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a b s t r a c t

A collaborative trial was conducted to evaluate the possibility of integrating the rat-liver Comet
assay into repeat-dose toxicity studies. Fourteen laboratories from Europe, Japan and the USA tested
fifteen chemicals. Two chemicals had been previously shown to induce micronuclei in an acute
protocol, but were found negative in a 4-week Micronucleus (MN) Assay (benzo[a]pyrene and 1,2-
dimethylhydrazine; Hamada et al., 2001); four genotoxic rat-liver carcinogens that were negative in the
MN assay in bone marrow or blood (2,6-dinitrotoluene, dimethylnitrosamine, 1,2-dibromomethane, and
2-amino-3-methylimidazo[4,5-f]quinoline); three compounds used in the ongoing JaCVAM (Japanese
Center for the Validation of Alternative Methods) validation study of the acute liver Comet assay
(2,4-diaminotoluene, 2,6-diaminotoluene and acrylamide); three pharmaceutical-like compounds
(chlordiazepoxide, pyrimethamine and gemifloxacin), and three non-genotoxic rodent liver carcinogens
(methapyrilene, clofibrate and phenobarbital).

Male rats received oral administrations of the test compounds, daily for two or four weeks. The top dose
was meant to be the highest dose producing clinical signs or histopathological effects without causing
mortality, i.e. the 28-day maximum tolerated dose. The liver Comet assay was performed according to

published recommendations and following the protocol for the ongoing JaCVAM validation trial.

Laboratories provided liver Comet assay data obtained at the end of the long-term (2- or 4-week) studies
together with an evaluation of liver histology. Most of the test compounds were also investigated in the
liver Comet assay after short-term (1–3 daily) administration to compare the sensitivity of the two study
designs. MN analyses were conducted in bone marrow or peripheral blood for most of the compounds to
determine whether the liver Comet assay could complement the MN assay for the detection of genotoxins
after long-term treatment.
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Most of the liver genotoxins were positive and the three non-genotoxic carcinogens gave negative result
in the liver Comet assay after long-term administration. There was a high concordance between short-
and long-term Comet assay results. Most compounds when tested up to the maximum tolerated dose
were correctly detected in both short- and long-term studies. Discrepant results were obtained with 2,6
diaminotoluene (negative in the short-term, but positive in the long-term study), phenobarbital (positive
in the short-term, but negative in the long-term study) and gemifloxacin (positive in the short-term, but
negative in the long-term study). The overall results indicate that the liver Comet assay can be integrated
within repeat-dose toxicity studies and efficiently complements the MN assay in detecting genotoxins.
Practical aspects of integrating genotoxicity endpoints into repeat-dose studies were evaluated, e.g. by
investigating the effect of blood sampling, as typically performed during toxicity studies, on the Comet
and MN assays. The bleeding protocols used here did not affect the conclusions of the Comet assay or of
the MN assays in blood and bone marrow. Although bleeding generally increased reticulocyte frequencies,
the sensitivity of the response in the MN assay was not altered. These findings indicate that all animals
in a toxicity study (main-study animals as well as toxicokinetic (TK) satellite animals) could be used for
evaluating genotoxicity. However, possible logistical issues with scheduling of the necropsies and the
need to conduct electrophoresis promptly after tissue sampling suggest that the use of TK animals could
be simpler. The data so far do not indicate that liver proliferation or toxicity confound the results of the
liver Comet assay. As was also true for other genotoxicity assays, criteria for evaluation of Comet assay
results and statistical analyses differed among laboratories. Whereas comprehensive advice on statistical
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analysis is available in the

. Introduction

The in vivo Comet assay (single-cell gel electrophoresis assay) is
ncreasingly used in regulatory genotoxicity testing for the evalua-
ion of DNA damage and repair in various tissues of mice and rats.
est guidelines for pharmaceuticals recommend that for follow-up
esting to evaluate positive results in genotoxicity test in vitro, in
ivo assays should be done in two tissues [1]. In practice this is usu-
lly achieved by performing an erythrocyte chromosome-damage
est and a genotoxicity assay in liver, because some genotoxic
arcinogens are known to be positive in the liver but not in the
one-marrow assays. Current regulatory guidance considers the
odent Comet assay as a useful follow-up test in case of positive
esults in in vitro genotoxicity assays [2,3]. It is suggested as a sec-
nd in vivo test to be conducted in the liver (e.g. as an alternative to
he in vivo liver UDS test [4]) in addition to, or as part of the stan-
ard test battery [2]. It is also recognised as a useful tool for the
valuation of genotoxicity in organs/cell types that cannot easily be
valuated with other standard tests, e.g., in skin and stomach [5].
rotocols for conducting the in vivo Comet assay were developed
y different expert panels, e.g., at the 2nd and 4th International
orkshops on Genotoxicity Testing [6,7] and the 4th International

omet assay Workshop [8]. Moreover, an international validation
tudy on the rodent Comet assay coordinated by the Japanese Cen-
re for the Validation of Alternative Methods (JaCVAM) is currently
ngoing, using a short-term protocol (1–3 daily administrations).

There is a current shift in paradigm towards integration of
enotoxicity endpoints in repeat-dose toxicity studies, e.g., the
8-day rat-toxicity study. Recently proposed guidance on the
equirements for genotoxicity testing of pharmaceuticals [2] and
hemicals [5] encourage such an integration of genotoxicity tests
nto repeat-dose toxicity studies, whenever possible and scientifi-
ally justified. Besides the obvious contribution to the reduction of
nimal use in genetic toxicology [9], an integrated measurement of
enotoxicity endpoints also offers the possibility for an improved
enotoxicity risk assessment, since such data will be evaluated in
onjunction with routine toxicological information obtained in the
epeat-dose toxicity study, such as haematology, clinical chemistry,
istopathology and exposure data.
In addition to the experience with repeat-dose testing in mice
e.g., [10,11]) several published studies have confirmed the feasi-
ility of integrating the MN assay into repeat-dose toxicity studies

n rats [12–18]. Investigations into the sensitivity of the long-term
ature, agreement is needed on applying consistent criteria.
© 2010 Elsevier B.V. All rights reserved.

vs short-term MN assays, however, also indicated that the detec-
tion of a few genotoxins may be impaired because of the lower
dosages typically employed in a long-term study as compared with
an acute/short-term study [17].

To evaluate whether the liver Comet assay is suitable for inte-
gration into repeat-dose toxicity studies in the rat, a collaborative
study was performed, involving 14 laboratories from Europe, Japan
and the USA. Selected liver-genotoxins and non-genotoxic liver car-
cinogens were investigated in the liver Comet assay after repeated
dosing of male rats over two or four weeks. The sensitivity of
the Comet assay to detect chemicals known to be genotoxic in
the liver at doses that are tolerated without mortality over 28
days (28-day maximum tolerated dose) was compared with Comet
assay results obtained after short-term (acute or three-day) dosing.
MN measurements were also performed in most of the studies to
assess whether the liver Comet assay complements the MN assay in
detecting genotoxic compounds. The specificity of the liver Comet
assay, i.e. its potential to give false positive results as a consequence
of cytotoxicity or liver hypertrophy/hyperplasia was investigated
by testing known non-genotoxic liver carcinogens at doses that
induced significant changes in the liver.

Among the fifteen compounds evaluated in this study
were two compounds (benzo[a]pyrene (B[a]P) and 1,2-
dimethylhydrazine(1,2-DMH)) that had been shown to induce
micronuclei in an acute protocol but not in a 4-week MN assay
(Hamada et al., 2001); four rat-liver carcinogens negative in
the MN assay in bone marrow or blood (2,6-dinitrotoluene
(2,6-DNT), dimethylnitrosamine (DMN), 1,2-dibromomethane
(1,2-DBE), and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ);
three compounds currently evaluated in the ongoing JaCVAM vali-
dation study of the acute Liver Comet assay (2,4-diaminotoluene
(2,4-DAT), 2,6-diaminotoluene (2,6-DAT), and acrylamide (ACR);
three pharmaceutical-like compounds (chlordiazepoxide (CDZ),
pyrimethamine (PYR) and gemifloxacin (GF)), and three non-
genotoxic rodent carcinogens (methapyrilene (MP), clofibrate
(CFB) and phenobarbital (PHE)).

Finally, practical aspects of integrating the liver Comet assay
and the MN assay into repeat-dose toxicity studies were assessed.
For example, the potential effect of blood sampling, as typically

performed for toxicokinetic (TK) measurements or for routine
haematological and clinical chemistry investigations, on genotox-
icity results (i.e. DNA strand-breaks measured in Comet assay and
MN induction) was evaluated.
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Table 1
Overview of the test chemicals used in the collaborative study.

Chemical Abbreviation CAS Source Purity

Benzo[a]pyrene B[a]P 50-32-8 Sigma-Aldrich >96%
1,2-Dimethylhydrazine dihydrochloride 1,2-DMH 306-37-6 Acros Organics, Belgium >99%
2,6-Dinitrotoluene 2,6-DNT 606-20-2 Sigma-Aldrich, Germany >98%
Dimethylnitrosamine DMN 62-75-9 Wako, Japan 99.6%
1,2-Dibromoethane 1,2-DBE 106-93-4 Sigma-Aldrich, St Louis,

MO, USA
99.6%

2-Amino-3-methylimidazo[4,5-f]quinoline IQ 76180-96-6 Toronto Research
Chemicals Inc (Lab 1)
Apollo Scientific (Lab 2)

98%

2,4-Diaminotoluene 2,4-DAT 95-80-7 Wako Pure Chemical
Industries, Ltd.

>95%

2,6-Diaminotoluene 2,6-DAT 823-40-5 Sigma-Aldrich 99.5%
Acrylamide ACR 79-06-1 Sigma-Aldrich 40% in water
Chlorodiazepoxide CDZ 438-41-5 Sigma-Aldrich, USA >99%
Pyrimethamine PYR 58-14-0 MP Biomedical, 100%
Gemifloxacine mesylate GF 210353-53-0 Yes Pharma Ltd 93%
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Methapyrilene MP
Clofibrate CFB

Phenobarbital PHE

. Materials and methods

.1. Collaborative study

The collaborative study group involved 14 laboratories from Europe (7), Japan
3) and USA (4). Each chemical was tested in a single laboratory except IQ, which
as investigated in two laboratories.

.2. Selection of test chemicals

An overview on the in vitro and in vivo genotoxicity profile available prior to the
rial as well as the potential of the 15 test chemicals as rodent-liver carcinogens is
rovided in Table 1.

.3. Information on the selected compounds

Information on the selected compounds, their identity, source and purity is
ummarized in Table 2.
.4. Animals

Male rats (SD or Wistar) were used. Animals were 6–10 weeks of age at the
eginning of the treatment. In general, six animals were used for each vehicle or
reatment group except for the positive control groups, which generally consisted
f three animals. Housing and feeding of animals was performed according to the

able 2
elected genotoxicity and carcinogenicity data for the test chemicals.

Chemical In vitro genotoxicity In vivo genotoxicity

Amesb CA/MLAb MNc Liver DNA adductsd

B[a]P + + + +
1,2-DMH + + + +
2,6-DNT + (weak) NT − +
DMN + + − +
1,2-DBE + + − +
IQ + + − +
2,4-DAT + + − +
2,6-DAT + + + (weak) −
ACR − + + (mice); − (rats) +
CDZ − − + NT
PYR − + + NT
GF + + + NT
MP − NT NT −
CFB − − NT NT
PHE I − − −

: Inconclusive; +: positive; −: negative; NT: not tested.
a Data from [34].
b Data from [67,68].
c See discussion and Table 10 for references.
d Data from [69–74,4].
e Data from [75].
5-23-9 Sigma-Aldrich >99%
7-07-0 Sigma-Aldrich, St Louis,

MO, USA
100%

-30-7 Sigma-Aldrich, France >99%

regulations in place in the individual laboratories. Generally, animals had access to
commercial food pellets and water ad libitum throughout the study period.

2.5. Study design

An overview of the experimental design is given in Table 3 and further detailed
in the following sections. Each chemical was tested in a long-term study, involving
daily oral administration over two or four weeks. Most of test chemicals were also
tested in a short-term study with three daily treatments.

2.5.1. Selection of dose levels and treatment
The maximum dose for the long-term studies was defined as the dose inducing

clinical signs and/or histological effects without causing lethality, i.e. the 28-day
maximum tolerated dose (MTD). This top dose was determined according to pub-
lished literature information as well as available in-house data, including results
from range-finding experiments. For the short-term studies, the MTD was either
estimated from published literature information (acute oral LD50; acute MTD) or
determined by performing dose-range finding experiments. The mid- and low-dose
levels were generally 1/2 to 1/3 of the next higher dose. Negative control animals

received the vehicle alone. Ethyl methane sulfonate (EMS) given at a single oral dose
of 200 mg/kg bw/day served as a positive control for all Comet assay studies except
for the short-term studies with 1,2-DMH (70 mg/kg bw MMS, single dose) and ACR
where positive control animals were first dosed twice with 10 mg/kg bw cyclophos-
phamide (24 h apart) and then once with 200 mg/kg bw EMS 3 h prior to necropsy
(45 h after start of treatment).

Rat-liver Carcinogenicitya

Liver Cometc Liver UDSc Liver TGe

− (p.o.); + (i.p.) I + −
+ + NT NT
NT + NT +
+ + + +
+ (i.p.) + (i.p.) − (i.p.) + (only females)
+ (i.p.) NT + +
I + + +
I + − −
+ − − −
NT NT NT NT
+ NT NT −
NT − NT NT
NT − NT +
NT NT NT +
+ (i.p. mouse) − (mouse) I +
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Table 3
Overview of study designs and parameters investigated.

Chemical Study length Strain Route Vehicle Doses (mg/kg bw/day) Comet Assay MN Assay Histology Other

B[a]P 3 days Wistar p.o., i.p. Olive Oil 125, 500 liv ND ND ND
15 days p.o. 31.25, 62.5, 125 bm, pb liv mimic bleed

1,2-DMH 1 day SD p.o. Saline 12.5, 25, 50 liv ND liv ND
29 days 1.25, 2.5, 5 bm, pb hema, mimic

bleed

2,6-DNT 3 days SD p.o. Corn Oil 10, 33, 100 liv, bl bm liv ND
29 days 3.3, 10, 33 liv enzymes

DMN 15 days SD p.o. Water 0.5, 2, 4 liv pb liv hema, clin
chem

1,2-DBE 3 days SD p.o. Corn Oil 40, 80 liv bm liv clin chem
15 days 20, 40, 80 bm, pb

IQ 1 daya Wistar p.o. 0.5% HEC 120 liv ND ND ND
3 days SD 1%HPC 20, 50, 100, 150 liv ND liv

29 days SD 1% HPC 5, 10, 20 liv, sto, bl bm, pb liv
15 days Wistar 0.5% HEC 50, 120 liv, bl bm liv

2,4-DAT 29 days SD p.o. Saline 25, 50, 100 liv, bl bm liv mimic bleed,
hema, clin
chem

2,6-DAT 3 days SD p.o. Corn Oil 125, 250, 500 liv, sto bm, pb liv mimic bleed
29 days 15, 30, 60 liv, sto bm, pb

ACR 3 days Wistar p.o. Purified water 10, 20, 100 liv, bm bm, pb liv ND
29 days 5, 10, 20 liv, bm bm, pb

CDZ 29 days SD p.o. Water 25, 75, 150, 300/200 liv, br bm, pb liv, br hema

PYR 3 days SD p.o. 0.5% CMC 30, 60, 120 liv bm liv ND
29 days 15, 30, 60

GF 3 days Wistar p.o. Saline 150, 600, 1200b liv, bm bm liv ND
29 days 160, 300, 600b liv, bm hema

MP 20 days SD p.o. 0.5% MC 25, 50, 100/75 liv, bl, hyp, duo ND liv, bl, hyp, duo ND

CFB 3 days SD p.o. 0.5% MC 300, 600 liv bm, pb liv Mimic bleed
31 days 100, 200, 300 liv enzymes

PHE 3 days SD p.o. Water 30, 90, 120 liv ND liv liv enzymes

29 days 10, 30, 90

p.o.: oral gavage; i.p.: intraperitoneal injection.
bl: blood, bm: bone marrow, br: brain, duo: duodenum, hyp: hypothalamus, liv: liver, sto: stomach.
hema: hematological examination; clin chem: clinical chemistry.
CMC: carboxymethyl cellulose, HEC: hydroxyethylcellulose, HPC: hydroxypropylcellulose, MC: methyl cellulose.
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D: not done.
a 2 male rats received a single oral dose of 120 mg/kg bw IQ.
b Dose levels correspond to the free base of GF.

