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ET-743, an experimental antitumor drug with promising
activity in sarcoma, breast and ovarian carcinoma, is cur-
rently under phase 2 clinical evaluation. It is hepatotoxic in
animals and patients. We tested the hypothesis that indole-
3-carbinol (I3C), the hydrolysis product of glucosinolates oc-
curring in cruciferous vegetables, may protect against ET-
743-induced hepatotoxicity in the female Wistar rat, the
animal species with the highest sensitivity toward the ad-
verse hepatic effect of this drug. Hepatotoxicity was ad-
judged by measurement of plasma levels of bilirubin, alkaline
phosphatase (ALP) and aspartate aminotransferase (AST)
and by liver histopathology. The effect of I3C on the kinetics
of ET-743 in rat plasma and liver was investigated by high-
pressure liquid chromatography. The effect of I3C on the
antitumor efficacy of ET-743 was explored in rats bearing the
13762 mammary carcinoma. ET-743 (40 �g/kg i.v.) alone
caused an elevation of plasma bilirubin, ALP and AST levels
and degeneration and patchy focal necrosis of bile duct epi-
thelial cells. Addition of I3C to the diet (0.5%) for 6 days prior
to ET-743 administration almost completely abolished man-
ifestations of hepatotoxicity. In contrast, a dietary concen-
tration of 0.1% I3C did not protect, nor did dietary diindolyl-
methane (0.2%), an acid-catalyzed condensation product of
I3C. Ingestion by rats of I3C for 6 days prior to ET-743 (40
�g/kg i.v.) decreased plasma but not hepatic concentrations
of ET-743 compared to animals that received ET-743 alone.
I3C did not interfere with the antitumor efficacy of ET-743.
The results suggest that ingestion of I3C may counteract the
unwanted effect of ET-743 in the liver. I3C should be inves-
tigated as a hepatoprotectant in patients who receive ET-743
therapy.
© 2004 Wiley-Liss, Inc.
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ET-743 (ecteinascidin 743, trabectidin, Yondelis) is a tetrahy-
droisoquinoline alkaloid isolated from the marine tunicate Ectein-
ascidia turbinata. It possesses potent antineoplastic activity
against a variety of human tumor xenografts grown in athymic
mice, including melanoma and ovarian and breast carcinoma.1–3 In
clinical phase 1 studies of ET-743, promising responses were
observed in patients with sarcoma, as well as breast and ovarian
carcinoma,4,5 and the drug is currently under intense investigation
in a variety of phase 2 trials in cancer patients. However, myelo-
toxicity is dose-limiting. Furthermore, hepatotoxicity is frequently
observed in the clinic, as reflected by reversible transaminitis and
subclinical cholangitis, characterized by increases in alkaline phos-
phatase (ALP) and/or bilirubin. Treatment with ET-743 caused an
increase in plasma levels of liver-specific enzymes and pathologic
manifestations of cholangitis in most animal species in which it
has been tested.6,7 We recently showed that high-dose dexameth-
asone protects rats from ET-743-induced hepatotoxicity without
compromising its antitumor activity.8 Hepatoprotection was prob-
ably the consequence of a dramatic reduction by dexamethasone of
hepatic levels of ET-743, which in turn was reasoned to be related
to the ability of dexamethasone to increase the rate of metabolic
detoxification of ET-743 via induction of the cytochrome P450

enzyme CYP3A in the liver. The potential use of high-dose dexa-
methasone as a hepatoprotectant in humans might be confounded
by adverse effects, including diabetes mellitus, hypertension, ar-
rhythmias, hypokalemia, psychosis, peptic ulceration and suscep-
tibility to infection.9,10 Indole-3-carbinol (I3C) is the aglycone of
glucobrassicin, a microconstituent of cruciferous vegetables such
as broccoli and Brussels sprouts. I3C, which is generated by
glycoside-hydrolyzing enzymes when plant cells are disrupted by
processing, cooking or mastication, possesses chemopreventive
properties against chemically induced tumors in rodents at a vari-
ety of sites.11–14 Clinical pilot studies of I3C have been conducted
in patients with recurrent respiratory papillomatosis15 and cervical
intraepithelial neoplasia.16 There has also been a dose-finding
study to prepare for its evaluation as a breast cancer preventive
agent.17 I3C is a potent inducer of cytochrome P450 enzymes,
including CYP3A.18 We surmised that it might possess pharma-
cologic properties that render it suitable as a candidate for hepa-
toprotection. Therefore, we tested the hypothesis that, like dexa-
methasone, I3C given with the diet protects the liver from ET-
743-induced damage without displaying the detrimental side
effects of high-dose dexamethasone. I3C undergoes rapid acid-
catalyzed polymerization in the stomach mainly to diindolylmeth-
ane (DIM),19,20 which has been suggested to be responsible for, or
contribute to, pharmacologic effects of I3C after oral administra-
tion. As I3C turned out to be hepatoprotective, we explored
whether DIM might mediate the ability of I3C to counteract the
effect of ET-743 in rat livers. Furthermore, we studied the effect of
I3C on the antitumor activity of ET-743 in a rat model of mam-
mary cancer and on the pharmacokinetics of ET-743 in plasma and
liver. Overall, the work was designed to explore the feasibility of
a novel, potentially clinically applicable, antidotal strategy against
the hepatoxicity of ET-743.

Abbreviations: ALP, alkaline phosphatase; AST, aspartate aminotrans-
ferase; AUC, area under the concentration versus time curve; DIM, diin-
dolylmethane; HPLC, high-pressure liquid chromatography; I3C, indole-
3-carbinol; NF-�B, nuclear factor-�B; TW, tumor weight; TWI, tumor
weight inhibition.

