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Abstract 

Background When assessing the genotoxicity of substances containing probiotic candidates, such as lactic acid-pro-
ducing bacteria, using the in vitro micronucleus test (MNT), bacterial growth in the test medium may reduce the pH 
of the medium. The low medium pH is known to induce cytotoxicity and false-positive results. In the TK6 cell system, 
it is difficult to completely remove the bacteria from the medium by washing post-treatment, leading to bacterial 
growth during the recovery period in the short-term treatment. In the present study, the low pH range yielding false 
positives in the TK6 cell MNT was investigated using media supplemented with acetic, lactic, or formic acids, which 
are non-genotoxic bacterial metabolites. Additionally, to suppress the bacterial growth during the recovery period 
using antibiotics, i.e., penicillin/streptomycin (P/S), gentamicin sulfate (GM), and amphotericin B (AP), the maximum 
applicable concentrations of them that did not affect TK6 cell growth or micronucleus induction were determined. 
Then, we conducted an MNT using a substance containing live lactic acid-producing bacteria to verify the effective-
ness of the antibiotics.

Results Acetic, lactic, and formic acids induced micronuclei in TK6 cells (false positive) at an initial pH of ≤ 6.2 
and ≤ 6.0 in 3 h treatment with and without S9 mix, respectively, and of ≤ 6.7 in the continuous treatment. Media 
supplemented with P/S, GM, and AP did not affect TK6 cell growth or micronucleated cell frequencies in the negative 
and positive controls ≤ 400 unit/mL-400 µg/mL, ≤ 250, and ≤ 20 µg/mL, respectively. In an MNT with fermented milk 
containing live lactic acid-producing bacteria, supplementation with P/S or GM to media for the recovery cultures 
suppressed the bacterial growth, decreasing pH, and cytotoxicity.

Conclusion This study revealed the low pH ranges yielding false positives in the TK6 cell MNT under short-term 
and continuous treatment conditions. These values will serve as references for interpreting the biological relevance 
of results. Under short-term treatment, optimal antibiotic supplementation in recovery cultures suppressed bacterial 
growth in the test substance and prevented the decrease in pH that could yield false positives. This approach might 
be useful for evaluating the genotoxicity of test substances containing probiotic candidates using the MNT.
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Introduction
In response to the animal welfare movement, i.e., the 
‘3Rs’ (animal use reduction, replacement, and refine-
ment), the importance of evaluation in in  vitro tests 
without the use of animals is increasing. When assess-
ing the genotoxicity of substances containing probiotic 
candidates, such as fermented products intended for 
oral ingestion, using the test substance without kill-
ing the bacteria and with their metabolites is prefer-
able. However, in  vitro tests with such substances are 
challenging because the tests require aseptic manipu-
lation and sterile test substances. In the micronucleus 
test (MNT) using cultured mammalian cells, bacterial 
growth in the test medium may reduce the pH of the 
medium, inhibit cell growth (induce cytotoxicity), and 
produce false positives during treatment and recov-
ery periods. Completely removing the bacteria con-
tained in the test substance by washing after treatment 
is a challenge of bacterial growth during the recovery 
period, particularly in non-adherent cell systems. We 
observed growth from the remaining bacteria in the 
recovery cultures, which reduces the final pH of the 
medium in the MNT using the human lymphoblastoid 
TK6 cell line.

Chromosomal aberration tests using cultured mam-
malian cells revealed that chromosomal aberrations 
(false-positive responses) were induced under low pH 
conditions [1–4]. Furthermore, the clastogenic response 
to a low pH varied considerably among cell lines [2, 5–8]. 
As for MNT using TK6 cells, there are no reports on the 
effect of low medium pH on micronucleus (MN) induc-
tion. In this study, TK6 cell MNTs were conducted using 
low pH conditions and culture media supplemented with 
organic acids (acetic, lactic, or formic acids), which are 
non-genotoxic bacterial metabolites [7, 9] to investigate 
the pH ranges that yielded false-positive responses in 
short-term and continuous treatments (Experiment 1).