All chemicals were administered orally (p.o.); B[a]P was also given intraperi-
oneally (i.p.) in the short-term study.

Treatment was daily for 29–32 days, except for B[a]P, DMN, 1,2-DBE and the
econd long-term study with IQ (15 days). Animals were generally sacrificed 3 h
fter treatment on the last day of the study. In the long-term study with ACR, animals
ere sacrificed 2 h and 24 h after the last administration. For the short-term studies,

he study outline (v.13) of the JaCVAM validation trial of the acute Comet assay was
ollowed. Animals were treated three times with either the vehicle control, the test
hemical or the positive control, respectively. Treatment was at 0 h, 24 h and 45 h,
ith necropsy approximately 48 h after the initial treatment (i.e. 3 h after the last

reatment). For ACR, sacrifice occurred 24 h after the second administration.

.5.2. Comet assay protocol
Liver samples were collected at necropsy. A middle section of the left lateral

iver lobe was minced in chilled mincing solution (20 mM EDTA in HBSS [Ca++- and
g++-free], pH 7.5 with 10% DMSO added immediately before use) to generate a

ingle-cell suspension. In some studies, additional tissues (blood, stomach, bone
arrow, brain, hypothalamus, or duodenum) were collected and processed to give

ingle-cell suspensions. Processing of tissues was performed as quickly as possible

nd was generally completed within 60 min from start of necropsy.

Generally, three gels were prepared per tissue. Slides were identified with a ran-
om code. For each slide, an aliquot of 5–10 �L of the cell suspension was mixed
ith low-melting agarose (0.5%). The cell/agarose suspension was applied to glass
icroscope slides previously coated with normal-melting agarose (1–1.5%) and cov-

red with a cover-slip. In some laboratories, a second layer containing low-melting
agarose (0.5%) was used. After solidification of the gel, the slides were submerged
in freshly prepared cold lysing solution (100 mM EDTA, 2.5 M NaCl, 10 mM tris, pH
10, 1% of Triton-X100 and 10% DMSO) at least overnight, at 2–8 ◦C.

After lysis, slides were rinsed and exposed to alkaline buffer (300 mM NaOH, 1
mM EDTA, pH > 13). Electrophoresis was conducted at a constant voltage of 0.7 V/cm
and the current adjusted to approximately 300 mA at the start of electrophoresis. The
duration of alkaline unwinding and electrophoresis was defined by each laboratory
but was conducted at 2–10 ◦C in all laboratories. Durations for alkaline unwinding
were between 20 and 30 min and electrophoresis was performed for 20–50 min.
All durations were considered acceptable as long as the results for the vehicle and
positive control animals met the pre-defined acceptance criteria (see below). After
electrophoresis, slides were washed three times with neutralization buffer (0.4 M
Tris, pH 7.5), dried and stored until analysis. Slides were stained with a DNA stain
prior to scoring. For each tissue, 150 cells (generally three gels with 50 cells per gel)
were scored in blinded fashion using a semi-automated image-analysis system in
place in each laboratory.

DNA effects were recorded as % tail intensity (%TI). The mean of 150 mean %TI
values was calculated for each animal and served as the statistical unit for subse-
quent statistical analyses, which were performed according to standard procedures

in place in each laboratory. An overview on the statistical procedures used for the
Comet assay analyses within this trial is given in Table 1 of the Supplemental Mate-
rial. In some laboratories, the statistical unit was the mean of the median calculated
for 150 cell %TI values (indicated in the Results section of the respective studies).
The group mean values served to calculate the fold-increase in the treatment groups
as compared with the concurrent vehicle control group. Comets without discern-
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animals treated with B[a]P (Table 9). In the rat peripheral blood MN
assay, bled animals generally showed higher %RET frequencies on
study day 15. MN-RET frequencies in both vehicle and B[a]P-treated
animals were approximately two-fold higher after bleeding com-
4 A. Rothfuss et al. / Mutati

ble head and a large, diffuse tail, which could not be scored by the image-analysis
ystem, were excluded from analysis. The frequency of such comets (“hedgehogs”)
mongst 100–150 nucleoids was determined per sample.

Comet assay data were considered acceptable if the following criteria were met
based on JaCVAM protocol version 13):

Vehicle control: Means of %TI are 1–8%.
Positive control: (a) Effect (fold increase in %TI when group mean values of positive
control group were compared with those of the vehicle-control group) is 2-fold
or higher. (b) Effect (difference of means of %TI between positive control group
and vehicle control) is 5% or higher.

.5.3. Micronucleus (MN) assay protocol
Eight of the fifteen test chemicals (B[a]P, 1,2-DMH, 1,2-DBE, IQ, 2,6-DAT, ACR,

DZ, CFB) were assayed for the induction of MN in both bone marrow and peripheral
lood. In addition, four compounds (2,6-DNT, 2,4-DAT, PYR, GF) were assayed for
N induction only in bone marrow and DMN was investigated only in blood. For
P and PHE, no MN analysis was performed (Table 3).

Peripheral blood (PB) was sampled at different time-points during the repeat-
ose studies, generally 24 h after the last treatment. Sampling occurred before
reatment initiation (pre-study), between study day 3 and day 6, and at the end
f the treatment period (i.e. two or four weeks). In 29-day studies, peripheral blood
as also sampled after about two weeks of administration (for details see Table 9).

n most of the PB MN studies, flow cytometry was used for the analysis of blood sam-
les [19]. For 1,2-DBE and CFB, peripheral erythrocytes were stained with acridine
range and scored by microscopy [20]. The frequency of micronucleated reticulo-
ytes (MN-RET) was based on the observation of 20,000 RET in the flow cytometric
nalyses. For microscopic analyses, 2000 RET were scored. To assess cytotoxicity,
he frequency of RET amongst 20,000 (flow cytometry) or 1000 (microscopy) ery-
hrocytes, respectively, was determined. In some studies, the frequency of RET was
etermined as part of routine haematological investigations.

For the bone marrow (BM) MN assay, bone marrow was collected at sched-
led necropsy on day 15/29, i.e. 24 h after the last administration. Micronucleated
olychromatic erythrocytes (MN-PCE) frequencies were determined amongst 2000
CE (microscopic analysis) or 20,000 PCE (flow cytometry). The degree of cytotoxic-
ty was assessed by scoring 1000 normochromatic and polychromatic erythrocytes
sing microscopic analyses or by determining the frequency of PCE amongst 20,000
rythrocytes using flow cytometry.

.5.4. Histological examination
The liver was examined histologically in all studies except for the short- and

ong-term study with PYR and the short-term studies with B[a]P, IQ and ACR. In
ddition, brain was examined in animals treated with CDZ, and hypothalamus and
uodenum were investigated in MET-treated animals. All tissues were fixed in 10%
uffered formalin, embedded in paraffin and stained with hematoxylin and eosin.

.5.5. Additional investigations
Animals were regularly examined for noteworthy clinical signs over the treat-

ent period. Body weight was generally recorded daily, in some studies at least
wice weekly.

In some studies, the impact of an additional blood drawing, e.g., as typically
erformed in toxicological studies for determination of TK, haematology or clinical
hemistry parameters, on genetic toxicity endpoints was investigated. Additional
ehicle and high-dose groups were subjected to a TK-mimicked bleeding regime.
lood sampling was generally performed on study day 1 and on the last day of
he study (day 14 or 28). The amount of blood sampled was between 1 mL/rat and
mL/rat taken as one or as multiple smaller samples on each sampling day.

In other studies, haematological and/or clinical chemistry evaluations were
ncorporated into the study, as routinely done for toxicological studies.

.5.6. Data evaluation
Each participating laboratory reached its own conclusion on genotoxicity test

esults based on criteria and/or statistical procedures that were in place in the var-
ous companies. All data were reviewed by a small evaluation team. Discrepant
iews on data interpretation were discussed with the participating laboratory and
enerally clarified.

. Results

The raw data of all Comet assay studies are provided as supple-
ental information to this manuscript.
Of a total of 28 liver Comet assay studies (12 short-term and
6 long-term) four studies showed background %TI values in the
ehicle-control animals, which were slightly higher or lower than
he predefined control range of 1–8% (1,2-DMH, 1-day study, 0.99%;
,6-DNT, 29-day study, 9.08%; IQ, 15-day study, 0.80%; GF, 29-day
tudy, 0.93%). In all of these cases, these slight deviations were not
earch 702 (2010) 40–69

considered to invalidate the studies. The result of the positive con-
trol EMS fell within the expected ranges for a valid test in 27 out of
28 liver Comet assay studies. In the case of the 2,6-DAT long-term
study, a slightly lower effect of EMS than the predefined criterion
(3.4% TI, compared with >5% TI) was noted. However, since a posi-
tive result was obtained with 2,6-DAT in this study, this deviation
was not considered to invalidate the results.

3.1. Benzo[a]pyrene

B[a]P was administered orally to male rats over 15 days at doses
of 31.25, 62.5 and 125 mg/kg bw/day, as well as over three days at
doses of 125 and 500 mg/kg bw/day (oral dosing and i.p. injection).
The top doses in the short- and long-term studies were previously
shown to represent the maximum tolerated dose in the rat over
28 days (125 mg/kg bw/day; [17]) and 1 day (500 mg/kg bw/day;
[21]).

Animals treated with 125 mg/kg bw/day B[a]P over 15 days
showed a decreased body weight gain as compared to the concur-
rent vehicle control. The histological examination of liver samples
revealed patchy glycogen distribution in all animals at the high dose
of 125 mg/kg bw/day (Table 6). No indication of cytotoxicity was
present in the liver of animals treated with B[a]P over 15 days. In
the short-term study over 3 days, a decreased body weight gain
was observed in animals after oral B[a]P treatment. Following i.p.
injection of B[a]P, a dose-dependent body-weight loss was noted
(Table 6). Liver histology was not performed in the two short-term
studies.

B[a]P did not induce a biologically relevant increase in DNA
migration in the liver Comet assay after a 15-day treatment (Fig. 1
and Table 5). At the highest dose of 125 mg/kg bw/day B[a]P a
slight and statistically significant (p < 0.051) increase in mean Tail
Intensity (%TI) values (8.3 ± 1.5, compared with 6.7 ± 1.1 for the
vehicle-control group) was noted, which, however, was within
the range of background values of the laboratory and was thus
judged to be a negative result. Following short-term treatment
with 125 mg/kg bw/day and 500 mg/kg bw/day B[a]P either orally
or via i.p. injection, %TI values in B[a]P-treated rats were sim-
ilar to the concurrent vehicle-control (Fig. 1 and Table 5). The
slight increase observed at the 500-mg/kg oral dose (%TI val-
ues of 7.1 ± 1.2 compared with 5.1 ± 0.8 for the vehicle-control
group) was not considered to be a biologically relevant effect; all
values were within the historical vehicle-control range. Collec-
tively, these data indicate that B[a]P did not induce DNA damage
detectable in the rat-liver Comet assay. The frequency of hedge-
hogs was not increased by either short- or long-term treatment
with B[a]P.

In the peripheral blood MN assay over 15 days, B[a]P induced a
dose- and time-dependent decrease in reticulocyte frequencies (%
RET). At days 6 and 15, there was an increase in MN-RET frequen-
cies, which reached statistical significance at the dose of 125 mg/kg
bw/day (p < 0.05; Table 8). A statistically significant increase in MN-
PCE frequencies (p < 0.05) was also obtained in the bone marrow at
125 mg/kg bw/day after the 15-day treatment (Table 7).

Bleeding of vehicle-control rats and animals treated with
125 mg/kg bw/day B[a]P at day 1 and day 14 of the 15-day study
did not affect the background TI values or DNA migration in liver of
1 In case of statistical significances, the exact p-value is indicated in the Comet-
assay Tables. For better readability, the significance levels (p< 0.05; p< 0.01) are
given in the text.
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ared with the frequencies in non-bled animals. The sensitivity of
etecting B[a]P-induced effects was comparable in both bled and
on-bled animals (Table 9).

.2. 1,2-dimethylhydrazine dihydrochloride (1,2-DMH)

1,2-DMH was evaluated after a 29-day treatment at doses of
.25, 2.5 and 5 mg/kg bw/day. Five mg/kg bw/day was the MTD,
hich resulted in a decreased body-weight gain in animals of the
igh-dose group (Table 4). Haematological analyses at the end
f the study did not reveal relevant shifts in blood parameters.
istological analysis of the liver indicated the presence of liver

welling (irregular surface), increased clear cytoplasm of hepato-
ytes (glycogen-like), centrilobular hepatocytic hypereosinophilia
nd hepatocytic single-cell necrosis in all 1,2-DMH-treated rats.
he degree of single-cell necrosis was judged minimal in the low-
nd mid-dose groups, and slight to moderate in animals treated
ith 5 mg/kg bw/day 1,2-DMH (Table 4).

1,2-DMH was clearly positive in the liver Comet assay after a
9-day treatment at all doses tested (Fig. 1 and Table 5). The three
,2-DMH doses (1.25, 2.5 and 5 mg/kg bw/day) induced a 8.8-, 10.6-
and 12.4-fold increase, respectively, in mean %TI values compared
ith the concurrent vehicle-control group. The observed increases
ere statistically significant at all three dose levels (p < 0.01).
lthough there was no 1,2-DMH dose included without associated
istopathological findings in the liver, the laboratory concluded
hat the nature and extent of these liver changes could not have
een responsible for the positive result in the Comet assay. The
icroscopic image of 1,2-DMH comets revealed highly damaged

ells, which were, however, reliably scorable by the image-analysis
ystem and were thus not considered to represent hedgehogs. In a
revious study conducted in the same laboratory, 1,2-DMH was

nvestigated in the rat-liver Comet assay after a single acute treat-
ent (p.o.) with doses of 12.5, 25 and 50 mg/kg bw. Animals were

acrificed 3 h and 24 h after treatment. Clear-cut and statistically
ignificant (p < 0.01) increases in %TI were observed 3 h after treat-
ent for all three 1,2-DMH doses tested (Fig. 1 and Table 5), which
as considered as a positive result. Histological analysis showed
o treatment-related findings in the liver of 1,2-DMH-treated ani-
als (Table 4). The frequency of hedgehogs was slightly increased

n the 25- and 50-mg/kg bw dose groups. Comet assay analysis at
4 h after the single acute treatment confirmed the clearly positive
esult for all three dose groups (data not shown).

Results obtained in the rat bone-marrow and peripheral blood
N assay over 29 days show that 1,2-DMH did not induce MN

requencies up to the MTD of 5 mg/kg bw/day (Tables 7 and 8).
Bleeding of animals on study days 1 and 28 did not have any

ffect on TI values in the liver in control animals or in animals given
mg/kg bw/day 1,2 DMH (Table 9). Bleeding resulted in increased %
ET and increased %PCE values in blood and bone marrow, respec-
ively, compared with values found in non-bled animals at study
ay 29 (Table 9). Blood removal did not affect MN frequencies in
ontrol or DMH-treated rats.
.3. 2,6-dinitrotoluene

2,6-DNT was evaluated both after a 29-day treatment at doses of
.3, 10 and 33 mg/kg bw/day and after a 3-day treatment at 10, 33

ig. 1. (A–D) DNA damage in the liver displayed after short-term (1–3 days) and long-ter
rally once per day; B[a]P (p.o.) was also given intraperitoneally (i.p.) in the short-term st
ose group on a single-cell basis. Unless described differently in the results for each comp
nalyzed (i.e. 50 cells per gel × 3 gels per animal × 6 animals per group = 900 cells per dose g
pper boundary, respectively), the error bars indicate the 10th and 90th and the dots th
he mean value is shown by a red line, the median value by a black line. (For interpretati
ersion of the article.)
earch 702 (2010) 40–69

and 100 mg/kg bw/day. The highest tested dose in the 29-day study
was the MTD, which resulted in decreased body weight and some
histopathological findings in the liver, including minimal to mild
single-cell necrosis in 4/6 animals (Table 4). Measurement of liver-
enzyme activities at the end of the 29-day study did not reveal any
treatment-related changes. For the short-term study, 100 mg/kg
bw/day was determined to be the MTD in a range-finding study. At
this dose, mild hepatocellular hypertrophy was noted in the liver
of all animals.

