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Effect of sampling time on somatic and
germ cell mutations induced by acrylamide
in gpt delta mice
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Abstract

Background: Acrylamide (AA) is a rodent carcinogen and classified by the IARC into Group 2A (probable human
carcinogen). AA has been reported to induce mutations in transgenic rodent gene mutation assays (TGR assays),
the extent of which is presumed to depend on exposure length and the duration of expression after exposure. In
particular, it is not clear in germ cells. To investigate mutagenicity with AA in somatic and germ cells at different
sampling times, we conducted TGR assays using gpt delta transgenic mice.

Results: The male gpt delta mice at 8 weeks of age were treated with AA at 7.5, 15 and 30 mg/kg/day by gavage
for 28 days. Peripheral blood was sampled on the last day of the treatment for micronucleus tests and tissues were
sampled for gene mutation assays at day 31 and day 77, those being 3 and 49 days after the final treatment (28 +
3d and 28 + 49d), respectively. Another group of mice was treated with N-Ethyl-N-nitrosourea (ENU) at 50 mg/kg/
day by intraperitoneal administration for 5 consecutive days and tissues were sampled at the day 31 and day 77
(5 + 26d and 5 + 72d). Frequencies of micronucleated erythrocytes in the peripheral blood significantly increased at
AA doses of 15 and 30 mg/kg/day. Two- to three-fold increases in gpt mutation frequencies (MFs) compared to
vehicle control were observed in the testes and lung treated with 30 mg/kg/day of AA at both sampling time. In
the sperm, the gpt MFs and G:C to T:A transversions were significantly increased at 28 + 3d, but not at 28 + 49d.
ENU induced gpt mutations in these tissues were examined at both 5 + 26d and 5 + 72d. A higher mutant
frequency in the ENU-treated sperm was observed at 5 + 72d than that at 5 + 26d.

Conclusions: The gpt MFs in the testes, sperm and lung of the AA-treated mice were determined and compared
between different sampling times (3 days or 49 days following 28 day-treatment). These results suggest that
spermatogonial stem cells are less sensitive to AA mutagenicity under the experimental condition. Prolonged
expression time after exposure to AA to detect mutagenicity may be effective in somatic cells but not in germ cells.
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Introduction
Acrylamide (AA) has been discovered to be a potent car-
cinogen in various cooked foods [1–4]. AA can form
during processing or with high temperature cooking
methods such as flying and baking. AA is also detected
in cigarette smoke. Widespread human exposure to AA
raizes concerns about public health. The Food Safety
Commission of Japan conducted a risk assessment of
AA and reported that cancer risk could not be excluded
due to the insufficient margins of exposure (MOE), des-
pite there being no clear evidence of effects on human
health provided by epidemiological studies [5]. In rodent
toxicity studies, major adverse effects were observed by
way of neurotoxicity and male reproductive toxicity.
Carcinogenicity has been observed in Harderian glands,
mammary glands, lung and the forestomach in mice,
and in mammary glands, thyroid and testes in rats [4].
Positive results were obtained from in vitro and in vivo
genotoxicity studies, although some in vitro studies re-
main inconclusive because of insufficient metabolic acti-
vation in in vitro systems [6–13]. AA is metabolized into
active glycidamide (GA) by CYP2E1 [14–17]. GA reacts
with DNA and form a number of DNA adducts such as
N7-(2-carbamoyl-2-hydroxyethyl)-guanine (N7-GA-
Gua), N3-(2-carbamoyl-2-hydroxyethyl)-adenine (N3-
GA-Ade) and N1-(2-carbamoyl-2-hydroxyethyl)-adenine
(N1-GA-Ade) [18, 19]. It has been proposed that the
abasic sites produced by spontaneous depurination of
N7-GA-Gua and N3-GA-Ade adducts could lead to G:C
to T:A and A:T to T:A transversions [20].
In contrast to somatic tissues, mutagenicity with AA

