National Institute for Public Health
and the Environment
Ministry of Health, Welfare and Sport

Estimating the carcinogenic
potency of chemicals from the
in vivo micronucleus test

RIVM report 3q0700007/2012
Lya G. Hernandez | Jan van Benthem |
Wout Slob




National Institute for Public Health
and the Environment
Ministry of Health, Welfare and Sport

Estimating the carcinogenic potency of
chemicals from the in vivo micronucleus

test

RIVM Report 340700007/2012



RIVM Report 340700007

Colophon

ISBN:

© RIVM 2012

Parts of this publication may be reproduced, provided acknowledgement is given
to: National Institute for Public Health and the Environment, along with the title
and year of publication.

Lya G. Hernandez, Laboratory for Health Protection Research (GBO)
Jan van Benthem, Laboratory for Health Protection Research (GBO)
Wout Slob, Centre for Substances and Integrated Risk Assessment (SIR)

Contact:

Wout Slob

Centre for Substances and Integrated Risk Assessment (SIR)
Wout.Slob@rivm.nl

This investigation has been performed by order and for the account of the
Ministry of Health, Welfare and Sport (VWS), within the framework of VWS
project 340700

Page 2 of 44



RIVM Report 340700007

Rapport in het kort

Schatting van de carcinogene potency van chemische stoffen uit de in
vivo micronucleus test

Het RIVM heeft een methode ontwikkeld waarmee sneller en met minder
proefdieren een schatting kan worden gemaakt van de mate waarin een
chemische stof kankerverwekkend is.

Normaal gesproken wordt de mate waarin een stof kankerverwekkend is
gebaseerd op het aantal tumoren dat in langdurige dierstudies wordt
aangetroffen. Dergelijke langdurige studies zijn nodig omdat tumorvorming een
langzaam proces is. Deze studies duren twee jaar en vergen veel proefdieren
(rond de 400). Voordat tot een langetermijnstudie wordt overgegaan, wordt
eerst met behulp van een kortetermijnstudie bekeken of een stof wel of geen
DNA-schade veroorzaakt. Hiervoor zijn circa 50 proefdieren nodig. Als DNA-
schade optreedst, is dit een indicatie dat de stof kankerverwekkend kan zijn. De
langetermijnstudie wordt vervolgens ingezet om na te gaan of de stof inderdaad
kankerverwekkend is, maar ook om een indicatie te krijgen van de mate waarin.

Uit het RIVM-onderzoek blijkt nu dat op basis van de kortetermijnstudie niet
alleen duidelijk wordt of een stof DNA-schade veroorzaakt, maar ook een
indicatie kan worden verkregen van de mate waarin de stof kankerverwekkend
is. De langetermijnstudie met veel proefdieren kan dan in veel gevallen
vermeden worden. Dit is van belang aangezien er internationaal naar wordt
gestreefd het proefdiergebruik terug te dringen en het aantal langdurige studies
te minimaliseren.

Voor de nieuwe methode is in kortetermijnstudies onderzocht bij welke
concentratie (bijvoorbeeld in het voer van de dieren) een bepaalde mate van
DNA-schade optreedt. Tevens is onderzocht bij welke concentratie een bepaald
percentage van de proefdieren tumoren krijgt in de langetermijnstudies. Beide
concentraties bleken aan elkaar gerelateerd.

Trefwoorden:
vervanging, voorspelbaarheid, in vivo genotoxiciteit, carcinogeniteit, benchmark
dose, in vivo micronucleus test
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Abstract

Estimating the carcinogenic potency of chemicals from the in vivo
micronucleus test

The RIVM has developed a faster method for estimating the carcinogenic
potency of compounds, using less animals than with existing methods.

Currently, the degree to which a substance is carcinogenic is estimated from the
number of tumors found in animals in long-term studies. These long-term
studies are necessary because the development of tumors is a slow process.
Normally, these studies take two years and make use of many animals (around
400). Prior to deciding whether to perform a long-term study, short term-studies
are always performed to examine if a compound causes DNA damage. The
presence of DNA damage (a positive result in short-term test) is generally
indicative that a compound might be carcinogenic. Long-term studies are
therefore performed to confirm whether a compound is carcinogenic or not, and
to assess how potent the substance is in inducing tumors (carcinogenic
potency).

Research at the RIVM has shown that short-term studies can not only provide an
indication as to whether a compound causes DNA damage, but also can provide
an estimate of the carcinogenic potency of a chemical. With this new approach,
long-term studies can be avoided. This is of interest given the international aim
for reducing animal use and long-term studies.

In this new method, a comparison was made between the concentration that
induced a selected degree of DNA damage in short-term studies and the
concentration at which a selected percentage of animals developed tumors.
Results demonstrated a relationship between concentrations in short- and long-
term studies, thus providing the possibility to use short-term studies to obtain
an indication of the carcinogenic potency of chemicals.

Keywords:
potency correlation, in vivo genotoxicity tests, carcinogenicity, benchmark dose
approach, in vivo micronucleus test
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Summary

The goal of this report was to investigate the use of short-term genotoxicity
tests in predicting the carcinogenic potency of chemicals as measured in a
chronic cancer bioassay. This bioassay has several practical drawbacks: it uses
large numbers of animals, has a long duration (two years plus one year of
analysis), and high costs. For this reason, alternative methods are desirable. In
vivo genotoxicity assays might be useful as an alternative for estimating
carcinogenic potency given the experience that genotoxicty tests measure
mutations and/or chromosomal aberrations, which are associated with
carcinogenesis.

In this study we focused on the murine in vivo micronucleus test as a potential
predictor of the carcinogenic potency of compounds in the same species. We
applied the benchmark dose (BMD) approach for estimating the genotoxic and
the carcinogenic potency for a total of 51 compounds: 41 were studied in the
National Toxicology Program and 10 were re-analyzed from the Carcinogenic
Potency Database and public literature. Both genotoxicity and carcinogenicity
studies showed large variability in estimated BMDs for the same compounds
when data from studies with different study conditions were compared. In spite
of this variability, the BMDs derived from the genotoxicity studies were clearly
correlated to the BMDs from the carcinogenicity studies, in particular when the
lowest BMD was selected for each compound, both for the micronucleus and the
carcinogenicity studies. Results suggest that the lowest tumor BMD10 can be
estimated from in vivo micronucleus BMDLO5s (lower confidence bound of
BMDO05) by multiplying the latter by a scaling factor of 10. Thus, the uncertainty
in the MN BMDO5 is taken into account by using the BMDLO5 as the starting
point. This value would predict the tumor BMD10 within an uncertainty range of
around two orders of magnitude (the true BMD10 might be a factor of 10 higher
or lower with an overall uncertainty range of 100). Therefore, an uncertainty
factor of only 10 would be sufficient to turn the value obtained into a
conservative estimate of the tumor BMD10.

Our results challenge the way genotoxicity data are currently analyzed by
showing that genotoxicity potencies only differ gradually among chemicals
without any demarcation between genotoxic and non-genotoxic chemicals. Thus,
the distinction between genotoxic or non-genotoxic can only be made by
appointing a value of the potency parameter for use in practical decisions. Given
that a BMD analysis of haematopoietic micronucleus (hMN) data from blood and
bone marrow provides better and more useful information, it is worthwhile to re-
think the current experimental designs and to consider using designs with more
doses without increasing the total number of animals.

Overall, these results show that the clastogenic potency from short-term studies
may be used as an estimate of the carcinogenic potency, at least for compounds
that are positive in the in vivo micronucleus test. The next step would be to
investigate the carcinogenic potency for chemicals that appear to be non-
clastogenic.

Page 9 of 44



RIVM Report 340700007

Page 10 of 44



RIVM Report 340700007

Introduction

The 2-year cancer bioassay (OECD, 2008) plays an important role in cancer risk
assessment. Unfortunately, this assay has several drawbacks which include the
large number of animals utilized, the long time it takes to get the results (two
years plus one year of analysis), and the high cost (up to several million euros
depending on the route of exposure (Jacobson-Kram et al., 2004). Therefore,
the decision to perform such a study is not easily made. In the European
legislation REACH (Registration, Evaluation, Authorization, and restriction of
Chemicals), carcinogenicity studies are considered at all annexes but testing is
only allowed at the highest production volume (REACH Annex X) and under
specific conditions: (i) the test substance is either genotoxic or induces
hyperplasia and/or pre-neoplastic lesions in repeated dose studies and (ii) the
substance has a widespread dispersive use or there is evidence of frequent or
long-term human exposure. Both criteria have to be fulfilled for carcinogenicity
studies to be performed. There are also a number of conditions that waive
carcinogenicity studies such as classification as a category B or category C-
mutagen. A test proposal needs to be submitted and approved by the European
Chemical Agency (ECHA) before any carcinogenicity study is allowed to be
performed. As a result, carcinogenicity assays in Europe will often be lacking and
thus in many instances human risk assessment for a potential carcinogen cannot
be completed, leaving the carcinogenic potency of the chemical unknown.