Grant sponsor: the Medical Research Council.

*Correspondence to: Department of Cancer Studies, RKCSB, LRI, Uni-
versity of Leicester, Leicester, LE2 7LX, United Kingdom.
Fax: �44-116-223-1855. E-mail: ag15@le.ac.uk

Received 22 January 2004; Accepted after revision 8 March 2004

DOI 10.1002/ijc.20356
Published online 20 May 2004 in Wiley InterScience (www.interscience.

wiley.com).

Int. J. Cancer: 111, 961–967 (2004)
© 2004 Wiley-Liss, Inc.

Publication of the International Union Against Cancer



MATERIAL AND METHODS

Animal and agents
Female Wistar rats (used in the studies of hepatotoxicity, ET-

743 plasma levels and hepatic CYP3A function) and female Fi-
scher rats (used in the antitumor activity studies) were obtained
from Charles River Laboratories (Margate, U.K.). ET-743 formu-
lated for injection originated from the drug manufacturer Phar-
maMar (Colmenar Viejo, Spain). The specific CYP3A substrate
7-benzyloxyquinoline and its metabolite 7-hydroxyquinoline were
obtained from BD Biosciences (Oxford, U.K.), diindolylmethane
(DIM) from LKT Labs (St. Paul, MN) and I3C and other reagents
from Sigma-Aldrich (Poole, U.K.).

Study of hepatotoxicity
I3C at 0.1% or 0.5% (w/w) or DIM at 0.2% were added to the

RM1-powderered maintenance diet (SDS, Witham, U.K.) of fe-
male Wistar rats (230–260 g) 6 days prior to treatment with a
hepatotoxic dose of ET-743 (40 �g/kg, i.v. via the lateral tail vein).
Control animals received the unaltered diet and/or water as the
vehicle for ET-743, or I3C or DIM alone. The dose of DIM was
based on the following consideration. As DIM is the product of the
condensation of 2 molecules of I3C, the chosen dose of DIM, 0.8
mmol per 100 g diet, constitutes just below 50% of the maximal
amount that could theoretically be generated from I3C at 0.5%
(w/w, 3.4 mmol per 100 g) in the diet. Each treatment group
comprised 4 animals. Hepatic changes were studied by assessment
of alterations in plasma levels of bilirubin and liver enzymes ALP
and aspartate aminotransferase (AST) and by conventional his-
topathologic investigation of liver tissue as described previously.7
Experiments were conducted as stipulated by Project Licence
40/2496 granted by the U.K. Home Office, and the experimental
design was vetted and approved by the Leicester University Eth-
ical Committee for Animal Experimentation.

Study of antitumor activity
Fragments (each 100–200 mg) of the 13762 tumor were im-

planted s.c. into the flank of female Fischer rats (100–120 g).
Properties of this 13762 tumor have previously been described, for
example by Braunschweiger and Schiffer.21 Tumor weight (TW)
was calculated on each day via tumor diameters using a Vernier
caliper and the formula TW (in mg) � tumor volume (mm3) �
d2 � D/2, where d and D represent the shortest and longest
diameter, respectively. Rats (9–10 per group) received I3C in their
diet (0.5%) from the day of tumor implantation to the end of the
experiment. ET-743 (40 �g/kg, i.v.) was administered on day 6
posttumor implantation. Procedures involving animal care and
treatment were conducted as stipulated in Italian national guide-
lines (D.L. no. 116 G.U., suppl. 40, 18.2.1992, circolare no. 8,
G.U. luglio 1994) and appropriate European directives (EEC
Council Directive 86/609, 1.12.1987) and adhered to the Guide for
the Care and Use of Laboratory Animals (U.S. National Research
Council, 1996).

Study of ET-743 levels in liver and plasma
Blood and liver tissue were collected from rats, the former via

cardiac puncture, before and 0.5, 1, 3, 6, 12 and 24 hr after
administration of ET-743 (40 �g/kg i.v.), with or without treat-
ment with I3C (0.5% in the diet) given from 6 days prior to
ET-743. Blood was placed in heparinized tubes, and plasma was
obtained by centrifugation. An aliquot (0.3 ml) of plasma was
mixed with 0.7 ml ammonium acetate buffer (0.2 M, pH 5.0).
Liver tissue was homogenized (1:1) in water. The preparation of
samples for high-pressure liquid chromatography (HPLC) analysis
was as described previously.8 ET-743 was measured by HPLC
coupled to electrospray ionization tandem mass spectrometry as
described by Rosing et al.22 using an API 3000 triple quadrupole
mass spectrometer (Applied Biosystems-Sciex, Toronto, Canada)
operating in positive ion mode (standard TurboIonSpray source).
Separation was achieved on a Luna C18 column (5 �m, 150 � 2.0
mm; Phenomenex, Torrance, CA) and a mobile phase of acetic

acid (0.1%) in water (solvent A) and acetonitrile (solvent B), with
gradient elution of B from 10% to 70% in 10 min, at a flow rate of
200 �l/min. ET-729 served as internal standard in the analytical
assay. In orientation experiments, ET-729 was not detected as a
metabolite of ET-743 in any of the matrices studied. Calibration
curves of standard solutions of ET-743 (0.05–25 ng/g) were pre-
pared using plasma or liver homogenate from untreated mice. The
correlation between concentration and peak response in these
extracts analyzed on 3 different days was characterized by r2 �
0.999. Quality control samples of plasma (spiked with 0.1, 0.5 and
2 ng ET-743/ml) or liver homogenate (from livers spiked with 1,
5 and 20 ng ET-743/g tissue) afforded limits of quantitation of 0.05
ng/ml for plasma and 0.5 ng/g for liver; the precision between runs
was reflected by correlation coefficients of � 5% (plasma) and �
10% (liver). Accuracy was in the range of 97–105% (plasma) and
90–110% (liver). The area under the plasma concentration vs. time
curve (AUC) for ET-743 was calculated by the trapezoidal rule
between time points 0 and 24 hr.