Kawanishi et al. [10] revealed MN induction in Chinese 
hamster ovary (CHO) cells by infection with colibactin-
producing live Escherichia coli (E. coli) for 4  h without 
S9 mix in MNT. They used media supplemented with 
gentamicin 200 µg/mL during the recovery period post-
treatment. Regarding the TK6 cell MNT, there are no 
reports studying live bacteria-containing test substances. 
In the present study, we first investigated the maximum 
applicable concentration of several antibiotics that did 
not affect cell proliferation or micronucleated cell fre-
quencies when TK6 cells were treated with negative and 
positive control substances for 3 h followed by recovery 
culturing for 21  h (Experiment 2). Penicillin/streptomy-
cin (P/S) and gentamicin sulfate (GM) both act on gram-
positive and -negative bacteria, and amphotericin B (AP), 
which acts on yeast, were used as antibiotics in the study.

Finally, we conducted an MNT using fermented milk 
containing live lactic acid-producing bacteria as the test 
substance to verify the effects of antibiotics on bacterial 
growth suppression in recovery cultures (Experiment 3).

Materials and methods
Cells and culture conditions
The human lymphoblastoid TK6 cell line (JCRB Cell 
Bank, National Institutes of Biomedical Innovation, 
Health and Nutrition, Osaka, Japan) was used. The modal 
chromosome number of the cells was 47, and the dou-
bling time was 13.4  h. The cells were confirmed to be 
mycoplasma-free. This cell line was selected because it 
is recommended according to the Organization for Eco-
nomic Co-operation and Development Test Guideline 
(OECD TG) 487 [4], is widely used for in  vitro MNTs, 
and has sufficient historical control data.

Cells were maintained in RPMI 1640, supplemented 
with 10% (v/v) heat-inactivated horse serum, and 200 µg/
mL pyruvate solution (All from Thermo Fisher Scien-
tific Inc., Waltham, MA, USA). Cells were cultured at 
37 ℃ in a humidified atmosphere of 5%  CO2 (Thermo 
Fisher Scientific Inc.). A cell suspension was prepared 
in fresh culture medium at a density of 3 ×  105 cells/mL 
and seeded into 24-well plates (Thermo Fisher Scientific 
Inc.) at a volume of 500 µL to achieve 1.5 ×  105 cells/mL 
(1000  µL in total per well with treatment solution) in 
each experiment.

Chemicals
Acetic, lactic, and formic acids (FUJIFILM Wako Pure 
Chemical Corp., Osaka, Japan) were diluted with distilled 
water to 2 mol/L on the day of use.

The P/S solution (Thermo Fisher Scientific Inc.) con-
tained 10,000 U/mL penicillin and 10,000  µg/mL strep-
tomycin (hereafter referred to as U-µg/mL). GM solution 
(FUJIFILM Wako Pure Chemicals Corp.) contained 
50 mg/mL GM, and AP solution (FUJIFILM Wako Pure 
Chemicals Corp.) contained 250  µg/mL AP. Each solu-
tion was added to a fresh medium to obtain the required 
concentration.

Saline (JP, Otsuka Pharmaceutical Factory, Inc., 
Tokushima Japan) was used as a negative control and 
added to each well for negative control group at 100 µL 
in Experiment 2 and 10  µL in Experiment 3. In Experi-
ments 2 and 3, mitomycin C (MMC, FUJIFILM Wako 
Pure Chemicals Corp.) was used for positive controls 
for the treatment without metabolic activation, and 
cyclophosphamide monohydrate (CP, FUJIFILM Wako 
Pure Chemicals Corp.) was used for the treatment with 
metabolic activation [4]. Frozen stock solutions (2  µg/
mL MMC and 25  µg/mL CP) were thawed immedi-
ately before use and added to each well for each positive 
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control group at a volume of 100  µg/mL (0.2  µg/mL 
MMC and 2.5  µg/mL CP at the final concentration), as 
significant increases were observed in MN frequencies 
at these concentrations. Herein, the historical negative 
and positive control ranges were as follows: negative 
control ranges, 0.00–1.01% (without S9 mix in short-
term treatment); 0.03–0.91% (with S9 mix in short-term 
treatment); 0.07–0.80% (continuous treatment); positive 
control ranges, 1.75–5.12% (without S9 mix in short-
term treatment); and 1.08–3.20% (with S9 mix in short-
term treatment).