in germ cells is not well investigated. AA induces male
reproductive toxicity, and induction of mutations has
been observed in testes by treatment of AA in drinking
water or i.p. dosing [21–23]. Both positive and negative
results have also been reported in induction of chromo-
somal abberations and micronuclei in spermatogonia,
spermatocytse and spermatids, but most of those were
i.p. dosing studies [24–29]. Mutations are fixed and ac-
cumulate during expression time after dosing in somatic
tissues, however, germ cells are different in timing and
kinetics of spermatogenesis. Therefore, the timing of ex-
posure and collection of sperm is important to detect
mutagenicity in male germ cells [30, 31]. The time for
the progression of developing germ cells from exposed
spermatogonial stem cells to mature sperm reaching the
cauda epididymis is ~ 49 days for the mouse. OECD test
guideline TG488 recommennds that sampling of caudal
sperm should be conducted only at a minimum of 49
days (mouse) after the end of a 28 day administration
period, to assess mutations in spermatogonial stem cells
[32]. In this study, mutagenicity with AA in male germ
cells exposed at different spermatogenesis stages was in-
vestigated. Male gpt delta mice were treated with AA for

28 days and gpt mutation frequencies (MFs) in the testes,
sperm and lung were analyzed at 3 or 49 days after the
final treatment (referred to as 28 + 3d and 28 + 49d).
Interestingly, gpt MFs showed significant increase in the
sperm at 28 + 3d, but not at 28 + 49d. These results sug-
gest that AA could be genotoxic with exposure at the
later stages of spermatogenesis, and collection of sperm
with an expression time of 49 days after exposure may
be less sensitive for the detection of germ cell mutage-
nicity with AA.

Materials and methods
Treatments of animals
Male C57BL/6 J gpt delta transgenic mice aged 7 weeks
were obtained from Japan SLC, Inc. (Shizuoka, Japan).
The animals were acclimated for at least 7 days, and ad-
ministration was initiated at 8 weeks of age when they
weighed approximately 22–26 g. The animals were
housed in an air-conditioned room under a 12-h light–
dark cycle and allowed free access to food and drinking
water. The animal experiments in this study were ap-
proved by the institutional animal care and use commit-
tee and followed recommendations for the handling,
maintenance, treatment and sacrificing of the animals.
Acrylamide (AA, CAS No.: 79–06-1) was purchased

from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). N-Ethyl-N-nitrosourea (ENU, CAS No.: 759–73-
9) was purchased from Toronto Research Chemicals Inc.
(Ontario, Canada). AA was dissolved in sterilized water
at appropriate concentrations and administered by oral
gavage (10 mL/kg body weight) once a day for 28 con-
secutive days. ENU was dissolved in saline at appropriate
concentration and given by intraperitoneal administra-
tion (10 mL/kg body weight) once a day for 5 consecu-
tive days. To set dose levels for AA, a preliminary
administration was conducted at doses of 30 and 60 mg/
kg/day for 15 days. All animals in the 60mg/kg dose
group were found dead or moribund at up to 15 days.
All animals in the 30mg/kg dose group tolerated AA,
and the only finding due to treatment was a hind-leg
paralysis. Therefore, the highest dose was set at 30 mg/
kg/day for main study. The middle and low doses for
AA were set at 15 and 7.5 mg/kg/day. The dose was set
at 50 mg/kg/day for ENU because positive results were
obtained in the previous report [33]. Negative control
animals received sterilized water alone. In the AA
treated group and negative control group animals were
sacrificed 3 or 49 days after the last administration (re-
ferred to as 28 + 3d and 28 + 49d, respectively) (Supple-
mentary Fig. 1). In the ENU treated group, the animals
were sacrificed 26 or 72 days after the last administration
(as 5 + 26d and 5 + 72d, respectively). Five to six mice
per group were used for the experiments. In the AA
treated groups, the testes of all dose groups, sperm
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extracted from cauda epididymis and lung in the highest
dose group were used for gpt mutation assays. Lung was
selected as a somatic tissue because it has been observed
as a target of carcinogenicity of AA in mice. Testes,
sperm and lung of the ENU-treated and control groups
were also used for gpt mutation assays.