Study of CYP3A levels
Livers of control and I3C-treated rats were homogenized (Pot-

ter-Elvehjem teflon-glass homogenizer) in Tris-KCl buffer (50
mM) containing sucrose (0.25 M, pH 7.4) to give a 20% homog-
enate. For isolation of liver microsomes, the homogenate was
centrifuged (10,000g, 20 min, 4°C), the supernatant was then
removed and spun at 100,000g for 60 min at 4°C. The microsomal
pellet was resuspended in fresh buffer and recentrifuged
(100,000g) for a further 60 min. The resulting pellet was sus-
pended in 0.25 M phosphate buffer containing 30% glycerol (v/v)
and stored at �80°C and thawed prior to analysis. Microsomal
protein concentration was determined with the Bradford assay. The
ability of the microsomes to metabolize the CYP3A model sub-
strate 7-benzyloxyquinoline to 7-hydroxyquinoline was tested as
described by Renwick et al.23

RESULTS

Effect of I3C on hepatotoxicity of ET-743
Female Wistar rats, the animal species that has been shown to be

most susceptible toward the unwanted hepatic alterations caused
by ET-743,14 received I3C (0.1% or 0.5%, w/w) in the diet, which
constitutes doses equivalent to approximately 80 and 400 mg/kg
per day, respectively, for a week prior to a hepatotoxic dose of
ET-743 (40 �g/kg, i.v.). Hepatic damage was assessed on days 3
and 9 post-ET-743 administration in terms of changes in plasma
levels of bilirubin and the liver enzymes, ALP and AST, and by
pathologic investigation of liver tissue as described previously.7
Day 3 is the time point at which liver damage was found to be
maximal in rats. ET-743 alone elicited hepatic alterations identical
with those reported earlier,7 as borne out by dramatically raised
levels of bilirubin (Fig. 1) and elevated plasma activities of ALP
and AST (results not shown), and by liver pathology characterized
by severe bile duct damage on day 3 and biliary sclerosis on day
9 (Fig. 2). While consumption of I3C on its own prevented the
weight gain observed in control rats, it did not affect plasma
activities of bilirubin (Fig. 1), ALP and AST, or liver pathology
(results not shown). In rats that received the combination of
ET-743 and I3C (0.1%, w/w), plasma bilirubin levels were mod-
erately reduced compared to rats that received ET-743 alone (Fig.
1). On day 9, the difference was significant. I3C at this dose did not
decrease AST and ALP activity in the plasma when compared with
levels induced by ET-743 alone (results not shown). Pathologic
manifestations of liver damage were only marginally less severe
than in rats that received ET-743 only. In contrast, a dietary
concentration of 0.5% I3C protected rats from ET-743-induced
changes as measured by plasma bilirubin levels (Fig. 1), ALP
activities (result not shown), or by hepatic pathology (Fig. 2). Rats
that had consumed I3C (0.5%, w/w) showed significantly less
biliary damage compared with rats given ET-743 alone, and there
was only slight irregular bile duct epithelium and very sparse
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degenerate biliary cells at 3 days and mild peribiliary fibrosis in
rats on I3C at 9 days. Thus, the protection afforded by 0.5% I3C
was complete as reflected by the biochemical indexes, and sub-
stantial, albeit not complete, when based on liver pathology.

Effect of diindolylmethane on hepatotoxicity of ET-743
It has been suggested that DIM is responsible for, or contributes

to, pharmacologic effects of I3C after oral administration.24 There-
fore, we explored whether DIM might be responsible at least in
part for the hepatoprotection afforded by I3C. To that end, I3C was
replaced with DIM (0.2% in the diet, w/w) and its ability to protect
rat livers against the detrimental activity of ET-743 was studied.

Figure 1(c) shows that DIM pretreatment failed to ameliorate the
elevation in plasma bilirubin levels elicited by ET-743. Likewise,
on pathologic investigation there was no difference between livers
from animals that received ET-743 alone and those on DIM with
ET-743. Taken together, these results suggest that I3C at an oral
dose of approximately 400 mg/kg protects rat livers efficiently
against ET-743-induced changes, while a fifth of this dose is
insufficient for protection. The I3C metabonate DIM is not hepa-
toprotective.

