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Abstract

Chemicals in commerce or under development must be assessed for genotoxicity; assessment is 
generally conducted using validated assays (e.g. Tk mouse lymphoma assay) as part of a regulatory 
process. Currently, the MutaMouse FE1 cell mutagenicity assay is undergoing validation for 
eventual use as a standard in vitro mammalian mutagenicity assay. FE1 cells have been shown to 
be metabolically competent with respect to some cytochrome P450 (CYP) isozymes; for instance, 
they can convert the human carcinogen benzo[a]pyrene into its proximate mutagenic metabolite. 
However, some contradictory results have been noted for other genotoxic carcinogens that require 
two-step metabolic activation (e.g. 2-acetylaminofluorene and 2-amino-3-methylimidazo[4,5-
f]quinoxaline). Here, we examined three known or suspected human carcinogens, namely 
acrylamide, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 4-aminobiphenyl (4-
ABP), together with their proximate metabolites (i.e. glycidamide, N-OH-PhIP and N-OH-4-ABP), 
to aid in the validation of the FE1 cell mutagenicity assay. Assessments of the parent compounds 
were conducted both in the presence and absence of an exogenous metabolic activation mixture 
S9; assessments of the metabolites were in the absence of S9. The most potent compound was 
N-OH-PhIP -S9, which elicited a mutant frequency (MF) level 5.3-fold over background at 5 µM. 
There was a 4.3-fold increase for PhIP +S9 at 5  µM, a 1.7-fold increase for glycidamide −S9 at 
3.5 mM and a 1.5-fold increase for acrylamide +S9 at 4 mM. Acrylamide −S9 elicited a marginal 
1.4-fold MF increase at 8 mM. Treatment with PhIP −S9, 4-ABP ±S9 and N-OH-4-ABP −S9 failed to 
elicit significant increases in lacZ MF with any of the treatment conditions tested. Gene expression 
of key CYP isozymes was quantified by RT-qPCR. Cyp1a1, 1a2 and 1b1 are required to metabolise 
PhIP and 4-ABP. Results showed that treatment with both compounds induced expression of 
Cyp1a1 and Cyp1b1 but not Cyp1a2. Cyp2e1, which catalyses the bioactivation of acrylamide to 
glycidamide, was not induced after acrylamide treatment. Overall, our results confirm that the 
FE1 cell mutagenicity assay has the potential for use alongside other, more traditional in vitro 
mutagenicity assays.
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Introduction

Prior to being introduced into the marketplace, regulatory require-
ments ensure that the safety of new substances must be adequately 
evaluated. In order to test the genotoxic potential of chemicals, 
many in vitro and in vivo assays, as well as in silico tools, have been 
developed. Available and commonly used assays collectively assess 
a variety of endpoints (e.g. mutagenicity and clastogenicity) (1); the 
Organisation for Economic Co-operation and Development (OECD) 
publishes Guidelines for the Testing of Chemicals that detail inter-
nationally accepted assessment protocols. Typically, three in vitro 
endpoints (i.e. gene mutations, structural and numerical chromo-
somal aberrations) are evaluated for a satisfactory assessment of 
genotoxicity. The tests commonly used for the in vitro assessments 
are the Ames test (OECD 471), the in vitro mammalian chromo-
somal aberration test (OECD 473) and the micronucleus test (OECD 
487) (2–5). The two most commonly used OECD-validated in vitro 
mammalian mutagenicity assessment assays are the Hprt (OECD 
476) and Tk (OECD 490) locus mutation assays (1,6,7). However, 
the cell lines used for these assays (e.g. human TK6, L5178Y mouse 
lymphoma and CHO) have been criticised for their lack of metabolic 
capacity and impaired p53 function (8). Although various cell lines 
and primary cells from transgenic rodents are available for in vitro 
mutagenicity assessment, none are currently accepted for regulatory 
purposes since they have not yet been appropriately validated.

A working group at the 7th International Workshop on 
Genotoxicity Testing reviewed all available transgenic rodent in vitro 
assays, concluding that assays utilising cells from the MutaMouse 
and lacZ plasmid mouse are the most promising for validation and 
use in routine mutagenicity testing (1). Therefore, the MutaMouse 
FE1 cell mutagenicity assay is currently in early stages of validation 
at Health Canada (Ottawa, ON) and collaborating laboratories. FE1 
cells are an epithelial cell line isolated from the MutaMouse lung 
that are cytogenetically stable and show normal p53 functionality 
(9). As FE1 cells are derived from MutaMouse tissue, they contain 
the λgtlacZ shuttle vector, which can be excised from the DNA of 
FE1 cells and packaged into λ phage heads. The phage is then ab-
sorbed into Escherichia coli, which, in turn, are plated onto a titre 
plate and a mutant plate containing P-galactosidase. The lacZ mu-
tant frequency (MF) is determined as the ratio of the number of 
mutant colonies to the number of colonies on the titre plate (10). As 
outlined in White et al. (1), to date, the reproducibility and reliability 
of the FE1 cell mutagenicity assay across different operators have 
shown a concordance of ~90% and a total of 25 reference com-
pounds have been assessed previously in this assay (9,11–14). More 
details on experimental results can be found in Table 4 of White 
et al. (1). Of the 14 known in vivo mutagens tested, 10 elicited posi-
tive responses, including benzo[a]pyrene (BaP), aflatoxin B1 and 
3-nitrobenzanthrone; two known in vivo non-mutagens ampicillin 
trihydrate and D-mannitol were negative (11,12). Substances often 
referred to as false or misleading in vitro positives (15), meaning that 
they are negative in in vivo mutagenicity assays but are frequently 
positive in other in vitro mutagenicity tests were also examined. 
Nine such substances (e.g. curcumin, eugenol and p-nitrophenol) 
were evaluated but they did not elicit positive responses in the FE1 
cell mutagenicity assay (12). Additionally, the FE1 cell line has been 
characterised for its enzymatic capabilities. Using quantitative reverse 
transcription polymerase chain reaction (RT-qPCR), it has been 
shown that mRNA expression is inducible in FE1 cells for important 
Phase I  [e.g. cytochrome P450 (CYP) 1A2, 1A1, 1B1] and Phase 
II enzymes [e.g. sulfotransferases (SULTs), N-acetyltransferases 
(NATs)], following chemical treatment (11,16). Thus, it is not 

