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Exploring the role of oxidative et

stress and mitochondrial dysfunction
in B-damascone-induced aneuploidy
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Abstract

Background The rose ketone (3-damascone (3-Dam) elicits positive results in the in vitro micronucleus (MN) assay
using human lymphocytes, but shows negative outcomes in the Ames test and combined in vivo MN and comet
assays. This has led to the interpretation that the in vitro MN result is a misleading positive result. Oxidative stress
has been suggested as an indirect mode of action (MoA) for in vitro MN formation, with the g, 3-unsaturated car-
bonyl moiety of the 3-Dam chemical structure expected to cause misleading positive results through this MoA.

In this study, we investigated the role of oxidative stress in 3-Dam-induced in vitro MN formation by co-treatment
with the antioxidant N-acetyl-i-cysteine (NAC), thereby highlighting a possible link between mitochondrial dysfunc-
tion and aneugenicity.

Results (3-Dam induced MN formation in both CHL/IU and BEAS-2B cells, with the response completely inhibited

by co-treatment with NAC. Moreover, 3-Dam induced oxidative stress-related reporter activity in the ToxTracker assay
and increased reactive oxygen species levels, while decreasing glutathione levels, in BEAS-2B cells in the high-content
analysis. All of these effects were suppressed by NAC co-treatment. These findings indicate that 3-Dam elicits oxida-
tive stress, which causes DNA damage and ultimately leads to MN induction. However, no significant DNA damage-
related reporter activities were observed in the ToxTracker assay, nor was there an increased number of yH2AX foci

in the high-content analysis. These data suggest that MN formation is not a DNA-reactive MoA. Considering recent
reports of aneuploidy resulting from chromosome segregation defects caused by mitochondrial dysfunction, we
investigated if 3-Dam could cause such dysfunction. We observed that the mitochondrial membrane potential

was dose-dependently impaired in BEAS-2B cells exposed to 3-Dam.

Conclusions These findings suggest that the oxidative stress induced by 3-Dam exposure may be explained
through an aneugenic MoA via mitochondrial dysfunction, thereby contributing to MN formation in mammalian cells.
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Introduction

Assessing the genotoxic potential of chemicals, such as
pharmaceuticals, agrochemicals, pesticides, and food
additives, is a critical step in ensuring their relative safety
under intended conditions of use [1]. A comprehensive
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in vitro may not elicit the same response in vivo, resulting
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in potentially misleading positive results. Traditionally,
in vivo follow-up testing has been the preferred approach
to confirm the genotoxic potential of chemicals that show
positive in vitro outcomes [4, 5]. However, in recent
times, in vivo follow-up testing has been considered a
final option because of concerns around animal welfare,
regulatory restrictions, and cost and time limitations
[6]. This potentially results in promising chemicals being
omitted from the innovation pipeline.

To address the potential for misleading positive results,
it is essential to thoroughly investigate the genotoxic mode
of action (MoA) in vitro and assess the necessity for addi-
tional in vivo follow-up studies based on the 3Rs principle
(Replacement, Reduction, and Refinement), while consid-
ering human relevance. Indirect genotoxic MoAs, such
as inhibition of topoisomerase II, inhibition of DNA syn-
thesis, chemical binding to aurora kinases, tubulin bind-
ing, and increased reactive oxygen species (ROS) levels,
have the potential to induce chromosomal damage [7-9].
Chemicals that contain an o, p-unsaturated carbonyl moi-
ety are anticipated to form adducts and deplete cysteine-
containing reducing agents, such as glutathione (GSH).
This can lead to an imbalance between oxidants and anti-
oxidants in the cell, called oxidative stress, and eventually
result in DNA modifications as a genotoxic MoA [10—
12]. One such chemical is the rose ketone -damascone
(B-Dam) [13], illustrated in Fig. 1, which is widely used as
a flavoring agent in foods [14].

Although B-Dam elicited positive results in the micronu-
cleus (MN) assay when tested on human lymphocytes, nega-
tive results were obtained with the Ames test and combined
in vivo MN and comet assays, as reported by the European
Food Safety Authority (EFSA) [14]. To elucidate whether oxi-
dative stress underlies the capacity of f-Dam to induce MN
formation, several mechanistic approaches, including the
ToxTracker assay [15], ROS generation measurement [16,
17], and reduced GSH depletion assessment [18], could offer
valuable insights. Because N-acetyl-L-cysteine (NAC) serves
as a precursor of GSH biosynthesis and functions as an anti-
oxidant itself [19, 20], co-treatment or supplementation with
NAC may prove beneficial for mitigating GSH depletion and
ROS generation during oxidative stress.

In our previous study [18], we demonstrated that NAC
pretreatment attenuated the genotoxicity and cytotoxic-
ity induced by allyl isothiocyanate, a chemical known to
generate ROS [21]. Additionally, De Flora et al. provided
a comprehensive review on the mechanisms and protec-
tive effects of NAC against DNA damage-related end-
points [22]. Building upon this prior work, the present
study aimed to evaluate the overall impact of oxidative
stress on B-Dam-induced MN formation. Specifically,
we sought to assess if NAC co-treatment could miti-
gate the genotoxic potential of f-Dam in inducing MN

Page 2 of 14

Fig. 1 Chemical structure of 3-damascone (3-Dam). The
a, B-unsaturated carbonyl moiety, highlighted in light
grey, is recognized as the key chemical structure of 3-Dam
that is responsible for inducing oxidative stress

formation using Chinese hamster lung CHL/IU cells
and human bronchial epithelial BEAS-2B cells. Further-
more, we aimed to evaluate oxidative stress- and DNA
damage-related reporter activities in mouse embryonic
stem (mES) cells using the ToxTracker assay, as well as
to examine the cellular ROS and GSH levels and YH2AX
foci count in BEAS-2B cells using high-content analysis.
It is generally accepted that oxidative stress induced
by an oxidant like p-Dam is associated with the clas-
togenic MoA, as the majority of generated ROS can
directly interact with DNA and lead to base modifica-
tions, such as 8—oxo—7,8—dihydro-2/—deoxyguanosine [23,
24]. However, as demonstrated by Marcon et al. [25],
oxidative stress-induced mitochondrial dysfunction is
emerging as another target MoA that induces chromo-
some displacement and aneuploidy, ultimately leading
to MN formation. Therefore, in this study, we also inves-
tigated whether f-Dam could affect the mitochondrial
membrane potential. Furthermore, we explored if these
toxicological results were influenced by co-treatment
with NAC, to determine whether the primary MoA for
B-Dam-mediated MN induction is oxidative stress.

Materials and methods

Chemicals

Reagents and test chemicals were obtained from Thermo
Fisher Scientific (Waltham, MA, USA) unless stated oth-
erwise. N-Acetyl-L-cysteine (NAC, CAS no.. 616-91-
1), menadione sodium bisulfite (CAS no.. 130-37-0),
and potassium bromate (KBrO;, CAS no. 7758-01-2)
were obtained from Merck/Sigma-Aldrich (St. Louis,
MO, USA). Carbonyl cyanide 4-(trifluoromethoxy)
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phenylhydrazone (FCCP, CAS no.: 370-86-5) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). (Z)-
[-damascone (f-Dam, CAS no.: 23726—92-3) was acquired
from Takasago International Corporation (Tokyo, Japan).
Mitomycin C (MMC, CAS no.: 50-07-7) was sourced from
FUJIFILM Wako Pure Chemical (Osaka, Japan). NAC was
dissolved in distilled water, while all other chemicals were
dissolved in dimethyl sulfoxide (DMSO).