Results from the liver Comet assay after the 29-day treatment
reveal a moderate but statistically significant (p < 0.01) increase of
% TI values at the MTD of 33 mg/kg bw/day (Fig. 1 and Table 5).
A mean %TI value of 15.9 ± 2.4 (median %TI 11.9 ± 3.1) was noted,
compared with 9.1 ± 1.8 (median %TI 5.3 ± 1.9) in the concurrent
vehicle control. This was statistically significant either with the
mean-of-mean %TI values or with the mean-of-median %TI values.
In the short-term study a small, but dose-dependent increase in %TI
was observed, which reached statistical significance (p < 0.01) at the
MTD of 100 mg/kg bw/day on the basis of either the mean-of-mean
or the mean-of-median %TI values. At this dose, mean %TI values of
8.2 ± 1.6 were observed, compared with 5.6 ± 0.8 in the vehicle-
control group (median %TI 4.8 ± 1.6 compared with 2.1 ± 0.3 in the
vehicle-control group). Considering the box plots for interpreta-
tion (Fig. 1), it has to be mentioned that the observed effect after
29 days of treatment was more pronounced and that the effect
was observed at a lower dose. Additional Comet assay measure-
ments were performed in the blood (Table 6). Whereas the 3-day
treatment up to 100 mg/kg bw/day did not result in increased DNA
migration in the blood, statistically significantly increased %TI val-
ues (p < 0.01) were observed at 33 mg/kg bw/day after 29 days of
treatment. At this dose, mean %TI values were 2.1-fold increased
compared with the vehicle-control group, which was judged to be
a positive result. The frequency of hedgehogs was not increased in
liver or blood by either short- or long-term treatment with 2,6-DNT.

Short- and long-term treatments with 2,6-DNT up to the
respective MTD did not lead to increased MN frequencies in
rat bone-marrow (Table 7). PCE frequencies were generally not
affected by 2,6-DNT except in the 3-day study, where slightly
decreased PCE frequencies were noted at the MTD of 100 mg/kg
bw/day.

3.4. Dimethylnitrosamine

Daily oral treatment of male rats with DMN doses of 0.5, 2 or
4 mg/kg bw/day over 15 days resulted in haematological changes,
increases in bilirubin and liver-enzyme activities, as well as in
several histopathological findings in the liver (Table 4). These
changes were confined to the mid- and high-dose groups (2 and
4 mg/kg bw/day, respectively). The low-dose group (0.5 mg/kg
bw/day DMN) did not show evidence of adverse findings based on
haematology, clinical chemistry and liver histology.

Animals treated with DMN over 15 days showed clear increases
in DNA migration at all doses tested (Fig. 1 and Table 5). At the low-

dose group of 0.5 mg/kg bw/day, an 1.9-fold increase in %TI over the
concurrent vehicle-control group was observed. Treatment with 2
and 4 mg/kg bw/day DMN resulted in 2.5- and 3.8-fold increased
%TI values. Since clear and dose-related increases in DNA migration
were observed, statistical analysis of the Comet assay data was not

m (15–32 days) treatments as described Table 3. All chemicals were administered
udy. The box whisker graphs were calculated from the %TI values of all animals per
ound, six animals per group are used and thus 900 cells per dose group have been
roup). The boundary of the box represent the 25th and 75th percentile (lower and

e 5th and 95th percentile (below and above the box, respectively). Within the box
on of the references to color in this figure legend, the reader is referred to the web
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Table 4
Results from routine toxicological analyses.

Chemical Study length Doses (mg/kg bw/day) Clinical observation Liver histology Hematology/clinical
chemistry

MTDa reached?

B[a]P 3 days 125, 500 Decr BWG (i.g: 125,
500); Decr BW (i.p.:
125, 500)

ND ND Yes [20]

15 days 31.25, 62.5, 125 Decr BWG (125) Patchy glycogen distribution
(125)

ND Yes [16]

1,2-DMH 1 day 12.5, 25, 50 – – ND Yes (LD50 rat
oral 100
mg/kg)

29 days 1.25, 2.5, 5 Decr BWG (5) Liver swelling (irregular
surface), increased clear
cytoplasm of hepatocytes
(glycogen-like), centrilobular
hepatocytic hypereosinophilia
and hepatocytic single cell
necrosis (1.25, 2.5: min; 5:
mod)

Incr lymphocytes and
monocytes, slight decr
RET (5)

Yes [16]

2,6-DNT 3 days 10, 33, 100 – Diffuse hepatocellular
hypertrophy (100:mild)

ND Yes (mortality
in dose-range
finder at
200mg/kg)

29 days 3.3, 10, 33 Decr BW (33) Diffuse hepatocellular
hypertrophy (33:min-mod);
Single cell necrosis
(33:min-mild); Bile duct
hyperplasia (33:min-mild);
Focal hepatocellular
vacuolation (33:min-mild)

No changes in liver
enzymes

Yes

DMN 15 days 0.5, 2, 4 Decr BWG (2) Decr BW
(4)

Centrilobular hepatocyte
degeneration and fibrosis (2,
4); Central vein and
subcapsular mixed cell
imflamm. (2, 4); Incr severity
periportal lymphohistiocytosis
(4); Incr mitosis (4)

Decr platelets, RET (4);
Incr WBC (4); Incr
GLDH, bilirubin (2, 4);
Incr AST, ALT (4)

Yes [76]

1,2-DBE 3 days 40, 80 Incr liver wt (80) v. slight to slight centrilobular,
diffuse hepatocellular
hypertrophy (80); Incr. mitotic
activity (40, 80)

Incr RBC, hemoglobin,
hematocrit, platelets
(40, 80); decr RET (40,
80)

Probably not

15 days 20, 40, 80 Decr BWG (80), incr
liver wt (40: slight; 80:
pron)

Centrilobular, diffuse
hepatocellular hypertrophy (v.
slight to slight 40, 80)

Day 9/15: Decr
hemoglobin,
hematocrit, corp (80);
decr RET (40, 80); some
serum biochem
changes BUN,
electrolytes,
cholesterol,
albumin:globulin (A/G)

Yes

2,4-DAT 29 day 25, 50, 100 Mortality (2/6) at
100mg/kg

Acidophilic changes (25, 50,
100); Proliferation of oval and
duct cells (50, 100)

Incr platelets (100) Yes (exceeded)
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Table 4 (Continued)

Chemical Study length Doses (mg/kg bw/day) Clinical observation Liver histology Hematology/clinical
chemistry

MTDa reached?

IQ 1 dayb 120 ND ND ND Probably yes
3 days 20, 50, 100, 150 No effect on BW ND ND No
14 days 50, 120 Decr BWG (50, 120) Single cell necrosis (120:

min-slight) apoptotic
hepatocytes (50: min; 120:
min-slight)

ND Probably yes

29 days 5, 10, 20 No effect on BW Single cell necrosis (20; mild;
1/6 animals) Focal necrosis (20,
1/6 animals)

ND No

2,6-DAT 3 days 125, 250, 500 Mortality (1/6) at
500mg/kg

– ND Yes (exceeded)

29 days 15, 30, 60 Mortality (1/6) at 60
[+bleed]

– No relevant
haematological
changes

Yes (exceeded)

ACR 3 days 10, 20, 100 Piloerection,
rhinorrhea, decr BW
(100)

– ND Yes

29 days 5, 10, 20 Reduced muscle tone,
paresis decr BW (20)

– ND Yes [77]

CDZ 29 days 25, 75, 150, 300/200 Sedation, abdominal
distension,
dehydration (300/200)

Single cell necrosis
(25–300/200: min-slight)
hepatocellular cytomegaly,
karyomegaly and atypia
(75–300/200); Incr mitotic
activity (150)

Decr red cell mass
(300/200)

Yes

PYR 3 days 30, 60, 120 – ND ND No (LD50 oral
440 mg/kg)

29 days 15, 30, 60 Salivation, rhinorrhea;
Corneal opacity, decr
BWG (60)

ND ND Probably yes

GF 3 days 150, 600, 1200 No effect on BW Glycogen depletion (1200) ND Yes (dose-rang
finder)

29 days 160, 300, 600 No effect on BW Glycogen depletion (600); Incr
periportal eosinophila (600)

Decr RET, neutro,
mono, eosinophils (d4),
no relevant changes at
day 29

Probably not



A
.R

othfuss
et

al./M
utation

R
esearch

702 (2010) 40–69
49

MP 20 days 25, 50, 100/75 Mortality at 100/75 Periportal inflammation with
hypertrophy of periportal
hepatocytes, cell debris, bile
duct reduplication (25-100/75)

ND Yes (exceeded)

CFB 3 days 300, 600 Occasional unsteady
gait (300, 600)

Incr Liver wt (300, 600);
Hepatocellular hypertrophy
(slight: 300, 600); Incr mitotic
activity (300, 600)

Decr RET (600); neutro
300, 600); serum incr
A/G ratio; decr
cholesterol. No changes
in liver enzymes.

Probably yes

31 days 100, 200, 300 Decr BWG (300) Incr Liver wt (100–300) slight,
diffuse hepatocellular
hypertrophy (100–300);
intracytoplasmic granules,
consistent with peroxisome
proliferation

Decr RET (200, 300);
neutro (100–300). Incr
A/G ratio, decr Ca,
cholesterol No changes
in liver enzymes

Probably yes

PHE 3 days 30, 90, 120 Decr motor activity
(90, 120) at day 2, no
effect on BW

No effect on liver wt; Incr
mitotic figures (30, 90, 120)

No changes in liver
enzymes

Probably yes

29 days 10, 30, 90 Decr motor activity
(90) from day 1 to day
7, no effect on BW

Incr liver wt (30, 90);
Hepatocellular hypertrophy,
incr mitotic figures (30, 90)

No changes in liver
enzymes

Probably yes

BW: body weight, BWG: body-weight gain.
Incr: increased, decr: decreased; wt: weight.
min: minimal, mod: moderate, pron: pronounced.
ND: not done.
(–) no findings.

a MTD is considered as that dose, which, if further increased by the same increment as to the mid- and low dose, would result in mortality. Clinical signs and/or histopathological effects are expected at this dose.
b 2 male rats received a single oral dose of 120 mg/kg IQ. Animals were sacrificed 3 h after the treatment.
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Table 5
Results of the liver Comet assay.

Chemical Study length Doses (mg/kg bw/day) Group mean %TI (±SD) Fold Increase (Mean) Group median %TI (±SD) Fold Increase (Median) Hedgehogs (%)

B[a]P 3 days (p.o.) 0 5.07 ± 0.83 1 1.58 ± 0.64 1 0.4
125 6.55 ± 0.57 1.29 2.29 ± 0.71 1.45 0.9
500 7.12 ± 1.18 1.41 2.94 ± 1.39 1.86 0.4
EMS 52.47 ± 5.11** 10.36 52.81 ± 5.33 33.38 0

3 days (i.p.) 0 5.50 ± 0.54 1 1.60 ± 0.88 1 0.9
125 5.95 ± 1.31 1.08 1.86 ± 0.86 1.16 0.4
500 6.22 ± 0.64 1.13 2.22 ± 0.93 1.39 0.4
EMS 57.48 ± 1.39** 10.45 56.38 ± 1.80 35.29 0

15 days 0 6.69 ± 1.07 1 2.48 ± 0.93 1 0.5
31.25 6.90 ± 1.09 1.03 2.65 ± 0.86 1.07 0.4
62.5 6.76 ± 1.56 1.01 2.26 ± 1.63 0.91 1.2
125 8.27 ± 1.47* 1.24 3.79 ± 1.52 1.53 0.8
EMS 19.35 ± 3.93** 2.89 17.40 ± 4.84 7.03 0.9

1,2-DMH 1 day 0 0.99 ± 0.63 1 0.11 ± 0.05 1 0.7
12.5 41.07 ± 10.96** 41.45 36.24 ± 17.67** 333.61 1.9
25 51.48 ± 7.01** 51.96 49.30 ± 7.99** 453.77 5.0
50 61.17 ± 3.09** 61.74 65.67 ± 3.44** 604.45 5.3
MMS 14.00 ± 1.30** 14.13 12.38 ± 1.14** 113.93 0.7

29 days 0 4.56 ± 0.90 1 1.70 ± 0.21 1 5
1.25 40.27 ± 1.95** 8.84 39.90 ± 2.23** 23.46 all cells damaged but scorable
2.5 48.30 ± 5.32** 10.60 49.39 ± 6.44** 29.04
5 56.36 ± 4.23** 12.37 58.67 ± 4.73** 34.50
EMS 19.16 ± 1.99** 4.21 17.75 ± 3.04** 10.44 12

2,6-DNT 3 days 0 5.63 ± 0.77 1 2.14 ± 0.32 1 0.3
10 6.10 ± 1.08 1.08 2.77 ± 1.09 1.30 0
33 6.27 ± 0.79 1.11 2.57 ± 0.87 1.20 0
100 8.22 ± 1.58** 1.46 4.80 ± 1.56** 2.25 0.4
EMS 32.23 ± 1.46** 5.72 31.93 ± 1.23** 14.94 0

29 days 0 9.08 ± 1.77 1 5.34 ± 1.93 1 2.4
3.3 9.26 ± 0.93 1.02 4.95 ± 1.37 0.93 0
10 8.51 ± 1.11 0.94 4.34 ± 0.67 0.81 0
33 15.91 ± 2.38** 1.75 11.88 ± 3.07** 2.22 5.3
EMS 55.10 ± 4.60** 6.07 55.39 ± 4.99** 10.36 0

DMNa 15 days 0 4.35 ± 0.63 1 2.45 ± 0.45 1 2.2
0.5 8.38 ± 1.89 1.93 5.60 ± 1.91 2.29 38.4
2 10.67 ± 1.52 2.46 7.70 ± 2.05 3.14 37.0
4 16.29 ± 3.20 3.75 13.31 ± 4.18 5.43 62.4
EMS 14.57 ± 1.00 3.35 12.31 ± 1.12 5.02 6.6

1,2-DBE 3 days 0 2.12 ± 1.09 1 0.04 ± 0.02 1 1.8
40 4.52 ± 0.96 2.13 1.65 ± 1.11 40.66 2.3
80 15.07 ± 3.54** 7.10 15.28 ± 4.76 375.81 1.8
EMS 8.14 ± 1.83** 3.83 5.10 ± 2.33 125.33 1.5

15 daysa 0 1.72 ± 0.69 1 0.07 ± 0.07 1 0.4
20 6.28 ± 1.85 3.65 3.12 ± 1.71 43.30 0.1
40 13.69 ± 2.25 7.97 12.48 ± 2.89 173.06 1.6
80 24.45 ± 4.56 14.24 16.32 ± 13.81 226.35 3.9
EMS 11.10 ± 0.43 6.45 9.00 ± 0.56 124.79 0.7
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IQ 3 days (Lab 1) 0 2.28 ± 0.89 1 0.21 ± 0.05 1 1.7
20 2.67 ± 0.77 1.17 0.62 ± 0.39 2.97 4.4
50 3.15 ± 0.65 1.38 0.59 ± 0.12 2.86 3.3
100 2.58 ± 0.45 1.13 0.60 ± 0.25 2.89 2.8
150 3.58 ± 0.46* 1.57 0.99 ± 0.30 4.77 3.9
EMS 15.10 ± 4.82** 6.63 13.26 ± 5.39 63.87 4.0