surprising that FE1 cells can activate mutagenic carcinogens, such 
as BaP, without an exogenous metabolic activation system (S9). 
This constitutes a noteworthy benefit in comparison with the afore-
mentioned commonly used mammalian cell mutagenicity assays. 
Nevertheless, although important xenobiotic-metabolising enzymes 
(XMEs) are expressed in MutaMouse FE1 cells, some contradictory 
results have been obtained. For instance, the aromatic amines 
2-acetylaminofluorene (2-AAF) and 2-aminoanthracene (2-AA), 
which both require two-step metabolic activations to exert their 
genotoxic effects, elicited positive responses without S9, leading 
to the assumption that NATs and SULTs are expressed in FE1 cells 
(11,13). However, when assessing the heterocyclic amine 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), which requires 
SULT-catalysed sulfonation of N-OH-PhIP for bioactivation, a posi-
tive result was only observed in the presence of S9 (9). In contrast, 
the heterocyclic amine 2-amino-3-methylimidazo[4,5-f]quinoxaline 
(IQx), despite having a similar bioactivation pathway, was not mu-
tagenic in FE1 cells even when S9 was added (13). In light of the 
positive results for some (heterocyclic) aromatic amines (e.g. 2-AAF 
±S9 or PhIP +S9), and negative results for others (e.g. Iqx ±S9), the 
metabolic activation capabilities of FE1 cells seems to be complex 
and compound specific, even across substances that are all known 
to require a similar two-step bioactivation. Furthermore, some 
compounds (e.g. 1-methylpyrene) that require Cyp2e1 metabolism 
yielded negative responses in the FE1 cell mutagenicity assay (11).

No guidelines are available regarding the number of compounds 
that should be tested for the evaluation and validation of in vitro 
mutagenicity assays; however, e.g., 43 chemicals were evaluated to 
validate the mouse lymphoma assay (17). To contribute to the con-
tinued validation of the FE1 cell mutagenicity assay, the aim of this 
study was to assess the mutagenicity of three known or suspected 
human carcinogens, namely acrylamide, PhIP, and 4-aminobiphenyl 
(4-ABP), and together with their proximate metabolites glycidamide, 
N-OH-PhIP and N-OH-4-ABP, via which three carcinogens form pre-
mutagenic DNA adducts; if not repaired, the adducts may contribute 
to the establishment of mutations (Supplementary Figures S1–3).

PhIP is a pyrolysis product formed during the cooking of meat and 
fish (18) that has been classified by the International Agency for the 
Research on Cancer (IARC) as a Group 2B human carcinogen (‘pos-
sibly carcinogenic’) inducing guanine mutations in vivo and in vitro 
(19). As noted, it has been previously evaluated in FE1 cells and has 
been used as a positive control to ensure that the metabolic activation 
is functioning as expected (9,12). As stated, PhIP has previously failed 
to elicit a positive response in the absence of S9; it was hypothesised 
that this indicates a lack of SULT activity. By directly assessing the 
PhIP metabolite N-OH-PhIP, this hypothesis can be evaluated.

4-ABP is an aromatic amine found in tobacco smoke and cooking 
fumes, which induces gene mutations in in vitro and in vivo systems. 
It is the only compound examined herein that is classified as Group 1 
human carcinogen by IARC (20). PhIP and 4-ABP follow similar 
pathways of metabolism, requiring initial bioactivation predomin-
antly by Cyp1a1, 1a2 and 1b1, followed by conversion by NATs and 
SULTs to unstable esters, which can undergo heterolytic cleavage 
and form an electrophilic nitrenium ion, that can bind to DNA (18). 
By including both compounds in the current study, the aforemen-
tioned two-step metabolic activation pathway, which requires both 
Phase I  and II enzymes, can be further evaluated. Recent in vivo 
studies have further shown that Cyp2e1 expression is as important 
as Cyp1a2 for N-hydroxylation of 4-ABP (21).

Acrylamide has been classified by IARC as probably carcinogenic 
to humans (Group 2A) (22) and is found in cooked starch-rich foods 
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(23); it is metabolised by CYP2E1 to the known mutagen glycidamide 
(24). These compounds were included in the current study to further 
test the hypothesis that compounds requiring Cyp2e1 metabolism 
are unable to elicit positive responses in the FE1 cell mutagenicity 
assay, i.e. they are false negatives. Glycidamide has been shown to 
be mutagenic in various in vivo and in vitro systems (25–29). In con-
trast, acrylamide induced mutations in vivo but in vitro results have 
been mixed (25–29). To optimise treatment conditions, crystal violet 
staining and Western blotting were used to examine cell viability and 
DNA damage response (DDR) in exposed cells, respectively. Gene 
expression analysis by RT-qPCR was employed to measure the in-
duction of CYP enzyme transcript levels (i.e. Cyp1a1, 1a2, 1b1, 2e1) 
in mutagen-treated FE1 cells. Here, we present an investigation of 
the mutagenic potential of acrylamide, PhIP and 4-ABP, as well as 
their proximate metabolites glycidamide, N-OH-PhIP and N-OH-
4-ABP to aid in the validation of the FE1 cell mutagenicity assay.

Material and methods

Test compounds
Acrylamide, glycidamide and BaP were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Syntheses of PhIP and N-OH-
PhIP were performed at the Biochemical Institute for Environmental 
Carcinogens (Großhansdorf, Germany). 4-ABP was purchased from 
Honeywell Riedel-de Haën (Charlotte, North Carolina, USA), and 
N-OH-4-ABP from Toronto Research Chemicals (Toronto, Ontario, 
Canada). Acrylamide and glycidamide stocks were prepared in 
water at 2 M, sterile filtered (0.22 µm) and aliquots stored at −20°C. 
The remainder of stock solutions were prepared at 50 mM (PhIP, 
N-OH-PhIP), 100 mM (4-ABP, N-OH-4-ABP) or 250 mM (BaP) by 
dissolving the compounds in water-free DMSO. Aliquots of PhIP, 
4-ABP and BaP were stored at −20°C; aliquots of N-OH-PhIP and 
N-OH-4-ABP were stored under nitrogen gas at −80°C.

