described by models consisting of 3 components (Table
2). Colonic GSH Px activity was found to be largely regulated
by glucoerysolin and 4-MeOGB in PC-1, GRAP, glucoerucin,
and glucobrassicin (GB) in PC-2, and glucoibervirin and
4-MeOGB in PC-3 (Table 5). In the case of colonic GSSG-Red
activity, glucoerucin is a major contributor to both PC1 and
PC2. Besides glucoerucin, glucoibervirin, glucocheirolin, and
4-OHGB were the major contributors to PC-1 in this model,
GRAP, GB, and NeoGB to PC-2, and sinigrin and glucoiber-
virin to PC-3 (Table 6).

The variation of renal and hepatic GSH Px and GSSG Red
activities were less well described by the content of glucosino-
lates analyzed here (Table 2).

DISCUSSION

Our present knowledge about toxicological and biochemical
effects of xenobiotics is based mainly on studies on effects of
the pure compounds. This may be relevant to elucidate the
mechanism of action for a compound, but evaluation and ex-
trapolation of these results to the effects of the same compound
in a complex mixture require great caution.

Several natural dietary substances belonging to different
chemical classes are known to modulate the metabolism of
xenobiotics in animal models testing pure substances at rela-
tively high concentrations. Therefore, the present analysis was
performed to extract knowledge about modulatory effects of
single compounds present in a complex mixture as broccoli.
Traditional statistical analysis is not suited for analysis of
multifactorial interactions. Accordingly, we employed PLS
analysis in the present study.

Several unexpected observations were made performing PLS
analysis of the effects of the thirteen glucosinolates on different
enzyme activities in liver, colon, and kidney of rats. According
to the literature, indole-3-carbinol (I3C) and phenethyl isothio-
cyanate (PEITC), degradation products of GB and GNAS,
respectively, enhance the hepatic CYP1A protein level and
most likely the EROD and MROD activities,19 whereas several
aliphatic glucosinolates are known to inhibit various CYP
activities. In vitro and cell culture studies have shown that

Table 2. Overview of Model Generation for the Analyzed Hepatic,

Renal, and Colonic Biomakers Using PLS Analysis

No. of PC* Explained Variance†

Liver
EROD 0 0%
MROD 2 30%
PROD 3 42%
Superoxide dismutase 2 45%
GSH Px 2 22%
GSSG Red 1 12%

Colon
EROD 3 65%
MROD 3 75%
PROD 3 58%
GSH Px 3 67%
GSSG Red 3 68%

Kidney
EROD 0 0%
MROD 1 7.4%
PROD 4 44%
GSH Px 3 42%
GSSG Red 3 42%

NOTE. The models were based on the levels of 13 glucosinolates in
the 8 broccoli samples, and the relative enzyme activities measured in
exposed rats.

*Number of PCs integrated in the model, ie, components that add
.5% to the description of the variance.

†How much of the total data variance could be explained by this
model.

Fig 1. Structures of the glucosinolates identified in the broccoli

samples and used for PLS modulation.
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indoles may inhibit CYP1A1-related EROD activity. It was
therefore suggested that the observed hepatic EROD and
MROD activities in rats fed broccoli-containing diets were
regulated mainly by indolyl glucosinolates and GNAS.15 How-

ever, no clear model could be generated using PLS for hepatic
or renal EROD and MROD activities on the basis of the intact
or degraded glucosinolate levels, and neither the GB, NeoGB,
nor GNAS were found to regulate these activities substantially
(Table 2). This unexpected observation may be explained in 2
ways: first, broccoli contains other compounds than the 13
glucosinolates analyzed here that may contribute more to the
regulation of hepatic and renal CYP1A activities. S-methylcys-
teinsulfoxide is one candidate that is found in broccoli at levels
comparable with the total glucosinolate level.20 The contents of
S-methylcysteinsulfoxide in these samples are, however, not
known. The effects of S-methylcysteinsulfoxide on EROD or
MROD activities are not known, but it is spontaneously con-

Fig 2. Correlation of predicted v measured data of colonic MROD

activity. Using the model generated for colonic MROD activity, the

MROD activity was calculated for each sample based on the content

of 13 glucosinolates in the 8 broccoli samples. The correlation coef-

ficient was r 5 .91 and the root mean square error was 1.22.

Table 3. Explained Variance and Loading Weights Describing a

Model for Modulation of Rat Colonic EROD Activity by 13

Glucosinolates in Eight Broccoli Samples

Explained Variance†

Principal Components*

PC-1 PC-2 PC-3
28% 30% 6.8%

X-Loading Weights‡

Sinigrin 20.24 20.11 0.26
GNAP 0.38 20.08 0.37

Glucoibervirin 0.16 20.31 20.28
Glucoerucin 20.10 0.24 20.52

Glucoiberin 0.31 20.15 0.32
GRAP 0.10 20.34 20.02
Glucocheirolin 0.37 0.01 20.14
Glucoerysolin 20.15 20.51 20.33
GNAS 20.08 0.40 0.15
GB 20.23 0.23 20.13
NeoGB 20.06 0.36 0.11
4-MeOGB 0.23 0.18 20.36

4-OHGB 0.62 0.22 20.17

*The model consists of linear PCs, which in combination explain
the contributions of the 13 glucosinolates on the modulation of co-
lonic EROD activity.

†The explained variance for each PC .5% is shown.
‡Loadings describe the data structure in terms of variable correla-

tions. Each glucosinolate has a loading on each PC. It reflects both
how much the variable contributed to this PC, and how well the PC
takes into account the variable’s variation over the data points. Load-
ings can range between 21 and 1, and large loading indicates high
contribution of the variable to the PC. Bold numbers indicate a sig-
nificant contribution to the specific component, ie, .10% of the load-
ing sum.