The frozen S9 mix (Ieda Trading Corporation, Tokyo, 
Japan) for the chromosomal aberration test comprised 
1.05 mL of a S9 fraction and 2.45 mL of a co-factor solu-
tion thawed and thoroughly mixed before use. The S9 
fraction was derived from the livers of male Sprague–
Dawley rats treated with phenobarbital and 5, 6-benzo-
flavone. The composition of the S9 mix (1  mL) was as 
follows: 0.7 mL water, 0.3 mL S9, 5 µmol  MgCl2, 33 µmol 
KCl, 5  µmol glucose-6-phosphate, 4  µmol NADP, and 
4  µmol 4-(2-hydroxyethyl)−1-piperazineethanesulfonic 
acid buffer (pH 7.2). The S9 mix (65  µL) was added to 
each well for the control and treatment groups when the 
cells were treated in a metabolic activation system. The 
resulting S9 concentration was approximately 2%.

Experiment 1. Effect of low pH on cytotoxicity and MN 
induction
In preliminary studies, cytotoxicity was observed as the 
pH of the medium decreased, with the index “relative 
increase in cell count (RICC)” below 0 when the initial 
pH was approximately 5.7 (short-term treatment without 
S9 mix), 5.5 (short-term treatment with S9 mix), and 6.3 
(continuous treatment). Moreover, when the initial pH 
was below 6.9, the final pH (at the end of the treatment) 
did not recover to that of the untreated condition.

Thus, five pH groups of pH ranging from 6.6 to 5.2 
(short-term treatment) and from 6.8 to 6.1 (continuous 
treatment) of the media were set at the start of treat-
ment in the main tests, which were repeated twice. The 
experimental design is illustrated in Fig. 1. In short-term 
treatment without S9 mix and in continuous treatment, 
a 500-µL aliquot of culture medium containing either 
organic acid (2  mol/L solution, ranging from 6–15  µL) 
was added to each well, and then a 500-µL aliquot of the 
cell suspension was added to achieve a density of 1.5 ×  105 
cells/mL, and achieve a volume of 1 mL per well (2 wells/
group), then the wells were mixed gently by shaking the 
plate. In short-term treatment with S9 mix, a 435-µL ali-
quot of culture medium containing either organic acid 
(2  mol/L solution, ranging from 5–12  µL) and a 65-µL 
aliquot of the S9 mix was added to each well, and the cell 
suspension was added as described above. Under each 

treatment condition, the untreated group (approximately 
pH 7.7) was used as control (two wells/group).

The cells were incubated at 37 ℃ in a humidified 
atmosphere of 5%  CO2 for 3 and 24 h for the short-term 
and continuous treatments, respectively. For short-term 
treatment, the plates were centrifuged at 300 × g for 
5  min at room temperature after 3  h of treatment, and 
an 800-µL aliquot of the supernatant was gently removed 
from each well. An 800-µL aliquot of fresh medium was 
added to resuspend and wash the cells, this process was 
triplicated. The cells were incubated for approximately 
21 h (recovery culture) as described above.

The pH of the medium was measured using a pH meter 
(Horiba pH-11B, Kyoto, Japan) at the start and end of the 
short-term and continuous treatments (3 and 24 h after 
treatment), respectively.

The RICC and frequency of cells with micronuclei 
(MN frequency) were determined 24  h after the start 
of treatment as described in sections of “Cytotoxic-
ity determination” and “Preparation of MN specimens 
and MN analyses”, and the mean of two wells/group was 
calculated.

