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As demonstrated in Part I, cultured MutaMouse pri-
mary hepatocytes (PHs) are suitable cells for use in an
in vitro gene mutation assay due to their metabolic
competence, their “normal” phenotype, and the pres-
ence of the MutaMouse transgene for reliable muta-
tion scoring. The performance of these cells in an
in vitro gene mutation assay is evaluated in this study,
Part II. A panel of 13 mutagenic and nonmutagenic
compounds was selected to investigate the perfor-
mance of the MutaMouse PH in vitro gene mutation
assay. The nine mutagens represent a range of classes
of chemicals and include mutagens that are both
direct-acting and requiring metabolic activation. All
the mutagens tested, except for ICR 191, elicited sig-
nificant, concentration-dependent increases in mutant
frequency (MF) ranging from 2.6- to 14.4-fold over
the control. None of the four nonmutagens, including

two misleading, or “false,” positives (i.e., tertiary butyl-
hydroquinone [TBHQ] and eugenol), yielded any
significant increases in MF. The benchmark dose
covariate approach facilitated ranking of the positive
chemicals from most (i.e., 3-nitrobenzanthrone [3-
NBA], benzo[a]pyrene [BaP], and aflatoxin B1
[AFB1]) to least (i.e., N-ethyl-N-nitrosourea [ENU])
potent. Overall, the results of this preliminary valida-
tion study suggest that this assay may serve as a com-
plimentary tool alongside the standard genotoxicity
test battery. This study, alongside Part I, illustrates the
promise of MutaMouse PHs for use in an in vitro gene
mutation assay, particularly for chemicals requiring
metabolic activation. Environ. Mol. Mutagen.
60:348–360, 2019. © 2019 The Authors. Environmental
and Molecular Mutagenesis published by Wiley Periodicals, Inc.
on behalf of Environmental Mutagen Society.
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INTRODUCTION

Regulatory evaluations of new and existing substances
always require genetic toxicity assessment, and this generally
includes in vitro assessments of mutagenic activity. Although
bacterial mutagenicity testing (e.g., Salmonella reverse mutation
test) is most commonly used for in vitro mutagenicity assess-
ment, tiered testing regimes employed in different jurisdictions
require or accept in vitro mutagenicity assessments in cultured
mammalian cells. For example, the United States Federal Insec-
ticide, Fungicide, and Rodenticide Act (US FIFRA) Pesticide
Assessment Guidelines require that in vitro mammalian cell
mutagenicity tests are performed (Jaeger, 1984). Similarly, the
Canadian Environmental Protection Act (CEPA) requires an
in vitro test for gene mutation, with and without metabolic acti-
vation, for certain substances not on the Domestic Substances
List (DSL) (Minister of Justice, 2018). The United States Food
and Drug Administration (USFDA) Redbook, the European
Regulation on Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH), and the International

Conference on Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH) guidance on genotoxi-
city testing and data interpretation for pharmaceuticals intended
for human use S2 (R1), and Japan’s Chemical Substance Con-
trol Law all require, under certain conditions, an in vitro
assessment of either chromosomal damage or mutagenesis
(USFDA, 2007; METI, 2009; ICH, 2011; ECHA, 2017).
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The mammalian cell genotoxicity assays that are currently
used for regulatory assessments have all been extensively
validated. Indeed, assays routinely used for regulatory evalu-
ations and decision-making, such as the tk gene mutation
assay, have internationally accepted Organization for Eco-
nomic Cooperation and Development (OECD) test guide-
lines (TG). However, there are only two OECD TGs for
in vitro mutagenicity assessment in cultured mammalian
cells, the aforementioned tk locus gene mutation test
(i.e., TG 490), and the Hprt/xprt mutation test (i.e., TG 476;
OECD, 2016a, 2016c). Although these assays have a long
history of successful use for chemical safety assessments,
they have several shortcomings, some of which are associ-
ated with the inherent traits of the cell lines used
(e.g., L5178Y, TK6, Chinese hamster ovary, Chinese ham-
ster lung, and Chinese Hamster V79 cell lines). These
include lack of metabolic competence (OECD, 2016a,
2016c), aberrant karyotypes (Storer et al., 1997), and/or
genomic instability (Lorge et al., 2016). Moreover, these
assays require laborious, time-consuming isolation and enu-
meration of mutant clones (OECD, 2016a, 2016c). To pro-
vide alternatives, immortalized cell lines derived from
transgenic rodents such as the MutaMouse have been used
to develop in vitro mammalian cell mutagenicity assays.
One example is the in vitro mutagenicity assessment assay
conducted in MutaMouse FE1 lung epithelial cells. This
assay shows considerable promise for routine in vitro assess-
ment of mutagenicity, and the assay is now partially vali-
dated (Maertens et al., 2017; Hanna, 2018). Although FE1
cells have some endogenous metabolic capacity
(e.g., cytochrome P450 [CYP] 1A1), and can convert some
genotoxic agents into reactive metabolites (e.g., benzo[a]
pyrene [BaP]), the cells do not have a full complement of
Phase I and II metabolic enzymes (White et al., 2003;
Maertens et al., 2017; Hanna, 2018). In contrast, primary
hepatocytes (PHs) from transgenic rodents, including the
MutaMouse and the pUR288 lacZ Plasmid Mouse, have a
more extensive complement of Phase I and II enzymes; as
such, they are excellent candidates for the development of
an in vitro mammalian cell mutagenicity assay [Chen et al.,
2010; Zwart et al., 2012; Luijten et al., 2016].

Although in vitro mutagenicity tests based on cells
(e.g., PHs) from transgenic rodents such as the MutaMouse
and lacZ Plasmid Mouse show considerable promise, assays
used for regulatory purposes must be validated to ensure
adequate performance and reliability. The OECD TG
program specifies criteria for the validation of novel toxico-
logical test procedures. More specifically, to assess the per-
formance and reliability of a novel test, the OECD requires
the generation of information regarding test definition, intra-
laboratory variability, interlaboratory transferability, interla-
boratory reproducibility, predictive capacity, applicability
domain, and performance standards (OECD, 2005). In Part I
of this two-part series, we characterized MutaMouse
PHs, demonstrating that they proliferate in culture, are

karyotypically stable, carry the lacZ transgene vector for
enumeration of chemically induced mutations, and express a
comprehensive complement of Phase I and II metabolic
enzymes (e.g., CYP 1A1, CYP 1A2, CYP 2B, CYP 2E1,
CYP 3A, sulfotransferases (SULTs), UDP-glucuronosyl
transferases (UGTs), glutathione-S-transferases (GSTs), N-
acetyltransferases, etc.; Cox et al., 2018).
This study (i.e., Part II) aims to elucidate the predictive

capacity and applicability domain of the assay. The predic-
tive capacity is the ability of an assay to accurately predict
the intended endpoint (e.g., gene mutation), whereas the
applicability domain refers to the range of chemicals that can
be reliably assessed (OECD, 2005). As MutaMouse PHs are
metabolically most active in the first 24 h of culture, and this
is followed by a period of proliferation (doubling time of
22.5 � 3.3 h), the assay protocol includes a 6 h exposure to
the chemical of interest within the first 24 h, followed by a
sampling time of 72 h (Cox et al., 2018). The chemicals
selected for the performance evaluation include known muta-
gens, known nonmutagens, and compounds that have been
reported to elicit a misleading positive in vitro that is not
manifested in vivo (Kirkland et al., 2008; Kirkland et al.,
2016). These chemicals (i.e., t-butylhydroquinone and euge-
nol), which are not DNA-reactive, can indirectly elicit geno-
toxicity in vitro. The positive in vitro results are likely
artifacts due to strain of cells used, cytotoxicity, or perturba-
tions to the cell culture conditions (Fowler et al., 2012a,
2012b). Most of the chemicals investigated, which cover a
range of chemical classes, have been suggested by the
European Centre for the Validation of Alternative Methods
(ECVAM) for the validation of novel in vitro genotoxicity
assays (Kirkland et al., 2008, 2016). More specifically, in an
effort to characterize and evaluate assay performance and
applicability domain, we have examined a mutagenic nitro-
sourea, an acridine mutagen, a polycyclic aromatic hydrocar-
bon (PAH), an aromatic amine (AA), a heterocyclic amine
(HA), a mycotoxin, two nitroarenes, and a nitrosamine, each
of which has a unique mode of action and unique metabolic
requirements. The test set of chemicals included four nonmu-
tagens, two of which yield spurious positives in in vitro
assays, as described above. Collectively, these assessments
constitute an initial characterization of the performance and
applicability domain (i.e., prevalidation) of the in vitro muta-
genicity assay in MutaMouse PHs.