Table 4. Explained Variance and Loading Weights Describing a

Model for Modulation of Rat Colonic MROD Activity by 13

Glucosinolates in Eight Broccoli Samples

Explained Variance†

Principal Components*

PC-1 PC-2 PC-3
32% 31% 12%

X-Loading Weights‡

Sinigrin 20.32 20.16 0.24
GNAP 0.16 20.33 20.19
Glucoibervirin 0.10 20.35 20.15
Glucoerucin 20.01 0.28 20.59

Glucoiberin 0.20 20.27 20.03
GRAP 0.06 20.36 0.20
Glucocheirolin 0.70 0.41 0.38

Glucoerysolin 0.34 20.10 20.02
GNAS 20.21 0.29 0.15
GB 20.15 0.27 20.28
NeoGB 20.08 0.36 0.08
4-MeOGB 20.13 20.01 0.41

4-OHGB 0.36 20.02 20.27

NOTE. See Table 3 for further details.

Table 5. Explained Variance and Loading Weights Describing a

Model for Modulation of Rat Colonic GSH Peroxidase Activity by

13 Glucosinolates in Eight Broccoli Samples

Explained Variance†

Principal Components*

PC-1 PC-2 PC-3
24% 18% 25%

X-Loading Weights‡

Sinigrin 0.31 0.23 0.20
GNAP 0.11 20.35 20.11
Glucoibervirin 0.29 20.09 0.56

Glucoerucin 0.26 0.43 0.13
Glucoiberin 0.15 20.35 20.15
GRAP 20.18 20.38 0.19
Glucocheirolin 0.29 20.18 20.20
Glucoerysolin 0.59 20.07 0.10
GNAS 20.32 0.21 20.22
GB 0.01 0.36 20.02
NeoGB 0.09 0.30 20.26
4-MeOGB 20.38 0.05 0.63

4-OHGB 20.05 20.27 20.01

NOTE. See Table 3 for further details.

1133EFFECTS OF SPECIFIC GLUCOSINOLATES ON ENZYME ACTIVITIES



verted to dimethyldisulfide and other disulfides21 and several
disulfide compounds have been shown to increase hepatic
EROD and MROD activities in rats.22 Moreover, flavonoids
inhibit the CYP1A activity in vitro,23 and we suggest that other
potent modulators of hepatic CYP1A activities could well be
identified in broccoli in future studies. Second, the glucosino-
lates may be digested and transported differently which may
affect the results. It should be noted that PLS assumes linearity
in dose-response and a nonlinear response of the measured
enzyme activities to exposure to indolyl glucosinolates is pos-
sible.

In contrast to the hepatic and renal enzyme activities, colonic
EROD, MROD, GSH Px, and GSSG Red activities were well
described by 3-component models. The high degree of expla-
nation of the variance in the models for colonic enzyme activ-
ities as compared with the effects in liver and kidney is most
likely caused by the fact that colon mucosa is exposed directly
to the components found in a broccoli diet.

The models for colonic EROD (Table 3) and MROD (Table
4) include substantial contributions from gluccheirolin,
NeOGB, 4-MeOGB, and 4-OHGB, but several other glucosi-
nolates contribute significantly. The effects of indolyl glucosi-
nolates were less than expected, considering the inducing effect

of pure GB, NeoGB, and 4-MeOGB on hepatic EROD18 and
the induction of colonic CYP1A1 mRNA by I3C.24 The present
results indicate that also 4-OHGB contributes significantly to
the regulation of colonic MROD activity in spite of the low
level of 4-OHGB in broccoli.15 No effect of glucocheirolin on
CYP metabolism has been reported, but recently glucocheirolin
was shown to inhibit the growth of human cells.25 The present
results indicate that further experiments might focus on the
modulatory effects of 4-OHGB and glucocheirolin and the
combinatory effects of the glucosinolates on CYP enzyme
activities.

Broccoli was demonstrated to induce colonic GSH Px and
GSSG Red activities, depending on the broccoli samples
used5,16and the present analysis allowed establishment of three
PC-models for the colonic GSH Px (Table 5) and GSSG Red
activity (Table 6) in contrast to hepatic and renal activities. In
general, the present data indicate that aliphatic glucosinolates
were the major modulators of colonic GSSG Red and GSH Px.
At present, only PEITC and a sulforaphane-like substance are
known to induce colonic GSH Px,26-28 whereas data on the
levels of colonic GSSG Red activity following exposure to
dietary substances are lacking. Hepatic GSSG Red activity is
enhanced by I3C and iberin, and more by a combination of I3C,
crambene, iberin, and PEITC, but not by PEITC alone.25

The PROD activity of liver and kidney appeared to be more
closely regulated by the glucosinolates investigated than the
activities of EROD and MROD (Table 2). One reason could be
that aliphatic isothiocyanates inhibited PROD more effectively
than EROD. The IC50s for PEITC were 47, 46, and 1.8 mmol/L
for EROD, MROD, and PROD, respectively, and alkyl isothio-
cyanates, sulforaphane, and allyl isothiocyanate were very
weak inhibitors.29 In addition, hepatic CYP2B levels are in-
duced by treatment with I3C and PEITC, but not by sinigrin.19

In conclusion, PLS analysis allowed breakdown of the ef-
fects of the glucosinolates on different colonic enzyme activi-
ties. No clear model could be created for the same enzyme
activities in liver and kidney. As these enzyme activities may
have a modulatory effect on chemical carcinogenesis, the
present observation agrees with the fact that the risk of colon
cancer, but not that of kidney or liver cancer, has been dem-
onstrated to depend on the composition of the diet in the
western countries. Furthermore, no single glucosinolate may
account for the modulation of colonic CYP and antioxidant
defense enzyme activities.
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