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Abstract

N-nitrosamine (NA) impurities in pharmaceuticals represent “cohort of concern” compounds under ICH M7(R2), due
to their mutagenic/carcinogenic potential, involving cytochrome P450 (CYP)-mediated metabolic activation. Increas-
ing interest in mammalian cell-based genotoxicity/mutagenicity assays prompted our assessment of the in vitro alkaline
comet assay regarding its predictive power for NAs. Here, precision-cut liver slices (PCLiS), primary human hepato-
cytes (PHH), primary rat hepatocytes (PRH), and HepG2 cells with rat or hamster S9-mix were investigated as in vitro
model systems. Metabolic competence was characterized beforehand. For performance evaluation, a panel of known-
mutagenic [N-nitroso-dimethylamine (NDMA), N-nitroso-diethanolamine, N-nitroso-methylaniline, S—N-nitroso-nornic-
otine, N-methyl-N-nitroso-2-propanamine] and reported non-mutagenic (methyl-t-butylnitrosamine, N-nitrosoproline)
was tested, together with Nitrosamine Drug Substance-Related Impurities [N-nitrosodesloratadine, N-nitrosofolic acid,
N-nitrosofluoxetine (NFIuo)] at a concentration range of 0.005—-10 mM. After 2 h (PCLiS, PHH and PRH) or 4 h (HepG2),
NDMA concentration-dependently induced DNA strand breaks in all in vitro models. Sensitivity/specificity of the various
liver cell models for prediction of carcinogenic NAs were 100%/50% (HepG2 with hamster S9-mix), 50%/100% (PHH,
PRH), and 50%/50% (HepG2 with rat S9-mix), respectively. Benchmark dose modeling indicated a higher relative in
vitro comet assay response for NFluo compared to NDMA in all cell systems. In conclusion, the in vitro comet assay
represents a sensitive and/or specific tool for complementing regulatory in vitro tests in prediction of mutagenic NAs.
However, further optimization work is needed, using expanded training sets of compounds and thorough validation of
liver cell models, before the in vitro comet assay could be incorporated in the standard battery for genotoxicity testing.
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Introduction

N-nitrosamines (NAs) are classified as compounds of high
concern, due to their genotoxic and carcinogenic proper-
ties, with several substances exhibiting high carcinogenic
potency in animal models, including rodents (Cheeseman
et al. 1999; European Medicines Agency 2025; Kroes et al.
2004). Owing to the pronounced mutagenicity and the car-
cinogenic potential of many NAs, NA impurities in phar-
maceuticals are designated as a "cohort of concern" under
the ICH M7(R2) guideline, for which the corresponding
Threshold of Toxicological Concern (TTC) approach is not
considered appropriate (European Medicines Agency 2025).
Notably, many NAs are classified as probable or pos-
sible human carcinogens by the International Agency for
Research on Cancer (IARC) (Preston-Martin 1987).

For most of the carcinogenic NAs, the established mech-
anisms of action involve metabolic activation primarily
via cytochrome 450 enzymes (CYPs), and mainly through
a-hydroxylation, generating highly reactive, electrophilic
intermediates, which can ultimately form covalent DNA
adducts. If these adducts are not adequately repaired, they
can induce DNA replication errors, DNA strand breaks, and
mutations, eventually causing tumor development (Fahrer
and Christmann 2023; Guttenplan 1987; Li and Hecht
2022a).

Risk assessment of NA impurities in pharmaceuticals
remains highly challenging, due to significant data and
knowledge gaps. For N-Nitrosamine Drug Substance-
Related Impurities (NDSRIs), compound-specific carcino-
genicity data are mostly unavailable, thus hindering reliable
estimation of their carcinogenic potency and the derivation
of acceptable intake (AI) limits (Kruhlak et al. 2024; Nudel-
man et al. 2023). Even for well-characterized small dialkyl
NAs, the available carcinogenicity studies may be outdated
and did not meet current regulatory standards, thereby lim-
iting their relevance in modern risk assessment (Li et al.
2022; Li and Hecht 2022b).

Under the ICH M7(R2) guideline, the mutagenic poten-
tial of impurities is initially assessed using two complemen-
tary in silico (Q)SAR models, i.e., one expert rule-based
and one statistical-based model to predict the outcome
of bacterial reverse mutation tests, such as the Ames test.
Alerts for potential bacterial mutagenicity of the impu-
rity may be overruled by a negative OECD TG471-com-
pliant Ames test (International Council for Harmonisation
2023). While effective for multiple chemical classes, this
approach is largely inadequate for NAs. The scarcity of
high-quality training data, particularly due to structural
diversity of NDSRIs, limits predictive accuracy of these
models (Kruhlak et al. 2024). Furthermore, experimen-
tal OECD TG471-compliant mutagenicity testing requires
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NA-specific adaptation of the standard protocols (Organisa-
tion for Economic Co-operation and Development 2020), as
the sensitivity of the standard OECD TG471 Ames test has
been questioned for NAs by regulatory agencies (European
Medicines Agency 2025; U.S. Food & Drug Administration
2023). Inconsistent results have been reported for several
NAs, most likely due to inadequate metabolic activation by
the used exogenous metabolic activation systems (Tennant
et al. 2023).

To address the limitations of the standard Ames proto-
col for mutagenicity testing of NAs, an enhanced Ames test
(EAT) protocol was developed to increase the sensitivity for
testing of NAs (European Medicines Agency 2024). The
EAT protocol includes, amongst others, the use of hamster-
derived S9-fraction for preparation of S9-mix, as it contains
higher levels of certain CYPs relevant for metabolic acti-
vation of NAs, compared to the standard rat S9-fraction.
While high sensitivity has been reported for the EAT to
detect mutagenic NAs, low specificity remains an issue
(Thomas et al. 2024).

Consequently, there is increasing interest in the comple-
mentary use of genotoxicity/mutagenicity assays based on
metabolically competent mammalian cell models, which
may offer greater physiological relevance as well as sensi-
tivity and specificity for NAs.

In this context, the in vitro alkaline single cell gel elec-
trophoresis assay (SCGE or comet assay) has gained some
attention as a potentially valuable, and complementary tool
to the classical Ames test and EAT for predicting genotox-
icity of NAs. The alkaline comet assay, originally devel-
oped by Singh et al. (1988), is a well-known test to identify
DNA-damaging agents in cultured mammalian cells and
to characterize various types of DNA damage, including
DNA single-strand breaks, DNA double-strand breaks and
alkali-labile sites (Ostling and Johanson 1984; Singh et al.
1988). However, the comet assay is generally regarded as
an indicator test only, as it cannot detect heritable DNA
alterations, such as DNA mutations. Therefore, a positive
comet assay result primarily classifies compounds as DNA-
damaging but does not necessarily indicate mutagenicity or
carcinogenicity. When performed in vivo (Committee et al.
2017; Lambert et al. 2005; OECD 2016; Sasaki et al. 2000),
several studies have demonstrated good concordance of
the assay with the in vivo transgenic rodent (TGR) somatic
mutation assay and also high sensitivity of 92.1% (35 out
of 38 chemicals correctly identified) for detecting human
IARC group 1 and Group 2A carcinogens, comparable to
the TGR assay with 90.3% (Kirkland et al. 2019; Organ-
isation for Economic Co-operation and Development 2022;
Zeller et al. 2018). Due to the evidently good predictivity of
the in vivo alkaline comet assay, it seemed worthwhile to
also evaluate the in vitro alkaline comet assay regarding its
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potential to detect mutagenic/carcinogenic NAs, when per-
formed with relevant, metabolically competent mammalian
tissue or cell types.

In humans, the liver is considered the most sensitive tar-
get organ for many orally ingested NAs and exhibits the
highest metabolic competence in the body (Camus et al.
1993; Yamazaki et al. 1992). Therefore, liver cells repre-
sent a potentially meaningful cell model for in vitro comet
assay testing of NAs. An ideal hepatic in vitro model should
exhibit sufficient CYP activities, necessary for metabolic
activation of NAs. In this regard precision-cut human liver
slices (PCLiS), incubated in vitro, might represent a valu-
able ex vivo liver model for NA testing, due to preservation
of both cellular composition, the three-dimensional archi-
tecture, and liver-specific functions of the donor liver. Other
promising in vitro liver cell models with high metabolic
competence include primary human hepatocytes (PHH) and
primary rat hepatocytes (PRH). PHH and PRH not only pre-
serve the typical cuboidal cell morphology and metabolic
activity in early culture phases but also express numerous
influx and efflux transporters for the uptake and elimination
of substances and their metabolites (Gomez-Lechon et al.
2003, 2014; Gémez-Lechdn et al. 2008; Gupta et al. 2021).
Nevertheless, there are some drawbacks of PHH, such as
poor availability, donor variability, high procurement costs,
and limited culture duration, as they can rapidly lose their
liver-specific metabolic competence in vitro. Therefore,
alternative hepatocyte models based on cancer cell lines,
such as human hepatoblastoma HepG2 cells, have been
developed to provide more accessible and scalable systems
for in vitro studies. However, HepG2 cells were shown to
lack relevant CYP activities necessary for xenobiotic metab-
olism (Gerets et al. 2012) and are thus in need of exogenous
metabolic activation systems, such as supplementation with
liver S9-mix or stable overexpression of specific enzymes
(Steinbrecht et al. 2019).