15 days (Lab 2) 0 0.80 ± 0.27 1 0.17 ± 0.20 1 ND
50 2.29 ± 1.74** 2.87 1.24 ± 1.57 7.18
120 2.36 ± 0.84** 2.95 1.17 ± 0.79 6.76
120b 3.17 ± 1.22** 3.95 2.26 ± 0.67 13.08
EMS 13.50 ± 5.48** 16.86 11.96 ± 5.49 69.34

29 days (Lab 1) 0 5.47 ± 2.41 1 2.29 ± 1.60 1 3.6
5 8.59 ± 4.65 1.57 4.32 ± 4.65 1.89 1.5
10 9.71 ± 2.04 1.78 5.39 ± 2.64 2.36 1.0
20 8.12 ± 4.46 1.49 4.27 ± 3.84 1.86 1.9
EMS 27.45 ± 2.42** 5.02 26.61 ± 3.12 11.63 1.1

2,4-DATc 29 days 0 5.86 ± 2.51 1 1.61 ± 1.37 1 ND
25 4.28 ± 0.97 0.73 1.03 ± 0.47 0.64
50 5.97 ± 1.91 1.02 1.62 ± 0.74 1.01
100 3.01 ± 0.41 0.51 0.89 ± 0.33 0.55
EMS 22.73 ± 4.92** 13.49 21.71 ± 4.78 13.49

2,6-DAT 3 days 0 1.10 ± 0.28 1 0.23 ± 0.18 1 ND
125 1.84 ± 0.65 1.67 0.52 ± 0.54 2.26
250 1.72 ± 0.55 1.56 0.37 ± 0.27 1.61
500 2.18 ± 0.55** 1.97 0.44 ± 0.26 1.91
EMS 21.83 ± 3.44** 19.76 21.36 ± 2.46 92.87

29 days 0 1.24 ± 0.39 1 0.16 ± 0.20 1 ND
15 0.81 ± 0.23 0.65 0.11 ± 0.06 0.69
30 1.71 ± 0.75 1.38 0.44 ± 0.53 2.75
60 4.47 ± 1.94** 3.61 2.63 ± 2.09 16.44
EMS 4.60 ± 2.60 3.72 2.92 ± 2.75 18.25

ACR 3 days 0 1.62 ± 0.37 1 1.08 ± 0.28 1 0
10 1.75 ± 0.33 1.08 1.38 ± 0.32 1.28 0.2
20 2.09 ± 0.23* 1.29 1.55 ± 0.20* 1.44 0
100 15.68 ± 3.95** 9.65 14.97 ± 3.70** 13.93 1.0
CP/EMS 16.68 ± 3.69** 10.27 16.07 ± 3.42** 14.94 1.0

29 days 0 2.12 ± 0.20 1 1.50 ± 0.14 1 0.3
5 2.72 ± 0.42** 1.28 2.24 ± 0.42** 1.49 0.4
10 4.48 ± 1.16** 2.12 3.99 ± 1.07** 2.66 0.4
20 4.88 ± 1.16** 2.30 4.32 ± 1.66** 2.88 2.0
20d 4.19 ± 0.89** 1.98 3.65 ± 1.08** 2.44 1.5
CP/EMS 28.99 ± 2.66** 13.70 28.68 ± 2.59** 19.12 2.2

CDZ 29 days 0 1.50 ± 0.68 1 0.03 ± 0.01 1 0.1
25 1.80 ± 0.98 1.20 0.03 ± 0.01 1 0
75 1.76 ± 0.48 1.17 0.03 ± 0.01 1 0
150 3.76 ± 1.85 2.51 0.54 ± 0.64 15.71 0
300/200 3.82 ± 1.24* 2.55 0.15 ± 0.10* 4.34 0.5
EMS 8.42 ± 1.67** 5.62 7.52 ± 2.08** 218 0.1
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Table 5 (Continued)

Chemical Study length Doses (mg/kg bw/day) Group mean %TI (±SD) Fold Increase (Mean) Group median %TI (±SD) Fold Increase (Median) Hedgehogs (%)

PYR 3 days 0 1.50 ± 0.71 1 0.40 ± 0.41 1 ND
30 1.18 ± 0.53 0.78 0.18 ± 0.11 0.45
60 1.07 ± 0.14 0.71 0.14 ± 0.06 0.35
120 1.42 ± 0.59 0.95 0.12 ± 0.06 0.29
EMS 21.52 ± 4.14** 14.31 20.90 ± 4.18 52.01

29 days 0 3.03 ± 0.58 1 1.53 ± 0.63 1 ND
15 3.61 ± 0.96 1.19 1.64 ± 0.98 1.07
30 3.68 ± 1.21 1.21 1.17 ± 0.81 0.77
60 5.03 ± 3.18* 1.66 3.18 ± 1.34 2.08
EMS 46.41 ± 3.71** 15.30 46.81 ± 4.06 30.60

GF 3 days 0 1.29 ± 0.64 1 0.19 ± 0.19 1 0.1
600 1.30 ± 0.40 1 0.31 ± 0.28 1.59 0.1
1200 2.28 ± 1.20** 1.77 0.90 ± 0.85 4.69 0.2
EMS 4.65 ± 0.11** 3.59 3.31 ± 0.04 17.22 0.2

29 days 0 0.93 ± 0.36 1 0.15 ± 0.13 1 0.5
160 0.80 ± 0.34 0.86 0.13 ± 0.18 0.88 0.3
300 0.71 ± 0.12 0.76 0.07 ± 0.08 0.48 0.5
600 0.85 ± 0.16 0.91 0.13 ± 0.09 0.88 0.3
EMS 6.59 ± 0.33** 31.59 4.60 ± 0.95 31.59 0.7

MP 20 days 0 4.57 ± 0.58 1 1.46 ± 0.82 1 1.6
25 6.09 ± 0.79** 1.33 2.27 ± 1.87 1.55 0.7
50 5.03 ± 0.47 1.10 1.68 ± 0.29 1.15 0.8
100/75 7.49 ± 0.98** 1.64 2.94 ± 0.70 2.01 4.0
EMS 12.34 ± 1.79** 9.14 9.14 ± 1.87 6.24 0.7

CFB 3 days 0 4.44 ± 1.00 1 0.39 ± 0.42 1 3.9
300 4.67 ± 0.86 1.05 0.50 ± 0.28 1.27 1.9
600 4.09 ± 0.84 0.92 0.43 ± 0.24 1.10 3.0
EMS 13.55 ± 0.48** 3.05 12.48 ± 1.19 31.74 1.3

29 daysa 0 2.39 ± 0.54 1 0.06 ± 0.04 1 1.8
100 2.95 ± 0.88 1.23 0.14 ± 0.07 2.34 3.2
200 3.31 ± 1.21 1.39 0.21 ± 0.14 3.64 1.8
300 3.36 ± 0.51 1.40 0.08 ± 0.03 1.31 2.7
EMS 12.76 ± 2.79 5.34 10.46 ± 2.84 179.40 1.1

PHE 3 days 0 1.33 ± 0.22 1 0.14 ± 0.09 1 0.5
30 1.56 ± 0.47 1.18 0.17 ± 0.09 1.17 0.3
90 2.07 ± 0-82 1.56 0.59 ± 0.60 4.09 0.2
120 3.30 ± 1.21** 2.49 1.75 ± 1.15** 12.14 0.2
EMS 7.41 ± 1.11** 5.59 6.10 ± 1.73** 42.45 0.3

29 days 0 1.42 ± 0.25 1 0.14 ± 0.06 1 0.3
10 1.44 ± 0.14 1.01 0.14 ± 0.08 0.99 0.4
30 1.74 ± 0.40 1.22 0.34 ± 0.29 2.48 0.2
90 1.81 ± 0.52 1.27 0.32 ± 0.30 2.34 0.3
EMS 7.24 ± 1.30** 5.10 6.01 ± 1.26** 43.76 0.4

Note that statistical analysis was generally performed on the mean of mean %TI values. For 1,2 DMH, 2,6 DNT, CDZ and PHE, additionally mean of median %TI values were statistically analyzed.
a No statistical analysis performed.
b Two male rats received a single oral dose of 120 mg/kg IQ. Animals were sacrificed 3 h after the treatment.
c All animals were subject to blood drawing (TK mimic bleed).
d Animals were sacrificed 24 h after the last treatment.
* p < 0.05.

** p < 0.01.
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Table 6
Comet Assay results in additional tissues besides liver.

Chemical/tissue Study length Doses (mg/kg bw/day)a Group mean %TI (±SD) Fold increase (mean) Group median %TI (±SD) Fold increase (median) Hedgehogs (%)

2,6-DNT/Blood 3 days 0 10.52 ± 4.14 1 7.69 ± 5.08 1 1.9
10 6.62 ± 1.92 0.63 2.70 ± 1.83 0.35 0
33 8.95 ± 2.85 0.85 5.51 ± 2.92 0.72 0
100 7.92 ± 1.25 0.75 4.48 ± 1.19 0.58 1.6
EMS 29.14 ± 1.80** 2.77 28.75 ± 1.42** 3.74 0

29 days 0 10.32 ± 5.40 1 7.12 ± 6.00 1 4.0
3.3 8.99 ± 2.11 0.87 6.00 ± 1.83 0.84 0
10 12.29 ± 2.11 1.19 9.29 ± 2.54 1.31 0
33 21.39 ± 3.65** 2.07 20.63 ± 3.90** 2.90 1.8
EMS 46.98 ± 2.61** 4.55 48.17 ± 2.67** 6.77 0

IQ/Stomach 29 days (Lab 1) 0 14.00 ± 4.96 1 7.33 ± 2.34 1 7.9
5 14.85 ± 3.82 1.06 8.42 ± 2.13 1.15 9.5
10 11.87 ± 1.24 0.85 5.44 ± 0.77 0.74 13.3
20 12.90 ± 2.52 0.92 6.93 ± 2.68 0.95 13.8
EMS 45.06 ± 7.21** 3.22 40.35 ± 7.92 5.51 14.2

IQ/Blood 29 days (Lab 1) 0 1.00 ± 0.37 1 0.10 ± 0.06 1 0.9
5 0.95 ± 0.20 0.95 0.15 ± 0.16 1.48 0.7
10 1.03 ± 0.55 1.03 0.10 ± 0.05 0.98 0.3
20 0.99 ± 0.33 0.99 0.09 ± 0.02 0.90 0.8
EMS 20.08 ± 5.91** 20.08 18.28 ± 5.63 175.60 2.8

IQ/Blood 15 days (Lab 2) 0 0.67 ± 0.33 1 ND ND
50 0.44 ± 0.08 0.65
1201 0.75 ± 0.30 1.12
EMS 12.78 ± 4.40** 19.07

2,6-DAT/Stomach 3 days 0 10.35 ± 3.77 1 6.78 ± 4.52 1 ND
125 9.80 ± 1.37 0.95 6.26 ± 2.11 0.92
250 10.20 ± 1.85 0.99 6.07 ± 2.13 0.90
500 10.18 ± 1.70 0.98 5.37 ± 1.93 0.79
EMS 28.45 ± 4.96** 2.75 27.42 ± 6.26 4.04

29 days 0 15.94 ± 7.14 1 13.18 ± 8.74 1 ND
15 15.25 ± 3.57 0.96 12.08 ± 3.74 0.92
30 12.85 ± 2.39 0.81 8.50 ± 2.97 0.65
60 10.14 ± 2.14 0.64 5.59 ± 2.81 0.42
EMS 17.79 ± 1.54 1.12 16.47 ± 1.51 1.25
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Table 6 (Continued)

Chemical/tissue Study length Doses (mg/kg bw/day)a Group mean %TI (±SD) Fold increase (mean) Group median %TI (±SD) Fold increase (median) Hedgehogs (%)

ACR/Bone marrow 3 days 0 1.73 ± 0.22 1 1.02 ± 0.19 1 ND
10 2.14 ± 0.35 1.24 1.15 ± 0.29 1.13
20 1.71 ± 0.38 0.99 0.91 ± 0.13 0.89
100 9.96 ± 1.95** 5.76 8.29 ± 2.36** 8.11
CP/EMS 14.87 ± 1.73** 8.60 13.20 ± 1.13** 12.93

29 days 0 1.88 ± 0.20 1 1.12 ± 0.17 1 3.4
5 2.22 ± 0.49 1.18 1.24 ± 0.33 1.11 3.2
10 2.79 ± 0.77 1.49 1.50 ± 0.38* 1.33 3.3
20 3.17 ± 0.63** 1.69 2.12 ± 0.53** 1.89 3.2
CP/EMS 26.82 ± 4.76** 14.28 25.77 ± 5.46** 1.77 4.0

CDZ/brain 29 days 0 1.80 ± 0.61 1 0.08 ± 0.03 1 0.1
75 2.10 ± 0.95 1.16 0.36 ± 0.62 4.25 0
150 1.35 ± 0.53 0.75 0.08 ± 0.03 0.94 0
300/200 2.19 ± 0.77 1.21 0.14 ± 0.09 1.70 0.5
EMS 12.61 ± 1.79** 7.00 11.38 ± 1.65** 134 0.1

GF/Bone marrow 3 days 0 0.57 ± 0.19 1 0.09 ± 0.22 1 0.2
600 0.52 ± 0.24 0.92 0.01 ± 0.01 0.09 0
1200 0.51 ± 0.17 0.90 0.01 ± 0.01 0.07 0.4
EMS 3.25 ± 0.80** 5.71 1.64 ± 0.44 19.64 0

29 days 0 1.01 ± 0.47 1 0.16 ± 0.15 1 0.2
160 0.75 ± 0.30 0.75 0.04 ± 0.06 0.24 0.1
300 0.55 ± 0.19 0.54 0.02 ± 0.03 0.12 0.1
600 0.62 ± 0.29 0.61 0.07 ± 0.06 0.42 0.3
EMS 5.05 ± 0.17** 5.01 3.25 ± 0.28 20.49 0

MP/duodenum 20 days 0 24.57 ± 3.78 1 18.00 ± 2.94 1 1.4
25 21.37 ± 2.14 0.87 16.67 ± 2.37 0.93 1.3
50 22.92 ± 2.42 0.93 18.00 ± 2.20 1 1.0
100/75 17.43 ± 1.66** 0.71 12.10 ± 1.36 0.67 3
EMS 30.55 ± 3.57* 1.24 24.65 ± 3.68 1.37 1.3

MP/hypo-thalamus 20 days 0 14.90 ± 4.73 1 11.48 ± 4.32 1 1.8
25 16.16 ± 2.63 1.09 12.65 ± 3.14 1.10 3.2
50 15.13 ± 3.77 1.02 11.70 ± 4.41 1.02 2.0
100/75 17.03 ± 4.31 1.14 11.97 ± 4.17 1.04 0.8
EMS 36.91 ± 2.87** 2.48 36.54 ± 3.06 3.18 0.7

Note that statistical analysis was generally performed on the mean-of-mean %TI values. For 2,6 DNT and ACR mean-of-median %TI values were statistically analyzed as well.
a Two male rats received a single oral dose of 120 mg/kg IQ. Animals were sacrificed 3 h after the treatment.
* p < 0.05.

** p < 0.01.
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Table 7
Results from rat bone-marrow Micronucleus assay.