Mutation assay and sequencing analysis
The gpt mutation assays were conducted as previously
described [34]. Briefly, high molecular weight genomic
DNA was extracted from the testes and lung using Reco-
verEase DNA Isolation Kit (Agilent Technologies, Santa
Clara, CA). Sperm DNA was extracted as previously de-
scribed [35]. In brief, cauda epididymis was chopped in
1 mL of phosphate-buffered saline (pH 7.4), mesh-
filtered, and pelleted by centrifugation. The pellet was
re-suspended in 1× saline sodium citrate (SSC) and
0.15% sodium dodecyl sulfate (SDS). The lysate was cen-
trifuged and the sperm pellet was suspended in 1 mL of
0.2× SSC, 1% SDS, 1M 2-mercaptoethanol, and 10mM
EDTA (pH 8.0), then digested with 0.5 mg/mL protein-
ase K at 37 °C overnight. DNA was extracted by phenol/
chloroform method. Lambda EG10 phages were rescued
from genomic DNA by an in vitro packaging method
using Transpack packaging extracts (Agilent Technolo-
gies). The phages were incubated with E.coli YG6020
and poured onto M9 agar plates containing chloram-
phenicol (Cm) and 6-thioguanine (6-TG). In order to de-
termine the total number of rescued plasmids, infected
cells were also poured onto agar plates containing Cm
without 6-TG. The plates were then incubated at 37 °C
for selection of 6-TG-resistant colonies, and the gpt mu-
tant frequency was calculated by dividing the number of
gpt mutants by the number of rescued plasmids. A 739-
bp DNA fragment containing the 456-bp coding region
for the gpt gene was amplified by colony-direct PCR and
gpt mutations were characterized by DNA sequencing
with a sequencing primer gptA2 (5′-TCTCGCGCAA
CCTATTTTCCC-3′). The gpt mutation frequency (MF)
was calculated by dividing the number of independent
gpt mutations by the number of rescued plasmids.

Peripheral blood (PB) MN assay
Blood samples were collected on the last day of AA ad-
ministration. Approximately 3–10 μl of PB from the
mouse tail was placed onto an acridine orange-coated
glass slide and covered immediately with a cover glass
[36]. The slides were observed by fluorescence micros-
copy at 600× magnification with B excitation. The fre-
quencies of micronucleated peripheral reticulocytes
(MNRETs) were recorded, based on observations of
2000 reticulocytes per animal.

Statistical analysis
Body and organ weights and gpt MF in the testes treated
with AA were analyzed statistically using Dunnett’s test
or the Steel test. Comparisons of gpt MF in sperm and
lung between the AA treated groups versus the vehicle
control group were analyzed statistically using Student’s
or Welch’s t-test. Comparisons of gpt MF between the
ENU treated group versus the vehicle control group were
also analyzed using Student’s or Welch’s t-test. Differences
in the incidence of MNRETs in the AA treated groups
versus the vehicle control groups were analyzed statisti-
cally using Kastenbaum and Bowman’s method [37].

Results
The gpt delta mice were treated with AA by gavage for
28 days and tissues were sampled at 3 and 49 days after
final treatment. During treatment, hind-leg paralysis and
sluggish movements were observed after 2 weeks from
the start of treatment in the 30 mg/kg/day AA-treated
group. No significant differences in final body weights
for the AA -treated groups were observed. In the 30 mg/
kg/day AA-treated group at 3 days after 28 day-treat-
ment, testis weight significantly decreased by 12% below
that of controls. No other clinical signs or significant
weight changes for the organs were observed (data not
shown).
PB was collected on the last day of AA treatment and

MN assays were conducted. The results are shown in
Fig. 1. The MNRET frequencies increased in a dose-
dependent manner after 28 days of repeated administra-
tion with AA and showed a significant increase at doses
of 15 and 30mg/kg/day.
MFs in the testes, sperm and lung of the AA-treated

mice were estimated by gpt assay. The results are shown
in Figs. 2, 3 and 4 (and Supplementary Table 1-3). In the
testes, the gpt MFs for vehicle control in 28 + 3d and
28 + 49d samples were 1.27 ± 0.61 (× 10− 6) and 0.71 ±
0.68 (× 10− 6), respectively (Fig. 2). For samples treated
with AA at 30 mg/kg/day, the gpt MFs were 2.72 ± 1.64
(× 10− 6) and 2.03 ± 0.83 (× 10− 6) in 28 + 3d and 28 +
49d, respectively. The gpt MFs in 30 mg/kg/day AA-
treated mice were significantly higher than those of
vehicle control. No significant differences between 28 +
3d and 28 + 49d were observed. No significant increase
in gpt MFs were detected in the groups treated with AA
at 7.5 and 15mg/kg/day. In sperm, the gpt MFs for con-
trols at 28 + 3d and 28 + 49d were 1.18 ± 0.91 (× 10− 6)
and 1.87 ± 1.23 (× 10− 6), respectively (Fig. 3). The gpt
MF in 30 mg/kg/day AA-treated mice was 6.77 ± 4.85 (×
10− 6) at 28 + 3d and was significantly higher than that of
vehicle controls. On the other hand, no increase in gpt
MF was observed at 28 + 49d. In the lung, control gpt
MFs at 28 + 3d and 28 + 49d were 2.40 ± 1.72 (× 10− 6)
and 2.03 ± 1.12 (× 10− 6), respectively. For 28 + 3d and
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28 + 49d samples treated with AA at 30 mg/kg/day, the
gpt MFs were 5.09 ± 1.74 (× 10− 6) and 6.54 ± 4.23 (×
10− 6), respectively. The gpt MFs in 30mg/kg/day AA-
treated mice were significantly about 2 times (28 + 3d)
and 3 times (28 + 49d) higher than that of vehicle

