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ABSTRACT

Indolol3, 2-b]carbazole(ICZ) is a potent Ah receptor agonist with biological activities similar
in scveral respects to those of the potent environmental toxin, TCDD. ICZ is produced during
the oligomerization of indole-3-carbinol(I3C), a breakdown product of the glucobrassicin pre-
sent in food plants of the Brassica genus. In the present study we examined ICZ levels in
tissues and excreta of rats treated with I3C or dietary cabbage of established glucobrasicin
content, and in feces of conventional and germfree rats fed on a basal dict, and of humans.
We also examined the levels of cytochrome P4501A1 induction, as determined by the cthoxyre-
sorufin o-deethylase assay, in tissues of animals that received cabbage-supplemented diets, or
which were treated with purified I3C or ICZ. Our findings indicated that incorporation of
either homogenized or whole freeze-dried cabbage in the feed led to large increases(16—60
fold) in the levels of ICZ in the feces and lower gastrointestinal tract of rats.

We observed that whereas ICZ is readily detectable at about the same levels(2.00+ 0.50 ppb)
in the feces of conventional rats fed on a purified diet and in human feces, levels of ICZ
in the feces of germfree animals fed on the hasal diet were at the limits of detection(0.40+ 0.20
ppb), indication that gut bacteria are important for the production of ICZ from essential dictary
constituents in the basal diet We showed that in contrast to the near 7000-fold difference
in CYP1AL inducing potencies of ICZ and TCDD in cells in culture, their inducing potcnéies
differ by only about an order of magnitude in rats. Nonetheless, the levels of ICZ remaining
in livers twenty hours after I3C treatment appear too low to account for the induced activity.
This result indicates that ICZ may be rapidly cleared from the liver or that substances other
than, or in addition to, ICZ may be responsible for the enzyme-inducing activity of orally
administered I3C or its precursors.
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Introduction

Indolo[3, 2-b]carbazole(ICZ) is a polycyclic,
aromatic amine the biological activity of which
is similar in several respects to that of the potent
environmental toxin 2,3,7.8-tetrachlorodibenzo-p-
dioxin(TCDD). ICZ is nearly isosteric with
TCDD and both substances bind with high affi-
nity to the Ah receptor”’. The Ah receptor media-
tes the transcriptional activation of several genes
in involved in the repulation of cell growth or
the metabolism of steroid hormones and certain
carcinogens. The toxicity of TCDD is thought to
depend on its binding to the Ah receptor. Whereas
both ICZ and TCDD induce cytochrome P4501A
1(CYP1A1)-dependent monoxygease activity in

murine hepatoma cells?

, and both compounds
are immunotoxic as indicated by production of
reduced lymphoid development in murine fetal
thymus organ culture’’, ICZ is approximately
107* to 107° as potent as TCDD with respect to
these activities.

We have shown in previous studies that ICZ
is produced in vitro and in vivo from the natural
plant metabolite indole-3-carbinol(I3C)?. 13C is
an autolytic breakdown product of the glucosino-
late, glucobrassicin, present in Brassica plants
such as cabbage, kale, and Brussels sprouts. 13C
is readily converted under mild aqueous condi-
tions into a series of cyclic and acyclic oligomeric
products including ICZ*. We observed that com-
pared to control animals treated with the corn
oil vehicle only, ICZ and several other indolylic
oligomers where produced in considerably greater
quantities in the lower gastrointestinal tract and
feces of rats treated by oral intubation with I3C.
Our results also suggested that ICZ was present
in the feces of the control animals not treated

with I3C or another known precursor of ICZ.

For the present study we examined more closely
the production of ICZ in vivo. Our findings indi-
cated that incoporation of either homogenized
or whole freeze-dried cabbage in the feed led to
large increases in the levels of ICZ in the feces
and lower gastrointestinal tract of rats. We obser-
ved that while ICZ is readily detectable in the
feces of conventional rats fed on purified diet and
in human feces, levels of ICZ in the feces of germ-
{ree animals fed on the basal diet were at the
limits of detection. We also show that while ICZ
is a potent inducer of hepatic CYPIAIT activity,
the levels of ICZ in livers twenty hours after I3C
treatment appear too low to account for the indu-
ced activity.