This raises the question of whether carcinogenic potency of substances can be
estimated in the absence of carcinogenicity data from a chronic bioassay. One
way to address this issue for genotoxic carcinogens is to use in vivo genotoxicity
tests. Genotoxicity is generally a parameter used for hazard identification, but
the applicability of using the magnitude of response from in vivo genotoxicity
tests for hazard characterization has never been thoroughly investigated in a
quantitative manner. Genotoxicity assays could be useful for the determination
of cancer potency parameters given that genotoxicity tests measure mutations
and/or chromosomal aberrations which are strongly associated with
carcinogenesis. These in vivo tests are relevant candidates for predicting the
carcinogenic potency of chemicals, as there is accountability for metabolic
disposition of a xenobiotic including absorption, tissue distribution, metabolism
and excretion; all these factors are important parameters in determining the
carcinogenic potency of chemicals in vivo.

If genotoxic potency were found to be correlated with carcinogenic potency,
then in vivo genotoxicity tests might be used to assess the carcinogenic risk of
substances in the absence of carcinogenicity data. To the best of our knowledge,
only one study has attempted to address the relationship between dose-
response data from genotoxicity tests and carcinogenicity studies (Sanner and
Dybing, 2005). They compared the Lowest Effective Dose (LED) for in vivo
genotoxicity (micronuclei, sister chromatid exchange, DNA adducts,
chromosomal aberrations and comet assay) to a dose that resulted in a 25%
increase in tumor load (Tys) in mice and rats. Positive correlations were found
both in mice and rats, and both for oral and inhalation exposure (Sanner and
Dybing, 2005). A drawback of this study was that the LED and T,s, both being
estimated by simple and imprecise methods, were used as estimates of
equipotent doses. We performed dose-response analysis in an earlier study
where equipotent doses were estimated as benchmark doses (BMDs) from in
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vivo genotoxicity tests (micronucleus test and transgenic rodent mutation assay)
as well as from carcinogenicity studies. In this study we found a positive
correlation between genotoxicity tests and tissue-matched carcinogenicity,
based on dose-response data from 18 compounds (Hernandez et al., 2011). This
promising result stimulated us to proceed and try to validate this result based on
a larger sample of chemicals. In the present study we investigated 51
compounds: 41 compounds which were evaluated by the U.S. National
Toxicology Program (http://ntp.niehs.nih.gov/) in a in vivo micronucleus test, as
well as in a 2-year cancer bioassay and 10 compounds from our previous
analysis (Hernandez et al., 2011). Table 1 provides a list of compounds
considered.

The in vivo erythrocyte micronucleus test is the most common in vivo

genotoxicity test. It measures the ability of a test compound to induce micronuclei in
progenitor red blood cells in bone marrow (Heddle et al., 1983). The incidence of
micronucleated polychromatic erythrocytes (reticulocytes) from bone marrow
(Heddle et al., 1983), and micronucleated reticulocytes from peripheral blood
(Hamada et al., 2001) are considered a valid index for identifying chemicals that
induce chromosomal damage or cause chromosomes to lag at anaphase.

We analyzed the in vivo micronucleus tests from hematopoietic cells (blood and
bone marrow, hMN) and carcinogenicity studies for the 51 chemicals by re-
analyzing the dose-response data and by quantifying their respective potencies
in terms of equipotent doses, i.e. doses that are associated with the same
change in response. Such equipotent doses can be effectively estimated using
the BMD approach, where dose-response curves are fitted to the overall dose-
response data resulting in confidence intervals for the BMDs. Confidence
intervals quantify the precision of each estimated BMD in dependence of the
quality of the specific dataset.

Aim

The aim of this report was to investigate whether the carcinogenic potency of a

compound can be estimated from an in vivo hMN. This would be the case if the

following conditions are fulfilled:

1. a relationship between the hMN and carcinogenic potency of chemicals must
exist, and;

2. the dose-response data from hMN and carcinogenicity tests are of sufficient
quality to establish that correlation with sufficient precision.

The first condition relates to the scientific question if the correlation exists at all.

The second condition relates to the practical (risk assessment) question if

current test protocols are of sufficient quality to make predictions about the

carcinogenic potency of a chemical in the absence of a bioassay. If it can be

established that condition 1 holds, it would be worthwhile to investigate how

study protocols could be improved to make the prediction of a chemical’s

carcinogenic potency more precise.
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Analysis

Data

A total of 222 technical reports in the National Toxicology Program were
surveyed for carcinogens that had both hMN and carcinogenicity dose-response
data and 44 compounds met this criterion (http://ntp.niehs.nih.gov/). For
another 10 compounds, dose-response analysis was performed (BMD analysis)
for carcinogenicity data obtained from the Carcinogenic Potency Database (CPD,
http://potency.berkeley.edu/); for DMH, NDA, BAP, 2AAF, AZA and PHIP a
literature search was performed to obtain in vivo micronucleus data (Asano and
Hagiwara, 1992; Durling and Abramsson-Zetterberg, 2005; Meli and Seeberg,
1990; Shimada et al., 1992; Smith et al., 1999; Suzuki et al., 1996; Vrzoc and
Petras, 1997). The basis for selection of these 10 compounds is the availability
of both carcinogenicity and hMN data for BMD comparisons. The compounds
selected were not exclusively compounds classified as clastogenic; many of
them were also classified as mutagenic. Compounds in Table 1 that were
selected from the NTP database were assigned a consistency score by Levy
(2010), both for hMN and carcinogenicity, based on the consistency of the
results of multiple tests of the same compound when tested in one or both sexes
of mice and/or rats:

0 = all negative results wherever tested;

1 = some negative and some equivocal, never positive;

2 = never positive or negative; always equivocal;

3 = at least one positive and one negative; and

4 = at least one positive; no negative whenever tested.

Many compounds considered in this study had equivocal (score 2) or
inconsistent (score 1 or 3) test results for the hMN test, while four of them were
negative with a score 0 (i.e. classified as non-clastogenic). Similarly for
carcinogenicity, where seven compounds were negative in both sexes of both
mice and rats or had intermediate scores in at least one sex or species.
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Table 1: List of compounds

Carcinogenicity NTP Score In vivo
hMN
Source Cas # | IARC Compound AB hMN | Cancer | M F
1) TR- 320-
042 67-2 2A 5-Azacytidine ACD 4 3 + | NT
1,2-
2) CPD 306- 2A | Dimethyl- DMH - - +1 | NT
37-6 h .
ydrazine
3) CPD 305- - -
03-3 1 Chlorambucil CBC + | NT
4) CPD 148- - -
82-3 1 Melphalan MEL + | NT
N_
5) CPD 62'975' 2A | Nitrosodimethyl- | noa | - - | 42| NT
amine
6) CPD 684- N-Nitroso-N- ) i
93-5 2A methylurea MNU + | NT
7) TR- 96-12- 1,2-Dibromo-3- 3
028 8 2B chloropropane DBCP 0 4 + NT
TR- 96-12- 1,2-Dibromo-3- 3
206 8 chloropropane 0 4 + NT
8) CPD 50-832- 1 | Benzo(a)pyrene | BAP - - ds | NT
50-18- Cyclo-
9) CPD 0 1 phosphamide CPA - - + | NT
10) TR- 106- 1,2-
086 93-4 2A Dibromoethane DBE 4 4 + | NT
2_
11) CPD 53_396_ - acetylaminofluor | 2aAF - - +% | NT
ene
12) CPD gg_Gé 1 Azathioprine AZA - - +7 | NT
13) TR- 106- ) .
288 99-0 1 1,3-Butadiene BUT 4 4 + +
14) TR- 513- Dimethylvinyl DMV
316 37-1 | %B | chioride (DMvC) | ¢ 4 4 | NT
15) TR- 51-79-
510 6 2A Urethane URE 3 4 + | NT

IARC, International Agency for Research on Cancer; CPD, carcinogenic potency database
(http://potency.berkeley.edu/); hMN, hematopoietic micronucleus test; AB, abbreviation;
M, male; F, female; NT, not tested; TR, National Toxicology Program technical report; +,
positive; -, negative;

!(Meli and Seeberg, 1990); ?(Suzuki et al., 1996);

3 (Morita et al., 1997), 4(Shimada et al., 1992);

5(Vrzoc and Petras, 1997); ®(Asano and Hagiwara, 1992);

7(Smith et al., 1999); 8(Durling and Abramsson-Zetterberg, 2005).

hMN and carcinogenicity test results were scored as follows: 0 for all negative results
wherever tested; 1 for some negative and some equivocal, never positive; 2 for never
positive or negative; always equivocal; 3 for at least one positive and one negative; and 4
for at least one positive; no negative whenever tested in any strain or sex of both mice
and rats (Levy, 2010).