MATERIALS ANDMETHODS

Materials andReagents

The CAS numbers and sources of all test chemicals are presented in
Table I. Dulbecco’s modified Eagle’s medium (DMEM), William’s E
medium, phosphate-buffered saline (PBS), fetal bovine serum (FBS), epi-
thelial growth factor (EGF), penicillin–streptomycin reagent, Hank’s bal-
anced salt solution (HBSS), proteinase K, trypan blue, and SYTOX®

green were obtained from Life Technologies Inc. (Burlington, Ontario).
Corning® Biocoat™ type I collagen-coated culture dishes. CIzyme™
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collagenase HA and BP protease were obtained from VitaCyte LLP
(Indianapolis, Indiana). Dexamethasone, human insulin, dimethylsulphox-
ide (DMSO), Percoll®, bovine serum albumin (BSA), and IGEPAL CA-
630 were obtained from Sigma-Aldrich Canada Co. (Oakville, Ontario).
Phenyl-β-D-galactopyranoside (P-Gal) was obtained from MJS BioLynx
(Brockville, Ontario). TransPak Packaging Extract was obtained from Agi-
lent Technologies Canada (Mississauga, Ontario).

Isolation andCulture of PHs

Female MutaMouse specimens were bred and maintained locally under
conditions approved by the Health Canada Ottawa Animal Care Commit-
tee. Fresh MutaMouse PHs were isolated as specified in the companion
manuscript (Cox et al., 2018). Briefly, cells were obtained using a two-step
collagenase technique with the addition of a Percoll® isodensity purifica-
tion step (Seglen, 1976; Kreamer et al., 1986). The cells were plated at a
density of 1.2 × 106 cells/dish onto 100 mm collagen-coated culture
dishes using Attachment Medium (20 U/L human insulin, 4 × 10−6

mg/mL dexamethasone, 10% FBS, and 100 U/mL penicillin–streptomycin
in DMEM), and incubated at 37�C and 5% CO2. Two hours (t = 2 h) fol-
lowing plating, the Attachment Medium was replaced with serum-free
medium (SFM; 10 mM HEPES, 2 mM L-glutamine, 10 mM pyruvate,
0.35 mM L-proline, 20 U/L human insulin, 4 × 10−6 mg/mL dexametha-
sone, 0.01 μg/mL EGF, and 100 U/mL penicillin–streptomycin in Wil-
liams Medium E), and the plates were incubated at 37�C and 5% CO2.

Chemical Exposure andDNA Isolation

MutaMouse PHs were exposed to test chemicals as described by Chen
et al. (2010), with some modifications. Briefly, stock solutions of the

chemicals described in Table I were prepared in DMSO. After 18 h of cul-
ture, MutaMouse PHs were exposed to the chemicals of interest in SFM
with 1% DMSO for 6 h at 37�C and 5% CO2. Three biological replicates
(i.e., separate experiments using PHs from three different donor mice)
were used for each test chemical. Following exposure, the medium was
replaced with fresh SFM and the hepatocytes were incubated for a further
72 h prior to lysis and DNA isolation.

Following the 72 h sampling period, the SFM was replaced with lysis
buffer (10 mM Tris pH 7.6, 10 mM ethylenediaminetetraacetic acid
[EDTA], 150 mM sodium chloride, 1% sodium dodecyl sulphate [SDS],
and 1 mg/mL proteinase K). The DNA was isolated by phenol chloroform
extraction as previously described with an additional chloroform step
(Gingerich et al., 2014). DNA was precipitated with ethanol, spooled onto
a sealed Pasteur pipette, washed with 70% ethanol, dried, dissolved in
TE−4 buffer (10 mM Tris pH 7.6 and 0.1 mM EDTA), and stored at 4�C.

Mutant Frequency (MF)Determination

The frequency of lacZ mutants was determined using the P-Gal positive
selection method as previously described (Vijg & Douglas, 1996; Lambert
et al., 2005; Chen et al., 2010; Gingerich et al., 2014). Briefly, TransPak
was used to retrieve and package bacteriophage λgt10lacZ vectors from
MutaMouse PH DNA. E. coli cells (E. coli C lacZ−, galE−, recA−, Kanr,
pAA119; Gossen et al., 1992) were allowed to adsorb the phage particles;
cells were plated with P-Gal selective medium and incubated overnight at
37�C. Plaques were scored manually, and MF was calculated as the ratio of
mutant plaque-forming units (pfu) to total pfu determined from nonselec-
tive plates (i.e., without P-Gal).

Cytotoxicity Determination

Cytotoxicity was measured using the relative increase in nuclear counts
(RINC) metric. RINC was quantified by flow cytometry as described pre-
viously with some modifications (Nüsse et al., 1994; Avlasevich et al.,
2006; Bryce et al., 2007; Cox et al., 2018). Briefly, cultured hepatocytes
were lysed using Lysis Buffer I (0.584 mg/mL NaCl, 1 mg/mL sodium cit-
rate, 0.5 μL/mL IGEPAL, 0.7 U/mL RNase A, and 0.5 μM SYTOX®

green nucleic acid stain). Following a 1 h incubation, Lysis Buffer II
(85.6 mg/mL sucrose, 15 mg/mL citric acid, and 0.5 μM SYTOX® green
nucleic acid stain) was added to the plates. To normalize nuclei counts,
150 μL of a suspension of 6 μm fluorescently labeled polystyrene micro-
spheres was added to each sample of lysate. Ploidy was normalized as
described previously (Cox et al., 2018). The microspheres have excitatio-
n/emission maxima of 488/515 nm (Cell Sorting Set-up Beads for Blue
Lasers, Life Technologies, Burlington, Ontario). Each microsphere-lysate
sample was diluted 1:10 prior to flow cytometric analysis. Data were
acquired using a BD Biosciences FACScalibur flow cytometer
(BD Biosciences, Mississauga, Ontario) equipped with a 488 nm laser.
Instrumentation settings and data acquisition were facilitated using Cell-
Quest Pro software (BD Biosciences). Data analysis was performed using
Flowing Software version 2.5.1 (Turku Centre for Biotechnology, Turku,
Finland). SYTOX® green and bead fluorescence emission were captured
in the FL1 channel (530/30 band-pass filter). Events were scored as nuclei
following the application of key criteria (i.e., within a side scatter (SSC)
vs forward scatter (FSC) region, within a region that excludes doublets,
and within an FSC vs. FL1 region).

RINC values were calculated using a modification of the relative
increase in cellular counts (RICC) formula (OECD, 2016b):

TABLE I. Sources of Chemicals Used for In Vitro Exposures of
MutaMouse PHs

Chemical CAS number Source

ENU 759-73-9 Sigma-Aldrich (Oakville, Ontario)
ICR 191 17070-45-0 Sigma-Aldrich (Oakville, Ontario)
BaP 50-32-8 Moltox (Boone, North Carolina)
AFB1 1162-65-8 Sigma-Aldrich (Oakville, Ontario)
2-AAF 53-96-3 Sigma-Aldrich (Oakville, Ontario)
PhIP 105650-23-5 Moltox (Boone, NC)

1,8-DNP 42397-65-9
Courtesy of Dr I. Lambert
(Carleton University)

3-NBA 17117-34-9
Courtesy of Dr V. Arlt
(King’s College London)

DMN 62-75-9 Sigma-Aldrich (Oakville, Ontario)
Ampicillin

trihydrate 7177-48-2 Sigma-Aldrich (Oakville, Ontario)
D-Mannitol 69-65-8 Sigma-Aldrich (Oakville, Ontario)
TBHQ 1948-33-0 Sigma-Aldrich (Oakville, Ontario)
Eugenol 97-53-0 Sigma-Aldrich (Oakville, Ontario)

ENU, N-ethyl-N-nitrosourea; 191, 6-chloro-9-[3-(2-chloroethylamino)propy-
lamino]-2-methoxyacridine dihydrochloride; BaP, benzo[a]pyrene; AFB1,
aflatoxin B1; 2-AAF, 2-acetylaminofluorene; PhIP, 2-amino-1-methyl-6-pheny-
limidazo[4,5-b]pyridine; 1,8-DNP, 1,8-dinitropyrene; 3-NBA, 3-nitrobenzanthrone;
DMN, dimethylnitrosamine; TBHQ, tertiary butylhydroquinone.

RINC=
Increase in relative number of nuclei in treated cultures final− initialð Þ
Increase in relative number of nuclei in control cultures final− initialð Þ ,
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wherein the initial count was obtained at the beginning of the exposure period
and the final count was obtained 72 h following the end of the exposure period.

In accordance with the OECD test guidelines for the in vitro mammalian
cell gene mutation assays using the Hprt, Xprt, and thymidine kinase genes,
any positive responses elicited from concentrations with RINC values lower
than 0.2 were interpreted with caution (OECD, 2016a, 2016c).