controls. No significant differences between 3 days and
49 days samples were observed.
To characterize the types of gpt mutations induced by

AA, the gpt mutants obtained were analyzed by DNA se-
quencing. Mutation spectra are shown in Tables 1, 2

Fig. 1 Frequencies of micronucleated peripheral reticulocytes estimated at the last day of AA administration. AA was administered daily by oral
gavage for 28 days. The error bar represents the standard deviation. * P < 0.05, ** P < 0.01, significantly different from vehicle control (Kastenbaum
and Bowman’s method)

Fig. 2 The gpt mutation frequencies in the testes treated with AA. The gpt MFs were estimated at 3 days (open bars) and 49 days (black bars)
after the end of AA administration. AA was administered daily by oral gavage for 28 days. The error bar represents the standard deviation. # P <
0.05, significantly different from vehicle control (Dunnett’s test)

Hagio et al. Genes and Environment            (2021) 43:4 Page 4 of 12



and 3. In the testes, the predominant type of mutation
was a G:C to A:T transition in the 30mg/kg/day AA-
treated mice at both 28 + 3d and 28 + 49d, and no sig-
nificant difference was observed in the mutation spectra
(Table 1). In the sperm, the predominant type of muta-
tion was a G:C to A:T transition in the control mice at
both 28 + 3d and 28 + 49d. The specific MF of G:C to T:
A transversions significantly increased in 28 + 3d sam-
ples for the AA-treated mice (Table 2). The specific MFs
of G:C to A:T transition and single bp deletions also
tend to be higher in the 28 + 3d AA-treated mice. In the
lung, the prominent types of mutation in the control
mice were G:C to A:T transitions, G:C to T:A transver-
sions and single bp deletions at both 28 + 3d and 28 +
49d (Table 3). Significant increases in the specific MFs
of A:T to T:A transversion were observed for both 28 +
3d and 28 + 49d samples from AA-treated mice.
Another group of mice was treated with ENU by intra-

peritoneal administration for 5 days and tissues were
sampled after 26 days (day 31) and 72 days (day 77) of
final treatment. The weights of testes in the ENU-
treated mice were significantly decreased by 65% at day
31 (5 + 26d) and by 38% at day 77 (5 + 72d), compared
with the controls. Weights of epididymides were signifi-
cantly decreased by 32% at 5 + 26d and by 14% at 5 +

72d, compared with the controls. No significant differ-
ences in final body weights between control and ENU-
treated groups were observed at either 5 + 26d or 5 +
72d (data not shown). The gpt mutant frequencies in the
testes, sperm and lung of the ENU-treated mice are
shown in Fig. 5 (and Supplementary Table 1-3). The gpt
mutant frequencies in the testes of the ENU-treated
mice were significantly higher than that of vehicle con-
trols, but no significant difference between 5 + 26d and
5 + 72d was observed. In the sperm, the gpt mutant fre-
quencies were significantly higher than those of controls
at both 5 + 26d and 5 + 72d, however, the mutant fre-
quency was 7-times higher at 5 + 72d than that at 5 +
26d. In the lung, the gpt mutant frequencies in ENU-
treated mice were significantly higher than that of con-
trols. The gpt mutant frequency in the ENU-treated
group at 5 + 72d was significantly 1.6-fold higher than
that at 5 + 26d.