Page 14 of 44




RIVM Report 340700007

Table 1: List of compounds cont...

Carcinogenicity NTP Score In vivo
hMN
Source Cas # | IARC Compound AB hMN | Cancer M F
PhIP (2-Amino-
10565 1-methyl-6- ) ) 8
16) CPD 0-23-5 28 phenylimidazo[ PHIP + NT
4,5-b]pyridine)
17) TR- 101- 4,4'-
205 80-4 | 2B | oxydianiline oxv | 4 4 t N
18) TR- 556- .
374 5.5 2A Glycidol GLY 3 4 + NT
1,1,2,2-
19) TR- 79-34- 3 Tetrachloro- TET 4 3 + +
027 5
ethane
20) TR- 7446- Selenium
194 34-6 sulfide SEL 0 0 NT
21) TR- 71-43-
289 2 1 Benzene BEN 4 4 + NT
22) TR- 20265- p-Chloraniline
351 96-7 hydrochloride | P | 4 3 | NT
23) TR- 302-
502 17-0 3 Chloral hydrate CHL 4 2 + NT
24) TR- 67-66-
67-66-3 3 2B Chloroform FOR 4 3 + NT
25) TR- 106- ; Allyl glycidyl
376 92-3 ether AcE | 3 3 N
26) TR- 123- .
366 31-9 3 Hydroquinone HYD 4 3 + NT
27) TR- 78-79-
486 5 2B Isoprene 1SO 4 4 + NT
3'-Azido-3'-
‘2‘223 TR 32;_116' 2B | deoxy- AZT 4 4 + | NT
thymidine (AZT)
29) TR- 542- -
448 56-3 - Isobutyl nitrite ISN 4 4 + +
30) TR- 79-01- Trichloro-
002 6 2A ethylene TCE 0 2 - NT
31) TR- 77-09- Phenol-
465 8 2B phthalein PHP 4 4 + +
4-Chloro-o-
32) TR- 95-83- 2B phenylene- cop 4 4 + NT
063 0 o
diamine

IARC, International Agency for Research on Cancer; CPD, carcinogenic potency database

(http://potency.berkeley.edu/); hMN, hematopoietic micronucleus test; AB, abbreviation;

M, male; F, female; NT, not tested; TR, National Toxicology Program technical report; +,
positive; -, negative. hMN and carcinogenicity test results were scored as follows:

0 for all negative results wherever tested; 1 for some negative and some equivocal, never
positive; 2 for never positive or negative; always equivocal; 3 for at least one positive and
one negative; and 4 for at least one positive; no negative whenever tested in any strain or
sex of both mice and rats (Levy, 2010).
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Table 1: List of compounds cont...

Carcinogenicity NTP Score In vivo
hMN
Source Cas # | IARC Compound AB hMN | Cancer M F
) ) Propylene
gf?STR 5;2_178 3 glycol mono-t- PGE 3 3 - +
butyl ether
34) TR- 150-
266 68-5 3 Monuron MON 4 3 + NT
Dimethyl
35) TR 868 3 hydrogen DHP 4 3 + NT
287 85-9 .
phosphite
36) TR- 1163- Decabromodip
309 19-5 3 | henyl oxide bpo | 4 3 NT | NT
37) TR- 108-
503 95-2 3 Phenol PHE 4 1 + NT
38) TR- 74-83- Methyl
385 9 3 | bromide MBR | 4 0 O NT
39) TR- 108- .
203 46-3 3 Resorcinol RSC 4 0 + NT
40) TR- 58-55- .
473 9 3 Theophylline TEO 3 0 + -
2,6-
41) TR- 15481- Toluene-
200 70-6 © | diamine THC | 4 0 o NT
dihydrochloride
42) TR- 50-81- o
247 7 L-Ascorbic acid LAS 4 0 + NT
43) TR- 136- 4-
330 77-6 Hexylresorcinol HRC 3 1 + NT
44) TR- 75-05- o
447 8 - Acetonitrile ACE 3 1 + -
45) TR- 518- .
493 82-1 - Emodin EMO 3 1 - +
_ _ _ plpl_
46) TR 80-07 - Dichloro- CPS 4 0 + NT
501 9 ;
diphenyl sulfone
47) TR- 13463- Titanium
097 67-7 | | dioxide o | 4 1 N
1,1,1,2-
48) TR- 630- 3 | Tetrachloro- ETH 4 3 + | NT
237 20-6
ethane
49) TR- 91-17- .
513 8 Decalin DCN 3 3 +
50) TR- 129- Leucomalachite
527 73-7 © | green Leu | 4 3 NT |+

IARC, International Agency for Research on Cancer; CPD, carcinogenic potency database
(http://potency.berkeley.edu/); hMN, hematopoietic micronucleus test; AB, abbreviation;
M, male; F, female; NT, not tested; TR, National Toxicology Program technical report; +,
positive; -, negative. hMN and carcinogenicity test results were scored as follows: 0 for all
negative results wherever tested; 1 for some negative and some equivocal, never positive;
2 for never positive or negative; always equivocal; 3 for at least one positive and one
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negative; and 4 for at least one positive; no negative whenever tested in any strain or sex
of both mice and rats (Levy, 2010).

Table 1: List of compounds cont...

Carcinogenicity NTP Score In vivo
hMN
Source Cas # | IARC Compound AB hMN | Cancer M F
51) TR- 98-83- alpha-
543 9 Methylstyrene AMS 3 3 i
Sodium
giéTR- 71728_%- - dichromate SCD 3 4 + NT
dihydrate (VI)
53) TR- 97-54-
551 1 - Isoeugenol IEG 3 3 - +
Coconut oil
54) TR- 68603- acid
479 42-9 2B diethanolamine coc 3 3 + -
condensate

The in vivo micronucleus tests examined blood and/or bone marrow using a
variable study design, with group sizes between 5 and 15, and number of doses
ranging from three to eight (including controls). They further differed in the
exposure regimen, varying from a single dose to treatment for 182 days or 26
weeks. Both sexes were used in some of the studies, but most studies used only
males. While for some chemicals only a single dose-response dataset was
available, other chemicals were tested more extensively by varying factors like
sex, strain, or exposure regimen, resulting in various dose-response datasets for
the same compound. Thus, individual datasets were defined by having the same
levels for the following factors: compound, sex, strain, route, tissue observed,
exposure regimen, exposure duration, and sampling time (24 or 48 hrs).
Genotoxic potency parameters were derived in terms of BMDs for each of these
individual datasets. Thus, there were many BMDs derived per compound and the
lowest BMD was selected for final analysis.

The carcinogenicity dose-response data varied largely in group sizes (ranging
between as few as 7 and as many as 999). Number of dose groups ranged from
three to eight (including controls). Individual datasets were defined by the
following factors: compound, sex, strain, route, exposure duration, study
duration, and tissue with lesion, type of lesion, tissue specific lesion, and lesion
category (see below). Carcinogenic potency parameters were derived in terms of
BMDs for each individual dataset. The number of individual dose-response
datasets available for a given compound varied between a single dose-response
for some chemicals to a large number of them in others by using, i.e. different
exposure durations or study durations (with 2AAF as the most prominent
example). Similar to the analysis of the in vivo hMN, there were many BMDs
derived per compound and the lowest BMD was selected for final analysis.

One of the complications of the dose-incidence data reported by carcinogenicity
studies is that they may relate to quite different types of response with varying
degrees of severity, such as hyperplasia, adenomas, carcinomas, or tumor
bearing animals (tba). Clearly, a dose that causes a 10% increase in animals
with hyperplasia is not equipotent to a dose that causes a 10% increase in
tumor bearing animals. To keep track of such differences, we assigned ‘lesion
class’ scores, roughly representing different descriptions of malignant or
potentially pre-malignant lesions in each dose-response dataset. There was a
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group of compounds which had no evidence of a dose-related trend in
carcinogenicity and we assigned this group category ‘A’. The remaining lesions
were designated as follows:

B- hyperplasia, effects in hematopoetic system, neoplasms;

C- adenoma, benign tumors, cystioadenoma, leukemia;

D- carcinoma, papilloma, sarcoma, angiosarcoma, lymphoma,
hamangioendothelioma, stomal tumor, granulosa cell tumor,
pheochromocytoma;

E- tumors mixed, any mixed tumor (i.e. lung mixed, liver mixed);

F- combination of tumors: papilloma-carcinoma, carcinosarcoma,
adenocarcinoma;

G- tba, tba mixed (more than one tumor type combined by NTP or by Berkeley
for the CPD);

H- tba malignant tumor(s) (See Appendix 1 for a detailed description of all the
tumor lesions in each category).