Statistical Analyses

The lacZ MF data were analyzed in using RStudio version 1.0.136
(RStudio, Boston, MA) software using the glm function. The quasi-Poisson
distribution family was used to account for overdispersion, and the offset
was designated as the natural log of total pfu (Haynes, 1989). Type 1, or
sequential analysis, was employed to examine the statistical significance of
the chemical treatment (i.e., Chi-squared test), and custom contrasts state-
ments were employed to evaluate the statistical significance of responses at
selected doses or concentrations (Arlt et al., 2008). The resulting P values
were corrected for multiple comparisons using the Bonferroni method.
P values were considered to be significant if they were <0.05. Results for a
given chemical were deemed positive if a significant response was obtained
for the Chi-squared test for overall treatment effect and at least one concen-
tration yielded a significant MF increase above the concurrent vehicle con-
trol. A negative result was called if neither of these conditions were met. A
chemical was deemed equivocal if only one of these conditions was met.

BenchmarkDose (BMD)Modeling

BMD analysis was performed on all positive lacZ MF data using
PROAST version 65.5 in R. The analysis employed chemical as a covariate.
Both exponential and Hill nested model families were fit to the data. A
benchmark response (BMR) of 100% (i.e., a twofold MF increase over con-
trol) was selected, as it has been previously used for the assessment of lacZ
MF data; it lies within the range of observed results, thus allowing for optimal
resolution of confidence intervals (Wills et al., 2016; Long et al., 2018).

RESULTS

The vehicle control data (Fig. 1) show a statistically nor-
mal distribution with a mean MF of 11.0 × 10−5

(SEM = 0.80 × 10−5, N = 32), and 5th and 95th percentiles
of 5.3 × 10−5 and 18.7 × 10−5, respectively. These data
were compiled from all available experiments (N = 32) per-
formed over the course of four years.

The sensitivity of MutaMouse PHs in an in vitro gene
mutation assay was investigated following exposure to nine
well-characterized mutagens. For all chemicals tested, the
MF values of treated cells were compared to concurrently run
vehicle controls to determine significance. Of the mutagens
assessed, all but ICR 191 yielded a significant MF increase
over control for at least one concentration, and, more impor-
tantly, a significant overall treatment effect (Fig. 2B). The
three top concentrations of ENU elicited significant MF
increases over control with a maximum response of 4.2-fold
at 1,000 μg/mL (Fig. 2A). A significant MF increase was
observed in MutaMouse PHs exposed to BaP at the four
highest concentrations tested, culminating in a maximum
fold-increase of ~11-fold at 10 μg/mL (Fig. 2C). AFB1
yielded a significant MF increase at 0.5 μg/mL with a
3.6-fold MF increase, which falls to a significant 2.5-fold MF
increase at 1 μg/mL (Fig. 2D). This trend is accompanied by

increased cytotoxicity as the RINC falls from 0.6 to 0.3.
2-AAF yielded a significant response at the top two concen-
trations tested with a 2.6-fold MF increase above control at
5 μg/mL (Fig. 2E). PhIP yielded significant MF increases at
the top three concentrations tested with a 3.7-fold increase at
10 μg/mL (Fig. 2F). 1,8-DNP yielded a significant MF
increase of 3.6-fold at 10 μg/mL (Fig. 2G). 3-NBA elicited a
significant MF fold-increase of 8.2 at 0.5 μg/mL, and this
was accompanied by a sharp increase in cytotoxicity
(Fig. 2H). DMN showed significant increases in MF at the
top two concentrations tested, with a maximum fold-increase
of 14.4-fold at 200 μg/mL (Fig. 2I).
The MutaMouse PH gene mutation assay did not yield

any significant MF increases for any of the nonmutagenic
chemicals tested, including the aforementioned misleading
positives (Figs. 3 and 4). The results obtained for eugenol
demonstrate a significant treatment effect, despite the
absence of a significant response at any concentration
tested (Fig. 4B). Eugenol could not be tested at higher con-
centrations due to cytotoxicity.
To rank the potencies of all chemicals that elicited a pos-

itive response in the MutaMouse PH gene mutation assay,
the confidence intervals of the BMD100 values were plotted
in order of decreasing potency (i.e., from lowest to highest
BMD100; Fig. 5). There was little to no difference between
the exponential and Hill models. The ranking of chemicals
from most to least potent was: 3-NBA, BaP, AFB1,
1,8-DNP, 2-AAF, PhIP, DMN, followed by ENU. The
BMD100, BMDL, and BMDU values for each chemical are
presented in Supporting Information Table SI.

Fig. 1. Spontaneous lacZ mutant frequency (MF) for MutaMouse primary
hepatocytes (PHs). The solid line represents the median (10.7 × 10−5), the
diamond represents the mean (11.0 × 10−5), the box limits represent the 25th
and 75th percentiles (7.8 × 10−5 and 14.0 × 10−5, respectively), the whiskers
represent the 5th and 95th percentiles (5.3 × 10−5 and 18.7 × 10−5,
respectively), and the solid circles represent outliers that exist beyond the
5th and 95th percentiles. N = 32. Standard error of the mean
(SEM) = 0.80 × 10−5.
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DISCUSSION

This study aimed for an initial characterization of the
performance and applicability domain of the in vitro gene

mutation assay in MutaMouse PHs. Along with Part I,
which extensively characterized cultured MutaMouse PHs,
this study represents the first step toward the validation and

Fig. 2. Induced lacZ transgene mutant frequency (MF) in MutaMouse
primary hepatocytes (PHs) exposed to known mutagens. MutaMouse PHs
were exposed to ENU (A), ICR 191 (B), BaP (C), AFB1 (D), 2-AAF (E),
PhIP (F), 1,8-DNP (G), 3-NBA (H), and DMN (I). Gray bars represent
MF � standard error of the mean (SEM) and black squares represent relative

increases in nuclear counts (RINC) � SEM, a measure of cytotoxicity.
Asterisks indicate MF values that are significantly elevated relative to control
(P < 0.01). Inset boxes show statistical results for the overall concentration–
response relationship. N = 3 for all observations, except for 0.05 μg/mL
AFB1, wherein N = 2 for MF data. NS, not significant.
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acceptance of this test method. In this preliminary valida-
tion study, initial conclusions regarding the predictive
capacity and applicability domain were obtained by chal-
lenging the assay with a set of mutagenic and nonmuta-
genic chemicals.

The OECD assay validation guidelines require the
careful examination of historical negative controls, thus

throughout the development of the MutaMouse PH assay,
all spontaneous MF values have been recorded and com-
piled. A total of 32 spontaneous MF values were compiled
from separate experiments performed over 4 years (Fig. 1).
The mean spontaneous MF value observed for MutaMouse
PHs (i.e., 11.0 × 10−5 � 0.80 × 10−5) was comparable to
that observed for PHs from the pUR288 lacZ plasmid

Fig. 3. Induced lacZ transgene mutant frequency (MF) in MutaMouse
primary hepatocytes (PHs) exposed to non-DNA-reactive chemicals
(i.e., known nonmutagens). MutaMouse PHs were exposed to ampicillin
trihydrate (A) and D-mannitol (B). Gray bars represent MF � standard

error of the mean (SEM) and black squares represent relative increases in
nuclear counts (RINC) � SEM, a measure of cytotoxicity. Inset boxes
show statistical results for the overall concentration–response relationship.
N = 3 for all observations. NS, not significant.

Fig. 4. Induced lacZ transgene mutant frequency (MF) in MutaMouse primary
hepatocytes (PHs) exposed to non-DNA-reactive chemicals that have been shown
to elicit positive results in other in vitro genotoxicity assays (i.e., misleading
positives). MutaMouse PHs were exposed to TBHQ (A) and Eugenol (B). Gray

bars represent MF � standard error of the mean (SEM) and black squares
represent relative increases in nuclear counts (RINC) � SEM, a measure of
cytotoxicity. Inset boxes show statistical results for the overall concentration–
response relationship. N = 3 for all observations. NS, not significant.
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mouse, which has a mean spontaneous MF of 9.1 × 10−5,
and a 95th percentile of 12.0 × 10−5, (Luijten et al., 2016).
The spontaneous MF observed for MutaMouse PHs is also
similar to what is observed in MutaMouse liver in vivo
(i.e., 6.31 × 10−5 � 1.3 × 10−5) (Lemieux et al., 2011).
Previous work in MutaMouse PHs, using a different isola-
tion and culture protocol, elicited a mean spontaneous MF
value of 14.2 × 10−5 � 1.7 × 10−5 across 11 biological

replicates (Chen et al., 2010). The FE1 cell line, derived
from MutaMouse lung epithelium has a higher mean spon-
taneous MF of 51 � 0.9 × 10−5 (N = 460; Maertens et al.,
2017). With a mean spontaneous MF value of 11.0, a 95th
percentile of 18.7, and a conventional α level of 0.05 for
the P value, the MutaMouse PH gene mutation assay can
reliably detect significant increases in MF that are ~1.7-fold
higher than the vehicle control (Hayashi et al., 2011).
In Part I, it was shown that cultured MutaMouse PHs

encompass a virtually full complement of Phase I and Phase
II metabolic enzymes. To assess the functional utility of the
PHs’ complement of metabolic enzymes, in comparison to
conventional gene mutation assays, this study examined
chemicals with a range of metabolic activation pathways
and modes of action (Supporting Information Table SII).
Table II compares the responses of the chemicals assessed
in this study to their responses in the pUR288 lacZ plasmid
mouse PH gene mutation assay, the in vitro MutaMouse
FE1 gene mutation assay, the MLA, and the HPRT test. To
our knowledge, no gene mutation assay using an immortal-
ized or transformed cell line can cover this range of chemi-
cals without the addition of an exogenous source of
mammalian metabolic enzymes (i.e., rodent liver S9).
As a nitrosourea and a strong alkylating agent, ENU is a

direct-acting agent and, thus, does not require metabolic
activation to become DNA-reactive (Doak et al., 2007). It
is known to cause transitions and transversions following
O2- and O4-alkylation of thymine residues, and O6-
alkylation of guanine residues, respectively (Douglas et al.,
1995). It yields a positive response in conventional gene
mutation assays, such as the MLA and HPRT test, without