MN assays in CHL cells

The MN assay was performed in Chinese hamster lung
cells, specifically CHL/IU cells, as previously described
[18]. CHL/IU cells were obtained from the Japanese
Cancer Research Resources Bank (Osaka, Japan) and
maintained in tissue culture dishes containing Minimum
Essential Medium supplemented with 10% heat-inacti-
vated bovine serum, penicillin at 100 U/mL, and strep-
tomycin at 100 pg/mL at 37 °C with 5% CO,. Cells were
seeded at 1,600 cells/well in 200 pL of culture medium
in 96-well plates. After pre-incubation for 24 h, the cells
were exposed to serially diluted p-Dam for 27 h. MMC
was used as the positive control, while 1% DMSO was
used as the solvent control. To assess whether B-Dam-
induced oxidative stress contributed to MN formation,
co-treatment of 10 mM NAC with p-Dam was performed
in the MN assay.

Following the 27-h exposure, the supernatant in each
well was aspirated and the cells were stained with 13.3 pg/
mL Hoechst 33342 (Dojindo Laboratories; Kumamoto,
Japan) and 0.833 pg/mL CellMask Orange. After wash-
ing twice with Hank’s balanced salt solution, the cells were
fixed with 4% paraformaldehyde (FUJIFILM Wako Pure
Chemicals) and mounted in 0.005 mg/mL 1,4-diazabicy-
clo[2.2.2]octane (Tokyo Chemical Industry), 2% glycerol
(FUJIFILM Wako Pure Chemicals), 50 mM Tris—HCI buffer
(pH 7.4, Takara Bio; Kyoto, Japan) as an antifading agent.
High-content images were captured using the Celllnsight "
CX5 at 10xmagnification for cell counting and 20X mag-
nification for MN observation. Excitation (Ex) and emis-
sion (Em) wavelengths were selected for Hoechst 33342
(Ex=375/397 nm and Em=415/461 nm) and CellMask
Orange (Ex=548/572 nm and Em=589/619 nm). Forty-
nine fields of view were acquired at predetermined positions
covering an entire well and cell numbers were counted using
the number of Hoechst 33342-stained nuclei. At least 2,000
cells per concentration were examined for micronucleated
cells unless severe cytotoxicity was observed.

Relative population doubling (RPD) was chosen as
the cytotoxicity parameter and calculated using the
following formula [26, 27]:

RPD = (number of population doublings in treated cultures /

’
number of population doublings in control cultures) x 100
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where population doubling=[log(post-treatment cell
number/initial cell number)] / log2.

All experiments were independently repeated three
times.

ToxTracker assay

The ToxTracker assay was performed as previously
described [15, 28] and conducted at Toxys (Leiden, the
Netherlands) in accordance with Good Cell Culture
Practice guidelines [29]. mES cells were cultured in gel-
atin-coated dishes using KnockOut Dulbecco’s Modified
Eagle Medium (Toxys) supplemented with 200 pg/mL of
G418 in an incubator at 37 °C with 5% CO,.

The assay utilized six independent mES green fluores-
cent protein (GFP) reporter cell lines, each indicative of
different genotoxic pathways, including DNA damage
(Bscl2 and Rtkn), oxidative stress (Srxnl and Blvrb), pro-
tein damage (Ddit3), and p53 activation (Btg2). These mES
cell lines were seeded into gelatin-coated 96-well plates at
a density of 4x 10* cells/well in 200 pL of mES cell culture
medium and incubated for 24 h at 37 °C with 5% CO,,.

Subsequently, the cells were treated with p-Dam for
24 h. To investigate whether oxidative stress is respon-
sible for the genotoxic ability of -Dam, the antioxidant
NAC (10 mM) was added to the cell culture medium
together with 3-Dam.

After exposure, GFP reporter induction was measured
using a Guava easyCyte 10HT benchtop cytometer (Mil-
lipore, Merck; Darmstadt, Germany). The median GFP
fluorescence value was used to calculate GFP reporter
induction in the p-Dam-treated sample relative to the
concurrent solvent control cultures without NAC co-
treatment. Cytotoxicity in the ToxTracker assay was
assessed using the mean relative cell survival rates of the
six different reporter cell lines. Triplicate independent
experiments were performed.

A positive ToxTracker assay response was defined
as a test sample inducing at least a doubling of GFP
expression in any of the reporters when the cytotoxicity
was <75%.

High-content analysis
Experiments were conducted in triplicate with three well
replicates per experiment.

Cell culture and chemical exposure

Normal human bronchial epithelial BEAS-2B cells
were obtained from American Type Culture Collection
(Manassas, VA, USA) and cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 4 mM
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Glutamax and 10% fetal bovine serum at 37 °C with
5% CO,. Cells suspended in 100 pL of culture medium
were seeded into each well of a 96-well plate (AGC
TECHNO GLASS; Shizuoka, Japan) at 5 x 10 cells/well
and incubated overnight at 37 °C with 5% CO,. The fol-
lowing day, the supernatants were removed by decan-
tation and the cells were exposed to culture medium
containing serially diluted B-Dam. DMSO (1%) was
used as the solvent control, while the specific posi-
tive control chemical for each analysis was applied as
described below. Cells were exposed for 4 h for the
intracellular ROS, intracellular GSH, and mitochon-
drial membrane potential measurements, while they
were exposed for 24 h for the MN measurement and
YH2AX focus count.

MN measurement

Following the 24-h exposure to test chemicals (DMSO
or 10 pM MMC), the supernatants were removed and
the cells were washed with phosphate-buffered saline
(PBS). After fixing the cells with 4% paraformaldehyde
for 30 min, they were permeabilized with PBS contain-
ing 0.1% Triton X-100 (Sigma-Aldrich) for an additional
30 min. After washing twice with PBS, the cells were
stained with 100 pL/well of PBS containing 1 pg/mL
Hoechst 33342 and 2 pg/mL CellMask Green for 30 min.

Intracellular ROS measurement

Before exposure to each test chemical, 100 pL/well of
DMEM containing 20 uM dihydroethidium was added to
each well (final concentration: 10 uM dihydroethidium)
and incubated for 30 min at 37 °C with 5% CO,. After
washing twice with the culture medium, the cells were
exposed to test chemicals. Menadione sodium bisulfite at
100 uM was used as the positive control. Following the
4-h exposure, the supernatants were removed and the
cells were washed with Dulbecco’s phosphate buffered
saline (DPBS). Subsequently, the cells were stained with
100 pL/well of DPBS containing 1 pg/mL Hoechst 33342
and 1 pg/mL CellMask Deep Red at 37 °C for 30 min.

Intracellular GSH measurement

After the 4-h exposure to test chemicals (DMSO or
100 pM menadione sodium bisulfite), the supernatants
were removed and the cells were washed with culture
medium. Following medium removal, the cells were
stained with 100 pL/well of DPBS containing 100 pM
monochlorobimane, 5 pM SYTOS82, and 1 pg/mL Cell-
Mask Deep Red at 37 °C for 30 min.

YH2AX focus counting
Following the 24-h exposure to test chemicals (DMSO
or 10 uM MMC), the cells were fixed and permeabilized
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as described above for MN measurement. After remov-
ing PBS containing Triton X-100 from each well, the
cells were blocked with PBS containing 1% bovine serum
albumin (Sigma-Aldrich) (PBS/BSA) for 30 min. After
removing the supernatants, the cells were stained with
50 pL/well of PBS/BSA containing 1 pg/mL anti-yH2AX
(anti-yH2AX, phospho Ser139, mouse IgG [9F3], Abcam;
Cambridge, UK) for 90 min. After washing with PBS/BSA
for 5 min, the cells were further stained with 50 pL/well
of PBS/BSA containing 1 pg/mL AlexaFluor647-labeled
anti-mouse IgG goat antibody for 90 min. After washing
with PBS, the cells were counterstained with PBS con-
taining 1 pg/mL Hoechst 33342 and 2 pg/mL CellMask
Green for 90 min.

Mitochondrial membrane potential

After the 4-h exposure to test chemicals (FCCP or
DMSO), each well received 50 pL JC-10 fluorescent probe
(Abcam) and was incubated for 30 min at 37 °C. The cells
were fixed with 4% paraformaldehyde for 15 min and
counterstained with 1 pg/mL Hoechst 33342 for 30 min.