The result was considered positive when the mean MN 
frequency in the treated group significantly increased or 

Fig. 1 The design of Experiment 1. In short-term treatment, cells 
were treated with low pH (initial pH 6.6–5.2) for 3 h in the absence 
or presence of S9 mix, followed by recovery culturing for 21 h using 
normal media (approximately pH 7.7). In continuous treatment, cells 
were treated with low pH (initial pH 6.8–6.1) for 24 h without S9 
mix. Then, the pH of the medium was measured at the start 
and end of treatment (3 and 24 h after treatment in the short-term 
and continuous treatments, respectively). RICC and MN frequencies 
were determined 24 h post-treatment initiation
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exceeded the upper limit of the historical negative con-
trol range (see the “Chemicals” section) in our laboratory 
compared with that in the control group.

Experiment 2. Investigation of applicable antibiotic 
concentration ranges for recovery culture
In preliminary studies, we examined the cytotoxicity of 
supplementation with each antibiotic to the medium for 
recovery cultures in short-term treatment without S9 
mix and determined the optimal applicable antibiotic 
concentration at which RICC was approximately 80% 
at the end of the recovery period. The P/S, GM, and AP 
concentrations were 800 U-µg/mL, 1000  µg/mL, and 
20  µg/mL, respectively. The lowest concentrations were 
set to those generally used to maintain cultured cells 
without contamination [11, 12].

To investigate the applicable antibiotic concentration 
ranges, we prepared a medium for the recovery culture 
containing antibiotics at the following concentrations: 
P/S, 100, 200, 400, and 800 U-µg/mL; GM, 50, 100, 250, 
500, and 1000 µg/mL; AP, 2.5, 5, 10, and 20 µg/mL. Sub-
sequently, we prepared an antibiotic-free medium and 
performed the MNT twice. The experimental design 
is illustrated in Fig.  2. Cells were treated with negative 
(saline) and positive (MMC) control substances for 3  h 
in an antibiotic-free medium without S9 mix. After treat-
ment, the cells were washed to remove negative and posi-
tive control substances using the antibiotic-added media 
prepared as described above. The cells were incubated 
in the same medium for a recovery period of 21  h. The 

procedures for washing cells, media renewal, and cell 
incubation were the same as those described in Experi-
ment 1. Specimens for MN analyses were prepared using 
the method described in “Preparation of MN specimens 
and MN analyses” section, and 2,000 cells per group 
(1,000 cells/well) were scored to determine the MN 
frequency.

Subsequently, in the presence of S9 mix, the cells were 
treated with saline (a negative control substance) or CP 
(a positive control substance) for 3 h using the antibiotic-
free medium. The subsequent procedure was the same 
as that described above. The following concentrations 
of antibiotics were used in the presence of S9 mix: P/S, 
100, 200, and 400 U-µg/mL; GM, 50, 100, and 250  µg/
mL; AP, 2.5, 5, 10, and 20 µg/mL, because the media con-
taining 800 U- µg/mL P/S and 500 and 1,000 µg/mL GM 
suppressed the MMC-induced increase in micronucle-
ated cells in the absence of S9 mix. The MN frequencies 
(mean of two wells/group) were determined.

The concentrations were considered appropriate for 
application to recovery culture media when the following 
conditions were met: the mean MN frequencies of the 
two tests in the negative and positive control groups were 
comparable between those using media with and without 
antibiotics, and the values in the positive control groups 
exceeded the mean of the historical positive control data 
in our laboratory.

Experiment 3. Verification of the effect of antibiotics 
on MNT results using sample A containing live lactic 
acid‑producing bacteria
Sample A was fermented milk containing two live lactic 
acid-producing bacteria. The bacterial density in milk 
was >  108  CFU/mL per bacterium, and bacterial growth 
was observed in the medium cultured with TK6 cells.