Method

Chemicals - DEAE-Sephadex A-25 buffer rea-
gent were purchased from Sigma Biochemicals
(8t. Louis, MO), indole-3-carbinol(I3C) and re-
sorufin from Aldrich Chemical Co.(Milwaukee,
WD), Ethoxyresorufin was purchased(ICN Bio-
chemicals, Cleveland, OH) and used directly, or
was synthesized and purified as described in the
literature®. 13C was purified by recrystallization
from toluene to yield colorless, opalescent flakes.
ICZ was prepared and recrystallized by the proce-
dure of Robinson®. An authentic sample of glu-
cobrassicin was kindly provided by G.R. Fenwick
(AFRC Institute of Food Research, Norwich,
England). Ethyl acetate for extraction was of
HPLC grade. All HPLC grade solvents and water
were purchased from Fisher Scientific(San Fran-
cisco, CA). As part of a rigorous cleaning proce-
dure to eliminate ICZ contamination, we treated
the glassware used in extractions for about one
hour with freshly prepared Nochromix-sulfuric
acid solutions(Godax Laboratorics, Inc., New
York, NY).
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Animals and Diets - Male, Sprague-Dawley rats
were purchased(weighing 140+ 5 g) from Simon-
sen’s Lab(Gilroy, CA) and housed individually
in stainless-steel cages with a room temperature
of 224+ 2T and with a 12-hour light/dark cycle.
We equilibrated rats on a semipurified diet con-
taining AIN-76 vitamins and mineral mix” (basal
diet, Table 1) for 7 days and then randomized
them by weight and assigned them to one of four
treatment groups. Savoy cabbage was purchased
at a local supermarket and divided into two bat-
ches. One batch, termed ‘fresh’, was frozen at
-70T and freeze-dried. A second batch, termed
‘homogenized’, was homogenized to a thick slu-
rry(using a Polytron homogenizer ; Brinkman
Instruments, Westbury, NY) prior to deep free-
zing and freeze-drying. We incorporated each ca-
bbage preparation as 25% by dry weight of the
semipurified diet(Table 1). Recrystallized 13C
was dissolved in corn oil containing 10% DMSO
(by volume) and administered orally in a total
volume of 100yl at a dose of 73.5mg(500
umol/kg) body weight. In a separate experiment,
we dissolved ICZ in 10% (by volume) DMSO in
corn oil, and administered by PO or IP routes
doses of 0.05, 5.0 or 3.0 ymol/kg body weight in

Table 1. Composition of expenmental diets

Conceniration(g/kg) in diet

Component Basal 25% (wi/wt) Cabbage
Caseln 200 150
DL-Methionine 3 3
Comn starch 150 100
Sucrose 500 370
Corn oil 50 50
Mineral mix* 35 35
Vitamin mix* 10 10
Choline bitartrate 2 2
Cellubolse 50 30
Savoy cabbage(dried) 0 250

* Mineral mix and Viamin mix were according to the
AIN 78(1977) diet for the rat

2

100 ul total volume. Control rats received 100 ul
of 10% DMSO(by volume) in corn oil. Water
and experimental diets were provided ad libitum
for 5 days and feed was removed following treat-
ment with 13C, ICZ, or corn oil. Twenty hours
after dosing, rats were euthanized with CO» and
then excised liver, lungs, upper small intestine
(proximate 30 cm), gastrointestinal contents and
tracts. We collected fecal and urine samples du-
ring the 5 days of feeding, froze them immediately
on dry ice, and stored them at —70%. For the
ICZ experiment, only livers and lungs were colle-
cted.

Human subjects and diets © The freeze-dried fecal
samples of subjects eating controlled diets in an
unrelated study were obtained(these were kindly
provided by the laboratory of I.C. King, Unijversity
of California, Berkeley, CA). One sample(HFA)
was the product of pooling several individual sa-
mples. The second sample(HFB) was from a si-
ngle individual. A dietary record for he HFB sam-
plc indicated that for the three days immediately
prior to the sample collection no more than one
serving of Brassica vegetables was consumed.