Image capture and data analysis

After washing twice with DPBS, five images of each
well were acquired at 10X magnification for intracellu-
lar ROS and GSH assessments, while 25 images of each
well were acquired at 20X magnification for the other
measurements using an Operetta CLS high-content
imaging system (PerkinElmer; Waltham, MA, USA)
(Ex=490/515 nm and Em=570/650 nm for dihydroeth-
idium; Ex=355/385 nm and Em=430/500 nm for Hoe-
chst 33342; Ex=615/645 nm and Em=655/760 nm for
CellMask Deep Red; Ex=355/385 nm and Em=470/515
nm for monochlorobimane; Ex=490/515 nm and
Em=570/650 nm for SYTO82; Ex=490/525 nm and
Em=540/590 nm for JC-10; Ex=460/490 nm and
Em=500/550 nm for CellMask Green; Ex=615/645 nm
and Em=655/760 nm for AlexaFluor647). These images
were analyzed using Harmony® 4.9 software (Perki-
nElmer). For cytotoxicity assessment, the RPD for MN
measurement and relative cell number for the other meas-
urements were calculated using the images acquired in
each measurement. For other toxicological endpoints, up
to approximately 1,000 cells per well (a total of 3,000 cells
in three wells) were analyzed at each concentration. Met-
aphase cells were morphologically distinguished from
cells in other cell cycle phases and excluded from yH2AX
analysis, as metaphase cells are known to express YH2AX
independently of the DNA damage response. Fluores-
cence intensity data obtained from the analysis are pre-
sented using arbitrary units, which were normalized
relative to the mean of the solvent control group without
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NAC co-treatment and expressed as a fold change, irre-
spective of the chemical treatment group.

Statistical analysis

Prior to conducting the comparative potency analysis,
the data underwent screening for cytotoxicity and dose—
response patterns. Cytotoxicity was assessed to exclude
the reporter response values deemed unreliable, specifi-
cally GFP response values for concentrations exhibiting
cytotoxicity >75% in ToxTracker assays, %MN values for
concentrations with RPD<40% in in vitro MN assays,
and other measurements for concentrations with the
relative cell number <50%. The results are presented as
the mean and standard error of the mean (SEM) of three
independent experiments.

For the groups exposed to serially diluted test chemi-
cal solutions, Dunnett’s test was employed to assess a sig-
nificant increase of %¥MN frequency in both CHL/IU and
BEAS-2B cells, intracellular ROS and GSH levels, yH2AX
focus counts, and mitochondrial membrane potential.
For the groups exposed to the test chemicals at a sin-
gle concentration, Welch’s ¢-test was used to evaluate a
significant increase compared with the solvent control
groups. P-values<0.05 were considered statistically sig-
nificant. Data analysis was conducted using JMP version
10.0.2 (SAS Institute Japan; Tokyo, Japan).

Results

NAC completely prevented MN induction in CHL/IU

and BEAS-2B cells exposed to -Dam

Initially, we investigated if oxidative stress is responsible
for the misleading positive results in the p-Dam in vitro
MN assay by examining the impact of NAC on MN for-
mation in CHL/IU cells, which are validated according to
the corresponding Organisation for Economic Co-oper-
ation and Development (OECD) test guidelines [30]. We
also examined this in BEAS-2B cells, a human bronchial
epithelial cell line. We exposed the cells to various concen-
trations of f-Dam in the absence or presence of 10 mM
NAC. The frequency of micronucleated cells and RPD are
shown in Fig. 2 and Supplementary Fig. 1, respectively.

In CHL/IU cells, a 27-h exposure to -Dam alone
produced a statistically significant increase in MN fre-
quency at concentration of 104.0 uM or higher. How-
ever, these MN increases were completely suppressed
by co-treatment with 10 mM NAC (Fig. 2a). A similar
suppressive effect was observed in the f-Dam-mediated
cytotoxicity (Supplementary Fig. 1a). In BEAS-2B cells
exposed to B-Dam for 24 h, concentrations showing RPD
values that decreased to less than 40% of those in the
solvent control group (Supplementary Fig. 1b) showed
a slight, but not statistically significant, increase in MN
formation (Fig. 2b). However, with NAC co-treatment,
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the frequency of micronucleated cells at the highest
exposure concentration was comparable to that of the
solvent control (Fig. 2b).

In contrast, NAC co-treatment had no evident suppres-
sive effect on MN induction by MMC, a DNA crosslink
agent, in both CHL/IU and BEAS-2B cells (Fig. 2c/d),
confirming that the protective effect of NAC is limited
to the oxidative stress-mediated MN induction in these
cells.

These results indicate that oxidative stress is the pri-
mary genotoxic MoA of B-Dam, leading to MN forma-
tion in mammalian cells.

NAC suppressed oxidative stress-mediated GFP activation
in mES cells exposed to 3-Dam in ToxTracker assays

To further examine the role of oxidative stress in the
underlying mechanism of f-Dam-induced in vitro MN
formation in mammalian cells, we examined the suppres-
sive effect of NAC using ToxTracker assays. This assay
allows for the analysis of oxidative stress, as well as other
toxicological MoAs, such as DNA damage, protein dam-
age, and p53 activation, following exposure to various
B-Dam concentrations with and without 10 mM NAC.
Additionally, six different mES cell lines were treated
with KBrOs, a known inducer of oxidative stress [31], to
confirm the suppressive effect of NAC in this assessment.
The GFP fluorescence fold change in each reporter cell
line and relative cell survival rates (mean cell number for
six different reporter cell lines) after the 24-h exposure
to each chemical are shown in Fig. 3 and Supplementary
Fig. 2, respectively.

Among the oxidative stress-related reporters, namely
the Srxnl-GFP and Blvrb-GFP cell lines, reporter acti-
vation increased in a concentration-dependent man-
ner upon exposure to -Dam, reaching approximately
70- and 17-fold increases, respectively, compared with
the solvent control group (Fig. 3c/d). The concentration
eliciting the maximum response of the oxidative stress-
related GFP reporters (312.5 uM) resulted in 25.9% cell
viability (Supplementary Fig. 2a), which did not reach a
severe cytotoxic concentration in this assay. However,
the highest exposure concentration of 625 uM, which
led to 6.6% cell viability, showed a notable decrease in
GFP activation (Fig. 3c/d and Supplementary Fig. 2a).
Co-treatment with 10 mM NAC clearly suppressed
these significant increases in GFP activity in both
Srxnl- and Blvrb-expressing reporter cell lines, result-
ing in only about 5- and 4-fold respective increases at
312.5 puM and about 30- and 7-fold respective increases
at 625 pM (Fig. 3c/d). At these concentrations in the
presence of NAC, cell survival did not reach a severe
cytotoxicity level (Supplementary Fig. 2a). Simi-
larly, concentration-dependent increases in protein
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Fig. 2 Effect of N-acetyl--cysteine (NAC) on micronucleus (MN) induction in CHL/IU and BEAS-2B cells exposed to 3-damascone (3-Dam)

or mitomycin C (MMC). The frequency of micronucleated cells (% MN frequency) was measured after 27 h of exposure to 3-Dam or MMC in CHL/

IU cells (a, €). The same measurement was also conducted in BEAS-2B cells (b, d) after 24 h of exposure to each chemical. Solid and dotted lines
represent the values obtained with or without NAC co-treatment, respectively. Closed and open symbols or bars represent the values obtained

at concentrations causing more than and less than 40% relative population doubling, respectively. Each result represents the mean and standard
error of the mean for three independent experiments. #Significantly different from the solvent control group (P<0.05, Dunnett’s test). * Significantly

different from the solvent control group (P < 0.05, Welch'’s t-test)

damage- and p53 activation-related GFP reporter cell
lines (Ddit3-GFP and Btg2-GFP cells) were observed
up to 312.5 uM, both of which were suppressed by co-
treatment with 10 mM NAC to less than 2-fold com-
pared with the solvent control group (Fig. 3e/f). In
contrast, GFP activation by p-Dam exposure was not
observed in the DNA damage-related reporter cell lines
(Bscl2-GFP and Rtkn-GFP cells) regardless of co-treat-
ment with NAC, even at a severe cytotoxic concentra-
tion of 625 uM (Fig. 3a/b and Supplementary Fig. 2a).
Similarly, KBrO; exposure significantly increased
GFP activity in a concentration-dependent manner
in all reporter cell lines, except for Bscl2-GFP cells

(Fig. 3g-1). Even with NAC co-treatment, GFP acti-
vation reached significant levels (approximately 2.6-,
2.5-, 2.2-, and 2.1-fold increases over the solvent con-
trol) in Rtkn-, Srxnl-, Blvrb-, and Btg2-GFP cell lines at
2500 uM, where cytotoxicity was not observed (about
70% of cell survival compared with the solvent control)
(Fig. 3h—j/l and Supplementary Fig. 2b).

