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Epidemiological and experimental animal studies indi-
cate that dietary fresh fruit and vegetables decrease the
risk of coronary heart disease and cancer (1-3). Besides
vitamins and fibers, several groups of compounds are
present in diets enriched in plant food. The plant constit-
uents, e.g., carotenoids, polyphenols, flavonoids, and glu-
cosinolates, may have protective potential. Several recent
studies focused on the effects of dietary antioxidants on
development of cancer and atherosclerosis. In a Dutch
study, the reduced risk of coronary heart disease corre-
lated well with the intake of flavonoids (4). Flavonoids, as
aglycones, display such biochemical effects as antioxida-
tive action, induction, and (or) inhibition of specific cyto-
chrome P-450 (CYP) isoforms and glutathione S-trans-
ferase (GST) isoforms (5) and inhibition of glutathione

reductase (GSSG-Red; EC 1.6.4.2) (5), which might play a
key role in the protective effects of these compounds.

Indole compounds, derived from glucosinolates and
found in relatively high concentrations in cruciferous
vegetables (6), repress several types of chemically induced
cancer. Indol-3-ylcarbinol, or condensates thereof, modu-
late several biochemical biomarkers in humans and ani-
mals, increasing the activities of several CYP isoenzymes
(7) and GST (8). Our report describes studies of the effects
of dried broccoli on the activities of several antioxidant
enzymes [GSSG-Red, glutathione peroxidase (GSH-Px;
EC 1.11.1.9), and superoxide dismutase (SOD; EC
1.15.1.1)] in the liver, kidney, and colon of rats.

Four samples of broccoli from the Danish Institute of
Plant and Soil Sciences (Brassica oleracea italica, cultivar
Shogun) were obtained by growing the broccoli at different
fertilizer concentrations (per hectare): S-0, 0 kg of S and
175 kg N; S-100, 100 kg of S and 175 kg of N; N-0, 25 kg
of S and 0kg N; and N-400, 25 kg of S and 400 kg of N. The
plant materials were lyophilized (broccoli powder), and

aliquots were taken for analysis of the content of glucosi-
nolates as described previously (9). The broccoli powders
were then incubated in phosphate-buffered saline (80
mmol/L Na2HPO4, 20 mmol/L NaH2PO4, 100 mmolfL
NaCI, pH 7.5; 4 mL/g broccoli powder) at room tempera-
ture for 2 h, during which time the glucosinolates were

exposed to endogenous myrosinase, which degrades the
glucosinolates. After incubation, the broccoli samples
were dried and aliquots again were taken for glucosinolate
analysis.

The basic rat diet was a purified powdered semisyn-
thetic diet. The energy contribution was 18% from protein
(caseinate), 70% from carbohydrate (sugar, dextrin, corn
meal, and potato meal), and 12% from fat icoconut oil, soy
oil, Omekol#{174}(fish oil from Nykomed DAK, Copenhagen,
Denmark), and olive oil]. The P:S ratio was 0.7. The
control diet also contained 70 g/kg nondigestible fibers

(cellulose; AG-Frisenette, Aarhus, Denmark). In the broc-
coli diets, 100 g/kg of the broccoli samples was added to
the basic diet by isocaloric exchange, calculated from the

energy composition of the broccoli and the amount of
added fiber adjusted to assure that the energy composition
and fiber contents of all diets were similar. Assuming that
the daily intake of the powdered diet was 15 g per rat, the

intake of dried broccoli corresponds to 12 g of fresh
broccoli.

Fifty male Wistar rats (age 8 weeks, 250 g; M#{248}llegaard,
Ll. Skensved, Denmark) were kept on beechwood bedding
in a well-controlled environment (50% ± 5% relative

humidity, 20 air changes/h, temperature 21 ± 1 “C, light’
dark periods 12/12 h with 0.5-h twilights) with free access
to standard rat pellets (Brogaarden; Chr. Petersen, Ring-
sted, Denmark) and drinking water. After 1 week for
acclimation, the rats were fed the control diet for 3 weeks
and then divided into five groups that received the control
diet or the four different broccoli diets for 1 week longer.
Each animal was killed by cervical dislocation, and the
liver, kidney, and colon were removed to ice. The following
steps were performed at 0-4 #{176}C:The colonic mucosa was
removed from the underlying tissue by scraping. The liver,
kidney, and colon mucosa were homogenized in 154
mmolfL KC1, 10 mmolJL Tris-HC1 (pH 7.4), 1 mmoIfL
EDTA, and 0.25 mmoli’L phenylmethylsulfonyl fluoride

and centrifuged sequentially (9000g for 30 mm and the
supernates at 105 000g for 1 h longer). The supernates
thus obtained were stored at -80 “C until use.

Biochemical analyses (GSSG-Red, GSH-Px, and SOD)
were performed by the Cobas Mira procedure (Roche
Diagnostic System). GSSG-Red and total GSH-Px activi-
ties were measured according to the method of Wheeler et
al. (10), except the pH of the reaction buffer and the
temperature were 7.4 and 37 “C, respectively. SOD activ-
ity was determined with a commercial kit (Ransod; Ran-
dox Labo, Crumlin, UK).