Concentration—response data generated from in vitro
comet assays can be quantitatively evaluated using bench-
mark dose (BMD) modeling. BMD modeling is considered
well-suited for assessing relative potency and calculat-
ing point-of-departure metrics, and it is readily accessible
through open-source software (Beal et al. 2023; Heflich
et al. 2020; Johnson et al. 2021; MacGregor et al. 2015a,
2015b). Incorporating BMD modeling into the interpreta-
tion of in vitro genotoxicity data is in line with modern quan-
titative risk assessment approaches. The BMD approach
employs non-linear regression analysis to establish a BMD
level, defined by a predefined response increase relative to
the respective negative control. A significant advantage of
this method, when compared to other in vitro-derived effect
concentrations, such as the minimum effect concentration
(MEC) or the lowest observed effect concentration (LOEC),

is that BMD modeling utilizes all data contained in a con-
centration—response curve and accounts for variability in
control values. In addition, the uncertainty and precision
of the BMD value at the predefined response increase can
be established using the two-sided 90% BMD confidence
intervals (BMD CI), represented by the upper (BMDU) and
lower (BMDL) CI (White et al. 2019, Slob et al. 2014).

In the present study, we evaluated the in vitro alkaline
comet assay with liver cell models as a potential comple-
mentary approach to the standard Ames test for predicting
the genotoxic potential of NAs. A panel of ten different NAs
was investigated, comprising compounds with well-charac-
terized carcinogenicity and mutagenicity profiles (serving as
positive and negative controls) as well as NAs with uncer-
tain or unknown genotoxicity, including selected NDSRISs.
The study also aimed to assess the performance of different
liver cell models in the in vitro comet assay with NAs and to
identify the most sensitive and metabolically competent cell
system for detecting DNA-damaging effects of NAs.

Material and methods
Literature search

To compile available in vitro and in vivo comet assay data
on NAs we conducted a literature search focusing on pri-
mary publications. This literature search served as an aid
in developing optimized study protocols and selecting
compounds for the in vitro alkaline comet assay with liver
models, including appropriate NA reference compounds.
The keywords used were “comet”, “nitrosamine”, and “in
vitro” or “in vivo”. The reference sources comprised Sci-
ence Direct, PubMed, Scopus, and Web of Science.

The comet assay data from the identified publications
were subsequently entered into a Microsoft Access data-
base. Data input records were based upon studies, where an
experiment with a tissue model or cell type, and an NA was
defined as a single study. A single publication, therefore,
may contain multiple studies, when the publication presents
comet assay data using different tissue models or cell types,
and/or different NAs.

Selection of N-nitrosamines

Based on the literature search described above and certain
other databases (Table 1), a panel of 10 different NAs was
selected at study start in 2022, including some NDSRIs.
The compound panel comprised both small and structur-
ally complex NAs as well as NAs with known positive and
negative outcome in the Ames test and in carcinogenicity
studies, along with NAs with respective data gaps. NDMA,
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Table 1 NAs tested in the in vitro alkaline comet assays with liver models based on the literature search in 2022. Ames test data was retrieved from
the 2021 Leadscope Genetox SAR database including the CPDB database and FDA Rodent Carcinogenicity database

Compounds Short name CAS No Provider Ames data Cancer data NDSRI
N-nitrosodiethanolamine NDELA 1116-54-7 Enamine* pos pos NO
N-nitrosodesloratadine NND 1246819-22-6 Enamine ND! ND YES
N-nitrosofluoxetine NFluo 150494-06-7 Enamine ND? ND YES
N-nitrosonornicotine (2S) S-NNN 16543-55-8 Alfa chemistry pos pos NO
Methyl-t-butylnitrosamine NMtBu 2504-18-9 Enamine neg neg NO
N-nitrosofolic acid NFA 29291-35-8 Selvita ND? ND YES
N-Methyl-N-nitroso-2-propanamine NMIPA 30533-08-5 Enamine ND* ND NO
N-nitrosomethylaniline NMA 614-00-6 Enamine pos pos NO
N-nitrosodimethylamine NDMA 62-75-9 Enamine* pos pos NO
N-nitrosoproline NPro 7519-36-0 Enamine neg neg NO

ND=no data; neg=negative; pos=positive; *1 g kindly provided by GSK plc.; 'recent unpublished, conflicting Ames test results;
2 tested positive (Heflich et al. 2024; Jolly et al. 2024); * tested negative (Heflich et al. 2024); * tested positive in 2025 (Thomas et al. 2025a)

N-nitrosodiethanolamine (NDELA), N-nitrosonornicotine
(2S) (S-NNN), and N-nitrosomethylaniline (NMA) were
chosen as known mutagenic and carcinogenic compounds
(Table 1) (Druckrey et al. 1967; Zielenska and Guttenplan
1988), whereas N-methyl-t-butylnitrosamine (NMtBu) and
N-nitrosoproline (NPro) served as reportedly non-muta-
genic and non-carcinogenic compounds (Table 1) (Koepke
et al. 1985; Nixon et al. 1976).

Isolation, culture and treatment of in vitro liver
models

Precision-cut liver slices (PCLiS)

Human liver tissue was obtained from a female patient
undergoing partial hepatectomy. The patient was informed
in advance and gave her written consent for her tissue to be
used for research purposes. After resection, liver tissue was
stored immediately in Belzer UW ® Cold Storage Solution
(Bridge to Life, London, UK) and was processed within 3 h
after collection. PCLiS were prepared and cultured accord-
ing to (Granitzny et al. 2017) with minor modifications. In
brief, cylindrical tissue cores with a diameter of 8 mm were
produced from tissue pieces using a drill equipped with a
coring tool. Liver slices (thickness: 200 =300 pm) were pre-
pared in ice-cold Krebs—Henseleit buffer, pH 7.42, supple-
mented with 25 mM NaHCO;, 25 mM D-glucose, 10 mM
2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethanesulfonic acid
(HEPES) (all from Merck, Darmstadt, Germany) and satu-
rated with carbogen (95% O,, 5% CO,) using a Krumdieck
tissue slicer (Alabama Research and Development, Mun-
ford, AL, USA). Slices were then incubated overnight (1
slice/well) in 1 ml oxygenated William’s E Medium supple-
mented with 1 x GlutaMax supplement, 25 mM D-glucose
and 50 pg/ml gentamicin at 37 °C, using a Certomat CT Plus
incubator at a shaking frequency of 80 rpm and continuous
carbogen flow. After overnight culture in 12-well plates,
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PCLiS were transferred to new, compound-containing wells
and incubated for 2 h with NAs. Cytotoxicity was analyzed
by automatic cell counting using a CASY counting device
(OLS, OMNI Life Sciences, Bremen, Germany), CASYton
isotonic measurement buffer, CASYcups as measurement
vessels, and cell type specific size borders.

Primary human hepatocytes (PHH)

A 10-donor pool of cryoplateable human hepatocyte, i.e.,
LIVERPOOL® Mixed Gender Human Hepatocytes (Lot:
SWY) was provided by Biol VT (Belgium) together with lot-
specific data on viability (84%, post-thaw viability by trypan
blue exclusion), number of viable cells per vial (7.33 x 10°),
enzyme induction, tetrazolium (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay-based
viability and confluence 5 days after thawing. Additionally,
information on liver donors and metabolic activities was pro-
vided. Certificate of analysis demonstrated sufficient activ-
ity of all NA-relevant CYPs such as CYP3A4, CYP2D6,
CYP1A2, CYP2EL, CYP2C9, CYP2B6, CYP2C19, and
CYP2A6. Enzyme activities were re-evaluated 24 h after
start of pre-culture. PHHs were cultured according to the
provider’s instructions using all recommended components
to ensure appropriate cell integrity and optimal culture con-
ditions. After thawing, 2.5 % 10° cells were seeded in 0.5 ml
of cell plating medium (CP medium, BiolVT) per well in
collagen-coated 24-well plates and cultured for 4 h at 37 °C
in a humidified atmosphere with 5% CO,. Following cell
attachment, the medium was replaced by 0.5 ml of serum-
free cell incubation medium (HI medium, BiolVT) per well
and pre-cultured overnight at 37 °C in an incubator. At 24 h
post-plating, the medium was replaced with 0.5 ml of fresh
NA-containing HI medium per well or with HI medium
containing technical positive and negative reference items
. For comet assay use, the cells were detached using 0.25%
Trypsin/0.02% EDTA for 10 min after two washing steps
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with phosphate-buffered saline (PBS). As an indication for
cytotoxicity, cell counts were analyzed using automatic cell
counting, as described above for PCLIiS.