We conducted an MNT using TK6 cells treated with 
sample A, saline (negative control), or positive controls 
(MMC or CP) for 3  h in antibiotic-free media in the 
absence or presence of S9 mix, followed by recovery cul-
turing for 21 h in media with or without antibiotics. The 
experimental design is illustrated in Fig.  2. The volume 
of sample A and saline was 10  µL/mL/well. The OECD 
TG 487 for in vitro mammalian cell MNT [4] specifies a 
maximum concentration of 2 µL/mL for liquid test sam-
ples. However, when the test substance is composed of 
biological materials, the maximum concentration should 
be higher than that to increase the concentration of each 
component. Thus, the treatment concentration was set 
to 10 µL/mL because sample A was composed of biologi-
cal materials. The bacteria were gram-positive; therefore, 
P/S and GM were selected. In a preliminary study using 
media supplemented with 100 and 400 U-µg/mL P/S 
along with 50 and 250  µg/mL GM during the recovery 

Fig. 2 The design of Experiments 2 and 3. Cells were treated 
with saline (Neg.; negative control) or positive controls (Pos.; MMC 
or CP) in Experiment 2 and sample A, Neg., or Pos. in Experiment 
3 for 3 h using antibiotic-free medium in the absence or presence 
of S9 mix, followed by recovery culturing for 21 h using media 
with or without antibiotics. At the end of the recovery period, 
the MN frequencies were determined in Experiment 2, and the pH 
of the medium, RICC, and MN frequencies in Experiment 3
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period post-treatment with sample A, the RICC in the 
group treated with media supplemented with 250 µg/mL 
GM decreased to 67%, whereas it was > 80% in the other 
groups. Therefore, we used media supplemented with 
100 and 400 U-µg/mL P/S and 50 µg/mL GM in the main 
test, and determined that the final pH of the medium 
(end of the recovery period), RICC, and MN frequencies 
(mean of two wells/group). The initial pH (at the start of 
the treatment with sample A) was not measured in the 
main test because the pH of the medium did not change 
immediately after the addition of sample A in a prelimi-
nary study.

Cytotoxicity determination
The RICC was calculated per well from the cell seeding 
density at the start of the treatment and cell density at the 
end of the culture (end of the recovery period for short-
term treatment) using the following formula.

The mean of two wells/group was calculated.

Preparation of MN specimens and MN analyses
The plates were centrifuged at 300 × g for 5  min at 
room temperature, and approximately 800  µL of super-
natant was removed from each well. A 1  mL aliquot of 
0.09  mol/L potassium chloride solution was added to 
each well (0.075 mol/L final concentration) for hypotonic 
treatment. The cells were gently suspended, incubated 
at 37 ℃ for 10 min, and transferred to a tube containing 
0.2 mL of ice-cold Carnoy’s fixative solution-1 (ethanol/
acetic acid, 3/1, v/v). After mixing gently, the cells were 
fixed twice in 1 mL ice-cold Carnoy’s fixative solution-1. 
The cells were fixed in ice-cold Carnoy’s fixative solu-
tion-2 (ethanol/acetic acid, 97/3, v/v) and placed in a 
freezer overnight. Finally, fixed cells were dropped onto 
two spots on each slide and allowed to dry.

All slides were coded before microscopic observation. 
Immediately before observation, cells were stained with 
a 0.02  mg/mL acridine orange aqueous solution (FUJI-
FILM Wako Pure Chemicals Corp.) and observed under a 
fluorescence microscope (600 × magnification) with blue 
excitation (490 nm). Subsequently, 2,000 cells per group 
(1,000 cells/well) were scored to determine the MN fre-
quency, and the mean of two wells/group was calculated.

Statistical analyses
Statistical analyses of MN frequencies between the 
treated and control groups were performed using Fisher’s 
exact test at 5% significance level (two-sided) using js-
STAR XR (release 1.4.0 j).

RICC =

Increase in cell density in the treated cultures (final− starting)

Increase in cell density in control cultures (final− starting)
× 100(%)

Results
Experiment 1. Effect of low pH on cytotoxicity and MN 
induction
When the initial pH of the medium decreased to below 
6.8, the final pH (at 3 and 24 h in the short-term and con-
tinuous treatments, respectively) did not increase to that 
(7.4–7.8) of those in the untreated groups (Fig. 3a–c). The 
results of the two experiments were plotted.

The changes in the RICC with decreasing initial pH 
are presented in Fig.  3d–f, and the results of the two 
experiments were plotted. Although there was varia-
tion between the experiments, RICC decreased with the 
decrease in the pH of the medium in both short-term 
and continuous treatments. In the short-term treatment, 
RICC decreased sharply at a pH of approximately 6.0 
and fell below 40%. MN analyses could not be performed 
when RICC was ≤ 0%.