Effect of I3C on antitumor activity of ET-743
For a hepatoprotection strategy involving I3C to be clinically

feasible, it needs to be demonstrated that I3C does not adversely
affect the antitumor activity of ET-743. Antitumor activity was
tested in female Fischer rats bearing the 13762 mammary carci-
noma by adding I3C to the diet (0.5%, w/w) from the day of tumor
implantation onward, which was 6 days prior to the injection of
ET-743, the administration regime that was used in the hepatopro-
tection experiments. Also, in this rat strain ET-743 (40 �g/kg, i.v.)
alone has been shown to cause changes in plasma levels of liver-
specific indicators and liver histopathology identical to those de-
scribed above for Wistar rats.8 Furthermore, 0.5% dietary I3C
afforded the same degree of protection against the pathologic
manifestations of ET-743 in the liver of this rat strain as in Wistar
rat (data not shown). Both I3C and ET-743 retarded tumor growth
on their own (Fig. 3), with tumor weight inhibition (TWI) values
of 35% and 62%, respectively, on day 20. Most importantly, the
activity of the combination was not inferior to that of ET-743 alone
(Fig. 3), exemplified by a TWI of 67% on day 20. Tumors were
excised and weighed at termination of the experiment, and the
results (Table I) support the conclusion drawn from Figure 3, in
that ET-743 or I3C alone decreased terminal tumor weight by 54%
and 43%, respectively, whereas the combination elicited a 71%
weight reduction.

Effect of I3C on levels of ET-743 in liver and plasma and on
hepatic CYP3A

Next we tested the hypothesis that I3C pretreatment alters
clearance of ET-743 from plasma and liver in vivo. Levels of
ET-743 were measured by HPLC coupled to electrospray ioniza-
tion tandem mass spectrometry in plasma and liver samples from
rats that had been pretreated with I3C (0.5%, w/w) for 6 days.
These levels were compared with those in animals that received
ET-743 alone. Treatment with I3C, while decreasing ET-743 lev-
els in the plasma, did not decrease ET-743 levels in the liver, but
elevated them instead (Fig. 4). The mean values for the area under
the plasma or liver concentration vs. time curves (AUC, between 0
and 24 hr after dosing) for ET-743 after administration of ET-743
alone or in combination with I3C were 4.7 and 1.9 ng � hr/ml,
respectively, for the plasma, and 280 and 563 ng � hr/g for the
liver.

CYP3A has previously been implicated in the metabolism of
ET-743.25 It has been suggested that hepatic CYP3A activity
upregulated by dexamethasone resulted in, or contributed to, the
hepatoprotective action of dexamethasone by efficiently clearing
ET-743 via nonhepatotoxic metabolites.8 As hepatoprotection af-
forded by I3C may involve an analogous mechanism, its ability to
induce CYP3A enzymes was investigated. Liver microsomes were
obtained from rats that had been pretreated with dietary I3C (0.5%,
w/w) for 1 week, and their ability to metabolize the model sub-
strate 7-benzyloxyquinoline to 7-hydroxyquinoline was tested. I3C
treatment increased the rate of oxidative debenzoylation of the
model substrate 2.6-fold, from 57 � 8 to 147 � 19 pmoles/min/mg
microsomal protein (mean � SD; n � 4). Treatment with DIM had
only an ephemeral inducing effect on the hepatic debenzylation of
7-benzyloxyquinoline (data not shown).

DISCUSSION

The results described above hint at the feasibility of a novel
pharmacologic strategy to ameliorate the hepatotoxicity of ET-743

FIGURE 1 – Effect of 0.1% (w/w) I3C (a), 0.5% I3C (b) and 0.2%
DIM (c) on changes of hepatic total bilrubin levels induced by ET-743
(40 �g/kg, i.v.) in female Wistar rats measured 3 and 9 days post-ET-
743. I3C and DIM were administered with the diet 1 week before
ET-743 administration until the end of the experiment. Values are
mean � SD of 4 animals. Asterisks and daggers indicate values are
significantly different from activities and levels in untreated animals or
in animals that received ET-743 only, respectively (p 	 0.01 by
ANOVA).
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in humans, a toxicologic Achilles’ heel of this new promising
anticancer drug. The results allow the following 3 conclusions
germane to modulation of the hepatotoxicity of ET-743 in the rat:
intake of I3C with the diet protects against the detrimental hepatic
effects of ET-743; treatment with I3C does not interfere with the
antitumor activity of ET-743 in a model of mammary carcinoma;
ingestion of I3C does not decrease hepatic levels of ET-743 in
comparison to animals that received ET-743 alone. In addition,
this report is, to our knowledge, the first one in which the growth-
inhibitory activity of I3C in an aggressively proliferating trans-
plantable rodent tumor is described. In the light of the fact that I3C
is a negative regulator of estrogen,26 antiestrogenicity may have
contributed to its inhibitory effect on the 13762 mammary carci-
noma.

Experiments conducted in the study described here allow 2
inferences as to the mechanism by which I3C may protect rat livers
against ET-743. First, DIM, an important metabonate of I3C,
which is thought to be at least in part responsible for its chemo-
preventive efficacy,24 does not seem to be implicated in the hepa-
toprotection provided by I3C. This supposition is borne out by the
finding that DIM failed to ameliorate any ET-743-induced hepatic
changes. Second, the observation that I3C treatment failed to
decrease hepatic ET-743 levels renders the possibility unlikely that
induction of CYP3A contributes to the mechanisms by which I3C
elicits hepatoprotection. A major reason that guided the choice of
I3C for investigation as a potential hepatoprotectant was its ability
to induce hepatic CYP3A and thus to increase the hepatic clear-
ance of drugs that undergo metabolism via this enzyme.18 Thus,