These results suggest that oxidative stress plays a
central role in various P-Dam-induced toxicological
responses. However, unlike KBrO,, direct oxidative
stress-mediated DNA damage does not appear to be
involved in the f-Dam genotoxic MoA.
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Fig. 3 Effect of N-acetyl-.-cysteine (NAC) on green fluorescent protein (GFP) activation in mouse embryonic stem reporter cell lines exposed

to B-damascone (3-Dam) or potassium bromate (KBrO;). The GFP reporter activity fold change was calculated from the mean solvent control
values for the six reporter cell lines related to DNA damage [(a, g) Bscl2 and (b, h) Rtkn], oxidative stress [(c, i) Srxn1 and (d, j) Blvrb], protein
damage [(e, k) Ddit3], and p53 activation [(f, I) Btg2] after 24 h of exposure to 3-Dam or KBrO. Each grey solid line for reporter activation indicates
the GFP induction threshold (a factor of two). The colored solid and dotted lines represent the values obtained with or without NAC co-treatment,
respectively. The closed and open symbols represent the values obtained at concentrations causing more than and less than 25% relative cell
survival, respectively. Each result represents the mean and standard error of the mean for three independent experiments

NAC inhibited ROS levels and GSH depletion in BEAS-2B
cells exposed to 3-Dam

Although the ToxTracker assays provided insights into
the potential contribution of p-Dam-induced oxidative
stress to various toxicological responses, the GFP reporter
assay mainly examines changes in gene expression associ-
ated with toxicity, such as oxidative stress and DNA dam-
age. Therefore, we subsequently assessed ROS generation
using dihydroethidium to measure cytosolic superoxide
production [32] and GSH depletion by measuring reduced
GSH consumption [33] as more direct evidence of oxida-
tive stress in BEAS-2B cells exposed to f-Dam. BEAS-2B
cells were also treated with 100 pM menadione sodium
bisulfite, a known superoxide anion generator [34], to
confirm the suppressive effect of NAC on ROS generation
and GSH depletion. The fold changes of these assessments
relative to the solvent control and relative cell counts after
a 4-h exposure to each chemical are depicted in Fig. 4 and
Supplementary Fig. 3, respectively.

BEAS-2B cells exposure to -Dam resulted in a sta-
tistically ~significant and concentration-dependent
increase in intracellular ROS levels, with the maxi-
mum response being approximately 2.5-fold higher
than the solvent control detected at 1000 pM, where

a certain level of cytotoxicity (43.1% over solvent con-
trol in cell counts) was found (Fig. 4a and Supplemen-
tary Fig. 3a). Additionally, a concentration-dependent
decrease in GSH levels was observed in BEAS-2B cells
exposed to f-Dam, with a statistically significant reduc-
tion detected at the highest concentration of 1500 uM,
where relative the cell count compared with the solvent
control was 13.5% (Fig. 4b and Supplementary Fig. 3b).
Co-treatment with 10 mM NAC almost completely
suppressed this B-Dam-induced ROS increase and GSH
decrease (Fig. 4a/b).

A cytotoxic menadione sodium bisulfite concentration
of 100 pM (32.2% in cell count, Supplementary Fig. 3c)
caused a statistically significant increase in ROS produc-
tion, which was completely suppressed by NAC co-treat-
ment (Fig. 4c). This demonstrates that NAC co-treatment
was able to scavenge the superoxide produced by mena-
dione sodium bisulfite. In contrast to ROS production,
the observed GSH decrease following menadione sodium
bisulfite exposure did not reach a statistically significant
level (66.7% over the solvent control, P=0.315) (Fig. 4d),
even at the 100 pM cytotoxic concentration (15.4% in cell
count, Supplementary Fig. 3d).
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Fig. 4 Effect of N-acetyl-L-cysteine (NAC) on reactive oxygen species (ROS) and glutathione (GSH) levels in BEAS-2B cells exposed to 3-damascone
(B-Dam) or menadione sodium bisulfite. The fold changes for ROS (a) and GSH (b) levels after 4 h of exposure to 3-Dam or menadione sodium
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with or without NAC co-treatment, respectively. The closed and open symbols or bars represent the values obtained at concentrations causing
more than and less than 50% relative cell number, respectively. Each result represents the mean and standard error of the mean for three
independent experiments. #Significantly different from the solvent control group (P<0.05, Dunnett’s test). *Significantly different from the solvent

control group (P<0.05, Welch’s t-test)

These results suggest that p-Dam can induce cytosolic
superoxide production and intracellular GSH depletion
to scavenge the superoxide anion, providing more clear
evidence that oxidative stress is central to the f-Dam tox-
icological MoA.

B-Dam induced MN formation in BEAS-2B cells

despite the absence of yH2AX foci

Although B-Dam induced MN formation through oxida-
tive stress, as demonstrated in Fig. 2, DNA damage-related
GFP reporter activation was not detected after a 24-h
exposure to B-Dam (Fig. 3). These results raise concerns
about the sensitivity of the ToxTracker assay in detecting
DNA damage caused by B-Dam-induced oxidative stress.
To address this concern, we employed a high-content

analysis approach to count the number of yH2AX foci
found in the main nuclear region of BEAS-2B cells exposed
to B-Dam, as reported by Takeiri et al. [35]. This approach
was chosen because YH2AX foci are surrogate markers for
a wide range of DNA damage. Previous findings have dem-
onstrated that YH2AX foci are induced not only by DNA
double-strand breaks, such as from ionizing radiation and
DNA crosslinkers, but also by DNA single-strand breaks
after exposure to UV irradiation, topoisomerase inhibitors,
and ROS [36-38]. The fold changes of the number of intra-
cellular YH2AX foci relative to the solvent control and fre-
quency of micronucleated cells in BEAS-2B cells after 24 h
of exposure to each chemical are depicted in Fig. 5. The
relative cell count after chemical exposure is also shown in
Supplementary Fig. 4.



Hashizume et al. Genes and Environment (2024) 46:25

yH2AX

Q

10

B-Dam

yH2AX foci per cell
o

0 50 100 150

Concentration (uM)

(2]

10

MMC

yH2AX foci per cell

Concentration (uM)

Page 9 of 14

MN

(op

6
>
2
o 4
-]
o
[O)
=
Z 2
=
=S
0
200 0 50 100 150 200
Concentration (uM)
d
6 %
%)
e *
()
S 4 T
o O
[O)
=
p
S 2
=S
O — ——

: -
Concentration (uM)

Fig. 5 Effect of N-acetyl-L-cysteine (NAC) on direct DNA damage and micronucleus (MN) induction in BEAS-2B cells exposed to 3-damascone
(B-Dam) or mitomycin C (MMC). The fold changes for yH2AX foci per cell as a direct DNA damage marker (a) and frequency of micronucleated cells
(% MN frequency) (b) after 24 h of exposure to 3-Dam or MMC were calculated from the solvent control value without NAC co-treatment. The solid
and dotted lines represent the values obtained with or without NAC co-treatment, respectively. The closed and open symbols or bars represent
the values obtained at concentrations causing more than and less than 50% relative cell number, respectively. Each result represents the mean

and standard error of the mean for three independent experiments. #Significantly different from the solvent control group (P<0.05, Dunnett’s test).
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High-content analysis revealed that f-Dam exposure,
even in the absence of NAC co-treatment, produced sim-
ilar yH2AX foci counts as the concurrent solvent control
(Fig. 5a). This finding did not align with the observation
that significant MN induction occurred at the high-
est exposure concentration of 197.0 uM (Fig. 5b), with
almost no cytotoxicity detected (74.1% in cell count, Sup-
plementary Fig. 4a).