Primary rat hepatocytes (PRH)

Male Wistar rats (Janvier Labs, Le Genest-Saint-Isle,
France) were used to isolate PRHs by in situ liver perfusion.
Rats were anesthetized with pentobarbital, followed by
hepatocyte isolation using a two-step EGTA/collagenase-
perfusion protocol, as described previously (Carlsson and
Fahrer 2023). Cells were used for pre-culture and subsequent
NA testing only, if the viability, as determined by trypan
blue exclusion, exceeded 85%. For cyto- and genotoxicity
testing, isolated hepatocytes (2 x 10° per well) were seeded
in 0.5 ml of Dulbecco’s Modified Eagle Medium (DMEM)
with low glucose (Thermo Fisher Scientific, Waltham MA,
USA) supplemented with 10% fetal calf serum (FCS, Pan-
Biotech, Aidenbach, Germany) and 1% Penicillin/Strepto-
mycin solution (Thermo Fisher Scientific, Waltham MA,
USA) per well on rat tail collagen-coated 24-well plates at
37 °C in a humidified atmosphere with 5% CO, Aftera3h
attachment period, the medium was replaced by 0.5 ml of
fresh medium per well, containing the NAs of interest or
the positive and negative controls. To estimate cellular sen-
sitivity and for concentration-range finding for the in vitro
comet assay, PRHs were exposed for 24 h to seven concen-
trations of the respective NAs, including a solvent control.
Viability was subsequently assessed using the Alamar Blue
assay, which is based on resazurin reduction, as previously
described (Carlsson et al. 2022).

HepG2 cells

Human hepatoblastoma HepG2 cells were purchased from
the Leibniz Institute DSMZ-German Collection of Microor-
ganisms and Cell Cultures GmbH (Germany) and cultured
in DMEM (PAN-Biotech, Germany), supplemented with
10% fetal calf serum (FCS; PAN-Biotech, Germany) and
0.01% gentamicin (Invitrogen, USA) at 37 °C in a humidi-
fied atmosphere with 5% CO,. After cell expansion, cells
were checked for and found free of mycoplasma contamina-
tion. A working batch was prepared from the original cell
stock by one laboratory. Cells were subsequently character-
ized regarding morphology, population doubling time, and
chromosome number before being provided to all relevant
laboratories. For the comet assay experiments, cells were
seeded at a density of 2x 10> cells/ml per well in 24-well
plates and cultured for 24 h prior to treatment. After pre-
culture, the medium was replaced by 1 ml of fresh cul-
ture medium supplemented with the NAs of interest or the
respective technical positive and negative reference items.

After treatment (see below), acute cytotoxicity was esti-
mated by automatic cell counting using a CASY counting
device, as describedfor PCLiS.

For MTT assays, 5 x 10° HepG2 cells were plated per well
of a 96-well plate and treated as described below. Medium
was replaced by MTT solution (5 mg/mL in PBS) and incu-
bated for 1 h at 37 °C. MTT solution was removed, forma-
zan crystals were dissolved in dimethyl sulfoxide (DMSO),
and absorbance was measured with a Tecan® Microplate
Reader at 590 nm.

Treatment of in vitro liver models

After the cell model specific pre-culture periods, cells were
exposed for 2 h (PCLiS, PHH, PRH, and HepG2 cells sup-
plemented with hamster S9-mix) or 4 h (HepG2 cells with
rat S9-mix) to the different NAs in increasing concentra-
tions between 0.005 and 10 mM, as indicated. HepG2 cells
were incubated with the different NAs in the presence of
rat or hamster S9-mix as exogenous metabolizing system,
due to insufficient endogenous CYP activities. Respective
post-mitochondrial fraction (S9-fraction) was obtained
from ICCR-Rofidorf GmbH (Germany). The S9-frac-
tions were prepared from rat liver, which was induced by
phenobarbital/B-naphthoflavone, or from non-induced
hamster liver. Both protein fractions were stored in liquid
nitrogen until use. For this study, S9-fractions with Lot No.
120522 (rat; protein content: 31 mg/ml S9-fraction) and
Lot No. 200422 (Syrian hamster; protein content: 31.9 mg/
ml S9-fraction) were used, both shown in pre-experiments
to exhibit sufficient enzyme activities. For experiments,
S9-mix (co-factor-supplemented S9-fraction) was pre-
pared immediately prior to use and was kept on ice until
use (Ames et al. 1975; Maron and Ames 1983). S9-mix
consisted of 10% (v/v) non-induced hamster or induced
rat liver S9-fraction (1 volume S9) and 9 volumes of the
respective co-factors (8 mM MgCl,, 33 mM KCl, 5 mM
glucose-6-phosphate, 4 mM NADP) in sodium orthophos-
phate buffer (100 mM, pH 7.4). The final concentration of
the S9-fraction in the incubation media corresponded to
0.6 mg microsome protein/ml. Water-soluble NAs, such as
NDMA, NDELA, and NFA were directly dissolved in the
respective cell culture medium, whereas water-insoluble
NAs were dissolved in DMSO or ethanol (NND, due to low
solubility in DMSO). The NA-solvent mixture was finally
diluted in cell culture medium. Final solvent concentration
(DMSO or ethanol) did not exceed 0.5% (v/v). As direct
technical positive controls for DNA strand break induction,
the liver models were treated for 1 h with ethyl methane-
sulfonate (EMS; PHH, HepG2 cells) or methyl methanesul-
fonate (MMS; PRH). Cultures treated for 2 h (PHH, PRH,
HepG?2 cells with hamster S9-mix) or 4 h (HepG2 cells with

@ Springer



Archives of Toxicology

rat S9-mix) with 5 mM NDMA served as positive control
for sufficient metabolic activity.

Testing of metabolic competence of cells and S9-
fractions

PRH and PHH, HepG?2 cells, and the rat and hamster S9-frac-
tions were tested for their metabolic competence to ensure
metabolic activation of the tested NAs into reactive metabo-
lites by CYPs. To estimate CYP activities in the S9-frac-
tions, 183 uL of PBS (final composition: 10 mM disodium
hydrogen phosphate, 1.8 mM potassium dihydrogen phos-
phate, 137 mM sodium chloride, 2.7 mM potassium chlo-
ride, 5 mM magnesium chloride; pH 7.4) was mixed with 5
uL of the respective S9-fractions (20 mg protein/mL), and 2
uL substrate concentrate. The chosen substrates were selec-
tive for the respective human CYP isoforms. After 5 min of
pre-incubation at 37 °C, 10 uL of 20 mM nicotinamide ade-
nine dinucleotide phosphate (NADPH) tetrasodium salt in
PBS was added as cofactor to initiate the reaction, followed
by incubation for a further 60 min at a shaking frequency of
550 rpm. All CYP-specific test substrates were dissolved in
DMSO and added in CYP-specific concentrations, resulting
in a final DMSO concentration of 0.09% (v/v) in the respec-
tive incubation media (Table 2).