Preparation of rar tissues . The contents of the
gastrointestinal tract were obtained by flushing
with saline as follows : Gastric content(in 5 mL),
upper(proximal 30 cm), and lower small intesti-
nal content(in 20 mL cach), colonic and cecal
content(in 10 mL each) were perfused with 0.9%
NaCl. Intestine was splitted. The upper small in-
testine up the mesenteric artery was laid flat on
a metal plate, and removed the mucosa by lightly
scraping the exposed lumenal wall three times
with a metal spatula. The mucosal scrapings were
pooled in 1 mL ice-cold buffer A0, 1 M sodium
phosphate, 0.25mM  phenylmethylsulphonyl
fluoride, 1 mM dithiothreito], pH 7.4). Collected
samples were immediately frozen on dry ice and
stored at —70%C.
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Preparation of rat tissue microsomes - Livers and
lungs were homogenized in 4 volumes ice-cold
potassium phosphate buffer(0.1 M potasium pho-
sphate, 0.25M sucrose, pH 7.4) using a Polytron
homogrenizer(Brinkman Instruments, Westbury,
NY). Mucosa of the upper small intestine was
homogenized in 3 mL ice-cold buffer A, Liver,
lung and mucosal homogenates were centifuged
at 9000 X g for 10 min at 4T, followed by centrifu-
gation of the post-mitochondrial fraction for 60
min at 105,000Xg(0—4%) then resuspended the
precipitaied microsomal pellet of liver and lung
in 3 mL ice-cold potassium phosphate buffer. The
microsomal pellet of mucosa was suspended in
2mL ice-cold buffer B(0.] M potassium phos-
phate, 0.25M sucrose, 1 mM dithiothreitol, pH
74), frozen immediately on dry ice and stored
at —70C for no more than 2 months prior to
analysis.

Enzyme assay | Microsomal ethoxyresorufin O-
deethylase (EROD) activity were determined by
a modification of the method of Burke et al®.

Extraction & HPLC analysis of glucobrassicin and
I3C from Savoy cabbage © For extraction of gluco-
brassicin, a modified method of Minchinton et
al!'® was used. I3C was extracted from freeze-
dried, powdered Savoy cabbage with acetonitrile.
The acetonitrile extract was filtered through Wha-
tman filter paper(No. 41) and the filtrate was then
evaporated in vacuo at 22T, The residue was dis-
solved in 1.6 mL of acetonitrile and 04 mL of 5
mM ammonium phosphate buffer(pH 7.0) was
added. The HPLC analysis of glucobrassicin and
I3C was performed at room temperature on a Be-
ckman Model 332 HPLC(Beckman Instruments,
Fullerton, CA) fitted with an Ultrasphere-ODS
column using a wavelength setting of 229 nm for
glucobrassicin and 280 nm for 13C (Model 160 UV
detector 7 Beckman Instruments, Fullerton, CA).

Extraction & HPLC analysis of ICZ from Savoy

cabbage, gastrintestinal contents, feces and urine of
conventional rat and feces from human subjects .

ICZ was extracted from freeze-dried powdered
Savoy cabbage and liver homogenate and gastroi-
ntestinal contents with ethyl acetate(HPLC
grade). Feces were weighed and then extracted
with ethyl acetate. Urine samples were filtered and
extracted for 10 min each 3 times with ethyl ace-
tate. The organic layers were pooled and evapora-
ted in vacuo at 35C. The residue was redissolved
in 3mlL of 37% (v/v) acetonitrile in 31 mM am-
monium dihydrogen buffer(pH 6.7), filtered th-
rough a nylon membrane(0.45 ym), and diluted
with the same solvent to an appropriate concent-
ration for analysis by HPLC. ICZ was analyzed
by PHILC using a C-18 bonded-phase column
with 57 % (v/v) acetonitrile in ammonium dihyd-
rogen phosphate buffer as the mobile phase. We
estimated the amount of ICZ in each sample
using a fluorescence detector with emission at 415
nm and excitation at 335 nm.