Three approaches were taken in correlating the hMN potency to the tumour

potency:

1. by including all BMDs for all endpoints and study conditions in one graph,
irregardless of tumor lesion category;

2. by selecting the lowest BMD for each compound, irregardless of the
associated tumor lesion category, and;

3. by selecting the lowest BMD for each compound, for the same tumor lesion
category. See Figures 1-3, respectively.

Deriving BMD confidence intervals

Equipotent doses are defined by BMDs at a given constant benchmark response
(BMR). For the carcinogenicity studies we used a BMR of 10% extra risk, which
is the most commonly used value of the BMR in dose-response characterization
of quantal endpoints (EFSA, 2009). For the continuous dose-response data from
the in vivo hMN we used a 5% increase in the mean count in the controls as the
BMR, as being the recommended BMR for continuous response data by the
European Food Safety Authority (EFSA, 2009).

Rather than deriving BMDs as single values, we derived the (two-sided) 90%-
confidence intervals for them. In this way, the potency of chemicals can be
quantified even if they do not show a significant trend in the dose-response. For
our purposes this is particularly important because this makes it possible to
include chemicals with ‘negative’ test outcomes in our sample of chemicals, and
thus contribute to establishing the correlation of interest. For chemicals with a
negative test outcome, the upper confidence limit for the BMD will be very large
or even infinite. However, there will be a lower bound, implying that, if the
chemical would at all induce a response (at the value of the BMR used), then it
will occur at a higher dose than that lower bound. On the other side of the
range, it may occur that the lower confidence limit results in ‘zero’, meaning that
no lower bound can be assessed given the dose-response data available. Such
may occur in datasets when even the lowest dose shows a response that is
substantially higher than the chosen BMR. In these cases, the upper bound of
the confidence interval provides some information on the potency of the
chemical: the effect (at effect size = BMR) will occur at a dose lower than that
upper bound.
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Correlation plots of hMN against carcinogenic BMDs can be created by plotting
the confidence intervals (in both the x- and y-direction) for each dataset,
including the ones that resulted in (one-sided) infinite confidence intervals.
Another option is to plot single points rather than confidence intervals, and in
that case we used the (geometric) mean of the upper and lower confidence
bound. For intervals with zero lower bound we used the minimum nonzero lower
limit over all intervals assessed, and for intervals with infinite upper bound we
used the maximum of the finite upper bounds of all intervals assessed.

Many of the dose-response data available did not contain much information on
the shape of the dose-response by themselves; for instance due to a limited
number of dose levels tested, or with responses in only one or a few dose
groups. This would lead to highly imprecise estimates of equipotent doses, and a
potential correlation would be concealed by the large variability in the data
However, a recent re-analysis of a large number of toxicological datasets (Slob
and Setzer, in prep.) showed that the dose-responses (from similar studies) of
different chemicals tend to be parallel on log-dose scale. We used this result by
fitting the model to combined clusters of datasets, where the common value of
the steepness parameter is informed by all datasets in the cluster. This approach
results in a considerable improvement of the precision of individual BMDs (i.e.
smaller confidence intervals).

The continuous dose-response data from the micronucleus tests were analysed
by fitting the exponential model, which is one of the recommended models for
continuous data (EFSA, 2009), and known to be generally applicable to toxicity
data:

y = a[c—(c—l)exp(—bxd)
where y is the response (number of cells with micronuclei) and x the dose. In
fitting the model to the combined cluster of datasets, separate values for
parameters a (reflecting the response at dose 0) and b (reflecting the potency of
the chemical) are estimated for each individual dose-response dataset, while
parameters ¢ and d are kept constant over all datasets within the cluster
analyzed. The within group variance was estimated separately for each
individual dataset as well. See Slob (2002) for a more detailed discussion on this
method.

For the guantal dose-response data from the carcinogenicity studies the
log-logistic model was fitted.
a+ (1-a)

Y I+ exp[—clog(x/b)]

where y is the response (fraction of affected animals) and x the dose. Again,
parameters a (reflecting the response at dose 0) and b (reflecting the potency of
the chemical) are estimated for each individual dose-response dataset, while
parameter c is kept constant over all datasets within the cluster analyzed.

A BMD analysis normally applies various models to take ‘model uncertainty’ into
account. The overall confidence interval (CI) for the BMD is then obtained by
integrating the results from the various models (for which various methods may
be used (EFSA, 2009)). We only used one model in the present analysis. In
general, experience has shown that the log-logistic model describes toxicological
dose-responses data in nearly all cases. Further, systematic analyses of large
numbers of historical datasets from all sorts of studies showed that the two
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models just mentioned adequately described all datasets that were selected
based on having sufficient doses and animals (Slob and Sezter, in prep.).

Dose-response modelling was performed with the software package PROAST.
This package allows for dose-response analysis with covariates. This makes it
possible to perform combined analyses of clustered sets of similar datasets
related to different chemicals by assuming that the potencies of the chemicals
differ, but not the shape parameters of dose-response model (see above). This
assumption appeared to be satisfied by the data considered, at least
approximately so.

Steps of analysis

To overall analysis consisted of the following steps.

- Alarge datasheet was created for the hMN data with columns dose
(mg/kg/day), mean response, Standard Error of the Mean (SEM), group
size, and a number of relevant factors (chemical tested, sex, strain, route of
exposure, tissue (blood or bone marrow), exposure duration, sampling time
(24 or 48 hours), or vehicle used in controls.

- Similarly, a large datasheet was created for the tumor data with columns
dose (mg/kg/day), number of animals with response, group size, and a
number of relevant factors (chemical tested, sex, strain, route of exposure,
exposure duration, duration of study, tissue, type of lesion, combination of
lesion and tissue, severity of the response.

- In both datasheets, a column with study number was added, such that dose-
response data differing in any of the associated factors were labelled with a
unique number.

- For each datasheet the total number of individual datasets was too large to
be analysed as a single combined dataset. Each datasheet was split up in a
number of manageable clusters, with around 60 datasets max. Each cluster
combined similar datasets like same route of administration, and/or same
sex, etc.

- A dose-response model was fitted to each cluster of datasets, with individual
dataset as a covariate for parameter a (estimated response in controls) and
for parameter b (potency of the dose-response), and, in the case of hMN
data, for the within group variance. In this way, the steepness of the curves
is estimated from all dose-response data in the cluster, since it is assumed
to be constant among the individual studies.

- For each cluster of datasets, the confidence intervals were calculated for the
BMD related to each individual dataset.

- The CIs for all hMN clusters were combined and the columns with the
associated factors were added. The same was done for the tumor clusters.

- The hMN and tumor CIs were combined in a single table, such that for
matching chemicals each genotoxic study with a CI matches each tumor
study with a CI, and vice versa. The factors related to the hMN and to the
tumor studies were maintained as additional columns.

- The CIs, or the geometric means of the intervals related to matching
chemicals were plotted against each other. Any of the factors in the table
could be used to mark the points. In this way, the impact of each factor
could be further examined.
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Results

From the 54 compounds considered, three were omitted: TIO as it resulted in
(two-sided) infinite BMD CI for all micronucleus data considered, DPO as there
were no micronucleus data available, and AZA because it was tested in a
genetically modified strain (MM). Thus, 51 chemicals were left for further
analysis.

All hMN and carcinogenic BMDs were plotted against each other in Figure 1.
Even though the scatter is large, from this figure it can be concluded that a
positive (and approximately linear) correlation between the hMN potency of a
compound and its carcinogenic potency exists. The large scatter and low
correlation coefficient (Pearson’s r = 0.35) could hardly be better given the large
variability in BMDs within the same compounds, in the X-direction (hMN), and
even more so in the Y-direction (carcinogenicity). The latter could partly be due
to the fact that the carcinogenic dose-response datasets varied in important
factors like study duration (and exposure duration), and lesion class description
of the endpoint considered. A first exploration did not reveal which factors
contributed systematically to the variation in BMDs within compounds, apart
from the factor ‘lesion severity’ in the carcinogenicity studies.

The next question is to what extent the carcinogenic potency (BMD) can be
estimated from the hMN potency (BMD). Normally, the lowest carcinogenic BMD
is selected as a point of departure (PoD) in risk assessment. Figure 2 shows the
correlation between the lowest hMN and lowest carcinogenic BMDs (for any
lesion category), each selected from all datasets available for a given compound.
In this figure, the CI in both directions were plotted and from this figure, we
noted that some of the CIs in the right upper corner have infinite upper bounds,
but the lower bounds are in line with the overall correlation. This Figure contains
7 compounds in category A, 1 compound in category B, 3 compounds in
category C, 11 compounds in category D, 3 compounds in category E, 21
compounds in category F, and 5 compounds in category G (See Appendix 2 for
summary of the hMN and tumor BMDs).