For testing of cell models, 2x 10° cells were plated per
well of 24-well plates and pre-cultured overnight (PHH) or
for 3 h (PRH). Cultures were then washed twice with 1 mL

Table 2 CYP isoform-specific substrates with concentrations for test-
ing metabolic competence

CYP Orthologue(s) Substrates Metabolite

isoforms (rat)* with concen-

(human) trations and
references

CYP3A4 CYP3A9 Midazolam  6- & alpha-
(100 uM) Hydroxymid-

azolam

CYP2D6 CYP2D3 Dextro- Dextrorphan
methorphan
(5 uM)

CYP1A2 CYP1A2 Phenacetine  Acetaminophen
(200 uM)

CYP2E1 CYP2E1 Chlor- 6-Hydroxychlor-
zoxazone zoxazone &
(120 uM) Zopiclone-N-oxide

CYP2C9 CYP2CI12 Tolbutamide 4-Hydroxytolbu-
(80 uM) tamide

CYP2B6 CYP2B1/2B2 Bupropion  Hydroxybupropion
(20 uM)

CYP2C19 CYP2C13/2C5 S-Mephe- 4-Hydroxymephe-
nytoin nytoin
(100 pM)

CYP2A6 CYP2A1/2A2 Nicotine Cotinine/
(60 pM) Norcotinine

*Except CYP2A6 according to (Hammer et al. 2021)
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of the respective prewarmed cell culture medium before
adding 1 mL cell culture medium containing the same sub-
strate concentrations as for S9-fraction testing. The incuba-
tion time, buffer, and conditions were chosen to correspond
as closely as possible to the final in vitro comet assay proto-
cols. All analytical measurements were performed by Lig-
uid Chromatography-Mass Spectrometry (LC-MS) using a
Shimadazu Nexera® UPLC coupled to a SCIEX QTRAP®
6500 Triple Quad mass spectrometer. The measurement of
one sample spanned a total of 12 min. Gradient elution was
performed starting at a mobile phase composition of 99%
solvent A and 1% solvent B, where solvent A consisted of
5 mM ammonium acetate with 0.1% acetic acid adjusted
to pH 3.5, and solvent B was acetonitrile. Over a period of
9.5 min, the proportion of solvent B was linearly increased
to 100%. This step was followed by a 2.5-min re-equilibra-
tion phase under the initial conditions. The chromatographic
separation was carried out for each analytical measurement
to assess metabolic competence, using an Agilent Poroshell
120® RP18 column (100 x 3 mm, 2.7 pm particle size). The
final ion transitions, which were integrated in multiple reac-
tion monitoring (MRM) experiments for semi-quantifica-
tion of substrate and compound, are shown in Table S4.

To further confirm metabolic competence in selected
liver cell models (PHH, HepG2 cells), CYP mRNA expres-
sion was investigated by quantitative polymerase chain
reaction (QRT-PCR). Total RNA of 107 cells was isolated
using the RNeasy mini kit (Qiagen), according to the manu-
facturer’s protocol. RNA was quantified and checked for
quality using a Nanodrop® device. RNA ratios A,zp/Ag:
1.8-2.2, and A,0/Ay30:> 1.7 were accepted for further anal-
ysis. Next, cDNA was synthesized by reverse transcription
using the QuantiTect® Reverse Transcription Kit from Qia-
gen according to the manufacturer’s instructions, and qRT-
PCR was finally performed using a QuantiTect® SYBR®
Green PCR Kit and QuantiTect Primer Assays (Qiagen) on
a LightCycler 480 instrument (Roche). For data analysis,
CYP mRNA was quantified and normalized to the refer-
ence gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using the DCt method. Reference total RNA from
human liver was obtained from Invitrogen®.

In vitro alkaline comet assay

The in vitro alkaline comet assay was generally performed
based on the original protocol of Singh et al. (1988) and
harmonized as close as possible between the different labo-
ratories and cell types. For the comet assay, glass slides with
one roughened surface were pre-coated with two layers of
normal melting agarose. In the case of the liver cell mod-
els, treated cells were washed using PBS and detached from
the well plates using a trypsinization step. Cell suspensions
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were then centrifuged at 106 X g for 5 min. The cell pellets
were subsequently resuspended in 0.75% low melting point
agarose and pipetted quickly onto the agarose pre-coated
slides. Afterwards, another layer of low melting agarose was
added. Cell lysis was performed by immersing the slides in
lysis buffer (2.5 M NaCl, 100 mM Na,EDTA, 10 mM Tris
Base, 1% Triton X-100, 10% DMSO, pH 10) at 4 °C for
1 h or overnight. After a washing step to remove the lysis
buffer, slides were placed in the electrophoresis chamber,
DNA was unwound for 20 min in 4 °C cold electrophoresis
buffer (1 mM Na,EDTA and 300 mM NaOH, pH>13) and
electrophoresis was subsequently performed at 0.73 V/cm
and 300 mA for 20 min. Slides were then neutralized with
0.4 M Tris—HCI, before being subjected to DNA staining
using laboratory-specific staining protocols. 50—-150 nuclei
per slide and 3 slides per treatment were analyzed using
Comet Assay IV systems (Perceptive Instruments Ltd., now
Instem). Data were expressed as tail intensity (TI).

For preparation of single cell suspension from PCLiS,
liver slices were transferred to 1.5 ml reaction cups con-
taining cell culture medium, followed by a homogenization
step using 10 rotations of an appropriate micropestle with
moderate pressure. Bigger tissue pieces were eliminated
before centrifugation at 106 x g. All subsequent steps were
performed as for the liver cell models.

Statistical analysis

In the in vitro alkaline comet assay, significant differences
between control and treated cells were evaluated using
the unpaired Welch’s #-test, one-tailed (PCLiS, PHH and
HepG?2 cells), as equal variance was not assumed, or paired
t-test, one-tailed (PRH, due to variability of each rat), using
TIBCO’s Statistica (StatSoft GmbH, Germany). When pre-
processing the data, 0.001 was added to all individual single
cell TT values to get rid of zero values and these transformed
data were converted to logarithms with a base of 10. The
median values of the transformed raw data were then cal-
culated per slide, and three independent slides per treatment
from three independent wells or three independent experi-
ments were subjected to the respective statistical analyses.
Differences from vehicle control were considered statisti-
cally significant at a p-value<0.05. A positive result was
defined as having a statistically significant difference in at

Table 3 Sensitivity [%] and specificity [%] of four different liver cell
models in detecting reference NAs, calculated based on available can-
cer data

PHH PRH HepG2 HepG2
cells+10% rat cells+10%
S9-mix hamster
S9-mix
Sensitivity [%] 50 50 50 100
Specificity [%] 100 100 50 50

least one concentration, compared to the concurrent vehicle
control, along with an at least twofold increase in TI. The
means of the raw data from cytotoxicity measurements were
subjected to two-sided unpaired Welch’s ¢-test (PHH and
HepG2 cells) or two-sided paired #-test (PRH). Based on
the ICH S2 (R1) guidance document (International Council
for Harmonisation, 2011) and White et al.(2020) relevant
cytotoxicity was postulated at a minimum of 50% reduction
in viability, as compared to the respective vehicle control.

To calculate the sensitivity (true positive rate) and speci-
ficity (true negative rate) of each in vitro liver test system
for detection of carcinogenic (Table 3) or in vitro/in vivo
mutagenic NAs, existing rodent cancer data or in vitro and
in vivo mutagenicity data were used as supposed truth (see
Table 1 and 4).

TP
sensitivity[%] = <TP n FN> * 100
TN
speci ficity (%] = (TN—FFP) x 100

TP: true positive; FN: false negative; TN: true negative; FP:
false positive.

BMD modeling

The obtained comet assay data sets were analyzed by BMD
modeling to enable comparative analysis of the tested NAs
in the different liver cell models. BMD modeling was car-
ried out using R 4.2.2 (2022-10-31 ucrt) (R Core Team
2022) and the PROAST (version 70.3., RIVM, <https://w
ww.rivm.nl/en/PROAST>) package (RIVM National Instit
ute for Public Health and the Environment) for BMD mod-
eling. Ranking Plots were generated with Python 3.9.12
(<https://www.python.org/>) as well as seaborn (version
0.11.2) and matplotlib (Version 3.5.1) packages (Hunter
2007; Waskom 2021). For additional plots, ggplot2 (version
3.4.0) and magrittr packages were used (Bache and Wick-
ham 2022; Wickham 2016). BMD modeling was performed
for all compound test results which were assessed as posi-
tive (3.7). To compare the in vitro DNA damaging activity
of different NAs, a predefined “critical effect size” (CES)
of 100% was chosen, representing a twofold increase in
median-based mean TI of the treated cells over the mean TI
value of the respective control. A comparable approach was
previously used by Thomas et al. (2024). The correspond-
ing concentration range can be estimated and is referred to
as BMD,, confidence interval. The lower confidence inter-
val (BMDL ), the upper confidence interval (BMDU ),
their ratio BMD,,, CI (BMDU,,,/BMDL,) as well as the
median BMD,, was calculated for each NA and for each
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liver cell system. A model averaging technique (RIVM
National Institute for Public Health and the Environment)
was used to increase the precision of the analyses by apply-
ing 200 bootstrap runs. Concentrations at which precipita-
tion or relevant cytotoxicity (for definition see statistical
analysis) were observed, were eliminated prior to modeling
to ensure accurate estimation. Data sets with less than three
remaining concentrations and those with a positive response
yet showed a decreased response and no statistical signifi-
cance at the highest concentration (compared to negative
control), were also excluded from BMD modeling. A pre-
requisite for the analysis of continuous data within model
averaging is a log-normal distribution of the dataset. The
distribution per data set was analyzed visually for the four
best models of each model family using quantile-quantile
plotting (qg-plot). Each data set was first analyzed indi-
vidually. Covariate BMD analysis was used to increase the
precision in the BMD,, confidence interval (Cls) calcula-
tion (White et al. 2019; Wills et al. 2016b). The covariate
approach was applied according to Slob and Setzer (2014)
with the assumption that the maximum response (parameter
c¢) and the log-stepness (parameter d) are constant across
different datasets. The model fit based on this assumption
was checked by visual evaluation of the fitted curves and
was only rejected for obvious violations (Slob and Setzer
2014; Thomas et al. 2025b). When assessing the in vitro
DNA damaging potency of NAs within a cell type, the NA
was used as covariate. Data sets with no trend after model
averaging were excluded and not used for further analysis.