Chemical Study length Doses (mg/kg bw/day) PCE (%) Micronucleated PCE (%)

B[a]P 15 days 0 44.8 0.09
31.25 34.9 0.09
62.5 45.0 0.14
125 45.1 0.21*

1,2-DMH 29 days 0 32.8 0.14
1.25 26.6 0.18
2.5 31.9 0.07*

5 22.8* 0.17

2,6-DNT 3 days 0 55.2 0.8
10 55.0 0.8
33 55.0 0.3
100 47.4* 1.1

29 days 0 40.1 0.7
3.3 44.5 1.0
10 44.4 0.8
33 44.1 0.7

1,2-DBEa 3 days 0 69.0 0.17
40 58.7 0.16
80 57.1 0.08

15 days 0 58.0 0.15
20 53.3 0.18
40 49.3 0.27
80 46.8 0.13

IQ 29 days (Lab 1) 0 39.7 0.26
5 43.2 0.26
10 47.0 0.22
20 41.2 0.20

15 days (Lab 1) 0 29.8 0.13
120 24.7 0.18

2,4-DAT 29 days 0 46.2 0.10
100b 49.2 0.16

2,6-DATa 3 days 0 57.5 0.17
125 54.4 0.20
250 53.0 0.17
500 49.4 0.22

29 days 0 49.7 0.19
15 50.7 0.19
30 50.9 0.16
60 50.1 0.17

ACR 3 days 0 41.2 0.08
10 45.5 0.09
20 38.3 0.14
100 31.4 0.14

29 days 0 42.9 0.10
5 38.8 0.08
10 46.9 0.15
20 42.7 0.13

CDZ 29 days 0 44.8 0.13
25 29.7 0.20
75 34.8 0.20
150 41.7 0.34
300/200 31.33 1.34

PYR 3 days 0 46.3 0.18
30 44.8* 0.17
60 41.6* 0.29
120 34.6* 0.63*

29 days 0 47.2 0.28
15 44.8* 0.27
30 46.4 0.25
60 42.5* 0.34
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Table 7 (Continued)

Chemical Study length Doses (mg/kg bw/day) PCE (%) Micronucleated PCE (%)

GF 3 days 0 76.0 0.12
150 67.9 0.19
600 73.9 0.42**

1200 63.1 1.29**

29 days 0 74.0 0.12
160 72.4 0.16
300 72.7 0.18
600 73.4 0.23

CFBa 3 days 0 56.9 0.14
300 60.6 0.15
600 58.6 0.16

32 days 0 59.0 0.22
100 61.6 0.26
200 66.8 0.18
300 58.5 0.22
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a Statistical analysis not conducted.
b n = 4 animals.
* p < 0.05.

** p < 0.01.

erformed. For the evaluation of the Comet assay results, only the
ow-dose group was considered, due to the observed toxicity in the

id- and high-dose groups. Altogether, DMN was judged to be pos-
tive in the liver Comet assay. All three DMN-treated dose groups
0.5, 2 and 4 mg/kg bw/day) showed a relatively high frequency of
edgehogs (38, 37 and 62%, respectively; Table 5). Based on the
bsence of adverse findings in animals of the low-dose group, the
ncreased hedgehog frequency was considered not to impact the
onclusion.

Results of the peripheral blood MN assay showed that DMN at
oses up to the MTD of 4 mg/kg bw/day did not induce MN-RET
requencies at either sampling day in the 15-day study (Table 8).
he frequency of reticulocytes was not relevantly altered by the
MN treatment.

.5. 1,2-dibromoethane

1,2-DBE was tested at 20, 40 and 80 mg/kg bw/day over 15 days
s well as at 40 and 80 mg/kg bw/day over 3 days. Hepatocellular
ypertrophy associated with increased liver weight was observed
t the dose of 80 mg/kg bw/day in both studies and at the dose of
0 mg/kg bw/day in the 15-day study (Table 4). Increased mitotic
ctivity was noted at the 40 and 80 mg/kg bw/day dose levels in
he 3-day but not the 15-day study. There were no indications of
oxicity in rats treated at the 20-mg/kg bw/day dose level for 15
ays.

Treatment with 1,2-DBE over 15 days resulted in clear-cut pos-
tive effects in the liver Comet assay at all three dose levels tested
20, 40, 80 mg/kg bw/day), resulting in 3.7-, 8.0-, and 14.2-fold
ncreases in %TI over the concurrent vehicle-control group (Fig. 1
nd Table 5). Since all doses increased %TI more than 3-fold, the
erforming laboratory did not apply statistical analysis. In the acute
tudy, significantly (p < 0.01) increased DNA migration was seen at
he high dose of 80 mg/kg bw/day (7.1-fold increase in mean %TI
alues compared with the vehicle-control group). Although DNA
igration was also increased at the 40-mg/kg bw/day dose in the

cute study, the increase was only 2.1-fold over control and this
as not statistically significantly different from the control value
Fig. 1 and Table 5). Interestingly, 40 mg/kg bw/day 1,2-DBE, which
as evaluated in both short- and long-term Assay, clearly induced
igher DNA migration when analyzed after 15 days than after 3
ays of treatment. Increases in the frequency of hedgehogs after
,2-DBE treatment were not observed.
MN-PCE frequencies were not increased in bone marrow either
after a 3-day or 15-day treatment with 1,2-DBE (Table 7). 1,2-DBE
did not induce MN-RET in peripheral blood after either short- or
long-term treatment at doses up to 80 mg/kg bw/day (Table 8). 1,2-
DBE induced a treatment-related suppression of PCE and RET. There
was a rebound in circulating RET levels by day 15 compared with
levels at day 3 and day 9, probably due to the blood sampling on
days 9 and 14, but there was no associated increase in MN in blood
or bone marrow taken on day 15 (Table 9).

3.6. 2-amino-3-methylimidazo[4,5-f]quinoline

Two repeat-dose studies over 15 and 29 days were conducted
with IQ.

In the first laboratory, IQ doses of 5, 10 and 20 mg/kg bw/day
were given over 29 days to male SD rats. No effects on body weight
were noted and liver histopathology revealed mild single-cell
necrosis in one animal of the high-dose group (Table 4), indicating
that the MTD was not reached in this study. Under these conditions,
IQ caused a slight, non-dose-dependent increase in %TI values at all
three dose levels (1.6, 1.8 and 1.5-fold increase in %TI values in
the 5-, 10- and 20-mg/kg bw/day dose groups compared with the
vehicle control; Fig. 1 and Table 5), which was judged as a negative
result. Similarly, Comet-assay investigations of stomach and blood
showed that IQ did not lead to increased DNA migration at the doses
used in the 29-day study (Table 6). The frequency of hedgehogs was
not increased in this study. Results of both the bone-marrow MN
assay and the peripheral blood MN assay revealed that long-term
treatment with IQ at doses up to 20 mg/kg bw/day affected neither
the MN-PCE or MN-RET frequencies nor the %PCE or %RET values
(Tables 7 and 8).

In a second laboratory, a repeat-dose study with IQ over 15
days was performed with male Wistar rats employing IQ doses of
50 and 120 mg/kg bw/day. Both IQ doses resulted in a decreased
body-weight gain at the end of the repeat-dose study and induced
signs of apoptosis and necrosis in the liver (Table 4). In the liver
Comet assay, 2.9-fold and 3-fold higher %TI values were observed
in animals treated with 50 and 120 mg/kg bw/day IQ, respectively,
compared with the concurrent vehicle-control group (Fig. 1 and

Table 5). This effect was statistically significant for both dose groups
(p < 0.01) and the study was judged positive. Additional Comet-
assay investigations in blood did not provide evidence of increased
DNA migration at the doses used in the 15-day study (Table 6).
Hedgehogs were not scored in this study. The results of the bone-
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Table 8
Results from the rat peripheral blood Micronucleus assay.

Chemical Study length Doses (mg/kg bw/day) Time-point RET (%) Micronucleated RET (%)

B[a]Pa 15 days 0 Pre-study 4.72 0.13
31.25 4.94 0.15
62.5 4.65 0.13
125 4.30 0.09
0 Day 6 2.95 0.09
31.25 2.84 0.12
62.5 2.21 0.15
125 1.38* 0.26*

0 Day 15 1.66 0.08
31.25 2.76 0.13
62.5 2.46 0.16
125 1.77 0.20*

1,2-DMHa 29 days 0 Pre-study 4.66 0.13
1.25 4.96 0.14
2.5 4.42 0.11
5 4.77 0.13
0 Day 4 4.23 0.11
1.25 4.44 0.14
2.5 4.47 0.11
5 3.53 0.15
0 Day 15 2.43 0.15
1.25 1.98 0.16
2.5 2.35 0.12
5 1.56** 0.17
0 Day 29 1.16 0.17
1.25 1.19 0.17
2.5 1.14 0.14
5 0.85* 0.17

DMNa,c 15 days 0 Pre-study 2.89 0.16
0.5 2.71 0.15
2 2.74 0.21
4 2.30 0.14
0 Day 4 2.51 0.15
0.5 2.17 0.15
2 2.06 0.14
4 2.15 0.14
0 Day 15 1.59 0.22
0.5 1.38 0.15
2 1.22 0.15
4 1.50 0.19

1,2-DBEbb,c ,d 15 days 0 Day 3 5.40 0.18
40 4.10 0.13
80 3.10 0.23
0 Day 9 3.40 0.05
40 2.70 0.13
80 1.70 0.08
0 Day 15 5.30 0.10
40 5.60 0.13
80 3.70 0.15

IQa 29 days 0 Pre-study 3.53 0.06
5 3.25 0.06
10 3.48 0.06
20 3.63 0.04
0 Day 4 4.36 0.06
5 3.85 0.07
10 4.30 0.08
20 4.29 0.08
0 Day 15 1.61 0.06
5 1.61 0.08
10 1.38 0.08
20 1.55 0.07
0 Day 29 1.18 0.06
5 1.04 0.09
10 1.06 0.07
20 1.11 0.10
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Table 8 (Continued)

Chemical Study length Doses (mg/kg bw/day) Time-point RET (%) Micronucleated RET (%)

2,6-DATa,c 29 days 0 Pre-study 2.67 0.09
15 2.39 0.09
30 2.83 0.11
60 2.64 0.12
0 Day 4 2.88 0.09
15 1.69 0.09
30 2.71 0.06
60 1.49 0.11
0 Day 15 1.09 0.08
15 0.81 0.09
30 0.91 0.07
60 0.65 0.07
0 Day 29 0.88 0.09
15 0.88 0.09
30 0.89 0.07
60 1.00 0.10

ACRa 3 days 0 Pre-study 3.05 0.03
10 3.62 0.03
20 2.95 0.02
100 3.43 0.04
0 Day 4 3.66 0.03
10 3.83 0.04
20 3.49 0.05
100 3.61 0.07

29 days 0 Day 15 1.55 0.05
5 1.47 0.04
10 1.98 0.05
20 1.55 0.04
0 Day 29 1.25 0.05
5 1.35 0.04
10 1.44 0.05
20 1.86 0.04

CFBb,c ,d 3 days 0 Day 3 6.80 0.31
300 6.40 0.24
600 4.80 0.20

32 days 0 Day 30 2.80 0.16
300 1.80 0.31
0 Day 32 4.30 0.38
300 2.80 0.46

CDZa 29 days 0 Pre-study 3.70 0.10
25 3.44 0.10
75 3.44 0.06
150 3.56 0.08
300/200 3.98 0.08
0 Day 4 3.66 0.12
25 3.49 0.17
75 2.88 0.13
150 2.78 0.11
300/200 2.14 0.08
0 Day 15 1.21 0.15
25 1.53 0.16
75 1.77 0.13
150 1.88 0.13
300/200 1.64 0.11
0 Day 29 0.85 0.14
25 0.85 0.12
75 0.91 0.11
150 1.16 0.09
300/200 1.27 0.09

a Flow cytometric analysis.
b Microscopic analysis of PCEs.

m
a
(

a
S
b

c Statistical analysis not conducted.
d Percentage of PCEs from routine haematological analyses.
* p < 0.05.

** p < 0.01.

arrow MN assay showed that IQ did not increase MN-PCE values
t the highest test dose of 120 mg/kg bw/day after 15-day treatment

Table 7).

Effects of a short-term (3-day) treatment with IQ were evalu-
ted by use of the liver Comet assay in the first laboratory in male
D rats, employing a range of IQ doses between 20 and 150 mg/kg
w/day. No effects on body weight or on liver histology were noted
under these conditions (Table 4). %TI values were slightly increased
after IQ treatment compared with the vehicle control, and reached

statistical significance at 150 mg/kg bw/day (p < 0.05). At this dose, a
%TI value of 3.6 ± 0.5 was observed compared with 2.3 ± 0.9 in the
vehicle-control group (Fig. 1 and Table 5). However, since all %TI
values of the IQ dose groups were within the range of background
values typically observed in the laboratory, the result was consid-
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Table 9
Influence of blood sampling on the liver Comet assay and the MN assay.

Chemical Treatment Volume/bleed schedule Liver Comet assay MN peripheral blood MN Bone marrow

Dose (mg/kg bw/day) Bleeding TI (mean ± SD) Fold Increase %RET %MN-RET %PCE %MN-PCE

B[a]P 15 daya 0 – 3 ml per rat (6 × 0.5 ml)
14–24 h before MN
analysis

6.69 ± 1.07 1.00 1.66 0.08 ND ND

0 + 6.55 ± 1.55 0.98 1.56 0.15
125 – 8.27 ± 1.47 1.24 1.77 0.20
125 + 8.86 ± 2.24 1.32 2.41 0.27

1,2-DBE 15 dayb 0 1 ml per rat (2 × 0.5 ml)
4 days before necropsy
plus 1.0–1.2 ml 1 day
before necropsy

1.72 ± 0.69 1.0 5.3 1.0 58 1.5

80 24.45 ± 4.56 14.22 3.7 1.5 47 1.3

1,2-DMH 29 dayc 0 – 3 ml per rat (6 × 0.5 ml)
17–25 h before MN
analysis

4.56 ± 0.90 1.00 1.16 0.17 32.80 0.14

0 + 4.69 ± 0.40 1.03 2.04 0.13 41.48 0.10
5 – 56.36 ± 4.23 12.37 0.85 0.17 22.78 0.07
5 + 58.34 ± 3.66 12.81 1.50 0.15 33.32 0.08

2,4-DAT 29 dayd 0 – 2.5 ml/rat (5 × 0.5 ml)
0–24 h before analysis

2.32 ± 0.64 1.00 ND ND 46.17 0.10

0 + 5.86 ± 2.51 2.53 44.88 0.11
100 – 4.97 ± 1.97 2.14 49.20 0.16
100 + 3.01 ± 0.41 1.30 51.10 0.20

2,6-DAT 29 day 0 – 1.24 ± 0.39 1.00 0.88 0.09 49.70 0.19
0 + 1.26 ± 0.27 1.01 1.24 0.07 53.50 0.12

60 – 4.47 ± 1.94 3.61 1.00 0.10 50.10 0.17
60 + 3.64 ± 1.02 2.94 1.41 0.10 57.70 0.17

CDZ 29 day 0 – 2 ml taken 4 days
before necropsy plus
1.0–1.2 ml 2 days
before necropsy

ND ND 1.03 0.09 44.33 1.10

0 + 0.85 0.12 44.83 0.13
200 – 1.05 0.09 37.17 1.07
200 + 1.27 0.09 31.33 1.34

Clofibrate 32 day 0 + 2 ml taken 4 days
before necropsy plus
1.0–1.2 ml 2 days
before necropsy

ND ND 4.3 0.38 59.0 2.2

300 + 2.8 0.46 58.5 2.2

a Similar results obtained for B(a)P on day 6, after taking 3 ml per rat 4–5 days before MN analysis in blood (5 × 0.5 ml day 1 plus 0.5 ml day 2).
b Similar results obtained for 1,2-DBE on day 3 with no prior bleeding.
c Similar results obtained for 1,2-DMH on day 4 after taking 2.4 ml per rat 2–3 days before MN analysis in blood (6 × 0.4 ml).
d Similar results obtained for 2,4-DAT on day 4 after taking 2.5 ml per rat 2–3 days before MN analysis in blood (5 × 0.5 ml).
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red negative. The frequency of hedgehogs was not increased. In
he second laboratory, two male Wistar rats received a single oral
Q dose of 120 mg/kg bw/day and were analyzed in the liver Comet
ssay 3 h after treatment. Compared with the control group, the
wo rats showed a 4-fold increase in %TI values compared with the
ehicle-control group (Fig. 1 and Table 5), which was considered a
ositive result.