FIGURE 2 – Liver sections from female
Wistar rats that received ET-743 (40
�/kg i.v.) alone (a) or in addition to I3C
(0.5%, w/w) in the diet for 1 week prior
to ET-743 and continuing to the end of
the experiment (b). Liver tissue was ex-
cised 3 days postadministration of ET-
743, at which time ET-743-inflicted
damage was maximal. Staining was by
hematoxylin and eosin. Note in (a) the
swollen thickened portal tract with a
sparse infiltrate of inflammatory cells
(asterisk) and the damaged bile duct (ar-
row), which is lined by degenerative and
reactive epithelium, characteristics of
ET-743-induced changes in livers of fe-
male rats. In contrast, in animals that
received I3C (b), a comparable portal
tract is indistinguishable from controls.
Sections are representative of 4 separate
animals. Scale bar � 100 �m.
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I3C shares with dexamethasone a property that has been tenta-
tively associated with dexamethasone-mediated protection against
the hepatotoxicity of ET-743 in the rat.8 The efficacious dietary
dose of I3C used here almost trebled hepatic microsomal CYP3A
levels. In comparison, an optimally hepatoprotective dose of dexa-
methasone (10 mg/kg) elevated liver levels of CYP3A by a factor
of 6.4.8 This elevation of CYP3A levels by dexamethasone was
accompanied by dramatically lowered ET-743 levels in the liver,
presumably as a corollary of an increased rate of metabolic oxi-
dation of ET-743. In contrast, I3C did not decrease overall liver
exposure to ET-743. On the contrary, hepatic concentrations of
ET-743 in I3C-pretreated rats exceeded those in untreated ones.
Taken together, these results militate against the notion that in-
duction of CYP3A is involved in I3C-mediated hepatoprotection.
Which pharmacologic properties of I3C could instead be impli-
cated? Its ability to block tumor initiation has been rationalized in
terms of upregulation of drug metabolizing enzymes,27 whereas
tumor suppression by I3C may be the consequence of modulation
of pathways resulting in inhibition of cell proliferation or in
compromised cell survival.28,29 I3C has been shown to protect
mice against hepatic damage induced by the hepatotoxicant carbon
tetrachloride (CCl4).30 In this model, CCl4 exerts its toxic effect
via free radical species generated during reductive metabolism
involving cytochrome P450. Pretreatment with I3C for 1 hr de-
creased CCl4-induced centrilobular necrosis by 63% and plasma
alanine aminotransferase by 60%. I3C inhibited CCl4-mediated
lipid peroxidation, even though it was less protective than buty-
lated hydroxytoluene or tocopherol. Mechanistic studies of I3C

have generally been conducted in cells in culture, predominantly
those of human breast cancer origin. I3C has been shown to
interfere with the cell cycle machinery in a multiple fashion,
eliciting downregulation of cyclin-dependent kinase 6, a decrease
in retinoblastoma protein phosphorylation and an increase in levels
of the cell cycle inhibitor p21WAF1.31 I3C also induced apopto-
sis32,33 and caused a decrease in levels of phosphorylated protein
kinase B, accompanied by compromised nuclear factor-�B (NF-
�B) activity as detected by decreased NF-�B DNA binding.34

Transcriptional activation of NF-�B is responsible for the upregu-
lation of a large number of genes related to inflammation, and
attenuation of NF-�B activity has been considered to be an im-
portant mechanism by which dexamethasone elicits antiinflamma-
tory properties.35,36 The toxic response to ET-743 appears to
involve an inflammatory component, and dexamethasone pro-
tected rat livers against ET-743.8 Thus, interference with NF-�B
transcriptional activity is a most attractive candidate mechanism to
help explain hepatoprotection, as it is common to both ET-743
antidotes, I3C and dexamethasone.

It is important to bear in mind that there are significant differ-
ences between humans and female rats in terms of susceptibility
toward ET-743 hepatotoxicity. Especially noteworthy is the fact
that among mammals, the female rat appears to be the species of
highest sensitivity toward ET-743-induced liver damage, which
persists in this species. In contrast, in patients manifestations of
hepatic damage have been reversible on discontinuation of treat-
ment. Thus, it is conceivable that mechanisms engaged by ET-743
to elicit hepatoxicity in humans differ in some aspects from those
in rodents. There have been 3 agents that have thus far been shown
to protect rats against the liver damage exerted by ET-743, dexa-
methasone,8 
-naphthoflavone37 and I3C, as described here. One
might question the suitability of the female rat model to predict
toxic responses to ET-743 in humans and argue that this animal
species is not only hypersensitive to the effect of ET-743, but may

FIGURE 3 – Effect of I3C (b), ET-743 (c) or the combination of both
(d) on growth of 13762 mammary carcinoma in rats compared to
tumor growth in animals that received the vehicle only (a). Rats
received I3C in their diet (0.5%, w/w) from the day of tumor implan-
tation until the termination of the experiment. ET-743 (40 �g/kg, i.v.)
was administered on day 6 after implantation. Values (in g) obtained
by caliper measurement are mean � SE of 9 or 10 rats. Asterisks
indicate that weight was significantly different from tumors in control
rats (single asterisk, p 	 0.05; double asterisk, p 	 0.01, Fisher’s test).

TABLE I – TERMINAL WEIGHT OF 13762 MAMMARY TUMORS IN RATS
THAT RECEIVED ET-743 WITH OR WITHOUT I3C

Treatment Tumor weight (g)

Control1 28 � 32

ET-7433 13 � 14

I3C3 16 � 2
ET-743 � I3C5 8 � 16

I3C was administered with the diet (0.5%) from the day of tumor
implantation to the termination of the study. ET-743 (40 �g/kg, i.v.)
was injected on day 6. Tumors were weighed on day 20.– 1Seven out
of 10 rats survived; 3 animals had to be killed before day 20 because
of tumor-induced moribundity.– 2Mean � SEM.– 3Nine out of 10 rats
survived; 1 rat had to be killed before day 20 because of tumor-
induced moribundity.– 4P 	 0.05, by Fisher’s test of treated vs. control
rats.– 5All 10 rats survived.– 6p 	 0.01.