However, treatment with the intra- and inter-strand
DNA cross-linking genotoxicant MMC displayed a sub-
stantial increase of YH2AX foci, with little effect from
NAC co-treatment (Fig. 5c), which correlated with the
significant MN induction (Fig. 5d).

These results were consistent with the ToxTracker
assay data and collectively indicate the absence of DNA

damaging potential of B-Dam under the experimental
conditions investigated.

The mitochondrial membrane potential was reduced

in BEAS-2B cells exposed to -Dam

The absence of detectable DNA damage indicates that
the p-Dam MoA is not related to causing breaks in the
DNA strands (clastogenicity), but rather to disrupting
the proper chromosome distribution during cell divi-
sion (aneugenicity). Recent findings by Marcon et al
proposed that mitochondria could serve as an additional
target for inducing aneuploidy [25]. They demonstrated
that a mitochondrial toxin, carbonyl cyanide 3-chlo-
rophenyl hydrazone, led to chromosome loss through
an indirect genotoxic mechanism. This highlights how
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mitochondrial dysfunction could compromise energy
production and consequently disrupt proper mitosis and
meiosis progression, processes that require high-energy
substrates (ATP) [39]. Considering this hypothesis, we
aimed to investigate if p-Dam exposure could trigger
mitochondrial dysfunction in BEAS-2B cells by meas-
uring the mitochondrial membrane potential. The fold
changes of JC-10 relative to the solvent control and rela-
tive cell counts after 4 h of exposure to each chemical are
depicted in Fig. 6 and Supplementary Fig. 5, respectively.

Our findings revealed a steep and statistically signifi-
cant reduction in mitochondrial membrane potential in
BEAS-2B cells exposed to f-Dam at almost non-cyto-
toxic concentrations (1000 and 1500 pM) during the
4-h period (Fig. 6a and Supplementary Fig. 5a). Moreo-
ver, this reduction was effectively suppressed when co-
treated with 10 mM NAC (Fig. 6a), which was consistent
with our prior observations.

To validate our measurement approach employing the
JC-10 fluorescent probe, we chose FCCP, a recognized
mitochondrial toxin that disrupts the mitochondrial
membrane potential [40]. As expected, FCCP induced a
dose-dependent reduction in mitochondrial membrane
potential after the 4-h exposure, a response that was
totally counteracted by co-treatment with NAC (Fig. 6b).

From these data obtained from the mitochondrial
membrane potential measurements described above, we
conclude that f-Dam can induce mitochondrial dysfunc-
tion in BEAS-2B cells. This implies that f-Dam may exert
its aneugenic effect, potentially disrupting the precise
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chromosome distribution pattern during cell division, by
affecting mitochondrial function.

Discussion

In the present study, we aimed to elucidate the MoA
underlying the observed MN induction by chemical
exposure in vitro. We investigated if it is an indirect effect
mediated by oxidative stress by assessing changes in the
chemical effects following co-treatment with the antioxi-
dant NAC. Specifically, we focused on 3-Dam, known for
generating ROS through «, f-unsaturated carbonyl struc-
tures, which notably had a potential misleading positive
result, as reported in the literature by EFSA.

Following on from the EFSA report indicating that
B-Dam tested positive in the in vitro MN assay, we aimed
to validate its MN-inducing capacity and the inhibitory
effect of NAC using CHL/IU cells, a cell type recom-
mended in the corresponding OECD test guidelines for
MN testing. Our findings demonstrated a concentration-
dependent increase in micronucleated cells with f-Dam
exposure (Fig. 2a). Notably, this increase was significant
across a concentration range where considerable cytotox-
icity, with a RPD of less than 40%, was observed (Fig. 2a
and Supplementary Fig. 1a). This pronounced increase
in B-Dam-induced MN formation was completely sup-
pressed by simultaneous co-treatment with 10 mM NAC
(Fig. 2a). In addition, MN measurement was also con-
ducted using BEAS-2B cells, a human bronchial epithe-
lial cell line, as f-Dam is commonly used as a fragrance
in cosmetics and the respiratory tract is a potential tar-
get organ. Even at concentrations inducing maximal
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Fig. 6 Effect of N-acetyl-L-cysteine (NAC) on mitochondrial membrane potential in BEAS-2B cells exposed to 3-damascone (3-Dam)

or mitochondrial poison. The mitochondrial membrane potential fold changes were expressed as the average fluorescence ratio of polarized

and depolarized after 4 h of exposure to 3-Dam (a) or a mitochondrial poison, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)
(b). These values were calculated from the solvent control value without NAC co-treatment. The solid and dotted lines represent the values
obtained with or without NAC co-treatment, respectively. Each result represents the mean and standard error of the mean for three independent
experiments. #Significantly different from the solvent control group (P < 0.05, Dunnett’s test)
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MN formation, the increase did not reach statistical
significance, possibly indicating that normal p53 levels
in BEAS-2B cells and excessive (geno)toxicity hinder
further MN induction by arresting cell division. Indeed,
ToxTracker assays revealed that p53 activation-related
reporter activity was induced by B-Dam exposure in mES
cells (Fig. 3f), which may indicate that p53 activation
may also occur in BEAS-2B cells upon B-Dam exposure.
Furthermore, in BEAS-2B cells, where excessive cyto-
toxic concentrations did not significantly increase MN
(Fig. 2b), co-exposure with NAC and -Dam completely
suppressed the concentration-dependent cytotoxicity,
as evidenced by the reduction in RPD (Supplementary
Fig. 1b). Unlike p-Dam, MN induction by the DNA cross-
linking agent MMC remained unaffected by NAC co-
treatment in both CHL/IU and BEAS-2B cells (Fig. 2c/d).
Our previous findings with allyl isothiocyanate suggested
that oxidative stress-mediated MN induction was sup-
pressed with NAC [18]. Consistent with this, the com-
plete suppression of MN induction by f-Dam with NAC
co-treatment in our current study suggested that MN
induction is a secondary change mediated by oxidative
stress from ROS generation.

Upon observing the complete suppression of MN
induction by p-Dam with NAC co-treatment, as shown
in Fig. 2a/b, we inferred that the ROS generated by
B-Dam were damaging DNA given the anticipated sec-
ondary mechanism of MN induction mediated by oxi-
dative stress. Numerous studies using the ToxTracker
assay system have recently highlighted examples of MN
induction triggered by oxidative and endoplasmic reticu-
lum stress, alongside mechanisms involving direct DNA
damage by chemicals [15, 41-43]. Among these, oxi-
dative stress-related reporter activity was notably sup-
pressed in the presence of antioxidants, such as NAC and
GSH, as observed with chemicals including KBrO; and
sodium (meta)arsenite. This indicates that the mecha-
nism of MN induction by these chemicals is mediated by
oxidative stress [15]. In the current study, we performed
the ToxTracker assay for p-Dam in the presence of NAC.
Our data suggested that oxidative stress-related reporter
activity increased in a concentration-dependent manner
with B-Dam exposure, which was significantly attenuated
in the presence of NAC (Fig. 3c/d).