In PHH, three independent comet assay experiments
were conducted for NDMA with different concentration
ranges. All data from these three experiments were com-
bined for BMD analysis. Since the PHH used for the three
experiments were from the same 10-donor cell batch, it was
reasonable to assume that the data are biologically and sta-
tistically comparable and can be combined in a single data
pool for concentration—response analysis (U.S. Environ-
mental Protection Agency 2012).

Ethics

All animal experiments were approved by the govern-
ment of Rhineland-Palatinate and the Animal Care and Use
Committee of the RPTU in Kaiserslautern, Germany (#
23177-07/G22-2-028). The experiments were performed
in agreement with the German Federal Law and the guide-
lines for the protection of animals. Human liver tissue was
obtained from a female patient undergoing partial hepatec-
tomy at KRH Siloah hospital (Hannover, Germany). The
patient was informed in advance and gave written consent
for her tissue to be used for research purposes. Provision
of human patient material and experimental protocols were

approved by the ethical committee of Hannover Medical
School (ref. 9124 BO K 2020), Hannover, and were in
agreement with the German legal requirements. Primary
human hepatocytes were obtained from a commercial pro-
vider, i.e., BiolVT (Belgium) complying with the relevant
ethical standards.

Results
Literature search

The literature search on existing comet assay studies test-
ing NAs, revealed 157 in vitro studies involving different
primary cells and tumor cell types and 40 in vivo comet
assay studies. All these studies were covered by a total of
107 publications, of which 36 in vivo and 57 in vitro studies
focused on the liver as target organ. For most of the liver-
based in vitro comet assay studies, HepG2 cells served as
the model system, irrespective of their low metabolic capac-
ity, followed by human HepaRG hepatoma cells and PHH.

Actotal of 17 different NAs were investigated in the identi-
fied in vitro comet assay studies. As expected, the most stud-
ied NAs were NDMA and N-nitrosodiethylamine (NDEA),
which are the smallest NA from the structural point of few,
but among the most potent carcinogenic NAs. Both com-
pounds are classified in category (Cat) 1 of the Carcinogenic
Potency Categorization Approach (CPCA), which assigns
NAs to one of five categories, ranging from highest (Cat
1) to lowest carcinogenic potency (Cat 5), based on their
structural features. Approximately 73% of the in vitro stud-
ies identified in this literature search investigated NAs of
CPCA Cat 1 (in total 8), indicating that this category was
the most extensively studied (see Table S1). These findings
highlight the limited data availability regarding comet assay
studies considering a higher variety of NAs. Furthermore,
for NDMA, the literature search identified 26 studies with a
positive outcome in the in vitro comet assay with various in
vitro human liver cell models, such as PHH, PRH, HepaRG
cells, human induced hepatocytes (HiHEP), and HepG2
cells. There were only six studies in HepG2 cells with
NDMA exhibiting a negative outcome. Since NDMA was
already extensively investigated in various genotoxicity and
mutagenicity assays and showed positive results in different
in vitro comet assay studies, this substance was selected as
the NA positive control for the present investigations.

Testing of metabolic competence
For analysis of metabolic competence, the metabolic ratio

was used for semi-quantitative calculation. Here, the peak
area intensities of the detected metabolites were divided

@ Springer



Archives of Toxicology

by the sum of the peak areas of the unreacted substrates,
and again by the detected metabolites. Due to the large
differences between the liver cell models and S9-fractions
regarding CYP activities, the metabolic ratios can only be
compared semi-quantitatively within the rat and hamster
S9-fraction and the liver cell systems.

In contrast to HepG2 cells, both the S9-fractions and pri-
mary liver cell models exhibited enzyme activities for the
key CYP isoenzymes relevant for the metabolic activation of
NAs, more specifically CYP2E1 and CYP2A6. In contrast
to PRH, no CYP2E] activity was observed in PHHs, despite
sufficient CYP2E1 activity being reported in the certificate
of analysis. It is assumed that the number of cells in the cur-
rent measurements was too low for sufficient conversion of
chlorzoxazone to hydroxychlorzoxazone above the detec-
tion limit. HepG2 cells showed no metabolic competence
at all. All determined metabolic ratios are listed in Tables
S2 and S3. To follow up on the lack of CYP2ET1 activity in
PHH, we performed qRT-PCRs using total RNA of human
liver tissue as positive control. Expression of mRNAs of all
CYPs, including CYP2EI, was confirmed in PHH (Fig. S1).

In vitro alkaline comet assay

For protocol optimization and to gain an initial impression
of the genotoxic potential of NAs in the selected liver mod-
els (PCLiS, PHH, PRH and HepG2 cells in the presence
of rat or hamster S9-mix), the test systems were treated
with NDMA as one of the most potent mutagenic and car-
cinogenic NAs and subjected to the in vitro alkaline comet
assay. NDMA induced a concentration-dependent increase
in DNA strand breaks in all five liver cell models with maxi-
mal fold changes (mfcs) of the median-based mean TI of
10.8,12.0, 3.7, 5.3, and 3.6 over negative control for PCLiS,
PHH, PRH, and HepG2 cells with rat or hamster S9-mix,
respectively. No signs of cytotoxicity were observed (see
Fig. 1, left panel, and Table 4).

To investigate the specificity of the detected NDMA
effects, we also tested the known non-carcinogens NPro
and NMtBu. NPro was suggested to represent an NA nega-
tive control, due to its negative charge at neutral pH, thus
preventing its diffusion into cells and subsequent metabolic
activation into DNA-reactive metabolites (Chu and Magee
1981; Koepke et al. 1985; Nixon et al. 1976). As expected,
NPro did not induce DNA strand breaks in all five liver cell
models (Fig. 1, right panel, and Table 4). Cytotoxicity was
only observed in PCLiS at 10 mM (65.6%). The second
negative control candidate NMtBu did not mediate a sig-
nificant increase in DNA damage or cytotoxicity in PHH
and PRH (Table 4). In HepG2 cells with rat and hamster
S9-mix, NMtBu slightly induced DNA strand breaks in a
concentration-dependent manner with mfcs of 2.1 and 2.2 at

@ Springer

Fig. 1 In vitro alkaline comet assays with five different liver cell mod- }
els incubated for 2 h (PCLiS, PHH, PRH, and HepG2 with hamster
S9-mix) or 4 h (HepG2 with rat S9-mix) with increasing concentra-
tions of NDMA (left panel) or NPro (right panel), or the technical posi-
tive controls ethyl methanesulfonate (EMS; PHH and HepG?2 cells) or
methyl methanesulfonate (MMS; PRH) for 1 h. Data represent median-
based mean TI+SD of three biological replicates (three independent
cell culture wells for PCLiS, PHH and HepG2 with rat S9-mix, three
independent experiments for PRH using cell preparations from three
rats on different days, and three independent experiments for HepG2
with hamster S9-mix). * p<0.05, ** p<0.01, *** p<0.001 vs control.
Welch’s t-test, one-tailed (PHH, PCLiS, and HepG2 cells) or paired
t-test, one-tailed (PRH) were applied

5 mM, respectively. However, the mean TI decreased below
twofold at 10 mM (Fig. S4). NMtBu was thus considered
positive for the induction of DNA strand breaks in HepG2
cells with rat and hamster S9-mix, but biological relevance
seems questionable. Due to unavailability of appropriate,
non-infectious human liver tissue, NMtBu as well as further
NAs could not be tested in PCLiS.