Culture of FE1 cells
FE1 cells were isolated at Health Canada (Ottawa, Ontario, 
Canada) and cultured at 37°C and 5% CO2 in growth medium 
(DMEM:Nutrient Mixture F-12; Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) supplemented with 2% (v/v) foetal bovine 
serum (Thermo Fisher Scientific), 100 U/ml penicillin, 100  µg/ml 
streptomycin (Thermo Fisher Scientific) and 1  ng/ml human epi-
dermal growth factor (Thermo Fisher Scientific). For passaging, 
cells were detached using 0.25% trypsin-EDTA (Thermo Fisher 
Scientific) for 1–3 min and then suspended in growth medium; cells 
were reseeded at the desired cell number. Cells were counted using a 
Countess FL2 automated haemocytometer (Life Technologies).

Crystal violet staining assay for cell viability
Crystal violet stains adherent cells by binding to DNA and pro-
teins and depends on the detachment of dead cells from the plate. 
Consequently, staining is indicative of cell viability in the wells. 
FE1 cells were seeded onto six-well plates at 20 000 cells/well and 
incubated overnight. The following day, the growth medium was 
removed, and cells washed with phosphate buffered saline (PBS). 
Serum-free treatment medium with test compounds was added. 
For acrylamide, PhIP and 4-ABP, a metabolic activation system 
was added to the exposure medium, i.e. 0.2% (v/v) Aroclor-1254-
induced rat liver S9 from male Sprague–Dawley rats (Molecular 
Toxicology Inc.), 1.26  mM MgCl2 (Thermo Fisher Scientific), 
8.3  mM KCl (Sigma-Aldrich), 1.26  mM glucose-6-phosphate 

(Sigma-Aldrich) and 1  mM NADP (Sigma-Aldrich). For controls, 
DMSO (0.04% for N-OH-PhIP or 0.1% for PhIP, 4-ABP, N-OH-
4-ABP) or water (for acrylamide and glycidamide) was added to 
the serum-free treatment medium. After 6 h, the treatment medium 
was removed, cells were rinsed with PBS and then incubated for a 
further 72  h in fresh growth medium. Treatment was performed 
in duplicate wells at 37°C and 5% CO2. At 72 h after treatment 
was initiated, cells were washed with PBS followed by staining with 
0.1% (w/v) crystal violet dye (Sigma-Aldrich) in 10% ethanol for 
at least 10 min. To remove excess crystal violet, cells were washed 
twice with PBS and air-dried in the dark at room temperature. 
Crystal violet was solubilised in 1 ml 50% ethanol/well to quan-
tify the amount of staining of attached cells. Absorbance was deter-
mined at 595 nm using a plate reader (ELx800, Bio-Tek, Winooski, 
Vermont, USA). Data shown are mean absorbance values relative 
to control and are the results of at least three independent experi-
ments. As suggested previously (12), cell viability at the beginning 
and end of the experiment was considered by staining a well with 
crystal violet prior to treating the cells. To normalise cytotoxicity 
with the pre-exposure cytotoxicity values, this initial absorbance 
value was subtracted from the final one.

Western blotting
For the Western blot experiment, cell numbers were adjusted to re-
cover enough protein at the end of a 6-h exposure period. Thus, 
cells were seeded at 520 000 cells/well in six-well plates and treated 
the following day with subcytotoxic and cytotoxic concentrations 
of the test compounds in serum-free treatment medium for 6  h 
that resulted in 80%, 60% and 30% cell viability. For acrylamide, 
PhIP and 4-ABP, treatments with a metabolic activation (S9) system 
were included (see above). Treated cells were washed with PBS 
and lysed in 62.5 mM Tris (pH 6.8), 1 mM EDTA (pH 8.0), 2% 
(w/v) sodium dodecyl sulphate, 10% glycerol supplemented with 
1X HaltTM Protease and Phosphatase Inhibitor Cocktail (Thermo 
Fisher Scientific). Expression of phospho-p53 (Ser15), p21, γ-H2ax 
(Ser139), phospho-Chk1 (Ser345) and glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh) was assessed. Western blotting was per-
formed as described previously (30). After blocking with 3% milk in 
TBS-T for 1 h at room temperature, blots were incubated overnight 
at 4°C with the following primary antibodies: anti-phospho-p53 
(1:2000; Cell Signalling, Danvers, Massachusetts, USA), anti-p21 
(1:2000; BD Biosciences, Franklin Lakes, New Jersey, USA), anti-
γ-H2ax (1:1000; Cell Signalling) and anti-phospho-Chk1 (1:1,000; 
Cell Signalling). Incubation with the loading control anti-Gapdh 
(1:25,000; Chemicon International, Temecula, California, USA) was 
performed for 30 min at room temperature. After incubations with 
primary antibodies, blots were incubated with species-specific horse 
radish peroxidase-conjugated secondary antibodies (anti-mouse or 
anti-rabbit; Bio-Rad) for 1 h at room temperature and proteins de-
tected by chemiluminescence.