FIGURE 4 – Effect of treatment with I3C on the disposition of ET-
743 in rat plasma (a) and liver (b) over a period of 24 hr. Rats received
control diet (diamonds, solid line) or I3C (0.5%, w/w) in their diet
(squares, broken line) for 7 days prior to administration of ET-743 (40
�g/kg, i.v.). Values are mean � SE of 5 rats.
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also be promiscuously susceptible toward pharmacologic amelio-
ration of ET-743-induced hepatotoxicity. However, this suspicion
is inconsistent with the fact that there are agents that, while there
is a good rationale for their potential role as hepatic antidotes
against ET-743, have failed to protect livers in the rat. The cyto-
chrome P450 enzyme-inducing drug phenobarbital37 and the clin-
ically used hepatoprotectant antioxidant silibinin (data not shown)
failed to ameliorate the hepatic effects of ET-743 in the female rat.
In the light of all these considerations, we propose that a propitious
experimental strategy to develop hepatoprotective treatments fur-
ther might involve evaluation of combinations of 2 of the 3 agents
that have shown hepatoprotection on their own.

The dose of dexamethasone required to protect livers of female
Wistar rats against ET-743-mediated alterations was 5 mg/kg and
above, with 10 mg/kg being optimal.8 In humans, high doses of
dexamethasone can be accompanied by severe side effects. There-
fore, from a clinical standpoint, I3C might constitute an appealing
alternative to dexamethasone as a hepatoprotectant in cancer ther-
apy with ET-743. The hepatoprotective dose of I3C established
here in rats (0.5% in the diet for a week, equating with 400 mg/kg
per day) translates into 2.6 g/m2 body surface area,38 and thus to �
5 g per 70 kg person. In rats, this dose halted the animals’ weight
gain. It remains to be established whether a dose of this magnitude
is clinically feasible considering the fact that the daily oral dosage
used thus far in clinical trials of I3C has been 1/10 of this
value.16,17,39 As the hepatotoxicity of ET-743 in humans is not as
severe as that in the rat, it is of course conceivable that the dose
required for hepatoprotection in humans may be considerably
lower than that necessary to protect the rat liver. Levels of I3C in
the liver of rats that received dietary I3C have not been reported,
except that in a study in which rats ingested radioactively labeled
I3C (0.2% in the diet), hepatic steady-state levels of drug-derived

species equivalent to 1.2 �mol I3C per g tissue were measured.20

A recent cancer intervention study in mice conducted in our
laboratory suggests that probably only a vanishingly small portion
of this amount consisted of unchanged I3C. In this experiment,
dietary consumption of I3C (0.5%) failed to furnish detectable
hepatic levels of I3C, and the limit of analytical detection was 0.2
nmol/g tissue (data not shown). Taken together, these results allow
2 tentative conclusions of potential clinical relevance: more than
99.9% of I3C-derived species present in the liver of rodents that
ingest dietary I3C consist of products of I3C condensation, includ-
ing DIM; the involvement of DIM in the hepatoprotection by I3C
was rendered unlikely in the results outlined above. Therefore,
hepatoprotection may well be mediated either by parent I3C at low
levels in the 0.1–1 nmol/g range or by I3C condensation products
other than DIM. Future studies should address whether target
tissue levels of I3C and its condensation products associated with
hepatoprotection in the rodent model can be attained in humans by
nontoxic oral doses of I3C.

The work outlined above suggests that I3C may now be con-
sidered an agent that both prevents cancer and protects against
specific unwanted effects of cytotoxic drugs. On the basis of the
results presented above, we regard it as appropriate to evaluate
dietary I3C in cancer patients who receive ET-743, with the aim of
ameliorating the unwanted hepatic effects of the latter.

ACKNOWLEDGEMENTS

The authors thank Jennifer Edwards and Lynda Wilkinson for
the histologic preparations and Mark Anderton for advice on the
tissue levels of I3C. The project is a collaboration under the
auspices of the EORTC Pharmacology and Molecular Mechanisms
(PAMM) Group.

REFERENCES

1. Izbicka E, Lawrence R, Raymond E, Eckhardt G, Faircloth G, Jimeno
JM, Clark G, Von Hoff DD. In vitro antitumor activity of the novel
marine agent ecteinascidin-743 (ET-743, NSC-648766) against hu-
man tumors explanted from patients. Ann Oncol 1998;9:981–7.

2. Hendriks HR, Fiebig HH, Giavazzi R, Langdon SP, Jimeno JM,
Faircloth GT. High antitumour activity of ET-743 against human
tumour xenografts from melanoma, non-small cell lung cancer and
ovarian cancer. Ann Oncol 1999;10:1233–40.

3. Valoti G, Nicoletti MI, Pellegrino A, Jimeno J, Hendriks H, D’Incalci
M, Faircloth G, Giavazzi R. Ecteinascidin-743, a new marine product
with potent antitumor activity on human ovarian carcinoma xeno-
grafts. Clin Cancer Res 1998;4:1977–83.

4. Taamma A, Misset JL, Riofrio M, Guzman C, Brain E, Lopez-Lazaro
L, Rosing H, Jimeno JM, Cvitkovic E. Phase I and pharmacokinetic
study of ecteinascidin-743, a new marine compound, administered as
a 24-hour continuous infusion in patients with solid tumors. J Clin
Oncol 2001;19:1256–65.