Enzyme activities were compared by ANOVA (Systat,

Evanston, IL). If a statistically significant difference was
found (P <0.05), activities were further tested as to (a)
whether dried broccoli altered the responses and (b)

whether differences between S-0 and S-100 broccoli or
between N-0 and N-400 broccoli occurred. The correlation
between the enzyme activities and the glucosinolate con-
centrations was analyzed by the Systat data program.

No statistical differences were observed in body, liver,

and kidney weights between groups fed the diets for 1
week. The activities of the antioxidant enzymes varied

depending on the broccoli diets used (Table 1). One week
of feeding on broccoli diet per se induced the activities of
the three antioxidant enzymes in all three organs inves-
tigated, with two exceptions. The hepatic GSH-Px activity
was not substantially increased, and the colonic GSSG-
Red activity was increased only in rats fed the N-400
sample diet. The activities of renal GSSG-Red, colonic
GSH-Px, and hepatic SOD were induced differentially
depending on the broccoli sample used in the diet. With
one exception, the activities of the antioxidant enzymes

were increased but were less increased in rats eating diets
containing broccoli grown without addition of fertilizer,
indicating that the concentrations of several compounds in
the broccoli vary with the growth conditions.

The activity of hepatic GSSG-Red correlated with the
content of glucobrassicin (r = 0.99, P = 0.001), neoglu-
cobrassicin (r = 0.91, P = 0.03), and glucoerucin (r = 0.94,
P = 0.02), whereas the hepatic SOD activity correlated
with glucoerysolin (r = 0.98, P = 0.002). Renal GSH-Px
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Table 1. Effects of dietary intake of broccoli powder on
enzyme activities in rat organs.

Mean ± SD activity per mg protein

Kidney

GSSG-Red (pmol/min NADPH oxidized)
Control 0.15 ± 0.022” 0.33 ± 0.059”

S-0 0.17 ± 0.009 0.34 ± 0.064

S-lO0 0.19 ± 0.032 0.41 ± O.O37

N-U 0.16 ± 0.016 0.37 ± 0.020

N-400 0.17 ± 0.033 0.43 ± 0028g

GSH-Px (p.mol/min NADPH oxidized)
Control 5.7 ± 0.71

S-0 6.2 ± 0.8

S-100 6.1± 1.7
N-0 5.7±1.1

N-400 6.9 ± 1.3

SOD (U)
Control

S-0

Significant difference between controls and broccoli-treated animals:
“P = 0.013, b p = 0.001, C P = 0.002, d p = 0.011, #{176}P= 0.011.

f-k Significant difference between S-0 and S-100 or between N-0 and
N-400:’P = 0.001,P= 0009 hp= 0000,p = oooo’p=oooo”p=
0.01.

activity correlated with the content of glucoerucin (r =
0.92, P = 0.03) and glucobrassicin (r = 0.89, P = 0.04).

A dietary intake of cruciferous vegetables induces several
phase I and phase II enzymes: different CYP isoforms in rats
(11) and humans (12),as well as different GST isoforms in
rats (13)and humans (14). Our study also demonstrates that
activities of important antioxidant enzymes are modulated
by broccoli constituents or their products. The increased
hepatic SOD activity counteracts the potential toxic effects of

superoxide by catalyzing its conversion to hydrogen perox-
ide. Therefore, dietary broccoli conceivably would decrease
the superoxide concentration.

Additionally, GSH-Px catalyzes the conversion of perox-
ides to alcohols. Dried broccoli increased the GSH-Px
activities in kidney and colon. The renal GSSG-Red activ-
ity is also increased by some of the broccoli samples. An
increased GSH-Px activity may decrease the potential
toxic effect of peroxides. Chen et al. (15) found that the
glutathione concentration of different segments of intesti-
nal mucosa was increased by dietary cruciferous vegeta-
bles. Because increased GSSG-Red activities would in-
crease the available concentration of glutathione, our
results agree with those of Chen et al.

Broccoli contains several substances that may up-
regulate the activities of these antioxidant enzymes (6).
The contents of different glucosinolates, e.g., glucoery-
solin, varied up to 10-fold (0. Vang et al., manuscript in
preparation) in the different broccoli batches used in
our study. The concentrations of glucobrassicin and
neoglucobrassicin, from which indol-3-ylcarbinol and
N-methoxyindol-3-ylcarbinol, respectively, are gener-
ated, correlated with the activity of hepatic GSSG-Red.
Indol-3-ylcarbinol has been found to increase rat he-
patic GSSG-Red activity (16).

In conclusion, broccoli upregulates GSH-Px, GSSG-

Red, and SOD in liver, kidney, and colon. The effect
varies with the batch of broccoli used in relation to the
amounts of active compounds present in the broccoli,
especially glucosinolates and derived products. The ob-
served effects of dried broccoli are probably caused by
the combined effects of several broccoli constituents or
their products. Data from our study support the hypoth-
esis that increased consumption of cruciferous vegeta-
bles may increase the activities of antioxidant enzymes,
which in turn may decrease the risk of oxidative stress.
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