Gene expression analysis by RT-qPCR
For the gene expression analysis, cell numbers were adjusted to re-
cover enough RNA at the end of a 6-h period. Cells were seeded at 
1.3 × 106/25-cm2 flasks and incubated overnight. The next day, the 
growth medium was removed, and cells washed with PBS. Serum-
free treatment medium with acrylamide, PhIP or 4-ABP was added to 
lead to 80%, 60% and 30% cell viability. After 6 h, pellets were pre-
pared, and RNA was extracted using the RNeasy Mini Kit (QIAGEN, 
Hilden, Germany) according to the manufacturer’s instructions. 
After establishing the concentration and quality parameters of the 
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RNA using a NanoDrop spectrophotometer, RNA was reverse 
transcribed into cDNA using a High-Capacity RNA-to-cDNA™ 
Kit (Thermo Fisher Scientific). RT-qPCR was performed using a 
2X TaqMan™ Gene Expression Master Mix (Thermo Scientific) 
and the Roche Universal Probe Library designed intron-spanning 
assays (i.e. primers and matching probe) for the following NCBI 
sequences: NM_009992.4 (Cyp1a1), NM_009993.3 (Cyp1a2), 
NM_009994.1 (Cyp1b1) and NM_021282.2 (Cyp2e1). Gene ex-
pression was analysed using a 7500 Fast Real-Time PCR System 
(Applied Biosystems). Relative gene expression was normalised to 
the housekeeping gene Gapdh (NM_001289726.1) and analysed 
by the comparative threshold cycle (Ct) method. Results were re-
ported as the fold change in gene expression between the treated and 
solvent control samples (2−ΔΔCt method).

FE1 cell mutagenicity assay
FE1 cells were seeded onto 10-cm plates at 300 000 cells/plate. The 
following day, cells were rinsed with PBS and serum-free treatment 
medium containing the test compound was added to the cells. For 
acrylamide, PhIP and 4-ABP S9 was added to the exposure medium 
(see above). After 6  h, the treatment medium was removed and 
the cells were washed with PBS and incubated for a further 72 h 
in growth medium. Cells were exposed to a range of subcytotoxic 
and cytotoxic concentrations of the test compounds (see Table  1) 
and solvent control (0.1% DMSO: PhIP, 4-ABP and N-OH-4-ABP; 
0.04% DMSO: N-OH-PhIP; water: acrylamide and glycidamide) in 
triplicate plates. Positive controls (0.4 μM BaP −S9; 4.5 μM PhIP 
+S9) were included. Following the 72-h sampling period, cells were 
harvested, and pellets stored at −20°C until DNA was isolated using 
a standard phenol–chloroform extraction method. The phenyl-
β-D galactosidase (P-gal) positive selection assay was performed 
as described previously (9,12). Briefly, the λgt10lacZ shuttle vector 
was recovered from the DNA and packaged into bacteriophage 
particles using Transpack reagent (Agilent Technologies, Santa 
Clara, California, USA). After incubating the phage particles with 
Escherichia coli (E. coli C ΔlacZ, galE-, recA-, Kanr, pAA119), they 
were plated onto non-selective titre plates and the remainder on mu-
tant selective plates containing P-Gal. Following an incubation over-
night at 37°C, plaques were manually scored and MF calculated as 
the ratio of the mutant plaque forming units (pfu) on the selective 
plates to the total number of pfu calculated from the non-selective 
titre plates.

Statistics
Results are shown as mean values ± standard deviation (SD). The 
sample size is indicated in each section. Statistical analysis for 
the FE1 cell mutagenicity assay was performed in SAS v.9.1 (SAS 

Institute, Cary, NC) using Poisson regression. A compound was cat-
egorised as genotoxic if the analyses revealed a significant treatment-
related effect at P < 0.05, and at least one concentration elicited a 
significant increase in MF relative to the solvent control (P < 0.05). 
GraphPad Prism version 8.2.0 (GraphPad Software Inc., La Jolla, 
California, USA) was used for the remaining statistical analysis. Cell 
viability was expressed as the percentage of control (untreated) cells, 
and the area under the curve (AUC) and half-maximal inhibitory 
concentration (IC50) values were calculated. AUCs and IC50 values 
were compared by one-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparisons test. Relative mRNA expression 
data (2−ΔΔCt) were log2 transformed and analysed using a single-
sample t-test with Bonferroni correction against the population con-
trol mean of 0. Significance levels are *P < 0.05, **P < 0.01 and 
***P < 0.001.

Results

Cell viability in FE1 cells
Cell viability after 6-h treatment with glycidamide (0–4 mM), acryl-
amide (0–10 mM), PhIP (0–250 µM), N-OH-PhIP (0–5 µM), 4-ABP 
(0–550 µM) or N-OH-4-ABP (0–5 µM), followed by a 72-h sam-
pling period, was established by crystal violet staining. For acryl-
amide, PhIP and 4-ABP cell viability was assessed in the presence 
and absence of S9.

All treatments except PhIP −S9 decreased cell viability in a 
concentration-dependent manner. Glycidamide and acrylamide 
+S9 led to very similar (P > 0.05) levels of cell viability with virtu-
ally the same IC50 values of 2.4 mM (acrylamide +S9) and 2.3 mM 
(glycidamide −S9), whereas the calculated IC50 value for acrylamide 
−S9 of 6.1 mM was significantly higher (P < 0.001; Figure 1A–C). 
Similar effects were observed for PhIP +S9 and N-OH-PhIP −S9 
(Figure 1D–F). For N-OH-PhIP −S9 or PhIP +S9, IC50 values were 
very similar (P > 0.05), calculated as 2.5 and 3.0 µM, respectively. 
In contrast, cell viability was unaffected at PhIP −S9 concentra-
tions up to 250 µM and the calculated IC50 value of 5.6 mM was 
significantly different to the one of PhIP +S9 and N-OH-PhIP −
S9 (P < 0.01). Interestingly, these effects were not seen for 4-ABP 
±S9 and N-OH-4-ABP −S9 (Figure 1G–I). Levels of cell viability 
were highly similar (P > 0.05) for 4-ABP ±S9 with IC50 values of 
391  µM (−S9) and 455  µM (+S9); N-OH-4-ABP −S9 was much 
more cytotoxic at 100-fold lower concentrations with an IC50 value 
of 2.9 µM (P < 0.001). A summary of all IC50 values can be found 
in Supplementary Table S1.