Discussion
Many rodent studies for genotoxicity and carcinogenicity
with AA have employed administration in drinking
water [9, 12, 13, 21] . It is known that higher AA doses
in drinking water cause decreased water consumption.
In contrast, in this study, the mice were administered

Fig. 3 The gpt mutation frequencies in the sperm treated with AA. The gpt MFs were estimated at 3 days (open bars) and 49 days (black bars)
after the end of AA administration. AA was administered daily by oral gavage for 28 days. The error bar represents the standard deviation. * P <
0.05, significantly different from vehicle control or between sampling points (Student or Welch t-test)
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AA by gavage daily, for 28 days. In the highest dose, 30
mg/kg/day AA-treated group, toxic effects such as hind-
leg paralysis and sluggish movement were observed 2
weeks after the beginning of treatment, and testis weight
loss was observed at 3 days after final treatment. This be-
spoke neurotoxicity and reproductive toxicity for AA, and
AA at 30mg/kg/day was close to the maximum tolerable
dose (MTD) under this experimental condition. When
AA was administrered in drinking water in mice, similar
toxicity was reported at doses of 400 ppm (59mg/kg/day)
or 7mM (500 ppm, 88–98mg/kg/day) [13, 21].
PB MN assays at day 28 showed dose-dependent in-

creases of %MNRET, and a significant increase was ob-
served at doses of 15 and 30mg/kg/day (Fig. 1). Positive
response of the PB MN may suggest that systemic ex-
posure of AA and its metabolite caused genotoxicity
such as chromosome aberrations. It has been reported
that MN assays using flow cytometry methods in
B6C3F1 mice resulted in significant MN induction at
doses of more than 6mg/kg/day of AA [9, 38]. This may
suggest that sensitivity to MN induction by AA in
C57BL/6 J mice was relatively subdued as compared
B6C3F1 background.
MFs in the testes, sperm and lung of the AA-treated

mice were estimated, and two different sampling points

(3 or 49 days after final treatment) were compared (Figs.
2, 3 and 4). In the lung and testes of the 30 mg/kg/day
AA-treated group, the gpt MFs were 2–3 times higher
than those of vehicle controls and no significant differ-
ence between 28 + 3d and 28 + 49d was observed. This
suggests that 28 + 3d could be sufficient time for fixation
of AA-induced mutations in those tissues. Although mu-
tation can accumulate with repeated dosing, both the
MN in PB and the gpt MF in lung increased 2–3 times
higher than control at a dose of 30 mg/kg/day. It may
suggest different sensitivity of chromosomal aberrations
and gene mutations. Interestingly, the gpt MF in the
sperm of the 30mg/kg/day of AA-treated group was sig-
nificantly 6 times higher than that of control at 28 + 3d,
but no increase of the gpt MF was observed at 28 + 49d.
This may suggest different sensitivity at the AA-exposed
spermatogenesis stages. Russell reported an influence of
exposed germ-cell stages on test effectiveness with vari-
ous mutagens analyzed by mouse specific locus test
(SLT), and AA-induced mutations are the most sensitive
with exposure at post-spermatogonial stages [39]. It has
been suggested that the latter stage of spermatogenesis
lacks in DNA replication and cell proliferation, and
undergoes progressive loss of DNA repair capacity [31,
40]. If that is the case, then DNA damages induced by

Fig. 4 The gpt mutation frequencies in the lung treated with AA. The gpt MFs were estimated at 3 days (open bars) and 49 days (black bars) after
the end of repeated AA administration in mice. AA was administered daily by oral gavage for 28 days. The error bar represents the standard
deviation. * P < 0.05, significantly different from vehicle control (Student or Welch t-test)
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Table 2 Mutation spectra of the gpt gene in sperm of the AA-treated mice

28 + 3d 28 + 49d

0mg/kg/day 30mg/kg/day 0mg/kg/day 30mg/kg/day

No. % MF (×10−6) No. % MF (×10−6) No. % MF (×10−6) No. % MF (×10−6)

Base substitution

Transition

G:C to A:T 4 50.0 0.59 7 31.8 2.15 8 72.7 1.36 6 50.0 0.67

at CpG site (2) (5) (4) (4)