Fig. 5. Benchmark dose (BMD) values (i.e., BMD100) with two-sided
90% confidence intervals generated using BMD covariate analysis of
MutaMouse primary hepatocyte (PH) mutant frequency (MF) dose–
response data. BMD analysis was only conducted for agents shown to
elicit significant positives responses. Solid lines represent the fitted
exponential model, whereas dotted lines represent the Hill model.

TABLE II. Comparisons of Chemical Responses Across a Range of In Vitro Gene Mutation Assays. Citations for the Indicated
Responses are Provided in the Text

Chemical MutaMouse PHs pUR288 lacZ Plasmid Mouse PHs MutaMouse FE1 MLA HPRT

True positive
ENU Positive Positive Positive (−S9) Positive (−S9) Positive (−S9)
ICR 191 Negative NT Positive (−S9) Positive (−S9) Positive (−S9)
BaP Positive Positive Positive (�S9) Positive (+S9) Positive (+S9)
AFB1 Positive NTa Positive (�S9) Positive (+S9) Positive (+S9)
2-AAF Positive NT Positive (�S9) Positive (�S9) Positive (+S9)
PhIP Positive NT Positive (+S9) Positive (+S9)b Positive (+S9)
1,8-DNP Positive NT NT Positive (−S9) Pos/Negc (�S9)
3-NBA Positive NT Positive (�S9) Positived Positived

DMN Positive NT Negative (+S9) Positive (+S9) Positive (+S9)
True negative
Ampicillin trihydrate Negative NT Negative (−S9) Negative (�S9) NT
D-Mannitol Negative Negative Negative (−S9) Negative (�S9) NT
Misleading positive
TBHQ Negative NT Negative (�S9) NT NT
Eugenol Negative NT Negative (�S9) Positive (−S9) NT

aNT, not tested.
bHuman TK6 assay.
cBoth positive and negative responses have been observed.
dMutagenicity was assessed at tk and hprt loci in the human lymphoblast cell lines, h1A1v2 and MCL-5, that have been transfected with CYP1A1, and
CYP1A2, CYP2A6, CYP2E1, and CYP3A4, respectively
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the addition of induced rodent S9 (Nishi et al., 1984; Chen
et al., 2002; Doak et al., 2007; Kirkland et al., 2008;
Kirkland et al., 2016). In this study, ENU induced a
concentration-dependent increase in MF culminating in a
4.2-fold increase over control (Fig. 2A). The magnitude of
the observed response is comparable to what is seen in
pUR288 lacZ plasmid mouse PHs and MutaMouse FE1
cells (i.e., ~4- and ~6-fold increases, respectively) (White
et al., 2003; Luijten et al., 2016).

ICR 191 is an acridine half-mustard that, like ENU,
interacts with DNA without metabolic conversion to a
DNA-reactive metabolite (Ferguson & Denny, 1990).
Unlike ENU, ICR 191 is known to intercalate within the
DNA molecule and cause +1 frameshifts in regions with
consecutive guanine residues (Taft et al., 1994). Like ENU,
ICR 191 is positive in conventional gene mutation assays,
and the MutaMouse FE1 gene mutation assay, without the
addition of S9 (Nishi et al., 1984; Doerr et al., 1989;
Mitchell et al., 1997; White et al., 2003). Interestingly, ICR
191 did not yield a significant increase in MF in Muta-
Mouse PHs, nor was a significant treatment effect detected
(Fig. 2B). It should be noted that the variability at the two
highest concentrations was relatively high compared to the
other chemicals tested. Uninduced murine liver S9 has been
shown to dramatically reduce the mutagenicity of ICR
191 in the Ames test (i.e., Salmonella strain TA1537),
whereas untreated murine lung S9 had little effect on muta-
genicity (De Flora et al., 1982). This suggests that mouse
liver metabolic enzymes are better able to detoxify ICR
191 than mouse lung metabolic enzymes, which may
account for the discrepancy between the MutaMouse PH
response and the result observed for Mouse FE1 pulmonary
cells (White et al., 2003) (Table II). The high metabolic
competency of MutaMouse PHs may be reducing the muta-
genicity of ICR 191 in this in vitro system.

BaP is one of the several highly mutagenic polycyclic aro-
matic hydrocarbons (PAH) that are by-products of incomplete
combustion processes. BaP is considered a prototypical PAH
that is known to form DNA adducts following Phase I meta-
bolic activation involving CYPs 1A1, 1A2, and 3A, as well as
epoxide hydrolase (Jeffrey, 1985; Bauer et al., 1995; Kim
et al., 1998). These enzymatic reactions convert BaP to a
DNA-reactive metabolite, such as BaP-diol-epoxide (BPDE),
to form adducts with guanine and adenine residues (Jeffrey,
1985). BaP is typically a strong positive in the MLA and
HPRT tests with the addition of S9 (Bradley et al., 1981;
Oberly et al., 1990; Mitchell et al., 1997; Kirkland et al.,
2008; Kirkland et al., 2016). BaP induced a 11-fold
concentration-dependent MF increase over control in Muta-
Mouse PHs, which is comparable to what is observed in
pUR288 lacZ plasmid mouse PHs (i.e., 9.8-fold), but less than
what is observed in MutaMouse FE1 cells (i.e., ~25-fold)
(White et al., 2003; Zwart et al., 2012) (Fig. 2C).

AFB1 is a mutagenic mycotoxin, food contaminant,
and known human carcinogen that is metabolized to

AFB1-8,9-epoxide, a DNA-reactive metabolite, that is capa-
ble of forming adducts with guanine residues (Essigmann
et al., 1977; Gallagher et al., 1994). This activation is carried
out by Phase I CYPs that are present in MutaMouse PH cul-
tures, in particular, CYPs 1A2 and 3A. Like BaP, AFB1 is
generally a strong positive in the MLA and HPRT assay with
S9 (Bradley et al., 1981; Preisler et al., 2000; Kirkland et al.,
2008; Kirkland et al., 2016). AFB1 induced a 3.6-fold
concentration-dependent increase over control in MutaMouse
PHs, which is similar to the ~three-fold increase seen in
MutaMouse FE1 cells (Hanna, 2018) (Fig. 2D).
2-AAF and PhIP are both mutagenic aromatic amines

that undergo similar metabolic activation pathways to
become DNA-reactive. 2-AAF is a prototypical aromatic
amine in mutagenesis studies (Heflich & Neft, 1994). The
heterocyclic amine, PhIP, is a by-product of the Maillard,
or browning, reaction that occurs during the cooking of
meat (Jägerstad et al., 1983). Aromatic amines, such as
2-AAF and PhIP, require both Phase I enzymes, such as
CYP 1A1 and 1A2, as well as Phase II enzymes, such as,
SULT, NAT, and/or UGT to generate DNA-reactive nitre-
nium or carbenium ions (Heflich & Neft, 1994; Schut &
Snyderwine, 1999; Cai et al., 2016). Both 2-AAF and PhIP
are positive in the MLA and HPRT tests with the addition
of S9 (Oberly et al., 1990; Morgenthaler & Holzhäuser,
1995; Mitchell et al., 1997; Kirkland et al., 2008; Kirkland
et al., 2016). 2-AAF and PhIP induced 2.6- and 3.7-fold
increases, respectively, in MF above control in MutaMouse
PHs (Fig. 2E,F). Once again, these values are comparable
to the ~1.7- and ~5.5-fold increases observed in Muta-
Mouse FE1 cells following exposure to 2-AAF and PhIP,
respectively (White et al., 2003; Hanna, 2018).
Nitroarenes, such as 1,8-DNP and 3-NBA, are mutagenic