As already noted, part of the scatter in the correlation is due to the different
‘lesion classes’ for the endpoint considered representing different descriptions of
malignant or potentially pre-malignant lesions. Indeed, the scatter can be
reduced by selecting one lesion category. Figure 3 shows the results for lesion
category D (defined as tissue-specific tumor, see section 2.1 for lesion category
definitions). The middle smooth line represents all points where the tumor
BMD10 is ten times higher than the hMN BMDO5. Hence, if all points would lie on
this line, the carcinogenic BMD10 would be predicted by multiplying the hMN
BMDO5 by a scaling factor of 10. Note that this value of the scaling factor
specifically holds for the value for the BMR chosen for the hMN BMD; if a higher
value than 5% been chosen, this scaling factor would have been found to be
lower (possibly lower than 1). Obviously, both the uncertainty in BMDs
(represented by the confidence intervals) and the scatter among the points need
to be taken into account. Most of the associated uncertainty/variability can be
captured by the two dotted lines, representing a factor of 10 higher/lower than
the middle smooth line. Taking a specific hMN BMDLO5 (i.e. BMDO5 lower
bound) which lies exactly on the lower dotted line, multiplying that value by ten
would result in a ‘best’ estimate of the tumor BMD. When that value is
subsequently divided by ten so as to take the uncertainty into account, the
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resulting value would be back on the dotted line, and the associated value on
the y-axis would now represent a conservative estimate of the tumor BMD.
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Figure 1. All h(MN BMDs plotted against all carcinogenic BMDs (n = 1452 pairs of
BMDs, related to 51 compounds). Note the large variation in BMDs within
chemicals, both for the hMN and for the carcinogenic BMDs. The lower and left
dashed lines of the inner block indicate the smallest nonzero lower confidence
limit over all datasets; the right and upper dashed lines indicate the largest
finite upper confidence limit over all datasets. So, outside these lines the
uncertainty is infinite in the outer direction.
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Figure 2. The 90% ClIs for the lowest carcinogenic BMD were plotted against the
ClIs for the lowest hMN BMD for the 51 chemicals considered. Upper confidence
bounds that hit the outer frame are in fact infinite (See Appendix 2 for hMN and

tumor BMD values).
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Figure 3. Lowest carcinogenic BMD for lesion category D against lowest hMN
BMD (n = 26 compounds). The 90%-ClIs are plotted in both directions. The
middle solid line represents the case where the carcinogenic BMD10 is 10 fold
higher than the hMN BMDO05s. The upper and lower dotted lines are 10 times
higher and lower than that (in both directions). So, the lower dotted line is the
line where the hMN BMDO5 is equal to the tumor BMD10. The confidence
intervals for chemicals DMH and NDA are outside the lines, but their dose-
response data were poor (e.g., only two nonzero doses) (see Appendix 3 for
hMN and tumor BMD values).
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Discussion

The aim of this report was to extend our initial study (Hernandez et al., 2011)
which was based on only 18 compounds and to investigate whether BMDs from
the in vivo hMN are correlated with carcinogenic BMDs. Increasing the number
of compounds to 51 confirmed our earlier result (Hernandez et al., 2011) that
the hMN potency of a chemical is correlated to its carcinogenic potency. There is
remaining scatter in the correlation plots, but this could not have been otherwise
given the observation that carcinogenic BMDs vary considerably within the same
compounds. This variability can be partly explained by the fact that the
individual dose-response datasets (for a given compound) often relate to
endpoints of different type and lesion category. Further, the individual datasets
for a given compound may vary regarding other factors, such as study duration,
route, strain, and sex. The individual dose-response datasets for the various
chemicals form a complex database, and more work would be needed to see if
systematic patterns could be revealed between the various factors involved and
the resulting BMDs.

This analysis differed in approach to our previous study (Hernandez et al., 2011)
in several ways. First, we analyzed 51 compounds, 138 micronucleus and 388
cancer bioassay data sets, in comparison to 18 compounds, 54 micronucleus and
224 cancer bioassay data sets in our previous study. Second, data were
analyzed separately in our previous study while the data were grouped into
clusters for combined analyses in the present study. This was performed
because combining datasets into clusters with chemical as a covariate generally
leads to more precise BMD estimates, in particular for poor dose-response
datasets that by themselves provide little information on the dose-response
shape. Third, in the present study we only used hMN tests, while in the previous
study we included various types of genotoxicity assays, including the transgenic
rodent mutation assay and the comet assay.

Regarding the results, there were both similarities and differences between both
studies. The correlation coefficients between lowest tumor BMD10 and lowest
micronucleus BMD10 were similar in both studies: 0.54 in our previous analysis
and 0.53 (Figure 2) in this study. Importantly, tumor lesion was taken into
account in the present analysis, which was not the case in our earlier study,
resulting in an improvement in the correlation to 0.77 (Figure 3). However, an
important difference was that we found the tumor BMD to be proportional to the
hMN BMD in the present study, while in the previous study the tumor BMD was
proportional to (approximately) the square root of the genotoxic BMD. Further,
in our present analysis we found an uncertainty factor of 10 would probably be
sufficient, in comparison to an uncertainty factor of 100 in our earlier analysis
(Hernandez et al., 2011).

The approach of producing correlation plots between hMN and carcinogenic
potency of chemicals (Figures 1 to 3) challenges the way genotoxicity data are
analyzed, in particularly the way we categorize chemicals as genotoxic or non-
genotoxic, and the way we view false positive and false negative results in
genotoxicity tests. As an illustration, we plotted the geometric means of the CIs
in Figure 2, and indicated which chemicals were negative in the hMN and/or
carcinogenicity test (Figure 4). Several examples from Figure 4 will be
highlighted to illustrate the advantages of using correlation plots, in comparison
to traditional yes/no analysis. The first example concerns a set of chemicals
(ACE, CPS, EMO, HRC, MBR, PHE, TAC, TEO, TIO and RSC) which are positive for
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hMN and negative for carcinogenicity (+,- in Figure 4), and would be considered
a false positive in the traditional approach. As Figure 4 shows, this set of
compounds does not deviate from the correlation plot. The fact that they are
located in the right upper corner means that the hMN test correctly predicts
them to have low carcinogenic potency (if any). The second set of examples are
CHL (+/e) and TCE (-,e) where equivocal results were obtained in the
carcinogenicity study. In this case, both the hMN and the tumor BMDs were
found to be high, and the hMN test correctly predicts that CHL and TCE are weak
carcinogens. These examples illustrate how informative the correlation plot
(Figure 4) is in gaining insight on the carcinogenic potency of chemicals using
the estimated potency (BMD) from the in vivo hMN test. Thus, all ‘false
positives’ and ‘false negatives’ in the database considered comply with the
overall correlation plot. As Figure 4 shows, negative tests only occur in the right
upper quarter of the plot (above around 1 mg/kg), but this region also includes
many positives (for both tests). Clearly, highly potent compounds (i.e. low BMD)
will virtually always be found to be positive, while lower potency chemicals have
an increasing probability to result in a negative test outcome. Given that our
data set had very few negative hMN and non-carcinogens, further analysis is
needed to investigate whether negative hMN compounds provide useful
information in regards to carcinogenic potency. This is of particular importance
as analysis of hMN generally show low sensitivity for prediction of
carcinogenicity (Witt et al., 2000). It is clear from the aforementioned
correlation plots that carcinogenic potency information can be derived from
positive hMN compounds in this data set and our results are in line with the
notion that a positive hMN is highly predictive of rodent carcinogenicity (Witt et
al., 2000).

As illustrated by Figure 4, positive and negative test outcomes do not
necessarily provide a discrete distinction between compounds with or without
the hazard considered. Overall, Figures 2, 3 and 4 show that different chemicals
gradually differ in potency without any clear demarcation between highly and
less potent chemicals because there is no gap between low and high BMDs,
neither for hMN nor for carcinogenicity. Therefore, it is not possible to
objectively define the border between positive and negative chemicals (for hMN
or for carcinogenicity). For purposes of classification and labelling, the boundary
between positive and negative chemicals may be an appointed dose level that is
based on consensus, using practical considerations such as maximally feasible or
realistic doses.

Finally, results suggest that the lowest tumor BMD10 can be estimated from in
vivo micronucleus BMDLO5s (lower confidence bound of BMDO05) by multiplying
the latter by a scaling factor of 10. Here, the uncertainty in the MN BMDO5S is
taken into account by using the BMDLO5 as the starting point. This value would
predict the tumor BMD10 within an uncertainty range of around two orders of
magnitude (the true BMD10 might be a factor of 10 higher or lower with an
overall uncertainty range of 100). Therefore, an uncertainty factor of only 10
would be sufficient to obtain a conservative estimate of the tumor BMD10.

Altogether, these results demonstrate that the clastogenic potency from short-

term studies may be used as an estimate of the carcinogenic potency, at least
for compounds with a positive result in in vivo micronucleus studies.
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Figure 4. Geometric means of the confidence intervals shown in Fig. 2, related to
lowest hMN BMD and lowest tumor BMD for each chemical. Between brackets
the micronucleus and tumor test outcome are given, respectively (+ for positive,
- for negative and e for equivocal result). So, (-,+) would represent a false
positive. If omitted, both test outcomes were positive. Note that the points
outside the dashed box are rough approximations only, as their confidence limits
had infinite upper bounds (See Appendix 2 for hMN and tumor BMD values).