Our ToxTracker assays revealed upregulation of genes
associated with ROS generation. However, it is crucial to
note that this assay type primarily assesses changes in the
expression of genes involved in defense against oxidative
stress, such as Srxnl and Blvrb [15], rather than directly
quantifying specific ROS or antioxidant molecules or
enzymes. In our study, we selected dihydroethidium, a
fluorescent dye known for its sensitivity in measuring
superoxide [32], a precursor to various ROS species, as
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an indicator of intracellular ROS levels. Additionally, we
aimed to assess the reduction in antioxidant molecules
by measuring cellular levels of GSH. We observed that
p-Dam induced a concentration-dependent increase
in ROS levels, even at concentrations where significant
cytotoxicity was not observed (relative cell number >50%
of the solvent control) (Fig. 4a and Supplementary
Fig. 3a). Moreover, this increase was almost completely
suppressed in the presence of NAC (Fig. 4a). The sup-
pressive effect of NAC on ROS elevation was further sup-
ported by its ability to prevent ROS generation induced
by the superoxide generator, menadione sodium bisulfite
(Fig. 4c). For GSH levels, a significant reduction was
observed only at the highest tested f-Dam concentration
(1500 uM), where the relative cell number dropped to
13.5% (Fig. 4b and Supplementary Fig. 3b). Importantly,
this reduction in GSH levels at the highest B-Dam con-
centration was not observed in the presence of NAC,
which suggests that p-Dam-induced oxidative stress is
mitigated with sufficient antioxidant activity. The lack of
sensitivity of GSH reduction to ROS generation was fur-
ther supported by the results obtained with the positive
control, menadione sodium bisulfite (Fig. 4d), suggesting
the involvement of cellular mechanisms in regenerating
GSH even with oxidation conditions.

From previous results, oxidative stress could reasona-
bly cause DNA strand breaks. When these breaks exceed
the cell’s repair capacity, chromosome structural aberra-
tions can occur [23]. Indeed, the DNA damage-related
reporter activity, namely Rtkn, increased in response
to KBrO;-induced oxidative stress (Fig. 3h). KBrO; was
included in the ToxTracker assay experiments because
it can reportedly induce DNA damage concurrently
with oxidative stress, as demonstrated by Ballmaier and
Epe [44]. In contrast to KBrO,, f-Dam failed to increase
DNA damage-related reporter activity (Fig. 3a/b). From
the oxidative stress measurements, it was deemed neces-
sary to assess not only changes in the expression levels
of relevant genes analyzed by ToxTracker, but also DNA
damage itself. Thus, we examined changes in YH2AX, a
marker of double-stranded DNA damage. The results
showed that B-Dam did not significantly increase YH2AX
foci, even at 197.5 pM, where a significant increase in
MN formation was observed without severe cytotoxic-
ity (Fig. 5a/b, Supplementary Fig. 4a). This finding con-
trasts with those using MMC, a DNA crosslinker, which
showed a significant increase in YH2AX foci in CHL/IU
and BEAS-2B cells, which was almost unaffected by NAC
co-treatment in both cell lines (Fig. 5¢/d). Our results
are consistent with those reported from EFSA, includ-
ing Ames and in vivo Comet assay negative results [14],
strongly suggesting that p-Dam-induced MN was not
caused via a clastogenic MoA.
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For mechanism classification regarding the induc-
tion of micronuclei, our results suggest that f-Dam-
mediated MN induction does not occur through a
clastogenic mechanism where the compound directly
damages DNA. Therefore, it was deemed necessary
to investigate it from an aneugenicity perspective.
Although the effects on cell division and chromosome
distribution have been less studied in relation to oxida-
tive stress, a recent study by Marcon et al. has reported
that mitochondrial dysfunction can induce chromo-
some distribution abnormalities that result in MN
induction via an aneugenic mechanism. In their study,
primary dermal neonatal human fibroblasts exposed
to the mitochondrial toxin cyanide 3-chlorophenyl
hydrazone showed no alterations in anaphase shape or
multipolar spindle induction, nor any improper activa-
tion of the mitotic checkpoint. Instead, chromosome
displacement and CREST-positive micronuclei were
observed [25]. Considering these findings from Marcon
et al., we measured changes in mitochondrial mem-
brane potential in BEAS-2B cells exposed to f-Dam
to confirm whether MN induction by p-Dam occurs
through a similar aneugenic MoA. A significant and
concentration-dependent decrease in mitochondrial
membrane potential was observed in cells exposed to
B-Dam, similar to cells exposed to carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone, a known mito-
chondrial disruptor (Fig. 6b). These outcomes imply
that p-Dam can induce micronuclei through an aneu-
genic effect, not through a clastogenic effect, with
mitochondrial dysfunction as the underlying mecha-
nism. Various mechanisms that induce aneuploidy
have been extensively studied [45, 46]. These mecha-
nisms include the following: (1) improper regulation
of tubulin polymerization and depolymerization, (2)
damage to the kinetochore and this impairs correct
spindle attachment, and (3) abnormal regulation of the
cell cycle. These factors are critical in the induction of
aneuploidy. Investigation on these mechanisms will
provide important insights into the pathways through
which f-Dam exposure induces aneuploidy.

Regarding the mechanisms underlying mitochondrial
dysfunction, f-Dam is hypothesized to directly disrupt
mitochondrial membranes. The o, B-unsaturated car-
bonyl moiety of f-Dam reacts with the thiol group of
glutathione and with the cysteine residues in certain
proteins [47], potentially leading to the disruption of
mitochondrial membrane structures. However, within
the scope of our investigation, we did not find any
studies suggesting that p-Dam directly and physically
damages the mitochondrial membrane through such
mechanisms. Furthermore, if f-Dam has a destructive
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effect on other lipid bilayer membranes in addition to
the mitochondrial membrane, it could also damage the
plasma membrane. Nevertheless, in our high-content
analysis of MN formation and ROS production, no cel-
lular images suggested plasma membrane disruption
following B-Dam exposure (data not shown). The dis-
turbance of mitochondrial function by B-Dam expo-
sure needs to be further clarified from mechanistic
and confirmative perspectives. Future studies focus-
ing on epigenetic modifications in mitochondrial DNA
and changes in intracellular calcium concentrations
are anticipated to provide a more comprehensive and
precise understanding of the mechanisms underlying
mitochondrial dysfunction [48], in addition to changes
in the mitochondrial membrane potential (Fig. 6).

This aneugenic MoA from mitochondrial dysfunc-
tion is newly discovered and recently reported [25],
so only very few case reports have described similar
mechanisms of action. However, some flavor chemicals
have shown a significant increase in oxidative stress
reporter activity in ToxTracker assays without increas-
ing DNA damage-related reporter activity like p-Dam.
Thakkar et al. [49] reported that certain flavor chemi-
cals can significantly increase oxidative stress-related
reporter activity, but not that of DNA damage-related
reporters. Of the four chemicals they examined, at least
2-octen-4-one and p-methoxycinnamaldehyde showed
a significant dose-dependent increase in oxidative
stress-related reporter activity of both Srxnl and Blvrb.
However, neither Bscl2 nor Rtkn DNA damage-related
reporter activity increased more than twofold up to
the highest concentration. Interestingly, p-methoxy-
cinnamaldehyde has been reported to induce oxidative
stress, but not DNA damage, and to inhibit mitochon-
drial function [50], resulting in MN formation through
aneugenic and clastogenic pathways [51]. Furthermore,
another known mitochondrial inhibitor, rotenone,
induces MN by an aneuploidy-based mechanism asso-
ciated with the inhibition of mitochondrial function
[52]. Taking into consideration these two chemicals in
addition to a mitochondrial poison, carbonyl cyanide
3-chlorophenyl hydrazone [25], the mechanism of the
aneugenic mode by f-Dam may share commonalities
with other well-studied genotoxicants. Future research
should focus on comparative studies with these chemi-
cals and further investigate the common genotoxic
mode of action.