5. Delaloge S, Yovine A, Taamma A, Riofrio M, Brain E, Raymond E,
Cottu P, Goldwasser F, Jimeno JM, Misset JL, Marty M, Cvitkovic E.
Ecteinascidin-743: a marine derived compound in advanced, pre-
treated sarcoma patients—preliminary evidence of activity. J Clin
Oncol 2001;19:1248–55.

6. Van Kesteren C, Cvitkovic E, Taamma A, Lopez-Lazaro L, Jimeno
JM, Guzman C, Mathot RAA, Schellens JHM, Misset JL, Brain E,
Hillebrand MJX, Rosing H, Beijnen JH. Pharmacokinetics and phar-
macodynamics of the novel marine-derived anticancer agent ectein-
ascidin 743 in a phase I dose-finding study. Clin Cancer Res 2000;6:
4725–32.

7. Donald S, Verschoyle RD, Edwards R, Judah DJ, Davies R, Riley J,
Dinsdale D, Lopez-Lazaro L, Smith AG, Gant TW, Greaves P, Ge-
scher AJ. Hepatobiliary damage and changes in hepatic gene expres-
sion caused by the antitumor drug ecteinascidin 743 (ET-743) in the
female rat. Cancer Res 2002;62:4256–62.

8. Donald S, Verschoyle RD, Greaves P, Gant TW, Colombo T, Zaff-
aroni M, Frapolli R, Zucchetti M, D’Incalci M, Meco D, Riccardi R,
Lopez-Lazaro L, Jimeno J, Gescher AJ. Complete protection by
high-dose dexamethasone against the hepatotoxicity of the novel
antitumor drug yondelis (ET-743) in the rat. Cancer Res 2003;63:
5902–8.

9. Hari P, Srivastava RN. Pulse corticosteroid therapy with methylpred-
nisolone or dexamethasone. Ind J Pediatr 1998;65:557–60.

10. Sprung CL,Caralis PV, Marcial EH, Pierce M, Gelbard MA, Long
WM, Duncan RC, Tendler MD, Karpf M. The effects of high-dose
corticosteroids in patients with septic shock: a prospective, controlled
study. N Engl J Med 1984;311:1137–43.

11. Manson MM, Hudson EA, Ball HWL, Barrett MC, Clark HL, Judah
DJ, Verschoyle RD, Neal GE. Chemoprevention of aflatoxin B1-
induced carcinogenesis by indole-3-carbinol in rat liver: predicting the
outcome using early biomarkers. Carcinogenesis 1998;19:1829–36.

12. Tanaka T, Kojima T, Morishita Y, Mori H. Inhibitory effects of the
natural products indole-3-carbinol and sinigrin during initiation and
promotion phases of 4-nitroquinoline 1-oxide-induced rat tongue car-
cinogenesis. Jpn J Cancer Res 1992;83:835–42.

13. Grubbs CJ, Steele VE, Casebolt T, Juliana MM, Eto I, Whitaker LM,
Dragnev KH, Kelloff GJ, Lubet RL. Chemoprevention of chemically-
induced mammary carcinogenesis by indole-3-carbinol. Anticancer
Res 1995;15:709–16.

14. Srivastava B, Shukla Y. Antitumour promoting activity of indole-3-
carbinol in mouse skin carcinogenesis. Cancer Lett 1998;134:91–5.

15. Rosen CA, Woodson GE, Thompson JW, Hengesteg AP, Bradlow
HL. Preliminary results of the use of indole-3-carbinol for recurrent
respiratory papillomatosis. Otolaryngol Head Neck Surg 1998;118:
810–5.

16. Bell MC, Crowley-Nowick P, Bradlow HL, Sepkovic DW, Schmidt-
Grimminger D, Howell P, Mayeaux EJ, Tucker A, Turbat-Herrera
EA, Mathis JM. Placebo-controlled trial of indole-3-carbinol in the
treatment of CIN. Gynecol Oncol 2000;78:123–9.

17. Wong GYC, Bradlow L, Sepkovic D, Mehl S, Mailman J, Osborne
MP. Dose-ranging study of indole-3-carbinol for breast cancer pre-
vention. J Cell Biochem Suppl 1997;28–9:111–6.

18. Leibelt DA, Hedstrom OR, Fischer KA, Pereira CB, Williams DE.
Evaluation of chronic dietary exposure to indole-3-carbinol and ab-
sorption-enhanced 3,3�-diindolylmethane in Sprague-Dawley rats.
Toxicol Sci 2003;74:10–21.

19. Grose KR, Bjeldanes LF. Oligomerization of indole-3-carbinol in
aqueous acid. Chem Res Toxicol 1992;5:188–93.

20. Stresser DM, Williams DE, Griffin DA, Bailey GS. Mechanisms of
tumor modulation by indole-3-carbinol: disposition and excretion in
male Fischer 344 rats. Drug Metab Dispos 1995;23:965–75.

21. Braunschweiger PG, Schiffer LM. Growth kinetics of mammary
tumor 13762 in rats previously cured by chemotherapy. J Natl Cancer
Inst 1980;64:671–4.

966 DONALD ET AL.



22. Rosing H, Hillebrand MJX, Jimeno JM, Gomez A, Floriano P, Fair-
cloth G, Henrar REC, Vermorken JB, Cvitkovic E, Bult A, Beijnen
JH. Quantitative determination of ecteinascidin 743 in human plasma
by miniaturized high-performance liquid chromatography coupled
with electrospray ionization tandem mass spectrometry. J Mass Spec-
trom 1998;33:1134–40.