AUCs for each treatment condition were compared 
(Supplementary Table S2). No significant difference was observed 
between glycidamide and acrylamide +S9 treatment. Results were 
the same when comparing N-OH-PHIP −S9 and PhIP +S9 treatment 

Table 1.  Carcinogen concentrations used to treat FE1 cells for the FE1 cell mutagenicity assay based on cell viability (% of control) deter-
mined by crystal violet staining

Cell viability  
(% of control)

Acrylamide 
(mM)

Glycidamide  
−S9 (mM)

PhIP (μM) N-OH-PhIP −S9 (μM) 4-ABP (μM) N-OH-4-ABP  
−S9 (μM)

−S9 +S9 −S9 +S9 −S9 +S9

100 2 0.5 1 25 0.625 1.25 100 100 1 
80 3 1 1.5 50 1.25 2 200 300 1.5
60 4 2 2 100 2.5 2.5 300 400 3
40 8 3 2.5 200 2.75 4 500 500  3.5
20 10 4 3.5 250 5 5 550 520  4.5
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(P > 0.05). In contrast, AUCs for treatment with both acrylamide 
+S9 and glycidamide, as well as PhIP +S9 and N-OH-PhIP −S9, 
were significantly different from the acrylamide −S9 and PhIP −S9 
treatments, respectively (P < 0.001). Also, treatment with N-OH-4-
ABP −S9 was significantly different from the 4-ABP ±S9 treatment 
(P < 0.001), but only minor differences were found between 4-ABP 
with and without S9 treatments (P < 0.05).

Induction of DDR proteins in FE1 cells
Based on the cell viability assessment, three concentrations of each 
treatment condition that induce approximately 80%, 60% and 
30% cell viability, compared to untreated controls, were chosen for 
Western blot analyses as indicated in Figure 2. Induction of DDR 
proteins phospho-p53, phospho-Chk1, p21 and γ-H2ax was as-
sessed after 6 h exposure.

For acrylamide ±S9 and glycidamide −S9 (Figure 2A), most of the 
examined DDR proteins were induced in a concentration-dependent 
manner, with the highest concentration tested leading to a similar ex-
pression of DDR proteins as had been observed in BaP-treated cells 
(i.e. positive control). Overall, p21 was induced after glycidamide 
treatment, but not after acrylamide treatment. After exposure to 
PhIP −S9, all examined DDR proteins were weakly expressed but not 

induced in response to PhIP exposure (Figure 2B). All DDR protein 
levels were lower than that observed for BaP-treated cells. With the 
addition of S9, all DDR proteins were induced with increasing PhIP 
+S9 concentrations but still lower than in BaP-treated cells. However, 
expression levels were the greatest at 2.5 µM, and then decreased 
again at the highest concentration tested (i.e. 3 µM), which could be 
due to increased cell death. In contrast, all examined DDR proteins 
were induced after N-OH-PhIP −S9 treatment in a concentration-
dependent manner. The highest N-OH-PhIP −S9 concentration tested 
(4  µM) induced similar levels of DDR protein expression as seen 
with the positive control BaP. Most DDR proteins were induced after 
4-ABP ±S9 and N-OH-4-ABP −S9 exposure (Figure 2C). However, 
strongest overall induction was found after 4-ABP +S9 treatment, 
with similar or even higher levels induced compared to treatment 
with BaP. The expression of phospho-p53 was very low after N-OH-
4-ABP −S9 exposure, whereas, after 4-ABP +S9 treatment, it was 
substantially induced. For 4-ABP −S9, phospo-p53 first increased at 
lower concentrations but then decreased at the highest concentration 
tested (550 µM). phospho-Chk1 and γ-H2ax were both induced at 
all treatment conditions, with the strongest induction observed again 
after exposure to 4-ABP +S9, followed by 4-ABP −S9 and N-OH-4-
ABP −S9. Interestingly, p21 expression levels were quite low with 
only minor induction being observed.

Fig. 1.  Cell viability assessment in FE1 cells. Cells were treated with various concentrations of acrylamide −S9 (A), acrylamide +S9 (B), glycidamide −S9 (C), 
PhIP −S9 (D), PhIP +S9 (E), N-OH-PhIP −S9 (F), 4-ABP −S9 (G), 4-ABP +S9 (H) or N-OH-4-ABP −S9 (I) for 6 h followed by a 72-h sampling time. Cell viability 
(% control) was assessed by staining with crystal violet. Cells treated with water (A–C) or DMSO (D–I) served as controls. Shown are mean values ± SD (n > 3).
Figure available in colour online.
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Determination of lacZ mutant frequency
Based on the crystal violet staining assay, four subcytotoxic and 
cytotoxic concentrations of each compound (i.e. parent compound 
±S9 and proximate metabolite −S9) were chosen to evaluate lacZ 
mutagenicity in FE1 cells (Table 1). Cells treated with 0.4 µM BaP 
−S9 and 4.5 µM PhIP +S9 were included as positive controls; they 
both elicited strong positive responses (Supplementary Figure S4). 
In addition, it is noteworthy that all solvent-exposed controls were 
within the 5th and 95th percentile of the historical control data, i.e. 
24–95 × 10–5 with a mean of ~44 × 10–5 (n = 653) (11).

Acrylamide ±S9 and glycidamide −S9 (P < 0.001) both elicited 
a significant treatment-related effect (P  < 0.05 and P  < 0.001, re-
spectively), and at least one test concentration showed a statistic-
ally significant increase in MF as compared with the solvent control 
(Figure 3A). More precisely, acrylamide +S9 yielded a significant in-
duction of MF at the top three concentrations tested with a 1.5-fold 
increase at 4 mM and glycidamide −S9 yielded a significant increase 
of MF at two tested concentrations that almost doubled at 3.5 mM 
in comparison to the negative control. Thus, both acrylamide +S9 
and glycidamide −S9 were categorised as positive responses. Only 
one concentration of acrylamide −S9 (8 mM) yielded a significant 
1.4-fold increase of MF compared to the negative control. However, 
as a lack of a dose-related increase in MF indicates that the response 
is marginal, acrylamide −S9 was categorised as equivocal. Treatment 
with PhIP −S9 failed to elicit a significant increase in MF over back-
ground (P > 0.05). In contrast, N-OH-PhIP -S9 and PhIP +S9 treat-
ment both induced significant (P < 0.001) lacZ MF treatment effects 
(Figure 3B). PhIP +S9 yielded a significant increase in MF at all con-
centrations tested with a 4.3-fold increase at 5 µM. N-OH-PhIP −S9 
significantly increased MF at the top four concentrations tested, with 
a maximum increase of 5.3-fold at 5  μM. N-OH-4-ABP −S9 and 
4-ABP ±S9 failed to elicit significant increases in lacZ MF at any 
treatment condition (P > 0.05; Figure 3C).