Conclusions

In the present study, we found that p-Dam exposure
could induce ROS production in mammalian cells,
which then led to MN formation through a non-DNA-
reactive MoA (aneugenicity). Moreover, the antioxidant
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agent, NAC, significantly suppressed ROS levels and
the subsequent toxicological events induced by B-Dam.
These findings suggest that oxidative stress may play a
role in an aneugenic MoA via mitochondria dysfunc-
tion, leading to MN formation in mammalian cells. This
mechanism is distinct from the generation of oxidative
DNA damage, which is theoretically associated with a
clastogenic MoA involving direct DNA interactions.
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OECD Organisation for Economic Co-operation and Development
PBS Phosphate-buffered saline

PBS/BSA  PBS containing 1% bovine serum albumin

ROS Reactive oxygen species

RPD Relative population doubling

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/541021-024-00319-3.

[ Supplementary Material 1. }

Acknowledgements

The authors are grateful to Dr. lan Jones, Dr. Ayako Koizumi, and Ms. Hiroko
Miyaki for their kind support of this study. The authors would like to thank
Dr. Inger Brandsma at Toxys B.V. for conducting and executing the ToxTracker
assay. We also thank J. lacona, PhD, from Edanz (https://jp.edanz.com/ac) for
editing a draft of this manuscript.

Authors’ contributions

Tsuneo Hashizume (TH), Satoru Munakata (SM), Tomohiro Takahashi (TT), and
Taku Watanabe (TW) designed the study. SM and TT conducted the experi-
ments and analyzed the data other than the ToxTracker assay results. TW man-
aged the contract study of ToxTracker assays. TH wrote the final manuscript. All
authors read and approved the final manuscript.

Funding
This research was sponsored by Japan Tobacco, Inc.

Data availability

The data generated and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Page 13 of 14

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 October 2024 Accepted: 18 November 2024
Published online: 25 November 2024

References

1. OECD. Overview on genetic toxicology TGs. 2017.

2. Cimino MC. Comparative overview of current international strategies and
guidelines for genetic toxicology testing for regulatory purposes. Environ
Mol Mutagen. 2006;47(5):362-90.

3. Eastmond DA, Hartwig A, Anderson D, Anwar WA, Cimino MC, Dobrev
I, et al. Mutagenicity testing for chemical risk assessment: update of the
WHO/IPCS Harmonized Scheme. Mutagenesis. 2009;24(4):341-9.

4. Kirkland D, Aardema M, Henderson L, Mller L. Evaluation of the ability of
a battery of three in vitro genotoxicity tests to discriminate rodent carcin-
ogens and non-carcinogens: I. Sensitivity, specificity and relative predic-
tivity. Mutation Res/Genet Toxicol Environ Mutagene. 2005;584(1):1-256.

5. Kirkland D, Pfuhler S, Tweats D, Aardema M, Corvi R, Darroudi F, et al. How
to reduce false positive results when undertaking in vitro genotoxicity
testing and thus avoid unnecessary follow-up animal tests: Report of
an ECVAM Workshop. Mutation Res/Genet Toxicol Environ Mutagene.
2007;628(1):31-55.

6. Groff K, Evans SJ, Doak SH, Pfuhler S, Corvi R, Saunders S, et al. In vitro and
integrated in vivo strategies to reduce animal use in genotoxicity testing.
Mutagenesis. 2021;36(6):389-400.

7. Guérard M, Baum M, Bitsch A, Eisenbrand G, Elhajouji A, Epe B, et al.
Assessment of mechanisms driving non-linear dose-response
relationships in genotoxicity testing. Mutation Res/Rev Mutation Res.
2015;763:181-201.

8. Dearfield KL, Gollapudi BB, Bemis JC, Benz RD, Douglas GR, Elespuru RK,
et al. Next generation testing strategy for assessment of genomic dam-
age: a conceptual framework and considerations. Environ Mol Mutagen.
2017,58(5):264-83.

9. SasakiJC, Allemang A, Bryce SM, Custer L, Dearfield KL, Dietz Y, et al.
Application of the adverse outcome pathway framework to genotoxic
modes of action. Environ Mol Mutagen. 2020,61(1):114-34.

10. LoPachin RM, Barber DS, Gavin T. Molecular mechanisms of the conju-
gated alpha, beta-unsaturated carbonyl derivatives: relevance to neuro-
toxicity and neurodegenerative diseases. Toxicol Sci. 2008;104(2):235-49.

11. Kang JC, Valerio LG Jr. Investigating DNA adduct formation by flavor
chemicals and tobacco byproducts in electronic nicotine delivery
system (ENDS) using in silico approaches. Toxicol Appl Pharmacol.
2020;398:115026.

12. Sathishkumar K, Rangan V, Gao X, Uppu RM. Methyl vinyl ketone induces
apoptosis in murine GT1-7 hypothalamic neurons through glutathione
depletion and the generation of reactive oxygen species. Free Radical
Res. 2007;41(4):469-77.

13. Mosaferi S, Jelley RE, Fedrizzi B, Barker D. Synthesis of d6-deuterated ana-
logues of aroma molecules-B-damascenone, 3-damascone and safranal.
Results Chem. 2022;4:100264.

14. Efsa Panel on Food Contact Materials EF, Processing A. Scientific
Opinion on Flavouring Group Evaluation 213, Revision 1 (FGE.213Rev1):
Consideration of genotoxic potential for a, 3-Unsaturated Alicyclic
ketones and precursors from chemical subgroup 2.7 of FGE.19. EFSA J.
2014;12(5):3661.

15. Brandsma I, Moelijker N, Derr R, Hendriks G. Aneugen versus clastogen
evaluation and oxidative stress-related mode-of-action assessment of
genotoxic compounds using the toxtracker reporter assay. Toxicol Sci.
2020;177(1):202-13.

16. Lugun O, Singh J, Thakur RS, Pandey AK. Cobalt oxide (Co304) nano-
particles induced genotoxicity in Chinese hamster lung fibroblast (V79)


https://doi.org/10.1186/s41021-024-00319-3
https://doi.org/10.1186/s41021-024-00319-3

Hashizume et al. Genes and Environment

20.

21

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33

34.

35.

36.

37.

38.

39.

(2024) 46:25

cells through modulation of reactive oxygen species. Mutagenesis.
2022,37(1):44-59.

LiuW, Li Z, Cui X, Luo F, Zhou C, Zhang J, et al. Genotoxicity, oxidative
stress and transcriptomic effects of Nitenpyram on human bone marrow
mesenchymal stem cells. Toxicol Appl Pharmacol. 2022;446:116065.
Yamamoto H, Shibuya K, Fukushima T, Hashizume T. Effects of antioxidant
capacity on micronucleus induction by cigarette smoke in mammalian
cells. Mutat Res/Genet Toxicol Environ Mutagene. 2022;873:503427.

De Vries N, De Flora S. N-acetyl-I-cysteine. J Cell Biochem.
1993;53(S17F):270-7.

Aruoma O, Halliwell B, Hoey BM, Butler J. The antioxidant action of N-ace-
tylcysteine: Its reaction with hydrogen peroxide, hydroxyl radical, super-
oxide, and hypochlorous acid. Free Radical Biol Med. 1989;6(6):593-7.
Kassie F, Knasmuiller S. Genotoxic effects of allyl isothiocyanate (AITC) and
phenethyl isothiocyanate (PEITC). Chem Biol Interact. 2000;127(2):163-80.
De Flora S, Izzotti A, D’Agostini F, Balansky RM. Mechanisms of
N-acetylcysteine in the prevention of DNA damage and cancer, with
special reference to smoking-related end-points. Carcinogenesis.
2001;22(7):999-1013.