compounds found in both diesel and gasoline engine
exhaust (IARC, 2014). The metabolic activation pathway
of 1,8-DNP is presumed to require both nitroreduction and
acetyltransferase metabolic activity to yield the DNA-
reactive metabolite, N-acetoxy-1-amino-8-nitropyrene, that
is capable of forming guanine adducts (IARC, 2014). Simi-
larly, the proposed metabolic activation pathway for
3-NBA involves nitroreductase activity, as well as N-acet-
yltransferase and/or sulfotransferase catalytic activity to
yield a highly reactive nitrenium ion that can form guanine
or adenine adducts (Arlt et al., 2003; Arlt et al., 2005;
IARC, 2014). This pathway may also involve CYP 1A1,
2A6, 2B6, or 3A4 oxidation, following reduction to
3-aminobenzanthrone. The nitroreduction required for the
activation of nitroarenes sets these chemicals apart from the
other compounds examined in this study. Interestingly, in
the companion manuscript, NAD(P)H dehydrogenase, qui-
none 1 (NQO1), a cytosolic enzyme capable of nitroreduc-
tion, was shown to be expressed in cultured MutaMouse
PHs. 1,8-DNP is positive in the MLA without the addition
of S9, but its response in the HPRT test depends on the cell
line in which it is tested (Edgar, 1985). When tested in the
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HPRT assay in CHO cells, it elicited a strong mutagenic
response; however, in HepG2 cells, 1,8-DNP yielded a
negative response (Edgar & Brooker, 1985; Eddy et al.,
1986). 3-NBA has yielded positive results at tk and hprt
loci in the human lymphoblast cell lines, MCL-5 and
h1A1v2, which have been transfected with human CYPs
(Phousongphouang et al., 2000; Arlt et al., 2008). Both
1,8-DNP and 3-NBA yielded positive results in the Muta-
Mouse PH gene mutation assay, with induced fold-changes
in MF of 8.2 and 3.6, respectively (Fig. 2G,H). Of the two,
only 3-NBA has been assessed in MutaMouse FE1 cells,
yielding a ~five-fold increase in MF above solvent control
(Arlt et al., 2008).

Mutagenic nitrosamines, like DMN, are by-products of
some industrial processes and water treatment. They are also
found in cigarette smoke and in some foods, such as cured
meat and beer. DMN is activated by Phase I enzymes,
including CYP 2E1, to methyldiazohydroxide, followed by
potential formation of a diazonium ion that methylates
nucleic acids, particularly guanine residues (Hoffmann &
Hecht, 1985; Yamazaki et al., 1992; Chowdhury et al.,
2012). DMN has yielded positive results in both the MLA
and HPRT assays with the addition of S9 (Bradley et al.,
1981; Mitchell et al., 1997; Kirkland et al., 2008; Kirkland
et al., 2016). DMN induced a 14.4-fold increase in MF
above control in MutaMouse PHs (Fig. 2I), but, interest-
ingly, did not elicit a significant positive response in Muta-
Mouse FE1 cells in the presence or absence of S9
(Hanna, 2018).

This study included four nonmutagenic chemicals to
offer some insight into the specificity of the MutaMouse
PH gene mutation assay. D-Mannitol and ampicillin trihy-
drate are known to be nonmutagenic, and are consistently
negative in gene mutation assays (Mitchell et al., 1997;
Kirkland et al., 2008; Kirkland et al., 2016; Maertens et al.,
2017). These chemicals both yielded negative results in the
MutaMouse PH gene mutation assay (Fig. 3A,B). TBHQ,
one of the misleading positive chemicals assessed in this
study, has not been tested in either of the more conven-
tional gene mutation tests (i.e., MLA or HPRT), but has
yielded a negative result in the FE1 assay (Maertens et al.,
2017). Eugenol, another misleading positive chemical has
elicited a positive result in the MLA test, but a negative
result in the FE1 assay (Mitchell et al., 1997; Maertens
et al., 2017). Both TBHQ and eugenol have tested positive
in the in vitro chromosome aberration test and positive for
micronucleus in p53-deficient hamster cells. They have
both also resulted in negative results for the in vitro micro-
nucleus assay in p53-functional human cells (NTP, 1982;
NTP, 1986; Kirkland et al., 2008; Fowler et al., 2012a;
Kirkland et al., 2016). TBHQ and eugenol are part of a
larger subset of chemicals that are not DNA-reactive, but
are thought to disturb cell culture conditions or exert toxic-
ity on cells in vitro in a way that leads to an apparent geno-
toxic response. These chemicals have both elicited negative

results in vivo; however, these data are rather limited and
mainly restricted to hematopoietic tissues (e.g., the bone
marrow and blood) (Kirkland et al., 2016). Eugenol has
also elicited negative results in the liver as measured by the
unscheduled DNA synthesis (UDS) assay and the in vivo
MutaMouse assay (Rompelberg et al., 1996a; Rompelberg
et al., 1996b). Oxidative stress and cytotoxicity are thought
to be the major factors influencing the positive results seen
for TBHQ and eugenol, respectively (Kirkland et al., 2008;
Fowler et al., 2012a; Fowler et al., 2012b; Kirkland et al.,
2016). Neither TBHQ nor eugenol yielded a significant
increase in MF over the solvent control in MutaMouse PHs
at any concentration tested (Fig. 4A,B). Due to the rela-
tively high RINC obtained at the top concentration of
TBHQ, this chemical should be tested at a higher range of
concentrations. Eugenol did elicit a significant result for the
overall treatment effect (i.e., Chi-squared for overall effect);
however, this compound was too cytotoxic to test at higher
concentrations (i.e., no DNA could be isolated for MF test-
ing) and the effect appeared to be driven solely by the
highest concentration tested. Following the criteria outlined
in the Materials and Methods, ampicillin trihydrate, D-man-
nitol, and TBHQ are negative and eugenol is equivocal in
the MutaMouse PH gene mutation assay.
This study employed the BMD approach to quantita-

tively examine the MutaMouse PH gene mutation assay
results and compare the responses of the various chemicals
(Fig. 5). By fitting a model to concentration–response data,
BMD analysis yields a concentration that elicits a specified
response. The BMD covariate approach builds on this con-
cept by incorporating a covariate, such as compound, to
rigorously compare potencies within an endpoint (Wills
et al., 2016). The use of a covariate refines BMD confi-
dence intervals and improves the precision of BMD values
(Slob & Setzer, 2014; Wills et al., 2016). The results
revealed that slope, maximal response, and variance were
conserved across all chemicals for both the fitted exponen-
tial and Hill models. When comparing the results obtained,
no significant distinction in potency can be made between
chemicals with overlapping confidence intervals. 3-NBA,
BaP, AFB1, and 1,8-DNP appear to be the most potent
chemicals in this assay, and it appears that there could be a
link between potency and mode of action. As discussed
above, 3-NBA, BaP, AFB1, and 1,8-DNP all undergo
Phase I metabolic activation, and elicit similar forms of
DNA damage (i.e., guanine and adenine adducts). 2-AAF,
PhIP, and DMN are less potent than 3-NBA and BaP.
2-AAF and PhIP are both aromatic amines with similar
modes of activation involving both Phase I and Phase II
metabolism, and genotoxic effects, as described above.
DMN has a separate mode of action as it generally exerts
its genotoxicity by methylating guanine residues following
CYP 2E1 metabolism. ENU yielded the lowest BMD100

(i.e., potency), and, like DMN, it is known to be a DNA
alkylating agent, albeit a direct-acting one. Although this
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preliminary study only examines a small subset of muta-
genic chemicals, the BMD covariate results indicate that
DNA adduct-forming promutagens requiring Phase I meta-
bolic activation are the most potent in this assay, followed
by DNA adduct-forming promutagens requiring both Phase
I and Phase II metabolic activation, and finally, DNA alky-
lating agents. The lower potency of ENU, relative to com-
pounds forming bulky adducts, such as BaP, was also
observed in the MutaMouse FE1 and pUR288 lacZ plasmid
mouse PH in vitro gene mutation assays; however, ENU is
more potent than BaP in the MutaMouse gene mutation
assay in the liver and bone marrow in vivo, and of equiva-
lent potency in the small intestine (Gocke et al., 2009; Luij-
ten et al., 2016; Hanna, 2018; Long et al., 2018). The
BMD covariate analysis presented herein provides further
insight into the genotoxic effects of the compounds studied
in metabolically competent cells; it also demonstrates the
utility of the BMD covariate approach for comparative
analysis of in vitro dose–response data.