Figure  3g–i illustrate the changes in MN frequen-
cies with the decrease in initial pH. The results of the 
two experiments were plotted. In the yellowish area of 
the pH range, the MN frequencies in the treated groups 
increased significantly compared with those in the 
untreated group, and increased above the upper limit of 
the historical negative control range in our laboratory. 
The pH range in which these values were distributed was 
below pH 6.3 and 6.0 in the absence and presence of S9 
mix in the short-term treatment, respectively, and below 
6.7 in the continuous treatment. Significant increases 
in MN frequencies were observed in almost all groups 
where the RICC was < 40% and also in the groups where 
the RICC was ≥ 40% (solid circles in Fig. 3g–i) despite low 
pH, particularly in the short-term treatment.

The above results can be considered false positives 
because the genotoxicity of these organic acids is negative.

Experiment 2 Investigation of applicable antibiotic 
concentration ranges for recovery culture
Figure 4a–c and d–f present the MN frequencies of the 
negative and positive control groups in short-term treat-
ment with and without S9 mix, respectively, when anti-
biotic-free or antibiotic-supplemented medium was used 
during the recovery period.

The MN frequencies in the negative control groups 
were similar, irrespective of antibiotic supplementation 
and were within the historical negative control range.

The MN frequencies in the positive control groups were 
above the lower limit of the historical positive control 
ranges at all antibiotic concentrations in the absence of 
S9 mix. However, the values decreased with the increas-
ing P/S and GM concentrations to below the mean of the 
historical positive control data at 800 U-µg/mL P/S and 
500 and 1,000  µg/mL GM. Thus, in the presence of S9 
mix, 400 U-µg/mL P/S, 250 µg/mL GM, and 20 µg/mL AP 



Page 6 of 10Fujiishi et al. Genes and Environment           (2024) 46:26 

were the maximum concentrations used in this study. MN 
frequencies in the positive control groups were above the 
mean of the previous positive control data at all antibiotic 
concentrations used in the presence of S9 mix.

Therefore, the antibiotic concentrations that did not 
affect MN induction in TK6 cells were determined to be 
100–400 U-µg/mL for P/S, 50–250  µg/mL for GM, and 
2.5–20 µg/mL for AP.

Experiment 3. Verification of the effect of antibiotics 
in recovery cultures on the results of the MNT using sample 
A containing live lactic acid‑producing bacteria
MN tests were performed using antibiotic-free and -sup-
plemented media (P/S 100 and 400 U-µg/mL or GM 

50  µg/mL) for recovery culturing after 3  h of treatment 
with sample A, saline, or positive controls in the absence 
or presence of S9 mix. Table 1 presents the final pH of the 
medium (at the end of the recovery period) and RICC in 
each group. Decreases in both values were observed only 
in the groups treated with antibiotic-free medium during 
the treatment and recovery periods, and marked bacterial 
growth was observed at the end of the recovery period in 
these groups. In the presence of S9 mix, MN analysis was 
impossible because of the large number of bacteria over-
lapping the TK6 cells in the specimens (Fig. 5a and b).

Contrastingly, bacterial growth was considerably sup-
pressed in the sample A groups using the antibiotic-
supplemented medium and did not interfere with MN 

Fig. 3 Effect of low pH on cytotoxicity and MN induction. The results of the two experiments were plotted. a–c Final pH of the medium; d–f RICC 
(%); g–i MN frequencies (%). , Acetic acid; , Lactic acid; , Formic acid; , RICC toxic level (40%); , Upper limit of historical 
negative control range. , Values in groups with significant increases in MN frequencies (p < 0.05, Fisher’s exact test) and RICC ≥ 40%. 
*, Significantly increased values in MN frequencies (p < 0.05, Fisher’s exact test). Statistical analysis was performed between the treated 
and the corresponding negative control groups
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analyses (Fig.  5c and d). The pH values were identical 
to those in the saline group, and the RICC was ≥ 80% 
for all antibiotic concentrations (Table 1). There was no 
increase in the MN frequency (Fig. 6a and b).