Gene expression in FE1 cells
RT-qPCR was employed to assess mRNA expression of the main 
metabolising enzymes known to bioactivate the parent compounds 
investigated; levels were examined after 6  h treatment with cyto-
toxic and subcytotoxic concentrations of acrylamide −S9, PhIP −S9 
or 4-ABP −S9 as indicated in Figure 4. Acrylamide is metabolised 
by CYP2E1 to glycidamide and, although low levels of Cyp2e1 

were detected in FE1 cells, no induction of Cyp2e1 was found at 
any acrylamide concentration tested (Figure 4A). PhIP and 4-ABP 
are both metabolised by CYP1A1, CYP1A2 and CYP1B1. As shown 
in Figure  4B, Cyp1a1 and Cyp1b1 gene expression increased sig-
nificantly after PhIP treatment. Cyp1a2 expression was not affected 
in a statistically significant manner by PhIP treatment. The highest 
PhIP concentration (250 µM) elicited a six-fold induction of Cyp1a1 
expression, and four-fold induction of Cyp1b1 expression; Cyp1a2 
mRNA expression only doubled. Cyp1a1 was expressed and sig-
nificantly induced (~15-fold) after treatment with 300-µM 4-ABP 
(Figure 4C). This corresponds to the Western blot results, whereby 
the expression of DDR proteins was greatest at this concentration 
rather than at the highest tested concentration (550 µM). However, 
the main 4-ABP metabolising enzyme Cyp1a2 was not significantly 
induced. In addition, a weak but significant induction of Cyp1b1 
was observed after treatment with 200 µM 4-ABP but not at other 
tested concentrations. In general, Cyp1b1 gene expression changes 
were minimal.

Discussion

To date, more than 30 compounds, including 25 reference com-
pounds (e.g. BaP), nanomaterials (e.g. nanoparticulate quartz) and 
complex mixtures (e.g. diesel exhaust) have been studied in the FE1 
cell mutagenicity assay (1). The reference compounds included 14 
in vivo mutagens (‘true positives’) that should be detected as posi-
tive in in vitro assays, 9 in vivo non-mutagens (‘true negatives’) 
that should fail to elicit mutagenicity in vitro and 9 compounds 
that are often detected as positive in in vitro assays, although they 
are non-genotoxic in vivo (‘false positives’). For the reference com-
pounds, an overall concordance of 88% was achieved with 10/14 
true positives (e.g. BaP, PhIP and 2-AAF) (1,11), 9/9 false positives 
(e.g. p-Nitrophenol, curcumin and eugenol) (12) and 2/2 true nega-
tives (ampicillin trihydrate and D-mannitol) leading to the expected 
genotoxicity readout (11). The four true positives that did not show 
the expected positive response were 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK), 1-methylpyrene, dimethylnitrosamine 
and IQx (11,13). Although the negative response for 1-methylpyrene, 
dimethylnitrosamine and NNK are most likely due to a lack of Phase 
I  enzymes (i.e. Cyp2e1 and Cyp2a6), it remains unclear why IQx 
did not elicit a positive response (1). Here, we studied an additional 

Fig. 2.  DDR in FE1 cells. Western blot analysis of various DDR proteins (phospho-p53, p21, phospho-Chk1 and γ-H2ax) in FE1 cells exposed to indicated 
concentrations of acrylamide ±S9 or glycidamide −S9 (A), PhIP ±S9 or N-OH-PhIP −S9 (B) and 4-ABP ±S9 or N-OH-4-ABP −S9 (C) for 6 h. GAPDH was used as 
loading control, and cells treated with 0.4 µM BaP −S9 as positive control. Representative images of Western blot analysis are shown. Analysis was performed 
in duplicate from independent experiments.

458� L. Hölzl-Armstrong et al., 2020, Vol. 35, No. 6

http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geaa032#supplementary-data


three known or suspected human carcinogens (i.e. acrylamide, PhIP 
and 4-ABP), and their proximate metabolites (i.e. glycidamide, 
N-OH-PhIP, and N-OH-4-ABP), to better understand misleading 
results previously observed in the FE1 cell mutagenicity assay. 
A  positive genotoxic response was observed for acrylamide +S9, 
glycidamide −S9, N-OH-PhIP −S9 and PhIP +S9, while PhIP −S9, 
N-OH-4-ABP −S9 and 4-ABP ±S9 did not elicit significant positive 

responses. Acrylamide −S9 only elicited an MF value significantly 
above control at a single concentration, so it was categorised as 
an equivocal response. When comparing the mutagenic potency at 
concentrations that led to similar levels of cytotoxicity (i.e. 20% 
cell viability), acrylamide +S9 was the least mutagenic compound 
yielding a 1.5-fold increase after treatment with 4 mM (+S9). This 
was followed by glycidamide −S9 at 3.5  mM, PhIP +S9 at 5  µM 

Fig. 3.  Induction of lacZ mutant frequency in FE1 cells. Cells were treated as indicated with acrylamide ±S9 or glycidamide −S9 (A), PhIP ±S9 or N-OH-PhIP −S9 
(B) and 4-ABP ±S9 or N-OH-4-ABP −S9 (C) for 6 h followed by a 72-h sampling period. Control cells were treated with water (A) or DMSO (B and C) only. The lacZ 
mutant frequencies were calculated as the number of lacZ mutants per total number of recovered lacZ copies. Statistical analysis was performed in SAS v.9.1 
using Poisson regression values (*P < 0.05; **P < 0.01; ***P < 0.001 compared with control). Values shown are the means of three replicate experiments + SD.