.7. 2,4-diaminotoluene

Male rats were treated with either vehicle or 100 mg/kg bw/day
,4-DAT over 29 days. Additionally, the influence of bleeding
as investigated in animals receiving either vehicle or 25, 50

r 100 mg/kg bw/day 2,4-DAT over 29 days. These animals were
ubject to blood drawing on day 1 and day 28 of the study.
n the bleeding groups, mortality was observed at 50 mg/kg
w/day (1/6 animals) and at 100 mg/kg bw/day (4/6 animals).

n the non-bled groups, 2/6 animals were found dead in the
00-mg/kg bw/day dose group. The observation of significant
ortality in more than one dose group indicates that the MTD
as exceeded in the study. Results of the histological analysis

n the surviving animals did not indicate the presence of cyto-
oxicity in the liver. Single animals from the low- and mid-dose
roups (with bleeding) showed proliferation of oval and duct cells
Table 4).

Analysis of liver Comet-assay data for the surviving bled animals
t the end of the 29-day study showed that 2,4-DAT did not induce
ncreases in DNA migration (Fig. 1 and Table 5). The %TI values in
ll three dose groups were similar to or lower than the vehicle-
ontrol values. Bleeding appeared to result in slightly increased
ackground values in the liver Comet assay but did not increase the
ensitivity to treatment with 100 mg/kg bw/day 2,4-DAT (Table 9).

2,4-DAT treatment over 29 days did not cause clear-cut
ncreases in MN-PCE frequencies in the bone-marrow MN assay
Table 7). Bleeding of animals did not alter the PCE frequency nor
id it affect MN-PCE values (Table 9). Haematological analyses at
9 days confirmed that bleeding did not lead to alterations of blood
arameters, except for the observation of increased platelet counts
t the high dose of 100 mg/kg bw/day 2,4-DAT (Table 4).

.8. 2,6-diaminotoluene

Treatment of male rats with 15, 30 and 60 mg/kg bw/day 2,6-
AT over 29 days resulted in mortality (one of six animals) in the
igh-dose group, which was subject to bleeding. No further adverse
ffects were noted in liver histology or in a haematological evalu-
tion (Table 4). In an acute study, 2,6-DAT doses of 125, 250 and
00 mg/kg bw/day were applied, exceeding the reported oral LD50
or this compound (300 mg/kg bw/day). Mortality occurred in one
f six animals at the high dose of 500 mg/kg bw/day. The surviv-
ng animals showed no signs of adverse effects on body weight and
iver histology (Table 4).

In the liver Comet assay after 29 days, there was a 3.6-fold
ncrease in %TI value at 60 mg/kg bw/day 2,6-DAT compared with
he vehicle-control group (Fig. 1 and Table 5). This increase reached
tatistical significance (p < 0.01) and the data were overall judged as
ositive. The concurrent positive control (200 mg/kg bw/day EMS)

nduced only a moderate increase in %TI values, which did not
eet the pre-defined acceptance criteria for the positive control

>5% difference in %TI values between EMS and vehicle control).
ince the second acceptance criterion (>2-fold increase) was met

nd a positive result was obtained with 2,6-DAT, this small devia-
ion was not considered to invalidate the study. In the short-term
iver Comet assay, none of the three 2,6-DAT doses (125, 250
nd 500 mg/kg bw/day) resulted in clearly increased %TI values
1.8 ± 0.7, 1.7 ± 0.6 and 2.2 ± 0.6 compared with 1.1 ± 0.3 for the
earch 702 (2010) 40–69

vehicle-control group). Although the DNA migration observed at
the high dose of 60 mg/kg bw/day was significantly (p < 0.01) dif-
ferent from the concurrent vehicle-control group, the performing
laboratory considered this effect without biological relevance since
all %TI values observed were within the historical control range
(1–6% TI) of this laboratory. Consequently, the short-term study
with 2,6-DAT was considered negative. Additional Comet-assay
measurements, performed with cells from the stomach after both
short- and long-term treatment with 2,6-DAT (Table 6) were neg-
ative. However, it is noted that the EMS positive control in the
long-term stomach Comet-assay did not meet the pre-defined
acceptance criteria, thus questioning the validity of the results.

The results of the bone-marrow MN assay showed that 2,6-DAT
did not result in elevated MN-PCE values either after a short-term
or a 29-day treatment at doses up to the respective MTDs (Table 7).
Treatment with 2,6-DAT over 29 days resulted in a dose- and time-
dependent decrease of %RET in the peripheral blood MN assay
(Table 8). No increases in MN-RET frequencies were observed at
any dose of 2,6-DAT throughout the study. In the short-term assay,
2,6-DAT at doses up to the MTD of 500 mg/kg bw/day did not lead
to increases in % MN-RET.

Bleeding of animals did not affect the background Comet-assay
values, nor did it increase the sensitivity to 2,6-DAT (Table 9). In
the MN assay, bled animals showed higher %RET and %PCE values
in peripheral blood and bone marrow, respectively. MN-RET and
MN-PCE frequencies were not different in animals with or without
bleeding (Table 7).

3.9. Acrylamide

ACR was tested at 5, 10 and 20 mg/kg bw/day over 29
days and at 10, 20 and 100 mg/kg bw/day over 3 days.
Based on literature information, the high doses in both the
short- and long-term studies represented the respective MTDs
(Table 4). Adverse findings included pilo-erection, rhinorrhea and
a decreased body weight at 100 mg/kg bw/day in the short-term
study, and reduced muscle tone and hind limbs spread with
severe paresis at 20 mg/kg bw/day in the 29-day study. Liver
histology did not reveal signs of toxicity after the 29-day treat-
ment.

The liver Comet assay was positive, with statistically significant
(p < 0.01) increases in %TI at all test doses in the 29-day study. ACR
doses of 5, 10 and 20 mg/kg bw/day resulted in a 1.3-, 2.1- and 2.3-
fold increase in TI values, respectively, over the concurrent vehicle
control; Fig. 1 and Table 5). Because of the known rapid elimination
kinetics of ACR in the rat (with t1/2 ∼ 100 min), animals were sacri-
ficed 2 h (instead of the standard 3 h) after the final treatment. The
high dose of 20 mg/kg bw/day was also investigated at 24 h after the
final treatment and resulted in a 2-fold increase in %TI values com-
pared with the vehicle control. The frequency of hedgehogs was not
increased. In the short-term study, 1.1-, 1.3- and 9.7-fold increases
in the mean %TI values were observed at 10, 20 and 100 mg/kg
bw/day compared with the vehicle-control group, which reached
statistical significance at the mid-dose (p < 0.05) and the high-dose
group (p < 0.01) (Fig. 1 and Table 5). The frequency of hedgehogs
was not increased in this study. Additional Comet-assay analysis
of the bone marrow showed increased DNA migration after 29-
day treatments at slightly higher doses (10 and 20 mg/kg bw/day)
as compared with those that induced positive Comet results in
the liver (Table 6). After the 3-day treatment a positive Comet-

assay result was obtained in the bone marrow at the high dose
of 100 mg/kg bw/day.

ACR treatment did not increase the frequency of MN either in
bone marrow or in peripheral blood when tested over 3 days or 29
days up to the respective MTD (Table 7 and Table 8).
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.10. Chlordiazepoxide

Male rats were treated with CDZ doses of 25, 75, 150 and
00 mg/kg bw/day over 29 days. There were no mortalities, but
ollowing the observation of dose-limiting toxicity in animals of
he high-dose group on day 6 of the study, the top dose was
educed to 200 mg/kg bw/day for the remaining study duration
300/200 mg/kg bw/day). Maximum exposure to CDZ was achieved
ithin one hour post dose (Cmax 16.5 �g/mL). Liver histology

evealed a minimal to slight single-cell necrosis in all dose groups,
hich was not dose-dependent, as well as further changes, such

s hepatocellular cytomegaly in animals dosed with ≥75 mg/kg
w/day CDZ and increased mitotic activity at 150 mg/kg bw/day
DZ (Table 4).

Results of the liver Comet-assay showed a slight but dose-
ependent increase in %TI values, which reached statistical
ignificance in animals treated with 300/200 mg/kg bw/day
p < 0.05). At this dose, a %TI value of 3.8 ± 1.2 was observed com-
ared with 1.5 ± 0.7 in the vehicle-control group, which was judged
s a positive result (Fig. 1 and Table 5). Clearly negative Comet-assay
esults were obtained with cells from the brain (Table 6).

In the bone-marrow MN assay, high inter-individual variabil-
ty was observed in animals treated with 150 and 300/200 mg/kg
w/day CDZ. Although the mean MN-PCE frequencies were ele-
ated compared with the vehicle control (0.34 and 1.34 for 150
nd 300/200 mg/kg bw/day CDZ, respectively, compared with 0.13
or the vehicle control), this increase was not statistically signif-
cant due to the observed variability (Table 7). CDZ treatment
id not result in increased MN-RET frequencies in the peripheral
lood MN assay (Table 8). Effects on %RET were variable; whereas
dose-dependent decrease of %RET was noted on study day 4,

his was not the case at later time-points (day 15 and 29) of the
tudy.

.11. Pyrimethamine

The dihydrofolate reductase (DHFR) inhibitor PYR was evalu-
ted at 15, 30 and 60 mg/kg bw/day over 29 days and at 30, 60 and
20 mg/kg bw/day over 3 days. Treatment-related adverse findings

n the 29-day study consisted of reduced body-weight gain and the
bservations of salivation, corneal opacity and traces of reddish rhi-
orrhea, suggesting that 60 mg/kg bw/day represents the 28-day
TD (Table 4). For the acute study, no relevant adverse effects were

oted. Since the acute oral LD50 for PYR is reported as 440 mg/kg
w/day, the MTD was not reached in the short-term study. Liver
istology was not performed in either of the short- or long-term
tudy with PYR.

PYR treatment over 29 days resulted in a slight, dose-dependent
ncrease in DNA migration in the liver Comet assay, which reached
tatistical significance at 60 mg/kg bw/day (p < 0.05). At this dose
roup, a mean %TI value of 5.0 ± 3.2 was observed compared with
.0 ± 0.6 in the vehicle-control group. Since the observed DNA
igration was outside of the range of the historic negative controls

f the laboratory, this was judged as a positive result. In contrast,
YR doses of 30, 60 and 120 mg/kg bw/day after short-term treat-
ent gave %TI values comparable to those in the vehicle-control

roup (Fig. 1 and Table 5) and the assay result was considered to be
egative. The frequency of hedgehogs was not determined in the
tudies with PYR.

In the bone-marrow MN assay after 29 days, PYR caused a

ose-dependent decrease in %PCE but did not increase MN-PCE val-
es up to the highest test dose of 60 mg/kg bw/day (Table 7). In
he short-term bone-marrow MN assay, a statistically significant
ncrease in MN-PCE frequency was obtained at 120 mg/kg bw/day
YR (p < 0.05, Table 7).
earch 702 (2010) 40–69 61

3.12. Gemifloxacin mesylate

The fluoroquinolone GF was tested at 160, 300 and 600 mg/kg
bw/day (dose levels correspond to the free base) over 29 days and
at 600 and 1200 mg/kg bw/day over 3 days. Neither the short-
term nor the long-term treatment resulted in body-weight changes.
Liver-histology findings were limited to animals of the high-dose
group (600 and 1200 mg/kg bw/day at 29 and 3 days, respectively),
in which some indications for glycogen depletion were obtained.
In the 29-day study, haematological evaluations revealed some
changes in blood parameters on day 4, which returned to control
values by the end of the study (day 29). Based on preliminary data
in the laboratory, the highest dose levels in the short- and long-
term studies (600 and 1200 mg/kg bw/day) were intended to be
the respective MTD, but it is possible that a higher dose could have
been used for 29 days. Concurrent TK analyses were conducted in
the 29-day study and revealed dose-related increases blood levels.
Exposure and clearance was similar on days 3 and 29, with slightly
higher Cmax and AUC values on day 29.

GF treatment over 29 days did not result in increased DNA
migration in the liver Comet assay when tested up to the MTD of
600 mg/kg bw/day (Fig. 1 and Table 5). In contrast, a slight but sta-
tistically significant increase in %TI was noted in the short-term
study at 1200 mg/kg bw/day (p < 0.01). At this dose, a mean %TI
value of 2.3 ± 1.2 was observed compared with 1.3 ± 0.6 in the vehi-
cle group. An independent repeat of the short-term study in the
same laboratory confirmed the positive Comet assay result in the
liver at 1200 mg/kg bw/day (data not shown). Additional Comet
assay measurements in the bone marrow revealed clearly negative
results for both the short- and long-term study (Table 6). The fre-
quency of hedgehogs was not increased in either the short-term or
the 29-day study.

In the bone-marrow MN assay over 29 days, GF caused a
dose-dependent increase in MN-PCE but this did not reach sta-
tistical significance (Table 7). In contrast, GF at doses of 600 and
1200 mg/kg bw/day caused a biologically relevant and statistically
significant increase in MN-PCE in the short-term study (p < 0.01).
Moreover, the blood levels achieved after 3 days at 600 mg/kg bw
were lower than those at the same dose at 29 days. Effects of GF
on %PCE were inconsistent; whereas no effects were noted in the
29-day study, a trend towards a dose-dependent decrease in %PCE
values was observed in the short-term study (Table 7).

3.13. Methapyrilene

The antihistamine MP was tested at 25, 50 and 100 mg/kg
bw/day in male SD rats. Due to mortality, the top dose was reduced
to 75 mg/kg bw/day on day 8 of the study (100/75 mg/kg bw/day).
Because of continuing dose-limiting toxicity and mortality, the
study was terminated on day 20. The observation of mortality in
more than one dose group indicates that the MTD was exceeded
in the study. Results from the liver histology revealed treatment-
related periportal inflammation associated with hepatocellular
hypertrophy in animals from all dose groups (Table 4).

Treatment with MP over 20 days did not result in a biolog-
ically relevant increase DNA migration in the liver Comet assay
(Fig. 1 and Table 5). Mean %TI values of the three MP dose groups
(25, 50 and 100/75 mg/kg bw/day) were 1.3-, 1.1- and 1.6-fold
increased compared with the concurrent vehicle control (statisti-
cally significant (p < 0.01) at 25 and 100/75 mg/kg bw/day). For the
evaluation of the results, the top dose of 100/75 mg/kg bw/day was

excluded because of mortality. Based on the remaining data, MP
was considered negative in the liver Comet assay over 20 days. The
frequency of hedgehogs was slightly increased in animals treated
with 100/75 mg/kg bw/day MP. Additional Comet-assay measure-
ments in duodenum and hypothalamus were negative (Table 6).
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owever, it is noted that the positive control (treatment with EMS)
n the duodenum Comet-assay did not meet the pre-defined accep-
ance criteria, thus questioning the validity of the results.

.14. Clofibrate

The peroxisome proliferator CFB was tested at 100, 200 and
00 mg/kg bw/day over 32 days and at 300 and 600 mg/kg bw/day
ver 3 days. In both the short- and the long-term study, CFB treat-
ent at all doses resulted in a dose-related increase in liver weight

ompared with the respective vehicle control (41% at 300 mg/kg
w/day in the 32-day study and 38% at 600 mg/kg bw/day in the
-day study). Liver histology revealed a slight hepatocellular hyper-
rophy in animals of all dose groups (Table 4). Also, increased

itotic activity was observed in all dose groups in the short-term
tudy and the observations were considered consistent with per-
xisome proliferation in all dose groups in the long-term study.
iver enzyme activities were not changed. Animals treated with
00 mg/kg bw/day CFB over 32 days showed a reduced body-weight
ain. Based on the observed liver findings, the highest doses in both
he 32-day and 3-day studies were considered to probably reflect
he MTD (Table 4).