Herein, the MN frequency in the negative control 
group (saline group) was within the historical negative 
control range in our laboratory. The MN frequencies in 
the positive control groups (MMC and CP) were signif-
icantly higher than those in the saline group. Therefore, 
this study was conducted appropriately.

Discussion
When the genotoxicity of a test substance containing 
probiotic candidates, such as lactic acid-producing bac-
teria, is assessed through MNT using cultured cells, bac-
terial growth in the test medium may reduce the pH of 
the medium, inhibit cell growth, and induce false positive 
results. In the present study, we examined the effect of 
low pH on TK6 MNTs by treating them with non-geno-
toxic organic acids (acetic, lactic, or formic acid), which 
are typical bacterial metabolites. As the pH of the media 
decreased with the addition of organic acids, false posi-
tive responses in MN frequencies (significant increases 
compared with the concurrent negative controls and/or 

Fig. 4 Effect of various antibiotic concentrations on MN frequencies in TK6 cells. Cells were treated with negative or positive controls for 3 h 
in the absence (a–c) or presence (d–f) of S9 mix, followed by recovery culturing for 21 h using media supplemented with various concentrations 
of P/S (a and d), GM (b and e), or AP (c and f ). MMC, 0.2 µg/mL; CP, 2.5 µg/mL; , Mean of the historical positive control value; , 
Lower limit of historical positive control range

Table 1 Antibiotic effect on the final pH and cytotoxicity of TK6 
cells treated with sample A

1) Final concentration of the antibiotics in the medium

MMC Mitomycin C, CP Cyclophosphamide monohydrate, P/S Penicillin/
streptomycin, GM Gentamicin sulfate, AP Amphotericin B

Treatment condition Final pH of 
the medium

RICC (%)

S9
mix

Test 
substance 
(final conc.)

Antibiotics 1)

– Saline – 0 7.4 100

Sample A
(10 µL/mL)

– 0 6.9 61

P/S 100 U-µg/mL 7.4 102

400 U-µg/mL 7.4 100

GM 50 µg/mL 7.4 100

MMC
(0.2 µg/mL)

– 0 7.5 50

 + Saline – 0 7.4 100

Sample A
(10 µL/mL)

– 0 6.9 29

P/S 100 U-µg/mL 7.4 108

400 U-µg/mL 7.4 86

GM 50 µg/mL 7.4 94

CP
(2.5 µg/mL)

– 0 7.5 67
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increases above the upper limit of the historical nega-
tive control range) were observed. The pH range yielding 
false positives was below 6.3 and 6.0 in the absence and 
presence of S9 mix (short-term treatment), respectively, 
and below 6.7 in continuous treatment. The false posi-
tive-inducing low pH value was higher in the continuous 
treatment than that in the short-term treatment, prob-
ably due to the longer duration of the treatment at low 
pH [7]. Low pH can induce chromosomal aberrations or 
micronuclei in cultured mammalian cells [1, 2], and the 
clastogenic response to low pH differs greatly among cell 
lines [2, 5–8]. The TK6 cell line is widely used for in vitro 

MNT, and is recommended in OECD TG 487 [4]; how-
ever, the precise pH values that cause false positives in 
in vitro MNT have not been described in the guideline. 
Therefore, the false positive-inducing pH range indicated 
in this study will be helpful in interpreting the biological 
relevance of the TK6 cell MNT results.