Subsequently, three additional NAs with known muta-
genicity and carcinogenicity were tested in the in vitro liver
cell models, but not in PCLiS. NDELA, classified as car-
cinogen (IARC 2000), mediated a concentration-dependent
increase in mean TI in both PHH, PRH, and HepG2 cells
with rat and hamster S9-mix with mfcs of 5.0, 2.2, 2.4, and
2.2, respectively (Table 4). Interestingly, the two carcino-
gens S-NNN (IARC 2007) and NMA (Zielenska and Gutten-
plan 1988) induced DNA strand breaks in HepG2 cells with
hamster S9-mix only but not in the other liver cell models
(Table 4). Based on the available carcinogenicity data of the
original NA test panel (S-NNN, NDMA, NDELA, NMA,
NPro, and NMtBu) the sensitivity and specificity of the in
vitro alkaline comet assay in detection of carcinogenic NAs
was calculated for the different liver cell models (Table 3).
For PHH and PRH as primary liver cell models sensitiv-
ity was 50% and specificity 100%. In contrast, HepG2 cells
with hamster S9-mix demonstrated 100% sensitivity for the
chosen carcinogenic NAs. However, due to the slightly pos-
itive result of NMtBu in this model, specificity amounted
to 50%. HepG2 cells with rat S9-mix were identified as
the least predictive model with both 50% sensitivity and
specificity. Sensitivity and specificity of the in vitro comet
assay for prediction of in vitro and/or in vivo mutagenic
NAs, including recent Ames test (NFluo, NMIPA, NFA)
and in vivo mutagenicity data (NFluo, NFA), were calcu-
lated as 67%/100% (PHH, PRH), 50%/67% (HepG2 cells
with rat S9-mix) and 100%/67% (HepG2 cells with hamster
S9-mix).

We subsequently tested four NAs with unknown carci-
nogenicity, three of which were NDSRIs. As a non-NDSRI,
NMIPA, which in the meantime has been shown to be Ames
positive with hamster but not rat S9-mix (Thomas et al.
2025a), caused an increase in TI both in PHH, PRH, and
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HepG2 cells with hamster S9-mix with mfcs of 3.5, 3.1,
and 3.6, respectively, but not in HepG2 with rat S9-mix.
NFA, an NDSRI derived from folic acid, and thus from a
more complex molecule, has now been classified as non-
mutagenic impurity (NMI) by the EMA, as it tested nega-
tive in an in vivo mutagenicity study (European Medicines
Agency 2026). As expected, NFA induced no DNA strand
breaks in all tested liver cell models (Table 4 and Fig. 2A).
NND, an NDSRI based on the antihistamine desloratadine
with recent unpublished, conflicting Ames test data, demon-
strated cytotoxic effects and precipitation at concentrations
higher than 0.25 mM. It significantly induced DNA strand
breaks in HepG2 cells with hamster S9-mix only, with a mfc
of 3.9 at 0.25 mM. Aover twofold increase in mean TI at
175 uM was also observed in PRH but without statistical
significance (Table 4 and Fig. 2B).

The known in vitro and in vivo mutagenic NDSRI NFluo
(Jolly et al. 2024), derived from the antidepressant fluox-
etine, was cytotoxic at concentrations higher than 0.5 mM
and induced a significant increase in mean TI in all four
liver cell models (Table 4 and Fig. 2C). The highest mfc
was observed in PHH with a 6.7-fold increase at 0.5 mM.

. 100

80
60
40

Tail intensity [%)]

20+

0 05 1 2 5 10 +
NFA [mM]

100+
80
60
40 .
O'I'II' iLJI F II- Ii i ﬂ

1
25 50 100 250 500 +
NFluo [uM]

Tail intensity [%]

T T
0 5

Fig.2 In vitro alkaline comet assays with four different liver cell mod-
els incubated for 2 h (PHH [green], PRH [grey], and HepG?2 cells with
hamster S9-mix [orange]) or 4 h (HepG2 cells with rat S9-mix [blue])
with increasing concentrations of A NFA, B NND, C NFluo, and D
Fluoxetine (Fluo) or the technical positive controls (+) ethyl methane-
sulfonate (PHH and HepG?2 cells) or methyl methanesulfonate (PRH)
for 1 h. Data represent median-based mean TI values+SD of 3-6
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In contrast, the parent compound fluoxetine (Fluo) did not
induce DNA strand breaks in any of the four liver cell mod-
els (Fig. 2D), indicating a specific effect of the N-nitroso
function of the molecule.

BMD modeling

The in vitro comet assay datasets with positive outcomes
were analyzed by fitting concentration—response models
using BMD modeling and then ranking the different NAs
regarding their relative in vitro comet assay response in the
different liver cell models. Since we could only test NDMA
with positive outcome in PCLiS, we excluded this liver
model from covariate analysis and relative ranking.

When modeling continuous data, the benchmark
response is the percent change in mean response relative to
the respective controls, which is defined as “critical effect
size” (RIVM 2021). The corresponding concentration is
referred to as the BMD. In the present analysis, a BMD,,
CI ratio (BMDU,,/BMDL,,,) below 10 was considered
to be a good estimate, whereas a ratio above 100 indicates

100+ == PHH
== PRH
80 mm HepG2 + rat S9

HepG2 + hamster S9

Tail intensity [%]

0 5 50 75 100175250 +
NND [uM]

100-

Tail intensity [%)]
[=2}
<

50 +

Fluo [uM]

biological replicates (3—6 independent cell culture wells for PHH and
HepG2 with rat S9-mix, 3—6 independent cell cultures HepG2 with
hamster S9-mix and PRH isolated from 3 animals), respectively. *
p<0.05, ** p<0.01, *** p<0.001 versus control. Welch’s ¢-test, one-
tailed (PHH and HepG?2 cells) or paired #-test, one-tailed (PRHs) were
applied
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Fig. 3 Ranking of DNA-damag- A
ing NAs regarding their in vitro

comet assay response, based on

BMD modeling. The comet assay
response of NDMA, NFluo,

NDELA, NMIPA, S-NNN,

NMtBu and NMA in A PHH,

B PRH, C HepG2 cells+rat .
S9-mix, D HepG2 cells+ham-

ster S9-mix was ranked. Data

represent log10 of the BMD, .
values [mM]. The estimated 90%

- -

Bl NFwo
—

NMIPA
. —

NDMA

NDELA

confidence intervals (CI) of the b ’ !
BMD,, and the median BMD,
(circle) after model averaging
and the covariate approach result-
ing from the calculation of the

log10 of BMDyqq

"critical effect size" of 100 are C
shown. Left of each line is the
BMDL,, CI and the right is the
BMDU,, CI. Analysis was done

with PROAST 70.3. In PHH,

NDMA was analyzed using three
combined experimental datasets.

The fitted BMD models and their
weighting are presented in the
supplements

NFluo

= ——

NDMA

NMtBu
e

log10 of BMDyq

Higher comet response

high uncertainty of the calculated BMD values (Powley et
al. 2024; White et al. 2020, 2019).

Inboth primary liver cell models, NFluo, NDMA, NDELA
and NMIPA fulfilled the described criteria for BMD model-
ing (see 3.8). All derived BMD,,, values had BMD,, CI
ratios of <4 for PHH and <8 for PRH, indicating good esti-
mates. In PHH, BMD modeling yielded the following comet
assay-based response ranking: NFluo>NDMA>NDELA
>NMIPA (Fig. 3A).

In contrast, there were two groups in PRH, i.e., one with
NFluo only and one that included an overlap of NDMA,
NMIPA and NDELA. NFluo showed a lower concentration
range for the BMD,, CI than the second group, which was
separated by approximately 1.3 log-units, resulting in about
20-fold change in response (Fig. 3B).

In HepG2 cells with rat S9-mix, four NAs tested posi-
tive, i.e. NDMA, NFluo, NDELA, and NMtBu. NDELA
was positive at one concentration only (2 mM) followed by
a negative response (Fig. S4) and was therefore excluded
from BMD analysis. There was no overlap of BMD,, CI of
NFluo and the BMD,,, CI of NDMA (Fig. 3C), both exhib-
iting an BMD),;, Cl ratio of <5. Regarding the in vitro comet
assay response, NFluo was thus ranked higher than NDMA

log10 of BMD1gq

Higher comet response

followed by NMtBu with a relatively higher BMD,, CI
ratio of 20.