Impact for risk assessment

Our results have a significant impact for risk assessment, both regarding hazard
identification and hazard characterization.

Hazard identification

Our results show that there are only gradual differences in genotoxic (hMN) (or
carcinogenic) potencies and suggest that a clear demarcation between negative
and positive compounds is not distinguishable. To inform risk management
decisions that require a yes/no answer to the question whether a chemical may
be considered to be genotoxic (or carcinogenic) or not, is currently based on the
associated statistical test being significant or not. The outcome of significance
tests is largely driven by coincidental experimental circumstances, and may be
misleading, as illustrated in Figure 4. The approach of estimating the potency of
the compound (in terms of BMD) is much more reliable. To translate this
quantitative outcome into a yes/no answer, consensus would be needed as to
where to draw the line on the potency (BMD) scale that distinguishes chemicals
with the hazard from those without the hazard in a decision framework. For
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instance, one might decide to demarcate chemicals with a BMDLO5 below 1000
mg/kg body weight as genotoxic and above that level as non-genotoxic. This
would be a better funded and more transparent way of classifying chemicals as
compared to the current approach. Regulatory agencies should be responsible
for determining their own demarcating dose values.

Hazard characterization

The practical impact of our results is that, in the absence of a carcinogenicity
study, it may be possible to prepare a conservative estimate of the carcinogenic
potency from a (short-term) in vivo micronucleus test. As Figure 3 showed, the
carcinogenic BMD10 can, on average, be estimated by multiplying the
micronucleus BMDLO5 (note the lower bound) by a scaling factor of 10. An
uncertainty factor of 10 can account for the uncertainty of the correlation
between micronucleus and tumor potency. Put together, the rodent genotoxicity
BMDLO5 can be directly used as a conservative estimate of the rodent tumor
BMD10. This relationship is based on the results for carcinogenic BMD10s
associated with effects of lesion category D (see Figure 3). For lesion categories
C, E and F the average relationship also resulted in a scaling factor of 10,
although the scatter in the correlations was slightly larger. A further analysis of
the data (with the extensions mentioned above) should be performed to better
substantiate the overall uncertainty in the correlation plots.

Overall, our findings have a significant impact on the way risk assessment is
currently performed by providing an option of using the in vivo MN test for both
hazard identification and hazard characterization.

Impact for study design

One possibility to further reduce the observed scatter in the correlation between
hMN and carcinogenicity BMDs resulting from current studies is to improve the
study designs of both carcinogenicity and hMN studies. Since the trend is to
avoid carcinogenicity studies wherever possible, focus should primarily be on
changes to improve the genotoxicity studies. Although OECD guidelines are
currently available for the in vivo hMN test, these guidelines should be updated
to improve the interpretation and applicability of the results. Here, we briefly
discuss general statistical aspects of an optimal study design for the purpose of
effectively quantifying the genotoxic potency of chemicals.

One thing to note in thinking about experimental designs using the BMD
approach is that it is not driven by statistical power, but rather by statistical
precision in estimating the potency (BMD) of the chemical. The precision of the
BMD is determined by the total number of animals in the study rather than by
individual group sizes. For this reason, experimental designs using the BMD
approach can have fewer animals per dose and more doses without increasing
the total number of animals used. Indeed, for a given total number of animals in
the study, the precision as well as the accuracy can be improved by distributing
the animals over more dose groups (keeping the total number of animals the
same (Slob et al., 2005). Therefore, experimental designs of genotoxicity
studies may provide better information for BMD analysis when six or more dose
groups are employed. Although less animals per dose are used, the same
information on inter-animal variability is obtained, with a gain of better
understanding the dose-response relationship. Group sizes are important for
approaches that rely on pairwise comparison of dose groups using significance
testing but not in a dose-response analysis.
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Conclusions

Our current and previous results (Hernandez et al., 2011) support the existence
of a quantitative relationship between in vivo hMN potency and the carcinogenic
potency.

The gradual variation in hMN potencies among chemicals challenges the current
approach of assessing the genotoxicity of chemicals, usually based on
significance testing. The demarcation between genotoxic and non-genotoxic
compounds is better set by appointing a value of the potency (BMD) based on
biological or practical considerations.

The observation that chemicals show little variation in dose-response shapes
supports our approach of analyzing datasets as combined clusters. In this way,
BMDs could be better estimated for chemicals with limited dose-response data.

More chemicals with ‘negative’ outcomes in the hMN test should be added to this
analysis to check whether the hMN test for these chemicals predicts cancer
potency. If not, it should be investigated if these chemicals can be covered by
another genotoxicity test, e.g. one that measures mutations.

Overall, these results support the notion that cancer potency can be estimated

from a positive in vivo micronucleus test in the absence of a 2-year cancer
bioassay.
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Future research

The analysis of the database from the 51 compounds in this study could be
further extended by examining the following:

- Refine lesion categories: For the purpose of this first exploration of the
data, we devised a rough lesion categorization representing different
descriptions of malignant or potentially pre-malignant lesions in each dose-
response dataset. This should be revised by consulting with experts (cancer
pathologists) and re-analyzing the database with the new categorization.

- Include more compounds with ‘negative’ hMN results: It is possible
that some of these chemicals fall outside the correlation found in this study.
If so, examination of other genotoxicity tests may fill this gap.

- Other in vivo genotoxicity tests: It would be useful to investigate to what
extent other genotoxicity tests (e.g. transgenic rodent mutation assay and
comet assay) could predict the carcinogenic potency of chemicals and to
what extend this analysis can complement the findings in this report.

- Variable study conditions: Insight in study conditions involved in the
various micronucleus tests and carcinogenicity studies might reduce the
scatter in the correlation plots even further. Therefore, a further
investigation of the impact of study conditions on the potency estimates
would be very useful to improve the current OECD guidelines.

- Extended dose-response analysis: The present study used a 5% increase
in micronucleus frequency as the BMR. However, this value may have been
too low for obtaining a reasonable BMD confidence interval. The correlation
should be re-assessed based on a larger effect size (BMR) than 5% (e.g. 10-
50%). This may result in a different scaling factor, while the uncertainty
factor is expected to remain the same. In addition, the assumption that
dose-responses are parallel on log-dose scale (for a given cluster of
datasets) should be further validated.

- In vitro genotoxicity tests: Explore potency correlations between in vitro
genotoxicity tests and carcinogenicity. Even if a weaker correlation is
observed, results can inform risk assessment, help improve testing
strategies, and possibly further reduce the number of animals currently used
in evaluating the carcinogenic potential of chemicals. This is of particular
importance for cosmetics where in vivo testing is no longer allowed.
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Appendix 1: Description of tumor lesions per class

Number of tumors per lesion category
Tissue Tissue.lesion A B C D E F G  H Total
adrenal gland adrenal gland fibrosarcoraa 3 3
adrenal gland souaraus cell.carcinoma 3 3
adrenal squaraous cell.carcinoma f f
pheochromocytoma f f
pheochrormocytora Imphosarcorna 3 3
bladder bladder carcinorna 145 145
bladder i 64 6
brain forebrain olf nenroepithelorma 4 4
epididyos epididyras squamons cell carcinoma 3 3
esophagus esophagus mied 4 4
esophagus squarmons.cell carcinoma 4 4
forestomach forescuarnous cell carcinorea f f
forescuarnous cell papillorea i i
forescuaraous cell papilloraorcarcinorma 3 3
forescuaraouscell papilloma carcinomma 4 4
forstomach. ixed 4 4
forstomach. squatnons cell carcinoma 4 4
harderian gland adetioma 12 12
adenorna. carcinoma g 4 17
adenormanradenoearcinomma 6 f
carcinoma adenoma 24 24
heart hemangiosarcoma 20 20
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Number of tumors per lesion category
Tissue Tissue.lesion A B C D E F G H Total
hernatopodetic systern  blood vessel angiosarcorma 4 4
biome rnarrow depletion cellular 12 12
decrease mononuclear leukernia 4 4
hematopietic systern Iyraphoma thymicorigin ] ]
hematopietic syster sarcoma 4 4
hematopietic systern sarcoma Iymphora 4 4
hematopoietic system 4 4
hematopoietic syster Iyraphomma 11 11
Irephnode depletion Iyrphodd 12 12
Iyreprhorma a 9
histiocytic sarcomma allorgans histiocytic sarcorna 4 4
histiocytic sarcotma 5 5
ladney adenorna. carcinomma 4 4
tephropathy 12 12
renal tubule. adenoree carcing e 3 3
renal tubule adenora. carcinora std&extendsd 4 4
lagn Iyregphocstic and granlocytic neoplasin 3 3
laryme larye raied 4 4
Trver adenorna k| 3
adenorna. carcinoma f 9 75
adenorna. carcinoma. hemangiosarcorma 16 16
adenorna. carcinoma hepatoblastorna & f
carinomma 16 16
carcinoina ryelosareorna 3 3
carcinoing sarcorna hetrangioma 3 3
decrease hepatocellilar adenora carcinorna g g
hemangiosarcoma 12 12
hepatoblastoma ] ]
hepatocellular adenoma carcinoma 14 14