23. Renwick AB, Lavignette G, Worboys PD, Williams B, Surry D,
Lewis DFV, Price RJ, Lake BG, Evans DC. Evaluation of 7-benzo-
yloxy-4-trifluoromethylcoumarin, some other 7-hydroxy-4-triflu-
oromethylcoumarin derivatives and 7-benzyloxyquinolone as fluores-
cent substrates for rat hepatic cytochrome P450 enzymes. Xenobiotica
2001;31:861–78.

24. Bjeldanes LF, Kim JY, Grose KR, Bartholomew JC, Bradfield CA.
Aromatic hydrocarbon receptor agonist generated from indole-3-
carbinol in vitro and in vivo: comparisons with 2,3,7,8-tetrachloro-
dibenzo-p-dioxin. Proc Natl Acad Sci USA 1991;88:9543–7.

25. Sparidans RW, Rosing H, Hillebrand MJX, Lopez-Lazaro L, Jimeno
JM, Manzanares I, van Kesteren C, Cvitkovic E, van Oosterom AT,
Schellens JHM, Beijnen JH. Search for metabolites of ecteinascidin
743, a novel marine-derived anti-cancer agent in man. Anti-Cancer
Drugs 2001;12:653–66.

26. Auborn KJ, Fan SJ, Rosen EM, Goodwin L, Chandraskaren A, Wil-
liams DE, Chen DZ, Cartert TH. Indole-3-carbinol is a negative
regulator of estrogen. J Nutr 2003;133:2470S–5S.

27. Manson MM, Ball HWL, Barrett MC, Clark HL, Judah DJ, William-
son G, Neal GE. Mechanism of action of dietary chemopreventive
agents in rat liver: induction of phase I and II drug metabolising
enzymes and aflatoxin B1 metabolism. Carcinogenesis 1997;18:
1729–38.

28. Manson MM, Gescher AJ, Hudson EA, Plummer SM, Squires MS,
Prigent SA. Blocking and suppressing mechanisms of chemopreven-
tion by dietary constituents. Toxicol Lett 2000;112–3:499–505.

29. Manson MM, Holloway KA, Howells LM, Hudson EA, Plummer SM,
Squires MS, Prigent SA. Modulation of signal-transduction pathways
by chemopreventive agents. Biochem Soc Trans 2000;28:7–12.

30. Shertzer HG, Berger ML, Tabor MW. Intervention in free radical
mediated hepatotoxicity and lipid peroxidation by indole-3-carbinol.
Biochem Pharmacol 1988;37:333–8.

31. Cover CM, Hsieh SJ, Tran SH, Hallden G, Kim GS, Bjeldanes LF,

Firestone GL. Indole-3-carbinol inhibits the expression of cyclin-
dependent kinase-6 and induced a G1 cell cycle arrest of human breast
cancer cells independent of estrogen receptor signaling. J Biol Chem
1998;273:3838–47.

32. Telang NT, Katdare M, Bradlow HL, Osborne MP, Fishman J. Inhi-
bition of proliferation and modulation of estradiol metabolism: novel
mechanisms for breast cancer prevention by the phytochemical in-
dole-3-carbinol. Proc Soc Exp Biol Med 1997;216:246–52.

33. Rahman KMW, Aranha O, Glazyrin A, Chinni SR, Sarkar FH. Trans-
location of Bax to mitochondria induces apoptotic cell death in
indole-3-carbinol (I3C)-treated breast cancer cells. Oncogene 2000;
19:5764–71.

34. Howells LM, Gallacher-Horley, B, Houghton CE, Manson MM, Hud-
son EA. Indole-3-carbinol inhibits protein kinase B/Akt and induces
apoptosis in the human breast tumor cell line MDA MB 468 but not
in the nontumorigenic HBL 100 line. Mol Cancer Ther 2002;1:1161–
72.

35. Sacks M, Gordon J, Bylander J, Porter D, Shi XL, Castranova V,
Kaczmarczyk W, Van Dyke K, Reasor MJ. Silica-induced pulmonary
inflammation in rats: Activation of NF-kappa B and its suppression by
dexamethasone. Biochem Biophys Res Commun 1998;253:181–4.

36. Steer JH, Kroeger KM, Abraham LJ, Joyce DA. Glucocorticoids
suppress tumor necrosis factor-alpha expression by human monocytic
THP-1 cells by suppressing transactivation through adjacent NF-
kappa B and c-jun-activating transcription factor-2 binding sites in the
promotor. J Biol Chem 2000;275:18432–40.

37. Donald S, Verschoyle RD, Greaves P, Orr S, Jimeno J, Gescher
AJ. Comparison of 4 modulators of drug metabolism as protectants
against the hepatotoxicity of the novel antitumour drug yondelis
(ET-743) in the female rat and in hepatocytes in vitro. Cancer Che-
mother Pharmacol 2004;53:305–12.

38. Freireich EJ, Gehan EA, Rall DP, Schmidt LH, Skipper HE. Quanti-
tative comparison of toxicity of anticancer agents in mouse, rat,
hamster, dog, monkey and man. Cancer Chemother Rep 1966;50(Pt
1):219–44.

39. Michnovicz JJ, Adlercreutz H, Bradlow HL. Changes in levels of
urinary estrogen metabolites after oral indole-3-carbinol treatment in
humans. J Natl Cancer Inst 1997;89:718–23.

967DIETARY AGENT INDOLE-3-CARBINOL