Results of the liver Comet assay revealed that CFB treatment
id not lead to increased DNA migration after short- or long-term
reatment (Fig. 1 and Table 5). Mean %TI values of the three CFB dose
roups (100, 200 and 300 mg/kg bw/day) were 1.2-, 1.4- and 1.4-
old increased at 32 days compared with the vehicle-control group.
n the short-term study, CFB doses of 300 and 600 mg/kg bw/day
esulted in %TI values similar to those found in the concurrent
ehicle-control group. No increase in the frequency of hedgehogs
as noted in either the short- or the long-term study.

No increase in MN frequencies was noted in bone marrow
Table 7) or peripheral blood (Table 8) after either short- or long-
erm treatment with CFB. CFB reduced the levels of circulating RETs,
nd there was a rebound on day 32, following bleeding on day 30.
here was no apparently treatment-related increase in MN, but the
N levels in RETs appeared higher in control and CFB-treated rats

t day 32 than at day 30 (Tables 8 and 9).

.15. Phenobarbital

The barbiturate PHE was evaluated in a 29-day study at doses
f 10, 30 and 90 mg/kg bw/day as well as in a 3-day study with 30,
0 and 120 mg/kg bw/day. Clinical signs (decreased motor activ-

ty) were observed from day 2 to day 7 at 90 mg/kg bw/day in the
9-day study and in the 3-day study at 90 and 120 mg/kg bw/day.
o changes in liver enzyme activity were noted in short- or long-

erm studies. PHE-treatment over 29 days resulted in the expected
iver-weight increase (Table 4), whereas no effect on liver weight

as noted after PHE treatment over 3 days. In contrast, results of
previous dose-range finding study (data not shown) indicated

hat a relative liver-weight increase of about 49% was observed fol-
owing PHE treatment at 125 mg/kg bw/day. PHE-treatment over
9-days resulted in the expected liver hypertrophy in the mid-
nd high-dose groups. In the acute study there was only a mini-
ally increased number of mitotic figures and no indication of liver

ypertrophy were observed at all doses. Based on the observed liver
ndings and clinical signs, the highest doses in both the 29-day and
-day studies were considered to reflect the MTD.

PHE treatment over 29 days did not result in increased DNA
igration in the liver (Fig. 1 and Table 5). All three dose levels
ested (10, 30 and 90 mg/kg bw/day) showed %TI values in the
ange of the concurrent vehicle-control group. In contrast, follow-
ng short-term treatment over 3 days, PHE induced a slight but
ose-dependent increase in %TI values, which reached statistical
ignificance at 120 mg/kg bw/day (p < 0.01; based on either the
earch 702 (2010) 40–69

mean-of-mean or the mean-of-median TI values). At this dose a
mean-of-mean TI value of 3.3 ± 1.2 was observed compared with
1.3 ± 0.2 in the vehicle-control group (mean-of-median TI value of
1.8 ± 1.7 compared with 0.1 ± 0.1 in the vehicle control). The fre-
quency of hedgehogs was not increased in either the short-term or
the long-term study.

4. Discussion

A comparison of the liver Comet-assay results obtained in the
collaborative study with available literature data on UDS and Comet
assays is given in Table 10.

4.1. MN-assay-positive rodent carcinogens

B[a]P and 1,2-DMH are two of a few genotoxic carcinogens that
were reported negative in the MN assay, when testing was per-
formed in a 28-day repeat-dose study [17], probably because the
doses that could be tolerated over 4 weeks without mortality were
below the lowest effective dose (LED) for inducing an increase in
MN frequency.

B[a]P and 1,2-DMH were included in the collaborative trial for
two reasons: first, to determine whether the liver Comet assay
detects those genotoxic carcinogens at the low doses tolerated
after 2–4 week dosing and may thus compensate for an apparent
insensitivity of the MN assay under such conditions; and second,
to follow-up the reported lack of MN induction after repeat-dosing
by employing the same doses as reported by Hamada et al. [17].

In the Hamada et al. study [17], B[a]P induced MN acutely in
peripheral blood at 250 mg/kg bw/day but failed to do so after 28-
day treatment with 125 mg/kg bw/day. In our study, we used the
same B[a]P doses as in [17] and shortened the treatment duration
to 15 days. Under these conditions, we were able to demonstrate a
small, but biologically relevant increase in MN frequencies in both
bone marrow and peripheral blood. In a recent 28-day rat-toxicity
study with B[a]P performed by Litron Laboratories, several geno-
toxicity endpoints including a MN assay in peripheral blood were
integrated. In this study, B[a]P at doses of 75 and 150 mg/kg bw/day
significantly induced MN-RET frequencies in peripheral blood on
study days 4 and 29 [22]. Since we and Dertinger et al. [22] used
Wistar rats compared with SD rats used by Hamada et al. [16], it may
well be that strain differences account for the observed different
responses in MN induction.

Results obtained in the liver Comet assay after B[a]P treat-
ment were clearly negative, after oral long-term and both oral
and i.p. short-term treatments, a finding consistent with the lack
of carcinogenic activity of B[a]P in rat liver. A comparison with
published Comet assay and UDS data reveals a mixed picture. In
the mouse liver, positive Comet-assay results were obtained after
i.p. administration, but not following acute oral B[a]P treatment
[21], indicating a species-specific difference between mice and rats.
Whereas B[a]P was negative in a short-term UDS test in rat liver fol-
lowing i.p. administration [23], a positive UDS result was obtained
after repeated oral treatments with 20 mg/kg bw/day B[a]P fol-
lowed by a final dose of 100 mg/kg bw/day [24]. It remains to be
established whether the same dosing regime would also result in
increased DNA migration in the liver Comet assay.

Our negative MN data after a 28-day treatment with 1,2-DMH
up to the MTD of 5 mg/kg bw/day corroborate the findings by
Hamada et al. [17] and demonstrate that for highly toxic com-

pounds, where the MTD after long-term treatment is much lower
than the acute MTD (40-fold lower for 1,2-DMH), detection of the
systemic genotoxic potential in the MN assay can be compromised.
Our results obtained in the liver Comet assay after long-term treat-
ment show that these low 1,2-DMH doses are sufficient to elicit
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Table 10
Summary of liver Comet-assay and MN-assay results after short- and long-term treatment and comparison with literature data on MN assay, liver Comet assay and liver UDS test results.

Data are from rat, unless otherwise stated. Abbreviations: BM: bone marrow; EQ: equivocal; HTD: highest tested dose; LED: lowest effective dose; NEG: negative; ND: no data; PB: peripheral blood; POS: positive; UDS:
unscheduled DNA synthesis.
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clearly positive result and thus suggest that the Comet assay is a
alid complement to the MN assay for the detection of genotoxicity
fter long-term treatment.

.2. MN-assay-negative compounds, genotoxic in the liver

Seven of the chemicals can be grouped as MN-assay-negative (or
quivocal) liver genotoxins: DMN, 1,2-DBE, 2,6-DNT, IQ, 2,4-DAT
nd its stereoisomer 2,6-DAT and ACR. Six of the seven com-
ounds (all but 2,4-DAT) induced a positive result in the liver Comet
ssay after long-term (2- or 4-week) treatment. The concordance
etween short- and long-term Comet-assay results (both literature
ata and our results) was high: except for 2,4-DAT and 2,6-DAT, all
ther compounds of this class yielded positive Comet results under
oth treatment conditions.

Three of the seven chemicals are cited in the ICH S2A and S2B
uideline [1] as examples where a second in vivo assay (in addition
o the MN assay) in a different tissue (typically liver) is necessary to
etect their genotoxic potential: 2,6-DNT, DMN and 1,2-DBE [25].
ll three compounds, which are positive in the liver UDS assay [26],
lso yielded positive results in the liver Comet assay when tested up
o the 28-day MTD over 2 or 4 weeks. 1,2-DBE and DMN were pos-
tive at lower doses in the 2/4-week studies than in the concurrent
hort-term (3-day treatment) liver Comet assays (1,2-DBE; [27]), or
n a previously reported liver Comet assay in mice (DMN, [28]) or
n published in vivo UDS tests (DMN, 1,2-DBE; [26]). For 2,6-DNT, a
ositive Comet assay was obtained at higher doses than the LED for
he liver UDS test [26]. For all three compounds, MN measurements
ere performed after short- and/or long-term treatment and, in

greement with published data [29–31], confirmed the absence of
detectable genotoxic effect in this test system. The positive result

n the blood Comet assay of 2,6-DNT-treated rats suggests a sys-
emic induction of genotoxic effects (albeit at lower levels than in
he liver) by 2,6-DNT, which is, however, not detected in the bone

arrow by the MN assay.
The heterocyclic amine IQ induced a weak, but biologically rel-

vant positive Comet-assay result at 50 and 120 mg/kg bw/day in
he 15-day study. Results from short-term Comet assays conducted
n two laboratories were conflicting: a positive result was observed
ollowing a single acute dose of 120 mg/kg bw/day in Wistar rats,
hereas a negative result was obtained after 3-day dosing with

50 mg/kg bw/day in SD rats. The apparent difference in sensi-
ivity of Wistar and SD rats towards the liver genotoxicity of IQ

ay be based on the different metabolic capacity of these two rat
trains with regards to the activation of IQ to DNA-reactive metabo-
ites. Significantly higher levels of cytochrome P4501A2, the key
nzyme in the metabolic activation of IQ, have been found in non-
nduced liver microsomes from Wistar rats compared with SD rats
32]. There is a published report of a positive Comet-assay study
n mice, where IQ was administered once intraperitoneally [33].
o information on UDS in vivo is available. In agreement with our

esult, Møller et al. found increased DNA migration in the liver of Big
lue® rats given IQ in the diet at doses up to 200 mg/kg bw/day for
hree weeks [34]. Interestingly, the level of Comet effects (and DNA
dducts) was higher in the colon than in the liver, which indicates
hat following oral exposure, the liver may not be the primary target
rgan for IQ-induced genotoxic effects. Consequently, the observed
eak-positive liver Comet-assay results after both short- and long-

erm treatments adequately reflects the genotoxic potential of IQ
n the rat liver.

2,4-DAT and its structural isomer 2,6-DAT have been tested

or carcinogenicity in rats and mice within the National Toxi-
ology Programme (US NTP). 2,4-DAT was found to induce liver,
ammary and subcutaneous tumours in rats and liver tumours

nd lymphomas in female mice. 2,6-DAT is considered non-
arcinogenic [35], although a dose-related but not statistically
earch 702 (2010) 40–69

significant increase in liver tumours was observed in male rats and
female mice [36]. The International Agency for Research on Cancer
(IARC) concludes that 2,4-DAT is likely to be a human carcinogen, as
there is sufficient evidence of carcinogenicity in experimental ani-
mals [37]. However, the results of genotoxicity tests with 2,4-DAT
and 2,6-DAT do not show good agreement with the reported car-
cinogenic potential of both compounds. 2,4-DAT and 2,6-DAT are
both reported to induce UDS in rat liver, with the non-carcinogen
2,6 DAT resulting in a stronger increase [26]. The carcinogen 2,4-
DAT is negative in the MN assay, whereas 2,6-DAT is reported to
induce MN [38]. In the ongoing JaCVAM validation trial of the acute
liver Comet assay, there were mixed results: both compounds were
positive in 2/5 participating laboratories, whereas both gave nega-
tive results in 3/5 labs (phase 2 of the trial; JaCVAM VMT, personal
communication). In our trial, 2,4-DAT lacked genotoxic activity in
the liver Comet assay after long-term treatment and 2,6-DAT gave
positive results in the long-term but not in the short-term study.
Conflicting results were also obtained in the MN assay, where 2,6-
DAT consistently gave negative results despite the fact that the
highest doses tested were higher than those reported positive in
the literature [38].

ACR (together with 2,6-DAT) differs from the other compounds
classified in this group, as it does not cause liver tumours in rodents
and, unlike the other six compounds, is also negative in the Ames
test. Data from in vivo studies, however, indicate that some test
systems can detect ACR-induced genotoxic effects in the liver. Fol-
lowing a single oral treatment with ACR up to 54 mg/kg bw/day,
DNA adducts and a weakly positive Comet assay result were
observed in rat liver [39]. Liver UDS tests with ACR are, however,
generally negative [40,41]. In our study, ACR was clearly positive in
the Comet assay in rat liver after short- and long-term treatment.
This agrees with data from the JacVAM validation trial, where ACR
was positive in 4 of 5 laboratories (phase 2 of the trial; JaCVAM VMT,
personal communication). Here, after long-term treatment, doses
as low as 10 mg/kg bw/day were detectable in the Comet assay,
suggesting a higher sensitivity of the repeat-dose protocol for this
compound.

4.3. Pharmaceutical-like compounds

CDZ, PYR and GF were selected as compounds representing the
chemical space of pharmaceuticals. Whereas CDZ and PYR induced
a positive Comet assay result after long-term treatment, GF did not
lead to increased DNA migration in rat liver after a 4-week oral
treatment.

The benzodiazepine CDZ has been shown to induce MN in the
mouse bone-marrow with a lowest effective dose of 188 mg/kg bw
[42]. In our MN assays in bone marrow and peripheral blood of rats
after long-term treatment, consistently negative results up to the
highest test dose (HTD) of 200 mg/kg bw/day were obtained, sug-
gesting a species-specific difference in CDZ-induced MN formation.
No information about liver Comet assay or liver UDS studies with
CDZ was available in the literature. Using a viscometric method
for the analysis of DNA fragmentation, Carlo et al. did not observe
increased DNA breaks and/or alkali-labile sites in the liver of rats
following a single dose or repeated daily dosing with CDZ over 15
days [43]. Oxazepam, one of the pharmacologically-active metabo-
lites of CDZ is a mouse hepatocarcinogen and has been shown to
induce gene mutations in the liver of transgenic mice [44]. Our
observation of a weak-positive liver Comet result after long-term
treatment with CDZ doses about 3-fold higher than those used by

Carlo et al., may well be ascribed to the genotoxic activity of the
metabolite oxazepam.

The dihydrofolate reductase (DHFR) inhibitor PYR affects the
synthesis of the reduced form of folic acid and as a consequence
causes a disturbance of cellular thymidine levels. Folic-acid defi-
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iency promotes the excessive mis-incorporation of uracil in DNA,
mutagenic lesion that leads to strand breaks in DNA during repair

45]. Rats with folate deficiency induced by feeding a folate-free
iet for 10 weeks showed an increased DNA migration in blood
ells, as determined with the Comet assay [46]. Published data on
he genotoxicity of PYR in rat liver is limited to an acute Comet-
ssay study, in which a positive effect was observed following
n oral administration of 120 mg/kg bw/day PYR [47]. Using this
ame maximum dose, we were unable to demonstrate a positive
omet-assay result in rat liver after a short-term (3-day) treatment.
fter long-term treatment over 29 days, however, a lower PYR
ose (60 mg/kg bw/day) induced a small but biologically relevant

ncrease in DNA migration, probably reflecting that PYR-induced
esions accumulate over time (after depletion of endogenous folate
evels) leading to higher levels of strand-breaks after repeat-dose
han after acute treatment. In contrast, results of the bone-marrow

N assay showed that the long-term treatment did not lead to a
igher sensitivity in detecting the chromosome-damaging poten-
ial of PYR, whereas such an effect could be clearly demonstrated
fter short-term treatment with a higher PYR dose (120 mg/kg
w/day). The highest dose tested in the long-term bone-marrow
N assay (60 mg/kg bw/day) was higher than literature data on

EDs in the rat bone-marrow MN assay after 3-day PYR treatment
20 mg/kg bw; [48]).