Analysis of ICZ in feces from germfree rars . The
rearing of germfree rats and fecal collection were
conducted by Taconic Laboratories(German-
town, NY). Male Sprague Dawley rats were hou-
sed under sterile conditions from birth and at
weaning given free access to water and NIH-31
feed. At 6 weeks of age, 5 rats were transferred
to a dedicated study isolator and started on the
AIN-76 dict. After one week on this diet, fecal
collections were begun and continued for 7 days.
Specimens from each rat were pooled daily and
frozen at —20C. Following 21 days of collection,
samples were shipped on dry ice to our laboratory
where samples from each rat were pooled, freeze
dried, and ground to a powder. A group of 3 con-
ventional rats of the same of the same sex, strain,
and age as their germfree counterparts and recei-
ving the AIN-76 diet, served as the controls. The
fecal samples were freeze-dried and assayed for
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ICZ.

Statistics © Results were expressed as the mean
#+ standard error and analyzed statistically by
analysis of variance, followed with Tukey’s stude-
ntized range test. Significance level for all statis-
tics was set at P<{0.05.

Results and Discussion

ICZ levels in liver, gastrointestinal contens, feces,
and urine of rats fed I3C or Savoy cabbage

We were unablc to detect ICZ in liver, small
intestinal content, or urine of rats fed on the basal
diet(Table 2). However, we detected ICZ in the

contents of stomach, colon, cecum, and in the
feces of these control animals. ICZ levels were
markedly increased in the tissues and excreta of
animals either treated with I3C or fed on diets
supplemented with freeze-dried Savoy cabbage
containing glucobrassicin at 470 mg/100 g and
with ICZ levles below 0.5 pg/100g. The levels of
ICZ for tissues or excreta were not significantly
different for the three treatment groups. The rela-
tive increases in ICZ levels for the treated groups,
when compared to samples in which basal levels
were detected, ranged from approximately 16-fold
for the cecum to about 60-fold for the stomach.
The lowest concentrations of ICZ in samples from

Table 2. Effect of indole-3-carbinol(I3C) and dietary savoy cabbage on the amount of indolo[ 3, 2-b] carba-
zole(ICZ) in liver, gastrointestinal contents, feces and urne of rats

1CZ(pgfotal sample)

. . ) Upper small Lower small
Diet Liver Gastric content . X . .
intestinal content intestinal content
Basal 0.0t 0.0 9.74+ 2.9 0.02+ 0.0 0.0+ 0.0
(243 £ 7.3)"
Basal-I3C 115.90+ 45.6 808.56+ 419.5 25.40+19.3 1804+ 91.9
(148 £ 5.7) (898.3 + 466.1)
25% Fresh savoy 45.25+12.1 656.2"+ 551.9 17.0°+ 3.7 310.1°+ 187.7
(5.5 £ 1.5) (656.2 *551.9)
25% Homogenized savoy  70.9P%11.5 423.70% 210.7 23.7°£ 17.5 453.8P+ 151.0
(8.1 £ 1.3) (184.2 £ 91.6)
Diet 1CZ(pg/total sample)
Colonic content Cecal content Feces Urine
Basal 18.8*+ 6.0 38.6° 11.8 88243 164.0 0.0+ 0.0
(121 + 387 (88.9 + 38.1)
Basal-13C 682.854+ 234.0 5905+ 116.3 1368147+ 8284.9 0.9%+ 0.6
(164.0 £ 32.3) (3508.1 £2124.4) (0.0 £ 0.0)
25% Fresh savoy 616.9°% 158.1 $21.2°+ 59.2 28325.4°% 9022.5 22.0"+ 3.6
(1515 + 14.4) (4578.2 £1769) (15 £ 0.92)
25% Homogenized savoy 744.8%+ 63.8 725.2°% 83.0 15984.50+ 5352.4 4945+ 17.5
(181.3 = 20.8) (8262.1 £1092.3) (1.5 + 05)

Values are mean= SE for groups of four raw.
Those values in a column not sharing a common superscript significandy different from one another(p<0.05).
Rats were fed basal diet or basal plus 25% (wt/wt) Savoy cabbage for 5 days.
I3C was dissolved in 100pL of corn oil conwining 10% DMSO(v/v) and administered by oral mrubation(500

pmol/kg body wt).

*Values in parentheses are in units of pg/g of sample.
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treated rats were found in urine and the highest

concentrations were found in feces.

Analyses of ICZ in feces of germfree rats and hu-
mans

In a separate experiment in which we determi-
ned the ICZ content in the feces of germfree and
conventional rat fed on AIN-76 diets, we observed
that whereas ICZ levels in the feces of conventio-
nal rats were 2.00% 0.50 ppb(wt/wt), levels from
germfree animals were around 0404 0.20 ppb,
both figures based on the wet weight of feces.
The levels in the germfree were near the lower
limits of detection of our analytical method.