Page 38 of 44



RIVM Report 340700007

Number of tumors per lesion category
Tissue Tissue.lesion A B C D E F G H Total
Irer hepatocellular carcinotna 4 4
Irr pnix 64 64
Irver henigh 4 4
Iiwer carcinorna 133 133
Iiver malignant 4 4
liver squarnous cell carcinoma 12 12
Iung adenorna 16 16
adenora carcinoma 47 47
lung abvenlar bronchiolar carcinoma [ f
lung rnalignant 3 3
Tz raix a 9
Iang roized f &
lung turior 3 3
Iphosarcoraa Iyrephosarcorma f f
Iytophsarcora 3 3
mararnary gland ratarnary . gland adenorma 3 3
ratarnary gland carcinoroa CarCinosarcota 4 4
ratarnary gland wixed traors 15 15
rived. huraor roltiple organs 3 3
neoc o evidence of carcinogeneity 29 29
ovary ovary.cystadenoma 4 4
ovary.degeneration f f
oty grarnilosa cellturnor 4 4
oty raixed. turaors benign 4 4
oty raiedtumors i i
orvary . soaros cell carcinoina 3 3
orvary stromal turmor 4 4
pancreas pancreas soquarmons . cell cateinomma 4 9
pituitary gland adetioma ¥ ¥
gland adenoma 9 a
preputial gland carcinoma 7 7
strall intestine adenora carcinoma 10 10
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Number of tumors per lesions category

Tissue Tissue.lesion A B C D E F G H Total
skin fihrosarcoma 3 3
shin.aguarnonscell papillors 3 3
shin hermanginsarcomma g g
skin zarcoma 4 4
skir suarnonscell papillorna carcinoma 3 3
spleen hemangiosarcoma 4 4
spleendepletion Iymphoid 12 12
spleen hemangioendothelial sarcoma 4 4
spleen hemangiosarcoma 12 12
spleen satcorna lyraphosatcoma 3 3
spleen sguarous cell carcinotma f f
spleen spleen sguarous cell carcinotma f f
stotnach papilloma carcinoma 6 f
stommach.glandular adenocarcinorna 4 4
stotmach.soguamons cell carcinomma 12 12
turnor beaning anral | avdrals with realignant turaors 3 3
tha.ralignant 12 12
tha.rmix q 9
tha.rixed 16 16
turnoy bearitg. andrial 3 3
testis testis degeneration f f
testis squamous cell carcinoma 3 3
thyrans thyrrans. depletion Iyraphoid 12 12
thyroid gland adenoma 4 4
adenoma carcinomma, T 7
tonge tonge ried 4 4
tonge sguarnons cell catcinoma 4 4
uterus uterus carcinoma adenocarcinora 3 3
uterus hermanginendotheliorma 3 3
uterus hernangiosarcoma 4 4
vagina spuarnouscell carcinoma papilloma 4 4
zyrbal gland zyrbal gland carcinoma ] ]
Grand Total 29 0 F9 0 6e | 595 1% | 264 | 2§ 15 1w
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Appendix 2: Data used to generate Figure 2
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hMHN (Genotoxicity endpoint Carcinogenicity (Tumor Endg
campound strain S8 route tissue (EEHMEE | CE ik LU Tl AL source BEMDLas | BWDUps | compound strain sex route CEERE | | CITE L] severity tissue tissue.lesion EmDLiwp | BMDUio
regimen  exposure control time time exper
dhe [=i] m inh blood 125 178 air 24 ntp 0.63257 4.4119 dhe bGc T inh 96 104 G tha tha.rmix 0.38531 2.8025
but BB m inh brm 14 14 air 24 ntp 3.6422 11.807 but bGc m inh 6O [=1u} F lung adenocarc 14 B7 52.304
nasal
age BB m ip brm 3 3 24 ntp 28126 7.ar42 age bGc m inh 103 103 c cavity nas.cav.ade 12722 43.036
iso BB f inh brm BS 91 24 ntp 0.055653 5.184 iso bEc m inh 72 72 F liver hepatocellular. ade.carc, 21124 1113.58
isn =11 f inh blood BS 91 24 ntp 50 B05 153.93 isn bEc f inh 103 103 F lung ade.carc 39116 178.51
poe =] f inh blood BS 91 24 ntp 139.45 535.29 poe bEc m inh 104 104 F iver ade.carc 79184 407 .45
mbr =] m inh blood 10 14 24 ntp 10.348 33.151 mhbr b&c m inh 104 104 A P P 318.25 Inf
ace BE& f inh blood B5 =31 24 ntp 21.697 201.04 ace bEc m inh 104 104 A PA RA B33.68 Inf
coc [={=] f derrnal blood oz 66 a ntp 47 346 150.8 coc bEc 1 dermal 104 104 F er ade.carc.hepatoblas 1.6957 11.648
dcn [={=] m inh blood 65 91 24 ntp 4.8684 27.706 dcn bEc 1 inh 105 105 [s] uterus  stromal.polyp.scarcor 380.73 1147.6
ams =15] f inh blood 65 91 24 ntp 104.29 302.55 ams bGc 1 inh 105 105 F Vet ade.carc 98.814 504.93
acd E6 m ip bload 1 1 48 ntp 10108 | 60.529 acd b6c i ip 51 81 B Iymph  sytic.and granulocytic.n 0.19844 | 0 48384
dmvc [=i] m ip bm 3 3 24 ntp 3.0136 6.8522 drrve bGc T gav 103 103 [w] forstormach foresgquam. carc 14.879 22052
oy BB m ip brm 3 3 24 ntp 5.56444 45 65 oxy bGc f feed 104 104 F ade.carc 16 685 38.294
gly P16 m gaw blood 195 273 water 24 ntp 1.6469 67115 gly bGc m gaw 104 104 F ade.carc 4 4965 26.35
sel BB m ip brm 3 3 corn. il 24 ntp 1.4662 8.0335 sel bEc f gay 103 103 F ade.carc 14.004 27 B19
ben P1B m gav blood 32 42 corn. il 24 ntp 0.13481 027361 ben bEc m gay 103 103 8] gland carc 12.409 18.08
pituitary
chl =] m ip bm 3 3 PES 24 ntp 38.0490 107.22 chl b&c T gav 108 105 o3 gland gl.ade B9.98 9E6.298
for =] m ip brr 3 3 corn. oil 24 ntp 33.492 1131 for bEc f ay 93 93 F carc.myelosarc 5.1245 14.821
hyd =] m ip brm 3 3 FPES 24 ntp 27673 7.3599 hyd bEc T gav 104 104 F ade.carc 19.406 63.061
cop cdl m ip brr 1 2 ha 48 horita 4.24458 13.213 cop bGc m feed 96 9B [s] ade.carc 522.07 959.95
rmon =15] m ip brr 3 3 carn. oil 24 ntp 5.9375 34.913 rmon bEc m feed 104 104 F ade.carc 2160.8 Inf
dhp [=i] m ip bm 3 3 FBS 24 ntp 26.015 125.18 dhp bGc m gav 103 103 A P& 178.1 Inf
tio BB m ip brm 3 3 corn.oil 24 ntp 0.00085 Inf tio bGc m feed 104 104 A A 677380 Inf
pituitary
tac BB m ip brm 3 3 FB= 24 ntp 3.6391 9.3742 tac bGc f feed 104 104 c gland ade 11.792 Inf
phe =11 m ip brm 3 3 PBS 24 ntp 13.282 40526 phe bEc m wwater 103 103 A A A 108690 Inf
las =] m ip brm 3 3 PBS 24 ntp B9.725 204 B9 las bEc m feed 103 103 A A A 815520 Inf
harderian
hrc ={5] m ip brm 3 3 corn. oil 24 ntp 13.2 Inf hrc bEc m gay 104 104 F gland ade.carc 57.6889 156.45
reC =] m ip brr 3 3 PES 24 ntp 12.118 48.762 rec bEc m ay 104 104 A A A 17746 Inf
ema [={=] m ip brr 3 3 24 ntp 138.63 Inf emo bEc m feed 105 105 F kidney ren.tub.ade.carc 0.00173 Inf
cps =15] m ip brr 3 3 24 ntp 17.834 85.395 cps bGc 1 feed 104 104 [s] skin skin.sarc 30.396 B6.02
eth =15] m ip brr 3 3 24 ntp 209589 62.853 eth bEc 1 gay 103 103 F et ade.carc 45.942 94.654
mel cdl m ip bm 1 1 na 24h hdarita 0.008456 | 0.037978 mel swiss T ip 26 79 G tha tha.rmix 0.005465 | 0.033153
chc bdfl m ip brm 1 1 na 48hrs Morita 0.046114 | 014097 chc Swiss f ip 26 78 G tha tha. mix 0.001 0.014859
nda o m ip blood 1 1 na 48 suzuki 0.14075 4.0427 nda chl f gaw a0 72 G tha tha. mix 0.017799 | 0.045266
dbcp cdl m ip brm 1 1 na 48hrs horita 1997 1.3964 5.0091 dhcp bGc f inh 91.3 104 E mix mix 027675 | 067592
cpa balb m ip blood 1 1 MaCl 48 “rzoc 0.008473 | 0.73073 cpa Swiss f ip 26 79 G tha tha. mix 024823 1.1873
2aaf bdf1 m ip blood 1 1 na 48 Asano 1.1875 43712 2aaf bEc m feed 82 82 E liver liv. iz 0.65102 1.4416
harderian
ure ={5] f water brm =) 91 weater 24 ntp 0.40415 1.816 ure bEc m wwater 104 104 F gland carc.ade 0.618 1.231
mny balb m ip blood 1 1 Maicl 48 “rzoc 0.084731 | 0.33333 rnu c3h m wwater 30 54 [n] spleen  iplhemangioendoth. san 065234 1.5042
bap bdfl m gav blood 1 1 na 48 Shirmada 0.26131 0.57301 bap bEc 1 feed 956 104 E forstomach forest.mix 0.64629  0.99282
tet [={=] f feed blood oz 92 feed a ntp 11.603 91.846 tet bEc 1 EN o0 a0 [s] carc 25.909 38.959
pch =15] m gav brr 3 3 FBS 24 ntp 1.3507 3.4433 pch bGc m gay 103 103 [s] hemangiosarc 16.274 41.28
tce =15] m gav brr 3 3 carn. oil 24 ntp 305.23 Inf tce bEc m gay 104 104 [s] carc 230.45 377 .83
php P16 f feed blood 152 182 feed 24 ntp 770558 27231 php bGc f feed 104 104 o hemat sarc. lymph a67 42 1187 .2
teo BB m gaw blood 65 91 corn.oil 24 ntp 13.372 Inf teo bGc m gaw 104 104 F decrease hepc.ade carc 2966 Inf
scd AMI m feed blood BS B5 weater 24 ntp 0.56674 25567 scd bEc f wwater 104 104 F intestine ade.carc 3.3753 B.133
ieg =] f gav blood =] 91 corn. il 24 ntp 5 4738 27191 ieg bEc m gay 105 105 F liver ade.carc 7 0356 3014
haematopo
drmh cdl m gav brr 1 1 na 24 Meli 0.11373 | 0.28357 drmh ] m wwater 52 52 [s) etic blood.vessel. angiosarc 0.019671 | 0.11912
azt [={=] m gav blood B5x 90 na 24 ntp 0.44026 1.0361 azt bEc 1 ay 105 105 F vagina squarn. carc. papil 69.055 136.5
leu B& f feed blood 28 28 feed 24 ntp 45.562 Inf leu bEc 1 feed 104 104 F liver] ade.carc 25616 121.02
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Appendix 3: Data used to generate Figure 3