OECD TG 487 [4] specifies that the highest concen-
tration should aim to achieve 55 ± 5% cytotoxicity using 
the recommended cytotoxicity parameters to avoid false 
positive results due to excessive cytotoxicity. When RICC 
is used as the parameter, < 40% of RICC corresponds to 
the excessive cytotoxicity level. Herein, false positive 

Fig. 5 Representative images of specimens in sample A groups. Cells were treated with sample A for 3 h in the absence (a, c) or presence (b, 
d) of S9 mix, followed by recovery culturing for 21 h. The media used in the recovery cultures were as follows: a, b, antibiotic-free medium; c, d, 
antibiotic-supplemented medium (100 U-µg/mL P/S). The arrowheads indicate the remaining bacteria derived from sample A

Fig. 6 Results of the MNT of sample A using media with or without antibiotics. Cells were treated with sample A for 3 h in the absence (a) 
or presence (b) of S9 mix, followed by recovery culturing for 21 h using media supplemented with 100 and 400 U-µg/mL PS, or 50 µg/mL GM. nd, 
unable to observe due to aggregated bacteria; MMC, 0.2 µg/mL; CP, 2.5 µg/mL. *p < 0.05, compared with the negative control (saline group; Fisher’s 
exact test)
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responses in MN frequencies were observed in almost 
all groups where the RICC was < 40%, indicating exces-
sive cytotoxicity. Moreover, false positive responses were 
also observed in the groups where the RICC was ≥ 40% 
despite low pH, indicating low pH itself induced micro-
nucleated cells. The induction of chromosomal aber-
rations by low pH may involve inhibition of DNA or 
protein synthesis, DNA destabilization, and inhibition of 
DNA repair pathways [2, 8, 13, 14].

To examine the effect of antibiotic supplementation on 
bacterial growth suppression in recovery cultures post-
treatment of the live bacteria-containing test substance, 
the maximum applicable concentration of the three anti-
biotics was investigated. These antibiotics did not affect 
cell proliferation or MN frequencies in the negative and 
positive control groups at concentrations up to 400 U-µg/
mL P/S, 250 µg/mL GM, and 20 µg/mL AP. These values 
will guide the use of antibiotics; however, the optimal 
antibiotic type and concentration depends on the type 
of live bacteria present in the test substance. It is unclear 
why the MN frequencies in the MMC groups treated 
with 800 U-µg/mL P/S and 500 and 1,000  µg/mL GM 
were lower than those in the groups treated with lower 
concentrations of antibiotics. However, these phenomena 
could be attributed to the potential effects of antibiotics, 
such as altering gene expression, cell proliferation, and 
cell cycle [15–17].

Finally, we conducted a TK6 cell MNT using sample A 
as a test substance containing live lactic acid-producing 
bacteria to verify the effect of antibiotic supplementa-
tion on recovery cultures. Compared to the use of anti-
biotic-free medium, using medium supplemented with 
antibiotics (100 and 400 U-µg/mL P/S or 50 µg/mL GM) 
during the recovery period suppressed bacterial growth, 
resulting in no decrease in the pH of the medium or 
no cytotoxicity. MN analysis could be performed in all 
groups using antibiotic-supplemented media, whereas 
it could not be performed in the group using antibiotic-
free medium in the presence of S9 mix. Incidentally, 
sample A could be evaluated at 10  µL/mL using antibi-
otic-supplemented media for recovery cultures in short-
term treatment; however, in continuous treatment using 
antibiotic-free media, a lower dose (4  µL/mL) was the 
maximum as the final pH and RICC were 6.6 and approx-
imately 30%, respectively (data not shown), suggesting 
that antibiotic supplementation for recovery cultures is a 
useful method for studying the influence of live bacteria-
containing test substances (up to higher doses) on TK6 
cells, compared to that of the media without antibiotics.

From these results, we believe that this method could 
be a useful approach to evaluate the clastogenicity of test 

substances containing probiotic candidates using in vitro 
MNT, but further studies (e.g., validation with various 
probiotics and the other approaches, such as a test sub-
stance treatment via cell culture insert) are also needed.

Conclusion
This study revealed the low pH ranges yielding false posi-
tives in the TK6 cell MNT under short-term and con-
tinuous treatment conditions. These values will serve 
as references for interpreting the biological relevance 
of results. Under short-term treatment, optimal antibi-
otic supplementation in recovery cultures suppressed 
bacterial growth in the test substance and prevented 
the decrease in pH that could yield false positives. This 
approach might be useful for evaluating the genotoxicity 
of test substances containing probiotic candidates using 
the MNT.
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