It is important to note that the ability to employ in vitro
tools to effectively and efficiently assess genotoxicity is a
critical component of the evolving paradigm for “toxicity
testing in the 21st century” (Krewski et al., 2010). This par-
adigm calls for adoption of high(er)-throughput screening
tools for efficient (geno)toxicity assessment and MOA
determination. Moreover, effective adoption of novel
in vitro tools is consistent with global initiatives aimed at
replacing, reducing, and refining the use of animals
for (geno)toxicity assessment and attendant regulatory
decision-making (European Commission, 2009; Adler et al.,
2011). In this regard, in vitro mutagenicity assessment using
MutaMouse PHs is aligned with global initiatives to mod-
ernize mutagenicity assessment. The in vivo MutaMouse
assay can require more than 20 animals per compound, PHs
isolated from a single MutaMouse specimen provide enough
cells to test one to three chemicals. Nevertheless, it must
also be noted that the MutaMouse PH mutagenicity assay
described herein is nowhere near as efficient as some
recently developed, high-throughput in vitro genotoxicity
reporter assays. These assays, such as the ToxTracker®

assay (Hendriks et al., 2012), the MultiFlow® assay (Bryce
et al., 2016), and the TGx-DDI toxicogenomic biomarker
assay (Buick et al., 2015), can rapidly and simultaneously
assess multiple cellular responses indicative of DNA dam-
age, thereby efficiently identifying genotoxicants and eluci-
dating MOA. While such assays can indeed be categorized
as high throughput, they cannot detect the endpoints that are
requisite in the aforementioned legislative frameworks
(i.e., CEPA, FIFRA, CSCL, etc.), i.e., mutations and/or
chromosome damage. Thus, in the short to medium term, it
will be necessary to develop and adopt high(er)-throughput
mutagenicity assays such as that presented herein.

This study, alongside Part I, constitutes an important first
step toward the validation of the MutaMouse PH in vitro
gene mutation assay. The positive responses elicited by

BaP, AFB1, 2-AAF, PhIP, DMN, 1,8-DNP, and 3-NBA
illustrate that the MutaMouse PHs are capable of convert-
ing these mutagenic compounds to their reactive metabo-
lites without the addition of exogenous S9. The results thus
far indicate that the applicability domain of the assay
encompasses chemicals that require Phase I and/or Phase II
metabolism. This is consistent with the companion paper
(i.e., Part I) where we demonstrated that MutaMouse PHs
maintain maximal metabolic enzyme activity for at least
the first 24 h in culture. As the exposures in this study take
place from 18 to 24 h postisolation, we expected that the
cells would be capable of activating promutagens during
this time; indeed, that is what was observed.
Due to their karyotypically normal phenotype, metabolic

capacity, and DNA-repair proficiency, it is not unreason-
able to assert that some direct-acting chemicals may not be
detected in this assay. The negative result for ICR 191 illus-
trates a gap in this assay’s applicability domain. Testing of
a larger set of both positive and negative chemicals, includ-
ing more in vitro misleading positive chemicals and
in vitro false-positive chemicals (e.g., chemicals that are
positive in the Ames test and negative in vivo) will further
resolve the sensitivity (i.e., ability to correctly identify
mutagens) and specificity (i.e., ability to correctly identify
nonmutagens) of the assay, and extend the elucidation of
the applicability domain. Although positive controls were
not included in this preliminary study, it is recommended
that BaP and PhIP be included in future studies as positive
controls for Phase I and Phase II assessment, respectively,
at 10 μg/mL. Future work includes the development of a
cryopreservation protocol, as has been developed for
pUR288 lacZ Plasmid Mouse PHs, to facilitate the use of
these cells for routine screening; moreover, their distribu-
tion to laboratories interested in adopting the assay (Luijten
et al., 2016). This study indicates that this system shows
great promise as a metabolically competent complement to
bacterial mutagenicity tests, particularly for compounds
that require metabolic activation.

STATEMENTOFAUTHORCONTRIBUTIONS

Dr White and Ms Cox designed the study. Ms Cox con-
ducted the laboratory experiments, for which Drs Zwart
and Luijten provided essential input. Dr White and Ms Cox
analyzed the data. Ms Cox prepared tables and draft fig-
ures. Ms Cox prepared the draft manuscript with important
intellectual input from Drs White, Luijten, and Zwart. All
authors approved the final manuscript.

Acknowledgments

The authors appreciate the comments received from
Health Canada internal reviewers—Rebecca Maertens,
Mike Wade, and Guosheng Chen. The authors are grateful

Environmental and Molecular Mutagenesis. DOI 10.1002/em

357Characterization of MutaMouse Primary Hepatocytes



to Dr Guosheng Chen for assistance with protocol develop-
ment. They also acknowledge Dr Steve Ferguson (NTP-
NIEHS) for essential advice and assistance regarding PH
culture and thank Dr Volker Arlt (King’s College London)
and Dr Iain Lambert (Carleton University) for providing
3-NBA and 1,8-DNP. They also acknowledge the indis-
pensable assistance of the Douglas Parks, Julie Todd,
Kevin Kittle, and Michelle Lalande (Health Canada) for
help with PH isolations.

REFERENCES

Adler S, Basketter D, Creton S, Pelkonen O, Van Benthem J, Zuang V,
Andersen KE, Angers-Loustau A, Aptula A, Bal-Price A, et al.
2011. Alternative (non-animal) methods for cosmetics testing: Cur-
rent status and future prospects-2010. Arch Toxicol 85:367–485.

Arlt VM, Hansruedi G, Eva M, Ulrike P, Sorg BL, Albrecht S, Heinz F,
Schmeiser HH, Phillips DH. 2003. Activation of 3-nitrobenzanthrone
and its metabolites by human acetyltransferases, sulfotransferases and
cytochrome P450 expressed in Chinese hamster V79 cells. Int J Cancer
105:583–592.

Arlt VM, Stiborova M, Henderson CJ, Osborne MR, Bieler CA, Frei E,
Martinek V, Sopko B, Wolf CR, Schmeiser HH, et al. 2005. Envi-
ronmental pollutant and potent mutagen 3-nitrobenzanthrone forms
DNA adducts after reduction by NAD(P)H:quinone oxidoreductase
and conjugation by acetyltransferases and sulfotransferases in
human hepatic cytosols. Cancer Res 65:2644–2652.

Arlt VM, Gingerich J, Schmeiser HH, Phillips DH, Douglas GR, White PA.
2008. Genotoxicity of 3-nitrobenzanthrone and 3-aminobenzanthrone
in Muta™Mouse and lung epithelial cells derived fromMuta™Mouse.
Mutagenesis 23:483–490.

Avlasevich SL, Bryce SM, Cairns SE, Dertinger SD. 2006. In vitro micro-
nucleus scoring by flow cytometry: Differential staining of micro-
nuclei versus apoptotic and necrotic chromatin enhances assay
reliability. Environ Mol Mutagen 47:56–66.

Bauer E, Guo Z, Ueng YF, Bell LC, Zeldin D, Guengerich FP. 1995. Oxi-
dation of benzo[a]pyrene by recombinant human cytochrome P450
enzymes. Chem Res Toxicol 8:136–142.

Bradley MO, Bhuyan B, Francis MC, Langenbach R, Peterson A, Huberman E.
1981. Mutagenesis by chemical agents in V79 Chinese hamster cells:
A review and analysis of the literature: A report of the gene-tox pro-
gram. Mutat Res 87:81–142.

Bryce SM, Bemis JC, Avlasevich SL, Dertinger SD. 2007. In vitro micronu-
cleus assay scored by flow cytometry provides a comprehensive eval-
uation of cytogenetic damage and cytotoxicity. Mutat Res 630:78–91.

Bryce SM, Bernacki DT, Bemis JC, Dertinger SD. 2016. Genotoxic mode
of action predictions from a multiplexed flow cytometric assay and
a machine learning approach. Environ Mol Mutagen 57:171–189.

Buick JK, Moffat I, Williams A, Swartz CD, Recio L, Hyduke DR, Li H,
Fornace AJ, Aubrecht J, Yauk CL. 2015. Integration of metabolic
activation with a predictive toxicogenomics signature to classify
genotoxic versus nongenotoxic chemicals in human TK6 cells.
Environ Mol Mutagen 56:520–534.

Cai T, Yao L, Turesky RJ. 2016. Bioactivation of heterocyclic aromatic amines
by UDP glucuronosyltransferases. Chem Res Toxicol 29:879–891.

Chen T, Harrington-Brock K, Moore MM. 2002. Mutant frequency and
mutational spectra in the Tk and Hprt genes of N-ethyl-N-nitro-
sourea-treated mouse lymphoma cells. Environ Mol Mutagen 39:
296–305.

Chen G, Gingerich J, Soper L, Douglas GR, White PA. 2010. Induction of
lacZ mutations in MutaTMMouse primary hepatocytes. Environ
Mol Mutagen 51:330–337.

Chowdhury G, Calcutt MW, Nagy LD, Guengerich FP. 2012. Oxidation
of methyl and ethyl nitrosamines by cytochrome P450 2E1 and
2B1. Biochemistry 51:9995–10007.

Cox JA, Zwart EP, Luijten M, White PA. 2018. The development and
pre-validation of an in vitro mutagenicity assay based on Muta-
Mouse primary hepatocytes, part I: Isolation, structural, genetic,
and biochemical characterization. Environ Mol Mutagen 0:1–17.