A:T to G:C 0 0.0 0.00 1 4.5 0.31 1 9.1 0.17 1 8.3 0.11

Transversion

G:C to T:A 1 12.5 0.15 6 27.3 1.85* 0 0.0 0.00 2 16.7 0.22

G:C to C:G 0 0.0 0.00 1 4.5 0.31 0 0.0 0.00 0 0.0 0.00

A:T to T:A 1 12.5 0.15 1 4.5 0.31 0 0.0 0.00 1 8.3 0.11

A:T to C:G 0 0.0 0.00 1 4.5 0.31 0 0.0 0.00 0 0.0 0.00

Deletion 2 25.0 0.30 4 18.2 1.23 2 18.2 0.34 2 16.7 0.22

1 bp 1 3 2 1

> 2 bps 1 1 0 1

Insertion 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00

Other 0 0.0 0.00 1 4.5 0.31 0 0.0 0.00 0 0.0 0.00

Total 8 100 1.18 22 100 6.77 11 100 1.87 12 100 1.34

*p < 0.05 vs control

Table 3 Mutation spectra of the gpt gene in lung of the AA-treated mice

28 + 3d 28 + 49d

0mg/kg/day 30mg/kg/day 0mg/kg/day 30mg/kg/day

No. % MF (×10−6) No. % MF (×10−6) No. % MF (×10−6) No. % MF (×10−6)

Base substitution

Transition

G:C to A:T 6 27.3 0.65 10 30.3 1.54 7 46.7 0.95 14 33.3 2.18

at CpG site (5) (8) (4) (7)

A:T to G:C 1 4.5 0.11 1 3.0 0.15 1 6.7 0.14 7 16.7 1.09

Transversion

G:C to T:A 7 31.8 0.76 3 9.1 0.46 3 20.0 0.41 4 9.5 0.62

G:C to C:G 1 4.5 0.11 0 0.0 0.00 0 0.0 0.00 2 4.8 0.31

A:T to T:A 0 0.0 0.00 5 15.2 0.77* 0 0.0 0.00 8 19.0 1.25*

A:T to C:G 1 4.5 0.11 3 9.1 0.46 0 0.0 0.00 1 2.4 0.16

Deletion 6 27.3 0.65 10 30.3 1.54 4 26.7 0.54 5 11.9 0.78

1 bp 5 10 3 5

> 2 bps 1 0 1 0

Insertion 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00

Other 0 0.0 0.00 1 3.0 0.15 0 0.0 0.00 1 2.4 0.16

Total 22 100 2.40 33 100 5.09 15 100 2.03 42 100 6.54

*Significantly different from control (p < 0.05)
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AA exposure might not be fixed as mutations at this
stage. One possibility is that AA-induced DNA damages
remaining in the sperm could be transferred into zy-
gotes, then fixed as mutations by cell divisions with
DNA replication. In fact, genomic DNAs extracted from
28 + 3d sperm seemed to be substantially damaged be-
cause their in vitro packaging efficiency was lower than
that in control groups (data not shown). It is not clear if
the AA-damaged DNA could cause ex vivo mutations in
E. coli cells in the gpt assay. However, a positive selec-
tion mechanism in transgenic rodent gene mutation as-
says such as gpt assay could make grow only fixed
mutants in the selection plates, and suppress ex vivo
mutations [41, 42]. Why was the higher MF observed in
the 28 + 3d sperm? One possibility is that testicular tox-
icity might affect sample preparation and contaminate
testicular somatic cells. But the MF for the 28 + 3d
sperm samples was higher than that in the testes of the
same AA-treated group. Another possible explanation is
that AA is more sensitive on mutagenesis at the post-
spermatogonial stage than that in spermatogonial stem
cells. The time for progression of mouse germ cells from
spermatogonial stem cells to mature sperm reaching the
cauda epididymis is ~ 49 days [30]. In the 28 + 3d sperm,
germ cells might have been partially exposed in the
stages of differentiating spermatogonia and meiosis, with
DNA repair causing mutagenesis. On the other hand,
the result with 28 + 49d sperm suggested that AA may
not induce mutagenicity in spermatogonial stem cells

under our experimental conditions. AA-induced DNA
adducts might have been rapidly removed or repaired in
the stem cells. To elucidate why AA exposure at the
post-spermatogonial stage resulted in higher MF in the
sperm DNA, more studies such as analyses of DNA ad-
ducts in the AA-exposed germ cells and effects of tox-
icity on spermatogenesis are necessary.
G:C to T:A transversions were significantly increased