Cho E, Allemang A, Audebert M, Chauhan V, Dertinger S, Hendriks G, et al.
AOP Report: development of an adverse outcome pathway for oxidative
DNA damage leading to mutations and chromosomal aberrations. Envi-
ron Mol Mutagene. 2022;63(3):118-34.

Veltman CHJ, Pennings JLA, van de Water B, Luijten M. An adverse out-
come pathway network for chemically induced oxidative stress leading
to (Non)genotoxic carcinogenesis. Chem Res Toxicol. 2023;26(6):805-17.
Marcon F, De Battistis F, Siniscalchi E, Crebelli R, Meschini R. The mito-
chondrial poison carbonyl cyanide 3-chlorophenyl hydrazone (CCCP)
induces aneugenic effects in primary human fibroblasts: a possible link
between mitochondrial dysfunction and chromosomal loss. Mutagen-
esis. 2022,37(2):155-63.

OECD. Test No. 487: In vitro mammalian cell micronucleus test. 2023.
Lorge E. Comparison of different cytotoxicity measurements for the

in vitro micronucleus assay using L5178Y and TK6 cells in support of
OECD draft Test Guideline 487. Mutat Res. 2010;702(2):199-207.

Hendriks G, Derr RS, Misovic B, Morolli B, Calleja FM, Vrieling H. The
extended toxtracker assay discriminates between induction of

DNA damage, oxidative stress, and protein misfolding. Toxicol Sci.
2016;150(1):190-203.

OECD. Good Cell Culture Practice (GCCP). 2018.

OECD. OECD Guidelines for the Testing of Chemicals, Section 4: Health
Effects. Test No. 487: In Vitro Mammalian Cell Micronucleus Test. 2016.
Al-Mareed AA, Farah MA, Al-Anazi KM, Hailan WAQ, Ali MA. Potassium
bromate-induced oxidative stress, genotoxicity and cytotoxicity in the
blood and liver cells of mice. Mutation Res/Genet Toxicol Environ Muta-
gene. 2022;878:503481.

Chung CY, Duchen MR. A plate reader-based measurement of the cellular
ROS production using dihydroethidium and MitoSOX. Methods Mol Biol.
2022;2497:333-7.

Ishkaeva RA, Zoughaib M, Laikov AV, Angelova PR, Abdullin TI. Probing
cell redox state and glutathione-modulating factors using a monochloro-
bimane-based microplate assay. Antioxidants (Basel). 2022;11(2):391.
Shao H, TuY,Wang, Jiang C, Ma L, Hu Z, et al. Oxidative stress response
of aspergillus oryzae induced by hydrogen peroxide and menadione
sodium bisulfite. Microorganisms. 2019;7(8):225.

Takeiri A, Matsuzaki K, Motoyama S, Yano M, Harada A, Katoh C, et al.
High-content imaging analyses of gammaH2AX-foci and micronuclei

in TK6 cells elucidated genotoxicity of chemicals and their clastogenic/
aneugenic mode of action. Genes Environ. 2019;41:4.

Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S,
et al. yH2AX and cancer. Nat Rev Cancer. 2008;8(12):957-67.

Dickey JS, Redon CE, Nakamura AJ, Baird BJ, Sedelnikova OA, Bonner
WM. H2AX: functional roles and potential applications. Chromosoma.
2009;118(6):683-92.

Scarpato R, Castagna S, Aliotta R, Azzara A, Ghetti F, Filomeni E, et al.
Kinetics of nuclear phosphorylation (gamma-H2AX) in human lympho-
cytes treated in vitro with UVB, bleomycin and mitomycin C. Mutagen-
esis. 2013,28(4):465-73.

Eichenlaub-Ritter U, Wieczorek M, Like S, Seidel T. Age related changes in
mitochondrial function and new approaches to study redox regulation

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 14 of 14

in mammalian oocytes in response to age or maturation conditions.
Mitochondrion. 2011;11(5):783-96.

Khailova LS, Rokitskaya Tl, Kotova EA, Antonenko YN. Effect of cyanide
on mitochondrial membrane depolarization induced by uncouplers.
Biochem Mosc. 2017;82(10):1140-6.

Hendriks G, van de Water B, Schoonen W, Vrieling H. Cellular-signaling
pathways unveil the carcinogenic potential of chemicals. J Appl Toxicol.
2013;33(6):399-409.

Boreiko CJ, Hendriks G, Derr R, Huppert M, Rossman TG. Mode of action
assessment of the genotoxic properties of antimony and its compounds
evaluated in the ToxTracker assay. Mutation Res/Genet Toxicol Environ
Mutagene. 2021;865:503333.

Brandsma |, Derr R, Zhang G, Moelijker N, Hendriks G, Osterlund T. Geno-
toxicity assessment of potentially mutagenic nucleoside analogues using
ToxTracker(R). Toxicol Lett. 2022;362:50-8.

Ballmaier D, Epe B. DNA damage by bromate: Mechanism and conse-
quences. Toxicology. 2006;221(2):166-71.

Parry EM, Parry JM, Corso C, Doherty A, Haddad F, Hermine TF, et al.
Detection and characterization of mechanisms of action of aneugenic
chemicals. Mutagenesis. 2002;17(6):509-21.

More SJ, Bampidis V, Bragard C, Halldorsson Tl, Herndndez-Jerez AF,
Hougaard Bennekou S, et al. Guidance on aneugenicity assessment. EFSA
1.2021;19(8):6770.

Jackson PA, Widen JC, Harki DA, Brummond KM. Covalent modifiers:

a chemical perspective on the reactivity of g, 3-Unsaturated carbon-

yls with thiols via Hetero-Michael addition reactions. J Med Chem.
2017;60(3):839-85.

Flori L, Spezzini J, Calderone V, Testai L. Role of mitochondrial potassium
channels in ageing. Mitochondrion. 2024;76:101857.

Thakkar Y, Moustakas H, Moelijker N, Hendriks G, Brandsma |, Pfuhler

S, et al. Utility of ToxTracker in animal alternative testing strategy for
fragrance materials. Environ Mol Mutagene. 2023;n/a(n/a).

Wong H-Y, Tsai K-D, Liu Y-H, Yang S-M, Chen T-W, Cherng J, et al. Cin-
namomum verum component 2-methoxycinnamaldehyde: a novel
anticancer agent with both anti-topoisomerase i and ii activities in
human lung adenocarcinoma A549 cells in vitro and in vivo. Phytother
Res. 2016;30(2):331-40.

Hung PH, Savidge M, De M, Kang JC, Healy SM, Valerio LG Jr. In vitro

and in silico genetic toxicity screening of flavor compounds and other
ingredients in tobacco products with emphasis on ENDS. J Appl Toxicol.
2020;40(11):1566-87.

Melo KM, Grisolia CK, Pieczarka JC, de Souza LR, FilhoJde S, Nagamachi
CY. FISH in micronucleus test demonstrates aneugenic action of rote-
none in a common freshwater fish species, Nile tilapia (Oreochromis
niloticus). Mutagenesis. 2014,29(3):215-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Exploring the role of oxidative stress and mitochondrial dysfunction in β-damascone-induced aneuploidy
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Chemicals
	MN assays in CHL cells
	ToxTracker assay
	High-content analysis
	Cell culture and chemical exposure
	MN measurement
	Intracellular ROS measurement
	Intracellular GSH measurement
	γH2AX focus counting
	Mitochondrial membrane potential
	Image capture and data analysis

	Statistical analysis

	Results
	NAC completely prevented MN induction in CHLIU and BEAS-2B cells exposed to β-Dam
	NAC suppressed oxidative stress-mediated GFP activation in mES cells exposed to β-Dam in ToxTracker assays
	NAC inhibited ROS levels and GSH depletion in BEAS-2B cells exposed to β-Dam
	β-Dam induced MN formation in BEAS-2B cells despite the absence of γH2AX foci
	The mitochondrial membrane potential was reduced in BEAS-2B cells exposed to β-Dam

	Discussion
	Conclusions
	Acknowledgements
	References