De Flora S, Morelli A, Zanacchi P, Bennicelli C, De Flora A. 1982. Selec-
tive deactivation of ICR mutagens as related to their distinctive
pulmonary carcinogenicity. Carcinogenesis 3:187–194.

Doak SH, Jenkins GJS, Johnson GE, Quick E, Parry EM, Parry JM. 2007.
Mechanistic influences for mutation induction curves after expo-
sure to DNA-reactive carcinogens. Cancer Res 67:3904–3911.

Doerr CL, Harrington-Brock K, Moore MM. 1989. Micronucleus, chromo-
some aberration, and small-colony TK mutant analysis to quanti-
tate chromosomal damage in L5178Y mouse lymphoma cells.
Mutat Res 222:191–203.

Douglas GR, Jiao J, Gingerich JD, Gossen JA, Soper LM. 1995. Temporal
and molecular characteristics of mutations induced by ethylnitrosourea
in germ cells isolated from seminiferous tubules and in spermatozoa of
lacZ transgenic mice. Proc Natl Acad Sci USA 92:7485–7489.

ECHA. 2017. Guidance on Information Requirements and Chemical Safety
Assessment Chapter R.7a: Endpoint specific guidance. Version 6.0.
Helsinki, Finland: European Chemicals Agency (ECHA).

Eddy EP, McCoy EC, Rosenkranz HS, Mermelstein R. 1986. Dichotomy
in the mutagenicity and genotoxicity of nitropyrenes: Apparent
effect of the number of electrons involved in nitroreduction. Mutat
Res 161:109–111.

Edgar DH. 1985. The mutagenic potency of 4 agents at the thymidine kinase
locus in mouse lymphoma L5178Y cells in vitro: Effects of exposure
time. Mutation Research/Genetic Toxicology 157:199–204.

Edgar DH, Brooker PC. 1985. Induction of 6-thioguanine resistance, chro-
mosome aberrations and SCE by dinitropyrenes in Chinese hamster
ovary cells in vitro. Mutat Res Genet Toxicol 158:209–215.

Essigmann JM, Croy RG, Nadzan AM, Busby WF, Reinhold VN,
Büchi G, Wogan GN. 1977. Structural identification of the major
DNA adduct formed by aflatoxin B1 in vitro. Proc Natl Acad Sci
USA 74:1870–1874.

European Commission. 2009. Regulation (EC) no 1223/2009 of the
European Parliament and of the council of 30 November 2009 on
cosmetic products (text with EEA relevance). Off J Eur Union
342:59–209.

Ferguson LR, Denny WA. 1990. Frameshift mutagenesis by acridines and
other reversibly-binding DNA ligands. Mutagenesis 5:529–540.

Fowler P, Smith K, Young J, Jeffrey L, Kirkland D, Pfuhler S,
Carmichael P. 2012a. Reduction of misleading (“false”) positive
results in mammalian cell genotoxicity assays. I. Choice of cell
type. Mutat Res 742:11–25.

Fowler P, Smith R, Smith K, Young J, Jeffrey L, Kirkland D, Pfuhler S,
Carmichael P. 2012b. Reduction of misleading (“false”) positive
results in mammalian cell genotoxicity assays. II. Importance of
accurate toxicity measurement. Mutat Res 747:104–117.

Gallagher EP, Wienkers LC, Stapleton PL, Kunze KL, Eaton DL. 1994.
Role of human microsomal and human complementary DNA-
expressed cytochromes P4501A2 and P4503A4 in the bioactivation
of aflatoxin B1. Cancer Res 54:101–108.

Gingerich JD, Soper L, Lemieux CL, Marchetti F, Douglas GR. 2014.
Transgenic rodent gene mutation assay in somatic tissues. In:

Environmental and Molecular Mutagenesis. DOI 10.1002/em

358 Cox et al.



Sierra LM, Gaivã I, editors. Genotoxicity and DNA Repair: A Prac-
tical Approach. New York, NY: Springer New York. pp. 305–321.

Gocke E, Ballantyne M, Whitwell J, Müller L. 2009. MNT and
Muta™mouse studies to define the in vivo dose response relations
of the genotoxicity of EMS and ENU. Toxicol Lett 190:286–297.

Gossen JA, Molijn AC, Douglas GR, Vijg J. 1992. Application of
galactose-sensitive E. coli strains as selective hosts for LacZ- plas-
mids. Nucleic Acids Res 20:3254.

Hanna J. 2018. Validation of an in vitro mutagenicity assay based on pul-
monary epithelial cells from the transgenic MutaMouse: Intra-
LABORATORY VARIABILITY AND METABOLIC COMPE-
TENCE. Masters Thesis. University of Ottawa, Ottawa. https://doi.
org/10.20381/ruor-21584.

Hayashi M, Dearfield K, Kasper P, Lovell D, Martus H, Thybaud V.
2011. Compilation and use of genetic toxicity historical control
data. Mutat Res 723:87–90.

Haynes RH. 1989. Mutagenesis and mathematics: The allure of numbers.
Environ Mol Mutagen 14:200–205.

Heflich RH, Neft RE. 1994. Genetic toxicity of 2-acetylaminofluorene,
2-aminofluorene and some of their metabolites and model metabo-
lites. Mutat Res 318:73–174.

Hendriks G, Atallah M, Morolli B, Calléja F, Ras-Verloop N, Huijskens I,
Raamsman M, van de Water B, Vrieling H. 2012. The ToxTracker
assay: Novel GFP reporter systems that provide mechanistic insight
into the Genotoxic properties of chemicals. Toxicol Sci 125:285–298.

Hoffmann D, Hecht SS. 1985. Nicotine-derived N-nitrosamines and tobacco-
related cancer: Current status and future directions. Cancer Res
45:935.

IARC. 2014. Diesel and gasoline engine exhausts and some nitroarenes.
IARC Monogr 105:1–703.

ICH. 2011. ICH Harmonised Tripartite Guideline Guidance of Genotoxi-
city Testing and Data Interpretation for Pharmaceuticals Intended
for Human Use S2(R1). Geneva, Switzerland: ICH.

Jaeger BR. 1984. U.S. Environmental Protection Agency. Pesticide Assess-
ment Guidelines, Subdivision F. Hazard Evaluation: Human and
Domestic Animals. Springfield, VA: NTIS: Office of Pesticides and
Toxic Substances, Washington, DC. EPA No. 54019–84-01.

Jägerstad M, Reuterswärd AL, Olsson R, Grivas S, Nyhammar T,
Olsson K, Dahlqvist A. 1983. Creatin(in)e and maillard reaction
products as precursors of mutagenic compounds: Effects of various
amino acids. Food Chem 12:255–264.

Jeffrey AM. 1985. DNA modification by chemical carcinogens. Pharmacol
Ther 28:237–272.

Kim JH, Stansbury KH, Walker NJ, Trush MA, Strickland PT, Sutter TR.
1998. Metabolism of benzo[a]pyrene and benzo[a]pyrene-7,8-diol
by human cytochrome P450 1B1. Carcinogenesis 19:1847–1853.

Kirkland D, Kasper P, Müller L, Corvi R, Speit G. 2008. Recommended
lists of genotoxic and non-genotoxic chemicals for assessment of
the performance of new or improved genotoxicity tests: A follow-
up to an ECVAM workshop. Mutat Res 653:99–108.

Kirkland D, Kasper P, Martus HJ, Müller L, van Benthem J, Madia F,
Corvi R. 2016. Updated recommended lists of genotoxic and non-
genotoxic chemicals for assessment of the performance of new or
improved genotoxicity tests. Mutat Res 795:7–30.

Kreamer BL, Staecker JL, Sawada N. 1986. Use of a low-speed, iso-
density percoll centrifugation method to increase the viability of
isolated rat hepatocyte preparations. In Vitro 22:201–211.

Krewski D, Acosta D, Andersen M, Anderson H, Bailar JC, Boekelheide K,
Brent R, Charnley G, Cheung VG, Green S, et al. 2010. Toxicity test-
ing in the 21st century: A vision and a strategy. J Toxicol Environ
Health Part B Crit Rev 13:51–138.

Lambert IB, Singer TM, Boucher SE, Douglas GR. 2005. Detailed review
of transgenic rodent mutation assays. Mutat Res Rev Mutat Res
590:1–280.

Lemieux CL, Douglas GR, Gingerich J, Phonethepswath S, Torous DK,
Dertinger SD, Phillips DH, Arlt VM, White PA. 2011. Simulta-
neous measurement of benzo[a]pyrene-induced pig-a and lacZ
mutations, micronuclei and DNA adducts in mutaTMmouse. Envi-
ron Mol Mutagen 52:756–765.

Long AS, Wills JW, Krolak D, Guo M, Dertinger SD, Arlt VM,
White PA. 2018. Benchmark dose analyses of multiple genetic tox-
icity endpoints permit robust, cross-tissue comparisons of Muta-
Mouse responses to orally delivered benzo[a]pyrene. Arch Toxicol
92:967–982.