Fig. 4.  Relative gene expression of relevant Cyp enzymes in response to carcinogen treatment. FE1 cells were treated with indicated concentrations of acrylamide 
−S9 (A), PhIP −S9 (B) and 4-ABP −S9 (C) for 6 h. Controls were exposed to water (acrylamide) or 0.1% DMSO (PhIP and 4-ABP) only. Cyp1a1, 1a2, 1b1 and 2e1 
expression was determined by RT-qPCR and the 2−ΔΔCt method. Values are normalised to mRNA expression of the housekeeping gene GAPDH and are relative to 
the water (A) or DMSO (B and C) control (n > 3). Statistical analysis was performed by log2 transforming the data and analysis using a single-sample t-test with 
Bonferroni correction against the population control mean of 0 (*P < 0.05, **P < 0.01).

Figure available in colour online.

Figure available in colour online.
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and N-OH-PhIP −S9 at 5 µM resulting in a 1.7-, 4.5- and 5.3-fold 
increase of MF, respectively. To put this into context, treatment with 
0.4 µM BaP −S9 yields a ~16-fold increase of MF level at a similar 
levels of cytotoxicity (12). This indicates that each compound tested 
in the present study, albeit mutagenic in FE1 cells, is far less muta-
genic than BaP. Nevertheless, numerous responses were statistically 
elevated relative to concurrent controls. The results of this study in 
relation to OECD-validated assays are discussed below.

Glycidamide −S9 and acrylamide +S9 elicited positive responses, 
with the treatment-related effect generally being much more pro-
nounced for glycidamide −S9 (P  <  0.001) than acrylamide +S9 
(P < 0.05). Due to a lack of concentration-related increase of MF, 
acrylamide −S9 gave equivocal mutagenic responses in the FE1 cell 
mutagenicity assay. Previous studies have also reported both positive 
and negative results for acrylamide −S9 (25–27). Both the significant 
positive response for glycidamide −S9 and the positive response for 
acrylamide +S9 are in agreement with results obtained for these com-
pounds in other OECD-validated in vitro assays (i.e. Tk and Hprt; 
Table 2) (25–27). In the Tk in vitro mammalian cell mutagenicity 
test, acrylamide −S9 (mouse lymphoma cells) and acrylamide ±S9 
(human Tk6 cells) elicited a positive response at concentrations al-
beit only at concentrations over 12 mM (25,26); in the Hprt in vitro 
mutagenicity assay, acrylamide −S9 yielded a negative result (27). 
As acrylamide is metabolised by CYP2E1 to glycidamide, these re-
sults are most likely due to a lack of bioactivation in the test system. 
Indeed, gene expression analysis in FE1 cells did not reveal a signifi-
cant change in Cyp2e1 mRNA expression after acrylamide treat-
ment. This was expected as FE1 cells are isolated from mouse lung 
and a study of Cyp expression profiling in various mouse tissues 
has noted only minimum levels of Cyp2e1 in the lung (31). In add-
ition, Aroclor-1254 is a poor inducer of Cyp2e1 and has even been 
shown to suppress Cyp2e1 expression (32). Consequently, it is not 

surprising that results for acrylamide are negative in many screening 
tests for genotoxicity even when an exogenous metabolic activation 
system is added. Furthermore, previous studies have found a lack of 
FE1 cell mutagenicity for other procarcinogens that require Cyp2e1 
bioactivation, such as 1-methylpyrene and N-nitrosodimethylamine 
(1). The modest fold change in MF for acrylamide +S9 in the pre-
sent study suggest that the observed genotoxicity may be the re-
sult of Cyp2e1-independent mechanisms previously observed for 
acrylamide (e.g. induction of reactive oxygen species and oxidative 
damage to DNA or Michael-type nucleophilic addition reactions) 
(33–35). However, further tests beyond the scope of this study are 
required to make a clear statement.

A strong positive response in the FE1 cell mutagenicity assay was 
observed after N-OH-PhIP -S9 and PhIP +S9 treatment; PhIP −S9 did 
not elicit a significant response increase at any of the concentrations 
tested. This is in agreement with previous results in FE1 cells (9). 
N-OH-PhIP has not been assessed in OECD-validated assays, but 
PhIP ±S9 is mutagenic in the Tk and Hprt mutation assay (Table 2) 
(36,37). However, PhIP −S9 only resulted in positive results in V79 
cells that expressed human CYP1A2 (36). Thus, it is not possible 
to directly compare the three assays (i.e. Tk, Hprt and lacZ FE1) 
for these compounds. Previously, it has been hypothesised that PhIP 
−S9 most likely does not elicit a positive response in the FE1 cell 
mutagenicity assay because the cells do not possess SULT activity, 
which is necessary to convert N-OH-PhIP to its ultimate mutagenic 
carcinogen (e.g. N-sulfoxy-PhIP) (1). However, the present study 
examined N-OH-PhIP; since the results revealed a positive response 
in the absence of S9, the hypothesis regarding lack of Phase II cap-
acity is not supported. It is important to note that, although SULTs 
have been shown to enhance bioactivation of N-OH-PhIP leading to 
DNA adduct formation, non-enzymatic covalent binding of N-OH-
PhIP has also been demonstrated in vitro (40). In the present study, 

Table 2.  Comparisons of the test-compound mutagenicity observed herein with previously published results for other in vitro mammalian 
cell mutagenicity assays

Compound lacZ Tk Hprt

MutaMouse FE1 cells Mouse lymphoma 
L5178Y cells

Human TK6 cells Chinese ham-
ster V79 cells

Chinese 
hamster 
ovary cells

Acrylamide  
−S9

Equivocal Positivea (25) Positivea (26) Negative (27) No data

Acrylamide  
+S9

Positive No data Positivea (26) No data No data

Glycidamide  
−S9

Positive Positive (25) Positive (26) Positive (27) No data

PhIP  
−S9

Negative No data No data Negative (36) No data

PhIP  
+S9

Positive No data Positive (37) Positiveb (36) No data

N-OH-PhIP  
−S9

Positive No data No data No data No data

4-ABP  
−S9

Negative No data No data No data No data

4-ABP  
+S9

Negative Equivocalc (38) No data No data Positive (39)