Over many repeated analyses, the HPLC chro-
matograms of the products extracted from the two
human fecal samples consistently included a peak
for ICZ. This peak was equivalent to an ICZ level
in the range of 220 ppb(wt/wt) in the original
samples, based on dry weights and allowing for
uncertainties in recovery and other experimental
variation.

Further evidence that ICZ was present in these
human and basal rat samples is as follows (i)
no ICZ peak was detected in blank extractions
performed with the same volumes of extracting
solvents and with rigorously cleaned glassware 3
(#) the peak measured in the chromatograms of
the extraction samples had the same retention

time and peak shape as did authentic ICZ under
a range of HPLC elution conditions 5 (iii) the
analysis of chromatograms obtained by spiking
the extracted sample with authentic ICZ showed
an appropriate increase in the suspected ICZ peak
area and no additional peaks were produced ;
(#v) the fluroescence emission and excitation spe-
ctra of the suspected ICZ peak(obtained from
the extraction of sample HFA scaled up by
100-fold) were identical to those of the authentic
compound.

The most likely source of ICZ in the feces of
control animals and humans is bacterial metabo-
lism of trytophan. Skatole and indole, as wall as
unidentified ligands for the Ah receptor, are esta-
blished breakdown products of tryptophan!V12,
Several oxidized derivatives including 3-methylo-
xindole, indole-3-carboxylic acid, and I3C are es-
tablished mammalian metabolites of skatole!®.
Conversion of these or similar products to ICZ
in the gut is a likely possibility.

Induction of EROD activity in rats fed Savoy cab-
bage or treated with 13C or ICZ

None of the rats in the control or experimental
groups showed adverse affects from their treatme-
nts. No significant differences in weight gains,
feed intakes or liver weights were observed among
the groups(Table 3). In rats that received a single

Table 3. Effects of indole-3-carbinol(13C) and dietary savoy cabbage on body weight, food intake and liver

weight of male rats

Diet Weight gain(g) Feed intake(g) Liver weight(g)
Basal 6.24+ 0.29* 71.00% 1.25* 8.60%047*
Basal-13C 9.75%3.07 75.50%+ 4.15 8.25+ 0.53
25% Fresh savoy 6.50+ 2.77 69.25+ 3.98 8.276/0.32
25% Homogenized savoy 3.75£1.19 63.75+£3.98 8.68+0.27

*Values in each column are not significandy different from one another(p<(0.05)

Values are menaxt SE for groups of four rats

Rats were fed basal diet or basal diet plus 25% (wiwt) savoy cabbage for 5 days
I15C was dissolved in 100uL of corn ofl containing 10% DMSO(v/v) and administered by oral intubation(500

wkg body wt)
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Table 4. Effect of indole-3-carbinal(13C) and dietary savoy cabbage on ethoxyresorufin O-deethylase(EROD)
actvity in Iver, small interstinal mucosa and lungs of rats

EROD(pmol resorufin formed/min/mg protcin)

Diet - —
Liver Small intestine Lungs
Basal 44%L 06 0.42% 0.2 0.1 £0.0
Basal-13C 164.0°+ 63.5(37) 13.1°% 5.3(33) 3.1° +0.7(31)

25% Fresh savoy
25% Homogenized savoy

19.5°% 6.2(4.4)
15.9¢+ 2.8(3.5)

57.2P+ 27.0(93)
15.8°% 8.5(38)

2.9% +1.5(22)
1.1#b+0.5011)