Lorge E, Moore MM, Clements J, O’Donovan M, Fellows MD, Honma M,
Kohara A, Galloway S, Armstrong MJ, Thybaud V, et al. 2016.
Standardized cell sources and recommendations for good cell cul-
ture practices in genotoxicity testing. Mutat Res 809:1–15.

Luijten M, Zwart EP, Dollé MET, de Pooter M, Cox JA, White PA, van
Benthem J. 2016. Evaluation of the LacZ reporter assay in cryopre-
served primary hepatocytes for in vitro genotoxicity testing. Envi-
ron Mol Mutagen 57:643–655.

Maertens RM, Long AS, White PA. 2017. Performance of the in vitro transgene
mutation assay in MutaMouse FE1 cells: Evaluation of nine misleading
(“false”) positive chemicals. Environ Mol Mutagen 58:582–591.

METI M, MOE. 2009. Act on the Evaluation of Chemical Substances and
Regulation of Their Manufacture, etc. Chemical Substance Control
Law (CSCL). Tokyo, Japan: Ministry of Economy, Trade and
Industry (METI), Labor and Welfare (MHLW), and the Ministry
of the Environment (MOE).

Minister of Justice. 2018. New Substances Notifications Regulations
(Chemicals and Polymers) SOR/2005–247. Ottawa, Canada: Min-
ister of Justice.

Mitchell AD, Auletta AE, Clive D, Kirby PE, Moore MM, Myhr BC. 1997.
The L5178Y/tk(+/−) mouse lymphoma specific gene and chromo-
somal mutations assay: A phase III report of the U.S. environmental
protection agency gene-Tox program. Mutat Res 394:177–303.

Morgenthaler PM, Holzhäuser D. 1995. Analysis of mutations induced by
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in human
lymphoblastoid cells. Carcinogenesis 16:713–718.

Nishi Y, Hasegawa MM, Taketomi M, Ohkawa Y, Inui N. 1984. Compari-
son of 6-Thioguanine-resistant mutation and sister chromatid
exchanges in Chinese hamster V79 cells with forty chemical and
physical agents. Cancer Res 44:3270–3279.

NTP. 1982. Cytogenetic study of eugenol in Chinese hamster ovary cell
chromosome aberrations test 002–02170–0002-0000-4.

NTP. 1986. Cytogenetic study of t-butylhydroquinone in Chinese hamster
ovary cell chromosome aberrations test 002–03205–0002-0000-4.

Nüsse M, Beisker W, Kramer J, Miller BM, Schreiber GA, Viaggi S,
Weller EM, Wessels JM. 1994. Chapter 9: Measurement of micro-
nuclei by flow Cytometry. Methods Cell Biol 42:149–158.

Oberly TJ, Rexroat MA, Bewsey BJ, Richardson KK, Michaelis KC,
Casciano DA. 1990. An evaluation of the cho/hgprt mutation assay
involving suspension cultures and soft agar cloning: Results for
33 chemicals. Environ Mol Mutagen 16:260–271.

OECD. 2005. No 14, Guidance Document on the Validation and Interna-
tional Acceptance of New or Updated Test Methods for Hazard
Assessment. Paris, France: Organization for Economic Cooperation
and Development.

OECD. 2016a. OECD Guidelines for the Testing of Chemicals, Section 4,
Test No. 476: in vitro Mammalian Cell Gene Mutation Tests Using
the Hprt and Xprt Genes. Paris, France: Organization for Economic
Cooperation and Development.

Environmental and Molecular Mutagenesis. DOI 10.1002/em

359Characterization of MutaMouse Primary Hepatocytes

https://doi.org/10.20381/ruor-21584
https://doi.org/10.20381/ruor-21584


OECD. 2016b. OECD Guidelines for the Testing of Chemicals, Section 4,
Test No. 487: in vitro Mammalian Cell Micronucleus Test. Paris,
France: Organization for Economic Cooperation and Development.

OECD. 2016c. OECD Guidelines for the Testing of Chemicals Section 4,
Test No. 490: in vitro Mammalian Cell Gene Mutation Tests Using
the Thymidine Kinase Gene. Paris, France: Organization for Eco-
nomic Cooperation and Development.

Phousongphouang PT, Grosovsky AJ, Eastmond DA, Covarrubias M,
Arey J. 2000. The genotoxicity of 3-nitrobenzanthrone and the nitro-
pyrene lactones in human lymphoblasts. Mutat Res 472:93–103.

Preisler V, Caspary WJ, Hoppe F, Hagen R, Stopper H. 2000. Aflatoxin
B1-induced mitotic recombination in L5178Y mouse lymphoma
cells. Mutagenesis 15:91–97.

Rompelberg CJM, Evertz SJCJ, Bruijntjesrozier GCDM, van den Heuvel PD,
Verhagen H. 1996a. Effect of eugenol on the genotoxicity of estab-
lished mutagens in the liver. Food Chem Toxicol 34:33–42.

Rompelberg CJM, Steenwinkel MST, van Asten JG, van Delft JHM,
Baan RA, Verhagen H. 1996b. Effect of eugenol on the mutagenic-
ity of benzo[a]pyrene and the formation of benzo[a]pyrene-DNA
adducts in the λ-lacZ-transgenic mouse. Mutat Res Genet Toxicol
369:87–96.

Schut HAJ, Snyderwine EG. 1999. DNA adducts of heterocyclic amine
food mutagens: Implications for mutagenesis and carcinogenesis.
Carcinogenesis 20:353–368.

Seglen PO. 1976. Chapter 4 Preparation of isolated rat liver cells. Methods
Cell Biol 13:29–83.

Slob W, Setzer RW. 2014. Shape and steepness of toxicological dose–response
relationships of continuous endpoints. Crit Rev Toxicol 44:270–297.

Storer RD, Kraynak AR, McKelvey TW, Elia MC, Goodrow TL,
DeLuca JG. 1997. The mouse lymphoma L5178Y Tk(+/−) cell
line is heterozygous for a codon 170 mutation in the p53 tumor
suppressor gene. Mutat Res 373:157–165.

Taft SA, Liber HL, Skopek TR. 1994. Mutational spectrum of ICR-191 at
the hprt locus in human lymphoblastoid cells. Environ Mol Muta-
gen 23:96–100.

USFDA. 2007. Toxicological Principles for the Safety Assessment of
Food Ingredients, Redbook 2000, Chapter IV.C.1. Short-Term
Tests for Genetic Toxicity. College Park, MD: Center for Food
Safety and Applied Nutrition (CFSAN), USFDA.

Vijg J, Douglas GR. 1996. Bacteriophage lambda and plasmid lacZ trans-
genic mice for studying mutations in vivo. In: Pfeifer GP, editor.
Technologies for Detection of DNA Damage and Mutations.
Boston, MA: Springer US. pp. 391–410.

White PA, Douglas GR, Gingerich J, Parfett C, Shwed P, Seligy V,
Soper L, Berndt L, Bayley J, Wagner S, et al. 2003. Development
and characterization of a stable epithelial cell line from MutaMouse
lung. Environ Mol Mutagen 42:166–184.

Wills JW, Johnson GE, Doak SH, Soeteman-Hernández LG, Slob W,
White PA. 2016. Empirical analysis of BMD metrics in genetic
toxicology part I: in vitro analyses to provide robust potency rank-
ings and support MOA determinations. Mutagenesis 31:255–263.

Yamazaki H, Inui Y, Yun CH, Guengerich FP, Shimada T. 1992. Cyto-
chrome P450 2E1 and 2A6 enzymes as major catalysts for metabolic
activation of N-nitrosodialkylamines and tobacco-related nitrosa-
mines in human liver microsomes. Carcinogenesis 13:1789–1794.

Zwart EP, Schaap MM, van den Dungen MW, Braakhuis HM, White PA,
Steeg HV, Benthem JV, Luijten M. 2012. Proliferating primary
hepatocytes from the pUR288 lacZ plasmid mouse are valuable
tools for genotoxicity assessment in vitro. Environ Mol Mutagen
53:376–383.

Accepted by—
B. Gollapudi

Environmental and Molecular Mutagenesis. DOI 10.1002/em

360 Cox et al.


	 The Development and Prevalidation of an In Vitro Mutagenicity Assay Based on MutaMouse Primary Hepatocytes, Part II: Assay...
	INTRODUCTION
	MATERIALS AND METHODS
	Materials and Reagents
	Isolation and Culture of PHs
	Chemical Exposure and DNA Isolation
	Mutant Frequency (MF) Determination
	Cytotoxicity Determination
	Statistical Analyses
	Benchmark Dose (BMD) Modeling

	RESULTS
	DISCUSSION
	STATEMENT OF AUTHOR CONTRIBUTIONS
	Acknowledgments
	REFERENCES