Page 43 of 44



RIVM Report 340700007

ZIELL'D | 1495100 uesoifiue’|assas poojg anandojewaey g 75 5 lajes w EMS yup £SEBZ0 | EZELLD 4 eu | | wq el w 1pa yuap
781 Zr.95  ydwdjoesieway onsodojewsaey g ol 0L paaj [l RE] dyd \EZ' 4T 55042 (4 paaj z6l z8l poojg paaj ) 31d dyd
B84 GFDEZ 23 £ 0L 0L e w 299 a3} I EZ'S0E (4 [ERILE £ £ wq 4ef w EE] a3}
2y bl aesoifiueway £ £0L £0L e w RE] yad EEVF'E | /0SEL (4 =ad £ £ wq el w 93 yad
£56'8E 6065 23 E 06 05 42 [l agq 1 ove'lE | ED9LL dy 0 paa 6 5 poojg paaj [l ] 1
¥BZ'L | 90F/80 | ed'wenhsisaio E 0L 956 paaj [l agq deq IDELS0 | LEIBZO | epEwIyS By eu | | poojg el w 1P deq
Z¥0S'L | FEZSAD s uaajds £ 5 0E lajes w (] nuw EEEEE'D | VELVBOD  J0ZA By 12BN | | poojg di w CIED] U
yiopuaoifueway|ds
981Gl OFSL aesoifiveway E 0L vOL  dol3aed g agq ain 918°F  SlvOyD | dw [ 1ajem 16 05 g lajes } 93 ain
18587 11Zgl BT H| E 8 8 paaj w agq Jeeg TILEY | 5/AILTL | Duesy By eu | | poojg di w 1P eeg
LLLLL esalED ufiijewGun) E 62 9z di [l S5IMS eda E/DEL'D  ELPBODD  J0ZA By [ | | poojg di w CIED] eda
LIZSE | 104 BT HED FEU AUAED |ESEU £ 0L El6 yul [l agq dagp 6005 | FOEE | /BELEMOM  Sigy Eu | | wq di w 1pa dagp
; : mEQ_mE_QmE:mc ) ;
£2511°0  £660500 {ouieigain uielq £ 7l 05 e w 133 epu (ZVDF | 50VL'D 1nEns = EU | I poojg Ll w EU EpU
9EESZ'D | 1BB0B00 yowid| yeduaf) £ 8/ 9z di w S5IMS a2 LBOFL'D  pLLOFOD  EWOW  Siygy Eu | | wq di w 1R 02
B/63'L  610b0  esoigupueliupe | puell euaipe £ [ 9z di [l EEI] £ 8/6/E000 96FB000  EWOW urz Eu | | wq di w 1pa [EPT
7093 | 9EE0E RIEENTEE uis £ 0L [ paaj [l agq 53 SEE'GE  pERZL d [ [ERIE £ £ wq di w 93 sda
BO/8L  ZLLLL wiodydoayd pue(f |euaipe £ 0L [ el w agq iy ) zEl dy 4 0°W09 £ £ wq di w 93 Y
56656 | 0TTS e BpE 8| E 96 95 paaj w agq do3 EIZEL | BRFEF | EMOW By eu z ! g di w 1pa doa
ELFE | BEESL ydwif|jewsy anaodajewsey ¢ £6 £6 #efi w agq 10 VELL | EZBVEE dyu [ 0°Un9 E £ g di w 93 10y
TE'BEL | GELBY e aday JaA| E Ol Ol #efi w agq 142 7Z'40L | BYOBE d [ 5ad E £ g di w 93 2
208, BOVTL - _é_m_mQ £ £0L £0L el w agq uag 198470 lavELD | dw ¥z w3 47 e poojg el w 3id uaq
|ElnGas
SISTE | 4VIT 2Ues0Iq) s E Ol Ol #efi ] agq Al 5L149  BavEL dyu [ 18]EM 14 561 poojg #efi w gid A6
7E0TC | BAVL 2iea wenbsaio) 1580} E £0L £0L #efi ] agq AP 7788’8 | GEIDE dyu [ Jio W03 E £ g di w 93 AP
bl ELDBE EWIDAIEDS snisin £ 50l 501 yui Il agq u3p 90/'4  vR9EY dyu ¥z IE 16 59 poojg yui w 93 uap
ddjod |ewonsn
I BZ0LL se|gojeday JaA| E 0l Ol yui w agq afid BZEES | GV BEL dyu (4 IE 16 59 poojg yui [l 93 afid
Fl508  BOEET idedaioy 3ELID}SI0) E 92 92 yui ] g9 nq 0BVl ETFOE dyu [ IE L [ g yui w EE] nq
5248 ELLT) 21e wenbs wojs wojs £ 06 £5 4eh ] agq agp 6LiPF | /SZEED | dw 14 IE Gl 5zl poojg yui w 93 anp
= o i 1adxa EI 4 = . EI |joiuoa ainsodka uswiBal 4
nawg o (u[t]=] uanlsa| anssi} 8nssi] JBABS uolEInp T T anol Xas Uled]s punodiod nJwa cn_D_.Zm_ 82nos mE_aEmw ajaian uoneInp | usweal 8nssi} anol Xas UIEl}S punodwiog
todpug 10wn ) Aousbousaie) (uodpua Apixojouag) Ny

Page 44 of 44



National Institute for Public Health
and the Environment

P.O. Box 1| 3720 BA Bilthoven
WWW.Fivm.com