GF belongs to the class of fluoroquinolone antibiotics, which act
y primarily targeting the bacterial gyrase. Drugs of this class can
lso affect the mammalian topoisomerase, albeit at much higher
oncentrations than the bacterial form, resulting in chromosome
reakage. Robust evidence exists to suggest that such compounds
herefore show a threshold of genotoxic activity in mammalian
ells [49,50]. GF is reported to be negative in a rat-liver UDS test
t doses up to 2000 mg/kg bw/day, at which mortality occurred
51]. In our study, no genotoxicity was observed in the liver Comet
ssay after long-term treatment, but this was inconsistent with the
esults obtained after short-term treatment, where GF reproducibly
nduced a weakly positive response. The reason for the observed
ifference remains unclear at present. Consistent with previous
esults [51] GF was positive in the short-term bone-marrow MN
ssay. However, no significant increase was seen at the highest dose
600 mg/kg bw) given for 29 days, even though positive results were
een at the same dose after 3 days; moreover, TK analysis showed
hat blood levels after a dose of 600 mg/kg bw were higher after
9 days than after 3 days. The factors affecting the bone-marrow
N response to GF are known to be complex, for example negative

esults have been reported after acute intravenous administration
iving Cmax levels higher than those at which positive results were
een after oral dosing [51]. The precise reasons why GF appears
o induce genotoxicity in bone marrow after acute, but not chronic,
dministration in this study are not known. Although a weakly pos-
tive liver Comet response was seen at the highest dose, 1200 mg/kg
w, after 3 days, unfortunately, this dose could not be used for the
9-day treatment.

.4. Non-genotoxic carcinogens

All three non-genotoxic carcinogens (MP, CFB and PHE) were
egative in the liver Comet assay after repeated dosing over 20–32
ays with doses that could be tolerated without mortality.

The histamine antagonist MP is extensively metabolized in
he liver, mainly by phase-I enzymes [52]. Typical histopatho-
ogical observations in rat liver after repeated treatments consist

f periportal inflammation and necrosis associated with bile-duct
yperplasia [53] and were also detected in our study with MET over
0 days. The negative liver Comet-assay result obtained under these
onditions is in agreement with the reported negative UDS data for
his compound [54] and implies that the liver Comet assay is not
earch 702 (2010) 40–69 65

sensitive to DNA fragmentation associated with inflammation and
cell death.

The hypolipidemic drug CFB is a member of a large class of
diverse exogenous and endogenous chemicals known as perox-
isome proliferators. In rodents, peroxisome proliferators induce
marked liver enlargement that is characterised by increased
peroxisome proliferation, hyperplasia and hypertrophy, leading
eventually to tumours [55]. Results from organ-weight measure-
ments and liver histology obtained in this study confirm that
the CFB doses applied resulted in the expected hyperplastic and
hypertrophic changes in rat liver after both short- and long-term
treatments. The clearly negative liver Comet-assay results obtained
after both short- and long-term CFB treatments thus indicate that
liver hyperplasia does not seem to lead to (false) positive Comet
results.

Comet assay results with the liver carcinogen PHE revealed an
interesting difference between short- and long-term treatments.
Whereas clearly negative Comet assay results were found after 29
days of dosing with PB, which resulted in the expected picture
of liver hypertrophy, a positive Comet-assay result was obtained
after short-term treatment at doses that did not have an effect on
liver weight and had a limited impact on liver histology (minimal
numbers of mitotic figures). We offer two possible explanations for
this discrepant finding: firstly, although the majority of published
genotoxicity studies yielded negative results, PHE has been consis-
tently shown to induce a weak, but reproducible mutagenic effect
in S. typhimurium strain TA1535 [56]. A positive Comet-assay result
was found in the liver of male mice after intraperitoneal injec-
tion of 140 mg/kg bw/day PHE [57]. Secondly, recent mechanistic
investigations showed that PHE is able to induce oxidative stress in
vivo via the induction of Cytochrome P450 isoenzymes [58,59]. It
can, therefore, be speculated that the positive liver Comet results
after acute dosing may reflect a weak genotoxic potential of PHE,
which is exerted via the induction of oxidative DNA damage. In fact,
increased levels of the oxidative base modification 8-oxodG were
determined in rat liver after a 4-day PHE treatment [60]. In con-
trast, no increase of 8-oxodG was observed following long-term
(3–22 weeks) treatment with PYR [61]. Since PHE is inducing its
own metabolism, exposure after repeated administration can be
expected to decrease over time. It may be speculated that the level
of oxidative stress under such exposure conditions is no longer
sufficient to override cellular antioxidant protection systems and
hence does no longer result in detectable DNA damage.

4.5. Practical aspects of integrating the liver Comet assay into
repeat-dose toxicity studies

The main practical challenges of integrating Comet-assay mea-
surements into repeat-dose toxicity studies are perceived to be (i)
the potential impact of routine blood sampling on Comet results
and (ii) the demand for a final extra treatment approx. 3 h prior
to necropsy, which can have significant logistical implications on
necropsy scheduling. There is also a hypothetical concern about
potential consequences for the routine toxicological parameters
obtained on the day of necropsy (e.g. histopathology).

The influence of blood sampling, as typically performed in tox-
icokinetic satellite animals or in main-study animals for routine
clinical chemistry and haematology parameters, on the liver Comet
assay was investigated: there was no indication of a significant
impact of bleeding on liver Comet-assay values. In none of the
studies did blood removal affect the sensitivity of the assay to

compound-induced DNA effects. These data clearly suggest that
routine bleeding of either TK satellite or main-study animals does
not influence liver Comet-assay measurements.

Although the focus of this investigation was on the Comet assay,
seven studies also investigated the impact of bleeding on MN assay



6 on Res

r
A
c
c
a
c
c
p
i
t
i
o
t
M
b
a
m
m
o
c
p
c
b
n
c
a

i
t
n
i
D
m
d
n
s
s
i
g
t
e
i
f
c
b
d
i
n
d
t

4

C
c
p
[
i
C
i

t
c
q
o

6 A. Rothfuss et al. / Mutati

esults (B[a]P, 1,2-DMH, 1,2-DBE, 2,4-DAT, 2,6-DAT, CDZ and CFB).
general observation in these studies was that bled control and

ompound-treated animals showed higher RET (or PCE) frequen-
ies than concurrent non-bled animals and the frequencies in the
nimals before bleeding, reflecting an increased erythropoiesis as
ompensatory reaction to the blood loss. Simulated erythropoiesis
an lead to increases in MN as a consequence of a higher cell-
roliferation rate [62]. There is also some evidence for an increase

n sensitivity when micronucleus inducers are given under condi-
ions of increased erythropoeisis (e.g. [63]). The results obtained
n the present studies show that MN-PCE or MN-RET values were
nly moderately increased, if at all, in both vehicle- and compound-
reated animals and that bleeding did not alter the sensitivity of the

N-assay in rats of 6–10 weeks of age. In these studies, a range of
leeding volumes and protocols were used (see Table 9) but over-
ll removing as much as a total of 3 ml of blood, taken as one or as
ultiple smaller samples, over periods from 14 h to 5 days before
icronucleus analysis in blood or bone marrow, did not alter the

utcome of the micronucleus analysis. The haematological changes
an be complex, since chemical treatment can suppress erythro-
oeisis, and then rebound effects occur as a result of bleeding. In
onclusion, the data obtained in the present study indicate that
lood removal as typically done in repeat-dose toxicity studies is
ot a critical confounding factor for integration of MN analysis and
onfirms that the MN assay can be integrated into the main study
s well into a TK satellite study.

As outlined before, an important practical limitation to the
ntegration of the Comet assay into repeat-dose studies is related
o the demand for a final extra treatment approx. 3 h prior to
ecropsy. The need for a final extra dose is grounded in the lim-

tation of the Comet assay to detect primary (i.e. non-repaired)
NA effects and in the TK profile of many compounds, which com-
only show a Cmax of 2–6 h after oral dosing. The final extra

ose and the timing of this dosing in relation to sacrifice pose sig-
ificant (but manageable) challenges to the coordination of the
tudy, if the integrated Comet assay is to be performed in main-
tudy animals. Initial data obtained in the study with ACR, which
s rapidly eliminated in rats (t1/2 ∼ 100 min), suggested that the
enotoxic effect can equally be detected at 24 h after the final
reatment as compared to the 3-h sampling time-point. How-
ver, relative rates of repair of the various forms of DNA damage
nduced by a particular compound may also be an important
actor in determining the peak detection time-point. Until suffi-
ient data on optimal sampling times after repeat-dose treatment
ecome available, the practical issues related to the final extra
osing can only be avoided if the Comet assay measurements are

ntegrated into TK-satellite animals. Further investigations on the
eed of an early (e.g. 3-h) sampling time-point after repeated
osing are clearly warranted in comparison to a 24-h sampling
ime.

.6. Consideration of toxicity in Comet-assay evaluation

A general issue with ‘DNA strand-break assays’ such as the
omet assay is that indirect mechanisms related to cytotoxicity
an lead to positive effects. Whereas in vitro data suggest that false
ositive results due to cytotoxicity can occur in the Comet assay
64,65], evidence for a confounding potential of cytotoxicity in the
n vivo Comet assay is less clear. Current guidances for the in vivo
omet assay recommend that a concurrent assessment of cytotox-

city should be included [7,8].

Within this trial, three measures were used to estimate liver

oxicity within the long-term studies: liver histopathology (14/15
ompounds), serum liver enzymes (5/15 compounds) and the fre-
uency of “hedgehogs”, i.e. referring to the microscopical image
f comets with a small or non-existent head and a large, diffuse
earch 702 (2010) 40–69

tail, possibly resulting from necrotic or apoptotic cells (11/15 com-
pounds).

The frequency of hedgehogs was not altered in 10 of 11 stud-
ies that included this measurement in the analysis. Only with
DMN was a clear, dose-dependent increase in hedgehog frequency
observed. For the remaining studies, no correlation of the number of
hedgehogs with results from liver histology was obvious. It is there-
fore concluded that the quantification of hedgehogs, albeit easy to
include in the Comet scoring process, is practically non-informative
as an estimate for tissue toxicity.

Measurement of liver enzymes in serum was included in five
studies (2,6-DNT, DMN, CFB, PHE, 1,2-DBE). Enzyme levels were not
altered in the studies with PHE or CFB, consistent with the histo-
logical picture of liver hyperplasia and hypertrophy. For 2,6-DNT,
1,2-DBE and DMN, which induced histologically detectable liver
necrosis, corresponding increases in serum liver-enzyme values
were only noted with DMN. Liver histology provided evidence for
toxicity in 11 of 15 long-term studies, with five compounds giving
negative Comet-assay results in the presence of liver toxicity (2,4-
DAT, GF, MP, CFB, PHE) and 6 compounds inducing a positive Comet
result (1,2-DMH, 2,6-DNT, DMN, 1,2-DBE, IQ and CDZ). Only in the
case of DMN did the participating laboratory consider a potentially
confounding effect of toxicity for the Comet-assay data evaluation
by excluding the results for the mid- and high-dose levels from
the assessment and based the final judgement on the effect at the
low dose, which did not show liver toxicity. For the other five com-
pounds, the laboratories judged the liver histological findings as
minor and did not exclude dose levels with associated liver toxicity
from the analysis.

In conclusion, the experience in this trial suggests that liver
histopathology is more sensitive than hedgehog scoring for the
assessment of liver cytotoxicity. More data on liver-enzyme mea-
surements with compounds that induce liver necrosis and/or
apoptosis are needed in order to assess their value as biomarkers
of cytotoxicity in Comet-assay studies.

Results with the Comet-assay-negative compounds in this trial
showed that liver toxicity does not lead to increased DNA migration.
Whereas these data add to the perception that tissue cytotoxicity
does not give misleading results in the Comet assay, it is appreciated
that more data, such as investigations on the dose-relationship of
toxicity and DNA migration or the impact of toxicity on Comet-
assay results in other organs than the liver, may be needed for
a final verdict. However, it should be noted that the concern of
dealing with tissue toxicity is alleviated in the integrated Comet
assay as compared to the acute version, at least in the develop-
ment of pharmaceuticals. A toxicity study used to support human
clinical trials would always have to establish a dose that did not
have organ toxicity as observed histologically, so that a Comet assay
integrated into such a toxicity study would automatically include a
non-toxic dose, thereby avoiding concerns about misleading results
in a Comet-assay study due to toxicity.

4.7. Criteria for evaluating Comet-assay results

Current recommendations on the in vivo Comet assay provide
qualitative criteria for defining a positive result, such as the pres-
ence of a dose–response relationship and/or a change of a Comet
measurement as determined by statistical methods or multiples of
the control measurements, taking into account historical control
data [8]. Whereas this guidance is considered valuable in principle,
we have identified some areas where further harmonization and

potentially more concrete recommendations are required.

(II) Refinement of evaluation criteria. In the present investigation,
a number of compounds that were judged positive in the liver
Comet assay induced weak-to-moderate increases in mean
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%TI values, frequently in the range of a 2–3-fold increase com-
pared with the concurrent vehicle group. Although care was
taken to consider the presence of a dose-response relationship
and lab-specific historical controls (if available), more strin-
gent criteria are needed to allow a transparent evaluation of
Comet-assay data. Since the range of acceptable background TI
values was defined rather broadly in this study (1–8%), the def-
inition of a positive result on the basis of an e.g. 2-fold increase
is more or less convincing, depending on where the actual
control levels reside in this range. A judgment based on the
induced absolute increase in TI values may have advantages.

(III) Statistical methods. Each of the participating investigators per-
formed statistical analyses on their own Comet-assay data. A
survey among the laboratories showed that a variety of sta-
tistical methods for evaluation are in place, partly selected on
the basis of specific recommendations [66,67], partly because
of company-internal considerations or for historical reasons.
With more in vivo Comet assay data becoming available in the
public domain, a more concrete recommendation should be
developed on which statistical procedures are appropriate for
Comet analyses.

IIII) Mean-of-mean vs mean-of-median values. A general observa-
tion in the present investigation was that, for Comet-assay-
positive compounds, the fold increase of compound-treated
groups compared with the concurrent control was higher
when the individual animal data used were taken as median
TI values (i.e, median values of 50 comets scored per slide are
calculated, then the average of the three slide medians/tissue
is calculated) than as mean TI values. Although in most cases
the same conclusions would have been drawn with either of
these parameters, the fold increases were more pronounced
when using median TI values. If confirmed by further collab-
orative trials, the choice of appropriate statistical procedures
should take this observation into account.

. Conclusions

The results obtained in the collaborative trial suggest that the
iver Comet assay can be successfully integrated into repeat-dose
oxicity studies over 2–4 weeks. Except for the “difficult” pair 2,4-
AT and 2,6-DAT, all of the known liver-specific genotoxins gave

he expected positive Comet-assay result when tested up to the
8-day MTD. The three non-genotoxic carcinogens were all neg-
tive in the Comet assay after long-term treatment, despite clear
iver toxicities observed by histopathology, suggesting that mod-
rate necrosis, hyperplasia or inflammation do not lead to (false)
ositive Comet assay results in the liver.

Results obtained for 1,2-DMH and PYR indicate that the liver
omet assay functions quite well to complement the bone-
arrow/blood MN assay for the detection of genotoxicity under

onditions where the MTD after long-term treatment may be too
ow to elicit positive MN effects. GF may be one exception, where
he lower dose that was tolerated over 4 week did not induce geno-
oxicity in the Comet assay or in the MN assay, while the acute
rotocol gave positive results. However, as discussed, GF is likely
o have a mechanism with a threshold in mammalian cells.

The comparison between short- and long-term Comet-assay
esults revealed a high concordance rate, indicating that testing up
o the MTD generally allows the sensitive detection of genotoxic
ffects in both short- and long-term studies. Discrepant results

ere obtained with 2,6-DAT (negative in short-term but positive

n long-term study), and PHE and GF (positive in short-term but
egative in long-term study).

Results of the Comet assay were not affected by repeated blood
rawing. Although bleeding generally increased %RET or %PCE fre-

[
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quencies, the sensitivity of the response in the MN assay was not
altered. These findings indicate that integration of both assays can
in principle be achieved by using main-study animals or separate
animals used for TK analyses. However, due to possible logistical
issues with using main-study animals, integration into TK animals
currently appears a more feasible alternative.

Experience in this study highlights the need for more consensus
on how to define positive Comet-assay results.

Overall, the results obtained in the collaborative trial support
the notion that the liver Comet assay using either the short- or
the long-term protocol is a reasonable alternative to the UDS test
for complementing the bone-marrow/blood MN assay by detecting
genotoxicity in liver.
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