In HepG2 cells with hamster S9-mix, eight out of ten
NAs were tested positive. NMtBu and NND were both
excluded from the modeling approach, due to analysis fil-
tering criteria (3.8). The BMD,, CI ratios of the remain-
ing NAs, i.e., NDMA, NFluo, NDELA, NMA, and S-NNN
showed a BMD,, CI ratio of<8, except for NMA with a
BMD,, CI ratio of 15.4 (Fig. 3D). For the log,, BMD,,
values calculated from the HepG2 comet assay data sets
with hamster S9-mix, two compound groups were evident,
one comprising NFluo, NMIPA, and S-NNN with a higher
comet assay response and another group comprising NMA,
NDMA, and NDELA, ranked lower than group one.

When comparing the four different liver cell systems,
notably the NDSRI NFluo was positive in all four liver
model systems, and its BMD,,, CI was consistently located
at a lower concentration range than the positive control
NDMA. For PHH, PRH, and HepG2 cells with hamster
S9-mix, NDELA was consistently in the lower sensitivity
part of the compound ranking, whereas no clear trend was
present for NMIPA or NDMA.
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Discussion

There is a strong regulatory need for sensitive mutagenic-
ity evaluation of NAs, including NDSRIs, for both approval
of new medicines and for assessing safety risks in already
approved products. Mutagenicity represents an established
surrogate parameter for prediction of the carcinogenic
potential, and bacteria-based mutagenicity testing has dem-
onstrated a reasonably good correlation with carcinogenic-
ity, especially for NAs (Bercu et al. 2025). Therefore, in
vitro mutagenicity screening of NDSRIs is currently pri-
marily based on Ames testing. However, for promutagens,
such as NAs, the Ames test is dependent on the addition of
exogenous metabolic activation systems, and there are strik-
ing differences in the genomes of bacteria and mammalian
cells.

Therefore, the in vitro alkaline comet assay with liver tis-
sue (PCLiS) and liver cell models (PHH, PRH, and HepG2
cells with 10% rat or hamster S9-mix) were evaluated as
potential mammalian cell-based tools for prediction of
genotoxicity of NAs, as proposed in a recent study (Seo et
al. 2025Db).

PCLiS, as the only tissue-based model system, dem-
onstrated very promising results in detecting DNA-strand
breaks caused by NDMA, and the absence of genotoxicity
for the negative control NPro. However, tissue availabil-
ity represents a major disadvantage of this model. Further
experiments using PCLiS from various donors and testing
of more NAs would be needed to accurately assess the per-
formance of this human liver model, integrating both differ-
ent liver cell types and tissue architecture. However, due to
limited liver tissue availability and a complex preparation
procedure, PCLiS will not represent a standard model for
genotoxicity testing of NAs. Nevertheless, PCLiS might
serve as a human, close to in vivo reference model for
development of less complex and more ubiquitously avail-
able cell models, such as 3D HepaRG spheroids (Seo et al.
2024, 2023) after more in depth performance assessment.

For the cell-based liver models, we calculated both sen-
sitivity and specificity for detection of both carcinogenic
and in vitro/in vivo mutagenic NAs, based on the outcomes
for NAs with available carcinogenicity and in vitro/in
vivo mutagenicity data. Four NAs, i.c., NDMA, NDELA,
S-NNN, and NMA are known mutagenic carcinogens and
served as positive controls. Two known non-carcinogenic
NAs, namely NPro and NMtBu, served as negative con-
trols. For NFA, NFluo and NMIPA mutagenicity data were
recently published (European Medicines Agency 2026; Jolly
et al. 2024; Thomas et al. 2025a). These compounds could
therefore be added to the panel of known mutagens (NFluo,
NMIPA) and known non-mutagens (NFA).
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In the present study, NPro and NFA tested negative in all
liver models. In contrast, NMtBu tested negative in PHH
and PRH but borderline positive in HepG2 cells with rat
and hamster S9-mix. It was previously reported in a com-
putational modelling approach that if DNA base alkylation
by tert-butyldiazonium ions occurs, no point mutations may
be produced, due to the inability of tert-butylated bases to
mis-pair (Salam and Lyngdoh 2021). Here, under certain
conditions (e.g., specific cellular systems and CYP activi-
ties) tert-butylation of DNA bases by NMtBu may only be
moderate, reflected by slightly increased mean TIs in the
comet assays, not necessarily leading to mutations. In this
case, the comet assay might be over-predictive for mutagen-
icity and carcinogenicity.

The positive control NDMA was positive in all tested
liver models, which was in line with other publications in
which primary liver cells and different liver cell lines were
treated with NDMA. These include PHH, HepaRG cells,
hepatoblastoma HepG2 and HuH6 cells, hepatocellular car-
cinoma HCC1.2, HCC2, HCC3 and HuH7 cells, as well as
rat hepatocytes and microsomes (Ashby et al. 1995; Erkeko-
glu and Baydar 2010a, 2010b; Frei et al. 2001; Hong et al.
2018; Seo et al. 2019; Uhl et al. 2000; Waldherr et al. 2018;
Wilkening et al. 2003; Winter et al. 2008). In agreement
with results from a study by Sasaki (2018) using lymphoma
cells, NDELA was also positive in all tested liver cells, as
did NFluo. However, S-NNN, which was positive in epithe-
lial cells and lymphocytes of oropharyngeal cells (Reiter et
al. 2012), was positive only in HepG2 cells with hamster
S9-mix, like NMA.

Overall, PHH and PRH exhibited 100% specificity in
detecting both carcinogenic and in vitro/in vivo mutagenic
NAs correctly. However, sensitivity was only 50% for carci-
nogenic and 67% for mutagenic NAs, due to their inability to
detect the known carcinogens S-NNN and NMA. However,
it should be noted that although NNN and NMA can cause
liver tumors, liver is not the main target organ for these sub-
stances, for which the upper gastrointestinal tract or nasal
cavity are the most sensitive sites for carcinogenicity (Hecht
et al. 1980; IARC 1987; Kroeger-Koepke et al. 1983). Nev-
ertheless, HepG2 cells with hamster S9-mix were able to
detect both S-NNN and NMA and represented the most sen-
sitive test system (sensitivity 100%) but specificity amount
to only 50% for known carcinogens and 67% for known
mutagens. In contrast, HepG2 cells with rat S9-mix showed
substantially lower sensitivity and specificity in comparison
to all other liver cell models.

Due to the short-term exposure to NAs (2—4 h) in the
present study, the in vitro alkaline comet assay likely
detected mainly DNA N-alkylation damage and its subse-
quent repair by base excision repair (BER). DNA N-alkyl-
ation mainly occurs at the N7-position of guanine (e.g.,
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N7-methylguanine in case of NDMA), but also at the
N3-position of adenine (e.g. N3-methyladenine in case of
NDMA) (Fahrer and Christmann 2023). N-alkylated DNA
bases such as N7-methylguanine and N3-methyladenine
are recognized by the DNA repair enzyme N-alkyladenine
DNA glycosylase (AAG), which is also termed N-methyl-
purine DNA glycosylase (MPG) (Engelward et al. 1997).
AAG-catalyzed excision of the damaged DNA base give
rise to apurinic (AP) sites, which are then converted to
DNA single-strand breaks (SSBs) through an incision step,
mediated by AP endonuclease 1 (Demple and Sung 2005).
These repair intermediates (AP sites and SSBs) can then be
detected in the alkaline comet assay (Azqueta and Collins
2013; Ngo et al. 2020).

Notably, DNA O-alkylation damage, such as NDMA-
induced O°-methylguanine, cannot be detected by the
alkaline comet assay after short incubation periods.
O%-methylguanine adducts trigger DNA strand breaks in a
DNA mismatch repair- and replication-dependent manner
(Kaina et al. 2010), thus requiring longer incubation peri-
ods (>24 h). Furthermore, pharmacological inhibition of the
responsible DNA repair enzyme O°-methylguanine DNA
methyltransferase (MGMT) increases the sensitivity of test
systems to detect O%-methylguanine-triggered DNA strand
breaks (Carlsson et al. 2025; Kostka et al. 2021; Ramos et
al. 2013).