Values are meant SE for groyps of four rats. Figures in parentheses represent activity relative to the basal

group

Those values in a column not sharing a superscript are significandy different(p<{0.05)
Rats were fed basal or basal diet plus 25% (wt/wt) savoy cabbage for 5 days
I18C was dissolved in 100pL of corn oil containing 10% DMSO(v/A) and administered by oral intubation(500

pmol/kg body wt)

treatment of I3C(500 pmol/kg body weight dissol-
ved in 100 uL of ¢orn oil containing 10% DMSO
(v/)) administered by oral intubation, there were
significant increases in EROD activities in the
liver, small intestinal mucosa, and lungs of appro-
Ximately 37-, 33- and 31-fold, respectively, over
the corn oil-treated controls(Table 4). EROD ac-
tivities in the livers of rats fed either fresh or ho-
mogenized Savoy cabbage as 25% (wt/wt) of the
diet for five days were about 4-fold higher than
in control rats. EROD actvities in rats fed on the
fresh or homogenized cabbage were strongly in-
duced in the intestinal mucosa(93- and 38-fold)
and lungs(23- and 11-fold). These results are con-
sistent with previous findings'¥) and indicate that
the EROD-inducing effects of cabbage are not
mimicked simply by administration of a corres-
ponding dose of I3C. The role of other possible
factors following ingestion of cabbage such as de-
creased translocation of inducing agents to the
liver or the production of inhibitors of EROD
activity or CYP1Al gene expressing is indicated
by these results.

Treatment of rats with doses of ICZ(ie. 005,
3.0, and 5.0 umol/kg) that are in the range of doses
expected to result from I3C in vivo, produced 10-
20-fold increases in EROD activities in the liver

Table 5. Effect of ICZ treatment of EROD activity in
rat liver and lungs

EROD Activiry™*

Treatment* -

Liver Lung
Vehidle(p.0.) 7.1% (.52 0.2: 0.042
ICZ, 0.05(p.o.) 84.1%13.0°(11.8) 2.1+ 0.05%(9.5)
ICZ, 5.0(p.o.) 1210+ 20.4%(17.0) 1.7+ 0.5°(7.5)
1CZ, 3.0(ip.) 159.0+ 8.29(22.3) 4.5+ 0.5°(19.7)

*ICZ doses in units of pmol/kg body wt

“*EROD activity in units of pmol resorufin/min/mg
protein

Values are means® SE with n=4 for the first 3 groups

and n=3 for the last group

Groups sharing different superscripts are significantdy

different from one another(p<(0.05)

Values in parenthesis indicate fold inducton over vehi-

ce weated controls

and lungs of the rats(Table 5). These results indi-
cate that ICZ is a potent inducer of hepatic
EROD activity in vivo, Published data indicate
that TCDD has an ECs for hepatic EROD indu-
ction in rodents on the order of 1-10 nmol/kg!.
This dose range is only a factor of 5-50-fold less
than the dose of ICZ found in the present study
to produce a 10-fold increase in hepatic EROD
activity. This similarity of activities of the two co-
mpounds in vivo is notable in light of the near
7000-fold difference in CYPIAl-inducing activi-
ties we observed previously in cells in cultutre.
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This decreased differece in potency of the two
compounds in vivo is likely due to whole body
phamacologic processes not present in cells in
culture. The results are consistent, for example,
with a decreased translocation of TCDD to the
liver relative to ICZ, due perhaps to increased
association of TCDD with lipid storage sites, co-
mpared to the less lipid soluble ICZ.

Our results are only qualitatively consistent
with a role for ICZ in the CYP1Al-inducing effc-
cts of I3C. ICZ levels are highest in the livers
of I3C-treated rats, which also had the highest
levels of EROD induction{compare data in Table
2 and 5), However, based on a comparison with
published data for TCDD'®, the quantities of
ICZ we detecled in the livers appear to be at least
an order of magnitude too low to produce the
observed increase in EROD activity. This result
could be explained by a persistence of induced
EROD activity with rapid clearance of ICZ from
the liver. Alternatively, ICZ may serve as a marker
for the presence of other I3C or tryptophan deri-
vatives(such as diindolylmethane) that are weak
inducers of EROD activity, but which are produ-
ced in much larger quantities than ICZ. A resolu-
tion of this issuc depends on the application of
sensitive assays for 13C products in addition to
ICZ.

Conclusions

In conclusion, these data showed either homo-
genized or freeze-dried savoy cabbage in the feed
led to large increases in the ICZ levels in the
feces and lower GIT and in the EROD activity
of rats. From the analysis of ICZ in feces of germ-
free rats and humans, gut bacteria are important
to produce ICZ from dietary constituent in the
basal diet. ICZ may be responsible for the enz-
yme-inducing activity of orally administered I3C

or its precursors.
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