in the 28 + 3d sperm of the AA-treated mice (Table 2).
In the lung of the AA-treated mice, A:T to T:A transver-
sions were significantly increased at both 28 + 3d and
28 + 49d (Table 3). Because of small increase of the MF
and limited number of sequenced mutants, no signifi-
cant increase of specific type of mutations was observed
in the testes. G:C to A:T transitions commonly contrib-
uted to the higher MF observed in the testes, sperm and
lung of the AA-treated mice. N7-GA-Gua and N3-GA-
Ade adducts induced by AA exposure are depurinating
adducts resulting in apurinic sites. Replication leads to
incorporate deoxyadenosine oppositing to abasic sites,
and causes the G:C to T:A and A:T to T:A transversions,
respectively. N1-GA-Ade adducts could lead to the in-
duction of G:C to A:T transitions [13, 19, 20, 43, 44].
Mutation spectra in those tissues may suggest different
contribution of the specific DNA adducts.
ENU induced gpt mutations in the testes, sperm and

lung were examined (Fig. 5). Although the mutant fre-
quencies in the ENU-treated sperm were significantly
higher at both 5 + 26d and 5 + 72d, the mutant

Fig. 5 The gpt mutant frequencies in the testes, sperm and lung treated with ENU. ENU was administered daily by intraperitoneal administration
for 5 days and the gpt MFs were estimated at at day 31 (5 + 26d) (open bars) and day 77 (5 + 72d) (dark bars). For ENU-treated groups, mutant
frequency is shown, instead of mutation frequency. The error bar represents the standard deviation. * P < 0.05, ** P < 0.01, significantly different
from vehicle control or between sampling points (Student or Welch t-test)
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frequency was 7 times higher at 5 + 72d than that at 5 +
26d. Analyses by SLT have suggested that ENU-induced
mutations are the most sensitive to exposure at the
spermatogonial stage [39]. Because it takes ~ 49 days to
go from spermatogonial stem cells to mature sperm, day
31 (5 days dosing followed by 26 days expression time) is
not long enough to take this period of spermatogenesis
into account. Our results supported that 28 + 3d sperm
is less sensitive for the detection of mutagenicity with
ENU in male germ cells [31]. In the lung, a higher mu-
tant frequency was observed at 5 + 72d than that at 5 +
26d. This may suggest that longer expression time can
fix more mutations in somatic tissues having relatively
slow cell-proliferation.
In this study, mutagenicity with AA in male germ

cells exposed at different spermatogenesis stages was
investigated. The results suggest that 28 + 49d sperm,
which is exposed to AA at the spermatogonial stem
cell stage, does not present with an increase in MF.
On the other hand, the 28 + 3d sperm, which was
exposed to AA at the post-spermatogonial stage, re-
sulted in higher MF. In contrast, longer expression
time resulted in higher mutant frequency in the
sperm of the ENU-treated mice. Sensitive sampling
points for detecting germ cell mutagenicity could be
different for different mutagens. The difference in a
critical window between AA and ENU maybe caused
by a difference in mode-of-action. AA needs meta-
bolic activation for mutagenesis but ENU can alkyl-
ate DNA without metabolic activation. Efficiency of
DNA repair could be different for mutagen-specific
DNA adducts. Recommended regimens for the ana-
lysis of mutations in germ cells was updated in
OECD test guideline TG488 in 2020 [32]. The guide-
line suggests that collection of germ cells from the
seminiferous tubules, a mixed population of sperm-
atogonia, spermatocytes and spermatids, at a sam-
pling time longer than 3 days after administration for
28 days is better for the assessment of germ cell mu-
tagenicity, and that a 28 + 28d regimen enables the
evaluation of mutations in a majority of germ cell
populations exposed during the proliferative phase of
spermatogenesis. Sampling cell populations covering
different spermatogenesis stages may contribute to
more comprehensive assays for the detection of germ
cell mutagenicity.
Further study is necessary to elucidate genotoxic ef-

fects of chronically exposed AA in germlines and subse-
quent generations. Recent advances in sequencing
technology has been able to detect de novo mutations
induced in the offspring of mutagen-treated parents [35,
45, 46]. It is important to investigate whether dietary AA
intake could induced DNA damage and results in germ-
line mutations and heritable effects.

Conclusions
The MFs in the testes, sperm and lung of the AA-
treated gpt delta mice were examined in different sam-
pling times after dosing for 28 days. These results sug-
gested that spermatogonial stem cells are less sensitive
to AA mutagenicity under the experimental condition.
Prolonged expression time after exposure to AA to de-
tect mutagenicity may be effective in somatic cells but
sensitive sampling points for detecting germ cell muta-
genicity could be different for different mutagens.
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