In contrast to the other NAs tested, NFluo, a NDSRI of
the selective serotonin uptake inhibitor Fluo, was strongly
positive at low micromolar concentrations in all liver cell
models tested . This finding is consistent with a very recent
publication, revealing that NFluo and other NDSRIs cause
DNA methylation adducts and DNA strand breaks in PRH
(Vogel et al. 2026). This positive outcome is also in line with
recent data on mutagenicity. Jolly et al. (2024) observed
both mutagenicity in vitro (Ames test) and in vivo (TGR),
and Seo et al. (2025a) demonstrated both in vitro clasto-
genicity (comet assay, micronucleus test) and mutagenicity
(high-fidelity sequencing) in 2D and 3D HepaRG cultures
exposed to NFluo for 3 or 14 days. In contrast, the parent
compound Fluo caused no induction of DNA strand breaks
in all liver cell models, indicating that NFluo-induced DNA
damage is NA-specific. However, Fluo showed higher cyto-
toxicity than NFluo. Therefore, concentrations higher than
50 uM could not be analyzed as there was a complete loss
of cells starting at 100 uM.

BMD analysis of the in vitro comet assay data provided
insights into the suitability of the assay for predicting carci-
nogenic/mutagenic NAs. Prior to the analyses shown here,
the BMDs, was estimated in addition to the BMD,, to
compare different “critical effect sizes” for ranking of NAs
(data not shown). A BMD,, approach was previously used
by Wills et al. (2016b). Here, the BMD,, “critical effect

size” proved the most suitable, as shown by the more pre-
cise BMD ClIs, compared with the respective BMDy, Cls.
This was due to the BMD,, “critical effect sizes” being cal-
culated at a less variable part of the concentration-response
curve which, in turn, provides a clearer comparison between
the NAs. A value of 100% for the predefined “critical effect
sizes” represents a two-fold change, which was also used
in the present study to define a biologically relevant effect
in the in vitro comet assay thus compensating for data vari-
ability and avoiding potentially false-positive results. The
choosen BMD), is also in line with a recent publication on
the in vitro assessment of NAs using the AMES test (Heflich
et al. 2024; Thomas et al. 2024).

The BMD analysis showed that not all CIs for the dif-
ferent NAs were distinguishable from each other within
one cell system, based on their relative in vitro comet assay
response. A BMD,, CI overlap does not necessarily mean
that the comet assay response for compounds is the same but
indicates that the BMD analysis cannot distinguish between
them (Slob 2014; Wills et al. 2016a). In the test system with
hamster S9-mix, NMA, NDMA, and NDELA might all be
considered equipotent, but with the relatively higher uncer-
tainty (BMD, CI ratio: 15.4) and variability of the NMA
data, a final conclusion could not be drawn. NND was posi-
tive in only one test system, i.e., HepG2 cells with hamster
S9-mix, already at the lowest tested concentration (5 pM).
Even with the high uncertainty reflected by the BMD CI
width, this NDSRI exhibited a result, which should be ana-
lyzed further to rank its mutagenic activity relative to NFluo
and NDMA. In both PHH and PRH the in vitro comet assay
response was recognizably higher for NFluo than for the
other three NAs, but for PRH, NMIPA, NDMA, NDELA
might be assumed to be equipotent under the given model
assumptions. The results obtained for NDMA and NFluo in
the present study contrast with an in vivo rodent TGR muta-
genicity study with NFluo which showed a markedly lower
mutagenic potency in liver compared to literature data for
NDMA and NDEA using BMD modeling (Jolly et al. 2024).
This discrepancy was also observed in a previous study by
Vogel et al. (2026) showing much higher N7-methylguanine
and OS-methylguanine DNA adducts in PRH at 50 puM
NFluo shortly after treatment and after 24 h of incubation,
as compared to 50 pM NDMA. The potential reasons for
this discrepancy were discussed to include toxicokinetic
aspects and molecular weight differences.

Lack in NA differentiation and apparently equipotent
outcome in PRH, as compared to PHH, might be due to
high data variability and highest vehicle control TI values
of all tested cell models. This might be attributable to both
the cell isolation procedure and the experimental setup used.
PRH were treated with NAs on the day of cell isolation 3 h
after plating to avoid a decline in metabolic activity and
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subsequent lack in metabolic conversion of NAs into reac-
tive metabolites at the expense of cell integrity. In contrast,
in the case of PHH, the treatment protocol was optimized,
based on cellular fitness, resulting in lower vehicle T1 values
and data variability, however at the expense of metabolic
competence. PHH initially demonstrated a loss in membrane
integrity when incubated with NAs on the day of thawing,
and, therefore, pre-culture for 24 h was introduced into the
treatment protocol to avoid artifactual results. However,
pre-culture seemed to reduce metabolic competence, as
CYP2E1 activity was not detected using a CYP2E1-specific
substrate, although mRNA expression was confirmed using
gRT-PCR. This was in contrast to reported CYP2E1 activi-
ties in the certificate of analysis. A further optimization,
based on a compromise between metabolic competence and
cellular fitness, may provide higher metabolic activity and
more stable background TI values.

Overall, based on our analyses with a limited number of
NAs, BMD modeling seems promising for ranking the rela-
tive concentration—response of NAs with reference to the in
vitro comet assay. However, more data is needed to draw
final conclusions on the applicability of the present BMD
modeling approach for ranking of the relative genotoxic
potency of NAs in the in vitro comet assay.

For the in vitro comet assay, the choice of the preferred
cell model depends on the focus of the investigation. Based
on the present results, a primary liver cell model should
preferably be used to avoid exogenous metabolic activa-
tion systems, which are needed in the case of metabolically
incompetent cell lines. In primary liver cell models, NAs
are activated intracellularly by CYPs after cell entrance.
The resulting reactive metabolites have to cross the nuclear
membrane only to bind to DNA. For cell models in need
of external metabolizing systems such as S9-mix, NAs are
already activated extracellularly and the activated/reactive
metabolites must cross both cell and nuclear membranes
for DNA adduct formation. This could potentially result
in a different outcome for cell lines and primary cells, if
the original NA, but not the reactive metabolites can cross
cell membranes, or if highly reactive metabolites can
already react with media or membrane components. The
high sensitivity (100% for the known carcinogenic and
mutagenic NAs tested here) of HepG2 cells supplemented
with hamster S9-mix, as compared to PHH and PRH, in
principle might make this system a valuable tool for haz-
ard identification and potential follow up of negative/bor-
derline EAT test results to provide further reassurance for
the EAT result. However, the obviously lower specificity of
this model might result in a higher potential for irrelevant,
positive outcomes and overprediction of NA mutagenic-
ity. The high sensitivity but lower specificity of the HepG2
cell model with hamster S9-mix therefore makes the model
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useful when a conservative approach to avoid false-negative
results is the goal of the test strategy.

Another important factor to consider in the context of
appropriate liver cell models is the translation of results to
humans and rodents. In this regard, primary liver cell mod-
els may be more predictive, as they can cover not only phase
I but also phase II metabolism, and thus possible deactiva-
tion of certain NAs (Madle et al. 1986). Furthermore, in
vitro human hepatocytes were shown to have a comparable
metabolism to the in vivo situation (Ponsoda et al. 2001).
According to the present results, PHH might be preferred
over PRH, as TI variability in the vehicle control was lower
and BMD results more consistent in PHHs. However, dis-
advantages of primary human liver cells consist of their
limited availability, their high costs, potential inter-donor
or batch-to-batch variability in metabolic competence, and
potential rapid decline in metabolic activity, thus making
them a suboptimal liver cell model for standard test batter-
ies. Therefore, the use of genetically engineered cells with
human CYP overexpression or HepaRG cells with stable
metabolic competence, low batch-to-batch differences and
the potential to form bile canaliculi and functional tight
junctions might represent more valuable, practical alterna-
tives for genotoxicity screening of NAs, as recently reported
(Carlsson et al. 2025; Li et al. 2024; Seo et al. 2025b). How-
ever, primary cells of different species (Seo et al. 2025b)
or PCLiS might aid in confirmation of screening results or
serve as reference model in establishment of advanced liver
cell models for genotoxicity testing of NAs.

In conclusion, the in vitro comet assay represents a sensi-
tive and/or specific tool for complementing existing regu-
latory in vitro tests in prediction of mutagenic NAs. This
might be useful in cases where identification of responsible
metabolites or types of DNA strand breaks is required, or
for antibiotics where in vitro bacterial mutagenicity tests are
not feasible. Primary cells, particularly PHH, are preferred
over tumor cell lines as cell models, due to their metabolic
competence and closer similarity to the in vivo environment,
however with certain limitations as standard testing models.
The use of the in vitro comet assay with liver cell models
can already be considered as part of an overall weight of
evidence approach, but further optimization work, includ-
ing expanded training sets of compounds and thorough vali-
dation of appropriate and ubiquitously available liver cell
models would be required, before it could be incorporated
into a standard battery for genotoxicity testing of NAs.
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