N-OH-4-ABP  
−S9

Negative No data No data No data No data

aOnly weakly genotoxic at concentrations above 10 mM. 
bCells expressed human CYP1A2. 
cOnly positive at one criteria; large variability.
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it seems that rather than a lack of Phase II enzymes, FE1 cells lack 
Phase I enzymes necessary to sufficiently metabolise PhIP to N-OH-
PhIP. It has been shown previously that, although Cyp1a2 is im-
portant in PhIP metabolism in humans (N2-hydroxylation), in rats 
and mice, this Cyp enzyme most likely results in the detoxication of 
PhIP (4’-hydroxylation) (41,42). In contrast, Cyp1a1 and 1b1 have 
been shown to be extremely important for PhIP metabolism and ac-
tivation in extrahepatic tissues of mice. For instance, levels of PhIP-
DNA adducts in lungs of Cyp1a2−/− mice were comparable to those 
observed in wild-type mice, whereas levels in Cyp1a1−/− mice were 
approximately 50% lower, highlighting the importance of Cyp1a1 
for PhIP activation in murine lung (43). Furthermore, Cyp1a1 is ex-
pressed more predominantly in mouse lung than in other tissues (31). 
The Cyp1 gene expression data agree with the suggestion that PhIP 
is not efficiently metabolised to N-OH-PhIP in FE1 cells. Cyp1a2 
was not significantly induced after PhIP treatment, whereas both 
Cyp1a1 and 1b1 were induced at low levels with the highest induc-
tion seen for Cyp1a1 (six-fold). The conversion of PhIP to N-OH-
PhIP may have been insufficient to elicit lacZ mutants or a DDR 
response. Future work could investigate the level of N-OH-PhIP fol-
lowing exposure of FE1 cells to the parent compound. Overall, there 
seems to be a species- and compound-specific catalytic activity of 
CYP enzymes that can explain the negative result for PhIP-S9 in the 
FE1 cell mutagenicity assay. More heterocyclic aromatic amines [e.g. 
2-amino-3-methylimidazo[4,5-f]quinoline (IQ)] need to be tested as 
enzyme kinetic parameters for N-oxidation catalysed by CYPs are 
likely to be different for different heterocyclic aromatic amines. In 
another study, using primary hepatocytes of the MutaMouse PhIP 
elicited a positive response without the addition of S9 (44) because 
liver cells express all XMEs required for PhIP metabolism.

Although very low concentrations of N-OH-4-ABP −S9 were 
cytotoxic to FE1 cells, a negative response was obtained in the 
FE1 cell mutagenicity assay. As shown previously in a variety of 
other in vitro models, cytotoxicity is not necessarily indicative of 
genotoxicity (45–47). Similarly, 4-ABP ±S9 treatment failed to elicit 
a significant increase in lacZ MF. Others have shown that 4-ABP ±S9 
and N-OH-4-ABP −S9 are mutagenic in mammalian cells, including 
human uroepithelial and mouse lymphoma cell lines (38,48). With 
respect to the OECD-validated Tk and Hprt mutagenicity assays, 
4-ABP +S9 elicited significant positive responses indicating that the 
response profile of these assays is distinct from that observed to date 
for the FE1 cell mutagenicity assay (Table 2) (38,39). N-OH-4-ABP 
has not been tested in the Tk and Hprt mutagenicity assays; there-
fore, a cross-assay comparison is not possible. The observed nega-
tive response for 4-ABP −S9 could be explained by low expression 
of CYP enzymes responsible for the bioactivation of 4-ABP. The 
negative response obtained for 4-ABP +S9 could be due to the fact 
that Cyp2e1 is important for the bioactivation for 4-ABP and is in-
hibited by DMSO, which was used as solvent for 4-ABP (21,49). It 
is surprising, however, that N-OH-4-ABP failed to elicit a positive 
response in the FE1 cell mutagenicity assay. This may be explainable 
by the rapid repair of 4-ABP-DNA adducts as shown previously in 
urinary bladder transitional cell carcinoma cell lines (50,51). Thus, 
it is possible that 4-ABP-DNA adducts were formed in FE1 cells 
but then efficiently repaired prior to mutation induction. Studies 
investigating 4-ABP-DNA adduct formation in FE1 cells would be 
required to test this hypothesis; however, this is beyond the scope of 
the present study.

In conclusion, as expected, we observed that acrylamide +S9, 
glycidamide −S9, PhIP +S9 and N-OH-PhIP −S9 elicited significant 
increases in lacZ MF, whereas the negative responses for 4-ABP 

±S9 and N-OH-4-ABP −S9 were unexpected. A perplexing problem 
with the FE1 mutagenicity assay remains the observed inconsistent 
results for heterocyclic aromatic amines. This issue should be ad-
dressed by testing additional heterocyclic aromatic amines (e.g. IQ) 
by expanding the compound specificity assessment of the assay and 
via further quantification of the induced expression of XME genes. 
Acrylamide +S9 did elicit a positive mutagenic response, but results 
indicate that alternative mechanisms, such as induction of reactive 
oxygen species and oxidative damage to DNA, appear to be more 
important than the formation of glycidamide-DNA adducts. The 
lack of Cyp2e1 expression in FE1 cells remains a limitation of the 
FE1 cell mutagenicity assay; this might be solved by creating human 
CYP2E1 knock-in cells, achieved with other mammalian cell sys-
tems (e.g. human CYP2E1-expressing V79 cells) (36,52). This type 
of enhancement of metabolic capacity would likely improve the 
sensitivity of the FE1 cell mutagenicity assay, particularly for the 
assessment of compound metabolism/activation by CYP2E1. Such 
enhancements would likely reduce the frequency of false-negative 
responses (e.g. for NNK, 1-methylpyrene). Despite the limitations 
of the FE1 cell mutagenicity assay noted here and elsewhere (1), and 
the unexpected results that need to be further clarified, the FE1 cell 
mutagenicity assay shows great potential for routine chemical safety 
assessment.
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